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Abstract

To ensure healthcare is environmentally sustainable for future generations, it is crucial to
analyze the environmental impact of medical activities. With the rise of single-use medical
devices, there is a growing need to compare their environmental footprint with that of
conventional multiple-use solutions. This study aimed to review existing literature on the
life cycle assessment (LCA) of single-use and multiple-use endoscopes, focusing on how
system boundaries, goals, and scopes are defined, as well as identifying environmental
impacts and hotspots. A literature review was conducted using the PRISMA framework,
with searches performed on the Web of Science, Scopus, and PubMed. A multi-stage
screening process resulted in the selection of 12 studies for detailed review. The analysis
revealed a significant lack of comprehensive, comparative LCA studies that evaluate the
environmental trade-offs between these two endoscope types across their entire lifecycles.
Many existing studies focus only on specific life cycle stages, making comparison between
results impossible. This review highlights the need for more holistic, cradle-to-grave
analyses to inform more sustainable healthcare decisions.

Keywords: single-use endoscope; multiple-use endoscope; gastroenterology; environmental
impact; life cycle assessment (LCA); healthcare; literature review

1. Introduction

Environmental issues have been gaining increasing attention and significance world-
wide, with escalating greenhouse gas (GHG) emissions emerging as one of the most exis-
tential challenges of the 21st century [1]. The healthcare sector is a significant contributor to
environmental pollution, accounting for up to 5% of global GHG emissions (approximately
2 gigatons of CO, equivalent emissions) across the entire life cycle, including raw material
extraction, manufacturing, transportation, and end of life [1-6]. Statistics from the health
care sector are particularly alarming. The climate footprint of the global healthcare sector is
equivalent to the annual greenhouse gas emissions from 514 coal-fired power plants [4]. If
the healthcare sector were considered a country, it would rank as the fifth-largest emitter
worldwide [4]. The United States, China, and European Union collectively account for
more than half of all combined health care’s climate footprint [7].

Therefore, the healthcare sector, as a significant GHG contributor, can play a leading
role in resolving the crisis [8]. In recent years, there has been increasing demand for evidence
of the environmental impact of products used in healthcare settings and of methods to
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reduce that impact [9]. To ensure high-quality healthcare for future generations, healthcare
activities must be delivered while considering the environmental aspects [10].

Trend analyses indicate that healthcare GHG emissions have increased by nearly one-
third over the past two decades in both low- and high-income countries [11]. One of the
most important factors contributing to this escalating trend is the fact that many devices
used in healthcare are intended for single patient use and are subsequently disposed of,
resulting in significant waste and cost [12]. Furthermore, the increasing use of disposable
plastic medical and personal protective equipment (PPE) in healthcare systems significantly
contributes to the global carbon footprint [13].

In the healthcare sector, the environmental footprint is dominated by procedure-
oriented specialties such as surgery and endoscopy [14]. Traditional reusable flexible
endoscopes are technologically advanced and expensive equipment that require repeated
sterilization and periodic repair. These issues have led to the development of single-use
(SU) flexible endoscopes that are disposed of after each case. Although this may have some
advantages, the environmental impact of such technology is yet to be fully determined [15].

Healthcare professionals and policymakers are increasingly incorporating environ-
mental considerations into their decision-making processes [16]. SU products are defined
as products disposed of after one use, whereas reusable goods can be used at least twice
and in the case of Multiple-use (MU) endoscopes, many times. A recent study suggests
that one particular hospital site conducts 14,000 endoscopies per year, and estimated the
expected lifetime of endoscopes to be around 5-10 years [17]. However, it should be noted
that hospitals will typically have multiple endoscopes per site, so getting an exact number
of procedures per endoscope over the course of its lifetime is challenging.

SU endoscopes may have some advantages over reusable devices; however, their
environmental footprint has been widely criticized yet is mostly unknown. Although MU
endoscopes appear to reduce medical waste, it is hypothesized that sterilization may offset
this benefit. Sterilization, which must be conducted to guarantee the safety and efficacy
of these devices for reuse, requires energy, water, and chemicals. These resources add to
the healthcare sector’s negative environmental impact and have the potential to counteract
waste reduction achieved through device reuse [18].

The aim of this study is to review and synthesize the existing literature on the life
cycle assessment (LCA) of SU and MU endoscopes. Specifically, this review aims to ex-
plore how different research approaches define and delineate the life cycle stages, system
boundaries, and functional units for SU and MU endoscopes, as well as to identify the
primary environmental impacts and hotspots reported in these comparative studies. A
clear understanding of these methodological approaches from literature review is crucial
for identifying best practices, recognizing existing data gaps, and guiding the development
of more robust and comprehensive future LCA studies in the healthcare sector. Understand-
ing these methodological approaches and the specific environmental outcomes across the
endoscopes’ life cycles is crucial for healthcare professionals and policymakers to make in-
formed decisions regarding sustainable practices and the adoption of medical technologies,
ensuring high-quality healthcare while minimizing environmental impact.

This paper is structured as follows: Section 2 details the research methods, including an
introduction to the databases and keywords used for article searching, the inclusion criteria,
and the study selection process. Section 3 then presents the results of our literature search
and study selection, visually represented in a Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) flow diagram [19], and further provides a detailed
analysis and review of the final selected studies, specifically examining them through the
lens of the different stages of the SU and MU life cycle and aligning with the primary
objectives of this research. Finally, Section 4 outlines the conclusions drawn from this
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research and proposes a future research agenda. Specifically, the research agenda identifies
the difficulties currently faced by decision makers in this space trying to use environmental
analysis as a tool, and gives clear indications as to the direction of future research in
this space.

2. Materials and Methods

A review was conducted by applying the PRISMA 2020 framework, which was specif-
ically developed for reviews and meta-analysis of clinical data. The PRISMA flow diagram
illustrates the flow of information throughout the distinct phases of the review. It out-
lines the number of records identified, included, and excluded as well as the reasons for
exclusion. Various templates are available based on the type of review and the sources
used to identify studies [19]. The PRISMA flow diagram was used in three main steps:
identification, screening, and inclusion. The following subsections discuss the search strat-
egy, inclusion criteria, and the general and specific data items used for reviewing the final
selected articles.

2.1. Search Strategy

Three main databases, Web of Science, Scopus, and PubMed—were selected for this
study. These databases were carefully chosen because of their comprehensive coverage
and relevance to the primary objectives of this research. Searches were conducted across
the Title, Abstract, and Keywords fields using the following keywords and queries. The
Boolean operators “AND” and “OR” were applied to combine search terms in the search
strategies for the selected databases. In addition to the records identified through the
keyword searches, further studies were considered and added through an iterative citation
search process during the full-text review of studies. The last searches for all databases
were conducted in October 2025.

Title/ Abstract/Keywords = (“Single-use” OR “Expendable” OR “Disposable” OR
“Non-reusable” OR “Throwaway” OR “Use-and-throw” OR “One-time use” OR “One-
off” OR “Non-renewable” OR “Multiple-use” OR “Multiple-purpose use” OR “Reusable”
OR “Recyclable” OR “Washable” OR “Long-lasting” OR “Durable” OR “Replicable” OR
“Resealable” OR “Refold able” OR “Single-use versus Multiple-use” OR “Single-use VS
Multiple-use” OR “Single-use Multiple-use comparison”) AND Title/Abstract/Keywords
= (“Endoscope” OR “Endoscopy” OR “Gastroenterology”.

AND Title/ Abstract/Keywords = (“Life-cycle assessment” OR “Life cycle assessment”
OR “Lifecycle assessment” OR “Life-cycle analysis” OR LCA OR “Life cycle analysis” OR
“Cradle-to-grave analysis” OR “Life cycle inventory” OR “Life cycle evaluation” OR “Life
cycle sustainability assessment” OR “Life cycle impact assessment” OR “Product life cycle
assessment” OR “Environmental life cycle assessment” OR “Eco-balance analysis” OR
“Environmental impact” OR “Sustainability assessment” OR “Circular economy” OR “Cir-
cular design” OR “Ecological impact” OR “Carbon cost” OR “Carbon footprint” OR “ CO,
footprint” OR “Carbon emission” OR “Eco-responsible” OR “Environmental-footprint”).

2.2. Inclusion Criteria

Two main sets of inclusion criteria were considered for this study. The first set in-
cluded inclusion criteria concerning the nature of the publications. These criteria include
full-text articles/manuscripts, research published in English, and research published be-
tween 1 January 2010, and 30 June 2025. Given that few articles based on the keywords
and queries used were published before 2010, this literature review focuses on studies from
2010 onward. Older studies may not be relevant because healthcare has evolved signifi-
cantly in recent years. Advances in medical technology, changes in infrastructure, and shifts
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in energy sources mean that studies conducted prior to 2010 may not comprehensively
represent the current healthcare landscape. The second set of inclusion criteria, which can
be considered as specific criteria included the performance of an LCA and examining SU
and/or MU endoscopes, taking the environmental impact into account.

2.3. Reviewing Final Selected Articles

To review the final selected articles, two main categories of data items were considered.
The first category comprised general data items, which included general information
about the articles, such as title, authors, publication years, countries/regions, research
methodology, and titles of the journals. The second category of data items consisted of
specific elements of LCA, such as the defined goal and scope, product category, Life Cycle
Impact Assessment (LCIA) method, and comparisons from an environmental perspective.

3. Results

Figure 1 presents an overview of the search results, formatted as a PRISMA flowchart.
The search in the three databases identified a total of 717 records. After removing duplicate
records and applying first set of inclusion criteria, including full paper, published in English,
and year of publication, 452 studies remained for title and abstract screening. Following
this step, 330 studies were excluded, leaving 125 studies eligible for full-text screening.
At this stage, 115 studies were excluded based on the specific inclusion criteria resulting
in 10 studies for a detailed full-text review. Additionally, 27 studies were identified as
possible inclusions from checking reference lists of these studies. After applying the specific
inclusion criteria, two studies met these criteria and was added to the 10 studies identified
via a database search. Consequently, 12 studies were selected for a detailed review based
on general and specific data items.

[ ification of studies via and registers ] [ Identification of studies via other methods ]
—
g -
] { rom: .
£ Records identified from Records removed before screening: Records identified from:
< Web of science (n =243) n g = ecor N
!E _ Duplicate records removed Citation searching (n =27)
g Scopus (n =381) (0=253) &
< PubMed (n=93) >
- !
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eio;(i: sereene [——| Full Paper (n =4)
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l Year of publish (n =2)
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M (0= 455) Title screening (n = 41)
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|
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Figure 1. PRISMA Flow Diagram of Study Selection Process.

3.1. Single-Use (SU) Versus Multiple-Use (MU) Endoscopes

Table 1 provides a comprehensive summary of the 12 key studies included in this
review, organized by the specific SU and MU endoscope product categories examined
in each. This table delineates the diverse range of endoscope types, such as flexible
cystoscopes, ureteroscopes, duodenoscopes, and bronchoscopes, that were the focus of the
environmental impact assessments in the selected literature. Understanding the product
categories assessed in each study is crucial for contextualizing their findings and identifying
specific areas of focus within the broader field of endoscope life cycle assessment.
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Table 1. Summary of 12 Final Key Studies on SU&MU Product Categories.

References Product Categories

[5] Disposable and reusable endoscopes (Olympus)

[9] Single-use bronchoscope (Ambu® aScopeTM 4)/Reusable flexible bronchoscope

[10] Reusable duodenoscope (Olympus TJF-Q180V)/Duodenoscope with disposable endcaps (Olympus
TJE-Q190V)/Single-use duodenoscope (Boston Scientific Exalt Model D)

[2] Reusable flexible cystoscopes and single-use cystoscope (aScope; Ambu, Ballerup, Denmark)
LithoVue™ (Boston Scientific) single-use digital flexible ureteroscope and Olympus Flexible Video

[20]
Ureteroscope (URV-F)

[21] Single-use cystoscope (Ambu®ascopeTM 4 Cysto)/Reusable equivalent (Olympus CYF-VA2)
(2.41 vs. 4.23 kg of COy).

[22] Conventional RD (TJF-Q180V; Olympus, Center Valley, PA, USA)/RD with disposable endcaps
(TJF-Q190V; Olympus)/SD (Exalt Model D; Boston Scientific, Natick, MA, USA)

[23] Disposable and reusable endoscopes
Single-use flexible cystoscope: Ambu aScope™ 4 Cysto/Reusable flexible cystoscope: Olympus

[24] .
CYF-V2 cysto-nephro videoscope

[25] Single-use flexible ureterorenoscopes (fURS)/Reusable flexible ureterorenoscopes (fURS)

[26] Single-use duodenoscopes (SUDs): Exalt Scope and aScope Duodeno/Reusable duodenoscopes
(RDs), colonoscopes, and gastroscopes.

[27] Ambu aScope™ 4 Cysto and Olympus CYF-V2

3.2. SU and MU Endoscope Life Cycle

From the selected 12 journal articles, an in-depth review of the upstream and down-
stream stages of the life cycle of SU and MU endoscopes was conducted. These stages can
be broadly categorized into several stages, including manufacturing, transportation, usage
processes, washing and sterilization, and waste management practices (Figures 2 and 3).
Exploring each of these steps provides valuable insights into the assessment of the environ-
mental impacts of endoscopic practices.

[ Raw Material HManufacturingH Transport H Use H End of life ]

Washing and
Sterilization

Figure 2. MU Endoscope Life Cycle.

{ Raw Material H Manufacturing H Transport H Use H End of life }

Figure 3. SU Endoscope Life Cycle.

Each step of the SU and MU endoscope life cycle includes the various inputs and
outputs required to perform the LCA. The inputs may include resources, such as raw
materials, energy, water, and chemicals used at various stages of the SU and MU endoscope
life cycle. Additionally, outputs include greenhouse gas emissions to air, water, and land, as
well as the waste generated at each stage of the SU and MU life cycles of endoscopes. Based
on a review of these studies, it can be noted that the authors often considered only a subset
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of the possible inputs and outputs. This selective focus may limit the comprehensiveness
of the findings and suggests the need for a more comprehensive approach.

According to seven of these studies [2,10,20,22,24-26] examined both SU and MU endo-
scopes across stages like raw materials and manufacturing. Transportation was evaluated
for both endoscope types by [2,10,25-27]. When it comes to the usage stage, eight stud-
ies [2,5,10,20,23-26] examined both endoscope types. The washing and sterilization stage,
relevant only for MU endoscopes, appeared in nine studies [2,5,9,10,21,22,24-26]. Finally,
six studies [5,10,24-27] looked at waste management for both SU and MU endoscopes.

4. Discussion
4.1. Raw Materials and Manufacturing

Raw materials and manufacturing processes are consistently identified as critical
factors in the LCA of endoscopes, though their specific importance varies between SU and
MU devices and across different study methodologies. For SU endoscopes, manufacturing
is frequently cited as the primary contributor to their environmental and health impacts.
For instance, the manufacture of SU duodenoscopes (SUDs) is responsible for a significant
majority, 91% to 96% of their greenhouse gas (GHG) emissions [26,28]. Similarly, the
production stage for SU gastroscopes accounts for 56% of their carbon footprint and 84% of
water depletion [29], and for SU flexible ureterorenoscopes (fURS), the production phase
accounts for most of the impact [25]. An average across various SU medical devices shows
manufacturing contributing 68 £ 14% to the life-cycle process [27]. These devices are
typically composed predominantly of plastics (e.g., 74% for SU gastroscopes, 95.6% for
SU cystoscopes, and 96% for SU bronchoscopes) [9,24,29]. However, obtaining detailed
material composition data for endoscopes is challenging, as it is often scarce and not
publicly available, leading studies to rely on estimations or surrogate data [13,28]. This
lack of transparency means that while individual studies highlight the significance of
manufacturing for the specific SU devices they examine, a comprehensive, consistently
derived analysis of raw materials and manufacturing across all endoscope types remains
limited by data availability and methodological assumptions.

The role of raw materials and manufacturing in MU endoscopes presents a more
nuanced picture, often amortized over many uses, yet still important. While initial man-
ufacturing for SU devices can have a higher absolute carbon footprint per device (e.g.,
a SU duodenoscope’s lifetime carbon footprint of 152 kg CO,eq vs. SU duodenoscopes
at 10,512-12,640 kg CO,eq over the same lifetime) [13] this impact becomes very low on
a per-case basis due to repeated use (e.g., 0.013 kg CO, for a MU cystoscope compared
to 1.34 kg CO; for a SU one) [21]. MU devices, such as duodenoscopes, are often sub-
stantially heavier and primarily composed of metal alloys (95%), whose production is
energy-intensive but offers higher recycling potential [13]. In contrast, certain plastics used
in SU devices, such as polytetrafluoroethylene, have significantly higher environmental
impacts per kilogram than some metal alloys [13]. For MU devices, the reprocessing phase
typically dominates the per-case environmental footprint, accounting for 84% of total emis-
sions for MU duodenoscopes and 45% of the carbon footprint for MU gastroscopes [13,29].
Critically, some studies explicitly exclude the manufacturing phase for MU devices or
limit their scope, potentially underestimating their overall environmental footprint and
complicating comprehensive comparisons [2,18]. While individual papers consistently
emphasize the importance of manufacturing and material choices, a unified framework
with transparent, disaggregated data on raw materials and manufacturing for all endoscope
categories is not comprehensively presented in the existing literature, thus hindering a
complete understanding and direct comparison of this critical life cycle stage across the
board [13,27].



Sustainability 2025, 17, 11303

7 of 15

4.2. Transportation

The transportation stage is an imperative consideration in the life cycle assessment
(LCA) of endoscopes due to the globalized nature of medical device supply chains and its
direct contribution to greenhouse gas (GHG) emissions [21,27,30]. Medical products often
traverse vast distances, making the mode and distance of transport directly relevant to their
environmental footprint [13,27]. For SU endoscopes, transportation (often termed delivery
or distribution) is identified as a contributing factor, though its significance varies consid-
erably across studies. Some analyses indicate that distribution accounts for an average of
20% (with a standard deviation of 12%) of the carbon footprint for SU devices, making it
the second-largest contributor after manufacturing [27]. This suggests a substantial impact
when considered across the entire product lifecycle. However, other studies present a more
modest contribution; for SU duodenoscopes (SUDs), transportation and packaging might
account for as little as 3% to 5% of GHG emissions, with manufacturing being overwhelm-
ingly dominant at 91% to 96% [26,28]. Similarly, transport for SU cystoscopes was found to
be a minor element, contributing only 0.049 kg CO,per case, the smallest component of its
total carbon footprint [21]. For SU flexible ureterorenoscopes (fURS), delivery amounted to
a small fraction of the overall health impact [25]. This variability in reported significance
highlights a critical analytical challenge, as methodological differences, scope boundaries,
and data estimations can lead to inconsistent findings regarding transportation’s actual
environmental burden for SU devices.

For MU endoscopes, the direct impact of device transportation is generally reported as
negligible or is explicitly excluded from some analyses due to data limitations. For instance,
studies on MU flexible cystoscopes often do not account for raw material extraction,
production, assembly, and distribution due to a lack of specific data from companies [2].
When reported, such as for MU fURS, the delivery phase is shown to have a minuscule
carbon footprint per use [25]. The imperative to accurately assess transportation aligns
with broader calls for harmonized LCA methodologies, such as those consistent with ISO
14040/44 standards [31,32] and the Product Environmental Footprint (PEF) guide [2,27,29].
However, the existing literature frequently acknowledges an absence of a widely accepted
or standardised methodology for evaluation of environmental impact specific to medical
devices, making product comparisons challenging and unreliable [27]. This extends to the
transportation stage, where reliance on online sources or surrogate data, as noted in some
studies, underscores the need for greater transparency and consistency in data disclosure
from manufacturers [13,30]. Ultimately, while transportation is an integral part of the
supply chain, its contribution is often overshadowed by manufacturing (for SU devices)
and reprocessing (for MU devices), and its precise impact is frequently limited by data
availability and methodological inconsistencies across the current body of research.

4.3. Use Phase

The use phase is often a complex stage within the LCA of endoscopes, demanding
critical analysis to accurately quantify environmental impacts and ensure adherence to
standardized methodologies, such as ISO 14040/44 [2,25,27]. For SU endoscopes, the
direct use phase (e.g., electricity during a procedure) is generally reported as having a
comparatively low impact, often overshadowed by manufacturing. For example, the
overall use-phase for SU medical devices contributes an average of 2 & 4% to the life-cycle
carbon footprint, significantly less than manufacturing [27]. In the case of SU flexible
ureterorenoscopes (fURS), delivery and use collectively constituted only a small fraction of
the total potential health impact, with the direct use portion contributing 0.14 kg CO,eq
per use [25]. Similarly, for SU gastroscopes, the main environmental impacts are driven by
production [29]. However, the precise contribution of the use phase for SU devices can be
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difficult to discern or compare across studies due to varying methodologies. Some studies
on SU devices, such as flexible cystoscopes, explicitly detail manufacturing, packaging,
sterilization before shipping, transportation, and solid waste but do not disaggregate a
distinct use-phase contribution, implicitly assuming it is negligible or subsumed within
other categories [24]. Critically, many analyses, including those for SU gastroscopes and
general endoscopic procedures, deliberately exclude significant use-related aspects like
patient and staff travel, energy consumption for heating, ventilation, and air conditioning
(HVAC) in the operating room, or other ancillary supplies, under the assumption that
these factors are identical across both SU and MU strategies [5,25,29]. This methodological
limitation hinders a complete and comprehensive understanding of the use phase for
SU devices and its actual environmental burden, underscoring the imperative for more
consistently defined and reported LCA boundaries in future research.

In contrast, the use phase for MU endoscopes is dominated by the energy and resource-
intensive reprocessing and decontamination processes, making it a significant environmen-
tal hotspot that demands thorough assessment [23]. For MU duodenoscopes, electricity use
alone contributes a substantial 62% of GHG emissions, with cleaning and disinfection ac-
counting for an additional 26% [28]. Similarly, for MU flexible cystoscopes, reprocessing is
identified as the primary contributor to per-case carbon costs, with sterilization generating
3.5 kg CO, per case, vastly exceeding manufacturing’s 0.013 kg CO, [21,33]. Reprocessing
involves considerable energy and water consumption, often up to 165 L per cleaning cycle,
in addition to the use of chemicals and personal protective equipment (PPE) [21,23]. For
MU gastroscopes, decontamination accounts for 45% of the carbon footprint and over 90%
of water consumption [29]. However, current studies often fall short of providing a truly
exhaustive use phase analysis for MU devices. Many explicitly exclude aspects like the
carbon footprint for repairs and maintenance, or the environmental impact of detergents
used in reprocessing, citing data unavailability or perceived insignificance [21,33]. Fur-
thermore, some LCAs for MU devices, such as flexible cystoscopes and bronchoscopes,
limit their scope to reprocessing only, omitting manufacturing and disposal of the devices
themselves, which, despite amortization over many uses, can underestimate the total en-
vironmental footprint [2,9]. These methodological inconsistencies and incomplete data
disclosures present a critical challenge to a holistic comparative analysis between SU and
RU endoscopes.

4.4. Washing and Sterilization

The washing and sterilization phase, often referred to as reprocessing, represents a
critical and environmentally significant stage primarily for MU endoscopes within their
life cycle, demanding robust and comprehensive LCAs to accurately determine their envi-
ronmental burden [23]. For these devices, reprocessing is consistently identified as a major
environmental hotspot, contributing substantially to greenhouse gas (GHG) emissions, en-
ergy consumption, and water usage [9,24,25,28,29]. For instance, cleaning and disinfection
processes for MU duodenoscopes can account for 26% of GHG emissions, with electricity
during the procedure itself contributing an even larger 62% [26,28]. Similarly, reprocess-
ing is the primary contributor to per-case carbon costs for MU flexible cystoscopes, with
sterilization generating 3.5 kg CO, per case using one type of reprocessing, significantly
more than the manufacturing cost of 0.013 kg CO; per case when amortized over lifetime
uses [24,30]. This energy consumption can be substantial, with one reprocessing machine
using 10.5 kW per cycle, equating to 10.5 kg CO; per cycle for three cystoscopes [21]. Water
usage is also considerable, with some machines consuming 68 L per cycle for cystoscopes
and up to 165 L per cleaning cycle for ureterorenoscopes and duodenoscopes [20,21,24]. For
MU gastroscopes, decontamination accounts for 45% of the carbon footprint and over 90%
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of water consumption [29]. Chemicals and personal protective equipment (PPE) further
add to the environmental impact; for example, PPE for reprocessing a MU cystoscope
could amount to 1176 kg over its lifetime, and reprocessing chemicals like peracetic acid
can have toxic effects on aquatic organisms and healthcare workers [2,24]. Critically, stud-
ies often face limitations, with some LCAs on MU cystoscopes specifically excluding the
environmental impact of detergents due to modeling uncertainties or repairs and main-
tenance, potentially underestimating the total burden of this phase [24,30]. Furthermore,
while the explicit scope of some studies on MU bronchoscopes is limited to cleaning and
sterilization, excluding their manufacturing and disposal, this can lead to a conservative
and potentially incomplete assessment of the overall environmental impact for MU de-
vices [9]. These methodological inconsistencies highlight the challenge in drawing truly
comprehensive comparisons.

4.5. Waste Management

From a critical analysis perspective, the waste management and end-of-life stage for
MU endoscopes presents a nuanced environmental profile. While the actual disposal of the
MU device itself contributes to a comparatively low environmental impact on a per-case
basis, as its burden is amortized over its many uses [23,24,26] the ongoing reprocessing
phase is a significant generator of waste [26]. For instance, the solid waste from a MU
cystoscope contributes only 0.0001 kg CO; per case when amortized over its lifetime,
with approximately 0.57 kg going to landfill over 3920 uses [24]. Similarly, MU flexible
ureterorenoscopes (fURS) contribute 7.6 x 1072 kg CO,eq per use at the disposal stage [25].
However, the reprocessing of these devices involves substantial consumption of personal
protective equipment (PPE), which can amount to 1176 kg over a cystoscope’s lifetime [24].
Repackaging materials also contribute to landfill waste [21,24].

In contrast, SU endoscopes entirely shift the waste burden to their disposal after a
single procedure, leading to a dramatically increased volume and mass of solid waste
per case [5,26]. Each SU endoscopy procedure generates approximately 2.1 kg of dis-
posable waste, increasing to 2.4 kg when considering the reprocessing waste avoided
by MU devices [5]. For SU fURS, the disposal stage alone contributes 1.2 kg CO,eq per
use [25]. If all 18 million annual endoscopic procedures in the USA were performed with
SU endoscopes, an estimated 38,000 metric tons of waste would be generated, an amount
equivalent to 25,000 passenger cars or enough to cover 117 soccer fields to a depth of 1 m.
This widespread adoption is projected to quadruple the net waste mass that would other-
wise come from MU reprocessing and device disposal [5,26]. A substantial portion of SU
waste, particularly plastic components, is disposed of through incineration [5,13] a process
mandated for biomedical waste [25,26]. Incineration generates significant greenhouse gas
emissions (e.g., 1.1 kg CO,eq/kg for nonplastics and 3-6 kg CO,eq/kg for plastics) [13],
releases more greenhouse gases than coal plants, and produces toxic byproducts and fine
particles. For these reasons, medical waste incineration is deemed not an environmentally
sustainable practice [5]. While some SU manufacturers may dismantle and recycle metal
or electronic components, the overall proportion of waste that is recycled remains low
(10%) [5], and for fURS, recycling would not noticeably change the results [25]. The current
linear economy model for SU devices, where they are not typically returned, refurbished,
or remanufactured, leads to an ever increasing amount of recyclable waste [5,26]. Therefore,
the seeming elimination of reprocessing waste by SU devices is merely a transfer of the
environmental impact to a significantly larger and more environmentally problematic solid
waste stream at the disposal stage [5,26].
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4.6. Reviewing the Defined System Boundary

As elaborated above, the life cycle of SU and MU endoscopes comprises five main
stages, including manufacturing, transportation, the endoscopy, washing and sterilization,
and waste management practices. As mentioned above, various studies defined different
boundaries for their environmental assessment of endoscopes. Some studies have focused
on specific stages of the endoscope’s life cycle, such as manufacturing or the end-of-life
option, while others have adopted a cradle-to-grave approach, considering all stages from
manufacturing to end-of-life.

Table 2 outlines the scope of analysis for each of the included studies by detailing
their defined system boundaries and the life cycle stages considered for both SU and MU
endoscopes. This table specifically indicates which stages—including raw material, manu-
facturing, transportation, usage, washing and sterilization, and waste management—were
encompassed within each study’s assessment. Understanding these system boundaries
is critical for evaluating the comprehensiveness and comparability of the LCA results
presented in the literature, as variations in scope can significantly influence reported envi-
ronmental impacts. As a consequence of this approach, with differing definitions of system
boundaries, goal and scope of research studies as well as varying degrees of compliance
with ISO 14040/44 make it practically impossible to compare the results across studies.

Table 2. System Boundaries and Analytical Units of Reviewed Studies.

References SU&MU  Raw Material Manufacturing Transportation Using Sterilization = Waste Management
5] SU No No No Yes - Yes
MU No No No Yes Yes Yes
[9] SU Yes Yes No Yes - No
MU No No No No Yes No
[10] SU Yes Yes Yes Yes - Yes
MU Yes Yes Yes Yes Yes Yes
2] SU Yes Yes Yes Yes - Yes
MU Yes Yes Yes Yes Yes No
[20] SU Yes Yes No Yes - No
MU Yes Yes No Yes No Yes
[21] SU Yes Yes Yes Yes - No
MU No No No No Yes No
[22] SU Yes Yes Yes No - Yes
MU Yes Yes No No Yes No
[23] SU No Yes No Yes - No
MU No Yes No Yes No No
[24] SU Yes Yes No Yes - Yes
MU Yes Yes No Yes Yes Yes
[25] SU Yes Yes Yes Yes - Yes
MU Yes Yes Yes Yes Yes Yes
[26] SU Yes Yes Yes Yes - Yes
MU Yes Yes Yes Yes Yes Yes
[27] SU No Yes Yes No - Yes
MU No Yes Yes No No Yes

4.7. LCA of SU vs. MU Endoscopes

LCA is one of the most effective tools available for quantitatively analysing the envi-
ronmental impact of healthcare products [2]. By considering a cradle-to-grave approach,
LCA allows a holistic understanding of the environmental consequences of healthcare
products. This enables decision makers to determine areas for improvement, prioritize
interventions, and develop targeted strategies to minimize environmental impacts. In
addition, LCA enables a comparison of different scenarios and alternatives. However, the
deployment of LCA methods in the healthcare sector is still under development [2].

Table 3 presents an expanded summary of the methodological characteristics of the
12 reviewed studies from a Life Cycle Assessment (LCA) perspective. In accordance with
ISO 14040/44, the table includes detailed information on the endoscope type or study
focus, goal and scope/system boundaries, functional unit, LCI database and version,
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LCIA method and software used, allocation method(s), assumptions on electricity mix
or energy source (when available), and the presence of any sensitivity or uncertainty
analysis. This expanded structure enables a more comprehensive and transparent appraisal
of the methodological quality of each study. It allows for the identification of similarities
and differences in system boundaries, data sources, modelling assumptions, and impact
assessment methods, all of which influence the comparability and robustness of results.
Where certain methodological elements were not reported in the original publications,
these have been indicated as Not Reported (NR) in the table. As is evident from the table,
there are too many variations within the studies to make the results comparable.
However, in order to understand general trends and the primary comparative findings
from the reviewed studies, the conclusions regarding the environmental performance of SU
versus multiple-use (MU) endoscopes are summarized in Table 4. This table summarizes
the key conclusions reached by each study concerning the environmental impact trade-offs
between these two endoscope types. While the detailed qualitative and quantitative aspects
of these comparisons are elaborated in the preceding discussion within the ‘LCA of SU vs.
MU Endoscopes’ section, Table 4 serves as a quick reference to the overall environmental

assessment outcomes reported in the literature.

Table 3. Summary of 12 Final Key Studies on SU and MU From LCA Lens.

Goal and . . S
Reference . . LCIA Method and Allocation Assumption on Sensitivity
(Year) Sg:)ll’;{gzrsit:? Functional Unit LCI Database Software Used Method(s) Energy/Electricity Analysis
Cross-sectional audit
measuring Quan’;ification ff Extrapolation Comparisons
mass/volume of ; waste (mass in kg, based on US Academic based on
[5] waste from disposable Per endgscoplc Not (Rl\?rp{))o rted volume in L/m?); 2000 uses/lifecycle Medical Centers different waste
supplies. Excluded procedure. : Extrapolation (as for reusable location. scenarios (e.g., all
PP p &
waste from %). Software: NR. scopes. SU vs. reusable).
reprocessing.
. Varied scopes per
Reprocessing cleaning
Simplified LCA Allocati ba]:ed on lDdar;ish operation (1, 2, 4);
focusing on use and One single-use Not Reported Simplified LCA: implicﬁf}Zj (;(1)12 set O]SDPi); aosael1 N L
0] disposal stages; scope vs. one (NR). Used Embodied Energy, of PPE per P i consumption
excluded MU scope cleaning proprietary data Scarce Resources. bronchoscspe for incir?:f;?:)i with  (5x lolxi/\gl/shi her);
prog'uctlonland operation. from Ambu A/S. Software: NR. cleaning,. energy recovery Waste treatm%nt ;
isposal. (European scenario
market scenario). (with/without
incineration).
Complete LCA of
three duodenoscope Cited findin
[10] types (MU, disposable Not Reported relies on g IMPACT 2002+. Not Reported Not Reported Not Reported
endcaps, SU) cited (NR). IMP ;Cef ;’002% Software: NR. (NR). (NR). (NR).
from literature review
analysis summary.
SU: complete lifespan
(Eﬁzv (r)rég{()arl&l&g The specific set 5 impact categories Allocation Waste Ca[rjlsoegnl\zﬁmslit: to
limitedpsolel . - re. o for high-level including Climate implicitly 1 set of management tyf
[2] ing /di )i]n P tip o disinfection Ecoinvent v3.5. Change (kg CO, consumablgs per modeled using aci;%lé?en?r
cessing/dis blec o (consumables eq.). Software: reprocessing the French uncertainty and
Excluded MU raw set). Simapro v9.3.3. cycle. model. variability.
material /production.
Analysis of the typical Not Reported - :
life-cycle (NR). Used Carbon F ) Atgortazatlon Energy /Reprocessing
(manufacturing, Per . “Standardised arbon Footprint aseq on . based on
(201 use/repairs, disposal) endourological carbon footprint (kg CO2). Software: 180 uses/lifecycle; Australian No.
Quanti};ie d ;vasti (kg)' case. protocol NR. 16 uses between institutional
and energy (kWh). guidelines”. repairs. experience.
Comparison focused Ar{,‘;:ég%ion Reprocessing
on wa;tie; p;g;lluctlon, N&*{?e%ortgd 1120 MU uses (sterilization): Noted that
1] manufalzture’ and b o I’(lli ne).sozfces Carbon footprint (160 u;es/ yee)ar 10.5 k\{\{/ C}gcle adding repair
21 . A er case. ¢ (kg CO,). Software: over / years). equating to costs would
cleaning/ 1Sterthﬁthl’\- government, ':‘Iid NR. Reprocessing 10.5 kg eq. per further increase
_Excluded environmenta assumed up to cycle. Irish MU footprint.
repair/maintenance agency data. P 4 p
for MU. 3 scopes hospital data.

per cycle.
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Table 3. Cont.
Reference S c(?oglsars'?e m Functional Unit LCI Database LCIA Method and Allocation Assumption on Sensitivity
(Year) B 01:1 n dZ ries Software Used Method(s) Energy/Electricity Analysis
Explorat Amortization St Varied infection
Cradl:—lso(—)ria?zzyLCA' ReCiPe 2016 based on mg:f;rtgggﬁ?lfor rate (break-even
Producti g ) (Hierarchist) for 625 reuses for reprocessing at 0.0046%);
- rg. uctloln, Irangport, 1 ERCP Ecoinvent 3.8 DALYs; kg CO; RD over 5 years electricity: US Varied SD
1sposal, cleaning, procedure. cutoff database. equivalent; USEtox. (average-sized Y f electronics
electricity use, and Software: SimaPro community energyémx or composition
direct infection 9.1.1. hospital volume _produc- (upper/lower
treatment. assumption). tion/transport. bound model).
Simplified LCA:
summarizing energy Single Score
consumption and Indicator (SSI) Stated that a
b d'pd CO» i ( N scenario-based
[23] mirr?ufgc;ﬁre anél mse Per procedure Not Reported algggir;gaaclltlg Not Reported Not Reported sensitivity
) Scope limited o (Implicitly). (NR). cate oliies) (NR). (NR). analysis would
L & - reveal the best
specific energy and Software: approach
climate science openLCA. PP .
factors.
Cradl Modeled impact
radle-to-grave N using two
(manufacture to Not Reported Life Cycle Analysis Amortization Energy different
disposal). Includes (NR). Data from LCA) f d based on conversion: reprocessors
) P S . Manufacturers ( ) focuse on 3920 average . P
[24] reprocessing, Per-case basis. h carbon footprint o R 1 kWh to (Medivators, ASP
- and previously lifetime uses;
repackaging, PPE, - (kg CO,). Software: 0.433 kg (US Evotech) and
: ; published R 207 uses between -
repairs, and solid : NR. - standard). varying case
; estimates. repairs. o
waste disposal. volumes (5% to
200%).
Full lifespan Tested:
(production, deljvery, Amortization Hospital Producgﬁp
use, reprocessing, based on Use/Reprocessing: ~ country (China,
maintenance, 133 lifetime uses;  100% renewable MalayS{a,
d_1sp_osal) LCA, Ecoi ¢ ReCiPe 2016(H) Maintenance sources hypothetical
[25] aiming for ISO Per one-hour use. vecr(s)ilgr\:%nf% (DALYs & COzeq). after 11 uses. (Tiibingen). SU Germany),
14040/44 compliance. - Software: NR. Reprocessing Production: conventional
Focus on GHG and assumed Chinese energy mix at
resulting human 2 devices electricity market hospital, lifetime
health impact per cycle. data. uses (up to 180),
(DALYs). repair frequency.
LCA covering LCA to determine All%cr?tiir(l)sr;rz%sed Di 1
[26] production, Implicitly “per Not Reported Carbon Footprint ment/accessory 15P05ad No
transportation, and instrument”. (NR). (kg COse). ioht and fat _ assume .
inci tion. Software: NR. Welght and fate Incineration.
mncinera (incineration).
Policy brief based on
review of literature Data extracted
and interviews, citing Not Applicable - Carbon footprint
(271 LCA data. Focus on (N/A). fron;esvyizz/(\e/rsnahc analysis (CO»). N/A. N/A. N/A.
optimizing resource :
efficiency.
Table 4. Comparison of SU and MU.
References Comparison of SU and MU
[5] Transitioning to SU increases net waste mass by 40% (2.1 kg/MU case, 64% landfill).
[9] Comparative findings depend on scenarios (cleaning, PPE, equipment, waste treatment).
[10] SU duodenoscopes indicate higher environmental cost (20x energy, CO,) vs. MU.
[2] SU cystoscope use allows significant environmental impact reduction (e.g., 33% climate change) compared to MU reprocessing only.
[20] SU and MU ureteroscopes are roughly equivalent in carbon footprint (4.4 kgCO, /case).
[21] SU flexible cystoscope (2.41 kgCO,) produced less CO, per case vs. MU (4.23 kgCO5).
[22] SDs emit 2447 x more GHGs, 4 x higher ecosystem impact, 26 x more resources than RDs.
[23] MU endoscopes have significantly lower environmental impact than SU over time.
[24] SU has a significantly higher carbon footprint per case compared to MU, primarily due to manufacturing. MU’s main impact is
from reprocessing.
[25] SU devices have a carbon footprint and public health impact that is roughly four times higher than MU. The difference is mainly due
) to SU device production.
[26] Using SU endoscopes could quadruple net waste. The majority of SU’s impact (91-96% of GHG emissions) is from manufacture.
[27] A systematic review found that switching from SU to reusable products resulted in an average carbon footprint reduction of 38-56%.
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5. Conclusions

This study conducted a comprehensive literature review of 12 studies to analyze the
life cycle assessment (LCA) process and compare SU and MU endoscopes, considering
their entire life cycle from manufacturing to the end-of-life stage through an environmental
impact lens.

The review reveals key insights into the environmental impacts at each life cycle stage
of SU and MU endoscopes, showing notable differences and similarities between the two.
Furthermore, this study identifies significant gaps and inconsistencies in the literature
concerning the use of LCA to assess these environmental impacts.

Based on our findings, only three articles have conducted a comparative Investigation
of all stages of the life cycle of SU and MU endoscopes. Even then, those studies have used
different impact assessment methodologies and are studying different pieces of equipment,
so only general comparisons about the trends identified can be reasonably made.

Each stage of the life cycle of SU and MU endoscopes can have significant environmen-
tal effects. Therefore, future research in this space should use a cradle-to-grave approach
by considering all life cycle stages compliant with ISO 14040/44, PEF or equivalent in-
ternational standards can lead to better, comparable and more reliable results, providing
policymakers and decision-makers in the health sector with a clearer understanding of the
environmental implications of choosing between SU and MU endoscopes.

Future research should improve environmental impact comparisons between SU
and MU endoscopes using LCA. Researchers can consider the impact of technological
developments on the environmental impact of SU and MU endoscopes at different stages
of their lifespan, including materials, manufacturing methods, washing and sterilization,
and waste management. Additionally, analyzing the environmental impact of these two
options of endoscopes in various regions will help demonstrate how end-of-life practices,
accessibility to different resources, sources of energy used, and local regulations affect the
overall life cycle of SU and MU endoscopes. For a comprehensive LCA, it is also important
to include economic and social factors, such as cost analysis and potential health impacts,
in environmental assessment.
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