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Abstract

Purpose The primary objective of this study was to evaluate the environmental impact and financial cost of repairing surgi-
cal scissors.

Methods We used life cycle assessment (LCA) and life cycle cost analysis to estimate environmental impacts and financial
cost of repairing surgical scissors. The functional unit was one use of a reusable surgical scissor (manufactured in Germany
and used in the UK), and three baseline scenarios were compared: no repair, onsite (hospital), and offsite (external contract)
repair. This ‘cradle-to-grave’ analysis included raw material extraction, manufacture of scissors and materials within primary
and secondary packaging, transportation, decontamination, repair (where relevant), and waste disposal. Primary activity
data was sourced from the instrument manufacturer, supplier, and from UK repair centres (both onsite and offsite), whilst
the Ecoinvent database was used as a secondary data source for the manufacture of scissors. The World ReCiPe Midpoint
and Endpoint Hierarchist method (Version 1.1) was used for environmental impact assessment. Scenario analysis was used
to evaluate the impact of altering different assumptions, including number of uses, reducing number of repairs, increasing
distance to offsite repair centre, and alternative electricity sources and waste handling processes. Life cycle cost analysis
was calculated based on purchase cost, and cost of decontamination, repair, and waste disposal.

Results and discussion The carbon footprint of reusable scissors was 70 g CO,e per use, assuming scissors were used 40
times before replacement. This was reduced by 19% through use of offsite repair every 40 uses (57 g CO,e/scissor use),
with small additional reductions associated with onsite repair (56 g CO,e/scissor use). Similar patterns of reduction were
calculated for eighteen midpoint environmental impact categories (mean impact reduction of 30% for those repaired offsite
relative to no repair) and also across three endpoint categories. Decontamination made the biggest contribution to the carbon
footprint across all baseline scenarios (76% where no repair, 95-97% where repaired offsite and onsite respectively). Findings
were robust to alternative scenario analyses. Life cycle cost was GBP £1.43 per use of reusable scissors, and when repaired
either on- or offsite this decreased by 32% to GBP £0.97 per use.

Conclusion Repairing surgical scissors rather than replacing them with a new pair can reduce environmental and financial
cost. The extent to which repair may play a role in mitigating the environmental impact of other surgical instruments requires
further research.
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1 Introduction

The Sixth Assessment Report of the Intergovernmental
Panel on Climate Change concluded that human activ-
ity is the unequivocal cause of rapid global warming of
the atmosphere, land, and oceans, and driven largely by
anthropogenic (man-made) emissions of greenhouse gases
(GHG) such as carbon dioxide (CO,), methane, nitrous
oxide, halogenated gases, volatile organic compounds,
and carbon monoxide (IPCC 2021). Climate change
threatens public health, for example through heat stress
and extreme weather events, poor air quality, food and
water insecurity, and transmission of climate-sensitive
infectious disease (Romanello et al. 2021). Vulnerable
populations are at greatest risk of climate-related health
risks, and are often least able to adapt, exacerbating health
inequalities (Romanello et al. 2021). For example, coastal
communities (commonly experiencing higher levels of
socioeconomic deprivation and greater burdens of disease
compared with those inland) (Asthana and Gibson 2021)
are at greatest risk of forced migration relating to rising
sea levels associated with global warming (Shukla et al.
2021). The IPCC report indicates that rapid and sus-
tained reductions in GHG emissions are required to
limit future climate change (IPCC 2021), and this will
require globalised action across all industries. The con-
tribution of the healthcare sector to national GHG emis-
sions (measured in million metric tonnes of carbon
dioxide equivalents, Mt CO,e) has been evaluated in a
variety of settings, including the USA (655 Mt CO,e, 10%
of national total; Eckelman and Sherman 2016), China
(315 Mt CO,e, 3%; Wu 2019), and Australia (36 Mt CO,e,
7%; Malik et al. 2018). Whilst the National Health Sys-
tem (NHS) in England was the first to pledge to reach
Net Zero carbon emissions by 2045 (NHS England, NHS
Improvement 2020), 46 countries recently committed to
developing low carbon, sustainable health systems at the
26th United Nations Climate Change Conference (World
Health Organisation 2021).

Every aspect of the healthcare system will need to be
examined to deliver against these ambitious targets. Metrics
can be used to support this, providing a baseline against
which interventions can be judged. Life cycle assessment
(LCA) can be used to estimate environmental impacts of dif-
ferent products or processes, with the results used to evaluate
reduction strategies. This is typically undertaken through a
‘cradle-to-grave’ approach that accounts for all stages of the
product life cycle: from raw material extraction to disposal.
One major component of most LCAs is the carbon footprint
which estimates the GHG emissions associated with a given
product or process, which can be summated and equated to
carbon dioxide equivalents (CO,e).

Medical equipment was estimated to contribute 10% of
NHS emissions in England (which includes products used
directly for delivery of healthcare such as surgical instru-
ments, syringes for administering medications, and medi-
cal gloves), with a further 8% from non-medical equipment
(which may include products which support the delivery
of healthcare services such as furniture, computers, and
office supplies) (Tennison et al. 2021). Two systematic
reviews of studies evaluating carbon footprint of surgical
operations found the main sources of emissions related
to single-use equipment, anaesthetic gases, and electric-
ity usage, although the relative contribution will depend
on the setting and operation, alongside methodological
choices including assumptions and system boundaries
(Rizan et al. 2020, Drew et al. 2021). For example, pro-
curement of medical equipment was responsible for around
45% (UK)-75% (India) of GHG emissions associated with
a cataract operation (Thiel et al. 2017). This study focuses
specifically on repair of surgical scissors (which are surgi-
cal instruments, in turn an example of surgical equipment,
and classified under the general category of medical equip-
ment), and is contextualised within wider strategies which
may be used to mitigate the carbon footprint of surgical
equipment used within the operating theatre.

The benefit of reducing or eliminating use of surgical equip-
ment on associated environmental impact is self-evident. In the
surgical context, gloves are clearly appropriate where there is
risk of contact with bodily fluids or hazardous chemicals, but
there are many instances where hand washing alone is suffi-
cient (such as when moving patients), and whilst hand wash-
ing is required before and after glove use, overuse of gloves
wastes resources. We have modelled the environmental impact
of rationalising glove use as personal protective equipment
(PPE) in healthcare settings, finding this could reduce car-
bon footprint of PPE by <45% (Rizan et al. 2021a). Previ-
ous LCA analyses indicate carbon footprint can be reduced
when switching a variety of items of equipment used in the
operating theatre from single-use to reusables, including sur-
gical scissors (Ibbotson et al. 2013), laryngoscopes (Sherman
et al. 2018), laryngeal mask airways (Eckelman et al. 2012),
peri-operative linens, (including surgical gowns and drapes)
(Overcash 2012), and laparotomy pads (Kummerer et al.
1996). However, contrasting findings were reported in a study
comparing six reusable instrument sets used for spinal fusion
surgery (each containing multiple instruments, weighing 45 kg
in total) versus two much smaller single-use instrument sets
(2 kg total) containing just a few instruments (Leiden et al.
2020). It is likely that development of a consolidated reus-
able set (containing similarly few instruments) would confer a
lower carbon footprint. Other notable exceptions include sev-
eral LCA studies conducted in Australia which found that the
carbon footprint of a single-use ureteroscope was similar to
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reusable equivalents (Davis et al. 2018), and the carbon foot-
prints of single-use central venous catheter kits (McGain et al.
2012) and anaesthetic equipment (McGain et al. 2017) were
lower than of reusable equivalents. Australian electricity uses
predominantly coal-based non-renewable energy sources, and
where these studies remodelled processes using European and
USA energy sources, the carbon footprint of reusables was
lower McGain et al. 2012, 2017).

The majority of evidence supports lower carbon footprints
associated with using reusable surgical equipment instead of
single-use (Drew et al. 2021), but where it is not possible to
switch to fully reusable equipment, an alternative is to use
hybrid equipment (alternatively termed ‘modular systems’; or
‘Resposables™”) which in this context refers to items which
are mainly reusable, with a small single-use component. An
LCA of laparoscopic instruments indicated that switching
from single-use to hybrid equivalents reduced the environ-
mental impact across 17 out of 18 categories by a mean aver-
age of 60%, with projected cost savings of £11 million if
adopted for all laparoscopic cholecystectomies (Rizan and
Bhutta 2021). Where items marketed as ‘single-use’ cannot
be avoided, it is possible to gain an additional use through
reprocessing (also known as remanufacturing), involving
decontamination, testing, and repairing, after which they are
re-sold and intended to be used just once again. LCA stud-
ies have demonstrated reductions in carbon footprint asso-
ciated with use of reprocessing single-use medical devices
compared with purchasing new equivalents across a range of
products including endoscopic trocars, deep vein thrombosis
compression devices, pulse oximeters, scissor tips, arthro-
scopic shavers, diathermy clips, ultrasonic scalpels (Unger
and Landis 2016), and cardiac electrophysiology catheters
(Schulte et al. 2021), with 45% (Schulte et al. 2021)-50%
(Unger and Landis 2016) reductions in cost. Finally, it is pos-
sible to extend use of materials within either single-use or
reusable surgical equipment at the end of their functional life
through recycling, resulting in a 50-fold reduction in the car-
bon footprint of the waste component of a product’s lifecycle
when compared with high temperature incineration (Rizan
et al. 2021b). Recycling stainless steel surgical instruments
into surgical instrument mesh baskets has been shown to be
both feasible and cost-effective (van Straten et al. 2021).

Repair is another mechanism that can be used to extend
the lifespan of surgical equipment already in circulation,
and which may result in net reduction in resource use. The
importance of maintenance and repair of surgical instru-
ments has previously been emphasised in resource-poor
settings, where maximising lifespan of devices is neces-
sary due to difficulty in obtaining and funding replace-
ments (Haddad and Worst 2002; Munakomi et al. 2018).
The reduction in environmental impact associated with
repair instead of replacement has been demonstrated in
other contexts, for example for household electric and
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electronic items (Bovea et al. 2020) to vehicles (Wursthorn
et al. 2010), but has not previously been evaluated for sur-
gical equipment. Maintenance and repair are especially
important for items such as surgical instruments because
intra-operative failure or instrument breakage impacts
on the safety of care. Poor quality instruments have been
associated with patient safety incidents (Dominguez and
Rocos 2019), whilst repair of instruments was associated
with reduced rates of surgical site infections in caesarean
sections (Stutler et al. 2013).

Common problems with surgical instruments amenable
to repair include sharpness (e.g. cutting edges of scissors,
osteotomes, levers, scrapers), setting issues (e.g. misalign-
ment and/or ratchet defects of needle holders, artery forceps,
tissue forceps), and missing components (e.g. screws). In
the UK, very few hospitals have surgical instrument repair
centres onsite, and repair is more commonly provided offsite
by a small number of external contractors which typically
receive instruments from across the country. We are aware
of only five such companies in the UK, which either contract
directly with hospital sites or subcontract through industry
partners. Alternatively, repair may be performed by instru-
ment manufacturers, or end users (Medicines and Healthcare
products Regulatory Agency 2021).

The benefits of repairing surgical instruments include
potential cost savings (Munakomi et al. 2018) and
improved safety including reduced surgical site infection
rates (Stutler et al. 2013). However, the environmental
impact of repairing reusable equipment has not previously
been evaluated in a surgical context, and financial implica-
tions have not been formally analysed. In this study, we use
LCA methods and life cycle costing to estimate environ-
mental and financial impact of repairing reusable surgical
scissors. Our data showed that general surgical scissors
were the most commonly repaired instrument at our study
site (comprising 52% of all surgical instruments repaired at
the Royal London Hospital, UK, between 2008 and 2019;
Supplementary Table 1). Examples of general surgical scis-
sors which are commonly used across a variety of surgi-
cal specialties include Mayo, McIndoe, and Metzenbaum
(each can be curved or straight), and 17-cm straight Mayo
scissors were pragmatically chosen for this study follow-
ing discussion with two surgical instrument manufactur-
ers who both indicate that these scissors held the highest
volume sales.

The primary objective of this study was to evaluate the
environmental impact and financial cost of repairing sur-
gical scissors, comparing onsite versus offsite repair. The
secondary objective was to model alternative scenarios to
determine the generalisability of findings, including alter-
ing the number of uses of scissors, number of repairs, and
distance to offsite repair centre, and alternative electricity
sources and waste handling processes.



The International Journal of Life Cycle Assessment (2022) 27:780-795

783

2 Methods

2.1 Life cycle assessment of reusable surgical
scissors and repair

An LCA was conducted using ISO 14040/14044 guidelines
(International Organization for Standardization 2006a, 2006b),
and modelled using SimaPro Version 9.10 (PRé Sustainability,
Amersfoort, Netherlands). The Ecoinvent database (version
3.6) was used for all processes aside from production of steam,
which was modelled using the European Life Cycle Database.
Three base scenarios were modelled for reusable scissors: (1)
no repair, (2) onsite repair, and (3) offsite repair.

2.1.1 Functional unit

The functional unit chosen was one use of a 17-cm, straight
Mayo reusable surgical scissor (the term ‘use’ is used in this
study to refer to the scissors being used for a single surgical
procedure), manufactured in Germany and supplied by Ream
Surgical Ltd. (Dartford, UK; AS1116017).

In determining the reference flows (amount of products and
processes required to fulfil this functional unit), the following
assumptions were made: that scissors were used for 40 surgical
procedures before disposal or repair was required; that each
repair would provide a further 40 uses; and that scissors could
be repaired up to nine times before disposal (giving total 400
uses of scissors repaired nine times). These assumptions were
based upon the experience of co-author TB (lead technologist
at the Royal London Hospital) and expert opinion (surgical
instrument industry personnel, and staff at the Royal Sussex
County Hospital sterilisation services department). The LCA
inventory was built based upon 400 uses of surgical scissors
as this was the lowest common denominator across scenarios
using these reference flows, and all results were reported based
upon one use of a pair of scissors in a single surgical proce-
dure. Providing 400 uses of surgical scissors could be achieved
through using one reusable scissor replaced nine times (total
ten scissors, used 40 times each, no repair); or one reusable
scissor repaired nine times (enabling 400 uses for an individual
reusable scissor), with repair either onsite at the hospital or
offsite with an external contractor. Scissors must be decon-
taminated before each use, and so 400 uses of scissors required
400 decontaminations. An additional decontamination cycle
was required after repair work (Working Group Instrument
Reprocessing 2017), and so 400 uses of scissors repaired nine
times required a total of 409 decontaminations.

2.1.2 System boundary
This was a ‘cradle-to-grave’ analysis, starting with raw mate-

rial extraction and manufacture of materials used within the
scissors and their primary and secondary packaging (Fig. 1).

The manufacture of scissors themselves was included,
alongside transport associated with distributing the packaged
scissors from the manufacturing site to the hospital. We included
energy and materials used by decontamination and repair
machines (used for grinding and buffing), and transporta-
tion to the offsite repair site. We also included raw mate-
rial extraction and production of materials within packag-
ing involved in the decontamination and repair processes,
alongside transport of such raw materials to the packaging
manufacturer. We accounted for waste disposal of all items
used throughout the life cycle. Emissions to air and water
were included for all processes where these were built into
the life cycle inventory database. Capital goods and building
infrastructure were excluded for both the decontamination
and repair site.

2.1.3 Life cycle inventory

Parameters for the manufacture and distribution of surgical
scissors are outlined in Table 1. For each included material,
we used manufacturer information to determine the mate-
rial composition, or expert knowledge where such infor-
mation was not available. Each component was weighed
using precision balance scales (Fisherbrand FPRS4202,
Fisher Scientific, Loughborough, UK). The inventory was
developed through matching these materials with closest
materials included within the Ecoinvent database (materi-
als and processes selected are outlined in Supplementary
Table 2), which provided material specific global average
values associated with the raw material extraction, pro-
duction, and transport to the ‘end user’ (in this case the
manufacturer).

Manufacture of scissors was modelled using Ecoinvent
data, which includes global average energy and auxiliary
inputs for the metal working factory, metal working machine,
construction of the metal working factory, manufacture of
the metal working machine, and chromium steel lost within
the process. We adapted Ecoinvent data on chromium steel
production in Europe to German specific electricity, water,
and natural gas sources.

We modelled transportation of scissors from the site of
raw material extraction to the distributor based on the loca-
tions and mode of travel specified by the supplier (Table 1),
with travel distances estimated using the online Pier2Pier
tool (Pier2Pier 2020). For road travel, the first and last 8 km
was assumed to be via courier, and the remaining distance
via heavy goods vehicles. The distance between both the
distributor and hospital, and between offsite repair site and
the hospital was assumed to be 80 km.

Scissors were assumed to be integrated into a reusable
instrument set alongside other instruments (instrument
weight totalling 2 kg), with the set contained within sin-
gle-use tray wrap. Reusable scissors were decontaminated
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Fig.1 System boundary
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at the hospital site before each use, including the first use
as scissors were not sterilised by the manufacturer. Energy
and material inputs for decontamination of reusable equip-
ment were modelled using our own data published else-
where (Rizan et al. 2022) (Supplementary Table 3), with
environmental impact of decontaminating scissors allo-
cated according to weight (65.67 g scissor, within a set
containing 2 kg of instruments).

@ Springer

—_p Output flow __p Intermediate flow

The repair of reusable scissors was modelled based
upon onsite repair at The Royal London Hospital (Lon-
don, UK), and offsite repair at Ream Surgical (Dartford,
UK). The repair process is summarised in Supplementary
Fig. 1. Materials and inputs were determined through
direct observation and discussion with repair site person-
nel (Table 2). Electricity consumption of repair equip-
ment was estimated using the power rating (highest power
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Table 1 Parameters for supply of reusable 17-cm straight Mayo scissors

Process Subprocess Input Amount (per  Notes
scissor)
Acquisition stainless ~ Raw material Stainless steel 65.67 g Extracted in Solingen, Germany
steel Transport from raw material extraction  Train 497 km Solingen to Tuttlingen, Germany
site to scissor manufacturing site
Packaging of scissors ~ Primary packaging Low-density polyeth- 3.57 g Secondary packaging allocated by
ylene number of items within package
(i.e. 50)
Secondary packaging Cardboard 6.11¢g
Polystyrene 0.79 ¢
Transport from scissor Travel from scissor manufacturer to Courier 16 km Tuttlingen to Dartford, UK (first and
manufacturer toend  distributor Heavy goods vehicle 886 km last 8 km via courier)
user Travel from distributor to hospital Courier 16 km Assumed distance total 80 km (first
Heavy goods vehicle 64 km and last 8 km via courier)

allowed to flow through the device) and the duration of
use. This method potentially overestimates electricity
consumption but would have negligible impact on results
because electricity was responsible for only a small pro-
portion of the overall environmental impact of the repair
process itself. All waste was assumed to be disposed of via
high temperature incineration.

2.1.4 Life cycle impact assessment

We used characterization factors within the World ReCiPe
Midpoint Hierarchist method (Version 1.1) to character-
ise emissions from the lifecycle inventory assessment and
combine these into midpoint impact categories. Our primary
outcome was global warming impact, with total greenhouse

Table 2 Parameters for repair of surgical scissors. Legend: Inputs for onsite and offsite repair of surgical scissors. kW, kilowatt; kWh, kilowatt

hour; LDPE, low-density polyethylene

Energy Subprocess Onsite repair Offsite repair
process - - - - - -
Input Power rating Duration  Estimated Input Power rating Duration  Estimated
(kW) (seconds/ electricity (kW) (seconds/ electricity
scissor) consumption scissor) consumption
(kWh/scissor) (kWh/scissor)
Sharpening  Grinding Electricity 0.9 29 0.00725 Electricity 0.9 25 0.00625
Buffing 0.33 7 0.00064 0.8 34 0.00756
Materials Subprocess Input Amount (g) Number of Amount (g/ Input Amount (g) Number of  Amount (g/
process scissors used scissor) scissors used scissor)
across across
Test of sharp- Tissue Tissue paper 2.11 10 0.21 Tissue paper 2.17 10 0.22
ness LDPE bag  N/A LDPE 0.33 10 0.03
Oil spray Paraffin oil 1.5 1 1.5 Paraffin oil 1.5 1 1.5
Packaging  Outer bag LDPE 5.27 10 0.53 LDPE 4.37 1 4.37
(used to Paper 5.61 10 0.56 Paper 3.53 1 3.53
senditems @ o bag  LDPE 5.63 10 0.56 N/A
for repair)
Packaging (used to return ~ N/A-above packaging re-used Polypropylene 3.05 1 3.05
items to end user)
Transport process N/A Input Distance (km)
Transport from end user to Courier 16
repairer (round trip) Heavy goods 64
vehicle
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gases summated and expressed as carbon dioxide equiva-
lents (CO,e), so providing a ‘carbon footprint’. Seventeen
additional midpoint impact categories were considered
within the ‘scope’ of the LCA: stratospheric ozone deple-
tion, ionising radiation, ozone formation (on human health
and terrestrial ecosystems), fine particulate matter forma-
tion, terrestrial acidification, eutrophication (freshwater
and marine), ecotoxicity (terrestrial, freshwater, marine),
toxicity (human carcinogenic, human non-carcinogenic),
land use, resource scarcity (mineral and fossil), and water
consumption. We weighted the results using aggregated
midpoint impact categories via the ReCiPe Endpoint Hier-
archist method (Version 1.1) to provide endpoint estimates
for damage to human health, the natural environment, and
resource scarcity. Midpoint and endpoint results were nor-
malised using Hierarchist normalisation factors, providing
mean average contributions to each of those impacts with
respect to a global average person’s daily routine activity
(Sleeswijk et al. 2008).

2.1.5 Sensitivity analysis

To evaluate the generalisability of our findings, we modelled
eight alternative scenarios, changing just one parameter in
each scenario.

1. Scenario 1 modelled the impact of reducing the num-
ber of reuses of scissors to 10, since in practice some
reusable scissors may be used or repaired less often,
for example due to scissors being lost, damaged beyond
repair, or placed on infrequently used instrument sets.

2. Scenario 2 modelled the impact of increasing the num-
ber of reuses of scissors to 400.

3. Scenario 3 assumed that scissors were repaired just once
before disposal and replacement.

4. Scenario 4 examined the impact of increasing the dis-
tance from the hospital to offsite repair centre from 80 to
800 km, assuming this was fulfilled by heavy goods vehi-
cle, with the first and last 8 km assumed to be via courier.

5. Scenario 5 modelled the impact of decontaminating
reusable scissors using an Australian source of electric-
ity, which has a high proportion of electricity sourced
from fossil fuels.

6. Scenario 6 assumed that all waste was recycled. Here we
applied the open-loop ‘recycled content method’, which
allocates emissions and environmental impacts associ-
ated with the recycling process and net reduction of vir-
gin material acquisition to the production of the recycled
goods (World Resources Institute 2011). For example
where the construction industry uses stainless steel sourced
from recycled surgical scissors, the reduced requirement
for raw materials is assigned to the constructed building.

@ Springer

7. Scenario 7 assumed enhanced waste segregation, with
sharps waste (scissors) sent for high temperature incin-
eration (as per base model), cardboard and paper sent for
recycling, and all other waste sent to landfill.

8. Scenario 8 was the same as 7 but with ‘other’ waste sent
for municipal (low temperature) incineration. Alterna-
tive waste handling processes are outlined in Supple-
mentary Table 4.

2.2 Life cycle financial cost of reusable surgical
scissors and repair

The purchase cost of the reusable scissors indicated by
the supplier was used as the cost of manufacture and dis-
tribution. Cost of decontamination was based on the rate
charged by our local sterilisation services department (GBP
£25.53 per reusable instrument set), apportioned according
to the weight of reusable scissors (65.67 g/2 kg). The cost
of repairing a pair of scissors was based on information pro-
vided by repair sites. End of life waste disposal was assumed
to be £617 per tonne, based on the average price of clinical
waste incineration in the UK (NHS Digital 2020).

3 Results

3.1 Environmental impact of repairing surgical
scissors

3.1.1 Base scenario midpoint and endpoint environmental
impact assessment results

The carbon footprint of using a pair of reusable scissors
once was 70.3 g CO,e/use, assuming scissors were replaced
with new reusable scissors after 40 uses. This was reduced
by 20% through use of onsite repair every 40 uses instead of
replacement (56.3 g CO,e/use), and by 19% for offsite repair
(57.0 g CO,e/use). Reusable scissors repaired offsite were
associated with reductions (when compared with no repair)
across all 18 midpoint environmental impact categories
(Table 3), with mean average reductions across categories of
30% relative to no repair (range: 2% for marine eutrophica-
tion to 73% for mineral resource scarcity). There were nota-
ble reductions through use of offsite repair (compared with
no repair) in mineral resource scarcity, marine ecotoxicity,
freshwater ecotoxicity, and fine particulate matter, with the
difference driven mainly by use of ferronickel (for all four
impact categories), and ferrochromium (for fine particulate
matter generation) within the manufacture of chromium steel
for replacement scissors (Supplementary Figs. 2, 3, 4 and
5). Notable reductions were also seen in human carcinogenic
impacts through use of scissors that were repaired offsite,
as this reduced the need for manufacture of chromium steel,
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Table 3 Environmental impact of one use of surgical scissors (mid-
point categories, baseline scenarios). Legend: 1,4-DCB, dichlo-
robenzene; CFCI1, trichlorofluoromethane; CO,e, carbon dioxide
equivalents; Cu, copper; eq, equivalents; kBg Co-60 eq, kilobecquerel
cobalt-60; mZa, square meter years; N, nitrogen; NO,, nitrous oxides;

P, phosphate; PM2.5, particulate matter <2.5 pm; SO,, sulphur diox-
ide. All results reported per scissor use, with highest impact per cat-
egory in bold and lowest in italics, and categories with greatest reduc-
tions (>40%) associated with repair highlighted in bold

Impact category Unit Reusable Reusable scissors, offsite repair ~ Reusable scissors, onsite repair (%
scissors, no (% reductions relative to no reductions relative to offsite repair
repair repair)

Global warming g CO4e 70.3 57.0 56.3

(19%) (1%)

Stratospheric ozone depletion g CFClleq 0.000026 0.000021 0.000021

(18%) (1%)
ITonizing radiation Bq Co-60eq 10 10 10
(3%) (1%)
Ozone formation, Human health g NO, eq 0.11 0.09 0.08
(25%) (2%)
Fine particulate matter formation gPM25eq 0.08 0.05 0.05
(41%) (2%)
Ozone formation, Terrestrial eco- g NOx eq 0.12 0.09 0.09
systems 25%) (2%)
Terrestrial acidification 250, eq 0.15 0.10 0.10
(30%) (2%)
Freshwater eutrophication gPeq 0.02 0.01 0.01
36%) (2%)
Marine eutrophication gNeq 0.02 0.02 0.02
2%) (0.1%)
Terrestrial ecotoxicity g 1,4-DCB 395 124 122
(68%) (2%)
Freshwater ecotoxicity g1,4-DCB 2.0 1.1 1.1
(44%) (2%)
Marine ecotoxicity g14-DCB 2.7 1.5 15
(45%) (2%)
Human carcinogenic toxicity ¢g14-DCB 4.8 2.1 2.1
(56%) (1%)
Human non-carcinogenic toxicity g14-DCB 47 29 29
(37%) (2%)
Land use m?acropeq 0.0051 0.0049 0.0048
(4%) (2%)
Mineral resource scarcity gCueq 13 0.3 0.3
(73%) (0.5%)
Fossil resource scarcity goil eq 23 21 21
(9%) (2%)
Water consumption m’ 0.0006 0.0005 0.0005
(8%) (2%)

with human carcinogenic impacts driven by the generation
of dust by furnaces used in the steelmaking process and
treatment of associated waste (Supplementary Fig. 6).
There were small additional reductions associated with
onsite repair, with a mean additional reduction in environ-
mental impact (compared with offsite repair) of 1.6% across
impact categories (range: 0.1% for marine eutrophication
to 2.4% for land use). The reduction in land use and carbon
footprint associated with switching from offsite to onsite
repair was driven by differences in quantity of paper and
low-density polyethylene respectively used within packaging

used to send scissors for repair. Scissors were individually
packaged when sent for offsite repair, whilst bulk packag-
ing across multiple scissors was used where repair was con-
ducted onsite.

Normalised results (Supplementary Table 5) indicated
that the carbon footprint of using a pair of reusable scissors
once (no repair) equated to the GHG emissions generated
in around 4 min and 38 s by a global average person, whilst
switching to a pair that undergoes repair instead of replace-
ment saves the equivalent of around 1 min of a global aver-
age person’s GHG emissions. The impact of using scissors
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(no repair) relative to a global average person’s environmen-
tal impact was greatest for freshwater ecotoxicity (equating
to equivalent impact generated in 14 h by a global average
person), human carcinogenic toxicity (15 h), and marine
ecotoxicity (23 h), whilst repair reduced these impacts to 8,
7, and 13 h respectively (Supplementary Fig. 7).

Total damage to human health from one use of reus-
able scissors (no repair) was 1.46e~’ DALYs (disability
adjusted life years) equating to five disability adjusted life
seconds (endpoint environmental impact results: Table 4).
The impact on ecosystems was 3.12¢~'° species.year (loss
of local species per year), and the impact on resource deple-
tion equated to US $ 0.007 (GBP £0.0059, all currency con-
versions based upon exchange rate 13th December 2021)
involved in future mineral and fossil resource extraction.
These three endpoint environmental impacts were reduced
by 32%, 19%, and 8% respectively through use of scissors
repaired offsite, whilst those that were repaired onsite were
associated with a further 1-2% reduction across the three
endpoint categories relative to offsite repair. Normalised
endpoint results indicated that use of surgical scissors had
greatest impact on the human health endpoint impact cat-
egory across all base scenarios, relative to activities of a
global average person (Supplementary Table 6).

3.1.2 Base scenarios process contributions

Figure 2 provides a breakdown of processes contributing
to the carbon footprint of one use of surgical scissors, and
Supplementary Figs. 8, 9, and 10 demonstrate the drivers of
the carbon footprint of each baseline scenario in more detail.
Decontamination was the largest contributor to the carbon
footprint, whether the reusable scissors were repaired or not.
For non-repaired reusable scissors, decontamination consti-
tuted the majority of the carbon footprint (76%, 53 g CO,e/
use). The carbon footprint of decontamination increased
to 54 g CO,e/use for those repaired either offsite (95% of
impact) or onsite (97%), as the scissors required decon-
tamination both before and after repair, although this was
apportioned across the additional uses afforded by repair.
The impact of repair was 1.5% of the total carbon footprint
of scissors for those repaired offsite (0.9 g CO,e/use, which

Table 4 Environmental impact of one use of surgical scissors (end-
point categories, baseline scenario). Legend: DALYs, disability
adjusted life years; species.year, loss of local species per year; US $,

included associated transport associated with offsite repair),
and 0.4% of the total for scissors repaired onsite (0.2 g CO,e/
use). The carbon footprint of raw material extraction, manu-
facture, packaging, transportation, and waste (in relation to
scissors) totalled 17 g CO,e/use for reusable scissors which
were not repaired, and use of repair instead of replacement
reduced this by 90% (2 g CO,e/use).

Analysis of the repair process itself indicated that where
this was conducted offsite, the majority of GHGs gener-
ated were associated with use of low-density polyethylene
(62%) and paper (14%) relating mainly to packaging (Sup-
plementary Fig. 11), whilst use of bulk packaging at the
onsite repair site reduced the relative contributions of these
to 39% and 9% respectively (Supplementary Fig. 12).

3.1.3 Sensitivity analysis

Within each of the eight alternative scenario models, the
carbon footprint was highest for non-repaired scissors and
lowest for those repaired onsite (Fig. 3). Similar patterns
were seen across all other midpoint environmental impacts
(Supplementary Tables 7A-C) with highest impact where
scissors were not repaired and lowest where they were
repaired onsite. This indicates that environmental impact
reductions associated with repair were robust to alternative
scenario analysis.

Across all scenarios, the highest carbon footprint was
associated with scissors which were only used ten times
and were not repaired (122 g CO,e/use; Scenario 1),
whilst the lowest carbon footprint was associated with
scissors which were used 400 times before repair onsite
(53.5 g CO,el/use; Scenario 2). The carbon footprint of
scissors which were not repaired but which were used 400
times (54.9 g CO,e/use) was only marginally greater than
of those that were repaired (narrowing the gap between
those that are repaired onsite versus offsite to 52.5 and
53.6 g CO,e/use respectively), indicating the number of
uses is an important factor. Where scissors were repaired
only once (either on or offsite), this resulted in an 11%
carbon reduction compared with no repair (Scenario 3).
Increasing the distance between the hospital and offsite
repair centre (from 80 to 800 km; Scenario 4) made very

extra costs involved for future mineral and fossil resource extraction.
All results reported per scissor use, with highest impact per category
in italics and lowest in bold

Damage category Unit Reusable scissors, Reusable scissors, offsite repair (% Reusable scissors, onsite repair
no repair reductions relative to no repair) (% reductions relative to offsite
repair
Human health DALY 1.46¢77 9.92¢78 (32%) 9.77¢~% (1%)
Ecosystems species.year 3.12¢71° 2.51e71° (19%) 2.47¢7 10 2%)
Resources Us$ 0.0078 0.0072 (8%) 0.0071 (2%)
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little difference to the results. However, modelling Aus-
tralian electricity for the decontamination impact signifi-
cantly increased the carbon footprint, to the extent that
using a reusable surgical scissor which underwent repair
but was decontaminated in Australia (Scenario 5) had a
greater carbon footprint than using one which was not
repaired in the UK (baseline scenario). The only alter-
native waste scenario which had an impact of > 1% was
recycling of all waste, and in turn this only had an impact
where scissors were not repaired (Scenario 6).

3.2 Life cycle cost of repairing surgical scissors

The financial cost of purchasing a new pair of reusable
scissors was GBP £23.45, and decontaminating these
costs GBP £0.84 per pair, with small additional cost of
disposal at the end of the functional life (GBP £0.05 per
pair). The cost to repair scissors offsite was GBP £2.20,
whilst onsite repair costs GBP £2.50. The cost of repair
was significantly cheaper (89-91% for onsite and off-
site repair respectively) than of purchasing a new pair
of scissors. The life cycle cost per use for reusable scis-
sors (GBP £1.43) was reduced by 32% when repaired,
with marginally lower life cycle costs for offsite repair
(GBP £0.965) compared with onsite repair (GBP £0.972)
(Table 5).

4 Discussion

This study is the first to evaluate the environmental impact
and cost of repairing surgical equipment. Here we found that
using surgical scissors that had undergone repair reduced
the carbon footprint by around one-fifth, and the financial
cost by approximately one-third (summary of findings;
Fig. 4), meeting our primary objective. Repairing scissors
once achieved an 11% reduction in carbon footprint and
15% lower financial cost relative to replacing these with a
new pair, indicating over half of the carbon and financial
reductions associated with repair as modelled in our baseline

scenario could be achieved through a single repair. We com-
pared offsite versus onsite repair, and found that surprisingly
this did not make a significant impact to the carbon foot-
print, but found that factors relating to decontamination and
number of uses across the reusable scissors’ lifespan were
important determinants of the carbon footprint.

The value of the global surgical scissors market was esti-
mated at US $ 331 million (GBP £250 million) in 2019, of
which approximately two-thirds were reusable and one-third
single-use (Allied Market Research 2020). Assuming our
purchase cost and use profile are representative and that the
rate at which new scissors were purchased was equal to the
rate at which they were disposed of (with no change in stock
levels), we estimate that there are around 364 million uses
of reusable scissors each year. Repairing these scissors at
offsite centres would save approximately 4847 tonnes CO,e
(equivalent to flying as a passenger from London to New
York return around 2000 times) (Department for Environ-
ment, Food and Rural Affairs/ Department for Business,
Energy & Industrial Strategy 2019) and around GBP £166
million each year. Previous research from three hospitals in
the Netherlands found one-sixth of single-use and disposable
stainless steel instruments destined for waste could poten-
tially be refurbished, and that repairing or remanufactur-
ing instead of purchasing new items saved almost € 39,000
(GBP £33,190) (van Straten et al. 2021).

The secondary objective of this study was to model alter-
native scenarios, and here we found the reduction in environ-
mental impact associated with repair was robust to reducing
number of reuses, reducing number of repairs, increasing
the distance to offsite repair site, and using an electricity
supply with lower proportion of renewables (Australian) for
the decontamination process. Increasing the number of uses
of scissors from 40 to 400 times before disposal reduced
the carbon footprint by a similar proportion (around one-
fifth) to reductions associated with repairing those used 40
times. It is therefore important to maximise the number of
instrument uses between repair and before disposal. The bar-
riers, enablers, and carbon footprint implication of extend-
ing the number of uses of surgical instruments across their
lifetime are an important area of future research. Extending

Table 5 Life cycle cost of scissors. Highest total cost in italics and lowest in bold

Cost per use: GBP £ (cost per 400  Process Reusable scissors, Reusable scissors, Reusable scissors,
uses: GBP £) no repair offsite repair onsite repair
Manufacture and distribution 0.59 (234.50) 0.06 (23.45) 0.06 (23.45)
Decontamination 0.84 (335.31) 0.86 (342.86) 0.86 (342.86)
Repair 0.05 (19.80) 0.06 (22.50)
Disposal 0.00 (0.47) 0.00 (0.05) 0.00 (0.05)
Total 1.43 (570.28) 0.97 (386.15) 0.97 (388.85)
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Fig.4 Environmental impact and financial cost of repairing reusable surgical instruments. Legend: CO,e, carbon dioxide equivalents

instrument lifetime may be facilitated by improving robust-
ness at design stage, developing objective measures to evalu-
ate functional failure, and proactive maintenance.

We found that decontamination made the biggest contri-
bution to the carbon footprint across all baseline scenarios,
ranging from three-quarters of the carbon footprint of scis-
sors which were not repaired up to almost all (95-97%) of
the carbon footprint of repaired scissors. Our own analy-
sis published elsewhere found that the carbon footprint of
decontamination and packaging of reusable instruments
can be optimised through preparing instruments as part of
a set (rather than individually wrapped items), optimising
decontamination machine loading (number of instruments
per machine slot), and recycling of associated packaging
(Rizan et al. 2022). Adopting these strategies would reduce
the carbon footprint of the decontamination phase by around
one-third across all three base scenarios in the current study,
resulting in similar carbon savings across the scissor life
cycle to those associated with adopting repair. The impor-
tance of the proportion of renewable energy on the carbon
footprint of medical equipment has previously been empha-
sised, including in studies of central venous catheter inser-
tion kits (McGain et al. 2012) and of anaesthetic equipment
(McGain et al. 2017), where modelling electricity from dif-
ferent regions was sufficient to change conclusions in rela-
tion to carbon footprint of single-use versus reusable equiva-
lents. In the current study, we found that use of Australian
electricity for the decontamination process increased the
carbon footprint of the reusable scissors by around one-third
(when not repaired). Our previous study also found using

low carbon (Icelandic) energy in combination with the other
strategies could reduce the carbon footprint of decontamina-
tion further (Rizan et al. 2022).

A previous study by Ibbotson et al. (2013) evaluated the
carbon footprint of reusable scissors, assuming that these
were repaired every 750 uses (repaired a total of five times,
providing 4500 uses across the scissor life cycle). This con-
trasts with our own model in which we assumed that repair
was required every 40 uses, and that repair was undertaken
nine times, totalling 400 uses across the scissor lifespan.
Our more conservative use profile assumptions are aligned
with a study using radio frequency identification for track-
ing, which indicated that Cooper scissors were used 10-120
times before instrument failure (which included the need
for repair) (Yoshikawa et al. 2019). Ibbotson et al. (2013)
included the cost of repair within their analysis and assumed
this was 75% of the cost of purchasing a new pair of scissors,
whilst the current study uses primary data based on amount
charged by two repair centres. The study by Ibbotson et al.
(2013) did not evaluate the carbon footprint of repair itself
and, unlike the current study, made no comparison to sce-
narios in which scissors were replaced instead of repaired.
Instead, the study evaluated the impact of switching from
single-use surgical scissors to reusable equivalents, and
whilst figures were not reported directly, these can be esti-
mated from a graph indicating the carbon footprint reduced
roughly one 100—fold, from around 2200 g CO,e/use for
single-use scissors to around 66 g CO,e/use for reusable
scissors (including repair) (Ibbotson et al. 2013). The large
difference in carbon footprint of single-use versus reusable
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surgical scissors found here relates to the increased require-
ments for raw material extraction, manufacture, distribution,
and waste associated with the single-use scissors. The fig-
ure derived by Ibbotson et al. (2013) for reusable scissors
was similar to our own baseline scenario estimates (56-70 g
CO,e), although difficulty in interpreting the graph limits the
extent to which the carbon footprint estimated for reusable
scissors can be compared to our own.

Evidence from Ibbotson et al. (2013) points to significant
differences in carbon footprint associated with switching sin-
gle-use to reusable scissors (estimated at around 33-fold),
and this is supported by studies of other equipment used in
the operating theatre; for example, 16—18-fold reductions
have been associated with switching single-use to reusable
laryngoscope handles (Sherman et al. 2018). The reduc-
tions associated with switching from single-use to reusable
medical equipment are likely greater than remanufacturing
single-use equipment, with previous LCA research finding
that remanufacturing single-use electrophysiology catheters
halved the carbon footprint when compared with purchasing
new single-use items (Schulte et al. 2021). It is important
that the principle of reduce and reuse is prioritised, and the
switch to reusable alternatives should be particularly encour-
aged in settings where single-use equipment is commonly
used including emergency department, outpatient, and pri-
mary care settings. Once reusables are in place, strategies
for further reductions in carbon footprint may then include
repair, optimising decontamination (Rizan et al. 2022), and
recycling (Rizan et al. 2021b). Comparing environmental
impact of different strategies from across different prod-
ucts and author groups should be considered with caution,
and a direct comparison of different approaches (e.g. reman-
ufacture of single-use items, switching to reusables, repair-
ing reusables) would be a useful area of future research.

Maintenance and repair services have been established in
low-resource settings such as public hospitals in Honduras
to meet demand for safe surgical instruments in the absence
of resources to fund new equipment (Fitzgerald and Bhutta
2018). However, in high-income nations repair services are
anecdotally under-utilised, resulting in premature obsoles-
cence. To increase rates of repair, health facilities need to
establish and expand repair contracts, and raise awareness
of repair services amongst theatre and sterilisation ser-
vices staff. To determine the scope for repair of instruments
beyond surgical scissors, we retrospectively examined a
dataset of all instrument repairs conducted over an 11-year
period (February 2008—February 2019) at an onsite repair
centre (The Royal London Hospital), finding most com-
monly repaired instruments were general surgical scissors,
osteotomes, needle holders, retractors, and clamps (Supple-
mentary Table 7). This highlights the feasibility of repair
across a range of commonly used surgical instruments,
although the environmental impact of such repair relative
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to purchasing new instruments will depend upon packaging
and equipment required for repair, alongside decontamina-
tion processes.

We found similar reductions in carbon footprint and finan-
cial cost associated with both onsite versus offsite repair,
indicating that the important message is that reusable scis-
sors are sent for repair, whether that is onsite at the hospital
or offsite with an external contractor. The carbon footprint
of transporting the scissors for repair offsite was minimal,
even where an 800 km journey to the repair centre was fac-
tored in (Scenario 4), although this was modelled using data
on average couriers and heavy goods vehicles, and so the
exact contribution would depend on how efficiently these are
loaded. There were other minor differences in the processes
used for repair onsite versus offsite such as use of bulk pack-
aging when scissors were repaired onsite, and use of dif-
ferent materials to test scissor sharpness. Three-quarters of
the GHGs associated with the offsite repair process itself
were attributed to use of low-density polyethylene and paper
predominantly within packaging, and use of bulk packaging
or reusing packaging could significantly reduce the environ-
mental impact of the repair process itself.

However, onsite repair may offer faster turnaround times,
which may be especially important for instruments used fre-
quently. We extracted data on the time delay between batches
of instruments being sent for repair and them being returned
and ready for use, using a smaller, more detailed and inform-
ative dataset for onsite repair between July 2018 and March
2019 at The Royal London hospital, and for offsite repair at
the Royal Sussex County Hospital (RSCH) between January
2018 and January 2019 (missing data were excluded from
analysis). The results show that the mean average turnaround
time was 3.6 days (range 1-28 days) for onsite repair, and
31.6 days for offsite repair (range 9-57 days). However, off-
site repair potentially offers the ability to repair more com-
plex instruments (such as electrosurgical and endoscopic
items) requiring more specialist equipment and expertise.
For example, we found that the onsite repair centre at The
Royal London Hospital sent a number of instruments for
external repair, of which 36% were endoscopic scopes, 21%
were needle holders, and 10% were endoscopic instruments.
Encouraging uptake of offsite repair centres is likely more
feasible than individual hospitals creating repair services,
and purchase or loan of spare equipment can be used to
minimise disruption (loan is already offered by some repair
companies) (Medicines and Healthcare products Regulatory
Agency 2021).

Data from the Royal London hospital show that of
instruments considered irreparable, 46% was due to normal
expected wear, 30% due to damage by external force (incor-
rect use), and 21% due to corrosion (which typically results
from prolonged contact with bodily fluids such as blood, due
to delays between the operation and decontamination), and
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2% of those ‘irreparable’ were not repaired at the time due
to insufficient decontamination. Damage may also arise due
to impurities in water, use of incompatible chemicals, inad-
equate drying, and improper care when loading instruments
for decontamination (Working Group Instrument Reprocess-
ing 2017). Attempts to provide repair services for instru-
ments must therefore be aligned with education to minimise
avoidable instrument damage (including correct handling,
decontamination processes, and instrument maintenance)
and proactive onsite quality checking to identify damaged
or sub-optimally performing instruments.

We also recognise additional harms from a model reli-
ant on single-use surgical instruments, where cost pres-
sures mean the majority of such scissors are produced in
low-resource environments such as the surgical instrument
manufacturing cluster in Sialkot, Pakistan. In such settings,
workers suffer poor remuneration, and are exposed to risk of
injury, noise-induced hearing loss, and inhalation of metal
dust (Bhutta 2006; Swedwatch 2015; Junaid et al. 2016).

4.1 Limitations

As with all life cycle assessments, there were sources of
uncertainty limiting the reliability and generalisability of
findings. Parameter uncertainty refers to the extent to which
the life cycle inventory (built upon activity data only here,
as no direct emissions data were collected) and characterisa-
tion factors (embedded within SimaPro Version 9.10) truly
reflect the environmental impact of the product under inves-
tigation (World Resources Institute 2011). We sought to use
primary process activity data wherever possible through-
out the product life cycle but were unable to obtain reli-
able primary data on the manufacture of surgical scissors
from stainless steel, and instead used global average data
embedded within Ecoinvent for production of chromium
steel and metal working. Whilst this limits the specificity of
our results in relation to the case study pair of scissors, this
approach improves generalisability of findings through use
of global average data aggregated from multiple sources. In
general, the sample size of primary activity data was gener-
ally limited to ‘one’ within this study, so we did not perform
formal parameter uncertainty analysis (through Monte Carlo
approach, or via a pedigree approach) as it is not recom-
mended in such instances (Heijungs 2020).

Our findings were limited by a number of methodologi-
cal choices, resulting in scenario uncertainty (International
Organization for Standardization 2006 A). For example,
there was risk of truncation error whereby the results
reported underestimate the true environmental impact due
to the system boundary chosen (World Resources Institute
2013), although this was minimised through including all
processes reaching the threshold of significance (World
Resources Institute 2011) which we defined a priori as those

likely to contribute > 1% impact. We sought to evaluate the
impact of key methodological assumptions through formal
sensitivity analysis (International Organization for Stand-
ardization 2006 A) and finding conclusions were robust to
alternative scenarios improved generalisability of results to
other settings. Nevertheless, results are specific to the goal
and scope of this study which focused on surgical scissors,
and whilst findings may extend to other simple stainless steel
instruments such as needle holders and forceps, we acknowl-
edge that repair of complex equipment such as electrosur-
gical or endoscopic equipment may associate with greater
environmental burden.

5 Conclusion

The environmental impact of repairing equipment instead of
buying new items has previously been evaluated in other con-
texts (Wursthorn et al. 2010; Bovea et al. 2020), but this study
is the first to explore the role of repair within a healthcare set-
ting. Here we focused on surgical scissors, finding that repair-
ing these at the end of their functional life instead of replacing
them with a new pair can reduce environmental and financial
cost. We found minimal difference in environmental impact
and financial cost associated with onsite and offsite repair cen-
tres, indicating that development of regional or national repair
centres is as good a strategy as developing local repair centres.
When surgical equipment fails, it is usually disposed of,
and so education amongst equipment users (such as theatre
staff) and those involved in processing (such as sterilisation
personnel) will be important when introducing and expand-
ing repair contracts. We found that decontamination was
responsible for almost all of the carbon footprint of repaired
scissors, and to reduce the environmental impact of repaired
items further, it is important to optimise the decontamina-
tion process (Rizan et al. 2022). Repair has the potential to
play an important role in mitigating environmental impacts
of medical equipment, but the extent to which this applies
across other medical equipment requires further research.
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