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Purpose: Healthcare has a large environmental footprint, not least due to the wide use of single-use supplies. Reprocessing of medical
devices is a well-established, regulated process, and can reduce its environmental impact. This life cycle assessment (LCA) compares
the environmental footprint of a single-use and a reprocessed version of otherwise identical intermittent pneumatic compression (IPC)
sleeves.

Materials and Methods: The LCA was performed in accordance with the international standard ISO 14044 using the Environmental
Footprint 3.0 (EF) method for the assessment. Data were obtained in cooperation with IPC sleeve manufacturers. Where no primary
data were available, ecoinvent database records were used. The functional unit is five hospital treatments applying IPC. The robustness
of the results was interrogated in sensitivity analyses of the energy mix, the ethylene oxide emissions during reprocessing, and the
transport distances. The impact of waste reduction on hospital disposal costs was calculated.

Results: The environmental footprint of reprocessed IPC sleeves was found to be reduced in all categories compared to single-use
devices, leading to a weighted normalized reduction of 43% across all categories. In a breakdown of the LCA results, reprocessed IPC
sleeves were found to reduce the carbon footprint by 40%, with the treatment of five patients with single-use IPC sleeves creating 7 kg
COs¢q, compared to 4.2 kg CO,¢q from reprocessed sleeves. Waste disposal costs were also reduced by 90%.

Conclusion: Reprocessing of IPC sleeves provides an environmental and economic benefit in comparison to single-use devices.
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Introduction

Healthcare is resource-intensive and generates large quantities of waste, resulting in a large environmental impact.
Between 1% and 5% of the total global environmental footprint is caused by global healthcare.! Reducing environmental
impact is increasingly becoming a focus in healthcare:* several countries have formally committed to developing the
climate resilience and sustainability of their healthcare systems,® and purchasing policies promoting environmental
awareness are becoming more widespread.

A major contributor to the environmental impact of operations are single-use devices, which have been estimated to
contribute between 59% and 71% of the carbon footprint of healthcare.* In comparison, reprocessed devices have
repeatedly been found to be more resource efficient, produce less waste, and have a lower environmental impact.”®
However, confirming the existence and extent of these benefits requires a lifecycle perspective.®'°

Intermittent pneumatic compression (IPC) of the lower limbs provides mechanical prophylaxis for venous throm-
boembolism after surgery while avoiding the risks associated with anticoagulants used in pharmacological
prophylaxis''*'* by increasing the venous blood flow in a cyclical fashion similar to ambulation."? Kendall SCD™
sleeves for the Kendall SCD™ 700 Smart Compression™ System (Cardinal Health™) are available as either single-use
(for example, type 9529) or reprocessed (for example, type 9529R) products. The difference between these products is
that the single-use version is disposed of after each patient, and the reprocessed version is reprocessed after patient use
and returned to the hospital.
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Life cycle assessment (LCA) is a method to determine the environmental footprint and ecological impact of a product
throughout its life cycle. This LCA compares a single-use and reprocessed version of a medical device. It considers the
resources needed for manufacture and assembly and the environmental impact of reprocessing and distribution, which
can be deciding factors in determining sustainability.®*'°

In this study, we aimed to compare single-use and reprocessed IPC sleeves in an LCA to determine whether
reprocessed sleeves offer an environmental advantage. This can be a compelling consideration in the device selection

process given the efforts to reduce the environmental impact of healthcare.

Materials and Methods
This LCA is based on four phases in accordance with the international standard ISO 14044: the goal and scope, the life
cycle inventory, the impact assessment, and the interpretation.'*

Goal and Scope
The aim of this study is to compare the ecological footprint of two IPC sleeves. Type “9529” is a single-use sleeve and
“9529R” is its reprocessed counterpart. The product itself is the same for both systems: single-use IPC sleeves are
discarded after use whereas reprocessed devices are cleaned, tested, inspected, high-level disinfected, packaged, and then
sold back to hospitals.

In this project we consider the entire life cycle of the IPC sleeves. The system operates in North and Central America.
Primary data refer to the year 2021. There is no allocation task, as there are no recycling loops, ecological credits, or by-
products. We analyze the direct contract distribution system run by the manufacturer. Following the standard, we cut off
several inputs that contain less than 1% of the mass of the product system. Additionally, the product components controller
and tubing set were not part of this analysis, as they are used multiple times and so their environmental effect is neglectable

Functional Unit
The functional unit of this study is defined as five hospital IPC treatments, corresponding to five pairs of single-use IPC
sleeves and one pair of reprocessed IPC sleeves that is reprocessed four times.

Description of the System—Life Cycle Inventory

The life cycle inventory lists and quantifies all in- and outputs of the system in a sufficient quality and accuracy. The
setup of the life cycle inventory was an iterative process with the manufacturer that led to a realistic model of the life
cycle. The material composition of an IPC sleeve (single-use and reprocessed) is listed in Table 1. The product is the
same for the single-use and the reprocessed system.

Table | Material Composition of Single-Use and Reprocessed IPC Sleeves

Component Material Mass [g]
One top and one bottom sheet Non-woven polyester | 82

3 Velcro hook attachments to the bottom sheet | Nylon 3

3 Velcro loops attachments to the top sheet Nylon 12

3 ports attached to the top sheet PVC 2

One connector plug ABS 4

One gasket PVC |

3 tubes Soft PVC 8
Product weight total Total I

Abbreviations: ABS, Acrylonitrile Butadiene Styrene; PVC, Polyvinyl chloride.
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Figure | Overview of the life cycle of IPC sleeves in the three phases: manufacturing, use phase and reprocessing (for the reprocessed IPC sleeve only).

Process Flowchart
The flow chart in Figure 1 shows a simplified model of the life cycle of IPC sleeves (single-use and reprocessed). The
pre-components for IPC sleeves are produced in North America, then transported to the manufacturing facility in Costa
Rica. The packaged IPC sleeves are distributed via 35 replenishment and/or distribution centers to hospitals across the
US (manufacturing phase). After the hospital treatment, the IPC sleeves are either discarded or collected for reprocessing
(use phase). The used devices are transported to the reprocessing facility in Florida. After successful reprocessing, the
devices are packaged and distributed back to hospitals who opt in to reprocessing (reprocessing phase).

To prepare the inventory for the assessment, a detailed process model including individual process steps for the
single-use and reprocessed product systems was elaborated. The model allows linear scale up of the LCA results, based
on the functional unit.

Single-Use System Including Production

The IPC sleeves are produced in a manufacturing facility in Costa Rica with an overall energy consumption of 3,527,600
kWh. The state electricity mix of Costa Rica was derived from an ecoinvent dataset.'> Packaging consists of one bag for
two products, a cardboard box for five poly bags, and the respective share of transport packaging (wooden pallet,
chipboard, corrugated cover, and shrinking foil). Waste at the facility is collected and sent to recycling (paper, cardboard)
or landfills.

The manufactured products are transported from Costa Rica to the replenishment center in Georgia, USA. From there,
the product is distributed via distribution centers to hospitals across the US. For the transport model, the average
distances between the replenishment centers, distribution centers, reprocessing facility, and hospitals was calculated.
Finally, the used item is collected at the hospital and disposed of in a landfill or incinerated.
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Reprocessing System

The used reprocessed product is collected at the hospitals and transported to the reprocessing facility in Florida. The
product is sorted, cleaned, inspected, and tested for functional performance. The packaging of reprocessed IPC sleeves is
identical to that of single-use devices.'® The sleeves undergo high-level disinfection using ethylene oxide (ETO).'” The
sleeves are then distributed via replenishment and distribution centers to hospitals for reuse. Waste that occurs in Florida
is sent to a waste incineration facility. The electricity demand was calculated to be 0.251 kWh per reprocessed sleeve.
The primary mix of the electricity source for the reprocessing plant was modeled with ecoinvent datasets'> following the
information in the bills of the provider for this facility: 78% natural gas, 13% purchased power, 5% solar power, and 4%
coal. The following numbers of necessary products were identified to fulfill the functional unit:

e To perform five hospital compression treatments with the single-use IPC sleeves, five primary products are used.
Losses occur during the primary production and manufacturing were considered as additional inputs (raw materials,
energy).

e To perform five hospital treatments within the reprocessed IPC sleeves, 1.22 primary products are used (0.22
primary products arise from losses during reprocessing).

Assumptions Along the Life Cycle
Despite all efforts, some primary data were not available. Thus, assumptions were made based on production data, a site
visit, general process descriptions, and scientific literature.

Ecological Footprints of the raw material production and production services (the technologies used) to manufacture
the IPC sleeves are modeled using ecoinvent 3.8 datasets.'> Furthermore, we applied datasets for the inventory of
transport means, electricity products, and waste treatment technologies. The ecoinvent database supports LCA experts by
providing high quality datasets covering a diverse range of sectors at both a global and regional level.'® Its application
increases the credibility and acceptance of the LCA results.

Life Cycle Impact Assessment

The core assessment method used for the impact assessment was the Environmental Footprint 3.0 (EF) method as
described.'”?° The environmental impact of the product is categorized in 16 different categories (in alphabetical order):
Carcinogenic effects (CTUh), Climate change (kg CO,-Eq), Fossils (MJ), Freshwater and terrestrial acidification (mol H
+-Eq), Freshwater ecotoxicity (CTUe), Freshwater eutrophication (kg P-Eq), lonizing radiation (kg U235-Eq), Land use
(points), Marine eutrophication (kg N-Eq), Minerals and metals (kg Sb-Eq), Non-carcinogenic effects (CTUh), Ozone
layer depletion (kg CFC-11-Eq), Photochemical ozone creation (kg NMVOC-Eq), Respiratory effects, Inorganics
(disease incidences), Terrestrial eutrophication (mol N-Eq) and Water scarcity (m® world-Eq).

Model and data were developed and processed by the software “Umberto” (iPoint-systems GmbH, Germany, 2023),
which is linked with database ecoinvent 3.8'> to obtain data on the environmental footprint of the material production
and resources used in the product lifecycles.

In order to verify the results of the model, assessment methods included the ReCiPe (2008), UBP (2013), and CML
(2016) methods. The direction of the results was the same for all methods applied; therefore, the EF 3.0 method was
supported and only the results of the EF 3.0 method are reported in this article.

Normalization and weighting of the results allowed us to characterize the relevance of the impact to the categories.
We used the global normalization factors set up by the European Joint Research Center.?' Finally, beyond the standard
requirements of an LCA, we applied a weighting process that entails multiplying the normalized results of each impact
category with a weighting factor representing societal values and expressed as p-points. The Joint Research Center

defined a set of weighting factors for all impact categories.?
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Costs of Waste Disposal

We used the waste generated by IPC sleeves (including packaging waste, pre-components and material waste, losses, and
reject within the primary production and the reprocessing) to compare hospital waste disposal costs for the single-use
versus reprocessed IPC sleeves. The waste associated with the production of the pre-components was not included. We
assumed that 90% of the waste is non-hazardous and the remaining 10% is contaminated, hazardous waste (highly
contaminated products are not reprocessed). Waste disposal costs were taken from published literature and are presented
in 2022 USD. Three studies® 2* report hospital waste disposal costs in the US, with a median cost per ton of $151.07
(range $97.73; $8148.05) for non-hazardous waste and $32,340.72 ($1294.33; $63,387.11) for hazardous waste.

Sensitivity Analysis

A sensitivity analysis was performed to identify the most influential inputs and to evaluate potential uncertainties.
Therefore, scenarios were built by changing specific parameters and comparing the results to the initial scenario. The
following four parameters were identified as matters of concern: Scenario 1 changed the energy mix of electricity in the
reprocessing facility to a 100% renewable energy mix to look at energy related reduction potentials. Scenario 2 scaled up
the ETO emissions during high-level disinfection. Scenario 3 extended transport distances by 50% in both product
systems to address uncertainties in the assumptions of the transport model. Scenario 4 reduced the transports related to
reprocessing by 50%.

Results

Environmental Impact

In comparison to single-use IPC sleeves, reprocessed IPC sleeves reduce the environmental footprint across all impact
categories analyzed in the EF 3.0 methodology (Figure 2). The reduction is largest in the categories “Ozone layer
depletion” (=72.1%), ‘Minerals and metals’ (—61.1%), and “Water scarcity” (—54.3%). All impact categories show
a reduction of more than —30% except for “Freshwater ecotoxicity” (—26.6%) and “Land use” (—19.0%), where the
benefit provided by reprocessed IPC sleeves is smallest.

The biggest contribution to the environmental footprint of both the single-use and reprocessed IPC sleeves arises from
the cardboard box (needed packaging for shipping and storage) and the production of the sheet (main component for the
primary production of the IPC sleeves). The third largest contributors are the transports for single-use products and the
electricity for reprocessed devices.

Normalized Environmental Impact
The results of the environmental impact analysis were normalized by multiplying them with global normalization factors
to compare the total impact of each category to that of an average person per year. This allows prioritization of the impact
categories by relevance. The results are displayed in Figure 3.

The three most relevant impact categories are “Freshwater ecotoxicity”, “Fossils”, and “Climate change”. The main
drivers for these three categories are listed in Supplementary Table 1. The cardboard packaging for storage and transport

is a major driver in all three categories. Furthermore, the use of deionized water during reprocessing is a major driver of
“Freshwater ecotoxicity” for the reprocessed IPC sleeves.

The normalized results were weighted to determine the relative importance of each impact category and allow all
results to be added up (Table 2). The three categories “Climate change”, “Fossils”, and “Minerals and metals” were
identified as the most important ones. Overall, the weighted normalized results showed that reprocessed IPC sleeves
reduce the environmental footprint by 43% compared to single-use devices.

Breakdown of Results

The category “Climate change” has a high relevance, both in the public perception of environmental issues and in this
LCA. In order to better understand the contributions of both IPC sleeve products to climate change, a result breakdown
with absolute numbers is shown that illustrates the key differences between single-use and reprocessed IPC sleeves
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Figure 2 Contribution to environmental effects shown in percent of maximum impact in each category for reprocessed compared to single-use IPC sleeves.

(Figure 4). It shows that the treatment of five patients with single-use IPC sleeves creates 7 kg CO,.q, whereas
reprocessed IPC sleeves lead to emissions of 4.2 kg CO,,, effectively reducing the carbon footprint by 40%. The
production of pre-components is responsible for the highest share of the carbon footprint of single-use sleeves, whereas
reprocessing is the factor contributing most to the carbon footprint of reprocessed IPC sleeves. In the year 2021, an
estimated 11 million single-use IPC sleeves were produced, and 3.68 million IPC sleeves were reprocessed, leading to
emissions of 77,190 metric tons CO,.q and 15,388 metric tons COxq, respectively. If all IPC treatments in 2021 used
reprocessed rather than single-use products, the potential reduction of the carbon footprint is estimated to be 6200 metric
tons COseq.

Costs of Waste Disposal
Reprocessed sleeves save 13.5 kg (50.3%) of total waste compared to single-use ones by reducing the waste generated
outside the hospital (during production or reprocessing) by 2.1 kg and preventing 11.4 kg of waste in the hospital. The
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Figure 3 Product contribution to ecological footprint of a person as determined by Environmental Footprint 3.0 method across all impact categories.

disposal costs for hospitals were $99.60 for single-use IPC sleeves and $10.45 for reprocessed devices, saving $89.15
(90%). The lower and higher savings estimate were $4.47 and $252.18.

Sensitivity to Assumptions
In order to provide a framework for the interpretation of the results of this LCA, sensitivity analyses were performed for
the most relevant scenarios to test the vulnerability of the results with regards to changes in assumptions.

Electricity Mix
All reprocessed IPC sleeves are reprocessed in a dedicated facility located in Florida. In this scenario, it is assumed that
the electricity for the reprocessing facility is provided by 100% renewable energy sources. As only the reprocessed IPC
sleeves are reprocessed, this scenario only applies to them.

Switching to 100% renewable energy sources decreased the environmental footprint of the reprocessed IPC sleeves in
most impact categories (Supplementary Figure 1A). It only increased in the categories “Land use” and “Minerals and

metals” due to the rare earth elements required to construct wind and solar power stations and the space requirements to
set them up.
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Table 2 Weighted Normalized Environmental Impacts as Determined by the
Environmental Footprint 3.0 Method and Accumulated Across All Impact Categories

Impact Category Single-Use Reprocessed Difference
Climate change—Total 182 109 73
Fossils 108 62 46
Minerals and metals 55 21 34
Freshwater ecotoxicity—Total 55 40 15
Respiratory effects, inorganics 54 31 23
Freshwater and terrestrial acidification 30 15 15
Photochemical ozone creation 25 12 13
Water scarcity 17 8 9
Terrestrial eutrophication 14 7 7
Marine eutrophication 12 7 5
Carcinogenic effects—Total I 8 4
Ozone layer depletion 9 2 6
Land use 8 6 |
Non-carcinogenic effects—Total 7 4 3
Freshwater eutrophication 3 2 2
lonizing radiation 2 | |
Total 592 335 257

Ethylene Oxide Emissions Simulation
Ethylene oxide (ETO) is used for high-level disinfection during IPC sleeve reprocessing. While the facility complies with
ISO 10993-7 safety standards and actual emissions are likely much lower, the baseline scenario conservatively assumed
that 10% of the ETO used in the process is emitted into the air as a side product of the disinfection process. This scenario
increases ETO emission rates to 100%.

This substantially increased the impact category “Carcinogenic effects” (67%) and slightly increased the category
“Non-carcinogenic effects” (2%) for reprocessed IPC sleeves (Supplementary Figure 1B). No other impact categories

were sensitive with regards to ETO emissions.

Transports (Overall)
Both the single-use and the reprocessed IPC sleeves need to be transported between the manufacturing plant, hospital,
and disposal site. The reprocessed IPC sleeve additionally must be transported from the hospital to the reprocessing
facility and back. This sensitivity analysis scenario assumes a 50% increase in the number of transports needed for both
types of IPC sleeves due to volume constraints.

An increase in the total number of transports increases the values for all impact categories in both single-use and
reprocessed IPC sleeves (Supplementary Figure 1C). The increase is larger for reprocessed IPC sleeves, because they

require additional transport to and from the reprocessing facility. Despite the larger increase across all impact categories,
however, the results of this sensitivity analysis still show an environmental benefit for the reprocessed devices across all
impact categories (Supplementary Figure 1A). This shows that the uncertainties in the assumptions regarding transport
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Figure 4 Breakdown of accumulated impacts for the impact category “climate change” comparing single-use and reprocessed IPC sleeves.

do not change the overall result of the LCA, despite the negative environmental impact caused by the increase in
transport.

Transport (for Reprocessing)
Finally, the fourth scenario focuses on the transport of reprocessed IPC sleeves to and from the reprocessing facility. It
assumes that the transport distances are 50% shorter than in the baseline scenario.

This decrease in reprocessing-specific transports caused a reduction in the environmental footprint of reprocessed IPC
sleeves across all impact categories (Supplementary Figure 1D). A reduction of transport distances would further reduce
the environmental footprint of reprocessed IPC sleeves. This further confirms that the results of this LCA are robust

regarding transport variation, as the changes in transport distances and volume constraints do not change the direction of
the overall results.
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Discussion

What makes this LCA unique in comparison to others is that the initial production process and material composition of
single-use and reprocessed IPC sleeves are identical, whereas the devices studied in other LCAs often differ.*?° This
means that the differences between the single-use and reprocessed devices in our study are limited to the number of
reprocessing circles and the environmental impact of reprocessing as well as associated processes like transports and
packaging without affecting any life cycle steps prior to the first use of the device. Reprocessed sleeves also demonstrate
a potential for reduction of waste and the resulting disposal costs.

Not all LCAs of single-use versus reusable or reprocessed medical devices and supplies demonstrate an environ-
mental benefit for reprocessing, as some reprocessing efforts can be more resource-intensive and/or environmentally
inefficient than the production of the primary product.®!%-26-28

Similar to our observations, other LCAs also found that reprocessing is the largest impact on the environmental
footprint of reprocessed devices whereas manufacturing is most prominent for single-use devices.”>*?’

There are several benefits of the LCA method for the health sector. Firstly, this LCA shows that even with rigorous
standards around device cleaning and disinfection in reprocessing and long transport distances, reprocessing has an
environmental advantage. However, this cannot be said for all medical devices without evaluation as so many parameters
have an impact on the overall result.® Secondly, a comparison of the overall environmental footprint of products is
possible with LCAs, providing a holistic view as well as additional key performance indicators for the health sector.
These support decision-making in the health sector not just on monetary but also on environmental criteria, which are of
increasing relevance.”* Finally, the quantification of environmental effects while changing key parameters allows for
internal decision-making for production processes in the healthcare sector, leading the way to climate goals by bringing
up potential trade-offs with impact categories and help to develop improvements.

When it comes to expanding reprocessing programs, it is important to consider how hospitals can change their
processes toward a circular economy. This includes designing practice-oriented collection systems that can be integrated
into hospital processes with little effort. More use cases and pilot studies of a circular economy in hospitals are needed to

confirm efficiencies.

Limitations of the Study

This study has several limitations. The LCA method comes with intrinsic methodological challenges, as it necessitates
assumptions and introduces uncertainties. These uncertainties are related to several factors: (i) the technology processes
(such as production of pre-components, waste management or transport) which are generally based on default inven-
tories, (ii) the geographical boundaries (the model describes the USA, so several assumptions were made to develop
a transportation model without leaving the geographical boundaries), (iii) the quality of the data available to populate the
LCA model, and (iv) the uncertainties inherent in the LCA method. As the regional framework conditions have a great
impact on the LCA results, they cannot be generalized across geographic regions without adjusting the inventory
accordingly.

In this study, the transportation routes and distances needed to transport the IPC sleeves between the manufacturing
site, the hospitals, and the reprocessing plant (for reprocessed devices) include the use of default inventories for the
transportation processes where no primary data and/or US-specific data were available, and the assumptions that were
made to develop a transport model describing the USA without leaving these geographical boundaries. The most
important uncertainties were therefore addressed in the sensitivity analysis, which showed that the results were robust
concerning transport distances.

Furthermore, a detailed breakdown of results was not performed for all impact categories. Instead, this study focused
on the category “Climate change”, which is considered relevant both in the normalization of the LCA results and in the
general understanding of environmental issues.

Finally, it was not possible to calculate the statistical significance of any of the differences.
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Conclusion
This life cycle assessment clearly demonstrates that reprocessed IPC sleeves have an environmental benefit compared to
single-use IPC sleeves across all considered impact categories, with a reduction of more than 30% in all but two
categories. Reprocessing IPC sleeves reduces the overall environmental footprint by 43% (following characterization),
and the global warming potential by 40%.

The main influence factors for the environmental impact are material use, transport and storage boxes, and electricity
use. The sensitivity analysis showed that the results overall are robust.

Abbreviations
ABS, Acrylonitrile Butadiene Styrene; EF, Environmental Footprint 3.0; ETO, Ethylene Oxide; IPC, Intermittent
pneumatic compression; LCA, Life cycle assessment; PEF, Product Environmental Footprint; PVC, Polyvinyl chloride.
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