Review Article

Safety, cost and environmental impact of reprocessing
low and moderate risk single-use medical devices: a

systematic review

Sicherheit, Kosten und Umweltauswirkungen der Wiederaufbereitung
von Medizinprodukten fur den Einmalgebrauch mit geringem und

mittlerem Risiko: eine systematische Ubersicht

Abstract

Objectives: Estimate the safety, financial and environmental impacts
of reprocessing low and moderate risk single-use medical devices
(SuMDs).

Methods: Systematic review (PROSPERO ID: CRD42022365642) of
primary studies of patients receiving reprocessed low and moderate
risk SUMDs (non-critical and semi-critical medical devices a and b)
versus first use of otherwise identical SuMDs. Items were sourced via
database and supplemental searching. Results were reported by device
risk class, included studies were quality appraised, and primary out-
comes: direct patient safety; direct and indirect financial costs; environ-
mental impacts, were Grade of Recommendation, Assessment, Devel-
opment and Evaluation (GRADE) assessed following narrative synthesis.
Results: Ten studies examined 10 devices across three categories of
risk class | devices: external fixator devices (n=3 studies), compression
sleeves (n=2), and pulse oximeters (n=1) and three categories of risk
class Il devices: ophthalmic devices (n=1), surgical instruments for
grasping and cutting (n=1) and endoscopic and laparoscopic devices
(n=5 studies, 5 devices).

There were no significant differences in the odds of primary safety out-
comes across the two device types contributing data. The only study
contributing primary financial impact data reported no statistically sig-
nificant difference in savings for new versus reprocessed devices
(p=0.340). Reprocessing reduced global warming (n=2 studies) and
increased human health impacts (n=1) across the four device types
contributing data. The certainty of safety and cost evidence was very
low.

Conclusions: Safety monitoring systems where SUMD reprocessing is
permitted are required. Reprocessing costs should be estimated using
appropriate methodologies and research is needed to ensure that life
cycle assessment study designs can be better utilised to inform decision-
making.

Keywords: reprocessing single-use devices class |, reprocessing
single-use devices class Il, endoscopic devices, laparoscopic devices,
ophthalmic devices, surgical instruments, external fixators, stockings,
compression sleeves, pulse oximeters, patient safety, costs,
environmental impacts

Zusammenfassung

Zielsetzung: Abschatzung der Sicherheit, finanzieller und Umweltaus-
wirkungen der Wiederaufbereitung von Medizinprodukten flr den Ein-
malgebrauch mit geringem und mittlerem Risiko (SuMDs).
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Methode: Systematische Uberpriifung (PROSPERO ID: CRD42022365642)
von Primérstudien Uber Patienten, die wiederaufbereitete SUMDs mit
niedrigem und mittlerem Risiko (unkritisch und semikritisch a and b)
erhalten haben, im Vergleich zur Erstverwendung von ansonsten iden-
tischen SuMDs. Die Artikel wurden Uber eine Datenbank- und Ergan-
zungssuche beschafft. Die Ergebnisse wurden nach Geréate-Risikoklasse
angegeben, die Qualitat der eingeschlossenen Studien wurde bewertet,
und die primaren Ergebnisse - direkte Patientensicherheit, direkte und
indirekte finanzielle Kosten sowie Umweltauswirkungen - wurden nach
einer narrativen Synthese nach dem GRADE-System (Grade of Recom-
mendation, Assessment, Development and Evaluation) bewertet.
Ergebnisse: Zehn Studien untersuchten 10 Produkte aus drei Kategorien
der Risikoklasse I: externe Fixateure (n=3 Studien), Kompressionsman-
schetten (n=2) und Pulsoximeter (n=1) und drei Kategorien von Produk-
ten der Risikoklasse Il: ophthalmologische Produkte (n=1), chirurgische
Instrumente zum Greifen und Schneiden (n=1) und endoskopische und
laparoskopische Produkte (n=5 Studien, 5 Produkte).

Zwischen den beiden Produkttypen gab es keine signifikanten Unter-
schiede in der Wahrscheinlichkeit der primaren Sicherheitsauswirkun-
gen. Die einzige Studie, die Daten zu den primaren finanziellen Auswir-
kungen beisteuerte, meldete keinen statistisch signifikanten Unterschied
bei den Einsparungen zwischen neuen und wiederaufbereiteten Medi-
zinprodukten. Die Wiederaufbereitung reduzierte die globale Erwarmung
(n=2 Studien) und erhéhte die Auswirkungen auf die menschliche Ge-
sundheit (n=1) bei allen vier Produkttypen. Die Evidenz in Bezug auf
Sicherheit und Kosten war sehr gering,

Schlussfolgerungen: Sofern die Wiederaufbereitung von SuMDs erlaubt
ist, sind Sicherheitsiberwachungssysteme erforderlich. Die Wiederauf-
bereitungskosten sollten mit Hilfe geeigneter Methoden geschatzt
werden, und es sind Forschungsarbeiten erforderlich, um sicherzustel-
len, dass Studien zur Lebenszyklusbewertung besser zur Entscheidungs-
findung genutzt werden koénnen.

Schlusselworter: Wiederaufbereitung single-use Medizinprodukte Klasse
I, Wiederaufbereitung single-use Medizinprodukte Klasse I,
laparoskopische Medizinprodukte, endoskopische Medizinprodukte,
ophthalmologische Medizinprodukte, chirurgische Instrumente, externe
Fixateure, Kompressionsstrimpfe, Kompressionsmanschetten,
Pulsoximeter, Patientensicherheit, Kosten, Nachhaltigkeit

Introduction

Single-use medical devices (SuMDs) are intended by their
manufacturers to be used once and then discarded. In
an effort to mitigate the costs [1] and environmental
footprint [2] of health care, SUMDs reprocessing is prac-
ticed globally [1], [3], [4]. Reprocessing, a process carried
out on a used device to allow its safe reuse, involves
cleaning, disinfection, sterilisation and related proce-
dures, as well as testing and restoring the safety and
performance of the used device [3]. There are no require-
ments for manufacturers to prove that a device cannot
be reprocessed [1] and reprocessing industry stakehold-
ers in Europe have estimated that 16% of devices labelled
as being for “single-use” may technically be safe and ef-
fective to reprocess for a limited number of times [4].
However, adverse events associated with reprocessing
have been reported [1].

Regulating SUMD reprocessing could reduce the risk of
reprocessing related adverse events. Regulation likely
reduces the volume of in-house (health facility) repro-
cessing due to the high cost and staff education and
training implications of implementing regulatory standards
[2]. In turn, it may reduce the number of SuMDs repro-
cessed, as seen in Germany and Australia [1]. Regulation
may also inform the types of SuMDs reprocessed. For
example, since 2000, the FDA has approved the repro-
cessing of over 100 SuMDs in the USA [5], with lower risk
SuMDs (i.e. those which do not come into contact with
the bloodstream or other sterile areas of the body), the
most frequently reprocessed there [5].

That regulated reprocessing reduces the volume of in-
house reprocessing raises questions about the cost-ef-
fectiveness of SUMD reprocessing under regulated con-
ditions. Generally, greater financial savings would be ex-
pected from high-risk devices compared to low and
moderate risk devices as their more complex designs
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make them more expensive to produce [6]. The European
reprocessing industry [4] and available systematic review
evidence [7], [8] are consistent in reporting that savings
could differ by device. Potential saving estimates are
frequently cited as 90% when reprocessing is undertaken
at a health facility and 50% when reprocessing is under-
taken by a third-party reprocessing company [4]. To date,
the scientific literature has been unable to confirm these
estimates whereby available systematic reviews could
not establish the cost-effectiveness of reusing SuMDs
due to an inconclusive evidence base and a paucity of
high-quality, appropriately designed studies [7], [8]. Life
cycle assessment studies, which examine the environ-
mental impact of a medical device from its development
to disposal, demonstrate that SuMDs typically result in
higher petrochemical use and global greenhouse gas
emissions compared with reusable alternatives [9], [10].
However, it is not yet known whether reprocessing and
reusing these SUMDs is more environmentally beneficial
than their one-time use and subsequent disposal.

Objectives

As part of efforts to keep the EU Medical Device Regula-
tion (MDR) legislative decision adopted by Ireland under
review, the Health Research Board completed an evi-
dence review requested by the Department of Health in
Ireland on the safety, financial costs and environmental
impacts of reprocessing SuMDs. The current article
presents the findings of the systematic review of risk
class | and risk class lla and Ilb devices.

The aims of this review are to:

¢ |dentify the risk class | and Il SuMDs safe to reprocess
in line with the 2017 EU medical device regulation and
other related approaches, and

¢ Synthesise the safety, financial and environmental
consequences of risk class | and Il SuMDs reprocessing
in line with the 2017 EU medical device regulation and
other related approaches as well as any differences
across SuMDs types.

Methods

Review design

A systematic review was conducted [11] and reported
according to the Preferred Reporting ltems for Systematic
Reviews and Meta-Analyses (PRISMA) criteria [12], [13].
Where appropriate, procedures were consistent with
guidance on systematic reviews with cost and cost-
effectiveness outcomes [14]. The original study proto-
col was registered on the International Prospective
Register of Systematic Reviews (PROSPERO) (ID:
CRD42022365642). In this article, we present the results
of human studies of risk class | and Il SuMDs only. A re-
port of risk class Ill devices has been published already
[15].

Literature search strategy

We searched the following bibliographic databases from
their inception: EMBASE, MEDLINE (Ovid platform), Dimen-
sions, and the Cochrane Library. The peer-reviewed
search strategy, using National Library of Medicine’s
medical subject headings (MeSH), and keywords, centred
on five concepts: single-use medical devices; repro-
cessing; safety and/or adverse outcomes; cost and cost-
effectiveness; and environmental impacts.
Supplementary (i.e. reference and citation checking of
included studies and relevant systematic reviews), and
grey literature (i.e. government and regulatory authority
websites; trial registers; Google.com and Google Scholar
search engines [results 1-200] searches were also per-
formed.

We limited the search to English and German language
documents, owing to Germany’s experience in SUMDs
reprocessing. Searches were undertaken between 25 July
and 23 September 2022 and updated in January 2024.
The search strategy is available in Attachment 1.

Eligibility criteria

The eligibility criteria were defined using the Population
Intervention Comparison Outcomes Study design (PICOS)
framework (Table 1). SuMDs included devices and pur-
pose-built components thereof exposed to human cells,
bacteria and/or viruses. Reprocessing was defined using
European legislation as “a process carried out on a used
device in order to allow its safe reuse, including cleaning,
disinfection, necessary sterilisation and related proce-
dures, as well as testing and restoring the technical and
functional safety of the used device” [16], with a similar
definition employed in medical device research [17]. To
ensure health system comparability, primary studies of
any healthcare facility using reprocessed SuMDs in
Organisation for Economic Co-operation and Development
(OECD) or EU member states only were eligible. Studies
must have included at least one type of primary outcome
of interest and compared outcomes with first use of the
same SuMD. We did not include systematic review studies
as we were uncertain that the evidence included in the
reviews would reflect reprocessing as defined in our study
(71, [8].

Article selection

Following deduplication in EndNote, two of three possible
screeners (NMG, LK, CW) screened each item in EPPI
Reviewer at title and abstract and again at full-text
screening stages. Disagreements were resolved by con-
sensus at both stages. Where individual study eligibility
was unclear due to missing information at full text
screening stage, study authors were contacted to seek
clarification. If study authors did not respond within two
weeks after the initial email, and one week after a remind-
er email, the study was excluded.

GMS | (&G

GMS Hygiene and Infection Control 2026, Vol. 21, ISSN 2196-5226

3/22



McGrath et al.: Safety, cost and environmental impact of reprocessing ...

Table 1: Systematic review eligibility criteria
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Data extraction and outcome selection

Study data were extracted independently by two of four
reviewers (NMG, CW, LK, AT) into study design specific
extraction forms in Microsoft Word and subsequently
agreed by the two reviewers. Third-party arbitration was
used to resolve disagreements. During extraction, devices
were classified as risk class |, lla or llb, using Medical
Device Coordination Group guidance [18]. The system,
created to support implementation of the 2017 EU Med-
ical Device Regulation [3], [16], is similar to the Spaulding
Classification System employed in the USA [19] and
considers more factors in the assignment of risk classes
[18].

Safety and cost outcomes were selected for extraction
by the review team based on their prevalence across
device-specific studies, objective measurement, transpar-
ency of reporting, and cost sources (Attachment 2).
Primary outcomes were those which:

* Directly impacted patient safety (e.g. complications,
functionality loss),

* accounted for both direct and indirect reprocessing
costs (e.g. implementing reprocessing or due to infec-
tions), and

* directly adversely impact the environment (e.g. global
warming potentials).

Secondary outcomes were those which:

* Indirectly impacted patient safety (e.g. procedure time),

* accounted for direct reprocessing costs only, and

¢ estimated environment-related human health impacts
(e.g. toxicological effects of a process).

Quality assessment

Two reviewers independently assessed the quality of the
studies included, with disagreements resolved by con-
sensus. Adapted versions of the 27-item Downs and Black
[20] and 19-item Consensus Health Economic Criteria
list (CHEC-list) [21] were employed to quality appraise
randomised and non-randomised studies and economic
study designs. In the absence of a critical appraisal tool
for life cycle assessment (LCA) study designs, we em-
ployed a transparency checklist proposed by Keil et al.
[22]. The checklist was based on German Institute for
Standardization (Deutsches Institut fir Normung; DIN)
and International Organization for Standardization (ISO)
standards DIN ISO 14040 and DIN ISO 14044. In keeping
with the approach adopted by Keil et al., we report the
proportion of items individual study authors report infor-
mation on. Details of the adaptations made to the quality
appraisal tools are reported in Attachment 3.

Data analysis and synthesis

We completed an assessment of the feasibility of meta-
analysis for each outcome following published guidance
[23], [24] (Attachment 4). Based on the results, a narra-

tive synthesis using structured reporting of effects was
completed, calculating a standardised effect measure
for safety outcomes; odds ratios for categorical outcomes
and mean differences for continuous outcomes, and re-
porting of the number of observed events in the total
population for categorical outcomes and the mean/medi-
an with standard deviations (SDs) for continuous out-
comes [24].

Grading of recommendations,
assessment, development and
evaluations

The GRADE system was employed to determine a level
of confidence, ranging from very low to high, in individual
review outcomes based on the contributing primary
studies [25]. In line with best practice, we only applied
GRADE assessments to primary review outcomes [25].
We did not apply GRADE to environmental outcomes.

Results

Search results and included studies

Details of the search results and the PRISMA flow diagram
are reported in Figure 1. We identified 10 studies [26],
[271,128], [29], [30], [31],[32], [33], [34], [35] examining
three types of risk class | device: external fixator devices
(n=3 studies, 1 device) [26], [27], [28]; compression
sleeves (n=2 studies, 1 device) [29], [30]; and pulse oxi-
meters (n=1 study, 1 device) [29], and three types of risk
class Il device: ophthalmic devices (n=1 study, 1 device)
[31]; surgical instruments for grasping and cutting (n=1
study, 1 device) [29]; and endoscopic and laparoscopic
devices (n=5 studies, 5 devices) [29], [32], [33], [34],
[35].

Characteristics of included studies

The characteristics of included studies are reported in
Table 2. The studies were undertaken in the USA (n=8)
[26], [27], [28], [29], [30], [31], [32], [34] and Europe
(n=2; Portugal and Croatia) [33], [35]. Study designs were
classified as: randomised controlled trials (n=2 studies)
[28], [35]; observational (n=4 studies) [26], [31], [32],
[33]; costing (n=2 studies) [27], [34]; and life cycle as-
sessment (n=2 studies) [29], [30].

Safety outcome data were available for external fixator
devices; ophthalmic devices; and endoscopic and laparo-
scopic devices. Cost outcomes were available for all
device types, except for ophthalmic devices. Environmen-
tal outcomes were available for: compression sleeves;
pulse oximeters; surgical instruments for grasping and
cutting; and four endoscopic and laparoscopic devices.
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Figure 1: PRISMA flow diagram of search results
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Characteristics of included studies

Table 2
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Devices were reprocessed at hospital sterilisation depart-
ments in one (33%) external fixator device study [26], the
(100%) ophthalmic device study [31], and two (20%) en-
doscopic and laparoscopic device studies (n=2 devices)
[34], [35]. Otherwise, reprocessing was undertaken by
an external reprocessing company or the original device
manufacturer. Most studies reported compliance with
FDA reprocessing requirements (n=5 studies; 50%) and
others followed local hospital or national policies (n=3
studies; 30%) or research team criteria (n=2 studies;
20%). The number of reprocessing cycles of the same
device ranged from 1 [32], [33], [35] to 9 [34].

Safety outcomes

Studies providing safety data were of poor/low to excel-
lent quality based on the Downs and Black checklist
(Table 2 and Attachment 3).

External fixator devices (risk class 1)

No external fixator device safety outcomes were feasible
for meta-analysis and were reported narratively (Attach-
ment 4; Table 3). Dirschl and Smith put devices through
up to two reprocessing cycles and reported the outcomes
for the overall reuse programme only [26]. The overlap-
ping confidence intervals (Cls) indicated similar odds of
infection between once-reprocessed devices and new
SuMDs across studies (Table 3). Sung et al. also reported
no difference in the rate of loss of device fixation or
loosening of device components between reused devices
and new SuMDs [28].

Ophthalmic devices (risk class I)

One study contributing data on phaco needle tip repro-
cessing and reuse safety [31] reported no intraoperative
problems or postoperative complications attributable to
phaco needle tips in the single-use or reused device
groups. The authors reported that there was no associ-
ation between phacoemulsification time and the number
of device reuses (up to five uses), but did not report
statistical data to support this statement [31].

Endoscopic and laparoscopic devices (risk class
lla)

Endoscopic and laparoscopic device safety outcomes
were not feasible for meta-analysis due to inconsistent
statistical outcome reporting and heterogeneity in author
definitions of complication outcomes (Attachment 2).
Four outcomes: reoperations; post-operative compli-
cations, procedure time and duration of hospital stay
were available for laparoscopic sealer/divider [32], ultra-
sonic scalpel/shears/scissors [33], [35], and linear suture
machine [33] devices. The odds of reoperations [32], re-
operations and postoperative complications [33], and
postoperative complications [35] were consistently re-
duced in the reused group compared with the SuMD

group, but differences did not reach statistical signifi-
cance. There were no statistically significant differences
in procedure time between procedures employing new
and those employing once-reprocessed devices, but
conflicting results were reported for duration of hospital
stay (Table 3).

Cost outcomes

Studies providing data on cost outcomes were of low to
good quality or reported 68% of items on a transparency
reporting checklist (Table 2 and Attachment 3).

External fixator devices (risk class I)

Two studies - Horwitz et al. [27] and Sung et al. [28] -
reported on one direct cost outcome: savings incurred
by the hospital during the study period. Both studies
captured US dollar (US$) costs during a similar time frame
(between 2001 and 2005) and assumed that a similar
proportion (between 75% and 80%) of devices could pass
reprocessing requirements. Horwitz et al. reported that
reuse of reprocessed external components resulted in
savings of 25% and savings of 21% when accounting for
the cost of internal components of fixation devices [27].
Sung et al. reported savings of 45% did not account for
the device reuse rate [28] (Table 3).

Deep vein thrombosis compression sleeves
(risk class I)

Of the seven devices examined in Unger and Landis’s
study, deep vein thrombosis compression sleeves had
the highest potential for device life cycle cost savings
[29] with incremental savings diminishing with each ad-
ditional reprocessing cycle, up to five cycles (Table 3).

Pulse oximeter (risk class I)

Pulse oximeter device reprocessing resulted in device life
cycle cost savings with diminishing incremental savings
with each additional reprocessing cycle, up to five cycles
[29] (Table 3).

Surgical instruments for grasping and cutting
(risk class lla)

Arthroscopic shaver device reprocessing resulted in
device life cycle cost savings with diminishing incremental
savings after each reprocessing cycle [29] (Table 3).

Endoscopic and laparoscopic devices (risk class
lla)

Three of the four studies captured costs in US$ [29], [32],
[34], and three studies estimated costs during a similar
time frame (2013-2015) [29], [32], [33]. Three studies
examined direct, procedure-related costs [32], [33], [34].
One study reported a significant decrease (US$282) in

GMS | (&G
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Table 3: Narrative synthesis of safety and cost outcome data
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(Continued)
Table 3: Narrative synthesis of safety and cost outcome data
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(Continued)
Table 3: Narrative synthesis of safety and cost outcome data
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Table 3: Narrative synthesis of safety and cost outcome data
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cost in the reprocessed compared with single-use group
(p=0.028) [32]. When accounting for both direct and in-
direct costs, savings were sustained but were no longer
statistically significant (p=0.340) [32]. Two studies report-
ed annual hospital cost savings in the reprocessed group
compared with the single-use group: US$65,961 when
222 devices were reused for an average of 2.4 times
[34], €14,623.61 based on reuse of 193 linear suture
machines compared with purchasing 178 new linear su-
ture machines, and €75,932.55 based on reuse of
418 ultrasonic scalpel/shears/scissors and purchase of
285 new ultrasonic scalpel/shears/scissors over the
study period [33]. One study [29] reported small incre-
mental device life cycle related cost savings with each
additional reprocessing cycle for each of the four endo-
scopic and laparoscopic device examined (Table 3).

Environmental outcomes

Environmental impact outcome data were available
across two studies for compression sleeve devices [29],
[30] and from one study for pulse oximeter, surgical in-
struments for grasping and cutting, and endoscopic and
laparoscopic devices [29]. The functional unit in the
Lichtnegger et al. study [30] was five uses of an intermit-
tent pneumatic compression sleeve whereas, in the Unger
and Landis report [29], it was annual use of seven single-
use devices, used up to 5 times in a single hospital.
Therefore, results are reported together across devices
in the Under and Landis report. Both studies providing
data on environmental outcomes [29], [30] reported
68%-81% of items on a transparency reporting checklist
(Table 2 and Attachment 3).

In their one-to-one device comparison (i.e. exclusion of
annual device use), Unger and Landis [29] reported the
following relative global warming and human health out-
comes: carcinogenic, non-carcinogenic and respiratory
impacts. Of the devices studied, the compression sleeve
had the highest global warming and non-carcinogenic
impacts, and the laparoscopic sealer/divider had the
highest carcinogenic and respiratory impacts [29]. Device
impacts, normalised to the device with the highest impact
for each outcome, are reported in Table 4. When account-
ing for annual use of all seven devices using medi-
an/mean reprocessing lifecycle inventory inputs, repro-
cessing resulted in a reduced and normalised global
warming impact with each additional reprocessing cycle
compared to single device use. When accounting for an-
nual use of all seven devices using median/mean repro-
cessing lifecycle inventory inputs, reprocessing resulted
in increased normalised carcinogenic, non-carcinogenic
and respiratory impacts with each additional reprocessing
cycle compared to single device use (Table 4). In the study
by Lichtnegger et al. [30], results related to the product
contribution to ecological footprint of a person across the
4 impact domains. The authors reported reduced environ-
mental contribution of the reused versus the new devices
across all impact domains (Table 4). They further quanti-
fied the reduction in global warming potential (kg CO2,)

of 7.0 for single use to 4.2 for treatment of five patients
using reprocessed devices.

Grading of recommendations,
assessment, development and
evaluations rating

Eligible outcomes for the GRADE process were available
for external fixator and endoscopic and laparoscopic
devices. Specifically, the GRADE process was applied to
four outcomes; pin tract infections (external fixator
devices), reoperations (external fixator devices), post
operative complications, including reoperations (endo-
scopic and laparoscopic devices) and total hospitalisation
costs (endoscopic and laparoscopic devices). For all out-
comes, the a priori rating was “low”, because most of the
evidence for each of the four primary outcomes was de-
rived from observational studies. Each outcome received
at least one downgrade across two or more domains.
When downgrades were applied, all outcomes received
a final rating of very low certainty in the evidence. A
summary table of judgements are provided in Table 5
with explanations provided in Attachment 5.

Discussion

This study synthesises the available published evidence
on SuMDs reprocessing across low and moderate risk
devices, incorporating outcomes central to SuMD repro-
cessing debate (i.e. safety, economic and environmental
considerations) [1], [2]. We identified 10 SuMDs across
six types of risk class | and risk class Il devices.

Apart from divergent findings on differences in duration
of hospital stay post-procedure, we found no additional
adverse safety events following SuMD reprocessing. This
finding aligns with the results of a 2008 FDA audit of re-
processing approved SuMDs which reported no additional
adverse safety effects for external fixation devices, lap-
aroscopic instruments, compression sleeves, pulse oxi-
meters, and arthroscopic accessories [5]. As with previous
similar studies [7], [8] we could not estimate the cost-ef-
fectiveness of SuMD reprocessing from the available
data. Consistent with Hailey et al. [8], this report demon-
strates that indirect costs of SUMD reprocessing signifi-
cantly reduces cost savings.

Based on the results of the GRADE assessment, we have
very low confidence that the results for primary review
safety and cost outcomes would be replicated in future
studies. There was some evidence of positive and nega-
tive environmental impacts of SuMDs reprocessing, and
of different environmental impacts by device.

Future research

The results of this systematic review point toward a need
for careful monitoring of the safety of risk class | and risk

GMS | (&G
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Table 4: Narrative synthesis of environmental impact outcomes

highest impact

Global warming and human health impacts for the seven devices normalized to the device with the

Study

Unger and
Landis (2016)
[29]

Compression sleeve |1.00

0.10 (approx.)

1.00

0.71 (approx.)

Pulse oximeter 0.07 (approx.)

0.01 (approx.)

0.01 (approx.)

0.03 (approx.)

Arthroscopic shaver | 0.03 (approx.)

<0.01 (approx.)

0.01 (approx.)

Scissor tip 0.01 (approx.)

0.02 (approx.)

<0.01 (approx.)

0.02 (approx.)

Ultrasonic scalpel 0.80

0.09 (approx.)

0.60 (approx.)

(
(
0.01 (approx.)
(
(a

0.35 (approx.)

Laparoscopic
sealer/divider

0.89 (approx.)

1.00

0.81 (approx.)

1.00

Endoscopic trocar 0.45 (approx.)

0.05 (approx.)

0.30 (approx.)

0.88 (approx.)

Normalised global warming, and human health impacts

Study
Unger and
Landis (2016)
[29]
Single use 1.00 0.30 (approx.) |0.72 (approx.) 0.97 (approx.)
1 reuse 0.99 (approx.) |0.73 (approx.) |0.89 (approx.) 0.99 (approx.)
2 reuses 0.98 (approx.) |0.87 (approx.) |0.94 (approx.) 1.00
3 reuses 0.97 (approx.) |0.93 (approx.) |0.97 (approx.) 1.00
4 reuses 0.96 (approx.) |0.96 (approx.) |0.98 (approx.) 1.00
5 reuses 0.96 (approx.) |1.00 1.00 1.00
Lichtnegger et al.(2023) [30]
Single use 0.07% (approx.) | 0.05% (approx.) | 0.030% (approx.) | 0.055% (approx.)
5 reuses 0.05% (approx.) | 0.03% (approx.) | 0.025 (approx.) 0.030% (approx.)

class Ila SuMDs reprocessing where the practice is per-
mitted under legislation.

Furthermore, the findings underscore a need to estimate
reprocessing costs using appropriate methodologies (e.g.
economic evaluation studies), which is consistent with
previous systematic reviews calling for additional cost-
effectiveness research [7], [8], [36]. Specifically, future
primary evaluation studies should consider procurement
costs, reprocessing costs, care delivery costs, repro-
cessing implementation costs, and potential differences
in device reprocessing lifespan. For instance, neither of
the included external fixator device studies accounted
for indirect hospitalisation costs in spite of observed non-
statistically significant increases in some adverse safety
outcomes [27], [28]. The high cost implications for health
facilities of implementing regulatory SuMD reprocessing
standards has also been noted [2]. By making scientific
and social value judgement more explicit, full economic
evaluations enable accountability and transparency about
the health care delivery choices made on behalf of others
[37]. As a result, full economic evaluation studies could
assist EU member states in informing legislative options
set out in the 2017 EU Medical Device Regulation, as
well as other countries considering the question of SuMDs
reprocessing.

To our knowledge, ours is the first systematic review to
capture environmental impacts of SuMDs reprocessing.

The results highlight areas for methodological develop-
ment in life cycle assessment research applied to
healthcare and health services evidence synthesis to best
utilise them to inform decision-making. In 2021, McGinnis
et al. [38] described life cycle assessment studies applied
to medical products and processes as “relatively new”.
Specifically, available reporting checklists research should
be validated, quality appraisal tools and reporting
guidelines should be developed, as well as supports for
applying the GRADE criteria to outcome data. In undertak-
ing this methodological development work, life cycle as-
sessment studies will be able to undergo all critical stages
of a systematic review and will be more effective in inform-
ing decision-making in healthcare and health services
research.

Finally, to best address ongoing debate in the field of
SuMDs reprocessing, as well as adequately describing
reprocessing oversight and processes, researchers should
ensure that reprocessing safety and effectiveness studies
are adequately powered to detect effects for primary and
rare event outcomes e.g., major complications, which
was lacking in several studies included in this review.
Additionally, moving from observational to randomised
controlled trials and adhering to relevant study design
reporting standards would improve our confidence in the
safety outcomes reported. When the proposed primary
research is undertaken and reported as recommended,

o)
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Table 5: GRADE rating for primary outcomes
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future systematic reviews on this topic could examine
relationships between “reprocessing oversight” and
safety, cost-effectiveness and environmental impacts.

Strengths and limitations

The strengths of this review are its broad focus and the
rigorous methods employed. We attempt to consider the
alignment of reprocessing with quality assurance stan-
dards in order to help contextualise similarities and dif-
ferences in the findings between studies of similar risk
SuMDs [36]. By using a modern definition of reprocessing
to determine study eligibility for inclusion, we were able
to eliminate risks of including studies of similar related
practices (e.g. sterilisation only). By distinguishing
between the different “levels” of reprocessing oversight
across studies, there was a potential to explore trade-offs
between reprocessing safety and cost savings outcomes
by reprocessing oversight. This distinction was useful as
reprocessing regulation often requires outsourcing of re-
processing from hospital sterilisation departments to
third-party reprocessors [1], [2]. Conversely, it is possible
that certain eligible items were excluded if they did not
define “reprocessing” or report on the reprocessing pro-
cedures. Failure to report this information could add
confusion to this topic and authors are encouraged to
include these details in their studies.

To ensure adequate clinical knowledge of individual
SuMDs, advice was sought from the Health Products
Regulatory Authority (HPRA), Ireland’s regulatory body for
health products, including medical devices.

Although standardising costs data to a single currency
and for the current year to adjust for inflation is common
in systematic reviews of economic studies [14], we felt
that doing so would not result in comparable costs in this
review due to the quality of the cost studies, the outcomes
identified, the likely advances in technology, and regional
differences in costs. Instead, the broader trend of the
presence or absence of cost savings in individual studies
comparing reused and once-used SuMDs was reported.

Conclusion

Insufficient quality evidence to establish the safety, cost-
effectiveness and environmental impacts of reprocessing
risk class | and risk class [l SUMDs persists. Reprocessing
results in cost savings and reduced global warming im-
pacts but marginal savings diminish with subsequent re-
processing cycles. The volume and type of available
evidence differs by device type. There is a need for explicit
monitoring of the safety of risk class | and risk class lla
SuMD reprocessing where the practice is permitted under
legislation. Reprocessing costs should be estimated using
appropriate methodologies, and research is needed to
enable life cycle assessment study designs to go through
all critical stages of a systematic review to best utilise
them to inform decision-making.

Notes
Authors’ ORCIDs

¢ McGrath N: 0000-0002-7716-7277

¢ Waldron C: 0000-0002-0408-8543

¢ Farragher A: 0009-0007-6338-2447
¢ Teahan A: 0000-0002-4734-1457

¢ Keshtkar A: 0000-0001-5249-3589
¢ Tessarolo F: 0000-0003-4022-5602
¢ Polisena J: 0000-0002-1560-3651

Source(s) of support

This work was funded by the Health Research Board
Evidence Centre, which is funded by the Department of
Ireland, Ireland.

Role of the funder/sponsor

The funder had no role in the design and conduct of the
study; collection, management, analysis, and interpreta-
tion of the data; preparation, review, or approval of the
manuscript; and decision to submit the manuscript for
publication.

Disclaimer

Any views expressed in this report are those of the authors
and not necessarily those of Ireland’s Minister for Health,
Ireland’s Department of Health, the Health Research
Board, the Bruno Kessler Foundation or the International
Federation for Medical and Biological Engineering. The
review authors have no competing interests to declare.

Acknowledgements

We extend our thanks to our colleagues at the Health
Products Regulatory Authority, James McCarthy, Patrick
Murphy, Dhanashree Gokhale, and Jennifer Roche, to Dr
Karen McNamara at the Department of Health and to our
Health Information and Quality Authority colleagues Dr
Kieran Walsh and, formerly, Dr Paul Carty for their con-
ceptual input during the design phase of this review.
Several of our colleagues within the Health Research
Board Evidence Centre also provided invaluable assist-
ance with individual components of the review; specific-
ally, Jean Long contributed to the review conception and
early draft review and Dr Annette Burns who contributed
to the GRADE assessment and data presentation. Finally,
we thank peer reviewers who provided considered and
valuable feedback on the full report, of which the present
article forms a component of; Dr Lisa Leung, MRCP and
Dr Mark Gallagher, MD FRCPI

Competing interests

The authors declare that they have no competing in-
terests.

GMS | (&G

GMS Hygiene and Infection Control 2026, Vol. 21, ISSN 2196-5226

20/22


https://orcid.org/0000-0002-7716-7277
https://orcid.org/0000-0002-0408-8543
https://orcid.org/0009-0007-6338-2447
https://orcid.org/0000-0002-4734-1457
https://orcid.org/0000-0001-5249-3589
https://orcid.org/0000-0003-4022-5602
https://orcid.org/0000-0002-1560-3651

McGrath et al.: Safety, cost and environmental impact of reprocessing ...

9. Eckelman M, Mosher M, Gonzalez A, Sherman J. Comparative
AttaCh ments Life Cycle Assessment of Disposable and Reusable Laryngeal
) . Mask Airways. Survey of Anesthesiology. 2013 Feb;57:18. DOI:
Available from https://doi.org/10.3205/dgkh000617 10.1097/01.5a.0000425549.82860.43
1 Attachmentl_qgkh000617.pdf (153 KB) 10. Sherman JD, Raibley LA 4th, Eckelman MJ. Life Cycle Assessment
Search strategies and Costing Methods for Device Procurement: Comparing
Reusable and Single-Use Disposable Laryngoscopes. Anesth
2. Atta.chment2_dgkh000.617.pdf (138 KB) Analg. 2018 Aug;127(2):434-43. DOI:
Review outcome selection 10.1213/ANE.0000000000002683
3. Attachment3_dgkh000617.pdf (141 KB) 11.  Centre for Reviews and Dissemination. Systematic reviews: CRD’s
Quality assessment guidance for undertaking reviews in healthcare. York: York
Associates International; 2009 Jan. p. 8. Available from: https:/
4. Attachment4_dgkhO00617.pdf (144 KB) /www.york.ac.uk/media/crd/Systematic_Reviews.pdf
Meta-analysis feasibility assessment 12.  Campbell M, McKenzie JE, Sowden A, Katikireddi SV, Brennan
SE, Ellis S, Hartmann-Boyce J, Ryan R, Shepperd S, Thomas J,
5. Attachment5_dgkh000617.pdf (129 KB) Welch V, Thomson H. Synthesis without meta-analysis (SWiM)
Grading of recommendations, assessment, in systematic reviews: reporting guideline. BMJ. 2020 Jan
deve|opment and evaluations 16;368:16890. DOI: 10.1136/bm|.16890
13. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou
R, Glanville J, Grimshaw JM, Hrdbjartsson A, Lalu MM, Li T, Loder
References EW, Mayo-Wilson E, McDonald S, McGuinness LA, Stewart LA,
Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. The PRISMA
1. Popp W, Rasslan O, Unahalekhaka A, Brenner P, Fischnaller E, 2020 statement: an updated guideline for reporting systematic
Fathy M, Goldman C, Gillespie E. What is the use? An reviews. BMJ. 2021 Mar 29;372:n71. DOI: 10.1136/bmj.n71
Etergr?\t:?;flHIZZE;ggﬁiﬁ?ZT?:Z;?;S;?%?! devices. IntJ 14.  Mandrik OL, Severens JLH, Bardach A, Ghabri S, Hamel C, Mathes
1ég1016/' iiheh 20'10 04 OOé ' ’ ’ T, Vale L, Wislgff T, Goldhaber-Fiebert JD. Critical Appraisal of
’ J-yhen. o Systematic Reviews With Costs and Cost-Effectiveness Outcomes:
2. Thiede B, Kramer A. Evaluation of reprocessing medical devices An ISPOR Good Practices Task Force Report. Value Health. 2021
in 14 German regional hospitals and at 27 medical practitioners* Apr;24(4):463-72. DOI: 10.1016/j.jval.2021.01.002
offices within the European context - consequences for European .
harmonization. GMS Hyg Infect Control. 2013 Nov 6;8:Doc20. 18. McGrath N, Waldron G Earragher A, Walsh C.’ Pol|§en§ " ngety,
DOI: 10.3205/dgkh000220 cost and environmental impact of reprocessing high risk single-
T use medical devices: a systematic review and meta-analysis.
3. Committee on Medical Devices European Commission. GMS Hyg Infect Control. 2025 Jun;20:Doc25. DOI:
Commission Implementing Regulation (EU) 2020/1207 of 19 10.3205/dgkh000554
(AEung)u;E)iS/27O 4?%?%&0!&;:5;:%;:;:WZF;';C:r:EZfOtfhzegzLa:wtlc(i)ln 16.  European Parliament, Council of the European Union. Document
as regards common specifications for the reprocessing of single- 320.17R0745 - Regulation (.EU) 2017./745 of the Eqropeaq
use devices. Official Journal of the European Union. 2020 Aug Parliament and of the Council of 5 April 2017 on medical devices,
20'(L273)'5'—19 Available from: ’ amending Directive 2001/83/EC, Regulation (EC) No 178/2002
https://eurlex.europa.eu/eli/reg_impl/2020/1207/0j/eng arld Rfegulatlon (EC) No 1223/2009 and repeall.ng Council
Directives 90/385/EEC and 93/42/EEC (Text with EEA
4, European Commission Enterprise and Industry Directorate relevance). Bruxelles: European Commission; 2017 May 5 [cited
General. Outcome of the first public consultation on the 2022 Jul B]. Available from: http://data.europa.eu/eli/reg/2017/
reprocessing of medical devices. European Commission; 2008 745/0j
Lctltte:-/z}(r)]iilirljIe?:];eﬁ\;glIzbeli/féogcém/filespOZO- 17. Polisena J, Hailey D, Moulton K, Noorani HZ, Jacobs P, Ries N,
OQSrr;d consulltat.ion sp n.thesii en 0.pdf Normandin S, Gardam M. Reprocessing and reuse of single-use
- s —en_u.p medical devices: a national survey of Canadian acute-care
5. United States Government Accountability Office. Reprocessed hospitals. Infect Control Hosp Epidemiol. 2008 May;29(5):437-
Single-Use Medical Devices: FDA Oversight Has Increased, and 9. DOI: 10.1086/587648
Available Information Does Not Indicate That Use Presents an . . -
Elevated Health Risk. Washington, D.C.: US GAO; 2008 Jan 31 18. Medical Device Coordination Group (MDCG). MDCG 2021-24
(cited 2025 Jan 30] .Available fror’n' htt S'//WW\;V ga0.80v/ Guidance on classification of medical devices. 2021 Oct [cited
roducts/gao—08—14.7 - s = 2022 Jul 5]. Available from:
P https://health.ec.europa.eu/system/files/2021-10/mdcg_2021-
6. Drlik M. How Much Does it Cost to Develop a Medical Device? 24_en_0.pdf
2020 Jul [cited 2025 Feb 13]. Available from: . 19.  CS Medical LLC. FAQ: What is Spaulding Classification? 2021
https://starfishmedical.com/resource/how-much-does-it-cost- . k i
to-develop-a-medical-device/ [accessed 2024 Mar 11]. Available from: https://
www.csmedicalllc.com/news/fag-what-is-spaulding-classification
K Jacobs F, Follsgna ), Hailey D Laffer.ty S: Economic gne}lysns of 20. Downs SH, Black N. The feasibility of creating a checklist for the
reprocessing single-use medical devices: a systematic literature ) . .
review. Infect Control Hosp Epidemiol. 2008 Apr:29(4):297-301 assessment of the methodological quality both of randomised
DOI: 16 1086/529587 ' ’ ’ ’ and non-randomised studies of health care interventions. J
T Epidemiol Community Health. 1998 Jun;52(6):377-84. DOI:
8. Hailey D, Jacobs PD, Ries NM, Polisena J. Reuse of single use 10.1136/jech.52.6.377
medical devpes n Canada: clinical and economic Qutcomes, 21. Evers S, Goossens M, de Vet H, van Tulder M, Ament A. Criteria
legal and ethical issues, and current hospital practice. Int J : . . .
Technol Assess Health Care. 2008:24(4):430-6. DOI: list for assessment of methodological quality of economic
10 1017/80266462308086562 ’ ’ ’ ’ evaluations: Consensus on Health Economic Criteria. Int J Technol
’ Assess Health Care. 2005 Apr;21:240-5. DOI:
10.1017/50266462305050324
D
GMS ’K‘@ GMS Hygiene and Infection Control 2026, Vol. 21, ISSN 2196-5226 21/22



http://data.europa.eu/eli/reg/2017/745/oj
http://data.europa.eu/eli/reg/2017/745/oj

McGrath et al.: Safety, cost and environmental impact of reprocessing ...

22. Keil M, Viere T, Helms K, Rogowski W. The impact of switching 34. HKozarek R, Raltz S, Ball T, Patterson D, Brandabur J. Reuse of
from single-use to reusable healthcare products: a transparency disposable sphincterotomes for diagnostic and therapeutic ERCP:
checklist and systematic review of life-cycle assessments. A one-year prospective study. Gastrointest Endosc. 1999
European Journal of Public Health. 2023 Feb;33:56-63. DOI: Jan;49:39-42. DOI: 10.1016/S0016-5107(99)70443-8
10.1093/eurpub/ckac174 . . & . . .

35.  Mihanovic J, Sikic NL, Mrklic |, Katusic Z, Karlo R, Jukic M,

23.  Quigley JM, Woods B, Thompson J, Bryden PA, Scott DA. Jeroncic A, Pogorelic Z. Comparison of new versus reused
Confronting Heterogeneity: Using Systematic Review Effectively Harmonic scalpel performance in laparoscopic appendectomy
for Meta-Analysis. Value in Health. 2013 Nov;16(7):A612. DOI: in patients with acute appendicitis-a randomized clinical trial.
10.1016/j.jval.2013.08.1763 Langenbecks Arch Surg. 2021 Feb;406(1):153-62. DOI:

o ) 10.1007/s00423-020-02039-y

24. Higgins JP, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, et
al. Cochrane Handbook for Systematic Reviews of Interventions.  36.  Day P. What is the evidence on the safety and effectiveness of
Version 6.5 (updated August 2024). Cochrane; 2024. Available the reuse of medical devices labelled as single-use only? Nzhta
from: https://training.cochrane.org/handbook Tech Brief Series. 2004;3(2):1-53.

25. Schineman H, Brozek J, Guyatt G, Oxman A. Handbook for 37. Drummond MF, Sculpher MJ, Claxton K, Stoddart GL, Torrance
grading the quality of evidence and the strength of GW. Methods for the Economic Evaluation of Health Care
recommendations using the GRADE approach. 2013 [cited 2024 Programmes. 4 th ed. Oxford: Oxford University Press; 2015.
Jan 15]. Available from: L - .
https://gdt.gradepro.org/app/handbook/handbook.html 38. Mchms S, Johpson—intera C, Nunz.|ato JD_, Wohlforq S.

Environmental Life Cycle Assessment in Medical Practice: A

26. Dirschl DR, Smith IJ. Reuse of external skeletal fixator User's Guide. Obstet Gynecol Surv. 2021 Jul;76(7):417-428.
components: effects on costs and complications. Journal of DOI: 10.1097/0GX.0000000000000906
Trauma and Acute Care Surgery. 1998 May;44:855-8. DOI:
10.1097/00005373-199805000-00018

27. Horwitz DS, Schabel KL, Higgins TF. The economic impact of
reprocessing external fixation components. J Bone Joint Surg Corresponding author:

Am. 2007 Oct;89(10):2132-6. DOI: 10.2106/JBJS.F.01409 Niamh McGrath

28. SungJ, Levin R, Siegel J, Einhorn T, Creevy W, Tornetta IIl P. Evidence Centre, Health Information and Evidence
ge‘fe on eXtema;é'égt';’”b";’g‘igge”;g ggi‘”dom'zed trial. J Directorate, Health Research Board, 67-72 Lower Mount
10.1007 /80T Ob01 303181600000 St, Dublin, Ireland, DO2 H638; Phone: +353 1 2345000

nmcgrath@hrb.ie

29. Unger S, Landis A. Assessing the environmental, human health,
and economic impacts of reprocessed medical devices in a
Phoenix hospital’s supply chain. J Clean Prod. 2016 Jan Please cite as
20;112:1995-2003. DOI: 10.1016/j.jclepro.2015.07.144 McGrath N, Waldron C, Farragher A, Teahan A, Keshtkar L, Polisena J,

Tessarolo F. Safety, cost and environmental impact of reprocessing

30.  Lichtnegger S, Meissner M, Paolini F, Veloz A, Saunders R. low and moderate risk single-use medical devices: a systematic
Comparative Life Cycle Assessment Between Single-Use and review. GMS Hyg Infect Control. 2026;21:Doc08.

Reprocessed IPC Sleeves. RMHP. 2023 Dec 13;16:2715-26.  poy; 10.3205,/dgkh000617, URN: urn:nbn:de:0183-dgkh0006178
DOI: 10.2147/RMHP.S439982

31. Perry EC. To reuse or not reuse: reuse of phacoemulsification This article is freely available from
needle tips, their efficacy, and patient response. Insight. 1996 https.//doi.org/10.3205/dgkh000617
Jun;21(2):45-8. DOI: 10.1016/51060-135%(96)90057-3

32. Brady JT, Bhakta A, Steele SR, Trunzo JA, Senagore AJ, Holmgren  Published: 2026-01-26
K, Schillero A, Champagne BJ. Reprocessed bipolar energy for
laparoscopic colectomy: Is it worth it? Am J Surg. 2017 Copyright
Juli214(1):59-62. DOI: 10.1016/j.amjsurg.2017.02.012 ©2026 McGrath et al. This is an Open Access article distributed under

33. de Sousa Martins B, Queiroz e Melo J, Logarinho Monteiro J, the terms of the Creative Commons Attribution-Share Alike 4.0 License.
Rente G, Teixeira Bastos P. Reprocessing of Single-Use Medical  See license information at
Devices: Clinical and Financial Results. Port J Public Health. 2018  http;//creativecommons.org/licenses/by-sa/4.0/.

Sep;36:150-6. DOI: 10.1159/000496299
D
GMS ’E@ GMS Hygiene and Infection Control 2026, Vol. 21, ISSN 2196-5226 22/22




