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ABSTRACT
Objective  Medical devices account for approximately 
6–10% of national health systems’ carbon footprints. 
The global use of single-use devices has increased, with 
implications for health systems’ climate impact. This 
systematic review aimed to synthesise global evidence on 
medical device carbon footprints, compare single-use and 
reusable devices and identify lifecycle carbon hotspots to 
inform policy and practice.
Design  We conducted a systematic review of carbon 
footprints of medical devices used in clinical settings, 
reported using Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) 2020 guidelines.
Data sources  We searched MEDLINE and Scopus, in 
2022 and updated in 2025, and used citation tracking.
Eligibility criteria  English-language, primary research 
involving carbon modelling of medical devices used in 
clinical settings was included, with no date restrictions.
Data extraction and synthesis  Articles were screened, 
and data on carbon modelling methods, device footprints 
and lifecycle hotspots were extracted by two independent 
reviewers. Findings were synthesised in figures and 
tables, and narratively in text. The heterogeneity in carbon 
modelling approaches prevented quantitative synthesis.
Results  Of 5195 articles identified, 59 met inclusion 
criteria. Life cycle assessment was the main carbon 
modelling approach, though application and data quality 
varied. Carbon footprints of 61 devices were assessed, 
primarily in surgical (16), anaesthetic (8) and endoscopic 
(8) specialties. Reusable devices consistently had lower 
lifecycle footprints. Hotspots were production and 
manufacturing for single-use devices and reprocessing for 
reusables.
Conclusion  Reusable devices are preferable from a 
climate perspective, though efforts are needed to reduce 
reprocessing emissions. Co-ordinated interventions are 
required: policymakers can enable supportive regulation; 
manufacturers can improve device design; healthcare 
facilities can optimise reprocessing; and providers can 
prioritise reusable device procurement and use.

INTRODUCTION
Anthropogenic climate change, driven by 
greenhouse gas (GHG) emissions from 
human activity, poses a major global threat. 
The health impacts of climate change are 
well documented, including increases in 

cardiorespiratory diseases, vector-borne 
infections and malnutrition.1 2 While health 
systems are strained by climate-related illness, 
they also contribute to climate change, gener-
ating an estimated 5% of global GHG emis-
sions.3 Approximately 6–10% of national 
health system emissions come from medical 
devices.3 4 In 2019, for example, the UK’s 
National Health Service attributed approx-
imately 2520 kilo-tonnes of carbon dioxide 
equivalents (CO₂e) to medical devices.4

Medical devices are essential to modern 
healthcare and include instruments, appli-
ances, software or materials used for diag-
nosis, treatment or care.5 In recent decades, 
health systems globally have become increas-
ingly reliant on single-use devices, intended 
for one use and then discarded,6 rather than 
reusable devices that can be used across 
multiple patients and procedures.7–9 This reli-
ance on single-use devices has implications 
for the carbon footprint and climate impact 
of medical devices.

The carbon footprint of medical devices is 
typically assessed using life cycle assessment 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This review employed a transparent, replicable 
search strategy developed with an expert research 
librarian and reported using Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses 
(PRISMA) 2020 guidelines.

	⇒ Inclusion criteria were clearly defined, with indepen-
dent screening by multiple reviewers and conflict 
resolution by consensus, reducing selection bias.

	⇒ Data extraction was conducted independently by 
two reviewers using a standardised form, increasing 
consistency and reliability.

	⇒ The review was limited to English-language, peer-
reviewed primary studies, potentially excluding rel-
evant grey literature or non-English research.

	⇒ Quantitative synthesis was not conducted due to 
substantial heterogeneity in carbon modelling meth-
ods, reporting standards and units across studies.
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(LCA), a methodological approach to evaluate environ-
mental impacts, including GHG emissions, across all 
stages of a product’s lifecycle, from raw material extraction 
to disposal.10 Within LCAs, two approaches are primarily 
used for carbon modelling: bottom-up (process-based) 
and top-down (input–output-based). Bottom-up LCAs 
rely on detailed, process-specific data and are typically 
more precise, whereas top-down approaches, such as envi-
ronmentally extended input–output (EEIO) models, esti-
mate emissions based on financial expenditures, offering 
less granular insights.11 12 Published studies assessing 
the carbon footprint and hotspots (ie, lifecycle stages 
that contribute disproportionately to total emissions) 
of medical devices employ a mix of these approaches, 
reflecting the growing application of carbon model-
ling methods in healthcare. Despite a rising number of 
studies evaluating carbon footprints of medical devices, 
no comprehensive systematic review has yet synthesised 
this evidence to inform policy and practice.

Given the urgency to mitigate healthcare’s climate 
impact, and as literature on medical device carbon foot-
prints expands, there is a need to synthesise this evidence. 
This paper aimed to (a) systematically review published 
evidence to summarise medical device carbon modelling 
approaches (b) report and compare published carbon 
footprints of single-use and reusable devices and (c) 
identify carbon hotspots across device lifecycles to inform 
opportunities for carbon reduction. Our goal was to 
inform policy and practice by highlighting the climate 
impact of medical devices, particularly the implications of 
single-use versus reusable products. Although this review 
focuses on carbon emissions, we anticipate that find-
ings may have relevance across broader environmental 
concerns.

Box  1 summarises definitions used in this article. 

METHODS
We conducted a systematic review of published literature 
on carbon footprints of medical devices and report the 
review in accordance with Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) 2020 
guidelines.

Eligibility criteria
We included peer-reviewed, English-language, primary 
research articles that calculated the carbon footprint 
of medical devices used in clinical settings. All carbon 
modelling methodological approaches were eligible, and 
no date restrictions were applied. Studies were excluded 
if (a) they analysed a medical procedure or health service, 
rather than a medical device; (b) devices examined were 
used in public, community and home settings; our focus 
was on devices used in clinical settings where device 
procurement, use and reprocessing are centralised and 
amenable to policy and practice interventions; and (c) 
the publication was unavailable or not empirical research.

Information sources and search strategy
We searched MEDLINE and Scopus databases using 
a strategy developed with a senior research librarian 
(online supplemental table A.1). Search terms covered 
two domains: ‘medical devices’ and ‘carbon footprint’”, 
including MeSH terms where applicable. The search 
was initially conducted in 2022 and updated in January 
2025. Additional sources included citation tracking and a 
pre-existing database of sustainability-focused healthcare 
literature. This database was curated by the lead author 
(AB) to map emerging evidence on environmental 
impacts of healthcare, including medical devices, as part 
of broader sustainable healthcare research and was used 
in this review to identify relevant studies not captured 
through standard searches.

Selection process
Titles and abstracts were screened independently by 
three reviewers (AB, MC, SG). All available full texts 
were obtained for articles that met inclusion criteria or 
required further clarification. Articles were managed 
using EndNote 20, with duplicates removed prior to 
screening. Disagreements on inclusion were resolved 
through collective review and discussion with a fourth 
reviewer (SS).

Box 1  Climate, carbon modelling and medical device 
definitions used in article

Anthropogenic climate change: Climate change resulting from hu-
man activity, primarily through the emission of greenhouse gases 
(GHGs) such as carbon dioxide and methane.
GHG emissions: Gases that trap heat in the atmosphere, contributing 
to global warming and climate change. Common GHGs include carbon 
dioxide (CO₂), methane (CH₄) and nitrous oxide (N₂O). In this review, we 
use carbon and GHG emissions synonymously.
Carbon footprint: The total amount of GHG emissions (expressed as 
CO₂ equivalents—CO₂e), caused directly and indirectly by an individual, 
activity, product or organisation.
Life Cycle Assessment (LCA): A method used to assess the environ-
mental impact, including carbon footprint, of a product or system over 
its entire lifecycle, from raw materials to disposal.
Top-down carbon modelling: A method (eg, environmentally extended 
input–output (EEIO)) that estimates emissions based on the monetary 
cost of a product using sector-level emission factors.
Bottom-up carbon modelling: A detailed approach using raw process-
specific data across a product’s lifecycle stages to calculate emissions.
Carbon hotspot: A stage or component in a product’s life cycle that 
contributes disproportionately to its total carbon footprint.
Medical device: Any instrument, appliance, software, material or other 
article intended for use in diagnosis, treatment or care.
Single-use medical device: A device intended for one-time use, typi-
cally made from plastic and discarded after use.
Reusable/reprocessed device: A device that undergoes processes af-
ter use to ensure its safe reuse across multiple patients or procedures, 
including cleaning, disinfection, sterilisation and related procedures as 
well as testing and restoring the technical and functional safety of the 
used device.
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Data collection and analysis
Data were independently extracted by AB and MC 
using a standardised form adapted from similar 
reviews.13 14 Extracted data included: (a) study metadata 
(title, authors, year, setting); (b) medical device type; 
(c) carbon modelling approach (eg, boundaries, data 
sources, assumptions); (d) reported carbon footprint per 
functional unit (ie, quantified description of the function 
of the product) of single-use and reusable devices where 
available; (e) carbon hotspots; and (f) study conclusions. 
For studies assessing multiple environmental impacts, 
only carbon data were extracted.

Descriptive data, such as geographical location, device 
types, modelling approaches and footprint results, were 
summarised in tables and figures, with narrative synthesis 
in the text. To provide an overview of carbon modelling 
approaches, we employed, with permission, a quality 
assessment tool (online supplemental table A.2) devel-
oped by Rizan et al.13 This tool included criteria such 
as clarity of functional unit, boundary definitions, data 
sources, emission factors and transparency of assumptions 
which we report carbon modelling approaches against.

We report carbon footprint values and units as presented 
in the original studies, without standardised conversions, 
to reflect variation in reporting and preserve method-
ological assumptions. Due to heterogeneity in devices 
and modelling approaches, no quantitative synthesis was 
performed. Illustrative examples are included in text, 
such as comparisons of single-use and reusable device 
carbon footprints, and studies extrapolating results to 
national or global levels. Carbon hotspots were reported 
in studies across lifecycle stages in various formats (eg, 
without values, as CO₂e, or percentage of contribution). 
Where available, we recorded the top three hotspots per 
study, categorised under raw material extraction, produc-
tion/manufacturing, packaging, transport, use, repro-
cessing and disposal, to ensure consistency and focus on 
the most significant reported emission sources.

Patient and public involvement
No patients or public were involved in this research.

Ethics statement
Ethical approval was not required for this study as it is a 
systematic review of previously published literature and 
does not involve human participants or the collection of 
new data.

RESULTS
Overview of selected studies
A total of 5195 articles were identified, including 3776 
from database searches and 1419 from the pre-curated 
sustainability library (figure 1). After removing 2227 dupli-
cates, 2968 articles remained. Title and abstract screening 
excluded 2746 articles, 79 due to non-English language 
and 2667 for irrelevance, leaving 222 for full-text review. 
One article comparing single-use and reusable drapes was 

excluded as the full text could not be retrieved despite 
librarian support and the abstract information was insuf-
ficient.15 Of the 221 full texts assessed, 162 were excluded 
for being non-original research (n=111), non-English 
(n=1), irrelevant (n=49) or outside a clinical setting 
(n=1). 59 studies met inclusion criteria (see table 1 and 
online supplemental table A.4 for complete overview of 
included studies). These were published between 1996 
and 2024, with a sharp rise from 2022 (figure  2). Most 
were conducted in the USA (n=22),16–37 followed by 
Australia (n=7),38–44 the UK (n=6),45–50 France (n=5)51–55 
and Germany (n=4).56–59

Carbon footprints of 61 distinct medical devices were 
assessed (figure  3). These included surgical devices 
(n=16)27 28 30 34 36 45 48 50 51 56–58 60–63 such as laparoscopic 
instruments and scrub caps; anaesthetic and airway 
management devices (n=8)16 21 35 38 40 42 43 52 including 
laryngoscopes; endoscopy devices (n=8)29 32 41 53 54 59 64 65 
such as ureteroscopes and cystoscopes; infection control 
wear (n=6)22 47 66–69 including face masks; imaging devices 
(n=4)23 37 including CT and ultrasound scans; patient 
hygiene products (n=4)31 33 70 71 such as bedpans; proce-
dure kits (n=3)40 49 72 including central venous cath-
eter insertion kits; obstetric and gynaecological devices 
(n=3)19 20 26 such as vaginal specula; diagnostic moni-
toring devices (n=2)25 73 including blood pressure cuffs; 
and other devices (n=7)17 18 24 44 46 74 75 such as intermittent 
compression sleeves.

Carbon modelling approaches
57 studies employed LCA approaches (table  1 and 
online supplemental table A.4), including consequential 
LCAs (modelling environmental impacts from change 
in practice), attributional LCAs (measuring direct envi-
ronmental burdens) and process-based LCAs. The 
remaining two studies employed bottom-up carbon foot-
printing44 and product material analysis,62 respectively. 
A complicated landscape of LCA guidelines was evident 
across studies (box  2). 12 studies reported using ISO 
14040,16 19–21 25 38–40 57 58 65 75 5 cited ISO 1404434 48 50 61 74 
and 11 reported both standards.22 31 33 42 51 53 59 63 66 68 69 
Others included ISO 14025,60 ISO 9001/1400154 and ISO 
14067.67 Additional frameworks included BSI,17 PAS 
2050,46 PEF,47 IMPACT 2002+,72 Danish EDIP70 and 
GREET.36 Three studies mentioned using ‘standardised 
guidelines’ without naming them,41 56 73 and one used a 
literature-derived protocol.71 16 did not specify the guide-
line used.18 23 24 26–30 32 35 37 43 45 49 52 64

SimaPro (n=31)16 18 21 23 25 26 29 30 33–35 38–40 42 43 48 50–54 57 60 

61 63 66 69 70 72 73 was the most commonly used LCA software 
(online supplemental table A.3), followed by OpenLCA 
(n=5)36 47 65 71 75 and Umberto (n=2).58 74 Other software 
included GaBi,68 WinPepi,24 the Packaging Industry 
Research Association’s Environmental Management 
System,45 a custom-built Excel-based model46 and an online 
carbon calculator.28 Sixteen studies did not report which 
software was used.17 19 20 22 27 31 32 41 44 49 56 59 62 64 67 76 Inventory 
data sources (eg, for emission factors) varied, with many 
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studies using EcoInvent (n=38)16 18–21 25 26 29 30 33–35 38 40 42 43 

47 48 50 51 53 54 57–61 63 66 68–75; national or regional databases 
(n=20)17–19 21 23–25 33 38 39 42 44 46 56 57 61 64 67 70 71 including the 
US Life Cycle Inventory, the UK’s Department for Environ-
ment, Food and Rural Affairs, the EU’s International Life 
Cycle Data system and China’s Life Cycle Database; and 
industry datasets (n=10).17 19 20 24 38 39 48 50 59 66 Eight studies 
did not specify their inventory source.28 32 36 41 45 49 52 76 
Data collected for carbon modelling varied and included 
manufacturer-supplied information (eg, product mate-
rial composition), manual measurements (eg, energy use, 
device weight), literature and device usage surveys.

Studies reported various carbon modelling system 
boundaries (online supplemental table A.3). Most studies 
reported including raw material extraction (n=45)12 16 18–22 

24–28 30 33–36 38–40 42–48 50–54 56–58 60 61 65–68 70 71 73 75; production 
and manufacturing (n=53)16–35 38–43 45–54 56–59 61 63–71 73–75 77; 
packaging (n=17)16 18 21 22 24 29 30 32 35 38 39 58 61 68 71 73 77; trans-
port (n=45)16–24 26 27 29–32 34 35 38–40 42 43 46–54 56–59 61 63–65 67 68 

71 73–75; use, referring specifically to the carbon footprint 
associated with the operation or clinical application of 
the device (n=37)12 16 18–20 23 25–29 32–36 38 40 42 45 47 50–52 56–59 61 

63 64 66–69 71 74 75; reprocessing of reusable devices, referring 
to the cleaning, disinfection and sterilisation of devices 
for safe reuse, typically on-site or by third-party contrac-
tors (n=38)16 17 19 21 22 24–27 29–35 37 39 41 43 46 48–50 53 54 57–59 61 

63–65 70 71 73–75; and disposal and end-of-life management 
(n=54).1 16–22 24–36 38–43 45–54 56–59 61 63–75 78

Common assumptions (online supplemental table 
A.3) included lifespan and reprocessing factors for reus-
able devices (eg, machine electricity source, machine 
load and water use per wash), transport mode for device 
distribution (eg, by air, sea or road) and clinical equiva-
lency between single-use and reusable devices. Exclusions 
included infrastructure, machinery maintenance, minor 
components (eg, ink on packaging), staff transport and 
auxiliary materials (eg, gloves used during reprocessing). 
Reported limitations included database constraints, 

Figure 1  PRIMSA flow diagram of included studies assessing the carbon footprint of medical devices. PRISMA, Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses,

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/bmjopen-2025-108446
https://dx.doi.org/10.1136/bmjopen-2025-108446
https://dx.doi.org/10.1136/bmjopen-2025-108446
http://bmjopen.bmj.com/


5Booth A, et al. BMJ Open 2025;15:e108446. doi:10.1136/bmjopen-2025-108446

Open access

Ta
b

le
 1

 
S

um
m

ar
y 

of
 n

in
e 

st
ud

ie
s 

in
cl

ud
ed

 in
 t

he
 r

ev
ie

w
 (1

99
6–

20
14

), 
ca

rb
on

 m
od

el
lin

g 
ap

p
ro

ac
he

s 
em

p
lo

ye
d

 a
nd

 c
ar

b
on

 fo
ot

p
rin

t 
ou

tc
om

es
. S

um
m

ar
y 

of
 r

em
ai

ni
ng

 
st

ud
ie

s 
ca

n 
b

e 
fo

un
d

 in
 T

ab
le

 A
.4

S
tu

d
y,

 
co

un
tr

y
M

ed
ic

al
 d

ev
ic

e 
st

ud
ie

d
 (b

ra
nd

)

C
ar

b
o

n 
m

o
d

el
lin

g
 

ap
p

ro
ac

h 
(g

ui
d

el
in

e)
Fu

nc
ti

o
na

l u
ni

t

C
ar

b
o

n 
fo

o
tp

ri
nt

To
p

 t
hr

ee
 c

ar
b

o
n 

ho
ts

p
o

ts
 (%

 o
r 

ca
rb

o
n 

d
io

xi
d

e 
eq

ui
va

le
nt

s/
 C

O
2e

 if
 

av
ai

la
b

le
)

S
tu

d
y 

co
nc

lu
si

o
ns

S
in

g
le

-u
se

R
eu

sa
b

le
S

in
g

le
-u

se
R

eu
sa

b
le

K
um

m
er

er
 e

t 
al

,56
 G

er
m

an
y

La
p

ar
ot

om
y 

p
ad

s
(n

ot
 m

en
tio

ne
d

)
LC

A
 (1

98
0s

 
‘t

ec
hn

ic
al

 
st

an
d

ar
d

’)

O
ne

 la
p

ar
ot

om
y 

p
ad

; r
es

ul
ts

 
re

p
or

te
d

 fo
r 

10
00

 p
ad

s

30
4.

8 
kg

 C
O

2;
 

22
5.

9 
g 

C
O

; 
16

37
·9

 g
 N
₂O

; 
56

5.
8 

g 
N

O
ₓ; 

p
er

 
10

00
 p

ad
s

15
7.

1 
kg

 C
O
₂; 

16
3.

9 
g 

C
O

; 
10

2.
9 

g 
N
₂O

; 
43

2.
2 

g 
N

O
x p

er
 

10
00

 p
ad

s 
if 

re
us

ab
le

 p
ad

s 
ea

ch
 u

se
d

 1
5 

tim
es

P
ro

d
uc

tio
n

W
as

hi
ng

R
eu

sa
b

le
 p

ad
s 

ha
ve

 lo
w

er
 c

ar
b

on
 

fo
ot

p
rin

t

Is
on

 e
t 

al
, 45

 
U

K
S

uc
tio

n 
re

ce
p

ta
cl

es
(n

ot
 m

en
tio

ne
d

)
LC

A
 (n

ot
 

m
en

tio
ne

d
)

A
ve

ra
ge

 
ki

lo
gr

am
s 

of
 

w
as

te
 fr

om
 b

od
y 

flu
id

s 
p

ro
d

uc
ed

 
d

ur
in

g 
1 

ye
ar

 o
f 

el
ec

tiv
e 

su
rg

er
y 

at
 a

 d
is

tr
ic

t 
ge

ne
ra

l h
os

p
ita

l

R
es

ul
ts

 p
re

se
nt

ed
 

on
 lo

ga
rit

hm
ic

 
sc

al
e

R
es

ul
ts

 
p

re
se

nt
ed

 o
n 

lo
ga

rit
hm

ic
 s

ca
le

N
ot

 m
en

tio
ne

d
W

as
hi

ng
C

ar
b

on
 fo

ot
p

rin
t 

of
 s

in
gl

e-


us
e 

su
ct

io
n 

re
ce

p
ta

cl
es

 
gr

ea
te

r 
th

an
 

re
us

ab
le

 d
ev

ic
e

C
ar

b
on

 fo
ot

p
rin

t 
of

 r
eu

sa
b

le
 

af
fe

ct
ed

 b
y 

w
as

hi
ng

 p
ro

ce
ss

M
cG

ai
n 

et
 a

l, 
38

 A
us

tr
al

ia
A

na
es

th
et

ic
 d

ru
g 

tr
ay

s
(S

in
gl

e-
us

e:
 

C
hi

ne
se

- m
ad

e 
p

ol
yu

re
th

an
e.

 
R

eu
sa

b
le

: 
A

us
tr

al
ia

n-
m

ad
e 

re
us

ab
le

 n
yl

on
 t

ra
y)

LC
A

 (I
S

O
 1

40
40

)
O

ne
 a

na
es

th
et

ic
 

tr
ay

12
6  

g 
C

O
2 

p
er

 t
ra

y
20

4 
g 

C
O

2 
p

er
 t

ra
y 

w
ith

 c
ot

to
n/

p
ap

er

11
0  

g 
C

O
2 

p
er

 
tr

ay
P

ol
yu

re
th

an
e 

tr
ay

 
(1

11
 g

 C
O

2)
C

ot
to

n 
ga

uz
e

(6
8  

g 
C

O
2)

P
ol

yu
re

th
an

e 
w

ra
p

 (8
 g

 C
O

2)

W
as

hi
ng

 (9
9 

g 
C

O
2)

D
ry

in
g 

(9
  g

 C
O

2)
N

yl
on

 t
ra

y 
(2

 g
 

C
O

2)

S
ig

ni
fic

an
t 

ca
rb

on
 s

av
in

gs
 

b
y 

co
nv

er
tin

g 
to

 
re

us
ab

le
 t

ra
ys

C
ar

b
on

 s
av

in
gs

 
ex

ce
ed

 5
0%

 in
 

ho
sp

ita
ls

 u
si

ng
 

ga
s 

co
- g

en
er

at
io

n 
co

m
p

ar
ed

 w
ith

 
b

ro
w

n 
co

al
A

d
d

in
g 

m
or

e 
co

tt
on

 a
nd

 p
ap

er
 

to
 t

ra
ys

 in
cr

ea
se

s 
th

ei
r 

ca
rb

on
 

em
is

si
on

s C
on

tin
ue

d

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


6 Booth A, et al. BMJ Open 2025;15:e108446. doi:10.1136/bmjopen-2025-108446

Open access�

S
tu

d
y,

 
co

un
tr

y
M

ed
ic

al
 d

ev
ic

e 
st

ud
ie

d
 (b

ra
nd

)

C
ar

b
o

n 
m

o
d

el
lin

g
 

ap
p

ro
ac

h 
(g

ui
d

el
in

e)
Fu

nc
ti

o
na

l u
ni

t

C
ar

b
o

n 
fo

o
tp

ri
nt

To
p

 t
hr

ee
 c

ar
b

o
n 

ho
ts

p
o

ts
 (%

 o
r 

ca
rb

o
n 

d
io

xi
d

e 
eq

ui
va

le
nt

s/
 C

O
2e

 if
 

av
ai

la
b

le
)

S
tu

d
y 

co
nc

lu
si

o
ns

S
in

g
le

-u
se

R
eu

sa
b

le
S

in
g

le
-u

se
R

eu
sa

b
le

E
ck

el
m

an
 e

t 
al

,16
 U

S
A

LM
A

(S
in

gl
e-

us
e:

 U
ni

q
ue

, 
H

an
gz

ho
u 

C
hi

na
. 

R
eu

sa
b

le
: C

la
ss

ic
, 

S
in

ga
p

or
e)

LC
A

 (I
S

O
 1

40
40

)
M

ai
nt

en
an

ce
 

of
 a

irw
ay

 b
y 

40
 d

is
p

os
ab

le
 

LM
A

s 
or

 4
0 

us
es

 
of

 1
 r

eu
sa

b
le

 
LM

A

0.
3 

kg
 C

O
2e

 p
er

 
m

ai
nt

en
an

ce
 o

f 
on

e 
ai

rw
ay

0.
2 

kg
 C

O
2e

 p
er

 
m

ai
nt

en
an

ce
 o

f 
on

e 
ai

rw
ay

P
ro

d
uc

tio
n 

an
d

 
p

ol
ym

er
is

at
io

n 
of

 
P

V
C

N
at

ur
al

 g
as

 
p

ro
d

uc
tio

n 
an

d
 

co
m

b
us

tio
n 

to
 

p
ro

d
uc

e 
st

ea
m

 
fo

r 
au

to
cl

av
e 

m
ac

hi
ne

R
eu

sa
b

le
 L

M
A

s 
ha

ve
 lo

w
er

 c
ar

b
on

 
fo

ot
p

rin
t

C
ar

b
on

 fo
ot

p
rin

t 
of

 r
eu

sa
b

le
 L

M
A

 
ca

n 
b

e 
re

d
uc

ed
 b

y 
b

ul
k 

au
to

cl
av

in
g,

 
en

er
gy

-e
ffi

ci
en

t 
m

ac
hi

ne
s 

an
d

 s
hi

p
 

tr
an

sp
or

t

G
rim

m
on

d
 e

t 
al

,17
 U

S
A

S
ha

rp
s 

co
nt

ai
ne

rs
(S

in
gl

e-
us

e:
 B

D
 

Fr
an

kl
in

 L
ak

es
. 

R
eu

sa
b

le
: D

an
ie

ls
 

S
ha

rp
sm

ar
ts

 In
c)

LC
A

 (B
rit

is
h 

S
ta

nd
ar

d
s 

In
st

itu
te

)

C
on

ve
rs

io
n 

of
 s

in
gl

e-


us
e 

sh
ar

p
s 

co
nt

ai
ne

rs
 t

o 
re

us
ab

le
 fo

r 
50

0 
us

es
 o

ve
r 

12
- m

on
th

 
p

er
io

d
, w

or
kl

oa
d

 
no

rm
al

is
ed

 p
er

 
10

0 
oc

cu
p

ie
d

 
b

ed
 y

ea
rs

24
.2

 M
t 

C
O
₂e

 p
er

 
10

0 
oc

cu
p

ie
d

 b
ed

 
ye

ar
s

4 
M

t 
C

O
2e

 p
er

 
10

0 
oc

cu
p

ie
d

 
b

ed
 y

ea
rs

M
an

uf
ac

tu
re

 
(5

6.
4%

)
Tr

an
sp

or
t 

(3
5.

8%
)

D
is

p
os

al
 (7

.8
%

)

D
ec

an
tin

g 
an

d
 

w
as

hi
ng

 (5
2.

5%
)

Tr
an

sp
or

t 
(2

5.
5%

) 
M

an
uf

ac
tu

re
 

(1
5.

4%
)

R
eu

sa
b

le
 s

ha
rp

s 
co

nt
ai

ne
rs

 
re

d
uc

ed
 G

W
P

 b
y 

83
.5

%
 o

ve
r 

th
e 

st
ud

y 
p

er
io

d
E

le
ct

ric
ity

 s
ou

rc
e 

ca
n 

al
te

r 
gl

ob
al

 
w

ar
m

in
g 

p
ot

en
tia

l 
b

y 
15

%
To

ta
l s

av
in

gs
 o

f 
64

 0
00

 M
t 

C
O

2e
 if

 
re

su
lts

 e
xp

an
d

ed
 

ac
ro

ss
 t

he
 U

S
A

M
cG

ai
n 

et
 a

l,39
 

A
us

tr
al

ia
C

V
C

 in
se

rt
io

n 
ki

ts
(n

ot
 m

en
tio

ne
d

)
LC

A
 (I

S
O

 1
40

40
)

O
ne

 C
V

C
 k

it
40

7 
g 

C
O

2e
 p

er
 k

it
(E

ur
op

ea
n 

en
er

gy
)

12
11

 g
 C

O
2e

 p
er

 
ki

t 
(b

ro
w

n 
co

al
)

43
6  

g 
C

O
2e

 p
er

 
ki

t 
(h

os
p

ita
l 

co
ge

ne
ra

tio
n)

76
4  

g 
C

O
2e

 p
er

 
ki

t 
(U

S
 e

ne
rg

y)
57

2  
g 

C
O

2e
 p

er
 

ki
t 

(E
ur

op
ea

n 
en

er
gy

)

M
an

uf
ac

tu
rin

g 
of

 
p

la
st

ic
s 

(7
0%

)
S

te
el

 (2
5%

)

S
te

ril
is

at
io

n 
(7

0%
)

R
eu

sa
b

le
 k

it 
ha

s 
a 

hi
gh

er
 c

ar
b

on
 

fo
ot

p
rin

t 
th

an
 

si
ng

le
- u

se
Th

e 
en

er
gy

 m
ix

 
d

et
er

m
in

es
 t

he
 

ca
rb

on
 fo

ot
p

rin
t

Ta
b

le
 1

 
C

on
tin

ue
d

C
on

tin
ue

d

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


7Booth A, et al. BMJ Open 2025;15:e108446. doi:10.1136/bmjopen-2025-108446

Open access

S
tu

d
y,

 
co

un
tr

y
M

ed
ic

al
 d

ev
ic

e 
st

ud
ie

d
 (b

ra
nd

)

C
ar

b
o

n 
m

o
d

el
lin

g
 

ap
p

ro
ac

h 
(g

ui
d

el
in

e)
Fu

nc
ti

o
na

l u
ni

t

C
ar

b
o

n 
fo

o
tp

ri
nt

To
p

 t
hr

ee
 c

ar
b

o
n 

ho
ts

p
o

ts
 (%

 o
r 

ca
rb

o
n 

d
io

xi
d

e 
eq

ui
va

le
nt

s/
 C

O
2e

 if
 

av
ai

la
b

le
)

S
tu

d
y 

co
nc

lu
si

o
ns

S
in

g
le

-u
se

R
eu

sa
b

le
S

in
g

le
-u

se
R

eu
sa

b
le

Ib
b

ot
so

n 
et

 
al

,57
 G

er
m

an
y

S
ur

gi
ca

l s
ci

ss
or

s
(n

ot
 m

en
tio

ne
d

)
LC

A
 (I

S
O

 1
40

40
)

45
00

 u
se

 c
yc

le
s 

of
 s

ci
ss

or
s 

d
ur

in
g 

18
 

ye
ar

s 
b

as
ed

 o
n 

te
ch

ni
ca

l l
ife

tim
e 

of
 t

he
 r

eu
sa

b
le

 
p

ro
d

uc
t

In
d

iv
id

ua
l c

ar
b

on
 

fo
ot

p
rin

ts
 n

ot
 

re
p

or
te

d

In
d

iv
id

ua
l c

ar
b

on
 

fo
ot

p
rin

ts
 n

ot
 

re
p

or
te

d

M
at

er
ia

l
M

an
uf

ac
tu

rin
g

R
aw

 m
at

er
ia

l
M

an
uf

ac
tu

rin
g

U
se

R
eu

sa
b

le
 s

ci
ss

or
s 

ha
d

 t
he

 lo
w

es
t 

ca
rb

on
 fo

ot
p

rin
t;

 
11

 a
nd

 5
2 

tim
es

 
le

ss
 t

ha
n 

p
la

st
ic

 
an

d
 s

in
gl

e-


us
e 

st
ai

nl
es

s-


st
ee

l s
ci

ss
or

s,
 

r e
sp

ec
tiv

el
y

S
or

en
se

n 
et

 
al

,70
 D

en
m

ar
k

B
ed

p
an

s
(S

in
gl

e-
us

e:
 

S
an

iw
as

te
 

S
ys

te
m

 m
ou

ld
ed

 
ca

rd
b

oa
rd

; G
oL

oo
 

p
ol

ye
th

yl
en

e;
 

st
ai

nl
es

s 
st

ee
l; 

S
up

er
co

re
 T

-
49

9 
M

cA
irl

ai
d

 
su

p
er

ab
so

rb
en

t 
in

la
y .

 R
eu

sa
b

le
: 

p
ol

ye
th

yl
en

e)

C
on

se
q

ue
nt

ia
l 

LC
A

 (D
an

is
h 

E
nv

iro
nm

en
ta

l 
D

es
ig

n 
of

 
In

d
us

tr
ia

l 
P

ro
d

uc
ts

)

U
se

 o
f o

ne
 

b
ed

p
an

 o
nc

e 
fo

r 
ur

in
at

in
g 

an
d

 d
ef

ec
at

in
g 

w
hi

le
 b

ei
ng

 
ho

sp
ita

lis
ed

 a
nd

 
in

 b
ed

0.
15

–0
.2

 k
g 

C
O
₂e

 p
er

 u
se

 
(c

ar
d

b
oa

rd
)

0.
1–

0.
15

 k
g 

C
O
₂e

 p
er

 u
se

 
(p

ol
ye

th
yl

en
e)

0.
25

–0
.3

 k
g 

C
O
₂e

 
p

er
 u

se
 (s

ta
in

le
ss

 
st

ee
l)

0.
25

–0
.3

 k
g 

C
O
₂e

 p
er

 u
se

 
(p

ol
ye

th
yl

en
e 

b
ed

p
an

)

W
as

te
 in

ci
ne

ra
tio

n
W

as
hi

ng
 fo

r 
th

e 
ca

rd
b

oa
rd

 
b

ed
p

an
 

In
ci

ne
ra

tio
n 

fo
r 

p
ol

ye
th

yl
en

e 
b

ed
p

an

W
as

hi
ng

 a
nd

 
d

is
in

fe
ct

io
n 

of
 

b
ed

p
an

.
G

lo
ve

s 
an

d
 

d
is

p
os

ab
le

 b
ag

 
us

ed
 t

o 
ca

rr
y 

b
ed

p
an

s 
to

 
w

as
hr

oo
m

S
in

gl
e-

us
e 

p
ol

ye
th

yl
en

e 
b

ed
p

an
 h

ad
 

lo
w

es
t 

ca
rb

on
 

fo
ot

p
rin

t 
d

ue
 t

o 
en

er
gy

 r
ec

ov
er

y 
op

p
or

tu
ni

ty
E

ne
rg

y,
 

w
as

te
w

at
er

 
m

an
ag

em
en

t 
an

d
 

ch
an

ge
d

 w
or

kfl
ow

 
co

nt
rib

ut
e 

to
 

d
iff

er
en

ce
s 

in
 

ca
rb

on
 fo

ot
p

rin
t

P
ou

rz
ah

ed
i e

t 
al

,18
 U

S
A

N
an

os
ilv

er
-c

oa
te

d
 

b
an

d
ag

e 
(A

ct
ic

oa
t 

7)

LC
A

 (n
ot

 
m

en
tio

ne
d

)
N

ot
 m

en
tio

ne
d

13
0.

04
–1

30
.0

6  
kg

 
C

O
₂e

 p
er

 b
an

d
ag

e
N

ot
 m

en
tio

ne
d

S
ilv

er
 n

an
op

ar
tic

le
 

p
ro

d
uc

tio
n 

(1
30

 k
g 

C
O

2e
) B

an
d

ag
e 

m
an

uf
ac

tu
re

 
(0

.0
4–

0.
05

 k
g 

C
O

2e
)

B
an

d
ag

e 
d

is
p

os
al

 
(0

–0
.0

1  
kg

 C
O

2e
)

N
ot

 m
en

tio
ne

d
S

ilv
er

 n
an

op
ar

tic
le

 
sy

nt
he

si
s 

ha
d

 
hi

gh
es

t 
ca

rb
on

 
fo

ot
p

rin
t,

 
co

m
p

ar
ed

 w
ith

 
p

ro
d

uc
tio

n 
an

d
 

in
ci

ne
ra

tio
n 

of
 t

he
 

b
an

d
ag

e

C
O
₂, 

ca
rb

on
 d

io
xi

d
e;

 C
O
₂e

, c
ar

b
on

 d
io

xi
d

e 
eq

ui
va

le
nt

; C
V

C
, c

en
tr

al
 v

en
ou

s 
ca

th
et

er
; G

W
P,

 g
lo

b
al

 w
ar

m
in

g 
p

ot
en

tia
l; 

IS
O

, I
nt

er
na

tio
na

l O
rg

an
iz

at
io

n 
fo

r 
S

ta
nd

ar
d

iz
at

io
n;

 L
C

A
, L

ife
 C

yc
le

 
A

ss
es

sm
en

t;
 L

M
A

, l
ar

yn
ge

al
 m

as
k 

ai
rw

ay
; M

t,
 M

et
ric

 t
on

ne
; N

₂O
, n

itr
ou

s 
ox

id
e;

 N
O

x,
 n

itr
og

en
 o

xi
d

es
; P

V
C

, p
ol

yv
in

yl
 c

hl
or

id
e.

Ta
b

le
 1

 
C

on
tin

ue
d

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://bmjopen.bmj.com/


8 Booth A, et al. BMJ Open 2025;15:e108446. doi:10.1136/bmjopen-2025-108446

Open access�

assumptions about user behaviour, narrow study scope 
and limited generalisability due to varying national 
electricity grids, procurement and waste management 
practices.

Carbon footprints of single-use and reusable medical devices
The carbon footprints of medical devices varied widely 
(table  1 and online supplemental table A.4) and were 
reported across diverse functional units such as per use, 
procedure, patient, provider, year or aggregated values. 
All studies expressed footprints in CO₂e, though units 
ranged from grams to tonnes. Single-use devices analysed 
per use ranged from 5·904 g CO₂e for staple firings for 
one surgical procedure62 to 130·06 kg CO₂e for use of one 
nano-silver-coated bandage.18 Reusable devices analysed 
per use ranged from 3 g CO₂e per use of a reusable micro-
fibre cloth75 to 19·7 kg CO₂e for one MRI scan.23

Of the included studies, 47 directly 
compared single-use and reusable medical 
devices.16 17 21 22 24–27 29–35 38–41 43 45 46 48–54 56–59 61–67 69–75 Of these, 
39 (83%)16 17 21 22 24–27 29–35 38 45 46 48–50 52 54 56 57 59 61–66 69 71–75 
found reusable devices had a lower carbon footprint, 
often dependent on reuse thresholds (ie, reusables 
became more carbon-efficient after a certain number 
of uses). Studies reported various carbon savings from 
switching to reusable devices. For example, Grimmond 
et al17 found an 83·5% annual carbon reduction with 
reusable sharps containers; Vozzola et al27 reported a 
66% reduction using reusable surgical gowns; and Burgu-
buru et al51 found a 31% drop with reusable scrub suits. 
Eight studies17 28 29 48 50 61 63 69 extrapolated carbon savings 
to national or global scales. For example, Boberg et al61 
projected a 360 tonne CO₂e saving if half of Germany’s 

Figure 2  Annual change in number of publications assessing the carbon footprint of medical devices.

Figure 3  Categories of medical devices with published carbon footprints (1996–2024).
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laparoscopic cholecystectomies used reusable trocars; 
Rizan et al48 calculated a 396 tonne annual saving in 
England from hybrid laparoscopic equipment; and 
Cohen et al63 estimated global use of reusable head covers 
could reduce 10 000 tonnes.

Six studies40 43 53 58 67 70 found reusables had a higher 
footprint due to factors like raw material impacts (eg, 
cotton production for masks), fossil fuel–intensive energy 
grids driving up reprocessing emissions, carbon-intensive 
waste management strategies and operational efficiency 
from single-use devices. For example, Leiden et al58 
showed single-use surgical equipment resulted in shorter 
operating times that lowered theatre energy use. Davis 
et al41 found comparable emissions for single-use and 
reusable duodenoscopes,41 while McGain et al39 reported 
varying results depending on the national energy grid.

Carbon hotspots of single-use and reusable medical devices
Carbon hotspots varied by device type (figure  4). For 
single-use devices, production and manufacturing were 
the most frequently cited contributors, identified among 
the top three in 36 studies.16–18 21 22 24–27 29 32 35 38 41 46–48 

51–54 56–59 61 63 65 67–69 71–74 Examples include manufacture 
of plastic and steel components in catheter kits (70% 
and 25%, respectively),39 single-use duodenoscopes 
(91–96%)29 and optical fibres in laryngoscopes (64%).52 
Disposal and end-of-life processes were top hotspots in 
13 studies,17 18 22 24 27 29 33 41 46 48 52 59 70 contributing, for 
instance, 14% of the footprint for cholecystectomy 
instruments.48 Transport was a major contributor in nine 
studies,24 25 33 46 48 53 60 69 75 while packaging and raw mate-
rials were hotspots in 22 27 61 68 75five and 25 33 47 48 60 67 68seven 
studies, respectively, with raw materials, for example, 
accounting for 40·5% of emissions from face masks.68 
High production emissions were typically driven by 
frequent use of devices, while disposal emissions varied 
with waste treatment method (eg, incineration vs landfill).

For reusable devices, reprocessing, including washing, 
sterilisation, disinfection and laundry, was the most 
frequently reported carbon hotspot, appearing among 
the top three contributors in 36 studies.16 17 21 22 24 26 27 

29 31–33 38–41 43 45 48 52 54 56 58 59 63–65 67 69 70 72–75 For example, 
reprocessing reusable devices for reuse during the use 
phase contributed 52.5% of the carbon footprint of reus-
able sharps containers,17 99% for pulse oximeters73 and 
over 95% for reusable bronchoscopes.64 Reprocessing 
emissions varied with method (eg, autoclaving vs chem-
ical disinfection), reprocessing batch size and national 
energy mix powering machines (eg, washing machines). 
Production and manufacturing were top contributors in 
18 studies,17 22–27 32 41 46 51 53 57 59 61 65 69 75 for example, repre-
senting 74% of the carbon footprint for flexible cysto-
scopes.53 Use-phase emissions were highlighted in five 
studies,23 26 29 51 57 for example, from electricity use of CT 
scans.23 Disposal and end-of-life processes were cited as 
key contributors in five studies,33 46 53 69 75 such as 12% of 
emissions from flexible cystoscopes.53 Transport appeared 
among the top three hotspots in five studies,17 24 26 46 53 

particularly when off-site reprocessing was required. Pack-
aging was cited in five studies21 27 32 52 61; while raw mate-
rial extraction was a major contributor in two studies,33 57 
such as cotton for reusable operating room bed covers.33

DISCUSSION
Our systematic review provides a timely synthesis of 
evidence on carbon footprints of medical devices, offering 
three key contributions with implications for policy and 
practice. First, we make a methodological contribution 
by mapping the diverse carbon modelling approaches 
used across studies. While LCA was the predominant 
approach, its application varied widely in terms of system 
boundaries, data sources, assumptions and reporting 
units. This lack of standardisation limits comparability 
and highlights the need for more consistent yet adaptable 

Box 2  Overview of Life Cycle Assessment (LCA) 
frameworks used in studies

ISO 14040 (1997, revised 2006)
Outlines the general principles and framework for conducting LCA.
ISO 14044 (2006)
Provides specific requirements, guidelines and methodologies for con-
ducting LCAs, typically used alongside ISO 14040.
ISO 14025 (2006)
Standard for communicating quantified environmental information (eg, 
through Environmental Product Declarations or EPDs) based on LCA.
ISO 14067 (first published 2013, updated 2018)
Specifies principles, requirements and guidelines to quantify and report 
the carbon footprint of products.
ISO 14001 (first published 1996, updated 2004, latest version 2015)
Provides a framework for organisations to manage their environmental 
responsibilities through an Environmental Management System.
ISO 9001 (first published 1987, updated 2008, latest version 2015)
Globally recognised standard for quality management. It is sometimes 
referenced in studies related to environmental processes due to its em-
phasis on process control and continual improvement.
British Standards Institute (BSI) Guidelines UK national stan-
dards offering guidance on sustainable practices and environmental 
management.
Greenhouse Gas Protocol Publicly Available Specification (PAS) 
2050 Global specification for assessing life cycle greenhouse gas emis-
sions of goods and services, widely used in carbon footprinting.
Product Environmental Footprint (PEF) Methodology An EU-
developed approach to measure the environmental performance of 
products across their lifecycle.
Impact assessment of chemical and particulate-related chemical 
toxicity (IMPACT) 2002+ Life cycle impact assessment method eval-
uating multiple environmental impacts of chemicals, including global 
warming potential.
Environmental Design of Industrial Products (EDIP) A Danish-
developed methodology (1997) for assessing the environmental im-
pacts of products across their life cycle.
Greenhouse gases, Regulated Emissions, and Energy use in 
Technologies (GREET) Model Developed by Argonne National 
Laboratory, US Department of Energy, estimates greenhouse gas 
and pollutant emissions related to transportation fuels and vehicle 
technologies.
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methodologies that reflect the diversity of devices and 
settings. Second, we confirm that reusable devices 
generally have lower carbon footprints, especially when 
used extensively throughout their lifespan and repro-
cessed efficiently (eg, using energy-efficient machinery). 
However, this was not universally true. In some settings, 
reusables had higher footprints, highlighting the impor-
tance of device- and context-specific assessments rather 
than blanket assumptions. Third, by identifying recurring 
carbon hotspots, such as production and manufacturing 
for single-use devices and reprocessing for reusables, we 
pinpoint where carbon reduction efforts can be most 
effectively directed.

Application of LCAs varied considerably across studies 
included in our review. Particular challenges arose in 
modelling hybrid devices, such as endoscopes with both 
reusable and disposable components, and in accounting 
for diverse reprocessing pathways, including on-site versus 
third-party sterilisation. Further limitations stemmed 
from the lack of detailed emissions data for specific geog-
raphies, niche device components and sterilisation mate-
rials. Restricted access to proprietary data from medical 
device manufacturers also constrained bottom-up 
modelling approaches, leading many studies to rely on 
less accurate proxy data. Efforts are underway, nation-
ally and internationally, to standardise carbon model-
ling in healthcare and expand emissions databases.79 
These initiatives have the potential to enhance the accu-
racy, comparability and utility of carbon footprint data. 
However, given the diversity of device types and clinical 
settings, any standardised approach must retain flexibility 
and be sensitive to local conditions. Importantly, growing 
academic interest in device carbon modelling should not 

delay action. While robust data is useful, focusing exces-
sively on measurement risks slowing the implementation 
of carbon reduction strategies.

Our review demonstrated a convincing climate case 
for prioritising reusable medical devices. Across diverse 
global contexts, reusable devices consistently exhibited 
lower carbon footprints. Alongside this, reusable devices 
offer additional environmental benefits, including 
waste reduction and long-term cost savings.25 38 39 In the 
few instances where single-use devices had lower emis-
sions, this was attributable to contextual factors, such 
as energy-intensive local reprocessing systems or fossil 
fuel-dominated national electricity grids. In addition to 
these structural challenges, however, cultural and regula-
tory barriers constrain widespread adoption of reusable 
devices. Healthcare provider concerns about infection 
control, driven by industry marketing, ingrained habits and 
risk aversion, continue to limit uptake.80 These concerns 
persist despite a lack of strong evidence that single-use 
devices offer superior infection control.77 81 Regulatory 
complexity presents another obstacle. In some coun-
tries, for example, China, reprocessing remains prohib-
ited.82 Encouraging, globally regulatory frameworks are 
evolving. Countries, including the USA, Canada, Japan 
and Australia, now permit the reprocessing of single-use 
devices.83 The European Union’s (EU’s) Medical Device 
Regulation similarly allows reprocessing under defined 
conditions, although national implementation may 
vary.84 For example, at the time of authorship, France is in 
consultation to determine if they will allow reprocessing; 
meanwhile, the Netherlands and Germany permit repro-
cessing, though the Netherlands imposes a more strin-
gent administrative burden. Such divergence constrains 

Figure 4  Frequency of lifecycle carbon hotspot mentions for single-use and reusable devices.
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economies of scale and limits the circularity potential of 
medical device reprocessing across EU markets. Mean-
while, in the UK, the Medicines and Healthcare prod-
ucts Regulatory Agency recognises re-manufacturing as a 
regulated process to restore devices for reuse.6 84 85

Beyond prioritising reusable devices, targeting carbon 
hotspots across device lifecycles offers further opportu-
nities to reduce device emissions, requiring coordinated 
stakeholder action. Since production and manufacturing 
often drive emissions, there are opportunities for manu-
facturers to reduce footprints by optimising design and 
manufacturing processes, guided by circular economy 
principles.6 Facilities can invest in energy-efficient repro-
cessing and streamline reprocessing protocols (eg, bulk 
autoclaving). Healthcare providers can be trained to use 
devices efficiently, for example, by reducing overuse in 
procedural packs.86 Reducing disposal emissions requires 
collaboration with waste management systems to improve 
recycling and reprocessing. Supportive policy at national 
and local levels is needed to enable and incentivise use 
of reusable devices. Given the global nature of medical 
device supply chains, coordinated policy efforts could 
have a transformative impact on device sustainability.

This review supports prioritising reusable medical 
devices and encourages transitioning without waiting for 
complete carbon data on every product. A key excep-
tion is low-income and middle-income countries, where 
device carbon modelling is lacking. Given differing infra-
structure and energy profiles, further context-specific 
research is needed to guide mitigation strategies. Future 
research should also focus on optimising lifecycle stages, 
such as improving reprocessing and disposal, and identi-
fying policy, regulatory, economic or behavioural levers 
to support adoption. For example, although more than 
half of the studies incorporated reprocessing within their 
carbon modelling boundaries, these typically referred 
to on-site or small-scale processes rather than large-scale 
commercial reprocessing. As such, regional differences in 
reprocessing regulatory environments, market dynamics 
and large-scale reprocessing practices were not captured 
in this review and warrant future investigation. Gaps also 
remain in understanding industry-level mitigation efforts 
and infection control outcomes of single-use versus 
reusable devices. As carbon modelling becomes more 
common in healthcare, robust quality appraisal standards 
will be essential for interpreting emerging evidence. 
Finally, while our review primarily assessed the carbon 
footprint associated with medical devices, there is a need 
for future work to integrate a ‘handprint’ approach, that 
is, examining the procedural performance of the device, 
and how device use influences patient outcomes and may 
reduce the need for further, more carbon-intensive care 
if the device were not used. Such analysis would capture 
more holistic climate and clinical co-benefits and trade-
offs. For example, the findings reported by Leiden et al,58 
where single-use surgical equipment shortened operating 
times and reduced theatre energy use, illustrate how 
procedural efficiency can generate positive handprint 

effects that offset some or all of the carbon footprint of 
devices.

Our review has several limitations. Literature is concen-
trated in surgical and anaesthetic specialties and largely 
driven by a small group of researchers, limiting general-
isability across device types. Most studies were conducted 
in high-income countries; differences in healthcare infra-
structure, clinical practice and energy systems mean foot-
prints in low-income and middle-income countries may 
differ. Although most studies used LCAs, methodolog-
ical rigour varied, limiting comparability and preventing 
quantitative synthesis. No validated quality appraisal tool 
currently exists for healthcare carbon footprint studies; 
we adapted an existing framework, but its applicability 
to complex or mixed-use devices was limited. Lastly, our 
review focused on carbon emissions, limiting assessment 
of environmental trade-offs and co-benefits between 
single-use and reusable devices.

CONCLUSION
Our review demonstrates that carbon modelling of medical 
devices is increasingly represented in the academic litera-
ture; however, carbon modelling approaches are marked 
by methodological and data inconsistencies. Despite 
these inconsistencies, our review confirmed that reusable 
medical devices tend to have a lower carbon footprint 
than their single-use counterparts. We further identi-
fied carbon hotspots, which differ between device types. 
Production and manufacturing dominate emissions for 
single-use devices, while reprocessing contributes the 
most to emissions from reusable devices. The findings 
from this review support the preferential adoption of 
reusable devices and call for policy and practice interven-
tions across the medical device lifecycle to reduce their 
climate impact. To achieve this, engagement is required 
by multiple stakeholders. Manufacturers must design 
and supply reusable products, healthcare facilities need 
to invest in and optimise reprocessing systems, procurers 
must prioritise sustainable purchasing, while healthcare 
providers should be supported to use reusable devices. 
Regulatory and policy frameworks that facilitate the safe 
reuse and reprocessing of medical devices are critical to 
supporting these practices. Addressing this global chal-
lenge also requires international cooperation across 
medical device supply chains. Future research should 
shift from generating additional carbon footprint data 
to exploring how existing evidence can inform policy, 
procurement and clinical practice to reduce the climate 
impact of medical devices.

Social media Amy Booth, LinkedIn @amy-booth-42846a11b

Acknowledgements  We thank Nia Roberts for support with search strategy and 
database searches. We acknowledge the funding support from the National Institute 
for Health and Care Research Applied Research Collaboration Oxford and Thames 
Valley at Oxford Health NHS Foundation Trust.

Contributors  AB: conceptualisation, data curation, formal analysis, investigation, 
visualisation and writing–original draft preparation. MC: investigation, data curation, 
formal analysis, visualisation, writing—reviewing and editing. SG: investigation 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

https://www.linkedin.com/in/amy-booth-42846a11b/
http://bmjopen.bmj.com/


12 Booth A, et al. BMJ Open 2025;15:e108446. doi:10.1136/bmjopen-2025-108446

Open access�

and data curation. SF: writing—reviewing and editing. SS: funding acquisition, 
conceptualisation, methodology, formal analysis and writing—reviewing and 
editing. AB is the guarantor of this article.

Funding  Support for the review process was secured via two internships (MC, SG), 
supported by the National Institute for Health and Care Research (NIHR) Applied 
Research Collaboration Oxford and Thames Valley at Oxford Health NHS Foundation 
Trust. The latter additionally supported senior academic time (SS). The NIHR and 
NHS had no role in study design, data collection, data analysis, data interpretation 
or writing of the report.

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article or uploaded as supplementary information. All data used in this systematic 
review are from publicly available sources and detailed in the manuscript and 
supplementary materials.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/​
licenses/by/4.0/.

ORCID iDs
Amy Booth https://orcid.org/0000-0003-2319-9246
Sanay Goyal https://orcid.org/0000-0002-3040-7261
Sara Shaw https://orcid.org/0000-0002-7014-4793

REFERENCES
	 1	 Bayram H, Bauer AK, Abdalati W, et al. Environment, Global Climate 

Change, and Cardiopulmonary Health. Am J Respir Crit Care Med 
2017;195:718–24. 

	 2	 Rocklöv J, Dubrow R. Climate change: an enduring challenge 
for vector-borne disease prevention and control. Nat Immunol 
2020;21:479–83. 

	 3	 Pichler P-P, Jaccard IS, Weisz U, et al. International comparison of 
health care carbon footprints. Environ Res Lett 2019;14:064004. 

	 4	 Tennison I, Roschnik S, Ashby B, et al. Health care’s response 
to climate change: a carbon footprint assessment of the NHS in 
England. Lancet Planet Health 2021;5:e84–92. 

	 5	 Medical devices: how to comply with the legal requirements in great 
britain gov.UK2022. 2022. Available: https://www.gov.uk/guidance/​
medical-devices-how-to-comply-with-the-legal-requirements

	 6	 MacNeill AJ, Hopf H, Khanuja A, et al. Transforming The Medical 
Device Industry: Road Map To A Circular Economy. Health Aff 
(Millwood) 2020;39:2088–97. 

	 7	 Reprocessing of medical devices: European commission (topics of 
interest). n.d. Available: https://health.ec.europa.eu/medical-devices-​
topics-interest/reprocessing-medical-devices_en

	 8	 Gautam D, Sahney R. Reprocessing and reuse of single-use medical 
devices and the role of interprofessional collaboration: A literature 
review. Current Medicine Research and Practice 2020;10:70–4. 

	 9	 Shuman EK, Chenoweth CE. Reuse of medical devices: implications 
for infection control. Infect Dis Clin North Am 2012;26:165–72. 

	10	 Beginner’s guide: how to do an lca for free, life cycle assessment 
tools and data: business energy. 2021. Available: https://www.​
businessenergy.com/switching-services/lca-tools

	11	 Wiedmann T, Minx J. A definition of ’Carbon footprint. In: Pertsova 
C, ed. Ecological Economics Research Trends. Hauppauge NY, USA: 
Nova Science Publishers, 2008.

	12	 Bolwig S, Gibbon P. Counting carbon in the marketplace: Part 1 - 
Overview paper. Global Forum on Trade 2009.

	13	 Rizan C, Steinbach I, Nicholson R, et al. The Carbon Footprint of 
Surgical Operations. Ann Surg 2020;272:986–95. 

	14	 Purohit A, Smith J, Hibble A. Does telemedicine reduce the carbon 
footprint of healthcare? A systematic review. Future Healthc J 
2021;8:e85–91. 

	15	 Mcdowell J. An environmental, economic, and health comparison of 
single-use and reusable surgical drapes and gowns. J-Global; 1993.

	16	 Eckelman M, Mosher M, Gonzalez A, et al. Comparative Life Cycle 
Assessment of Disposable and Reusable Laryngeal Mask Airways. 
Anesth Analg 2012;114:1067–72. 

	17	 Grimmond T, Reiner S. Impact on carbon footprint: a life cycle 
assessment of disposable versus reusable sharps containers in a 
large US hospital. Waste Manag Res 2012;30:639–42. 

	18	 Pourzahedi L, Eckelman MJ. Environmental Life Cycle Assessment of 
Nanosilver-Enabled Bandages. Environ Sci Technol 2015;49:361–8. 

	19	 Campion N, Thiel CL, Woods NC, et al. Sustainable healthcare and 
environmental life-cycle impacts of disposable supplies: a focus on 
disposable custom packs. J Clean Prod 2015;94:46–55. 

	20	 Unger SR, Hottle TA, Hobbs SR, et al. Do single-use medical devices 
containing biopolymers reduce the environmental impacts of surgical 
procedures compared with their plastic equivalents? J Health Serv 
Res Policy 2017;22:218–25. 

	21	 Sherman JD, Raibley LA, Eckelman MJ. Life Cycle Assessment 
and Costing Methods for Device Procurement: Comparing 
Reusable and Single-Use Disposable Laryngoscopes. Anesth Analg 
2018;127:434–43. 

	22	 Vozzola E, Overcash M, Griffing E. Environmental considerations 
in the selection of isolation gowns: A life cycle assessment 
of reusable and disposable alternatives. Am J Infect Control 
2018;46:881–6. 

	23	 Martin M, Mohnke A, Lewis GM, et al. Environmental Impacts 
of Abdominal Imaging: A Pilot Investigation. J Am Coll Radiol 
2018;15:1385–93. 

	24	 McPherson B, Sharip M, Grimmond T. The impact on life cycle 
carbon footprint of converting from disposable to reusable sharps 
containers in a large US hospital geographically distant from 
manufacturing and processing facilities. PeerJ 2019;7:e6204. 

	25	 Sanchez SA, Eckelman MJ, Sherman JD. Environmental and 
economic comparison of reusable and disposable blood pressure 
cuffs in multiple clinical settings. Resour Conserv Recycl 
2020;155:104643. 

	26	 Donahue LM, Hilton S, Bell SG, et al. A comparative carbon footprint 
analysis of disposable and reusable vaginal specula. Am J Obstet 
Gynecol 2020;223:225. 

	27	 Vozzola E, Overcash M, Griffing E. An Environmental Analysis 
of Reusable and Disposable Surgical Gowns. AORN J 
2020;111:315–25. 

	28	 Baxter NB, Yoon AP, Chung KC. Variability in the Use of Disposable 
Surgical Supplies: A Surgeon Survey and Life Cycle Analysis. J Hand 
Surg Am 2021;46:1071–8. 

	29	 Le NNT, Hernandez LV, Vakil N, et al. Environmental and health 
outcomes of single-use versus reusable duodenoscopes. 
Gastrointest Endosc 2022;96:1002–8. 

	30	 Agarwal D, Bharani T, Armand W, et al. Reusable scrub caps are 
cost-effective and help reduce the climate footprint of surgery. 
Langenbecks Arch Surg 2023;408:358. 

	31	 Griffing E, Overcash M. Reusable and Disposable Incontinence 
Underpads: Environmental Footprints as a Route for Decision 
Making to Decarbonize Health Care. J Nurs Care Qual 
2023;38:278–85. 

	32	 Kemble JP, Winoker JS, Patel SH, et al. Environmental impact 
of single-use and reusable flexible cystoscopes. BJU Int 
2023;131:617–22. 

	33	 Chang JH, Woo KP, Silva de Souza Lima Cano N, et al. Does 
reusable mean green? Comparison of the environmental impact of 
reusable operating room bed covers and lift sheets versus single-
use. Surgeon 2024;22:236–41. 

	34	 Donahue LM, Petit HJ, Thiel CL, et al. A Life Cycle Assessment 
of Reusable and Disposable Surgical Caps. Journal of Surgical 
Research 2024;299:112–9. 

	35	 Kidane J, Thiel CL, Wang K, et al. A Comparison of Environmental 
Impacts Between Reusable and Disposable Flexible Laryngoscopes. 
Laryngoscope 2025;135:1666–73. 

	36	 Lehane A, Sullivan GA, Dunn J, et al. Life Cycle Analysis of a 
Pediatric Surgical Kit-A Target to Reduce Operating Room Waste. 
JAMA Surg 2024;159:1436–8. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2319-9246
https://orcid.org/0000-0002-3040-7261
https://orcid.org/0000-0002-7014-4793
http://dx.doi.org/10.1164/rccm.201604-0687PP
http://dx.doi.org/10.1038/s41590-020-0648-y
http://dx.doi.org/10.1088/1748-9326/ab19e1
http://dx.doi.org/10.1016/S2542-5196(20)30271-0
https://www.gov.uk/guidance/medical-devices-how-to-comply-with-the-legal-requirements
https://www.gov.uk/guidance/medical-devices-how-to-comply-with-the-legal-requirements
http://dx.doi.org/10.1377/hlthaff.2020.01118
http://dx.doi.org/10.1377/hlthaff.2020.01118
https://health.ec.europa.eu/medical-devices-topics-interest/reprocessing-medical-devices_en
https://health.ec.europa.eu/medical-devices-topics-interest/reprocessing-medical-devices_en
http://dx.doi.org/10.1016/j.cmrp.2020.03.001
http://dx.doi.org/10.1016/j.idc.2011.09.010
https://www.businessenergy.com/switching-services/lca-tools
https://www.businessenergy.com/switching-services/lca-tools
http://dx.doi.org/10.1097/SLA.0000000000003951
http://dx.doi.org/10.7861/fhj.2020-0080
http://dx.doi.org/10.1213/ANE.0b013e31824f6959
http://dx.doi.org/10.1177/0734242X12450602
http://dx.doi.org/10.1021/es504655y
http://dx.doi.org/10.1016/j.jclepro.2015.01.076
http://dx.doi.org/10.1177/1355819617705683
http://dx.doi.org/10.1177/1355819617705683
http://dx.doi.org/10.1213/ANE.0000000000002683
http://dx.doi.org/10.1016/j.ajic.2018.02.002
http://dx.doi.org/10.1016/j.jacr.2018.07.015
http://dx.doi.org/10.7717/peerj.6204
http://dx.doi.org/10.1016/j.resconrec.2019.104643
http://dx.doi.org/10.1016/j.ajog.2020.02.007
http://dx.doi.org/10.1016/j.ajog.2020.02.007
http://dx.doi.org/10.1002/aorn.12885
http://dx.doi.org/10.1016/j.jhsa.2021.05.027
http://dx.doi.org/10.1016/j.jhsa.2021.05.027
http://dx.doi.org/10.1016/j.gie.2022.06.014
http://dx.doi.org/10.1007/s00423-023-03107-9
http://dx.doi.org/10.1097/NCQ.0000000000000697
http://dx.doi.org/10.1111/bju.15949
http://dx.doi.org/10.1016/j.surge.2024.05.003
http://dx.doi.org/10.1016/j.jss.2024.04.007
http://dx.doi.org/10.1016/j.jss.2024.04.007
http://dx.doi.org/10.1002/lary.31927
http://dx.doi.org/10.1001/jamasurg.2024.3823
http://bmjopen.bmj.com/


13Booth A, et al. BMJ Open 2025;15:e108446. doi:10.1136/bmjopen-2025-108446

Open access

	37	 Esmaeili A, Twomey JM, Overcash MR, et al. Scope for energy 
improvement for hospital imaging services in the USA. J Health Serv 
Res Policy 2015;20:67–73. 

	38	 McGain F, McAlister S, McGavin A, et al. The financial and 
environmental costs of reusable and single-use plastic anaesthetic 
drug trays. Anaesth Intensive Care 2010;38:538–44. 

	39	 McGain F, McAlister S, McGavin A, et al. A life cycle assessment 
of reusable and single-use central venous catheter insertion kits. 
Anesth Analg 2012;114:1073–80. 

	40	 McGain F, Story D, Lim T, et al. Financial and environmental costs 
of reusable and single-use anaesthetic equipment. Br J Anaesth 
2017;118:862–9. 

	41	 Davis NF, McGrath S, Quinlan M, et al. Carbon Footprint in Flexible 
Ureteroscopy: A Comparative Study on the Environmental Impact of 
Reusable and Single-Use Ureteroscopes. J Endourol 2018;32:214–7. 

	42	 Lightfoot SJ, Grant T, Boyden A, et al. Single-use synthetic 
plastic and natural fibre anaesthetic drug trays: a comparative 
life cycle assessment of environmental impacts. Br J Anaesth 
2024;133:1465–77. 

	43	 Chen S, McAlister S, Colagiuri P, et al. Switching to reusable 
operating theatre equipment: lessons learnt from sterile light handle 
projects in two Australian hospitals. ANZ J Surg 2025;95:216–21. 

	44	 Hansell L, Delaney A, Milross M, et al. Reducing unnecessary use 
of intermittent pneumatic compression in intensive care: A before-
and-after pilot study with environmental perspective. Aust Crit Care 
2025;38:101125. 

	45	 Ison E, Miller A. THE USE OF LCA TO INTRODUCE LIFE-CYCLE 
THINKING INTO DECISION-MAKING FOR THE PURCHASE 
OF MEDICAL DEVICES IN THE NHS. J Env Assmt Pol Mgmt 
2000;02:453–76. 

	46	 Grimmond TR, Bright A, Cadman J, et al. Before/after intervention 
study to determine impact on life-cycle carbon footprint of 
converting from single-use to reusable sharps containers in 40 UK 
NHS trusts. BMJ Open 2021;11:e046200. 

	47	 Jamal H, Lyne A, Ashley P, et al. Non-sterile examination gloves and 
sterile surgical gloves: which are more sustainable? J Hosp Infect 
2021;118:87–95. 

	48	 Rizan C, Bhutta MF. Environmental impact and life cycle financial 
cost of hybrid (reusable/single-use) instruments versus single-
use equivalents in laparoscopic cholecystectomy. Surg Endosc 
2022;36:4067–78. 

	49	 Byrne C, Pley C, Schorscher P, et al. A mixed-methods analysis of 
the climate impact, acceptability, feasibility and cost of switching 
from single-use pulp to reusable plastic trays in a large NHS trust. 
Future Healthc J 2023;10:157–60. 

	50	 Rizan C. Environmental impact of hybrid (reusable/single-use) ports 
versus single-use equivalents in robotic surgery. J Robot Surg 
2024;18:155. 

	51	 Burguburu A, Tanné C, Bosc K, et al. Comparative life cycle 
assessment of reusable and disposable scrub suits used in hospital 
operating rooms. Cleaner Environmental Systems 2022;4:100068. 

	52	 Rouvière N, Chkair S, Auger F, et al. Reusable laryngoscope blades: 
a more eco-responsible and cost-effective alternative. Anaesthesia 
Critical Care & Pain Medicine 2023;42:101276. 

	53	 Baboudjian M, Pradere B, Martin N, et al. Life Cycle Assessment of 
Reusable and Disposable Cystoscopes: A Path to Greener Urological 
Procedures. Eur Urol Focus 2023;9:681–7. 

	54	 Pioche M, Pohl H, Cunha Neves JA, et al. Environmental impact of 
single-use versus reusable gastroscopes. Gut 2024;73:1816–22. 

	55	 Schoen J, Chopra V. The Harm We Do: The Environmental Impact of 
Medicine. J Hosp Med 2018;13:353–5. 

	56	 Kümmerer K, Dettenkofer M, Scherrer M. Comparison of reusable 
and disposable laparatomy pads. Int J LCA 1996;1:67–73. 

	57	 Ibbotson S, Dettmer T, Kara S, et al. Eco-efficiency of disposable 
and reusable surgical instruments—a scissors case. Int J Life Cycle 
Assess 2013;18:1137–48. 

	58	 Leiden A, Cerdas F, Noriega D, et al. Life cycle assessment of a 
disposable and a reusable surgery instrument set for spinal fusion 
surgeries. Resour Conserv Recycl 2020;156:104704. 

	59	 Thöne M, Lask J, Hennenlotter J, et al. Potential impacts to human 
health from climate change: A comparative life-cycle assessment 
of single-use versus reusable devices flexible ureteroscopes. 
Urolithiasis 2024;52:166. 

	60	 Quintana-Gallardo A, Del Rey R, González-Conca S, et al. The 
Environmental Impacts of Disposable Nonwoven Fabrics during the 
COVID-19 Pandemic: Case Study on the Francesc de Borja Hospital. 
Polymers (Basel) 2023;15:1130. 

	61	 Boberg L, Singh J, Montgomery A, et al. Environmental impact 
of single-use, reusable, and mixed trocar systems used for 
laparoscopic cholecystectomies. PLoS ONE 2022;17:e0271601. 

	62	 Meissner M, Hafermann J, Silas U, et al. Evaluating the 
Environmental Impact of Single-Use and Multi-Use Surgical Staplers 
with Staple Line Buttressing in Laparoscopic Bariatric Surgery. Risk 
Manag Healthc Policy 2023;16:1423–33. 

	63	 Cohen ES, Djufri S, Bons S, et al. Environmental Impact Assessment 
of Reusable and Disposable Surgical Head Covers. JAMA Surg 
2023;158:1216–7. 

	64	 Massart N, Millet C, Beloeil H, et al. How green is my reusable 
bronchoscope? Anaesthesia Critical Care & Pain Medicine 
2024;43:101420. 

	65	 López-Muñoz P, Martín-Cabezuelo R, Lorenzo-Zúñiga V, et al. 
Environmental footprint and material composition comparison 
of single-use and reusable duodenoscopes. Endoscopy 
2025;57:116–23. 

	66	 Hiloidhari M, Bandyopadhyay S. Environmental footprints of 
disposable and reusable personal protective equipment ‒ a 
product life cycle approach for body coveralls. J Clean Prod 
2023;394:136166. 

	67	 Luo Y, Yu M, Wu X, et al. Carbon footprint assessment of face 
masks in the context of the COVID-19 pandemic: Based on different 
protective performance and applicable scenarios. J Clean Prod 
2023;387:135854. 

	68	 Atılgan Türkmen B. Life cycle environmental impacts of disposable 
medical masks. Environ Sci Pollut Res 2022;29:25496–506. 

	69	 van Straten B, Ligtelijn S, Droog L, et al. A life cycle assessment of 
reprocessing face masks during the Covid-19 pandemic. Sci Rep 
2021;11:17680. 

	70	 Sørensen BL, Wenzel H. Life cycle assessment of alternative 
bedpans – a case of comparing disposable and reusable devices.  
J Clean Prod 2014;83:70–9. 

	71	 Willskytt S, Tillman A-M. Resource efficiency of consumables – Life 
cycle assessment of incontinence products. Resour Conserv Recycl 
2019;144:13–23. 

	72	 Hemberg L, Wessberg N, Leire C, et al. Environmental impact of 
single-use and reusable items in central venous catheter insertion 
kits: a life cycle assessment. Intensive Care Med 2023;49:662–4. 

	73	 Duffy J, Slutzman JE, Thiel CL, et al. Sustainable Purchasing 
Practices: A Comparison of Single-use and Reusable Pulse 
Oximeters in the Emergency Department. WestJEM 2023;24. 

	74	 Lichtnegger S, Meissner M, Paolini F, et al. Comparative Life Cycle 
Assessment Between Single-Use and Reprocessed IPC Sleeves. 
Risk Manag Healthc Policy 2023;16:2715–26. 

	75	 Maloney B, McKerlie T, Nasir M, et al. The environmental 
footprint of single-use versus reusable cloths for clinical surface 
decontamination: a life cycle approach. Journal of Hospital Infection 
2022;130:7–19. 

	76	 Esmaeili A, McGuire C, Overcash M, et al. Environmental impact 
reduction as a new dimension for quality measurement of healthcare 
services. Int J Health Care Qual Assur 2018;31:910–22. 

	77	 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;112:1995–2003. 

	78	 Campion N, Thiel CL, DeBlois J, et al. Life cycle assessment 
perspectives on delivering an infant in the US. Sci Total Environ 
2012;425:191–8. 

	79	 Health systems task force: sustainable markets initiative. 2024. 
Available: https://www.sustainable-markets.org/taskforces/health-​
systems-taskforce

	80	 Grantcharov P, Ahmed S, Wac K, et al. Reprocessing and reuse of 
single-use medical devices: perceptions and concerns of relevant 
stakeholders toward current practices. Int J Evid Based Healthc 
2019;17:53–7. 

	81	 Sherman JD, Hopf HW. Balancing Infection Control and 
Environmental Protection as a Matter of Patient Safety: The 
Case of Laryngoscope Handles. Anesthesia & Analgesia 
2018;127:576–9. 

	82	 Wang D, Wu J. Reprocessing and reuse of single-use medical 
devices in China: a pilot survey. BMC Public Health 2019;19:461. 

	83	 Global Regulatory Standards for “Single-Use” Medical Device 
Reprocessing and Remanufacturing. Association of Medical Device 
Reprocessors, 2022.

	84	 Benedettini O. Green Servitization in the Single-Use Medical Device 
Industry: How Device OEMs Create Supply Chain Circularity through 
Reprocessing. Sustainability 2022;14:12670. 

	85	 Single-use medical devices. Agency mhpr. In: UK guidance on re-
manufacturing. ​gov.​uk, 2016.

	86	 Wyssusek KH, Keys MT, van Zundert AAJ. Operating room greening 
initiatives - the old, the new, and the way forward: A narrative review. 
Waste Manag Res 2019;37:3–19. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

at O
xfo

rd
 U

n
iversity

 
o

n
 D

ecem
b

er 22, 2025
 

h
ttp

://b
m

jo
p

en
.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

19 D
ecem

b
er 2025. 

10.1136/b
m

jo
p

en
-2025-108446 o

n
 

B
M

J O
p

en
: first p

u
b

lish
ed

 as 

http://dx.doi.org/10.1177/1355819614554845
http://dx.doi.org/10.1177/1355819614554845
http://dx.doi.org/10.1177/0310057X1003800320
http://dx.doi.org/10.1213/ANE.0b013e31824e9b69
http://dx.doi.org/10.1093/bja/aex098
http://dx.doi.org/10.1089/end.2018.0001
http://dx.doi.org/10.1016/j.bja.2024.05.031
http://dx.doi.org/10.1111/ans.19306
http://dx.doi.org/10.1016/j.aucc.2024.09.010
http://dx.doi.org/10.1142/S1464333200000497
http://dx.doi.org/10.1136/bmjopen-2020-046200
http://dx.doi.org/10.1016/j.jhin.2021.10.001
http://dx.doi.org/10.1007/s00464-021-08728-z
http://dx.doi.org/10.7861/fhj.2022-0129
http://dx.doi.org/10.1007/s11701-024-01899-6
http://dx.doi.org/10.1016/j.cesys.2021.100068
http://dx.doi.org/10.1016/j.accpm.2023.101276
http://dx.doi.org/10.1016/j.accpm.2023.101276
http://dx.doi.org/10.1016/j.euf.2022.12.006
http://dx.doi.org/10.1136/gutjnl-2024-332293
http://dx.doi.org/10.12788/jhm.2947
http://dx.doi.org/10.1007/BF02978647
http://dx.doi.org/10.1007/s11367-013-0547-7
http://dx.doi.org/10.1007/s11367-013-0547-7
http://dx.doi.org/10.1016/j.resconrec.2020.104704
http://dx.doi.org/10.1007/s00240-024-01664-2
http://dx.doi.org/10.3390/polym15051130
http://dx.doi.org/10.1371/journal.pone.0271601
http://dx.doi.org/10.2147/RMHP.S415989
http://dx.doi.org/10.2147/RMHP.S415989
http://dx.doi.org/10.1001/jamasurg.2023.3863
http://dx.doi.org/10.1016/j.accpm.2024.101420
http://dx.doi.org/10.1055/a-2364-1654
http://dx.doi.org/10.1016/j.jclepro.2023.136166
http://dx.doi.org/10.1016/j.jclepro.2023.135854
http://dx.doi.org/10.1007/s11356-021-17430-5
http://dx.doi.org/10.1038/s41598-021-97188-5
http://dx.doi.org/10.1016/j.jclepro.2014.07.022
http://dx.doi.org/10.1016/j.jclepro.2014.07.022
http://dx.doi.org/10.1016/j.resconrec.2018.12.026
http://dx.doi.org/10.1007/s00134-023-07078-9
http://dx.doi.org/10.5811/WESTJEM.58258
http://dx.doi.org/10.2147/RMHP.S439982
http://dx.doi.org/10.1016/j.jhin.2022.09.006
http://dx.doi.org/10.1108/IJHCQA-10-2016-0153
http://dx.doi.org/10.1016/j.jclepro.2015.07.144
http://dx.doi.org/10.1016/j.scitotenv.2012.03.006
https://www.sustainable-markets.org/taskforces/health-systems-taskforce
https://www.sustainable-markets.org/taskforces/health-systems-taskforce
http://dx.doi.org/10.1097/XEB.0000000000000146
http://dx.doi.org/10.1213/ANE.0000000000002759
http://dx.doi.org/10.1186/s12889-019-6835-9
http://dx.doi.org/10.3390/su141912670
http://dx.doi.org/10.1177/0734242X18793937
http://bmjopen.bmj.com/

	The carbon footprints of single-­use and reusable medical devices: a systematic ﻿
﻿review
	Abstract
	Introduction﻿﻿
	﻿Methods﻿
	Eligibility criteria
	﻿Information sources and search strategy﻿
	﻿Selection process﻿
	Data collection and analysis
	Patient and public involvement
	﻿Ethics statement﻿

	Results
	﻿Overview of selected studies﻿
	﻿Carbon modelling approaches﻿
	﻿Carbon footprints of single-use and reusable medical devices﻿
	﻿Carbon hotspots of single-use and reusable medical devices﻿

	Discussion
	Conclusion
	References


