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Abstract
Objectives: To review and synthesize available evidence on carbon emissions associated with clinical trials to inform future research on
design and delivery of greener trials.

Study Design and Setting: We performed a scoping review by following the Joanna Briggs Institute guidance and the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews. A systematic search was conducted on MED-
LINE (Ovid) from January 1, 2007, to April 15, 2024, with no geographic and language restrictions complemented by forward and
backward citation analysis (snowballing). We included all types of research literature within the context of clinical trials reporting any
aspect related to trial specific carbon emissions.

Results: Twenty-two articles were identified as eligible and included in the review. Most included studies (n 5 17, 77%) were pub-
lished between 2020 and 2024. Over half of the included studies (n 5 13, 59%) were primary research articles with the majority reporting
carbon audits of trials and their associated processes. The remaining literature comprised secondary studies (n 5 3, 14%) and opinion
pieces (n 5 6, 27%). Diverse and evolving approaches to studying trial-related carbon emissions were identified alongside several carbon
hotspots including those associated with trial-related travel, trial facilities, and sample lifecycle.

Conclusion: The literature on carbon emissions associated with clinical trials has focused on studies reporting carbon audits of trials
and their associated processes. Efforts have been made to quantify the trial carbon output with variability in methods and carbon output.
Despite the development and evolution of carbon measurement tools, strategies to mitigate trial specific carbon emissions are still much in
need. � 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
Keywords: Carbon footprint; Clinical trials; Trials methodology; Greener trials; Scoping review; Environmental sustainability
1. Introduction

Clinical trials are a cornerstone of evidence-based med-
icine and health care. By evaluating the safety, efficacy, and
potential benefits of medical interventions with scientific
rigor, clinical trials provide evidence to advance medical
knowledge [1,2]. The evidence generated from clinical tri-
als enables health-care professionals and policymakers to
make informed decisions about patient care, improving per-
sonal and public health outcomes [3].
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However, clinical trials have unintended environmental
impacts, particularly in terms of their carbon footprint,
commonly measured in carbon dioxide equivalent (CO2e)
[4e6]. In 2007, the Sustainable Trials Study Group (‘‘the
Group’’ comprised clinical researchers and trialists)
concluded that clinical trials had substantial carbon emis-
sions [4]. By measuring the carbon footprint of the Cortico-
steroid Randomisation After Significant Head Injury
(CRASH-1) trial (an international multicenter trial evalu-
ating the effect of corticosteroids on patients with brain
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Plain Language Summary

Clinical trials are important to the development of medicine and health care but they have great unintended environ-
mental impacts, especially in the form of carbon emissions. We looked at the literature to understand how carbon emis-
sions generated by clinical trials were measured, which components across trials were carbon heavy, and what could be
done to reduce the carbon output of clinical trials. We found 22 relevant articles of which 13 were primary research
studies. Twelve of these primary studies measured carbon output of a range of trials. Their results varied considerably
because of the variability of a host of factors, such as the number of trials analyzed, trial duration, geographical scope,
trial processes measured and methods for quantifying carbon emissions. Despite varied definitions of carbon hotspots,
several trial activities, including trial-related travels and meetings, trial facilities, and sample and laboratory activities,
were found to be carbon heavy across studies. The remaining primary research surveyed the awareness of trial carbon
impact. The rest of the 22 articles consist of three secondary research studies and six opinion papers. All of them called
for attention to the carbon emissions of clinical trials and offered recommendations for reducing the carbon footprint of
trials. This review identified evidence that was dedicated to measuring carbon footprint of clinical trials. Despite the
challenge to compare their results because of their different approaches to carbon measurement, several carbon inten-
sive trial processes were found to be common across studies. We still require research on how to minimize the carbon
output of clinical trials.
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injuries), the Group identified the energy consumption of
research premises and distribution of interventions (ie,
drugs) and delivery of trial documents to hospitals as car-
bon intensive. Other processes across the trial lifecycle,
such as trial-related travel and trial team commuting, also
left a large carbon footprint [4]. The Group calculated that
the 5-year CRASH-1 trial had accounted for 630 tonnes of
CO2e. To put this figure in perspective, it is equivalent to
the annual carbon footprint of 105 UK citizens [5] or the
greenhouse gas emissions of 383 return flights from Lon-
don to New York [6,7].

By measuring the carbon emissions of a single trial, the
Group began to highlight the issue but not the scale of
problem. A subsequent carbon audit of 12 randomized
controlled trials (RCTs) estimated an average carbon
output of 78.4 tonnes of CO2e per trial [8]. By the end
of 2023, a total of 477,237 trials had been registered on
ClinicalTrials.gov [9]. Assuming each of these trials
generated a similar carbon output, they have potentially
accounted for over 37 million tonnes of CO2e which was
close to the carbon footprint of Norway’s annual energy
consumption [10]. As the number of clinical trials con-
tinues to rise, their associated unregulated carbon emis-
sions are likely to escalate and worsen human-induced
climate change [11e13]. It is, therefore, imperative to
ensure patient-acceptable and efficient conduct of clinical
trials without unnecessary carbon output.

Since the publication of the carbon audit of CRASH-
1, a small number of key research studies have been
conducted on the carbon output of trials [14,15]. The
previously mentioned carbon audit of 12 trials identified
carbon intensive areas within trials where carbon reduc-
tion measures could be taken (eg, study centers’ fuel
use and trial team related travel) [8]. These results
directly informed the UK’s National Institute for Health
and Care Research (NIHR) Carbon Reduction Guide-
lines, first published in 2010, which provided guidance
on carbon reduction in all research types, not just trials
[16]. More recently, there has been interest in devel-
oping standardized carbon tools for quantifying the car-
bon footprint of clinical trials [17,18]. With the growing
interest and need to design and deliver greener trials,
methodological research in the area is considered a pri-
ority [14].

Despite the growing interest and concern about the car-
bon emissions associated with clinical trials, publications
of research evidence in this area have been slow to
emerge. Relevant studies and evidence remain frag-
mented. A systematic synthesis of the evidence is, there-
fore, required to establish a knowledge base that will
inform the direction of future research on the design and
conduct of greener trials. A scoping review is considered
most appropriate to serve this purpose. Conventional ap-
proaches to evidence synthesis, such as systematic re-
views, usually evaluate the quality of evidence to
confirm or refute a current practice of a rather well defined
and established area [19]. A scoping review, in contrast,
maps and summarizes the breadth and extent of available
evidence across a heterogeneous research body in a
research field, especially an emerging one, like greener tri-
als [19e21]. A scoping review is particularly useful for
examining how research is conducted on a certain field
[19]. It also illuminates where research gaps are and
whether a systematic review with a meta-analysis is
required as a next step [19,20].

The aim of this scoping review was to establish an evi-
dence base to inform the methodological development for
the design and delivery of greener trials.

http://ClinicalTrials.gov


What is new?

Key findings
� Most primary studies identified focused on quanti-

fying the carbon footprint of clinical trials.
� There is variability of methods in quantifying trial-

related carbon emissions across included studies.
� Common carbon hotspots associated with clinical

trials include trial-related travel, trial facilities,
and sample lifecycle.

What this adds to what is known?
� There is heterogeneity in tool development and

application for measuring carbon in clinical trials.

What is the implication and what should change
now?
� Interventions for reducing trial-related emissions

are lacking.
� Behavioral science may offer insight in developing

trial specific carbon mitigation strategies.
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The objectives of this review were to

i. Identify and describe the extent of evidence that
explored any aspect of carbon emissions associated with
clinical trials including both the delivery of trial
processes (eg, trial centers’/units’ energy consumption,
patients’ trial-related travels) and the development/pro-
duction of interventions (eg, manufacturing of placebos)
beyond standard care;
ii. Identify research gaps across relevant studies and pro-
pose recommendations to inform future methodological
research on greener trials.
2. Methods

This review followed the framework of the Joanna
Briggs Institute guidance for scoping reviews [22] and
is reported according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
Extension for Scoping Reviews [23]. A protocol
specifying the review’s objectives and methods was
developed and registered on the Open Science Framework
Registry on 4 April 2024 (https://osf.io/hgu34) [24].
2.1. Eligibility (inclusion/exclusion) criteria

This review adopted the Participant, Concept, Context
(PCC) approach for developing eligibility criteria. We
included research literature that met the following PCC
criteria in this scoping review.

2.1.1. Participants
Participants, in this review, refer to studies that align

with our review objectives. All types of literature that
explored environmental impacts of carbon emissions asso-
ciated with clinical trials, regardless of the trial type (eg,
explanatory and pragmatic), phase, duration, scale, and
source of funding, were included.

2.1.2. Concept
Exploration of trial-related carbon emissions included,

but was not limited to, quantifying and measuring output
of carbon dioxide generated from trial-related activities,
trial teams’ experiences of reducing carbon output of trials,
or recommendations to address the carbon emissions asso-
ciated with clinical trials.

2.1.3. Context
All settings (eg, countries, publicly or industry-funded

projects) related to the design, conduct, analysis, and re-
porting of clinical trials were considered.

We considered all study types (eg, primary and second-
ary research) and designs (eg, qualitative, quantitative, and
mixed methods) that met the inclusion criteria. We also
considered commentaries, editorials, letters, and opinion
papers published in peer-reviewed journals and unpublished
studies from preprint servers.

We excluded studies or articles that were published
before the publication of the Group’s carbon audit on the
CRASH-1 trial in January 2007 [4].

2.2. Search strategy

A search strategy was developed by the lead author
(F.Y.) in consultation with an information scientist and en-
compassed two main concepts. The first was ‘‘environ-
mental impact’’ comprising terms such as ‘‘carbon
footprint’’ and ‘‘environmental sustainability’’ as inspired
by previous studies on assessing environmental impacts
of health technology [25,26]. The second concept was
‘‘clinical trial’’ and its associated terms. These two con-
cepts guided our literature search in MEDLINE (Ovid).
The search strategy also employed controlled terms, such
as Medical Subject Headings wherever applicable in the
database, and keywords. A list of the search terms and com-
plete search strategy is presented in Appendix I. Our search
strategy aimed to locate relevant literature from the publi-
cation of the carbon audit of CRASH-1 from January 1,
2007, to April 15, 2024. There were no restrictions on lan-
guage and place of publication.

In addition, a snowballing approach developed by Claes
Wohlin was adopted to complement the literature search
[27]. Snowballing referred to systematically identifying
additional papers of interest by examining where included

https://osf.io/hgu34
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studies had been cited. Snowballing enabled identification of
relevant papers using different terminology on the same sub-
ject which might likely be missed by the search on databases
[27]. Once the included studies from the database search
were determined, an alternate process of backward (ie, exam-
ining reference lists of the included studies for additional pa-
pers) and forward snowballing (ie, identifying additional
papers citing the included studies) was iterated for three
rounds using Google Scholar (https://scholar.google.co.uk)
betweenMay 13, 2024, andMay 27, 2024. Duplicated papers
discovered during the iteration were removed.

Two preprint servers for health sciences, medRxiv, and
bioRxiv, were searched for unpublished papers relevant to
our review objectives. Studies shared by members of the
Medical Research Council National Institute for Health and
Care Research Trials Methodology Research Partnership
(MRC NIHR TMRP) ‘‘Greener Trials’’ subgroup were also
sourced in the literature search. Given the coverage of the
literature search, complemented by the snowballing
approach and the aforementioned reference sources, we
considered the gray literature search on Google Scholar as
initially presented in the review protocol unnecessary [24].

2.3. Record screening and selection

Titles and abstracts of the identified articles from the data-
base search were collated and imported into EndNote (web
version) and transported intoRayyan, aweb-based app for sys-
tematic reviews, for screening [28,29]. Duplicates were
Records identified from: 
Databases: 
- MEDLINE (n = 576) 
Registers (n = 0) 

Records removed before 
screening: 

Duplicate records removed 
by hand through Endnote 
(n = 2) 

Records screened 
(n = 574) 

Records excluded after abstract 
screening (n = 554) 

Reports sought for retrieval 
(n = 20) 

Reports not retrieved 
(n = 0) 

Reports assessed for eligibility 
(n = 20) 

Reports excluded: 
Not focused on trials (n = 1) 
Not carbon relevant (n = 3) 
Not related to trial specific 
carbon emissions (n = 1) 

Correction notice (n=1) 

Reports of included studies 
(n = 22) 

Identification of studies via databases and registers 
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Figure 1. PRISMA diagram. PRISMA, Preferred Reporting
removed manually before one reviewer (F.Y.) started
screening the abstracts according to the inclusion/exclusion
criteria. A select 10% of the abstracts were reviewed by
another team member (K.G.) for eligibility. Discrepancies
were discussed and settled between the two reviewers. Full-
text screening of potentially eligible papers was undertaken
by F.Y. with two othermembers (K.G. and T.C.) clarifying un-
certainties until a consensus was reached by discussion.

Once the eligible articles had been identified for inclu-
sion, F.Y. performed the snowballing search on the included
articles. Titles and abstracts of the papers collected from the
backward and forward snowballing were screened against
the eligibility (inclusion/exclusion) criteria. Those fitting
the inclusion criteria were examined in full text before they
were determined to be included for this scoping review. The
result of three iterations of the snowballing was reviewed by
K.G. and T.C. Any disagreement over the screening result
was resolved through discussion among the three reviewers.
F.Y. performed abstract and title screening on articles
sourced from medRxiv and bioRxiv.

2.4. Data extraction

F.Y. extracted relevant data using a data extraction form
developed from the template of the ‘‘Data collection form
for intervention revieweRCTs and non-RCTs’’ [30]. A pilot
data extraction on three included studies of different designs
was performed by F.Y. and reviewed by K.G. and T.C. The
data extracted from each article included author(s), year
Records identified (n = 14): 
“Snowballing”: 
References searching  
(n = 6) 
Citation searching (n = 8) 

Reports assessed for eligibility 
(n = 14) 

Reports excluded: 
Not focused on trials (n = 5) 
Not carbon relevant (n = 1) 

Identification of studies via other methods 

Reports sought for retrieval 
(n = 14) 

Reports not retrieved 
(n = 0) 

Records identified (n = 0): 
       medRxiv & bioRxiv (n = 0) 

Items for Systematic Reviews and Meta-Analyses.

https://scholar.google.co.uk
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and journal of publication, type of evidence source, country
of origin, language of publication, study aim, and sample
size, where appropriate. Key findings related to the scoping
review objectives, such as trial-specific carbon emissions re-
ported in the study outcomes, sources of carbon outputwithin
trials, limitations of the study, and recommendations to
address the carbon impacts of clinical trials as proposed in
the study, were also extracted and summarized.

2.5. Data analysis and presentation

Data relating to the study characteristics of the included ar-
ticles were summarized with descriptive statistical analysis
and presented in a chart. Narrative synthesis was conducted
to summarize findings related to the review objectives. No
quality assessment of the included articles was conducted
since this scoping review was to understand the breadth of
the emerging evidence regarding the carbon emissions linked
to clinical trials, not to critique the quality of included articles.
3. Results

The PRISMA diagram (Fig 1) represents the results of
the screening process to identify eligible articles. The data-
base search yielded 576 articles. After removing two dupli-
cates, 574 remaining titles and abstracts were screened with
20 articles retrieved for full-text screening. The full-text
screening resulted in 14 articles meeting the eligibility
criteria. An additional 14 articles were identified during
snowballing, of which eight fulfilled the eligibility criteria.
In total, 22 articles met the eligibility criteria for inclusion
of this review and for further data extraction.

3.1. Summary of study characteristics

Most of the included studies (n 5 17, 77%) were pub-
lished within the last 5 years (Fig 2). Nearly half of the
included studies were authored by researchers based in
Figure 2. Type of evidence sou
the UK (n 5 9, 41%) followed by international teams led
mostly by countries in the global north (e.g., Canada)
(n 5 6, 27%). The authors of the remaining studies were
based in Australia (n 5 2, 9%), Switzerland (n 5 2, 9%),
India (n 5 1, 4%), and the US (n 5 1, 4%). One included
article did not report where the author was based or affili-
ated to. All included studies were published in English.
3.2. Types of research

More than half of the included studies reported on orig-
inal research generating primary data (n 5 13, 59%). The
remaining studies encompassed secondary research papers
(n 5 3, 14%) and other literature types that comprised
mainly commentaries and opinion papers (n 5 6, 27%).

Almost all included primary research articles (n 5 12,
92%) quantified the carbon emissions of clinical trials in
terms of CO2e from at least one trial process
[4,8,15,17,18,31e38]. The remaining primary research study
reported an international survey investigating whether aca-
demic and government research bodies were aware of and
were taking action to reduce the carbon footprint of their clin-
ical trials [39].

The secondary research articles comprised one literature
review on the carbon footprint of clinical trials [40], one
gap analysis that argued the need to take environmental im-
pacts in the design and execution of decentralized clinical
trials into account [41], and one secondary data analysis
that sought to link qualitative data on patients’ decision-
making factors in recruitment and retention to carbon sour-
ces in clinical trials [42].

Nearly all remaining included articles, mainly comprising
commentaries and opinion papers, argued for the urgency to
address trial-related carbon emissions in relation to climate
change (n 5 5, 83%) [14,43e46]. Most of them proposed
carbon reduction recommendations for designing and con-
ducting trials. One additional study reflected on how
rces mapped over time.
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adaptation of a new practice in international clinical trials
had led to carbon efficient conduct of trials [47].

There were several areas of interest in common across
the included studies. They encompassed how carbon foot-
print of clinical trials was quantified, which trial pro-
cess(es) were carbon intensive, and what should be done
to reduce trial-related carbon emissions. For the purpose
of this review, we will focus on reporting the findings of
the 12 included primary research studies that covered these
common areas of interest [4,8,15,17,18,31e38].
3.3. Quantifying carbon footprint of clinical trials

Table 1 summarizes the 12 primary studies that per-
formed some form of carbon audit to measure the carbon
footprint of sample trials. The scope of trial activities being
assessed for their carbon footprint varied considerably
across the 12 studies, making it challenging to compare
their findings directly. The reported carbon emissions
ranged from one tonne of CO2e associated with patients’
travel to clinics in a single trial lasting for 6 months to
5573 tonnes of CO2e generated from multiple processes
in three international Phase-III trials involving both investi-
gative medicinal product (IMP) and non-IMP with varied
durations [34e36]. The variation in the reported CO2e
can be attributed to a host of variables including the number
of trials analyzed, intervention type, trial population,
geographical scope, trial duration, funding source, trial pro-
cesses measured, and carbon quantification approaches.

Five of the 12 studies drew data from a single trial (42%)
[4,32,34,37,38], while the remaining seven studies (58%) re-
ported results of multiple trials ranging from 2 to 68
[8,15,17,18,31,33,36]. The sample trials encompassed diverse
interventions including IMPs and non-IMPs (eg, on-site med-
ical treatment, patient-administered therapy, and behavioral
interventions). Participant numbers varied greatly from 39 to
20,211 [15,38]. The trials themselves ranged from single-site
to multicenter designs and were conducted either within a sin-
gle country or internationally, lasting from 6months to 8 years
[17,34,35]. Ten of the 12 studies (83%) were publicly funded
[4,8,15,17,18,31e35,37], while two were sponsored by the
pharmaceutical industry [36,38].

Seven of the 12 carbon audit studies assessed the carbon
footprint across a broad range of trial processes within their
sample trials [4,8,15,17,18,36,38]. Early studies focused
primarily on the carbon impact of the trial conduct phase
and strategies for emissions reduction [4,8,15]. Most of
them reported the challenge of distinguishing carbon emis-
sions associated with the trial processes from overall set-
tings where the sample trials were embedded [4,8]. In
contrast, more recent studies broadened their scope to
encompass the entire trial lifecycle. For example, Griffiths
et al developed a comprehensive process map covering trial
design, conduct, analysis, and reporting stages and grouped
core trial activities above routine care into 10 modules to
guide carbon footprinting exercises [17,18]. In addition,
two industry-sponsored audits included the carbon footprint
of manufacturing investigational products (IPs) such as
drugs and placebos which were not included in the carbon
audits of publicly funded trials [36,38]. They demarcated
trial-related carbon emissions with clear inclusion and
exclusion criteria [36,38]. None of the 12 studies, however,
accounted for emissions from infrastructure construction or
equipment manufacturing used in trials.

Five other included studies among the 12 carbon audit
papers quantified the carbon footprint of discrete aspects
or components of their sample trials [31e35,37]. Chakladar
et al reported the carbon emissions associated with paper
consumption in applications to a single UK research ethics
committee across 68 trials [31]. Coleman et al assessed the
emissions linked to Christmas cards used as an intervention
to improve participants retention within a study within a
trial design [33]. Williams et al examined the carbon foot-
print of patients’ travel to clinics for the trial purposes when
evaluating the feasibility of incorporating environmental
impact to analyze the cost of clinical trials [34,35]. Simi-
larly, Vergunst et al focused solely on the carbon footprint
associated with patients’ interactions with health profes-
sionals in their sample trial [32].

The methods used for quantifying carbon emissions in
clinical trials varied substantially across the reviewed
studies. Two primary approaches to carbon auditing were
identified. Nearly all of the 12 included carbon audit studies
employed a bottom-up approach [4,8,15,17,18,31,33e38],
which involved gathering data on specific trial activities
at an operational level (eg, volume, frequency, duration or
costs) and applying carbon conversion factors to estimate
emissions. Early audits using this method focused on
particular processes or trial periods, while later studies
broadened the scope. For example, the Group and Subaiya
et al calculated emissions by multiplying 1-year figure of
the trial carbon output to total duration of their sample trials
[4,15], and Chakladar et al converted paper consumption
for ethics applications into CO2e value [31]. The two
industry-sponsored carbon audits reported using life cycle
assessment (LCA) which was a prominent bottom-up
method for assessing the potential environmental impacts
associated with every process in a life cycle of a product
or service [36,38]. Of the bottom-up studies, 10 out of 11
were retrospective [4,8,15,17,18,31,33e36,38], with two
including both completed and ongoing trials [17,36] and
one assessing emission savings within an active trial [37].

An alternative approach, the top-down method, relies on
proxy data to represent collections of trial-related activities
when estimating carbon footprints. For instance, Vergunst
et al applied an input-output analysis by converting trial
process expenditures into CO2e to evaluate the Triple Bot-
tom Line (TBL) framework, which assesses environmental,
economic, and social impacts in trials [32]. This method
involved scaling organizational financial data and applying
established conversion factors to estimate emissions for
specific activities [32].



Table 1. Quantifying carbon footprint of clinical trials (12 included carbon audit studies).

Study (first author,
publication year) Carbon audit design

Sample trials Methods

Number of
sample trials Context Phase

Population of trial
participants Funding Approach

Sustainable Trials
Study Group, 2007

Retrospective 1 International multicenter
IMP
5 years

Not reported 10,008 Public Bottom up (1-year)

Lyle, 2009 Retrospective 12 National multicenter
Including IMP and non-IMP
duration varied

Not reported Over 4800 Public Bottom up

Subaiya, 2011 Retrospective 2 International multicenter
IMP
5 years

Not reported 10,008-20,211 Public Bottom up (1-year)

Chakladar, 2011 Retrospective 68 Varied Varied Not reported Public Bottom up

Vergunst, 2020 Retrospective 1 National
multicenter
non-IMP
1 year

Not reported 333 Public Top down
(input-output
analysis)

Coleman, 2021 Retrospective 8 Varied Varied 380-1147 Public Bottom up

Williams, 2022 (2024)b Retrospective 1 National
single site
non-IMP
6 months

Not reported 100 Public Bottom up

Mackillop, 2023 Retrospective,
current, prospective

3 International
multicenter
IMP and non-IMP
varied duration

III 668-4744 Industry Bottom up (LCA)

Quann, 2023 Current 1 National
multicenter
non-IMP

Not reported Not reported Public Bottom up

LaRoche, 2024 Retrospective 1 National
single site
IMP

I 39 Industry Bottom up (LCA)

Griffiths, 2024a Retrospective 2 International and national
multicenter
IMP and non-IMP

Varied 47-1962 Public Bottom up

Griffiths, 2024bc Retrospective, current 10 International and national
Single and multicenter

IMP and non-IMP
2.5 e 8 years

Varied 80-12,580 Public Bottom up

a The bold indicates the trial process(es) being measured for carbon output in the corresponding carbon audit. ‘‘Multiple’’ refers to more than
one trial process having carbon footprint. ‘‘Single’’ indicates that only one type of trial activity or process was assessed.

b Correction notice of the original study published in 2024 [35].
c This preprint article was peer reviewed and published as ‘‘What is the carbon footprint of academic clinical trials? A study of hotspots in 10

trials’’ on October 16, 2024 [48].

Methods Trial process(es) measureda

Total carbon footprint in
tonnes of CO2e (range)

Conversion
factor(s) reported

Scope of trial
activities defined

Distinction between trial-specific
activities and routine care Design Conduct Analysis and reporting

Yes Yes Unable to make distinction Multiple 630

Yes Yes Unable to make distinction Multiple 941.2 (42.1-112.7)

Yes Yes Not reported Multiple 1433.1 (508.5-924.6)

No No Not reported Single 3.4

Yes No Not reported Single 804

No No Not reported Single 0.226

Yes No Not reported Single 1

Yes Yes High level map to demarcate
common trial activities

Multiple Multiple 5573 (1437-2498)

Yes No Not reported Single 32.32 (carbon saved)

Yes Yes LCA boundary reported Multiple Multiple 17.7

Yes Yes 10 modules of trial activities
beyond routine care

Multiple Multiple Multiple 161.3 (72-89)

Yes Yes 10 modules of trial activities
beyond routine care

Multiple Multiple Multiple 1322.8 (15-765)

Table 1. (cont.)
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Ten of the 12 carbon audit studies (83%) reported the sour-
ces of emission conversion factors [4,8,15,17,18,32,34,
36e38]. Several studies used established protocols like the
World Business Council’s greenhouse gas guidelines or NHS
Footprinting Reports [4,8], while others relied on varied data
sources such as Ecoinvent and the IPCC’s global warming
potential calculations [15,17]. Publicly funded research
predominantly utilized accessible, country-specific tools, such
as Ecoinvent (V.2.2 GOV UK) conversion factors and the
Australian Department of Industry’s emission factors for
gasoline [17,34]. In contrast, the two industry-sponsored audits
employed tools specifically developed for pharmaceutical
applications, such as theAssociation of theBritish Pharmaceu-
tical Industry’s (ABPI) sustainability tool, which enabled the
quantification of carbon emissions from the manufacturing of
IPs [36,38]. These variations in assessment techniques
compoundedwith the diverse trial profiles contributed not only
to the great variability in reported carbon outputs but also in the
identification and categorization of carbon hotspots which we
will cover in the next section.
3.4. Identifying ‘‘carbon hotspots’’ across trials

Seven of the 12 included carbon audits reported major
carbon sources or ‘‘carbon hotspots’’ when assessing the
carbon footprint of their sample trials as summarized in
Table 2 [4,8,15,17,18,36,38]. These studies exhibited
notable variability in defining and presenting ‘‘carbon hot-
spots’’ within clinical trials and reflected evolving under-
standing and methodology. Early studies [4,8,15], while
highlighting areas which were particularly carbon heavy
in their sample trials, did not explicitly define carbon hot-
spots or provide specific criteria or thresholds. They pre-
sented major carbon contributors in varied forms, such as
proportion to overall carbon output and emissions per pa-
tient [4,15]. Clearer definitions started to emerge in later
studies where carbon hotspots referred to key trial activities
or processes with significant contribution to overall carbon
footprint within trials [36]. Griffiths et al even adopted a
quantifiable threshold by considering trial processes, which
they grouped into 10 modules, contributing over 10% of to-
tal carbon output as carbon hotspots [17]. In addition to
presenting the percentage of emissions by each module,
Griffiths et al reported the top three carbon hotspots of each
trial in their study and identified the common hotspots
across them [17]. Given the variability in definition and pre-
sentation, it is challenging to make a conclusive compari-
son of the reported carbon hotspots between studies.

However, some areas consistently stood out as major
carbon contributors or hotspots common across the seven
audits despite different groupings. All of the seven audits
reported trial related travel and meetings by both trial staff
and participants as one of the hotspots in their sample tri-
als [4,8,15,17,18,36,38]. Carbon emissions associated
with trial facilities including clinical trial units (CTUs)
or coordination centers (eg, electricity, energy consump-
tion, waste disposal and staff commuting to work)
[4,8,15,17,18], trial site [38], and sponsor facilities were
also reported as major carbon sources in six of the seven
audits [38]. Sample lifecycle as well as the transport and
processing of laboratory samples were reported to be
particularly carbon heavy in trials that required interna-
tional shipment and long-term storage with energy
intensive freezers [17,36,38]. Carbon generated from
distribution and deliveries of trial treatment and docu-
ments were featured highly in two studies [4,15].
3.5. Recommendations for reducing trial carbon
footprint

Almost all includedstudies in this review (n522)proposed
recommendations for reducing trial-related carbon emissions.
Theserecommendationsencompassactionstobeimplemented
byahostof relevantparties (eg, trialgoverningbodies, funders,
publishers, and trialists) across different trial stages including
design, conduct, analysis, and reporting.

Key recommendations for simplifying and streamlining the
design of trials to reduce the associated carbon output are
mainly twofold. First, recommendations to consider environ-
mental impacts, cost, and decarbonization strategies as core
components, especially in governance and funding applica-
tions, as well as outcome measures [14,17,32,
34,39e41,43,44]. For example, available online carbon
calculators were recommended to be used prospectively to
estimate the carbon footprint of planned trials [39].
Environmental accreditation schemes such as LEAF and My
Green Lab can be leveraged to encourage the planning of
green trials [17]. Funding incentives can be offered to trial de-
signs that take carbon impacts into account along with having
carbon mitigation strategies in place [14,38,46]. Second,
avoiding research waste by conducting systematic reviews
and cost-benefit analyses to evaluate the necessity of new trials
is recommended [4,14,17,39,44e46].

Recommendations for reducing carbon emissions associ-
ated with the conduct phase of trials were targeted mostly at
identified carbon hotspots in the carbon audit studies. For
example, four studies suggested trial units adopt renewable
energy to address CTU emissions [4,17,38,39], nine studies
proposed minimizing trial-related travel for both trial staff
and patients by, for example, decentralizing trial conduct
and using web-based communication as much as possible
[4,8,15,17,37e39,41,45]. Other recommendations included
using existing resources such as NIHR Carbon Reduction
Guidelines to implement carbon reduction strategies in trials
[14,46], involving environmental scientists or specialists to
perform the LCA over trial processes [34,35], and redesign-
ing recipes with less carbon heavy ingredients for in-
participant care [38]. With regard to reporting, adding a
requirement to publish the carbon output or carbon relevant
data of trials has been recommended [18,39,41].



Table 2. Identifying ‘‘carbon hotspots’’ across trials (7 included carbon audit studies assessing carbon footprint of multiple trial activities/
processes)

Study (first author,
publication year)

Definition of ‘‘carbon
hotspots’’ Criteria/Threshold

Presentation of carbon
hotspots

Carbon hotspots identified

Trial
facilitatesa

Trial-related
travel and
meetingsb

Sample and
laboratory
activities

Treatment
distribution and

delivery

Trial
supplies and
equipment

Sustainable
Trials Study
Group, 2007

Not explicitly defined
(Areas with high

proportion of CO2e
emissions
reported)

None specified Proportion (%) of
contribution to
total emissions

U U U

Lyle, 2009 Not explicitly defined
(Areas with

significant CO2e
emissions
reported)

None specified Quantitative
breakdown using
average CO2e per

trial value

U U

Subaiya, 2011 Not explicitly defined
(Significant
sources of

greenhouse gas
(GHG) emissions

reported)

None specified Comparative analysis
of emission using
per patient metrics

U U U

Mackillop, 2023 Key activities or
processes with

significant carbon
footprint

High-contributing
activities; no

specified threshold

Quantified emissions
with percentage
contribution to
total emissions

U U

LaRoche, 2024 Significant
contributors to
GHG emissions
within the trial

lifecycle

High-contributing
activities, no

specified threshold

Quantified emissions
with percentage
contribution to
total emissions

U U U

Griffiths, 2024a Trial activities or
processes with
substantial GHG

emissions

O10% of total
emissions

Quantified emission
with percentage by
predefined module

U U

Griffiths, 2024b Activities
contributing to
O10% of total
GHG emissions

O10% of total
emissions

Quantified emission
with percentage by
predefined module

Top 3 carbon
hotspots

U U U U

a Trial facilities encompass carbon emissions associated with the operation of clinical trial units (CTUs)/coordination centers/trial sites
including electricity and energy use.

b Trial-related travel includes travel by trial staff (eg, monitoring visits, meetings and conferences) and patients/participants (eg, trial-specific
assessment beyond standard care).
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4. Discussion

This scoping review synthesized the evidence on carbon
emissions associated with clinical trials reported to date. We
identified various types of evidence that explored the carbon
impact of clinical trials, most of which were published over
the last 5 years. The emerging body of evidence comprised
mostly primary studies performing carbon audits to quantify
the carbon footprint of clinical trials. The diverse profiles of
the sample trials across the carbon audits made it hard to
compare the studies conclusively.However, itwas evident that
efforts are being made to develop reliable and standardized
methods for measuring trial carbon footprints. A preprint of a
systematic review on assessing trials0 carbon footprint has
recentlybeenpublished[49].Despite thesimilarityinthescope
ofinvestigation, therearemarkeddifferencesinsearchstrategy,
analyzedevidence, andpresentationof results between the two
reviews. However, some of the key findings are comparable
across the two reviews and reinforce their importance.
In contrast with earlier carbon audit studies, recent pub-
lications reported more comprehensive mapping of trial
processes. For example, Mackillop et al and Griffiths
et al mapped overall trial processes in their carbon assess-
ment of industry-sponsored and publicly funded trials
respectively, despite in different groupings [17,18,36].
The authors detailed key steps in developing their research
strategies, clearly provided sources of carbon conversion
factors, and defined each mapped process in detail. The
importance of distinguishing carbon emissions specifically
associated with clinical trials from nontrial activities, for
example, routine care, were highlighted [17,18,41]. In their
most recent studies, Griffiths et al dedicated to sifting trial-
related carbon emissions from those generated from stan-
dard of care to improve the precision in capturing trial spe-
cific carbon footprint [17,18]. The comprehensive process
maps did not only enable identification of common carbon
sources across different trial settings but also their nuanced
differences. For example, CTU emissions including the
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number of staff commuting would be significantly higher in
countries with more energy intensive grids, such as China
and US [36]. Country specific carbon conversion factors
would, therefore, be desirable to account for those differ-
ences. However, carbon calculation relies much on assump-
tions of estimated variables, such as distance traveled by
staff, especially in retrospective research design. Those as-
sumptions may not be necessarily correct or valid and were
often context dependent. These might render inaccurate
estimation at best and compromise the reliability of the car-
bon audit at worst.

While the tools for quantifying trial-related carbon emis-
sions are being trained for reliability, accuracy and speci-
ficity, they have helped identify the carbon hotspots
which were common in trials across the carbon audit
studies such as CTU emissions and trial-related travel. By
targeting the identified hotspots for change, it has the po-
tential to reduce trial-related carbon emissions. Develop-
ment of carbon mitigation strategies to target the
identified carbon hotspots will also benefit from contribu-
tions across disciplines such as climate science, ecology,
and health sciences. Many activities within a trial involve
human behavior which requires people to perform partic-
ular actions in particular settings, so effective reduction
of trial-related carbon output might hinge on changing
how people perform those actions. Behavioral sciences
may offer invaluable insights as previous studies have re-
ported how behavioral approaches could inform trials meth-
odology research [50,51].

Most of the included studies proposed recommendations
for minimizing the carbon footprint of clinical trials. They
ranged from funding requirements to efficient trial design
which all required efforts from a range of relevant parties.
Most of the studies’ authors agreed that promoting aware-
ness of trial-related carbon impact and incorporating carbon
cost in during trial design would be an upstream measure to
prevent unnecessary carbon emissions from trials. Some
recommended measures proposed in the included studies
have already been adopted such as reducing trial-related
travel by conducting meetings, visits, conferences, and as-
sessments for trial purposes virtually or remotely. The
COVID-19 pandemic was a catalyst for some of these
changes but many have remained postpandemic and
extended to other aspects of trial conduct. For example,
Thiemer et al reported how the delivery of training and
the conduct of international clinical trials have been trans-
formed into a more environmentally sustainable format
[47]. The merit of this change in practice must be assessed
in balance against the impacts on the trial. For example,
while virtual appointments may reduce the carbon footprint
of patients’ travel to trial sites, patients’ preference for
face-to-face assessments may discourage participant
recruitment and retention, which may in turn cause the
waste of research resources [38]. Piltonen et al’s study
was an attempt to address this research gap by exploring
how known influences on participant recruitment and
retention may also be relevant for design and conduct of
greener trials [42].

4.1. Strengths and limitations

This scoping review addresses specifically trial-related
carbon emissions which is among the first of its kind. We
examined the implications of the carbon footprint unique
to trial processes which will be invaluable to inform trials
methodology research on greener trials. Given our focus
on clinical trials, publications that explored environmental
impacts of health-care research in general that included tri-
als were excluded [16,52,53]. This scoping review was con-
ducted by following a predefined protocol for promoting
accessibility and transparency [24]. The data generated in
this review was made publicly available so that others
may examine these for additional purposes.

Given the nature of this scoping review, we did not
perform formal quality assessment or assessment of appli-
cability on the data drawn from the included studies. This
is due to the heterogeneity of the literature examined,
especially in an emerging field of study. Our literature
search through snowballing yielded eight eligible articles
which amounted to 36% of all included studies. Among
the articles emerging from the snowballing exercises,
one was published after completion of our database search
[42], two were preprint articles which were recently made
available [17,44]. The remaining five articles that had been
missed from our database search implied our database
search strategy may have been insufficiently sensitive
[8,31,32,40,46]. The scope of investigation of this review
was also limited to trial specific carbon emissions without
examining other forms of environment impact, such as
material waste and other greenhouse gases [54], which
will require further studies.
5. Conclusion

This scoping review synthesized evidence of carbon
emissions linked to clinical trials to date. Efforts have been
made to quantify carbon footprint of trials by measuring a
variety of activities using a range of tools and approaches,
making direct comparisons difficult. Certain carbon hotspots
have been identified across studies while carbon quantifica-
tion tools for trial specific emissions continue in develop-
ment. Recommendations to address the carbon impacts of
trials have been suggested but now require implementation.
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