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Abstract

Background: The COVID-19 pandemic has had a profound impact on emergency department (ED) care in Canada and around
the world. To prevent transmission of COVID-19, personal protective equipment (PPE) was required for all ED care providers
in contact with suspected cases. With mass vaccination and improvements in several infection prevention components, our
hypothesis is that the risks of transmission of COVID-19 will be significantly reduced and that current PPE use will have economic
and ecological consequences that exceed its anticipated benefits. Evidence is needed to evaluate PPE use so that recommendations
can ensure the clinical, economic, and environmental efficiency (ie, eco-efficiency) of its use.

Objective: To support the development of recommendations for the eco-efficient use of PPE, our research objectives are to (1)
estimate the clinical effectiveness (reduced transmission, hospitalizations, mortality, and work absenteeism) of PPE against
COVID-19 for health care workers; (2) estimate the financial cost of using PPE in the ED for the management of suspected or
confirmed COVID-19 patients; and (3) estimate the ecological footprint of PPE use against COVID-19 in the ED.
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Methods: We will conduct a mixed method study to evaluate the eco-efficiency of PPE use in the 5 EDs of the CHU de
Québec-Université Laval (Québec, Canada). To achieve our goals, the project will include four phases: systematic review of the
literature to assess the clinical effectiveness of PPE (objective 1; phase 1); cost estimation of PPE use in the ED using a time-driven
activity-based costing method (objective 2; phase 2); ecological footprint estimation of PPE use using a life cycle assessment
approach (objective 3; phase 3); and cost-consequence analysis and focus groups (integration of objectives 1 to 3; phase 4).

Results: The first 3 phases have started. The results of these phases will be available in 2023. Phase 4 will begin in 2023 and
results will be available in 2024.

Conclusions: While the benefits of PPE use are likely to diminish as health care workers’ immunity increases, it is important
to assess its economic and ecological impacts to develop recommendations to guide its eco-efficient use.

Trial Registration: PROSPERO CRD42022302598; https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=302598

International Registered Report Identifier (IRRID): DERR1-10.2196/50682

(JMIR Res Protoc 2023;12:e50682) doi: 10.2196/50682
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Introduction

Background

The Impact of the Pandemic on Emergency Departments
The COVID-19 pandemic has had a profound effect on
emergency care in Canada and around the world. Emergency
departments (EDs) have been reconfigured to meet the new
demands of the pandemic [1]. Some of the reconfigurations
include increased capacity, physical divisions into identified
risk zones, changes in care protocols, redefinition of staff tasks,
and development of protective measures against COVID-19
nosocomial transmission [2,3].

Personal Protective Equipment
In order to prevent transmission at the peak of the pandemic,
personal protective equipment (PPE) was required for all ED
care providers (eg, physicians, nurses, and nursing assistants)
in contact with patients with proven or suspected COVID-19.
PPE encompasses all clothing and other equipment used to
protect health care workers from injury or infection [4], and is
considered the last step in the hierarchy of controls in infection
prevention [5,6]. With respect to the COVID-19 pandemic, the
term PPE refers primarily to two options (see Multimedia
Appendices 1 and 2) [7]: (1) standard PPE, which includes
procedural masks, isolation gowns, nonsterile gloves, and ocular
protection; and (2) enhanced PPE which includes respirators
(eg, N95), water-repellent gowns, long-cuff nitrile procedure
gloves, and face shields. Since the beginning of the pandemic,
the understanding of the COVID-19 modes of transmission and
the most effective equipment to protect against it have greatly
evolved. In many jurisdictions, enhanced PPE was initially
reserved for aerosol-generating procedures (eg, endotracheal
intubation), that is, aerosolized particles of <5 μm that can
remain suspended in the air for extended periods of time and
circulate over long distances on air currents [8]. In Canada, in
2021, the use of enhanced PPE with a respirator has gradually
become the norm when caring for patients with confirmed or
suspected COVID-19 cases, even in the absence of
aerosol-generating procedures [9-11].

Conflicting Rules for PPE Use
The rules for PPE use in health care settings have fluctuated
greatly and have been a source of uncertainty [8,12]. Often
developed as a compromise between incomplete scientific
evidence [7,8,13], uncertain PPE supplies [14-16], and staff
concerns [12,17], these rules were sometimes so confusing for
health care workers that their trust towards the infection control
teams and managers was diminished [17]. Although the benefits
of PPE for protecting health care workers against SARS-CoV-2
have been demonstrated [7,13,18], the level of evidence is
relatively low and its use is more or less influenced by subjective
preferences and personal values [19].

New Context, New Rules?
Although the achievement of a certain level of immunity in the
population provides significant protection against severe or
chronic symptoms of COVID-19 [20], important questions
remain; what types of PPE will be needed to protect health care
workers as SARS-CoV-2 becomes endemic and circulation in
the community continues unabated? Somewhat less discussed
since the beginning of the pandemic, the societal consequences
of PPE use must also be considered. What will be the
opportunity cost for public institutions to pursue the expanded
use of PPE [21-23]? What is the ecological cost of continuing
on this path [24-27]? More than ever, evidence is needed to
evaluate PPE use and to provide recommendations that ensure
the clinical, economical, and ecological efficiency of its use.

Hypothesis and Research Goal
With mass vaccination and improvements in several infection
prevention components included in the hierarchy of controls,
our hypothesis is that the risk of transmission of COVID-19
will be significantly reduced and that wearing fully enhanced
PPE for every suspected COVID-19 patient will have economic
and ecological consequences that exceed the anticipated benefits.
To support the development of optimal rules for PPE use, our
research objectives for this project are to (1) determine the
clinical effectiveness (reduced transmission, hospitalization,
mortality, and work absenteeism) of PPE to protect immune
and nonimmune health care workers against COVID-19; (2)
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estimate the financial cost of using PPE in the ED for the
management of patients with suspected or confirmed
COVID-19; and (3) estimate the ecological footprint of PPE
use against COVID-19 in the ED.

Theoretical Framework
Our objectives address a transdisciplinary subject that goes
beyond the boundaries of health research and consequently
requires a conceptual framework that aggregates complementary
theoretical approaches. We therefore propose an extended
application of the value-based health care framework, which
consists of orienting care practices, decisions, and policies to
obtain the best health outcomes at the lowest cost. This model,
developed by Porter [28-30] in the 2000s, is now widely used
by various organizations [31-35] to improve health services.
Optimizing the value of care can, among other things, be
achieved by reducing its costs, which can be minimized by
eliminating the inappropriate use of resources. The notion of
value thus overlaps with the notion of eco-efficiency [36]. The
Organization for Economic Cooperation and Development
defines it as “a management philosophy that encourages business
to seek environmental improvements that are accompanied by
economic benefits” [37,38]. Eco-efficiency is closely tied to
the appropriate use of resources extracted from the environment
and the emissions generated throughout the life cycle in order
to increase the economic value of what is ultimately produced.
By revisiting these 2 concepts for our research framework, we
will define eco-efficiency in health care as the maximization of
the clinical benefits of a health care activity while minimizing
its costs and its ecological footprint.

Methods

Setting
The project will evaluate the eco-efficiency of PPE use in the
5 EDs of the CHU de Québec-Université Laval (hereafter the
CHU) in Québec City (Canada). The CHU is the largest
academic hospital in Québec and 1 of the 3 largest in Canada.
Its EDs record nearly 240,000 visits annually. They form the
same clinical department, use the same protocols, and offer
similar care paths. In terms of PPE, the donning and doffing
protocols are identical. All CHU wards use disposable PPE. At
the beginning of the pandemic, all CHU EDs cleaned and reused
protection goggles and face shields. Similarly, one ED site used
reusable gowns but has since switched to fully disposable PPE
(Multimedia Appendix 3). The CHU’s EDs are an ideal setting
to conduct the proposed study because (1) several thousand
units of PPE are used daily; (2) each of the 5 EDs has cold

(non–COVID-19), warm (suspected COVID-19 cases), and hot
(confirmed COVID-19 cases) areas; (3) there is a large diversity
of patients, from children to elderly, and both medical and
surgical cases; and (4) as opposed to high-risk units such as
intensive care and COVID-19 units, where infected patients are
grouped together and where the wearing of PPE appears more
indicated, the majority of patients evaluated in the ED do not
have COVID-19, even when the clinical picture is compatible.
It is therefore in the ED that an evaluation of the eco-efficiency
of PPE use can have the greatest impact on the recommendations
for use in a low-risk clientele. Furthermore, since donning and
doffing protocols do not differ significantly from one department
to another and are very similar in all institutions in Quebec and
across Canada, we will be able to infer some of our results from
the entire hospital reality in Canada.

Study Design
We propose a mixed methods, multiphase study, merging
approaches from epidemiology, biostatistics, industrial
engineering, accounting, health economics, mathematics,
psychology, and environmental engineering. To achieve our
goals, the project will include four phases: systematic review
of the literature to assess the clinical benefits of PPE
(objective 1; phase 1); cost estimation of PPE use in the ED
using a time-driven activity-based costing method (objective 2;
phase 2); ecological footprint estimation of wearing PPE during
the pandemic using a life cycle assessment approach
(objective 3; phase 3); and cost-consequence analysis and focus
groups (integration of objectives 1 to 3; phase 4).

For each of these phases, we will propose analyses
distinguishing standard and enhanced PPE.

Phase 1: Systematic Review of the Literature
(Objective 1)

Protocol and Registration
The protocol for this review is registered in the PROSPERO
database of systematic reviews (CRD42022302598) and we
will follow recommendations of the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analysis)
guidelines for its reporting [39].

Research Question
What effect does wearing PPE have on health care workers’
risk of becoming infected with SARS-CoV-2, being secondarily
absent from work, admitted to the hospital or to the intensive
care unit (ICU), or die? Table 1 shows the PICOS framework
for the systematic review.

Table 1. PICOS (population, intervention, comparison, outcomes, and study design) framework for the systematic review.

Health care workersPopulation

Standard or enhanced personal protective equipmentIntervention

No or incomplete personal protective equipmentComparison

SARS-CoV-2 (COVID-19) infection, hospital admission, intensive care unit admission, mortality, and work absenteeismOutcomes

Experimental or observational studiesStudy design
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Search Strategy
We will search for studies published since December 2019
(identification of SARS-CoV-2 in Wuhan) comparing health
care workers’ use of disposable or reusable, standard or
enhanced PPE to no protection used or a different combination
of PPE components. We will use Medline (Ovid), Embase,
Cochrane Library, CINAHL, Epistemonikos, ClinicalTrials.gov,
MedRxiv, and Web of Science search engines, without language
restrictions. The search strategy was developed with the
assistance of a qualified librarian and is available in the
appendices (Multimedia Appendix 3). This strategy will be
executed three times: (1) at the start of the systematic review
(May 2022); (2) at the end of the prepublication data extraction
(June 2023); and (3) before phase 4 (January 2024) to update
the meta-analysis to adequately inform our focus groups.

Article Selection and Eligibility Criteria
Using the Covidence systematic review software (Veritas Health
Innovation), 2 independent reviewers will select abstracts, read
the articles, and determine their eligibility. All experimental or
observational studies (cohort, case-control, or cross-sectional
studies) comparing the use of PPE with the absence of PPE with
regard to health care workers’ risk of SARS-CoV-2 infection,
hospitalization (ward or ICU), death, or absence from work,
will be included in the review. Studies evaluating the effect of
PPE when worn by nonhealth workers, narrative reviews,
editorials, modeling studies without original clinical data, and
practice guidelines will be excluded. Systematic reviews will
also be excluded but will be consulted to identify original
articles potentially missed by our search strategy. Bibliographies
of selected articles will be reviewed in the same manner.

Data Extraction and Quality Assessment of Selected
Studies
In total, 2 independent reviewers will collect data from the
selected articles using a previously tested extraction grid. From
each article, they will extract, when available, the following
variables: authors; title; date and scientific journal of
publication; country where the research was conducted; study
design; population studied; sample size; age; gender; sex;
vaccination or immune status; and comorbidities of the
participants, study outcomes, and results. The quality of the
selected studies will be assessed by 2 reviewers using the
Cochrane Risk of Bias Tool for randomized studies [40] and
ROBINS-I for observational studies [41].

Disagreements Among Reviewers
Disagreement between reviewers will be resolved through
discussion and consensus. If a disagreement persists, a third
reviewer will mediate to reach a final consensus.

Analysis and Synthesis of Results
The results will be presented in tabular and narrative form and
will compare the benefits of standard or enhanced PPE to the
absence of PPE use. Based on previous systematic reviews, we
know that a random effects model meta-analysis is feasible and
will then be conducted. According to the original data available,
we will calculate estimates of relative risks (RR) or odds ratios
(OR) on the risk of transmission of SARS-CoV-2 and of the

other outcomes evaluated. The necessary numbers of PPE that
must be used (number needed to treat) to prevent one
SARS-CoV-2 transmission, admission, or death among staff
will be calculated secondarily. Randomized studies will be
analyzed separately from observational studies, as recommended
by the Cochrane Handbook [42,43]. If studies are in sufficient
numbers, we will conduct subgroup analyses by analyzing
separately (1) the studies conducted in EDs; and (2) the studies
conducted after the start of vaccination in the country where
the research took place. Heterogeneity between studies will be

assessed using the I2, a statistic that estimates the percentage of
variation in results between studies that are not explained by

chance. Thus, an I2 value between 0 and 40% will be considered
to represent a low level of heterogeneity, while values between
30% and 60% represent a moderate level, between 50% and
90% a substantial level, and between 75% and 100% a
considerable level [44]. The causes of heterogeneity will be
examined by stratifying our outcome measures by (1) the
country where the studies were conducted and (2) the clinical
departments or units from which the data originated (eg,
COVID-19 unit and ICU). We will also conduct a sensitivity
analysis excluding studies with a high risk of bias. Finally, the
quality of evidence for each outcome (high, moderate, low, and
very low) will be assessed using the GRADE (Grading of
Recommendations Assessment, Development, and Evaluation)
approach [45].

Phase 2: Cost Estimation of PPE Use (Objective 2)

Concept
The cost of PPE use goes beyond the cost of purchasing its
components. Wearing PPE means donning and doffing by care
providers who, during this time, cannot engage in direct care,
which is a cost to the health care system. Using PPE also incurs
costs for material disposal (eg, garbage collection) and overhead
(eg, supply management). Therefore, we will estimate the mean
cost of wearing PPE in the CHU for contact with a possible
case of COVID-19 using a time-driven activity-based costing
method [46,47]. This method accounts for all expenditures
incurred during direct patient care (eg, staff salaries and medical
costs), consumables (eg, masks), and management costs (eg,
disinfection service). It uses the duration of care processes to
estimate the associated cost; the longer a process (eg, donning
PPE) takes to be performed, the higher the cost. It provides a
simpler, more accurate, and more reliable way of estimating the
cost of health services than other methods frequently used in
research or management, such as diagnosis-related group
methods (DRG), the level of relative intensity of resource use
(NIRRU) or the conventional activity-based costing method
(ABC) [48-50]. Time-driven activity-based costing was
previously used in many health care settings [48,51-56] and our
team successfully adapted it for use in the ED [57-59]. For this
project, we will apply this costing method to the care pathway
of patients suspected with COVID-19 in the ED. We will
analyze the processes involved in PPE use and disposal. The
disposal component will include both trajectories of completely
disposable PPE versus reusable gowns, as one of our sites used
reusable gowns at the beginning of the pandemic. Cleaning of
the reusable gowns was done by a subcontractor (Partagec), as
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such, the cleaning cost will be estimated based on the weight
of the gowns used as stipulated in the contract with Partagec.

Method Steps

Overview

Time-driven activity-based costing essentially requires two
parameters: (1) the cost per minute for each human or material
resource involved in care, and (2) the duration in minutes of
each care process. To derive these, we will use data from the
fiscal year beginning April 1, 2020, through March 31, 2021.
We will estimate the average costs of standard and enhanced
PPE using the following steps.

Process Maps

We will first map the ED care pathway of suspected COVID-19
cases. We will also map all specific processes performed in the
wearing, disposal, recycling, and disinfection of PPE. This will
primarily include (1) donning, (2) doffing, (3) disposal, and (4)
collection and disinfection or cleaning of reusable components.

Time Measurements

We will estimate the mean time required to complete each
mapped process through prospective field measurements at the
ED using a time-motion study software (UmtPlus Max,
Laubrass).

Resource Costs per Minute

We will calculate the cost per minute (CAD $ per minute; with
an average currency exchange rate of CAD $1=US $0.8) of
each human or material resource identified in the process maps
by dividing its total annual cost for the year 2020-21 by the
number of minutes in the same year that the resource was
available for care or service. The following is an example from
our previous work.

If applicable, a similar calculation will be performed for
equipment by considering depreciation and maintenance
expenses in the numerator and the number of minutes in service
in 2020-21 in the denominator. The cost per minute of
emergency physicians will be estimated by the same formula,
but the total annual medical expenditures will be estimated using
the average annual earnings of an emergency physician as
obtained from the regulatory medical associations.

Consumable Costs

We will calculate from the CHU accounting records the average
unit cost (CAD $/unit) of each component (gown, gloves, masks,
and ocular protection) of PPE purchased by CHU in the financial
year 2020-2021 and then break down the specific costs by
supplier. The reusable equipment purchase cost will be
amortized over the anticipated number of uses.

Overhead Expenses per Minute

Following a formula similar to item 3, we will calculate the cost
per minute (CAD $ per minute) of overhead incurred by the
CHU for PPE use (eg, rental or transportation of waste
containers), by dividing the total overhead related to PPE use

in the ED for the year 2020-21 by the number of minutes
available for the care of the staff using PPE as part of their work.

Mean Process Costs

We will estimate the mean process costs for PPE by summing
the costs of resources, consumables, and overhead according
to the calculation presented in the following example based on
previous work data and preliminary estimates. Similar
calculations will be performed for all PPE-related processes
(eg, doffing).

Further details on the method and its practical application can
be found elsewhere [60,61].

Analyses
The preceding steps will estimate for each category of ED care
providers (eg, nurses and physicians) the mean cost incurred
during the pandemic for one standard and one enhanced PPE
use, which includes donning, doffing, disposing, and disinfection
or cleaning. A set of subanalyses will then estimate (1) the
minimum and maximum costs of PPE use based on the
minimum and maximum supplier unit costs of the PPE
components purchased by the CHU in 2020-2021; (2) the
weighted mean cost of PPE use based on the weight of
participation of each category of providers in the care pathway,
estimated using the mapping of a typical care pathway for
COVID-19 in the ED (Multimedia Appendix 4); (3) The total
cost of PPE use in the CHU EDs based on the number of
suspected COVID-19 cases that consulted since the start of the
pandemic, the weighted mean cost of using PPE, and the number
of contacts with PPE per episode of care estimated with the
mapping; and (4) mean costs based on component costs in the
year prior to the pandemic (financial year 2019-2020) to estimate
the effect of the shortage on equipment selling prices.

Phase 3: Ecological Footprint Estimation of PPE Use
(Objective 3)

Concept
The ecological footprint of standard and enhanced PPE will be
estimated through a life cycle assessment that will measure the
pollutant load of all material and energy resources used (inputs)
and residual materials generated (outputs) by their use
(Multimedia Appendix 5 for a typical life cycle diagram). The
analysis will assess the environmental impact of the
consumables (eg, gloves) and processes (eg, disinfection of face
shields) required for PPE use in CHU EDs from cradle to grave,
that is, from their design and manufacturing to their final
disposal. The life cycle assessment methodology, which is well
established in the industrial field, has previously been used in
the health field as well [62-64].
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Methodology Phases

Overview

The life cycle assessment will follow the ISO-14040/ISO-14044
standards governed by the International Organization for
Standardization [65-67]. These international standards are
developed through consensus among experts from industry,
consumer associations, governments, nongovernmental
organizations, and universities. The standards that will be used
for this project provide a framework for an environmental
management system, specifically the realization of a life cycle
assessment. We will take the following steps.

Definition of the Objectives and Scope of the Study

The analysis will aim to assess the ecological footprint of one
PPE used by a care provider in the ED for contact with a
potential or confirmed COVID-19 case (functional unit). We
will compare the ecological footprints of standard and enhanced
PPE assuming an uneven level of protection that will be
measured with the systematic review from the previous phase.
Since supplies fluctuated over the course of the pandemic
resulting in a very wide variety of equipment at the CHU, we
will limit our analyses to those PPE components that were (1)
the most frequently used, (2) the most and least costly, and (3)
those whose supply contracts predict their predominant use for
the foreseeable future.

Emissions and Extractions Inventory

Using the previously developed mappings, we will break down
the donning and doffing process as well as the upstream (eg,
production) and downstream (eg, disposal) processes to identify
the use of consumable or reusable equipment and materials, and
their disposition to waste or disinfection units. An inventory of
activities and flow of materials, energy, and services will be
conducted using data obtained from the CHU and PPE suppliers
(eg, raw materials for PPE components and energy consumed
at the production plant) and will be scaled to the functional unit
level, that is, the use of a single PPE. This inventory will
quantify the pollutants emitted and the resources extracted over
the entire life cycle using a life cycle database (ecoinvent
database, version 3.9.1; ecoinvent) adapted to Québec and data
available in the life-cycle assessment literature.

Environmental Impact Analysis

Using the open access software OpenLCA, (version 1.11.0;
GreenDelta) each previously collected inventory data on
extractions and emissions from PPE use will be translated into
potential impacts on environmental issues such as (1) climate
change (in kg of CO2 equivalent emitted), (2) human health (in
disability-adjusted life years [DALYs]) [68], (3) resource use
(in megajoules of energy—MJ), and (4) ecosystem quality (in

PDF∙m2∙year, the fraction of species potentially lost from a
given area in a year). Conversion of PPE inventory data into
impact units for each damage category will be done by the
validated IMPACTWorld+ assessment method [67,69]. This
method allows for a regionalized analysis by providing
continent-specific impact data. An impact measure reflects a
sequence of intermediate effects of a product (eg, PPE)
production, use, and disposal that, by polluting water, air, soil,

or food for example, ultimately affect the environment or human
health.

Results Interpretation

The impact results will be interpreted in relation to the functional
unit, that is, the use of a single PPE for contact with a suspected
COVID-19 case by a care provider. The critical points, that is,
the elements of PPE use that account for the greatest proportion
of its impact, will be identified. Sensitivity analyses will be
conducted to assess the possibility of bias due to incomplete or
inaccurate inventory data. Where calculations are performed
using proxies from inventory databases rather than original
supplier data, we will reanalyze these uncertain variables by
applying values for worst- and best-case scenarios.

Phase 4: Cost-Consequence Analysis and Focus Groups
(Integration of Objectives 1 to 3)

Cost-Consequence Analysis
The results of the analyses of the previous 3 phases on benefits
(OR, RR, and number needed to treat), costs, and ecological
footprint will be scaled to a single PPE use for contact with a
suspected or confirmed COVID-19 case by a care provider in
the ED. They will also be secondarily extrapolated for the full
duration of the pandemic from the number of suspected
COVID-19 cases assessed in the CHU EDs during this period.
Using data from the Institut national de santé publique du
Québec on the hospitalization rate of COVID-19 cases in
Quebec [70] and the cost of an average hospitalization at the
CHU obtained by the Cost per Care Pathway and Service
(CPSS) system [71], we will estimate the potentially avoided
costs by preventing hospitalizations through PPE. We will do
the same by estimating the avoided costs related to staff
absenteeism using a human capital approach [72] on the basis
of the care providers’ salaries identified in phase 2. A
cost-consequence analysis will then be carried out by presenting,
in parallel, the benefits, costs, and environmental consequences
with their 95% CIs in a simple and meaningful disaggregated
format. A cost-consequence analysis is a type of economic
evaluation that assesses a wide range of costs and consequences
associated with an intervention. It can include all types of
positive or negative effects of that intervention, including those
that are health-related (eg, risk of transmission) and those that
are not directly health-related (eg, environmental impact). By
presenting the results separately in a nonaggregated manner, it
allows stakeholders to determine for themselves the weight and
value assigned to the costs and consequences presented for
informed decision-making. We believe that cost-consequence
analysis is most appropriate for our project because (1) the
values and preferences of the stakeholders involved in PPE use
are multiple and often divergent, making aggregative ratios or
calculations inappropriate (eg the incremental cost-effectiveness
ratio [ICER] assesses only one outcome or one benefit) and (2)
the economic value of the benefits and consequences of PPE is
not clearly elucidated, making cost-benefit analysis (ie, an
analysis where all the consequences of intervention are
converted into monetary value) problematic.
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Focus Groups
The cost-consequence analysis will be presented and discussed
in 4 focus groups [73] of 8 participants each [74], via 2 one-hour
videoconferences for each group led by a facilitator and a note
taker. A third videoconference will be held if not all topics have
been covered in the first two. Individual interviews will be
offered to participants who prefer this approach or who are
unable to attend group meetings. The first group will bring
together health care managers responsible for budgets; the
second will bring together experts responsible for developing
recommendations on PPE use in hospitals; the third will gather
the perceptions of health care providers, nursing assistants,
respiratory therapists, and physicians; and the last group will
survey the perspective of patients and citizens. Additional groups
of participants will be recruited as needed until the data are
saturated. A purposeful sampling strategy will be used to ensure
representation of various levels of authority (departmental,
regional, local), professions (eg, nurses), regions (urban,
semiurban, and rural), and individual characteristics (gender,
ethnicity, and age) [75]. Participants will be presented with all
the results in a simple, adapted format, after consultation with
experts in content (eg, economists and environmental engineers)
and information formatting (eg, information designers and
knowledge transfer experts). The discussions in each group will
be semistructured. The primary objectives of the semistructured
discussions will be to (1) analyze the perspective of each group
on the study results and (2) identify the cost-consequence
analysis results (benefits vs costs vs environmental impact) that
participants believe should be prioritized for future
recommendations regarding PPE use in the ED. The meetings
will be recorded and fully transcribed (verbatim). In total, 2
independent reviewers will code the responses on NVivo 12
(Lumivero) to structure the data and bring out the main themes.
Their disagreements will be reconciled by discussion or, if
necessary, by the intervention of a third researcher. The analysis
will take an inductive approach to capture the different
perspectives on PPE use in the ED from the data collected and
then develop a theoretical framework.

Ethical Considerations
This trial was approved by the CHU de Québec-Université Laval
Research Ethics Board (#2022-6048).

Dissemination Plan
Our dissemination plan has an integrated approach by including
co-researchers and knowledge users in strategic positions in our
team, including a member of the Québec Nosocomial Infection
Committee responsible for defining the rules for the use of PPE
(YL) and at the CHU, the infection prevention and control
program managers (AD and VD), the assistant director (AG)
and the consultant (SC) responsible for sustainable development,
the nursing (ST) and medical (IG) managers of the EDs, the
clinical and organizational performance director (PL), and the
patient experience and partnership expertise office manager
(LB). In total, 3 clinicians (IG, EEB, and a collaborator Éric

Notebaert) and 2 patient partners (EH and a collaborator
Jean-Pierre Gendreau) also participated in our process. All these
people have contributed to the development of the concept, will
participate in its implementation, will be informed of the results,
will interpret them from their perspectives, and will be able to
quickly integrate them into their practices. Our dissemination
strategy will also include (1) articles in general information
newspapers to publicize our initiative; (2) a website to present
our team, our results, and our future projects; (3) presentations
for the general public in citizen forums or congresses; (4) at
least 6 presentations in national (Association des médecins
d’urgence du Québec, Association des médecins
microbiologistes infectiologues du Québec, Canadian
Association of Emergency Physicians, and Canadian Association
for Health Services and Policy Research) and international
(Society for Academic Emergency Medicine and Infectious
Diseases Society of America) scientific conferences; (5) at least
4 publications in recognized peer-reviewed scientific journals;
and (6) presentations to our partner organizations, including
primarily the Québec Nosocomial Infection Committee, which
we plan to meet at least 4 times during the course of the project
to share our preliminary results and progress.

Results

Study Preparation
We have assembled a very strong research team composed of
patients, clinicians, administrators, and researchers. In addition,
2 patient partners met with us regularly and provided helpful
comments to make our research plan patient-centered. From
previous studies, our team was able to perform life cycle
assessment [76-80] and cost-effectiveness [60,61,81,82]
measures. This previous work will help with the proposed study.

Phase 1 
Our search strategy for the systematic review, launched on May
10, 2022, and updated on June 7, 2023, has generated a list of
26,591 articles, of which 10,209 duplicates were removed. As
of July 9, 2023, a total of 15,539 studies have been screened.
Of these, 192 abstracts were retained for full-text review and
74 studies were included.

Phase 2
Our team has made a first draft of the process map of the
COVID-19 care pathway in the ED (Multimedia Appendix 6).

Process time measurements were performed in one of the CHU
EDs for the donning and doffing of a PPE. Table 2 shows the
mean time estimates for the different processes of PPE use. Our
team is currently completing financial data collection on care
providers’ salaries, labor hours, PPE component costs, and
overhead. Of these data, the mean total cost of the components
for a single use of standard and enhanced PPE was estimated
to be CAD $13.30 and CAD $21.50 (US $9.79 and US $15.83),
respectively.
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Table 2. Mean donning and doffing time (minutes) for PPEa based on field measurements.

DoffingDonningProtective equipment

Mean (SD)n (%)Mean (SD)n (%)

1.10 (0.85)65 (79)1.28 (0.71)63 (60)Standard PPEa

0.35 (0.37)17 (21)1.18 (0.43)42 (40)Enhanced PPE

0.95 (0.84)82 (100)1.19 (0.45)105 (100)Any PPE

aPPE: personal protective equipment.

Phase 3 
To date, we have begun an inventory of the materials used for
each component using attenuated total reflectance-infrared
spectroscopy. Additional analyses are performed to further
validate the composition of the PPE components in terms of
raw materials and the weight of each item. Once these data are
obtained, the conversion of inventory into impact categories
will be performed and analyzed.

Protocol Endorsement
Our protocol has been endorsed by organizations dedicated to
achieving sustainable and eco-efficient health care (Association
québécoises des médecins pour l’environnement, CHU de
Québec-Université Laval, INSPQ, Ministère de la santé et des
services sociaux du Québec, PULSAR). We also have support
for our research initiative from an organization in sustainable
development (Nature Québec), with life cycle assessment
expertise (the International Reference Center for Life Cycle of
Products, Processes and Services—CIRAIG) and with national
responsibility for the use of PPE (Québec Nosocomial Infection
Committee). This broad support demonstrates the importance
of addressing the eco-efficiency of health care, particularly the
issue of PPE use.

Research Agenda
We propose a 3-year research plan. After receiving funding on
October 1, 2021, we have begun the administrative steps, mainly
obtaining authorization from the ethics committee and
intrainstitutional agreements for access to medico-administrative
data. Phase 1 (systematic review) will run from May 2022 to
September 2023 (16,401 abstracts screened) and will end with
the submission of a paper for publication in December 2023.
Phase 2 (cost estimation) and 3 (life cycle assessment) have
begun in June 2022, and are expected to be completed in
December 2023. Those 2 phases are performed concomitantly
as they overlap in process mapping and medical-administrative
data collection. Phase 4 will be conducted from January 2024
(preparation) to August 2024 end of focus group phase). Final
publications and knowledge transfer activities will be completed
in the last 6 months of 2024.

Discussion

Overview
PPE is the last step in the hierarchy of controls in infection
prevention, but it has become an essential component of direct
care for ED patients potentially infected with COVID-19. As
new infection control measures have emerged, primarily from

mass vaccination, some advocate for a more eco-efficient use
of PPE, that is, one that provides the best possible protection
with the least economic and ecological impact. The evidence
generated by this study will support the infection control and
prevention authorities in Canada and abroad by providing
informed guidance for eco-efficient use of PPE in low-risk
environments. They will also help us understand the perspective
of different stakeholders on this sensitive and fundamental issue
where material shortages, the risks to health care staff, the
sustainability of the health system, and the protection of the
environment are all intertwined.

Beyond this project on PPE, our multidisciplinary team of
researchers from different backgrounds aims to initiate a
profound change in managerial culture focused on sustainable
health within our institutions, particularly in the ED. We propose
an innovative conceptual framework, eco-efficiency in health,
through which we wish to contribute to the best possible health
outcomes in emergency care at the lowest cost and with the
least environmental impact. Canada’s health care system is
among the least eco-efficient in the world, and its environmental
impact paradoxically affects Canadians’ health [83,84]. A
paradigm shift is needed. Unfortunately, clinicians and managers
have few tools to understand and act on their services’ecological
footprint. Our work incorporating life cycle assessment will
help them to (1) provide the best care with the least
environmental impact, (2) set realistic targets for reducing their
ecological footprint, and (3) optimize interventions to achieve
this. Our proposed project on PPE is in fact only the first in a
series of analyses of different emergency care activities with
the ultimate goal of proposing a model for eco-efficient
emergency services [85].

Challenges and Mitigation Strategies
Our project poses a few notable challenges. First, the systematic
review will aim to estimate the benefits of using PPE as the risk
of SARS-CoV-2 transmission decreases significantly as
vaccination is accelerated. The relevance of the results of this
phase will depend on the publication of articles that have
evaluated the efficacy of PPE in a setting where the population
and health care workers have been vaccinated. We have
scheduled an update of our systematic review for September
2023, just before the start of our Phase 4 focus groups.
Considering the wealth of scientific output on COVID-19 over
the past years, we believe it unlikely that by this update, there
will be no studies that have assessed the benefits of PPE since
the beginning of vaccination. If not, we will use the results of
our systematic review for nonimmune personnel and extrapolate
the number needed to treat based on the observed rates of
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vaccine protection in the population. Second, our study will be
conducted in only one institution, the CHU. However, since
supply purchases in Québec are carried out from the same
supplier for a group of establishments (eg, eastern Québec),
both the costs and the ecological footprint of PPE use in the ED
should reflect the reality of all Québec establishments. Similarly,
since most PPE suppliers export their products around the world,
the results of our analyses will be useful for other health
authorities outside Québec. Third, with respect to the life cycle
assessment, suppliers of the PPE components studied may not
disclose certain information related to the composition of their
products and their factory production. In the absence of such
data, we will make estimates and use equivalencies from the
literature and available life cycle assessment inventory
databases. We will disclose the details of these approximations

and the uncertainty of the results to transparently inform the
resulting organizational decisions.

Conclusions
The World Health Organization recently declared the end of
the COVID-19 global health emergency, but acute and
emergency care may maintain some habits and behaviors
developed and implemented during this health crisis. The
intensive use of PPE by care providers to protect patients and
themselves from COVID-19 may be one of the pandemic care
activities that will require further consideration. While the
benefits of PPE use are likely to diminish as health care workers’
immunity increases, it is important to assess its economic and
ecological consequences so that new parameters and
recommendations can be developed to guide its use and ensure
eco-efficiency now and in the future.
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