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Abstract: The operating theatre represents a key contributor to healthcare-derived emissions. Here,
we outline the carbon footprint of a lumbar microdiscectomy at our regional unit in Greater
Manchester, with the use of Al technology. In doing so, we aim to define the extent of the
environmental impact and identify carbon hotspots for sustainable change. Our unit of analysis
covered the start of the patient journey into hospital through to the final outpatient appointment.
Publicly available and locally sourced data was used. An inventory analysis of two lumbar
microdiscectomies was conducted. Each item was categorised reconciled against our Al-powered
‘CO2 analysis” database. Kilograms of carbon dioxide equivalent (kg CO:ze) was chosen as the
primary measure of impact. An average lumbar microdiscectomy at our trust generates 477.73kg
COze. The operation (173.89kg COze, 36.40%) and the inpatient stay (144.67kg CO:ze, 30.28%)
constituted the biggest contributors. Single-use intraoperative equipment contributed to over three-
quarters of the total emissions from the operation. By defining the environmental burden of elective
spinal surgery, we have identified carbon hotspots to target for sustainable change. Substituting
polluting elements for carbon-friendly alternatives and challenging the single-use culture, modern
healthcare systems can help pave the way to a ‘net zero” healthcare system.

Keywords: carbon footprint; life-cycle analysis; lumbar microdiscectomy; net zero; artificial
intelligence

1. Introduction

Climate change in the 21¢ century is a recognised anthropogenic phenomenon and has resulted
in unprecedented levels of atmospheric carbon dioxide (COz2) — not surpassed for the past 400,000
years [1]. Rising global temperatures poses far-reaching threats to public health through associated
extreme weather, famine, air pollution, rising sea levels and change in spread of vector, water, and
food-borne diseases [2]. As such, all industries must take responsibility, and the healthcare sector is
no exception.

A carbon footprint refers to the total direct/indirect greenhouse gas (GHG) emissions caused by
an individual, organisation or product conveyed as ‘carbon dioxide equivalent’ (CO:ze) [3]. This
metric accounts for the seven main GHGs: CO; Methane (CHs), Nitrous oxide (N:20),
Hydrofluorocarbons (HFC), Nitrogen trifluoride (NFs), Sulphur hexafluoride (SFe¢) and
Perfluorocarbons (PFC) [4]. In 2019, The National Health Service (NHS) of the UK produced 25
million tonnes of COze, representing just over 7% of the UK’s net CO2e [5,6]. This has led to the NHS
to be the first healthcare system globally to pledge a ‘net zero” healthcare system by 2045 [7]. Over
half of NHS emissions are attributable to supply chain (62%), with the remaining shared between
delivery of care (24%), travel to and from NHS sites (10%), and commissioned private health and care
services (4%) [5]. Operating theatres (OTs) have been found to be three to six times more energy-
intense than the hospital, primarily due to continuous air conditioning, heating, and ventilation
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requirements [8]. The overall footprint of surgery extends beyond this to include consumables,
equipment, energy and water use, patient and staff travel and treatment of waste [9].

Life cycle assessment (LCA) denotes an approach to evaluating the environmental burden
associated with all stages of the life cycle of process, products, or services [10]. There are two broad
methods of conducting an LCA. Economic input-output LCAs operate under the premise that
expensive items generate higher GHG emissions. An emission factor is applied to the monetary cost
of a process/product. This method is useful for analysing entire supply-chains and identifying
hotspots for more detailed foot-printing analysis but shouldn’t be used for comparing products
within the same sector (e.g., Neurosurgery within the healthcare sector) [11]. Conversely, process
based LCAs assess the environmental impact of a unit from initial material extraction (‘cradle’) to
final disposal (‘grave’) as defined by the ISO 14040 set of standards [12]. It accounts for all material
input, emissions, and waste outputs necessary to produce the end unit. A handful of prior studies
have conducted such analyses with the intent to offer sustainable solutions. For instance, Tan and
Lim (2020) found that an estimated 8641 tonnes of CO2e are produced by dermatologic surgery
annually in Queensland, Australia. They identify several targets for sustainable change including
switching to reusable surgical instruments and PPE, and recycling consumables where possible [13].
A systematic review by Rizan et al. (2020) echoes these findings and establishes that electricity use,
and the procurement of consumables were the main carbon hotspots. They advise using reusable or
reprocessed surgical devices and improving the energy-efficiency of theatres [14].

The literature highlights inefficiencies of Neurosurgical procedures including disposal of
opened unused surgical items [15], prolonged hospital stays beyond medical readiness [16], and
improper staffing resulting in perioperative delay [17]. Despite this, there is a paucity of research
investigating the carbon footprint of Neurosurgical operations. As such, this paper aims to outline
the footprint of a lumbar microdiscectomy — a common elective Neurosurgical operation to treat
spinal nerve root compression secondary to vertebral disc prolapse. In doing so, we hope to propose
a framework for sustainable change for units nationally and internationally.

2. Methods

Footprinting analysis:

The scope of the life cycle footprinting analysis extended from the start of the patient journey
into the hospital for their operation, through to the final outpatient appointment [5]. Environmental
inputs and outputs were considered including sources of direct and indirect emissions. KgCO2e was
chosen as the primary measure of impact, with the United Kingdom Government list of conversion
factors used to convert to this unit where required [18].

Data collection and analysis:

The first step in the process was to map out the patient journey to understand the phases
required for study (Figure 1). Step two involved a review of the literature to ascertain areas that had
already been mapped in prior studies. Appropriate secondary sources were used to fill gaps in the
footprinting analysis. For instance, a recent article by Tennison et al. (2021) provided a valuable
source of foot printing data for elements of analysis including the acute inpatient stay, outpatient
clinic appointment, and outpatient GP appointment [5]. The third step involved collecting and
collating the relevant sources of primary and secondary data to reach the final COze figure for each
stage of the footprinting analysis.
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Figure 1. Patient pathway as per the functional unit of analysis.

Inventory analysis of operation:

An inventory analysis of a lumbar microdiscectomy operation was performed on 11t April 2022
at Salford Royal Hospital, which is a part of the Northern Care Alliance (NCA) NHS Foundation
Trust. All relevant permissions and consent were sought. Two lists were attended by two researchers
to verify overall similarities in practices for lumbar microdiscectomies at our trust. All emission-
generating elements of the operation were documented and grouped as per the Greenhouse Gas
Protocol Scoping categories [19]. Scope 1 covers direct emissions from owned sourced (i.e., heating
the operating theatre). Scope 2 encompasses indirect emissions from purchased electricity, steam, and
cooling (i.e., powering electrical equipment and lighting in the OT). Finally, Scope 3 incorporates all
indirect upstream and downstream emissions derived from all the other variables (e.g., all emissions
from the production and disposal of single-use equipment) (Figure 2).

Inventory categories were defined within which all variables were catalogued (Figure 2). For
consumables including personal protective equipment (PPE), medications and disposable
equipment, we recorded the number of items/volume/weights used (as appropriate), number of items
per pack, manufacturer, and packaging material. Documentation of reusable equipment involved
noting the number of items used and manufacture company. Given that all instruments within sterile
packs would be resterilised, all items in these packs were documented regardless of whether the
items were used. For lighting and electricals, we documented the number of items used, duration of
use, manufacture company and serial number. The kilowatt-hour (kWh) rating facilitated
reconciliation of the derived emission. Non-hazardous and hazardous waste (including sharps waste)
was weighed separately. Hazardous waste is sent for incineration whilst non-hazardous waste is sent
to an ‘energy for waste’ (EFW) facility. All laundered items were recorded. Following data collection,
an average of the two operations were taken. A full input-output summary of the operation can be
visualised in Figure 3. These items were then reconciled using the trust’s ‘CO2 analysis database” and
additional primary and secondary sources of footprinting data (Figure 4).
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Figure 2. Scope Breakdown of Surgical Procedure by inventory category.
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Figure 3: Input-output diagram of lumbar microdiscectomy.
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Figure 4. Full carbon impact of life-cycle analysis.

CO:2 analysis database:

In 2021, the trust undertook a carbon footprinting exercise, using a company called
‘COz2Analysis.” The output of this work was a detailed breakdown of scope 3 carbon emissions against
all items the trust had procured in the study year. The trust provided CO2 analysis with a complete
record of purchase orders for the year 2020/21. CO: analysis then analysed this using their
‘SpendInsight Knowledge’ base - a bespoke artificial intelligence (Al) powered carbon accounting
system for products and services, which is owned by NHS England and facilitates accurate analysis
of expenditure. The final step implemented by CO: analysis involved mapping this to the Centre for
Sustainability Accounting (CenSA) scope 3 GHG emission factors.

The final step of the reconciliation process involved determining the number of each item
present in a box/shipment and dividing accordingly depending on how many of those items were
used in the operation. For reusable instruments, information was gathered from our decontamination
team on the lifetime of instruments, how many times they are likely to be reused and how long the
process takes from being used in theatre, transport to decontamination, sterilisation and back out to
the theatre to be reused. This gave a final COze figure for each item.

Additional data sources:

Where purchase order data was absent/inaccurately logged, secondary sources were used to
footprint comparable items. Scope 1 and 2 footprinting involved primary data collection of local
energy data. By accessing the trusts contracts and using the appropriate GHG conversion factors, we
were able to calculate scope 1 and 2 emissions. All additional sources of inventory reconciliation
including scope 1 and 2 data can be visualised in Figure 4 [20-23].

Table 1. Additional sourced of footprinting data.

Data source Scope Type Operative data used Reference
Carbon impact of the pharmaceuticals
Parvatker et al 2019 3 Secondary
(except paracetamol)
Myo et al 2021* 3 Secondary Carbon impact of paracetamol [21]
Burguburu et al. 202222 3 Secondary Lifecycle Carbon impact of Scrubs [22]
Rizan & Lillywhite
3 Secondary Carbon impact of sterilisation [23]
2022%
Greenhouse gas
. . ) Gas, heat and power, and electricity
reporting: conversion Primary
carbon factors, Waste Carbon Factors
factors 2021

. Case and Box quantities, to turn the
Supplier Manufacturer

Dat Primary =~ CO:zAnalysis.com data into quantitiesN/A
ata

used within the procedure
Tray turnaround times: Time taken from
) . instrument use to cleaning at HSDU and
Hospital sterilisation
L ) back to theatre to be reused
and decontamination Primary . N/A
. Energy consumption: Energy used to
unit (HSDU) ) o
decontaminate and sterilise instruments

per year
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Trays per year: Total energy consumed
divided by energy per tray

Carbon impact of linen (other than

Laundry Primary
scrubs)
Carbon impact of the theatre and the
equipment used within it.

Energy Primary The site has a mix of energy sources,N/A
using grid electricity, gas, and a large on-
site CHP plant

3. Results

Summary of results:

The total COze of the analysed functional unit was calculated at 477.73kg COze (Figure 5). The
operation (173.89kg COze, 36.40%) and the inpatient stay (144.67kg COze, 30.28%) were the biggest
contributors. Review of six years of local data revealed an average of 287 cases annually. The
literature estimates 10,000 elective decompressions nationally per year [24]. Thus, the estimated
carbon impact of lumbar microdiscectomies is 137.11 tonnes COze at the trust, and 4,777 tonnes COze
nationally.

Patient and staff travel:

Patient and staff travel denoted the first stage of the footprinting analysis. Recent data from the
Department of Transport (DoT), found that travel by car accounts for 75% of all car journeys in the
North-West of England [25]. As of 2020, 58.41% of all registered cars in the UK were petrol-run [26].
The average car trip distance in the North-West of England is 7.5miles (12km) [25]. As such, the COze
for the patient journey was based on a 7.5-mile trip in a petrol vehicle. In 2021, the COze for the
average petrol car in the UK is 174g/km [27]. Thus, the calculated COze for a single patient journey
was 2.08kg COze. This is multiplied by a factor of four when working on the assumption that the
average patient will be dropped-off and picked-up by a family member, equating to four trips and
8.32kg COze.

It was estimated that on an average day in the Neurosurgical department, 26 members of staff
service 20 patients, equating to roughly 1.3 members of staff per patient. A recent trust-wide travel
survey of 628 members revealed that 73% of NCA staff travel to work alone by car. The average staff
journey was 12.16 miles (19.56 km). Operating with the same assumptions as above, the COze for a
staff journey is 3.40kg COze per trip and 6.81kg COze for the return trip. This equates to 8.85kg COze
for staff travel and 17.17kg COze for patient and staff travel as per the functional unit of the analysis.

Inpatient stay (pre- and post-operative):

Review of lumbar microdiscectomy cases conducted at Salford Royal Hospital over a 6-year
period revealed a mean length of stay of 1.29 days. This equates to approximately 1 day and 7 hours.
This finding is echoed in a study by Khechen et al., (2019) which found that 9.7% of patients stay in
hospital longer than one day post-operatively following a lumbar microdiscectomy [28]. As such, 1
day and 7 hours was modelled for the inpatient LOS. Multiple prior studies have modelled the
emission factor per hospital bed-day. Notably, Tennison et al. (2021) found that the average acute
inpatient hospital-stay in the UK generates 125kg CO2e per bed-day [5]. This figure drops to 112kg
CO2e per bed day when you deduct the environmental impact of patient, staff, and visitor travel [5]
— a stage of the LCA already accounted for in the analysis. This data was used to calculate the
ecological impact of the patient stay itself. Taking the average hospital stay at Salford Royal for a
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lumbar microdiscectomy at 1 day and 7 hours, the modelled CO:ze for the inpatient stay equates to
144.67kg COze.

The operation:

Reconciliation of the inventory analysis against the ‘CO: analysis’ database and several
additional sources revealed a total COze of 173.89kg. Scope 3 emissions contributed to the majority
of this with single-use intraoperative equipment accounting for over half of the total emissions
(100.80/173.89kg, 57.97%). This rises to more than three-quarters of the total emissions when
disposable anaesthetic equipment is considered (131.92/173.89kg COze, 75.86%).

GP appointment (clip removal):

Method of skin closure for a lumbar microdiscectomy varies between sutures and clips and is
generally dictated by surgeon preference. A visit to the general practitioner (GP) is required for
removal in the case of clipping. Tennison et al., (2021) determines that the average GP visit to generate
66kg COze per visit, a figure used in the analysis [5].

Outpatient follow-up appointment:

All patients are followed-up in the outpatient clinic at Salford Royal Hospital six weeks
following a lumbar microdiscectomy. Tennison et al., (2021) modelled the environmental impact of
the average outpatient appointment in acute care to be 76kg CO:ze, a figure used in the analysis [5].

4. Discussion

The present study puts the ecological impact of a lumbar microdiscectomy at 477.73kg COxze,
with single-use intraoperative items accounting for a significant source of this burden. Given that
there are over 10,000 adult patients each year undergoing elective spinal surgery in the UK [24], this
represents a significant healthcare-associated ecological burden. The figure determined by the
functional unit of analysis is ecologically comparable to a single flight from Manchester to Istanbul
or a return flight from Manchester to Berlin [29], and would take 19 trees one year to offset the
emissions [30].

Ecological analysis is a novel area of enquiry in the surgical field. As such, the availability of
comparable literature is limited. Rizan et al.’s (2020) review of eight studies found a range between
6-814kg COze per functional unit of analysis with a cataract surgery in India at the bottom end, and
a robotic hysterectomy in the US at the top end of this range [14]. The present figure finds itself close
to the median (410kg) of this range. However, six of the eight studies only consider the operation
itself contrasting the present study, which maps the entire patient journey from attendance to hospital
to the final outpatient visit. Considering the operation alone puts the present figure (173.89kg COze)
at the lower end of this range and lower than any of the operations studied in a Western healthcare
setting. Aside from differences in operative procedure and footprinting methodology, there are
elements in the present study that can account for this finding. Notably, total intravenous anaesthesia
(TIVA) with Propofol was the anaesthetic agent of choice contrasting anaesthetic gas chosen by most
of the studies analysed by Rizan et al. (2020), which contributed substantially to the overall carbon
figure [14]. The differential carbon impact of TIVA versus gas is well-established and has been found
to be almost four orders of magnitude lower than its gaseous counterparts [31]. The greater carbon
impact of gaseous anaesthesia is attributable to the waste emissions from N20O — a carrier gas with a
global warming potential (GWP) 310 times that of CO2[31]. TIVA has also been shown to confer
additional clinical benefits over xenon-based alternatives including lower rates of post-operative
nausea [32] and a reduced risk of malignant hyperthermia [33]. Notably, it has been found to reduce
recovery times in lumbar decompression [34]. Inhaled agents were previously thought to confer
cardioprotective benefits over intravenous counterparts, based on experimental models [35].
However, more robust studies have since dispelled this idea, with a recent RCT concluding no
difference between the two class of agents [36]. Neverthless, longer set-up times, greater risk of
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equipment failure and higher costs have all been cited as barriers to TIVA use [37]. Despite this, there
has been a steady increase in its adoption in the UK, particularly in the field of Neurosurgery [38].

The local travel survey revealed that almost three quarters (73%) of 628 staff members travelled
into work alone by car. By encouraging car-pooling initiatives and investing in local public transport
infrastructure, the emissions derived from this stage can be minimised not only for elective surgery,
but all healthcare-related activities.

Intraoperative single-use items accounted for over half of the carbon impact of the operation
rising to over three-quarters (131.92kg COze, 75.9%) when anaesthetic disposables are considered.
Conversely, the carbon cost of sterilising reusable equipment accounted for a minute fraction of the
overall emissions at 1.5% (2.60kg COze), 50 times less than the overall impact derived from single-use
items (Figure 3). This finding is echoed by multiple prior studies[39,40] of similar healthcare systems
and appears to be a significant inherent source of emission in surgery. Furthermore, we noted that
most disposables were contained in several layers of packaging, most of which contained plastic.
Sterilised instruments were also double wrapped in plastic. A potential strategy would be to urge
manufacturers to seek alternative means of packaging without compromising sterility by using
single-layer plastic wrapping for sterile instruments — a strategy that has been shown to be just as
effective in preventing bacterial contamination [41].

Clips were chosen as the method of choice for skin closure. This necessitates an additional
outpatient primary care visit — an activity which contributed an additional 66kg CO2e (13.82%). Given
that skin closure is largely down to surgeon preference, this additional carbon (and financial) cost
can be eliminated entirely by substituting with absorbable sutures. The limited evidence suggests
that clips may increase the risk of post-operative wound infection [42]. However, more robust
randomised controls are required to verify this link.

5. Limitations

We must acknowledge the variability of surgical and anaesthetic practices for a lumbar
microdiscectomy between trusts and regions. For instance, units will differ in the use of TIVA vs.
xenon-based gases, manage waste differently and vary in energy sources used to power hospital
facilities and operating theatres. Thus, the external validity of this single-centre trial is limited.
Additionally, the purchase order data reconciled from the CO: analysis database is reliant on accurate
logging of purchase orders. On several instances, we were unable to reconcile certain inventoried
items and therefore had to use data for equivalent items to reach a final figure. Another limitation
relates to the use of secondary sources to footprint certain aspects of the overall analysis. Tennison et
al. (2021) [5] provided a valuable data source and although they used national data, local factors in
our hospital may differ considerably, resulting in discrepant emission data for important aspects of
the analysis including the acute inpatient stay and outpatient clinic appointments.

6. Conclusions

Surgery is a significant source of healthcare derived emissions, and Neurosurgery is no
exception, producing 477.73kg COze at our trust per patient. This analysis has allowed us to both
appreciate the magnitude of emissions as well as identify sources for sustainable change. By
substituting polluting elements for carbon-friendly alternatives (e.g., TIVA instead of gaseous
anaesthesia, suture closure vs. staples) and challenging the single-use culture, we can all play a part
in curbing the effect of global warming and pave the way to a ‘net zero” healthcare system. Similar
analyses of common surgical procedures will enable healthcare authorities to understand problem
areas that require attention across numerous surgical disciplines. Ultimately, comprehension of the
problem is prerequisite to attaining this ambitious ‘net zero’ target and catering to the increasingly
astute and environmental conscious patient demographic.
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