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Background: The deep inferior epigastric perforator (DIEP) flap provides an
effective and popular means for autologous breast reconstruction. However, with
the complexity of the pathway, the environmental impact of the pathway has yet to
be evaluated.

Methods: A retrospective analysis of 42 unilateral DIEPs at a single reconstructive
center was performed. Process mapping and life-cycle analyses were performed for
equipment, staff, patients, and land. A bottom-up approach was adopted to calcu-
late carbon dioxide equivalent estimates for the initial consultation, preoperative,
intraoperative, and immediate postoperative periods.

Results: This study estimated the carbon footprint of a patient undergoing DIEP
flap surgery to be approximately 233.96kg CO,eq. Induction, maintenance, and
running of anesthesia had the highest overall contribution to the carbon footprint
(158.17kg CO,eq, 67.60% overall). Patient and staff travel contributed more than
15% overall carbon emissions in this study. The impact of sterilization was less
than half of that from waste management (0.81 versus 1.81 kg CO,eq, respectively).
Waste management alone contributed 4.21kg CO,eq of the overall carbon emis-
sions, the majority of which was accountable to the incineration of 14.75kg of
noninfectious offensive waste.

Conclusions: This study estimates the carbon footprint of the DIEP pathway.
Strategies to mitigate the impact of carbon emissions including usage of reusable
vs single-use equipment, virtual consultations, standardization of equipment packs,
and optimizing waste disposal were suggested areas for improvement. Data from
manufacturers on life-cycle assessments were limited, and further work is needed
to fully understand and optimize the impact of DIEP surgery on the environment.
(Plast Reconstr Surg Glob Open 2024; 12:¢6374; doi: 10.1097/GOX.0000000000006374;
Published online 26 December 2024.)

INTRODUCTION

The acuity of strategies to mitigate the environmental

surpassed climate records’ with the World Meteorological
Organization announcing it as the hottest year since

impact of our practices has been recognized by the United
Nations as the defining crisis of our times.' The effects
of climate change have global consequences, and 2023
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records began.” The Paris Agreement was a commitment
to limit temperature rise to 1.5° with a shift to net zero by
2050.* However, data show that these goals are not being
met, and the goal of the Conference of the Parties 2028
was to identify solutions for limiting temperature rise.”"
To slow the progression of climate change, every industry
must be evaluated, especially those with the highest car-
bon emissions.”

Healthcare services account for 4%-5% global net
emissions, and in the United Kingdom, the National
Health Service (NHS) is responsible for 25% of
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public sector emissions.*™ " Surgery is particularly resource-
intensive, accounting for as much as 25% of hospitals’
emissions, despite fewer than 5% of inpatients undergo-
ing surgery.'"'? Interest in sustainable surgery is grow-
ing, and the Intercollegiate Green Theatre Checklist was
released as part of a joint initiative from the Royal Colleges
in the United Kingdom, highlighting the urgent need for
increased environmental sustainability in healthcare."

To increase sustainability in surgery, carbon hotspots
must be identified. Life-cycle assessments seek to compile
and evaluate the inputs, outputs, and potential environ-
mental impacts of a product or system throughout its
life."* Process mapping represents a potent tool for achiev-
ing this, providing a visual representation of a patient
journey encompassing all the transactions and encoun-
ters. Through following a patient’s journey, the carbon
footprint of its constituent aspects and total effect can be
calculated. Process mapping has been performed with
varying complexities in different specialities, yet its appli-
cation within plastic surgery has been limited."~**

The deep inferior epigastric perforator (DIEP) flap
is the most common autologous option for breast recon-
struction following mastectomy for breast cancer.'*
Reconstructive cancer surgery is resource-intensive, owing
to its complexity; extensive equipment requirements; and
long operative times, with DIEP flaps taking an average of
7-8 hours.?"* This is likely in turn to have a high carbon
footprint; however, this has yet to be quantified. This study
seeks to quantify the carbon footprint of DIEP reconstruc-
tive surgery through process mapping and performing a
thorough life-cycle assessment. This will help to identify
carbon hotspots and suggest actionable targets to increase
the environmental sustainability of DIEP surgery.

METHODS

Study Design and Population

A retrospective service evaluation was performed using
data collected from women undergoing DIEP flap recon-
struction from April 1, 2022, to September 11, 2023, in a
single plastic surgery department at a large teaching hos-
pital in London. Inclusion criteria were unilateral DIEPs,
both immediate and delayed, and both bipedicled and
unipedicled DIEPs without any extra procedures per-
formed simultaneously. For immediate DIEPs, variables
related to the mastectomy including equipment and per-
sonnel were not included.

Process mapping for patients undergoing DIEP flap sur-
gery was performed (Fig. 1). Data were categorized into 4
time points: preoperative consultation period (time from
first patient encounter with plastic surgery team until final
encounter before surgical admission), preoperative (time
from admission on the day of the surgery up to entering the
theater), intraoperative (time from entering to leaving the
theater), and immediately postoperative (recovery area).

Data Collection

This studywas registered asan auditat our trustand data
were collected using a variety of methods. These included
direct data collection through electronic patient records,
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Takeaways

Question: What is the carbon footprint of deep inferior
epigastric perforator (DIEP) flap surgery and where are
emissions attributed to?

Findings: The estimated carbon footprint of DIEP flap
surgery was 233.24kg CO,eq. Anesthesia had the highest
contribution, and patient and staff travel contributed more
than 15% carbon emissions in this study. The impact of ster-
ilization was less than half of that from waste management.

Meaning: This is the first study to estimate the carbon foot-
print of the DIEP pathway. Suggested strategies to mitigate
carbon emissions were usage of reusable versus single-
use equipment, virtual consultations, standardization of
equipment packs, and optimization of waste disposal.

interviews with staff, raw data collection intraoperatively,
surveys, contact with hospital departments including pro-
curement, the central sterilization unit and estates, and
contact with external suppliers. Where raw data were not
available, reasonable estimates were made using existing
literature as benchmarks. (See appendix, Supplemental
Digital Content 1, which shows details of data variables
and sources, http://links.lww.com/PRSGO/D688.)

In addition to stratification of data via time frame, data
were also categorized by sector. This included procure-
ment of equipment; energy and water supply; staff and
patient travel; sterilization of reusable equipment; waste
management of disposable equipment; and contribution
of anesthesia, including gases and the impact of running
anesthetic equipment.

DIEP Protocol

Before the DIEP flap, all patients underwent a com-
puterized tomography angiogram to assess vessel caliber.
The personnel intraoperatively included anesthetists, sur-
geons, nurses, and operating department practitioners/
healthcare assistants. Some DIEPs are dual-consultant led;
however, most are single consultant with 2 junior assisting
surgeons. Postoperatively, all patients follow the enhanced
recovery after surgery protocol to encourage early mobil-
ity, decrease length of stay, and optimize outcomes.*

Carbon Footprint Calculations

The carbon footprint for each sector of the patient
journey on the process map was calculated and summed
in the units of carbon dioxide equivalents (CO,eq) using
multiplication factors from sources including government
reports, previous studies, and online resources.”™ (See
appendix, Supplemental Digital Content 2, which shows
comprehensive details of the determination of the CO,eq
for each sector, http://links.lww.com/PRSGO/D688.)

Boundary Setting

A study of this type requires clear limits to be set and
assumptions to be made. Our study observed patients
from their first encounter following referral up until leav-
ing the recovery area. The postoperative period was not
included due to its highly variable nature.
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The DIEP flap patient pathway
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Fig. 1. Aniillustration of the DIEP flap patient pathway.
RESULTS

Patient Characteristics

A total of 42 patients underwent unilateral DIEP flaps
between April 1, 2022, and September 11, 2023, at our
center (Table 1). Most underwent immediate DIEP sur-
gery and most were unipedicled (71.4%, N = 30). The
average time in the anesthetic room before entering the
theater was 29.68 minutes and average operative time was
just over 9 hours (544.33min). Most patients received
induction with propofol and remifentanil and mainte-
nance with nitrous oxide and oxygen at a low flow rate.

On average, patients had 2 in-person consultations
with either plastic surgeons or anesthetists for preassess-
ment clinics requiring travel to our center before their
surgery. Patients generally traveled farther than staff to
hospital (17.69 versus 12.77 km, respectively). There
was variation in the mode of travel between staff, with
surgeons and nurses tending to travel by overground or
underground, healthcare assistants tending to walk, oper-
ating department practitioners taking the train, and anes-
thetists choosing to cycle as the most common method of
commuting.

There were many different equipment suppliers for
surgical instruments, anesthetic equipment, and scrubs,
all of which were UK based. The average distance equip-
ment was transported was 221.39 and 192.91 km for pre-
operative and intraoperative equipment, respectively.
Data on the production of individual items was requested
from external suppliers but was only available from 1
supplier of anesthetic equipment. A list of the average
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number of intraoperative surgical equipment for the 42
patients undergoing DIEP flaps is shown (See appendix,
Supplemental Digital Content 3, which shows average
number of surgical equipment for the 42 patients under-
going DIEP flap surgery, http://links.lww.com/PRSGO /
D688).

There were 3 main waste streams from the DIEP sur-
gery: sharps, noninfectious offensive, and dry mixed
recyclable waste. More than 77% of the total weight of
waste contribution was from noninfectious offensive waste
(18.95kg). Eight consultant surgeons performed the
DIEP flaps with minimal variability between them in terms
of technical details of procedures performed, number of
preoperative in-person consultations, operative time, and
equipment used.

Overall Carbon Footprint

The total carbon footprint for a patient undergoing
DIEP flap surgery from first encounter with the plastic
surgery department to leaving the recovery area after sur-
gery was calculated to be 233.96kg CO,eq and involved
a complex interplay of contributing factors (Fig. 2).
Unsurprisingly, the highest contribution was from the
intraoperative period (192.10kg CO,eq, 82.32%, Fig. 3).
However, even before entering the theater, there was
41.14kg CO,eq emitted.

Consultation Period Contributors

Before the day of surgery, 15.46 kg CO,eq was emitted,
6.60% overall emissions (Table 2) and equivalent to driv-
ing 56.34 miles. The majority of this was attributable to
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Table 1. Average Variables Used to Calculate CO,eq for 42 DIEP Flaps
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Variable

N (%) or Mean

No. patients 42 (100)
Timing of DIEP

Immediate 37 (88.1)

Delayed 5 (11.9)
Unipedicled or bipedicled

Unipedicled 30 (71.4)

Bipedicled 12 (28.6)
Average no. in-person consultations before DIEP 2
Average distance from patient postcode to hospital, km 17.69
Average time in anesthetic room, min 29.68
Average time in theater, min 544.33

Most common method of anesthetic induction

Propofol + remifentanil (TIVA)

Most common maintenance gases

N,O 5L/min and supplementary O,

Average no. staff preoperatively 4
Average no. staff intraoperatively 10
Average distance from staff postcode to hospital, km 12.77

Most common method of staff transport

Surgeon Overground/underground
Nurse Overground/underground
HCA Walk
obDp Train
Anesthetist Cycle

Average distance from preoperative equipment supplier postcode to hospital, km 221.39

Average distance from intraoperative equipment supplier postcode to hospital, km 192.91

Weight of waste, kg 18.95 (100)
Sharps 1.10 (5.80)
Noninfectious offensive waste 14.75 (77.84)
Dry mixed recyclable waste 3.1 (16.36)

HCA, healthcare assistant, ODP, operating department practitioner; TIVA, total intravenous anesthetic.
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Fig. 2. A flowchart showing the complex interplay of factors contributing to the overall carbon footprint of DIEP flap surgery.

patient travel to our hospital (77.81% of the consultation ~ tomography scanner (2.70kg CO2eq, 17.46% consulta-
period emissions and 5.14% overall). The second highest  tion period emissions), and remaining emissions came
contributor to emissions was the running of a computed  from staff travel and building energy usage.
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Carbon footprint by operative phase

Il Preoperative consultation 6.62%
[ Preoperative 11.00%

Il Intraoperative 82.29%

[ Immediate postoperative 0.09%

Total = 233.24 kgCOZ%eq.

Fig. 3. A pie chart showing the contribution of each operative
phase to the overall carbon footprint of DIEP flap surgery.

Preoperative Contributors

During the preoperative period before the patient
entered the theater on the day of surgery, there was
25.68kg CO,eq emitted (10.97% overall, equivalent of
driving 93.59 miles), 43.93% of which came from the
production of staff scrubs and patient gowns. This was
followed by the induction of anesthesia, which made up
32.98% of total preoperative emissions (8.47kg CO,eq).
Staff and patient travel contributed a joint total of 5.66 kg
CO,eq (22.04% preoperative emissions), and other con-
tributors included building energy costs, equipment trans-
port, and surgical scrubbing.

Intraoperative Contributors
The intraoperative period had a profound impact on
emissions (192.61kg CO,eq, the equivalent of driving

701.95 miles), owing to the multitude of factors involved
and the operative time (average 9.07h per DIEP). The
biggest contributor was the maintenance of anesthesia
(including nitrous oxide and oxygen usage at 5L/min),
which made up 75.36% intraoperative and 62.04% over-
all emissions. Production of instruments had the second
largest impact on emissions, contributing 21.52kg CO,eq
(9.20% overall emissions and 50.15% intraoperative
emissions when excluding anesthesia). Building energy
and water usage formed 5.43% of intraoperative emis-
sions (24.38% excluding anesthesia). The differential
impact of single-use versus reusable instruments was fac-
tored in through accounting for instrument production,
transport, sterilization of reusable equipment, and waste
management of disposable equipment. Waste manage-
ment emitted 2.22 times higher kg CO,eq compared with
sterilization (4.21 versus 1.90kg CO,eq), and equipment
transport made up over 10% intraoperative emission after
excluding the impact of anesthesia.

Postoperative Contributors

The immediate postoperative period had the lowest
contribution to overall emissions (0.21kg CO,eq, 0.09%
overall emissions), which came from building energy
usage.

When combining data from operative periods to sum
respective sectors, the induction, maintenance, and run-
ning of anesthetics was the predominant source of CO,
emissions (158.17kg CO,eq, 67.61% total; Table 3, Fig. 4).
The second highest contribution was from transport and
procurement of equipment (37.18kg CO.eq, 15.89%).

Table 2. Carbon Dioxide Equivalents (kg CO,eq) for Each Sector in Each Operative Period

kg COeq % Overall Emissions
Total 233.96 100
Preoperative consultation total 15.46 6.60
Electricity, gas, and oil 0.35 0.15
Patient travel 12.03 5.14
Staff travel 0.38 0.16
CT angiogram 2.70 1.15
Preoperative total 25.68 10.97
Electricity, gas, and oil 0.05 0.02
Patient travel 3.00 1.28
Staff travel 2.66 1.14
Equipment transport 0.07 0.03
Production of scrubs 11.28 4.82
Induction of anesthesia 8.47 3.62
Surgical scrubbing 0.15 0.06
Intraoperative total 192.61 82.32
Electricity, gas, oil, and water 10.46 4.47
Equipment transport 4.31 1.84
Production of instruments 21.52 9.20
Maintenance of anesthesia (including gases) 145.16 62.04
Running on anesthetic equipment 4.54 1.94
Sterilization of instruments 1.90 0.81
Waste management 4.21 1.80
Laundry of gowns 0.51 0.22
Immediate postoperative total 0.21 0.09
Electricity, gas, and oil 0.21 0.09

CT, computerized tomography.



Table 3. Carbon Dioxide Equivalents (kg CO,eq) for Each Sector
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kg CO,eq %

Total 233.96 100

Induction, maintenance, and running of anesthetics 158.17 67.60
Equipment transport and procurement 37.18 15.89
Patient and staff travel 18.07 7.72
Building electricity, gas, oil, and water 10.86 4.64
Waste management 4.21 1.80
Miscellaneous™ 2.85 1.22
Sterilization of instruments and laundry 2.41 1.03

*Emissions from computerized tomography angiogram and laundry of patient gowns and scrubs.

Carbon footprint by sector
Induction, maintenance, and running of anesthetics 67.81%

Equipment transport and procurement 15.94%
Patient and staff travel 7.75%

Building electricity, gas, oil, and water 4.66%
Waste management 1.81%

Miscellaneous 1.22%

ifnEonnmm

Sterilization of instruments and laundry 0.81%

Total = 233.24 kgCO%eq’

Fig. 4. A pie chart showing the contribution of each sector to the
overall carbon footprint of DIEP flap surgery.

Patient and staff travel had a greater impact than building
electricity, gas, oil, and water usage (18.07 versus 10.86kg
CO,eq, respectively).

DISCUSSION

Surgical pathways are intrinsically complex and
resource-intensive, requiring robust supply chains to
ensure appropriate maintenance, transport, and disposal
of equipment, as well as maintenance of land and travel of
patients and staff for any surgery. This study calculates the
carbon footprint of DIEP flap surgery and maps the patient
journey from the preoperative phase until recovery, also
including the impact of anesthesia. This study found that
the carbon footprint of a patient undergoing DIEP flap sur-
gery is approximately 233.96kg CO,eq. This is equivalent
to driving a car for 1372 km or flying 1549 km, which is
roughly the same as flying from London to Florence.”

The magnitude of carbon emissions from DIEP flap
surgery emphasizes the importance of process mapping to
identify carbon hotspots, which can be targeted to reduce
the carbon footprint of the patient pathway. We found
that although the intraoperative period had the greatest
contribution to the overall carbon footprint (192.61kg
CO,eq, 82.32%), 41.14kg CO,eq was emitted before a
patient entered theater. Through analysis of other opera-
tive periods including the preoperative and immediate
postoperative period, interventions for each stage can be
suggested. For example, in the consultation period, there
was an average of 2 clinic appointments. It could be sug-
gested that 1 of these could be virtual to reduce emissions
from patient travel and building energy usage, which con-
tributed to more than 80% of emissions in the consulta-
tion period. During the COVID-19 pandemic, there was
an unprecedented rise in virtual consultations.” However,

even before this, an increased utilization of telemedicine
was a priority for the NHS. The 2019 NHS long-term
plan detailed benefits of virtual consultations, including
reduced financial cost, decreased nonattendance, and
overall reduced air pollution in line with NHS net zero
by 2040.% Patient and staff travel contributed more than
15% of overall emissions in this study, and in 2017, 3.5%
total UK road travel was accounted for by patients, visitors,
staff, and suppliers to the NHS.* The impact of pollution
on population health is significant, causing 8.34 million
excess deaths per year from fine particulate and ozone air
pollution.”

Subsector analysis of carbon emissions is important to
identify targets for reducing carbon emissions. Induction,
maintenance, and running of anesthesia had the highest
contribution to the carbon footprint (158.17kg CO,eq,
67.61% overall). The contribution of anesthetic gases on
the NHS carbon footprint was highlighted by Whiting et
al,"” who estimated that anesthetic gases contributed 42%
of annual surgery greenhouse gas emissions. Total intra-
venous anesthetic is a technique with significantly lower
impact on emissions, and ongoing pressure to reduce the
use of anesthetic gases is evident with the Royal College of
Anaesthetists announcing their plan to decommission des-
flurane.*** Using total intravenous anesthetic in this study
would have reduced carbon footprint emissions by a huge
38%. Another way to decrease the impact of anesthesia is
through decreased operative time. Surgeons should strive
to increase efficiency without compromising patient safety.
The emphasis on sustainability within anesthetic equip-
ment suppliers was also evident as the only companies able
to provide comprehensive life-cycle assessments and indi-
vidualized carbon emissions from products. (See appendix,
Supplemental Digital Content 4, which shows an example
of life-cycle assessments performed for individual anes-
thetic equipment, http://links.lww.com/PRSGO /D688.)
No surgical equipment manufacturers contacted during
this study could provide individualized data, highlighting
the relatively nascent nature of life-cycle assessments. This
suggests that more work is needed by manufacturers in
pursuit of sustainability goals, as well as consideration of
this regarding procurement. This is particularly important
as the second highest contributor to overall emissions dur-
ing the DIEP patient journey was procurement and trans-
port of instruments (37.18kg CO,eq, 15.89% overall).

Annually, healthcare services worldwide produce
more than 5 million metric tons of waste, and in the
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United Kingdom, the NHS produces 133,000 metric tons of
plastic, only 5% of which is recycled.”'® Operating depart-
ments contribute 50%-70% of clinical waste.”-"® In our
study, the weight of waste in each stream was recorded. We
found that waste management alone contributed 4.21kg
CO,eq overall emissions, most of which was account-
able to incineration of 14.75kg noninfectious offensive
waste. This emphasizes the need for increased recycling,
which was highlighted as an area for improvement in the
Royal College of Surgeons of England’s Sustainability in
the Operating Theatre Good Practice Guide.* A barrier
to recycling noted by operating department staff during
our study was that if waste was incorrectly segregated, the
whole bag could no longer be recycled and was instead
incinerated. Solutions to this may include further recy-
cling waste segregation streams.”

Reuse where possible is also a priority within sustain-
able surgery, and our study showed that the impact of
sterilization was less than half of that from waste manage-
ment (0.81 versus 1.81kg CO.eq). Within surgery, there
is a reliance on single-use instruments due to concerns
surrounding infection risk and financial implications.
Although there is growing evidence to suggest reusable
instruments can safely be used, Bhutta™ argued that to
decrease reliance on single-use equipment there is a need
for governmental policy and attitude change among sur-
geons.” ™ Reuse of equipment is expanding beyond surgi-
cal instruments to include the reuse of drapes and patient
gowns. Rizan et al”® reported that the reuse of surgical
instruments and linens as opposed to single use reduced
the carbon footprint by 36%.** Where it is not possible to
switch from single use to reusable instruments, we pro-
pose the removal of unutilized instruments from surgical
packs, which can be identified through inventories.”*°

This study, through process mapping, calculates the car-
bon footprint of a complex procedure with the inclusion
of the preoperative consultation period, preoperative anes-
thetic, and immediate postoperative period. Thiel et al'®
and Morris et al'® have calculated the carbon footprint of
cataract surgery with estimates of up to 181 kg CO,eq emit-
ted. However, cataract surgery is a much shorter procedure
requiring far less equipment and personnel. Therefore,
our study provides an important progression of existing
literature, elucidating where carbon contributions can be
attributed for lengthier, complex procedures. Interestingly,
our overall carbon footprint calculations were only 28.8%
higher than those found in the study by Morris et al'®
(62.16kg CO,eq more), suggesting that the individual
setup of the surgery rather than the length of surgery is the
most important contributing factor. It can, therefore, be
suggested that 1 way to decrease the environmental impact
of surgery is to have longer operating lists on fewer days.

This study has considered many factors within the
patient pathway to calculate the most representative esti-
mate of the carbon footprint of DIEP flap surgery. This
study should not be used by lawmakers or insurance com-
panies but is intended to be used by surgeons to evaluate
ways they can increase the sustainability of their prac-
tice. A study of this kind has challenges and limitations
to data collection and calculations. The global impetus

surrounding sustainability and climate change will likely
result in medical equipment suppliers performing further
research and life-cycle assessments on individual products.
Furthermore, due to patientspecific factors, there was
inevitably variability between each surgery (mean opera-
tive time range, 270min) and therefore the calculated
figures must be interpreted as an estimate. We sought
to mitigate patient variability through our large sample
size. However, variability between surgeons still exists due
to surgeon-specific preferences in equipment, operative
time, and operation type (eg, bipedicled versus unipedi-
cled DIEPs).””

This study is novel within plastic surgery and may serve
as a framework to calculate the carbon footprint of other
pathways. Preliminary calculations suggest that implant-
based reconstruction contributes only 21% emissions
compared to that from DIEPs (48.80kg CO,eq). (See
appendix, Supplemental Digital Content 5, which shows
variation between DIEP and implant-based reconstruc-
tion by operative phase, http://links.lww.com/PRSGO/
D688.) Further work should be performed to identify
carbon hotspots within implant-based reconstruction and
the impact of any subsequent revisional procedures in the
2 pathways. It is hoped that such studies may serve as a
tool for surgeons, healthcare staff, and clinical directors
to benchmark and understand the impact that our work
has on the environment and how we can work together to
improve the sustainability of surgery.

CONCLUSIONS

This study estimated the carbon footprint of a patient
undergoing DIEP flap surgery to be approximately
233.96 kg CO,eq, through process mapping the DIEP path-
way for patients, equipment, land, and staff. Strategies to
mitigate the impact of carbon emissions including usage
of disposable versus reusable equipment, virtual consulta-
tions, standardization of equipment packs, and optimiz-
ing waste disposal were suggested areas for improvement.
Data from manufacturers on life-cycle assessments was lim-
ited, and further work is needed to fully understand and
optimize the impact of DIEP surgery on the environment.
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