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Abstract

Background Health interventions contribute to the production of greenhouse gas emissions. Thus, reducing carbon footprint
is essential in supporting the UK National Health Service (NHS) pathway to net zero. This study explores the approach
in which carbon footprint can be included when applying Health Technology Assessment (HTA) modelling using obesity
intervention in the United Kingdom (UK) as a case study.

Methods Using decision analytic modelling, we conducted an HTA incorporating the impacts of obesity-related treatment
decisions on UK carbon emissions. A cohort Markov model was used to track the emissions of the UK population after
receiving one of two obesity treatments: semaglutide and bariatric surgery.

Results This study introduced two new carbon measurement tools that may be useful for future policymaking, incremental
carbon footprint effectiveness ratio (ICFER) and incremental carbon footprint cost ratio ICFCR), which made it possible
to assess the emission impacts of proposed health policies. Using the obesity intervention case study, we found that both
treatments have an incremental cost-effectiveness ratio (ICER) of < £20,000 per quality-adjusted life-years (QALYs) gained.
This is below the UK threshold, indicating that these are cost-effective treatments for obesity, but could increase the NHS
carbon footprint. However, it could reduce the overall UK societal carbon footprint by reducing the number of people with
obesity. The ICFCR shows a reduction of 1.13—4.51 kgCO,e (kilogram of carbon dioxide equivalent) for every pound spent
on obesity treatment.

Conclusion This study illustrates a case study for estimating the effect of health policies on carbon emissions and provides
a quantitative measure for obesity-related treatment decisions.

Key Points for Decision Makers

To mitigate the impact of climate change and to help the
government meet their net zero targets, policymakers
should consider the environmental costs and effects of
health policies and interventions.
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1 Introduction

In the UK, the 2019 carbon footprint of the National Health
Service (NHS) was 25 MtCO,e (million tonnes of carbon
dioxide equivalent), which is around 6% of the UK's total
footprint [1, 2]. Thus, the healthcare sector can potentially
play a vital role in the mitigation of anthropogenic climate
change, by leveraging its influence to drive carbon emission
reductions [2]. However, quantifications of the environmen-
tal impacts such as carbon emissions on healthcare decision
making are generally scarce [3]. This study contributes to
the small amount of existing research that integrates carbon
emission reduction into the Health Technology Assessment
(HTA), a widely established method for health economic
evaluations and health-related policy guidance. The litera-
ture on incorporating environmental elements and carbon
footprint calculation into HTA modelling is growing with
the increasing interest in environmental impact reduction
[4]. For example, the use of processed-based life cycle
assessment (LCA) in HTA has been proposed to internalise
environmental externalities [3, 5]. This can be incorporated
using various approaches, including decision modification,
applying carbon footprint as a criterion in the multi-decision
criteria analysis (MCDA), monetisation, or incorporating
additional cost in the analysis [3].

This research offers a novel methodological approach
to including carbon footprint analysis in HTA modelling
and helps shape our understanding of the environmental
impact associated with health care. To achieve this, obesity
intervention was chosen as a case study, because obesity
has a significant impact on the environment. A recent study
estimated the yearly global impact of obesity at 1.6% of all
emissions, equivalent to 700 MtCO,e, breaking it down into
specific societal categories, such as food consumption and
transport [6]. This impact comes on top of the increased
requirement for obesity treatment in healthcare, which has
its own carbon footprint. Therefore, changes in obesity levels
will directly affect NHS carbon emissions and the pathway
to the NHS net-zero target date of 2045 [7].

The UK NHS estimates that more than one in four adults
are obese, with a body mass index (BMI) >30 kg/m? [8—10].
The impact of this can be considered in terms of cost and
physical and mental health. A government-commissioned
report in 2007 estimated a £7 billion yearly cost of obesity
to the NHS, rising to £12.5 billion by 2050 [11]. These cost
rises are driven by the higher prevalence of several illnesses
(co-morbidities) among people with obesity compared with
people with a healthy weight. Each of these requires NHS
treatment. The NHS recorded over one million hospital
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admissions in the UK with a primary or secondary diagnosis
of obesity in 2019/2020 [12]. Historically, only bariatric sur-
gery led to large BMI reductions. More conservative inter-
ventions, such as drug treatments, showed poor long-term
results, with initial weight loss often regained over several
years [13]. However, a recent trial highlighted the poten-
tial for the drug semaglutide to provide significant weight
loss [14], well beyond that achieved by the current approved
drug orlistat [15]. Before approving new treatments like
semaglutide, NICE (National Institute for Health and Care
Excellence) reviews the drug trial results and performs an
effectiveness analysis as a part of a health technology assess-
ment (HTA) [16—-18]. HTAs compare the health effects and
cost effectiveness of different treatment scenarios. However,
some suggest NICE should also consider healthcare’s envi-
ronmental impacts [16], especially given the negative impact
of climate change on health [19, 20].

This study aims to show that carbon emissions can be
integrated into HTA modelling using obesity intervention as
a case study. This study has three research objectives: firstly,
to perform an HTA to model the difference in cost effective-
ness and carbon footprint in the different treatment scenarios
of bariatric surgery and semaglutide; secondly, to investigate
how reducing obesity affects the prevalence of BMI-related
diseases in the UK, and affects NHS spending and carbon
emissions; and lastly, to model the effect of lowering BMI
on UK societal carbon emissions.

2 Methods
2.1 Markov Model Overview

This study conducted an HTA using a three-part process.

In Part 1, the 2019 UK population was categorised by
BMI [10]. Treatment scenarios, either bariatric surgery or
semaglutide, were then applied, changing the BMI compo-
sition. Each person treated had a one-off cost and one-off
carbon footprint.

In Part 2, the BMI-distributed populations from Part 1
were put through a cohort Markov model (Fig. 1) containing
six health states: healthy, dead and four morbidity states—
cancer, coronary heart disease (CHD), diabetes and stroke.
The cancer state is a combination of bowel/colorectal and
breast cancer, both of which have been shown to correlate
with BMI [11, 13]. Treatment in each morbidity state incurs
an NHS cost and related carbon emissions.

Part 3 then combined the population from the treatment
scenarios with the outcomes of the cohort Markov model to
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give the key results from an NHS perspective, comprising
an incremental cost-effectiveness ratio (ICER)—the change
in cumulative costs from the baseline no-treatment scenario
divided by QALY gained from baseline; an incremental
carbon footprint effectiveness ratio (ICFER)—the change
in cumulative carbon footprint from baseline over QALY's
gained from baseline; and an incremental carbon footprint
cost ratio (ICFCR) that refers to the change in cumulative
carbon footprint from baseline over the change in cumulative
costs from baseline. Finally, taking a wider environmental
perspective, societal emissions related to obesity are then
aggregated to give societal results. Societal emissions here
lean more towards an environmental perspective and do not
include indirect costs such as productivity loss for simpli-
fication purposes, especially related to obesity treatment.

The time horizon of this study is 50 years, with each year
equalling one cycle. This was validated by comparing the
model deterministically for 1, 10 and 50 cycles (see Appen-
dix lin the electronic supplementary material [ESM]). The
population enters the model in the healthy state for their
BMI category and at the end of each cycle, the population
moves proportionally into the different states based on their
relevant transition probabilities, as can be seen in Table 1
(see Appendix 2.5 in the ESM). The model assumes that
once a member of the population has chronic morbidity,
they retain it until death, cannot recover, and cannot develop
more than one co-morbidity until death. It is documented
that multi-morbidities are more often present in people with
obesity and are more complex than dealing with each co-
morbidity alone. Multi-morbidities were not included in the
study for simplicity [21, 22].

1

Healthy

Dead

Fig.1 Structure of the Markov model, adapted from [13]. The
numerical labels correspond to the transition numbers in Table 1. The
transition probability of returning to the same health state is always [1
minus the value of the other possible transitions]

2.2 Scenario Populations

The 2019 UK population of 66,796,800 had a baseline
BMI composition as described in Table 2 [10, 37]. Based
on the NICE guidelines, all people with obesity are eligi-
ble for semaglutide and all Obese III people are eligible
for bariatric surgery. The model assumes everybody who
gets treatment has already completed the prerequisites of
diet and exercise [38]. The treatments assume that every-
body achieves the average drop in BMI instantaneously.

2.2.1 Bariatric Surgery Specifications

There are three main types of surgery classed as bariatric
surgery: gastric bypass, gastric banding, and sleeve gas-
trectomy. Gastric bypass was chosen for this study because
it gives the largest effect, is a best-case scenario, and is the
most common procedure performed in the UK [39]. The
effect of surgical intervention on BMI is a 32% drop in a
patient’s initial BMI [40]. The cost of bariatric surgery
performed on the NHS has not been published but price
ranges are published for private bariatric surgery [41].
The average cost used in this study, £10,510, is calculated
using the mid-point of the ranges, and their occurrence
ratios [39]. The carbon footprint of surgery was taken as
the average carbon emissions for a UK hospital surgery,
173 kilograms of carbon dioxide equivalent (kgCO,e)/case
[42].

2.2.2 Semaglutide Specifications

The effect of pharmaceutical intervention with semaglutide
is an average BMI drop of 5.54 kg/m? [14]. The annual cost
of a 2.4-mg dose of semaglutide is £1,926, using the treat-
ment program published by MIMS (Monthly Index of Medi-
cal Specialities) [43]. The carbon footprint of 252.7 kgCO,e/
person/year for one year of semaglutide was estimated from
information from the drug manufacturer, such as their global
sales and carbon footprint and their current drug costs
[44-47]. For the calculation details, see Appendix 1 in the
ESM. Semaglutide trial participants received treatment for
68 weeks, so the yearly cost and carbon footprint were mul-
tiplied by 1.31 [14].

2.2.3 Scenario Decisions
Both the 100% semaglutide and 100% bariatric surgery sce-
narios represent the largest conceptual impact of each treat-

ment across its eligible population. Expecting all eligible
patients to use an offered treatment is unrealistic and would
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Table 1 Reference for incidence data to estimate transition probability for healthy weight morbidity and mortality; the body mass index (BMI)
risk ratios and the yearly costs, and utility value for the model health states [22]

State Transition Healthy weight  Costs (£) Utility value Risk RR-UW RR-HW RR-OW RR-OBI RR-OBII RR-OBIII
incidence ratios
reference reference
Morbidity
Healthy 1 N/A 1123 1 N/A
Cancer” 3 [23] 7973 0.713 [24 0.943 1 1.045 1.075 1.07 1.07*
Stroke 4 [25] 6123 0.713 [26 0.662 1.045 1.415 2 2.6% 3.3%
CHD 5 [27] 2014 0.76 [28 0.806 0.913 1.24 1.505 1.85 2.05
Diabetes 6 [29] 1254 0.661 [3 1% 1 1.34 1.97 1.97* 2.68
Mortality
Healthy 2 [31] [3 1.69 1.00 1.12 1.51 2.01 3.00
Cancer® 7 [23] [32 1.24 1 1.07 1.22 1.54 1.97
Stroke 8 [33] [32 2.39 1.170 1.095 1.6 3.12 4.12
CHD 9 [34] [ 1.71 1.037 1.355 2.07 2.88 5.06
Diabetes 10 [35] [35, 36] 1.9% 1.27 1 1.005 1.12 1.548

CHD coronary heart disease, RR-UW relative risk underweight, RR-HW relative risk healthy weight, RR-OW relative risk overweight, RR-OBI
relative risk obese I, RR-OBII relative risk obese 11, RR-OBIII relative risk obese 111

# An average of bowel/colorectal and breast cancer

*See Appendix 2.5 in the electronic supplementary material [ESM]

Table 2 Percentage BMI distribution of population for the no-treatment baseline and the six scenarios after the application of the treatment, and

the one-off cost and carbon footprint associated with that treatment

Underweight ~ Healthy weight Overweight Obese I (%) Obese II (%) Obese Il (%) Treatment Treatment
(%) (%) (%) cost carbon footprint
(£ billion) (MtCO,e)
BMI (kg/m?) < 18.5 18.5-24.9 25.0-29.9 30.0-34.9 35.0-39.9 > 40
Scenario
Baseline 1.80 34.00 36.20 12.35 12.35 3.30 0 0
100% Sema- 1.80 36.47 48.55 11.28 1.85 0.05 23.4 6.18
glutide
10% Semaglu- 1.80 34.25 37.44 12.24 11.30 2.98 2.34 0.62
tide
2.5% Sema- 1.80 34.06 36.51 12.32 12.09 322 0.59 0.15
glutide
100% Bariatric 1.80 34.00 39.00 12.84 12.36 0.00 21.9 0.38
10% Bariatric 1.80 34.00 36.48 12.40 12.35 2.97 2.19 0.038
2.5% Bariatric 1.80 34.00 36.27 12.36 12.35 322 0.55 0.010

M1CO,e million tonnes of carbon dioxide equivalent

exceed operational capacity for bariatric surgery, so other
scenarios were modelled. The 2.5% semaglutide scenario
approximates the 2018 UK uptake of the current weight loss
drug, orlistat, which was 389,000 prescriptions or 2.08% of
the eligible population [48]. Under the scenario, all these
people switch over to semaglutide with minimal additional
prescriptions. The 2.5% bariatric surgery scenario represents
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a desired UK uptake target [49]. The most recent UK statis-
tic is that only 0.27% of the eligible population undergoes
bariatric surgery [39]. The 2.5% target represents a 10-fold
increase but this is feasible, as seen elsewhere in Europe
(e.g., Sweden [49]). The number of Obese III people in the
UK is currently rising by 60,000 people a year [49]. There-
fore, 2.5% of bariatric surgery scenarios is below the number
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required to keep the Obese III level constant. Therefore, an
intermediate scenario was devised with a 10% surgery rate.
Semaglutide achieves a larger weight loss than the current
drug orlistat [14, 15]. Therefore, it could be anticipated that
uptake will increase. A 10% uptake has been chosen to mir-
ror the bariatric surgery scenario and enable easier compari-
sons. Bariatric surgery has a larger effect on BMI, such that
none of the population remains in Obese class III for the
100% bariatric surgery scenario [Table 2]. However, sema-
glutide is given to a much wider proportion of the popula-
tion. For the same percentage of treatment uptake, 8.5 times
more people are eligible to receive treatment.

2.3 Utility, Carbon Footprint and Cost Specifications

Utility and cost data for the co-morbidities were obtained
from Public Health England’s 2015 data, see Table 1 [22].
Utility values were used to calculate quality-adjusted life
years (QALYs). The costs and utility of each co-morbidity
were assumed to be constant in relation to BMI. The source
calculates the average healthcare costs of ten co-morbidities
in 2015 and a baseline cost of anybody not having them (i.e.,
total healthcare costs divided by the total population). This
baseline cost as used in this study is the average healthcare
cost of a healthy person not having any of the four study
diseases (£1123). For the co-morbidities, the cost listed
includes baseline costs, therefore £1123 was removed to rep-
resent just the health spending on those four diseases [22].
The carbon footprint of treatment of co-morbidities was cal-
culated by multiplying costs by the NHS carbon intensity,
0.156 kgCO,e/£ [2]. Discount rates for costs and QALY's
were applied to allow near-term impacts more importance at
the standard rate applied to all economic models considered
by NICE of 3.5% [50]. For carbon footprint, no discount rate
was used as all carbon emissions are valued equally, “hence
maintaining intergenerational equity” [3]. All costs for co-
morbidities, semaglutide, and bariatric surgery have been
adjusted to 2023 prices [60].

2.4 Uncertainty Analysis

There are two sensitivity analyses performed: a one-way
deterministic sensitivity analysis was performed where key
input parameters from Part 1 were varied one at a time to
a high and a low value to monitor the sensitivity of the key
outputs from Part 3. A probabilistic sensitivity analysis
using a 1000-run Monte Carlo simulation for Part 2 was
also constructed using the distribution of events or the error
present in the scientific literature [51]. The distribution types

and parameters are detailed in Appendix 2.5 (see ESM).
Costs, QALY and carbon footprint were calculated for each
run and averages were only taken on model outputs. The
parameters were randomised at the start only and then kept
constant for each run of 50 cycles.

2.5 Part 3: Outputs

The Markov model (Part 2) outputs the following values for
each BMI category: (i) the number of QALY's spent outside
the death state; (ii) costs accrued for each year spent in each
state; (iil) carbon footprint accrued for each year spent in
each state. Part 3 of the model combines the proportions of
the population from each of the scenarios and the overall
one-off treatment cost and carbon footprint (CF) for each
scenario from Part 1 and the outputs for each BMI from Part
2, to provide the cumulative costs and cumulative carbon
footprint (CCF), calculated using Equation (1).

CCF =(CF of each BMI * %population with BMI)

+ CF Obesity Treatment M

The scenarios are then compared with the baseline no-
treatment scenario to provide an ICER, ICFER and ICFCR.

Finally, the obesity-related emissions associated with
transport and food consumption are estimated [6]. These
are accrued for every life year of an Obese I, Obese II and
Obese III person for each scenario, assuming the impact
was equal in each category. This value for the societal car-
bon footprint of obesity is aggregated to the CCF from each
scenario to give a cumulative societal carbon footprint. This
is then converted into a society framing with a new ‘societal
ICFCR’ result.

3 Results
3.1 Model Validation

The model was validated against the NHS budget, the pre-
vious cost of obesity measurements and the current car-
bon footprint of the NHS. To perform the validation, the
baseline model was run deterministically with no treatment
applied and compared over different timeframes of 1, 10
and 50 cycles. 50 years was chosen to allow assessment over
an adult lifespan and also include the NHS Net-Zero tar-
get date, see Appendix 1 in the ESM [7]. Fig. 2 shows the
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Percentage of the population in
the Healthy State

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Years
Obese |

(a)

—Normal Weight —Overweight Obese Il —Obese Il

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Years

the Death State

Percentage of the population not in

Obese |

(b)

—Normal Weight —Overweight Obese Il —Obese IIl

Fig.2 a The population proportion in the healthy state on each cycle by body mass index (BMI) category and b survival curve showing the
population proportion not in the death state on each cycle by BMI category. Underweight not shown

proportion of people who are healthy or are still alive by
BMI category during the 50 cycles when the model is run
deterministically. Healthy-weight people live longer with
fewer co-morbidities.

3.2 Scenario Results

Table 3 shows all scenarios have higher cumulative QALY's
and cumulative costs than the baseline population undergo-
ing no treatment. The 100% semaglutide scenario accrues
over 20 million more QALYSs than any other scenario. The
magnitude of costs and QALYSs increased linearly with
percentage of the eligible population given the treatment.
All the ICERs per patient are identical for each treatment
and are presented together in results tables. All scenarios
have a higher CCF relative to the baseline. The ICFER and
ICFCR are also shown in Table 3. The aggregation of the
CCF with the societal carbon footprint of food consumption

and transport results in a net reduction in the overall carbon
footprint in this study. Carbon reduction from the baseline
scenario and the combined societal ICFCR are shown in
Table 4. The 100% semaglutide scenario accumulates at
least 200 MtCO,e less societal carbon emissions than the
other scenarios. As there is no error associated with the
societal emissions as standard (one is tested in the one-way
sensitivity analysis), the error is carried over from Table 3.

3.2.1 Uncertainty Analysis

The results from the 1000-run probabilistic Monte Carlo
simulation are shown in Fig. 3. Overall, the variation is
small, increasing confidence in the results. Costs are cor-
related with the carbon footprint, R? = 0.38 for both sema-
glutide and bariatric surgery.

Table 5 shows the results from the one-way sensitivity
analysis. As it was run deterministically, results vary slightly

Table3 QALYs gained from baseline compared with ‘no treatment’, costs for the scenarios and their ICER

Scenario QALYs gained

(million)

Costs gained (bil-
lion £)

ICER

Carbon footprint ICFER ICFCR

increase (MtCO,e)

100% Semaglutide
10% Semaglutide
2.5% Semaglutide
100% Bariatric
10% Bariatric
2.5% Bariatric

3.27 (3.26-3.27)
0.82(0.81-0.82)

9.69 (9.68-9.71)
2.42 (2.42-2.43)

1.04 (1.04-1.04)
0.26 (0.26-0.26)

3.95(3.94-3.95)
0.99 (0.99-0.99)

32.68 (32.57-32.74) 96.94 (96.80-97.09) 2,803*
(2796-2810)

10.40 (10.37-10.43) 39.47 (39.42-39.51) 3,632*
(3624-3640)

28.38 (28.29-28.47) 820* (818-823) 0.28* (0.28-0.29)
2.84 (2.83-2.85)
0.71 (0.71-0.71)
7.35(7.32-7.38) 676* (674-679) 0.19* (019-0.19)
0.73 (0.73-0.73)
0.18 (0.18-0.18)

CF carbon footprint, CI confidence interval, ICER cost-effectiveness ratio (£/QALYs gained), /CFCR incremental carbon footprint cost ratio
(kgCO,e/£ spent), ICFER incremental carbon footprint effectiveness ratio (kgCO,e per QALY gained), kgCO,e kilograms of carbon dioxide
equivalent, MtCO,e million tonnes of carbon dioxide equivalent, QALY quality-adjusted life-years

*ICER, ICFER and ICFCR per patient are identical for each treatment and are presented together
The change in CF is associated with each scenario and their ICFER and ICFCR

95% CI ranges from the Monte Carlo simulation are in brackets
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Table4 The carbon reduction in MtCO,e from the baseline after
aggregating the NHS carbon footprint and the societal obesity-related
emissions by scenario and the societal ICFCR

Scenario Carbon footprint Societal ICFCR

reduction (MtCO,e)

100% Semaglutide
10% Semaglutide
2.5% Semaglutide
100% Bariatric
10% Bariatric
2.5% Bariatric

282.7 (282.5-283.0) — 2.87* (— 2.86 to — 2.87)
28.3 (28.2-28.3)
7.07 (7.06-7.07)
39.7 (39.6-39.8)

4.0 (4.0-4.0)
0.99 (0.99-1.00)

—0.97* (- 0.97 to — 0.97)

CI confidence interval, /ICFCR incremental carbon footprint cost ratio
(kgCO,e/£ spent), kgCO,e kilograms of carbon dioxide equivalent,
M1tCO,e million tonnes of carbon dioxide equivalent, NHS National
Health Service

*Societal ICFCR per patient are identical for each treatment and are
presented together

A negative ICFCR indicates that carbon is reduced per pound spent

95% CI ranges carried over from the Monte Carlo simulation are in
brackets

from the probabilistic results above. Semaglutide treatment
length must increase to 2 years for the ICER to be higher
than for bariatric surgery. Only if semaglutide cost increases
5-fold, does the ICER become higher than for bariatric sur-
gery. If bariatric surgery cost is reduced 10-fold, the ICER
becomes lower than for semaglutide, however, the societal
ICFCR still shows a smaller relative emissions reduction. At
the low carbon footprint values for treatment, the ICFER and
ICFCR remain positive. At the high carbon footprint values
for treatment, the societal ICFCR remains negative. Only
when societal obesity-related emissions are more than 10
times smaller does the societal ICFCR become 0. None of
the analyses of the sensitivity of the societal ICFCR shows
that bariatric surgery is preferred over semaglutide.

4 Discussion

This study develops two new exploratory measurements to
incorporate the environmental impact of health treatment
decisions, namely the incremental carbon footprint effec-
tiveness ratio (ICFER) and the incremental carbon footprint
cost ratio (ICFCR). If developed, these tools could match the
ICER in improving understanding of the emissions impact of
policies. The ICFCR highlights whether the health interven-
tion carries a carbon reduction or carbon increase, as well
as the magnitude of that change per pound spent. Positive
ICFCR shows that the carbon footprint of the NHS rises per
pound spent on these treatments.

The main aim of the study is to first take a healthcare
perspective and model the cost effectiveness and carbon
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Fig.3 ICER, ICFCR and ICFER graphs for all scenarios. The line
represents the £20,000 NICE ICER threshold [18]. The distance
below the line represents the magnitude of the cost effectiveness of
each scenario. All results are shown on a log scale. CF carbon foot-
print, ICER cost-effectiveness ratio (£/QALYs gained), ICFCR
incremental carbon footprint cost ratio (kgCO,e/£ spent), ICFER
incremental carbon footprint effectiveness ratio (kgCO,e per QALYs
gained), kgCO,e kilograms of carbon dioxide equivalent, MtCO,e
million tonnes of carbon dioxide equivalent, NHS National Health
Service, QALYs quality-adjusted life-years

effectiveness of two treatments for obesity over a 50-year
period: bariatric surgery, given to people with a BMI
>40 kg/m?, and semaglutide, given to people with a BMI
>30 kg/m?. Both treatments have increased costs compared
with the no-treatment scenario but also result in increased
QALYs gained. ICERs for both treatments are below the
UK £20,000 ICER threshold, confirming that both can be
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Table 5 One-way sensitivity
analysis results. A negative
ICFCR indicates that carbon is

reduced per pound spent

Parameter (value) ICER ICFER ICFCR Societal ICFCR
S B S B S B S B
Base case 2803 3632 820 676 0.28 0.19 -287 -097
Semaglutide CF high (500 kgCO,e) 907 0.31 —-2.75
Semaglutide CF low (40 kgCO,e) 663 0.23 —2.84
Bariatric CF high (500 kgCO,e) 743 0.20 —0.95
Bariatric CF low (0 kgCO,e) 641 0.17 —-0.98
Societal CF emissions high (1000 kgCO,e) # —-546 —1.98
Societal CF emissions low (30 kgCO,e) # 0.11 0.12
Length of semaglutide treatment high 3650 915 0.25 —-2.17
(2 years)*

Semaglutide cost high (£10,000) 6850 0.13 - 1.16
Semaglutide cost low (£250) 1576 0.52 —-5.11

Bariatric surgery cost high (£20,000) 5557 0.12 —0.63
Bariatric surgery cost low (£1000) 1702 0.40 —-2.07

#Both transport and food consumption emissions were changed to the same value

*Length of semaglutide treatment was not reduced, as it is defined by the drug trial to achieve the weight

loss used

B bariatric, S semaglutide, CF carbon footprint, ICER cost-effectiveness ratio (£/QALYs gained), ICFCR
incremental carbon footprint cost ratio (kgCO,e/£ spent), ICFER incremental carbon footprint effectiveness
ratio (kgCO,e per QALY gained), kgCO,e kilograms of carbon dioxide equivalent

considered cost effective. Secondly, the model adopts a
wider environmental perspective and investigates how these
obesity treatments may impact the societal carbon footprint
of the UK. The one-way sensitivity analysis shows the model
is robust and not sensitive to the input parameters. Both
treatments are always cost effective and always increase the
carbon footprint of healthcare.

More importantly, the study does not merely look at the
average effect on those treated. It averages the effect of both
treatments across the entire population. This averaging
across the population could go beyond HTAs and into public
policymaking, where costs to the population are considered
alongside costs to the individual. The results show that while
an obesity reduction increases the NHS carbon footprint, it
could reduce the wider UK societal carbon footprint, due to
a reduction in food and transport emissions. From the one-
way sensitivity analysis, unless these reductions are essen-
tially zero, the societal ICFCR is negative and therefore,
carbon is reduced per pound spent. The reduction is costly
at £359-£1,030/tCO,e when compared with the £33—£65/
tCO,e estimate for the required cost of carbon to reduce
carbon emissions to meet the Paris Agreement [52]. Due to
the limited research on incorporating carbon emissions into
HTA processes, no specific thresholds have been established
to assess the value of a health intervention in relation to its
opportunity cost. However, this £33—-£65/tCO,e could be a
potential threshold for the ICFCR going forward and would
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potentially assist policy decisions to achieve cost-effective
carbon savings.

The ICFER measurement explores balancing future
health decisions against carbon footprint. This study high-
lights the simpler scenario where both the carbon footprint
and QALYs increase, perhaps requiring a threshold like that
used with ICERs to ensure the NHS meets its future carbon
budget as well as its cost budget. When in future the effects
of climate change are more keenly apparent and the need for
decarbonisation is more urgent, it also has a more contro-
versial scenario where both the carbon footprint and QALY's
decrease, suggesting some trade-off of health for carbon
reductions and raising the question of whether that would
ever be a consideration for policymakers. This aligns with
similar discussions around health reductions in ICERs where
it is argued that this is currently never considered [53].

This study shows an improvement in obesity prevalence
does not translate into a direct cost or carbon footprint
improvement for the NHS, as people stay healthier for longer
and survive longer with co-morbidities, but there are other
interventions where this may not be the case. NICE could
implement an internal carbon price during HTAs, monetis-
ing additional carbon emissions from a scenario and thereby
increasing the cost of the least environmentally friendly
option. By doing this, an intervention that was borderline
on its original HTA may become desirable. By consider-
ing an environmental perspective, the study shows that an
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obesity reduction due to the NHS treatment decision reduces
the UK's societal carbon footprint, helping meet the UK net-
zero legal obligation [54]. This could place decisions about
these interventions/policies alongside some of the other pub-
lic health initiatives pursued by the Department of Health as
an improvement in public health and a reduction in societal
carbon footprint, rather than the current reduction in public
service costs [55]. For carbon footprint, as with healthcare
costs, prevention may be better than cure. Other studies
project increasing costs as obesity prevalence increases and
recommend obesity prevention measures as a high prior-
ity [11, 56]. Further investment in primary and community
care would allow more obese patients to be seen and treated
before they reach the most carbon-intensive portion of the
NHS, which is acute care [2].

The government is widening perspectives to influence
the social and environmental performance of companies
and their supply chains, such as the Modern Slavery Act
and due diligence laws [57, 58]. This could be expanded to
include drug licensing decisions and HTAs in future. Carbon
footprinting is still nascent and the lack of high-quality data
requires a lot of top-down calculations allocating emissions
based on spending [2, 3]. The more top-down calculations,
the higher the correlation between spending and carbon foot-
print, as shown in the results of this study. More bottom-up
emissions measurements of specific processes or treatments
can improve this study and decouple carbon emissions from
costs [16]. Consequently, emissions for the treatment of co-
morbidities in this study are calculated using pounds spent,
and the carbon footprint of semaglutide is based on the allo-
cation of sales-related emissions. The basic assumption is
that more expensive treatment is more carbon intensive.

This study has several strengths. Firstly, this study has
explored the way we can internalise environmental exter-
nalities such as carbon footprint into health economic mod-
elling. We have contributed to the growing literature in
this area of research by providing one of the first studies
to explore methodological approaches to carbon footprint
integration into traditional HTA modelling. Secondly, this
study focuses on the incorporation of carbon footprint cal-
culation into HTA beyond monetising. This would help gain
a better understanding of carbon footprint calculation in its
original form (instead of assuming monetary form), resulting
in different metrics that could help policymakers understand
not just the health perspective, but also the environmental
perspective. The methods presented in the paper could also
provide a standardised metric for carbon footprint calcula-
tion that can be replicated by other countries if emissions
data can be obtained and made available.

Inevitably, as an exploratory approach, this study has
limitations. Because of limited data on the UK prevalence
of every disease according to standard BMI categories, we

derived diabetes mellitus mortality data and stroke morbid-
ity data from other countries [26, 35]. Different studies of
the same morbidity show variation in the exact risk ratios
between BMI categories, but the risk curve shape and the
magnitude of the ratio are similar, so this error is assumed to
be low. Additionally, the model is static and not age-depend-
ent which limits the applicable studies and model representa-
tiveness. BMI morbidity and mortality risks which change
with age could be included in future research. Furthermore,
the static model assumes the weight is lost immediately dur-
ing obesity treatment and not regained. Both treatment types,
surgical and pharmaceutical, have demonstrated weight
regain after treatment. Bariatric surgery patients on average
regain 6% of weight lost after 10 years [59]. Existing drug
treatments only maintain weight loss while the drug is taken
[15]. The same may apply to semaglutide. If further courses
of semaglutide are required beyond 68 weeks, then the asso-
ciated carbon footprint will increase, although the one-way
sensitivity analysis shows increasing to 2-year prescriptions
is not significant for the final result.

In common with other cost-effectiveness analysis stud-
ies, this current study also has limitations in its capacity to
model reality, particularly in terms of incorporating mul-
timorbidity. People with obesity have an increased risk of
multimorbidity compared with those of normal weight [21].
In the model, people with diabetes do not develop complica-
tions because it does not permit multimorbidity. In reality,
they are more likely to have multimorbidity, such as strokes
and CHD [30]. The study therefore underestimates the num-
ber of diabetes-related deaths and people remain in that state
for an unrealistic number of cycles. People with multimor-
bidities often have a higher cost than the combined indi-
vidual comorbidities. Therefore, allowing multimorbidities
may make the studied obesity interventions more impactful
[22]. Moreover, the model does not consider the severity
level of cancers, and their remission rates, which may result
in an overestimation of cancer prevalence. Cancer patients
in remission incur fewer costs than those with active disease,
but may be more likely to re-develop cancer than the general
population. However, this was not simulated in the cohort
model.

Another limitation would be in terms of the replication
of the study in another global context. Although useful, it
might be challenging to adopt and replicate this study in
another context, especially as the carbon footprint data asso-
ciated with health interventions is not always available in
other countries, especially in the Global South. Moreover,
internationally standardised quantification of health-related
carbon footprint modelling is scarce, thus models often rely
on assumptions that might be biased.
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Future research making the model dynamic, to include
trends of age and obesity over time, would give a wider
scope. Carbon emissions analysis could include the aver-
age yearly UK carbon footprint per person. This would
better represent the effect of longer lives on the UK carbon
footprint. Finally, a qualitative and quantitative study into
the inclusion and consequent impact of an internal car-
bon price on an HTA would be a worthwhile undertaking.
Carbon pricing is already used across several fields and is
likely to become the norm.

5 Conclusion

This study demonstrates the potential of health technol-
ogy assessments to include the impacts of obesity-related
treatment decisions on UK carbon emissions. It found both
semaglutide and bariatric surgery are cost-effective treat-
ments for obesity but increase the carbon footprint of UK
healthcare. However, they both stand to reduce the societal
carbon footprint of the UK, such that the overall carbon
footprint impact is negative. The study found that sema-
glutide is more effective than bariatric surgery at achieving
this overall impact, largely because more people are eligi-
ble to receive treatment. Finally, this study has introduced
two new carbon measurement tools that may be useful for
future research and policymaking.
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