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Abstract

Continuous delivery of oxygen therapy has been observed to improve healing

for individuals with an advanced diabetic foot ulcer (DFU). However, this

intervention requires the purchasing of an oxygen delivery device and moist

dressings. It is unknown whether this upfront financial investment represents

good value for money. Thus the aim of this project is to evaluate the cost-

effectiveness of treating advanced DFU using continuous delivery of oxygen

compared with negative pressure wound therapy from the perspective of the

public health care payer in Ontario, Canada. A microsimulation model was

constructed with inputs from peer-reviewed journal publications and publicly

available reports. The 5-year costs and quality-adjusted life-years were com-

pared between treatment and comparator. Sensitivity analyses were conducted

to evaluate the robustness of results. The model predicted that continuous

delivery of oxygen would cost $4800 less compared with negative pressure

wound therapy and increased quality-adjusted life years by 0.025. Lower cost

and improved outcomes were observed in most scenario analyses. The results

of this economic evaluation suggest that CDO therapy may reduce health care

economic burden with a modest increase in quality of life outcomes. Health

care decision-makers should consider the inclusion of CDO for the treatment

of DFU.
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1 | INTRODUCTION

Diabetic foot ulcers (DFU) are a significant health burden
for individuals with diabetes and the health care system.
This condition is found in approximately 8% of all indi-
viduals with diabetes and increases to 19% for individuals
with concurrent peripheral artery disease.1 Globally,

DFU impacts approximately 18.6 million (95% CI,
15.0-22.9) individuals, translating to a prevalence of
approximately 270 per 100 000 individuals.2 Individuals
with diabetes experiencing a foot ulcer are also at a
higher risk for mortality compared with individuals with-
out ulcer.3 More than half of foot ulcers will be infected,4

placing the individual at risk for ischaemic tissue
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necrosis.5,6 In a long-term follow-up of individuals
treated at a German hospital for DFU approximately 22%
of the cohort required a major amputation within
10 years after hospital discharge.7 The experience of a
lower limb amputation places an individual in further
risk for a re-amputation and greater risk for mortality.8,9

The 5-year mortality of DFU is estimated to be 30.5%,
increasing to 46.2% for those requiring minor amputa-
tions and 56.6% for major amputations.10 In total, DFU is
estimated to result in 2.5 million years lived with disabil-
ity worldwide.2 The substantial health care burden trans-
lates to a substantial economic burden to treat foot
ulcers. This condition results in an excess of $5300 (2012
US dollars) in health expenditures for Medicare, $9600
for private insurance, in the first year after diagnosis.11

The lifetime excess cost of DFU requiring hospitalisation
costs the public health care payer in Ontario, Canada an
estimated $619 300 (Canadian dollar) per person.12 The
total estimated economic burden of DFU in the US
including individuals with diabetes and peripheral arte-
rial disease may be greater than the five costliest cancers
(breast, colorectal, lung, prostate, and leukaemia),13 cost-
ing a total of $79 billion in 2017.10 Overall, the evidence
of health care burden demonstrates the need for effective
interventions that can facilitate the healing of DFU in a
timely fashion.

Current recommendations for the treatment of DFU
include: Standard modalities of care include offloading of
the foot using different types of casts14 and various
advanced dressings that may contain substances imbed-
ded within that promote healing (files, hydrogels, foams,
etc.)14,15 debridements and surgery. Other advanced ther-
apies for DFU include electrical stimulation, negative
pressure wound therapy, bioengineered skin, and growth
factors. However, the evidence for these therapies has
been mixed.14 More recently, oxygen therapy has been
used for chronic ulcers. The chronic wound is hypoxic
and remains this way until blood circulation is restored.16

As well, many of the steps in the pathway to wound
healing, such as angiogenesis/revascularisation, cell
metabolism, connective tissue synthesis, and prevention
of infection require the presence of oxygen.16 Thus, the
delivery of sustained oxygen to the chronic wound area
facilitates the healing of DFU.17,18 Several modalities for
oxygen therapy has been in use for chronic ulcers. One
method for the administration of oxygen therapy is
through hyperbaric oxygen chambers. As is similar to the
clinical evidence of all chronic ulcer treatments, the clini-
cal evidence for hyperbaric oxygen therapy (HBOT) is
uncertain given the limited studies and small sample
sizes. Systematic reviews suggest that there may be no
long-term clinical benefit with HBOT for DFU.19,20 There
has also been scepticism of the effectiveness of the

systemic delivery of oxygen to the wound area given that
the vascular system is often impaired in the wound
area.21 The use of this treatment modality has also been
limited based on availability, cost, and time commitment
for a course of treatment.14 Topical oxygen therapy is
another modality that provides sustained oxygen to the
wound promoting healing without the need for expensive
hyperbaric oxygen chambers and avoid side effects asso-
ciated with whole-body exposure to pressurised oxygen.21

This can be provided as topical pressurised oxygen ther-
apy using portable pressure chambers or bags surround-
ing the wound. Alternatively, continuous delivery of
oxygen (CDO) therapy can also be administered through
compact, wearable oxygen units that continuously pro-
vide oxygen to the wound, eliminating the need for bulky
pressure chambers.

CDO is positioned as an advanced treatment option
for individuals where standard treatment options have
been unsuccessful. A recent prospective double-blinded
randomised controlled trial enrolling a total of 146 indi-
viduals with hard to heal DFU compared CDO therapy
to advanced moist wound therapy.22 This study observed
improved healing rates for CDO at 12 weeks, shorter
time to closure, increasing relative healing rate perfor-
mance with increasing wound size, and sustained
healing at an additional 12 weeks follow-up.22 The
improvement in healing resulting from the use of CDO
requires an investment in the CDO device that is worn
by all individuals receiving treatment. However, this
additional upfront investment may be offset by

Key Messages

• Continuous delivery of oxygen (CDO) therapy
has been observed to improve outcomes for the
healing of advanced diabetic foot ulcers. How-
ever, there may be additional treatment expen-
ditures associated with this treatment

• The aim of this study is to examine the cost-
effectiveness of CDO therapy compared with
negative pressure wound therapy from the per-
spective of the Ontario, Canada public health
care payer. Clinical evidence was used to com-
pare the outcomes of different treatment
options and modelled over a 5-year timeframe

• CDO resulted in reductions in health care costs
and modest improvements in quality of life

• These results remained consistent even with
changes to the model assumptions
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decreases in health care utilisation downstream as a
result of improvements in wound healing. With various
oxygen therapy modalities for DFU and limited
resources in clinics and health care facilities in terms of
constrained budgets and staffing, it is important to eval-
uate whether CDO can provide greater value for money
than current treatment options.

Thus, the aim of this study was to examine the cost-
effectiveness of CDO compared with negative pressure
wound therapy (NPWT) for the treatment of individuals
with hard to heal DFUs over a 5-year timeframe from the
perspective of the Ontario Ministry of Health. Ontario is
primarily a publicly funded health care system with 70%
of all health care expenditures paid through the Ontario
Ministry of Health and Ministry of Long-Term Care.23

Taking the public health care payer perspective covers
most health care expenditures associated with the treat-
ment of DFU in Ontario.

2 | METHODS

A cost-utility analysis was conducted to estimate the
incremental cost per quality-adjusted life-year of treat-
ment with CDO compared with negative pressure wound
therapy and standard wound cleansing, moist wound
therapy, and off-loading. Long-term calculations of out-
comes beyond the clinical trial observation periods were
estimated using a microsimulation model. In this model,
simulated individuals can move between six mutually
exclusive states: healed from an ulcer, DFU, minor lower
leg amputation, major lower leg amputation, infected
ulcer, and death. The cycle length was 1 year, and at the
end of the cycle, the individual could transition between
health states. In the healed from ulcer state, individuals
would have complete re-epithelialisation of the treated
DFU with no drainage. Individuals in this health state do
not require any more wound care. An individual in the
DFU state has a foot ulcer that is not completely re-
epithelialised. Minor lower leg amputation includes indi-
viduals who receive an amputation at the level of the
ankle or below. Individuals in the major lower leg ampu-
tation state received an amputation above the ankle. In
this model individuals healed of a DFU can experience
another foot ulcer in future years and return to the DFU
state. At the same time, individuals in the DFU state can
be completely healed and move to the healed state in
future years with standard wound care. The infectious
wound state included individuals who had an infection
related to the DFU that required hospitalisation. Individ-
uals in this health state were assumed to have the infec-
tion completely healed and progress back to the DFU
health state. Individuals with a minor amputation can

receive a further minor amputation or a major amputa-
tion. If an individual receives a major amputation they
no longer have a probability of receiving further amputa-
tions. At all health states, there is a probability of death.
A pictorial representation of this model is presented in
Figure 1. This type of model was selected so that out-
comes that an individual may experience as they “travel”
through the model can be tracked. This allows for transi-
tion probabilities conditional on health outcomes to be
incorporated into the calculation.

The most appropriate comparator for CDO would be
NPWT as this treatment is also non-invasive and portable
to allow individuals the option to receive treatment at
home without surgery. NPWT requires the application of
a sealed wound dressing that provides a low-pressure
moist environment that facilitates wound healing. Other
non-surgical advanced wound care alternatives such as
HBOT require resources that are available in a hospital
or clinic, and so treatment is administered on-site and
has limited availability. Some studies have considered
HBOT to be a separate type of therapy from topical oxy-
gen therapies given the physiological and biochemical
differences in effect.21,24

The model simulated a cohort of 10 000 individuals
with a DFU. The cohort entering the model represents
individuals having experienced a DFU and received a
12-week treatment of CDO, NPWT, or standard wound
care. At the initiation of treatment, individuals were diag-
nosed with a DFU that is classified as a Grade IA
according to the University of Texas staging system for
DFU.25 In other words, individuals are experiencing an
ulcer that does not involve the tendon capsule or bone
and is not infected or have ischemia. This cohort is simi-
lar to the study cohort participating in the pivotal CDO
trial.22 In this study, a strict two-week run-in period was
established prior to randomisation to ensure that ulcers
were chronic.22 Individuals with a decrease in the ulcer

FIGURE 1 Pictorial representation of the cost-effectiveness

model
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area of 30% or more during the first week or second-week
run-in or a greater than 50% reduction in ulcer area dur-
ing the 2-week run-in period were excluded.22 The foot
ulcer would have been present for greater than 1 month
but not more than 1 year. The health state that an indi-
vidual receiving CDO or standard care will enter the
model was informed by the clinical and adverse out-
comes reported on the pivotal clinical trial by Niederauer
and colleagues.22 Treatment efficacy for NPWT was based
on the percentage ulcer healing at 16 weeks for the
intent-to-treat cohort relative to standard care reported in
by Blume and colleagues26 excluding individuals healed
surgically ([57/120]/[34/120] = 1.68 relative healing with
NPWT compared with standard care). The calculated rel-
ative difference in ulcer healed was then multiplied by
the number of individuals healed in the standard care
arm of the CDO clinical trial to get an estimate of the
number of individuals healed with NPWT (1.68 x 12 = 20
individuals healed). It was assumed that the 16-week
ulcer healing results were similar at 12 weeks. Inclusion
criteria for the NPWT clinical trial by Blume and col-
leagues were individuals greater than 18 years of age with
diabetes and Wagner's scale stage 2 or 3 ft ulcer greater
than 2 cm2 post-debridement.26 For the model, it was
assumed that the participant cohorts in the Niederauer
study were similar to the Blume study. Transition proba-
bilities between health states, costs, and utility inputs
into the model were based on published literature from
various sources. Model input sources include published
peer-review papers, reports, government statistics, and
data sources. The list of model inputs included in the cal-
culation of transition probabilities is presented in
Table 1. The individual-level simulation allowed the use
of time-dependent probabilities of transitioning between
health states. This was applicable to the probability of
ulcer recurrence, minor and major amputation, infection,
and the probability of a second amputation. The age and
sex of each simulated individual was determined based
on the demographic characteristics of the clinical trial by
Niederauer and colleagues.22 The average age in the sim-
ulated cohort was 56.3 years of age (12.4 standard devia-
tion), with 22.6% of the cohort being female.22

The duration of the model is 5 years. This duration
was selected because the important clinical impact of
CDO and comparator interventions was assumed to
occur only during the 12-week therapy. Longer-term clin-
ical outcomes with the use of CDO has not been investi-
gated yet. Therefore, the assumption in this model is that
there are no additional benefits of the CDO treatment for
wound healing after the 12-week treatment period and
that individuals who do not heal after this period switch
to standard wound care. Thus a 5-year duration should
capture all-important clinical outcomes related to the

treatment options. Two-year and ten-year durations were
also included as sensitivity analyses. A lifetime time hori-
zon was not analysed given the lack of long-term out-
comes data on foot ulcers in the diabetic population. All
costs and outcomes were discounted at 1.5% per annum
as per recommendations by the Canadian Agency for
Drugs and Technologies in Health (CADTH).27 Probabil-
ity of death was sex and age-adjusted based on data from
Statistics Canada.28

The cost of CDO was based on the manufacturer's
reported estimate of $60 per day for the rental of the
CDO equipment and dressings multiplied by the mean-
time to the closure of 49 days.22 Treatment costs include
weekly physician visits for debridement. NPWT interven-
tion cost was extracted from results published by
CADTH.29 The unit cost per day included the pump
equipment rental ($65), dressings ($38 per 2 days), and
canisters ($36 per canister changed weekly) along with
nursing time for dressing changes ($36.06 for 1 hour with
three changes a week). This unit cost was also multiplied
by 49 days, assuming a similar time to closure. The long-
term age and sex-adjusted cost of health care was based
on data from an Ontario diabetes population cohort.30

The additional cost of health care, associated with the
presence of a foot ulcer for an individual with diabetes
was extracted from the observations of the mean expendi-
ture ratio of individuals with DFU compared with indi-
viduals without a foot ulcer.31 The researchers observed
an increase in expenditures in the first year and a smaller
increase in the second year.31 It was assumed that there
were no additional costs associated with DFU after the
second year.

The measure of benefit used in this analysis was the
Quality adjusted life years (QALYs), estimated through
health state utility values. Utility values associated with
each health state in the model were collected from the
results of a study by Redekop and colleagues.32 In this
study, the health state utility values were elucidated by
presenting a description of the different health states to
study participants and collecting preference through time
trade-off valuation techniques.32 The study participants
were members of the general public, and thus the utility
values represent the public's perspective. A total of
96 individuals participated in the study.32 It was assumed
that the amputation of the foot reported by Redekop and
colleagues was representative of a minor amputation.
The amputation of one leg reported by the utility study
was assumed to be representative of major amputation.
For this model it was also assumed that there were no
additional foot ulcers are present after amputation.
QALYs per person was calculated by multiplying the util-
ity values at each health state with the time spent in each
health state. The primary cost and outcome model inputs
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are presented in Table 2. Additional model inputs are
presented in Appendix Table 1.

The total cost and QALYs were calculated by model-
ling the 10 000 individuals receiving CDO therapy and
the same cohort receiving NPWT. The incremental cost
and incremental QALYs were calculated by subtracting
the total costs and QALYs having received CDO therapy
by the total cost and QALYs having received NPWT. Cost
inputs were converted and inflated to 2019 Canadian dol-
lars using Organisation for Economic Co-operation and
Development purchasing power parity exchange rates33

and Bank of Canada inflation estimates using consumer

price index values.34 Final results are converted and pres-
ented in 2019 US dollars.

Alternative model inputs and the impact of these
inputs to the analysis results were evaluated through sce-
nario sensitivity analyses. Different inputs that were not
incorporated into the base-case analysis were analysed
in separate analyses and incremental cost and QALYs
were reported. Scenario analyses included a comparison
of CDO to standard moist wound therapy. In this analy-
sis, it was assumed that individuals required a weekly
visit to the physician and three weekly visits from a
home care nurse for wound changes. Two separate

TABLE 1 Transition probability model inputs

Variable Value

Distribution Shape
for Sensitivity
Analysis Source

Initial proportions in Markov health
states

Base-case

Ulcer healed with CDO 32.4% (24/74) Beta Niederauer 201822

Ulcer healed with NPWT 27.8% (20/72) Beta Blume 200826 (1.67 increased risk of
healing with NPWT compared to
standard care excluding amputation
cases)

Major amputation CDO 0% (0/74) Beta Niederauer 201822

Major amputation standard wound
care

0% (0/72) Beta Niederauer 201822

Major amputation NPWT 0% (0/72) Beta Assume same as CDO

Minor amputation CDO 0% (0/74) Beta Niederauer 201822

Minor amputation standard wound
care

0% (0/72) Beta Niederauer 201822

Minor amputation NPWT 0% (0/72) Beta Assume same as CDO

Long-term outcomes

Mortality (male) 0.3% to 34.4% depending
on age

Normal Statistics Canada life tables28

Mortality (female) 0.2% to 29.7% depending
on age

Normal Statistics Canada life tables28

Increase in mortality due to diabetes 1.51 (1.48-1.54, 95% CI) Normal Lind 201346

Increase in mortality for individuals
with diabetes resulting from
presence of foot ulcer

1.89 (1.60-2.23, 95% CI) Normal Brownrigg 20123

Increase in mortality for individuals
with minor lower leg amputation

1 Assume no additional risk

Increase in mortality for individuals
with major lower leg amputation

7.21 (5.70-8.72, 95% CI) Normal Al-Rubeaan 201747

Annual probability of long-term ulcer
healing after 12-week initial
treatment

16.7% (12/72) Beta Assume the same as the 12-week
standard care results of in clinical
trial (Niederauer 2018).22 Same for
both CDO and comparator arms
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scenario analyses compared CDO to HBOT. The cost of
HBOT was based on the per-session treatment costs
reported in the Health Quality Ontario report.35 It was
assumed that individuals receive a total of 42 90 minute
sessions (3.5 sessions a week). Each session is supervised
by a physician and includes a pre-and post-session
assessment. Other scenarios examined included changes
in cost inputs, utility values, ulcer chronicity, model
timeframe, and discount rates (Table 3). To evaluate the
impact of parameter uncertainty on the base-case model
inputs, a probability sensitivity analysis was conducted.

In this analysis, model inputs selected based on a ran-
dom selection from the distribution of these inputs. Sim-
ulated cohort sizes of 10 000 were calculated, and this
was repeated 5000 times to examine the variation in
incremental cost and QALYs.

3 | RESULTS

In the simulate cohort of 10 000 individuals, it was esti-
mated that 3278 (32%) would experience wound closure

TABLE 2 Cost and utility model inputs (2019 Canadian dollars)

Variable Value

Distribution Shape
for Sensitivity
Analysis Source

CDO

Device rental and dressing $59.63 per day Not applicable Manufacturer

Physician visits $97.35 surgeon + $90.06
anesthesiologist per week

Not applicable Ontario Physician schedule of
benefits (Z228)48

Nursing time for dressing
changes (assuming 1 h per
change, 3 changes a week, 1%
of cohort requires nurse for
change)

$104.60 per h × 3 h per week × 1%
of cohort = $3.14

Not applicable Wodchis 2012,22,49 (costs inflated
to 2019 Canadian dollars)
Niederauer 2018

Moist wound therapy

Physician visits $97.35 surgeon + $90.06
anesthesiologist per week

Not applicable Ontario Physician schedule of
benefits (Z228)48

Negative pressure wound
therapy

Pump rental $65 per day Not applicable Canadian Coordinating Office for
Health Technology Assessment
report (2003)29

Dressings $38 every 2 days Not applicable Canadian Coordinating Office for
Health Technology Assessment
report (2003)29

Canisters $36 per week Not applicable Canadian Coordinating Office for
Health Technology Assessment
report (2003)29

Nursing time for dressing
changes (assume 1 h per
change, 3 changes a week)

$104.60 per h × 3 h per
week = $313.80

Not applicable Wodchis 201222,49 (costs inflated to
2019 Canadian dollars)

Physician visits $97.35 surgeon + $90.06
anesthesiologist per week

Not applicable Ontario Physician schedule of
benefits (Z228)48

Utility values

Healed diabetic foot ulcer state 0.84 (95% CI, 0.81-0.87) Beta Redekop 200432

Unhealed diabetic foot ulcer
state

0.75 (95% CI, 0.71-0.79) Beta Redekop 200432

Infected diabetic foot ulcer state 0.70 (95% CI, 0.66-0.75) Beta Redekop 200432

Minor foot amputation state 0.69 (95% CI, 0.64-0.73) Beta Redekop 200432

Major foot amputation state 0.62 (95% CI, 0.57-0.67) Beta Redekop 200432
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TABLE 3 Description of scenarios for sensitivity analysis

Scenario Description References

Timeframe

1 year The base-case model timeframe of 5 years changed to 1 year

2 years The base-case model timeframe of 5 years changed to
2 years

10 years The base-case model timeframe of 5 years changed to
10 years

Comparator

Standard wound care (MWT) Base-case model comparator NPWT replaced with standard
wound care (physician and nursing costs but no device
costs). 16.7% (12/72)

Niederauer 201822

HBOT Base-case model comparator NPWT replaced with HBOT
(using data reported at 6 months) (assuming 42 total
90-min sessions). 27.8% (20/72)

Kranke 201519

Costs

NPWT device cost 1 Theoretical cost of NPWT as calculated by Kim and
colleagues ($624 changed to $888 per week)

Kim 201750

NPWT device cost 2 The observed cost of NPWT calculated from a retrospective
chart review ($624 changed to $1050 per week)

Kim 201750

Nursing cost Hourly wage of home care shift nurse reported in Ontario
health care administrative data ($316 changed to $189 per
week)

Wodchis 201248

Outcome variables

Wound care outcomes based
on sites that provided
debridement at almost all
follow-up visits

Model inputs for wound care outcomes based on a sub-
analysis of study sites that provided debridement more
than 92% of follow-up visits based on the number of
participants who completed the clinical trial (22 healed of
43 in the intervention arm, 17 of 47 in comparator arm)

Lavery 201951

Wound care outcomes based
on individuals who
completed the trial

Model inputs for wound care outcomes based on results
from participants who completed the clinical trial instead
of the intent to treat population (74 changed to 52 in the
intervention arm, 72 changed to 53 in comparator arm)

Niederauer 201822

Alternative NPWT healing
outcomes 1

The proportion of individuals completely healed in the
intent to treat population in the NPWT arm of the clinical
trial (57 participants out of 169 study cohort)

Blume 200826

Alternative NPWT healing
outcomes 2

Model inputs for NPWT wound care outcomes based on
results from Armstrong and colleagues (calculated to be
16 healed out of 72)

Armstrong 200552

Alternative NPWT healing
outcomes 3

Model inputs from NPWT wound care outcomes based on
results from Liu and colleagues (calculated to be 17
healed out of 72)

Liu 201853

Alternative increase in
mortality for individuals with
DFU

Model inputs for the increase in mortality for individuals
with DFU based on results from Al-Rubeaan and
colleagues (1.89 changed to 4.39 increase risk for death
with the presence of DFU)

Al-Rubeaan 201747

Including observed amputation
rates in NPWT clinical trial

Model inputs include the major and minor amputations
observed in the clinical trial for the NPWT arm (2 major
amputations, 1 minor amputation)

Blume 200826

Healing outcomes for the
subgroup with baseline ulcer
size (1.5-2.15 cm2)

Healing outcomes for individuals with wound sizes in the
lowest quartile at baseline (58.33% healing [n = 12] in
CDO arm vs 35.71% [n = 14] in MWT arm at 12 weeks)

Niederauer 201822

(Continues)
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after initial treatment with CDO therapy compared with
2696 (27%) for NPWT. The base-case mean 5-year cost
per person for the cohort receiving CDO is estimated to
be $78 500 (95% CI, $77 700-$79 300) compared with
$83 300 (95% CI, $82 500-$84 100) for the NPWT cohort.
This resulted in an incremental 5-year cost of −$4800
(CDO costs were lower than NPWT). The mean 5-year
QALYs per person for the CDO cohort is estimated to be
3.650 (95% CI, 3.639-3.661), and for NPWT it is 3.625
(95% CI, 3.6137-3.637) resulting in an incremental QALY
of 0.025. All scenario analyses resulted in a lower cost for
CDO therapy. In most scenarios, CDO therapy also
resulted in an increase in QALYs. The incremental cost
and QALYs for the various scenario sensitivity analyses
are presented in Table 4. The distribution of base-case
results as a result of parameter uncertainty is presented
in the probabilistic sensitivity analysis results for 5000
repetitions of the model simulation in Figure 2. A total of
4367 of 5000 simulations (87%) resulted in a negative
mean incremental cost for CDO and 4530 of 5000 simula-
tions (90%) had a positive incremental QALY. Approxi-
mately 3947 of 5000 simulations (79%) of cohorts resulted
in dominance for CDO (had both a negative mean incre-
mental cost and positive incremental QALY). The proba-
bilistic sensitivity analysis for the results of the 10-year
model time horizon is presented in the Appendix
Figure 1.

4 | DISCUSSION

Treatment with CDO for advanced DFU results in an
overall reduction in health care costs as early as 1-year
post-treatment and remains cost-saving at 10 years when
compared with NPWT. The reduction in costs with the
use of CDO is also observed when compared with HBOT.
The outcomes in terms of QALY also show improvement
with CDO when compared with NPWT. However, the
differences between CDO and NPWT are small, and there
is uncertainty due to the lack of a direct comparison
between the two treatment options in a clinical trial.
Results from the scenario sensitivity analyses suggest that
there may be greater reductions in costs when debride-
ment is provided at all follow-up visits when treating
larger wound sizes, when treating ulcers that are healing
very slowly, and when compared with HBOT. The results
observed in the base-case remain relatively robust, even
when using different assumptions.

This is the first study to evaluate the cost-effectiveness
of CDO for the treatment of DFU. In a review of cost-
effectiveness studies for chronic ulcers, Tricco and col-
leagues identified a total of 16 studies published between
1996 and 2007.36 Various treatments showed improved
outcomes as well as reduced costs. Several studies have
examined the cost-effectiveness of HBOT for the treat-
ment of DFU. In a study connected to a randomized

TABLE 3 (Continued)

Scenario Description References

Healing outcomes for the
subgroup with baseline ulcer
size (2.15-3.0 cm2)

Healing outcomes for individuals with wound sizes in the
second quartile at baseline (46.67% healing [n = 15] in
CDO arm vs 25.00% [n = 12] in MWT arm at 12 weeks)

Niederauer 201822

Healing outcomes for the
subgroup with baseline ulcer
size (3.0-4.9 cm2)

Healing outcomes for individuals with wound sizes in the
third quartile at baseline (42.86% healing [n = 14] in CDO
arm vs 16.67% [n = 12] in MWT arm at 12 weeks)

Niederauer 201822

Healing outcomes for the
subgroup with baseline ulcer
size (>4.9 cm2)

Healing outcomes for individuals with wound sizes in the
highest quartile at baseline (36.36% healing [n = 11] in
CDO arm vs 13.33% [n = 15] in MWT arm at 12 weeks)

Niederauer 201822

Healing outcomes for the
subgroup with higher ulcer
chronicity 1

Healing outcomes for individuals with less than 25%
healing per week or total of 40% healing for 2 weeks
during the screening period (43.8% healing in CDO arm
vs 18.6% in MWT arm at 12 weeks)

Niederauer 201822

Healing outcomes for the
subgroup with higher ulcer
chronicity 2

Healing outcomes for individuals with less than 20%
healing per week or total of 30% healing for 2 weeks
during the screening period (43.9% healing in CDO arm
vs 13.2% in MWT arm at 12 weeks)

Niederauer 201822

Discount rate

Three percent Recommended sensitivity analysis discount rate CADTH report 201327

Five percent Recommended sensitivity analysis discount rate CADTH report 201327

Abbreviations: CADTH, Canadian Agency for Drugs and Technologies in Health; CDO, continuous delivery of oxygen; HBOT, hyperbaric
oxygen therapy; MWT, moist wound therapy; NPWT, negative pressure wound therapy.
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controlled trial (RCT) by Abidia and colleagues, HBOT
had higher healing rates at a 6-week follow-up compared
with control and no statistically significant improvement

in the quality of life.37 This study also observed cost sav-
ings as a result of a substantial reduction in visits for
dressing changes. In a separate analysis, Guo and

TABLE 4 Scenario sensitivity analysis results (2019 US dollars, costs rounded to nearest tens)

Scenario
Incremental
cost

Incremental
QALY Incremental cost per QALY

Timeframe

1 year −$3680 0.005 CDO dominates NPWT

2 years −$4050 0.011 CDO dominates NPWT

10 years −$5400 0.052 CDO dominates NPWT

Comparator

Standard wound care (MWT) −$1860 0.054 CDO dominates MWT

HBOT −$14 060 0.025 CDO dominates HBOT

Cost

NPWT device cost 1 −$3960 0.025 CDO dominates NPWT

NPWT device cost 2 −$6680 0.025 CDO dominates NPWT

Nursing cost −$2600 0.025 CDO dominates NPWT

Outcome variables

Wound care outcomes based on sites that
provided debridement at almost all follow-
up visits

−$6100 0.050 CDO dominates NPWT

Wound care outcomes based on individuals
who completed trial

−$4940 0.029 CDO dominates NPWT

Alternative NPWT healing outcomes 1 −$3640 −0.004 CDO has decreased costs but
worse outcomes compared with NPWT

Alternative NPWT healing outcomes 2 −$4480 0.042 CDO dominates NPWT

Alternative NPWT healing outcomes 3 −$4910 0.032 CDO dominates NPWT

Alternative increase in mortality for
individuals with DFU

−$4480 0.025 CDO dominates NPWT

Including observed amputation rates in NPWT
clinical trial

−$5780 0.050 CDO dominates NPWT

Healing outcomes for subgroup with baseline
ulcer size (1.5-2.15 cm2)

−$4000 0.004 CDO has decreased costs but
worse outcomes compared with NPWT

Healing outcomes for subgroup with baseline
ulcer size (2.15-3.0 cm2)

−$4300 0.019 CDO dominates NPWT

Healing outcomes for subgroup with baseline
ulcer size (3.0-4.9 cm2)

−$5900 0.062 CDO dominates NPWT

Healing outcomes for subgroup with baseline
ulcer size (>4.9 cm2)

−$5450 0.055 CDO dominates NPWT

Healing outcomes for subgroup with higher
ulcer chronicity 1

−$5258 0.039 CDO dominates NPWT

Healing outcomes for subgroup with higher
ulcer chronicity 2

−$6455 0.085 CDO dominates NPWT

Discount rate

Three percent −$4790 0.024 CDO dominates NPWT

Five percent −$4740 0.023 CDO dominates NPWT

Abbreviations: CADTH, Canadian Agency for Drugs and Technologies in Health; CDO, continuous delivery of oxygen; HBOT, hyperbaric
oxygen therapy; MWT, moist wound therapy; NPWT, negative pressure wound therapy.
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colleagues modelled the cost-effectiveness of HBOT up to
12 years.38 There was an observed incremental cost per
QALY of $27 310 (US dollars) at 1 year, and this incre-
mental cost effectiveness ratio decreased to $2255 by year
12. An economic evaluation from the Canadian Agency
for Drug and Technology in Health reported that HBOT
in a 12-year model resulted in reduced costs and
improved outcomes when compared with standard
care.39 A more recent evaluation of HBOT compared with
standard care by Health Quality Ontario observed a simi-
lar result for a lifetime model (lower cost and better out-
comes).35 However, sensitivity analyses suggest that there
is a high level of uncertainty with the results.

Several studies have examined the health care cost of
DFU. In a US study published in 2014, the health care
costs for individuals in the Medicare programme with
DFU was $28 031 in the first year post-ulcer.11 Individuals
on private insurance cost $26 881.11 Extrapolating this
over 5 years, the cost would be $140 000 (US dollars) for
individuals in the Medicare programme and $134 400
(US dollars) for individuals on private insurance. This is
much higher than our results. However, first-year costs
after ulcers are expected to be higher than the following
years, and a straight extrapolation of first-year costs is an
overestimate. The cumulative health care cost of DFU for
individuals treated in Canada has been evaluated using
health care administrative data by Hopkins and col-
leagues. The total cumulative average cost in the first
3 years for individuals with DFU was observed to be
$52 360 Canadian dollars or $43 540 US dollars. Extrapo-
lating the 3-year cost, the 5-year cost would be approxi-
mately $72 600 US dollars ($87 300 Canadian dollars).
This is slightly lower than the 5-year cumulative costs
modelled in our cost-effectiveness analyses. The difference
is likely due to the difference in the chronicity of the foot
ulcer in this study. The study by Hopkins and colleagues

evaluated all individuals admitted to an acute hospital
with a primary diagnosis of diagnosis foot ulcer through
International Classification of Diseases codes regardless of
severity.40 The cohort evaluated in our cost-effectiveness
analysis were screened to select for hard to heal foot
ulcers. Thus, we expect that the study cohort in the cost-
effectiveness analysis is more severe and would cost more.

Several conservative assumptions were made that
biased the results towards better outcomes to the compar-
ator. For instance, it was assumed that there were no
major or minor amputations, cellulitis, osteomyelitis for
NPWT. In clinical studies, several cases of cellulitis, oste-
omyelitis, major and minor amputations were observed
in participants receiving NPWT during an observation
period of 112 days. The additional of these adverse events
in the NPWT would lead to higher costs for NPWT. CDO
therapy was developed to deliver oxygen to a moist
wound dressing that can be replaced by the individual
with the foot ulcer. This was indeed observed in the clini-
cal trial by Niederauer and colleagues, where all but one
individual in the CDO arm replaced the moist wound
dressing without assistance.22 Thus, dressing changes can
occur as needed from the convenience of home. On the
other hand, NPWT requires the insertion of a foam dress-
ing into the wound with a film applied on top. The diffi-
culty in removing the foam necessitates the assistance of
a home care nurse for re-dressing. For individuals receiv-
ing HBOT, dressing changes occur concurrently with
treatment sessions at HBOT clinics with the help of the
physician or nurse. On the other hand, some benefits
may also be lost with self-administered wound dressing
changes. For one, self-administered wound dressing
changes decreases the number of contacts an individual
has with a health care provider. This reduces the number
of checkpoints that a nurse would have with the patient
potentially impacting the health of the individual. The
total number of sessions HBOT requires may also be a
barrier to treatment access. Individuals receiving HBOT
travel to a hyperbaric facility and remain in the chamber
for a period of 90 minutes per session for a total of 40 to
45 sessions.35 The cost to access treatment in terms of the
individual's time, travel, caregiver assistance were not
incorporated in the economic evaluation. The additional
barriers to treatment access may impact treatment com-
pliance reducing the real-life effectiveness of NPWT and
HBOT from those observed in efficacy trials.

The results presented in our analysis should be inter-
preted with caution given the various limitations associ-
ated with our analysis. First, there was no direct
comparison of CDO to NPWT. Instead, a clinical trial
conducted in the US was selected as the study compara-
tor since it had a similar follow-up period in a study in
the same country. However, the follow-up periods were

FIGURE 2 Probabilistic sensitivity analysis on the cost-

effectiveness plane (base-case)
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not identical between studies, and there may be differ-
ences in the cohort characteristics entering the different
study clinics. For instance, NPWT is generally used for
individuals with complex wounds that may be larger and
more severe than those recruited in the CDO trial. The
percentage of individuals in the moist wound therapy
healed in the intent-to-treat cohort (excluding surgical
closure) between the two studies were similar (CDO
study = 16.7%, NPWT study = 20.5% [48 healed - 14 sur-
gically healed/166 cohort size]) suggesting the cohorts
may be similar. If the study cohorts are not truly similar,
the healing rates from the moist wound therapy arm for
both clinical studies suggest that the NPWT study cohort
may consist of individuals with less severe ulcers (higher
healing rate), and this would bias results towards NPWT.
This may be explained by the run-in period included in
the CDO therapy clinical trials to exclude individuals
with acute wounds and thus including only chronic
ulcers. This, to the author's knowledge, was not included
in the clinical trials for NPWT. A scenario analysis was
also conducted to examine the change in the primary out-
comes of our economic evaluation using CDO therapy
clinical trial subgroup data stratified by ulcer size at
recruitment. The larger ulcer sizes showed greater cost
reductions and improvements in outcomes compared
with the base-case analysis. Second, evaluation of the
wounds healed associated with CDO treatment has been
limited to a 12-week follow-up. A subsequent 12-week
follow-up for individuals healed during the original
observation window suggests that ulcer healing is sus-
tainable. However, without evidence of longer-term
follow-up of CDO treatment, the impact of this treatment
beyond the first half-year remains uncertain. Third, the
lack of long-term outcomes data in general in the chronic
DFU population limited the analysis to a 10-year time
horizon. Long-term DFU healing rates have been
reported in several studies with percentage healing rang-
ing from 44.5% to 77%.41-44 However, these studies were
based on all presenting DFU compared with the more
severe chronic foot ulcer cases evaluated in our analysis.
A study of long-term healing rates in a similar cohort has
not been evaluated. As a result, the percentage of individ-
uals healed in the comparator arm of our analysis was
assumed to reflect annual long-term healing rates beyond
1 year for the duration of the model. A fourth, similar
limitation to our analysis is related to the heterogeneous
nature of the model inputs. Study results consistent with
the perspective of the analysis (Canadian provincial pub-
lic health care payer) were included in the model inputs.
Unfortunately, some Canadian-specific model inputs
were not available. For instance, the primary clinical out-
come data were collected from a US study cohort.22,26

The clinical outcomes of CDO and NPWT treatment may

differ in a Canadian cohort given the differences in
health care delivery and population characteristics
between the two countries. However, in the absence of
Canadian-specific clinical outcomes, this study assumed
that the results of the US clinical trials included in the
model would be similar in the Canadian context. Fifth,
the incremental change in QALYs resulting from the use
of CDO therapy was 0.025. This is a very small incremen-
tal difference between the two treatment options
suggesting that there is little health-related quality of life
improvement with CDO therapy estimated in the model.
In the scenario analysis, incremental QALYs ranged
between −0.004 and 0.077. This would suggest that there
may be some uncertainty on the change in QALYs
between CDO therapy and the comparator depending on
the model assumptions. This range also suggests that
even with changes to the model assumptions, in most
cases, there is a very slight improvement in health-related
quality of life between CDO therapy and comparators.
There was only one scenario where CDO therapy QALYs
were lower than the comparator. In this scenario, the
healing outcomes of NPWT reported by Blume and col-
leagues were included in the model without adjustment.
In the advanced moist wound therapy arm of the study
by Blume and colleagues, 20.5% experienced closure
without surgery (34 of 166 individuals).26 This is higher
than the percentage healed with advanced moist wound
therapy observed in the study by Niederauer and col-
leagues.22 Without adjustment, the outcomes are biased
towards a more favourable outcome for NPWT resulting
in a small incremental outcome of −0.004 QALYs or
1.5 days in favour of NPWT. Sixth, our economic evalua-
tion was based on the results of published clinical trials.
Ideally, these clinical trials could have collected data for
an economic evaluation prospectively. This data would
include a more detailed exploration of the cost of inter-
vention, follow-up health care utilisation, and health-
related quality of life using tools such as the EQ5D or SF-
36 to calculate QALYs during the trial period. The impact
of a prospective economic evaluation would be greater
accuracy of the immediate cost and QALYs of the inter-
vention and comparator. However, clinical outcomes and
long-term outcomes will remain unaffected. Thus, the
magnitude and direction of the impact of including a pro-
spective analysis to the overall results are unknown.

Despite the limitations, our analysis also has several
strengths. Many economic evaluations of interventions
for DFU have similar methodological limitations, includ-
ing inadequate evidence of treatment efficacy through
systematic reviews, RCTs or large sample observational
studies, limited quality of life outcomes, lack of uncer-
tainty analyses, and short-term timeframes.36 Our analy-
sis evaluating CDO for DFU addressed these limitations.
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The primary efficacy outcome for CDO was based on an
RCT that enrolled a total of 146 individuals with a
chronic DFU.22 The screening of participants included a
two-week assessment of the percentage of wound healing
to exclude individuals expected to have full wound
healing within weeks. Thus, the RCT evaluated individ-
uals who had chronic ulcers that were not expected to
heal. This is true to the anticipated population that would
receive CDO outside the clinical trial setting. The pri-
mary outcome for the cost-effectiveness analysis was
QALYs. This measure considers both the difference in
duration in life adjusted for the quality of life.45 Scenario
and probabilistic sensitivity analyses were included to
examine the impact of parameter uncertainty on the
results. The results show that different model inputs did
not markedly change the observation that CDO resulted
in lower costs compared with NPWT with very little dif-
ference in QALYs. The base-case time horizon for the
analysis was 5 years; selected because it was anticipated
to be long enough to capture relevant clinical outcomes.
A long-term time horizon of a 10-year time horizon was
also examined in scenario sensitivity analyses.

Future clinical studies comparing CDO to NPWT and
HBOT directly would be valuable in evaluating the differ-
ences between the treatment options. This would allow
for a more accurate comparison of healing rates between
the treatment options in a similar study cohort. As well,
evaluation of long-term healing outcomes of CDO
beyond the 12-week period would provide a better under-
standing of the recurrence of ulcer after treatment with
CDO. Current evidence suggests that CDO wound
healing may have a durable effect (12 weeks after ulcer
closure).22 If this durability persists at and beyond 1 year,
the incremental cost reductions and improvement in
QALYs with CDO treatment would be greater. Further-
more, an evaluation of changes to health-related quality
of life with the use of CDO therapy in the context of the
clinical trial would allow for a more accurate estimation
of the changes in QALYs. Finally, epidemiological studies
examining the long-term risk of secondary complications
associated with a persistent DFU would also allow for a
more accurate longer timeline projection of the economic
full impact of the different treatment options. These stud-
ies would reduce the number of assumptions required in
the economic evaluation and provide a better under-
standing of the cost-effectiveness of CDO in the treat-
ment of hard to heal DFU.

Individuals with hard to heal DFU face an increased
risk for secondary complications, amputation, and death
associated with the unhealed wound. Treatment for this
population includes interventions that are costly, time-
consuming, inconvenient, and/or unavailable. CDO pro-
vides a potential treatment option that may be less costly

than other treatment options using a device that is porta-
ble and allows for individuals to conduct dressing
changes on their own.
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APPENDIX A.

APPENDIX TABLE 1 Additional model inputs (base-case)

Variable Value

Distribution Shape
for Sensitivity
Analysis Source

Cost of amputation

Major amputation surgical cost
(hospital cost)

$28 581 (standard deviation
$43 532)

Log normal Health Quality Ontario report,35

Canadian Institute of Health
Information – cost per hospital visit

Major amputation surgical cost
(physician costs)

$2067 Not applicable Hopkins 201554 (supplementary Table
S8)

Increase in costs for individuals
with major amputation relative to
individuals with diabetes alone
(1st year)

4.54 Not applicable Apelqvist 199554

Increase in costs for individuals
with major amputation relative to
individuals with diabetes alone
(2nd + year)

2.77 Not applicable Apelqvist 199554

Minor amputation surgical cost
(hospital cost)

$16 747 (standard deviation
$15 321)

log normal Health Quality Ontario report,35

Canadian Institute of Health
Information – cost per hospital visit

Minor amputation surgical cost
(physician costs)

$1683 Not applicable Hopkins 201554 (supplementary Table
S8)

Increase in costs for individuals
with minor amputation relative
to individuals with diabetes alone
(1st year)

2.22 Not applicable Apelqvist 199554

Increase in costs for individuals
with minor amputation relative
to individuals with diabetes alone
(2nd + year)

2.23 Not applicable Apelqvist 199554

Annual cost of diabetes

Annual cost of care for women with
diabetes <65 years of age

$10 167 (standard deviation:
$72 547)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for women with
diabetes 65 to 74 years of age

$19 471 (standard deviation:
$94 645)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for women with
diabetes 75 to 84 years of age

$40 298 (standard deviation:
$142 891)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for women with
diabetes >84 years of age

$77 464 (standard deviation:
$160 067)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for men with
diabetes <65 years of age

$11 110 (standard deviation:
$85 307)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for men with
diabetes 65 to 74 years of age

$23 836 (standard deviation:
$114 944)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for men with
diabetes 75 to 84 years of age

$48 425 (standard deviation:
$158 575)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

Annual cost of care for men with
diabetes >84 years of age

$93 740 (standard deviation:
$202 225)

Log normal Rosella 201630 (costs inflated to 2019
Canadian dollars)

(Continues)
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APPENDIX TABLE 1 (Continued)

Variable Value

Distribution Shape
for Sensitivity
Analysis Source

The relative increase in costs for
individuals with diabetes with
ulcer compared to those without
ulcer (1st year)

2.67 (standard deviation:
0.68)

Log normal Ramsey 199931

The relative increase in costs for
individuals with diabetes with
ulcer compared to those without
ulcer (2nd year+)

1.56 (standard deviation:
0.68)

Log normal Ramsey 199931

Transitions between health states

Probability of ulcer recurrence
(short-term) (1 year post-healed)

40% Not applicable Armstrong 201755

Probability of ulcer recurrence
(medium-term) (2-3 years post-
healed)

10% Not applicable Armstrong 201755

Probability of ulcer recurrence
(long-term) (4+ years post-
healed)

5% Not applicable Armstrong 201755

Probability of a minor amputation
(below ankle) with presence of
DFU (1st year)

10.7% (539/5015) Beta Hopkins 201540

Probability of a minor amputation
(below ankle) with presence of
DFU (2nd year)

3.9% (196/5015) Beta Hopkins 201540

Probability of a minor amputation
(below ankle) with presence of
DFU (3rd + year)

2% (100/5015) Beta Hopkins 201540

Probability of a major amputation
(below ankle) with presence of
DFU (1st year)

10.0% (502/5015) Beta Hopkins 201540

Probability of a major amputation
(below ankle) with presence of
DFU (2nd year)

4.9% (252/5015) Beta Hopkins 201540

Probability of a major amputation
(below ankle) with presence of
DFU (3rd + year)

2.3% (118/5015) Beta Hopkins 201540

Probability of DFU infection
requiring hospitalisation (1st
year)

7.5% (377/5015) Beta Hopkins 201540

Probability of DFU infection
requiring hospitalisation (2nd
year)

3.8% (192/5015) Beta Hopkins 201540

Probability of DFU infection
requiring hospitalisation (3rd
+ year)

2.8% (142/5015) Beta Hopkins 201540

Probability of major re-amputation
after minor amputation (1st year)

22.8% Not applicable Izumi 20068

Probability of major re-amputation
after minor amputation (2nd
year)

8.4% Not applicable Izumi 20068
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APPENDIX TABLE 1 (Continued)

Variable Value

Distribution Shape
for Sensitivity
Analysis Source

Probability of major re-amputation
after minor amputation (3rd year)

8.4% Not applicable Izumi 20068

Probability of major re-amputation
after minor amputation (4th year)

6.4% Not applicable Izumi 20068

Probability of major re-amputation
after minor amputation (5th year)

6.4% Not applicable Izumi 20068

Probability of minor re-amputation
after minor amputation (1st year)

3.5% Not applicable Izumi 20068

Probability of minor re-amputation
after minor amputation (2nd
year)

7.7% Not applicable Izumi 20068

Probability of minor re-amputation
after minor amputation (3rd year)

7.7% Not applicable Izumi 20068

Probability of minor re-amputation
after minor amputation (4th year)

5.4% Not applicable Izumi 20068

Probability of minor re-amputation
after minor amputation (5th year)

5.4% Not applicable Izumi 20068

Probability of major re-amputation
after major amputation (1st year)

4.7% Not applicable Izumi 20068

Probability of major re-amputation
after major amputation (2nd
year)

3.6% Not applicable Izumi 20068

Probability of major re-amputation
after major amputation (3rd year)

3.6% Not applicable Izumi 20068

Probability of major re-amputation
after major amputation (4th year)

0.8% Not applicable Izumi 20068

Probability of major re-amputation
after major amputation (5th year)

0.8% Not applicable Izumi 20068

Probability of minor re-amputation
after major amputation (1st year)

11.6% Not applicable Izumi 20068

Probability of minor re-amputation
after major amputation (2nd
year)

16.3% Not applicable Izumi 20068

Probability of minor re-amputation
after major amputation (3rd year)

16.3% Not applicable Izumi 20068

Probability of minor re-amputation
after major amputation (4th year)

4.6% Not applicable Izumi 20068

Probability of minor re-amputation
after major amputation (5th year)

4.6% Not applicable Izumi 20068
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APPENDIX FIGURE 1 Probabilistic sensitivity analysis

on the cost-effectiveness plane for 10-year model timeframe
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