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Abstract
Background Proximal humerus fractures are the second-
most common fragility fracture in older adults. Although
reverse total shoulder arthroplasty (RTSA) is a promising
treatment strategy for proximal humerus fractures with
favorable clinical and quality of life outcomes, it is asso-
ciated with much higher, and possibly prohibitive, upfront
costs relative to nonoperative treatment and other surgical
alternatives.

Questions/purposes (1) What is the cost-effectiveness of
open reduction internal fixation (ORIF), hemiarthroplasty,
and RTSA compared with the nonoperative treatment of
complex proximal humerus fractures in adults older than
65 years from the perspective of a single-payer Canadian
healthcare system? (2) Which factors, if any, affect the
cost-effectiveness of ORIF, hemiarthroplasty, and RTSA
compared with nonoperative treatment of proximal hu-
merus fractures including quality of life outcomes, cost,
and complication rates after each treatment?
Methods This cost-utility analysis compared RTSA,
hemiarthroplasty, and ORIF with the nonoperative man-
agement of complex proximal humerus fractures in adults
older than 65 years over a lifetime time horizon from the
perspective of a single-payer healthcare system. Short-term
and intermediate-term complications in the 2-year post-
operative period were modeled using a decision tree, with
long-term outcomes estimated through a Markov model.
The model was initiated with a cohort of 75-year-old patients
who had a diagnosis of a comminuted (three- or four-part)
proximal humerus fractures; 90%of the patientswerewomen.
The mean age and gender composition of the model’s cohort
was based on a systematic review conducted as part of this
analysis. Patients were managed nonoperatively or surgically
with eitherORIF, hemiarthroplasty, or RTSA.The three initial
surgical treatment options of ORIF, hemiarthroplasty, and
RTSA resulted in uncomplicated healing or the development
of a complication that would result in a subsequent surgical
intervention. The model reflects the complications that result
in repeat surgery and that are assumed to have the greatest
impact on clinical outcomes and costs. Transition probabilities
and health utilities were derived from published sources, with
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costs (2020 CAD) sourced from regional costing databases.
The primary outcome was the incremental cost-utility ratio,
which was calculated using expected quality-adjusted life
years (QALYs) gained and costs. Sensitivity analyses were
conducted to explore the impact of changing key model
parameters.
Results Based on both pairwise and sequential analysis,
RTSA was found to be the most cost-effective strategy for
managing complex proximal humerus fractures in adults
older than 65 years. Compared with nonoperative man-
agement, the pairwise incremental cost-utility ratios of
hemiarthroplasty and RTSAwere CAD 25,759/QALY and
CAD 7476/QALY, respectively. ORIF was dominated by
nonoperative management, meaning that it was both more
costly and less effective. Sequential analysis, wherein in-
terventions are compared from least to most expensive in a
pairwise manner, demonstrated ORIF to be dominated by
hemiarthroplasty, and hemiarthroplasty to be extendedly
dominated by RTSA. Further, at a willingness-to-pay
threshold of CAD 50,000/QALY, RTSA had 66% proba-
bility of being the most cost-effective treatment option. The
results were sensitive to changes in the parameters for the
probability of revision RTSA after RTSA, the treatment
cost of RTSA, and the health utilities associated with the
well state for all treatment options except ORIF, although
none of these changes were found to be clinically realistic
based on the existing evidence.
Conclusion Based on this economic analysis, RTSA is the
preferred treatment strategy for complex proximal humerus
fractures in adults older than 65 years, despite high upfront
costs. Based on the evidence to date, it is unlikely that the
parameters this model was sensitive to would change to the
degree necessary to alter the model’s outcome. A major
strength of this model is that it reflects the most recent
randomized controlled trials evaluating the management of
this condition. Therefore, clinicians should feel confident
recommending RTSA for the management of proximal
humerus fractures in adults older than 65 years, and they
are encouraged to advocate for this intervention as being a
cost-effective practice, especially in publicly funded
healthcare systems wherein resource stewardship is a core
principle. Future high-quality trials should continue to
collect both clinical and quality of life outcomes using
validated tools such as the EuroQOL-5D to reduce pa-
rameter uncertainty and support decision makers in un-
derstanding relevant interventions’ value for money.
Level of Evidence Level III, economic and decision
analysis.

Introduction

The incidence of proximal humerus fractures is second
only to that of hip fractures among older adults, with related

annual healthcare expenditures estimated at CAD 45 mil-
lion in Canada alone [37]. Current management strategies
for displaced proximal humerus fractures include non-
operative management, open reduction and internal fixation
(ORIF), or joint arthroplasty with either hemiarthroplasty or
reverse total shoulder arthroplasty (RTSA). Although studies
comparing operative and nonoperative strategies have not
demonstrated meaningful differences in functional outcomes
[13, 28, 29], important differences have been observed across
surgical strategies. Recent studies have suggested favorable
functional outcomes for patients treated with RTSA com-
pared with those treated with hemiarthroplasty, as well as a
lower risk of complications and reoperations than with ORIF
[8, 12, 34, 38]. Despite these favorable outcomes, the implant
costs of an RTSA can be up to four times that of ORIF or
hemiarthroplasty. Therefore, orthopaedic surgeons must
demonstrate the cost-effectiveness of RTSA in the manage-
ment of proximal humerus fractures to key stakeholders, in-
cluding policymakers and hospital administrators, to ensure
the widespread adoption of this new technology.

Decision-makers consider multiple evidence sources
when recommending the adoption of a new evidence-based
treatment strategy. Health economic evidence is an impor-
tant consideration in these decisions as it weighs clinical
outcomes against the corresponding impact to healthcare
resource use and costs. Despite recent economic analyses
evaluating the cost-effectiveness of RTSA compared with
various combinations of nonoperative management, ORIF,
or hemiarthroplasty [19, 21, 26], to our knowledge, no
evaluation has been made that simultaneously compares
nonoperative treatment, ORIF, hemiarthroplasty, and RTSA
in the management of proximal humerus fractures in older
adults. Further, three randomized controlled trials (RCTs)
[11, 15, 18] have been conducted since the publishing of the
most recent cost-utility analysis on the subject matter in
2017 [26]. Considering the continued interest in the subject
matter as well as the recent publishing of high-quality evi-
dence, an updated cost-utility analysis that simultaneously
considers multiple treatment options and reflects the most
up-to-date evidence is warranted. The decision to compare
the cost-effectiveness of nonoperative treatment, ORIF,
hemiarthroplasty, and RTSA simultaneously was based on
two primary reasons. First, this analysis sought to reflect the
RCTs published to date regarding the subject matter wherein
every pairwise combination of the aforementioned treatment
options has been studied in at least one trial [2, 5, 9, 11, 15,
18, 22, 23, 34]. Secondly, although certain RCTs exist that
assess the clinical and functional efficacy of the various
management strategies for complex proximal humerus
fractures in older adults, decision makers are also interested
in the value associated with an intervention, which is the
primary objective of a cost-utility analysis.

Therefore, we asked: (1)What is the cost-effectiveness of
open reduction internal fixation (ORIF), hemiarthroplasty,
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and RTSA compared with the nonoperative treatment of
complex proximal humerus fractures in adults older than 65
years from the perspective of a single-payer Canadian
healthcare system? (2) Which factors, if any, affect the cost-
effectiveness of ORIF, hemiarthroplasty, and RTSA com-
pared with nonoperative treatment of proximal humerus
fractures including quality of life outcomes, cost, and
complication rates after each treatment?

Patients and Methods

Model Overview

We conducted a cost-utility analysis to compare non-
operative management, ORIF, hemiarthroplasty, and
RTSA strategies for adults 75 years and older who pre-
sented with three- or four-part proximal humerus fractures
from the perspective of the single-payer Ontario, Canada
government–administered healthcare system. Incremental
cost-utility ratios (ICURs) were calculated using estimates
of expected costs and QALYs over a patient’s lifetime,
with both discounted at a rate of 3% annually [33]. A

lifetime time horizon (25 years, which assumes amaximum
life span of 100 years) was used to reflect possible down-
stream management interventions to treat postoperative com-
plications. This economic evaluation is reported according to
the Consolidated Health Economic Evaluation Reporting
Standards checklist [14].

Model Structure

Short-term complications in the 2-year postoperative pe-
riod were modeled by a decision tree (Fig. 1A), with long-
term outcomes to a lifetime time horizon modeled by a
Markovmodel (Fig. 1B). One-year cycle lengths were used
in theMarkovmodel. Themodel structure was informed by
previous economic evaluations [6, 19, 21, 26, 30] and an
expert clinician panel. The model was developed and
programmed in Microsoft Excel according to guidelines
published by the Canadian Agency for Drugs and
Technologies [12].

The model was initiated with a cohort of 75-year-old
patients with a diagnosis of a comminuted (three- or four-
part) proximal humerus fractures; 90% of patients were

Fig. 1 A-B (A) This decision tree model illustrates the first two postoperative years, where “M” represents entering the long-term
Markov model. (B) This Markov model illustrates long-term outcomes.
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women. The mean age was based on a systematic review
conducted as part of this analysis. Patients undergoing the
nonoperative management strategy were initially immo-
bilized in a sling, with follow-up in an orthopaedic fracture
clinic at 2 weeks, 4 weeks, and 6 weeks, and then at
3 months, 6 months, and 12 months after treatment. The
three initial surgical treatment options of ORIF, hemi-
arthroplasty, and RTSA may result in uncomplicated
healing or the development of a complication that would
result in a subsequent surgical intervention (Fig. 1A). The
model reflects the complications that result in repeat sur-
gery and are assumed to have the greatest impact on clinical
outcomes and costs. These included nonunion, malunion,
avascular necrosis, deep infection (septic loosening),
aseptic loosening, and catastrophic implant failure.
Complications leading to surgery were assumed to occur at
3 months after the initial treatment.

Model Parameters

Literature Review, Data Abstraction and Data Analysis

We performed a systematic literature review of three da-
tabases (MEDLINE, Embase, and Web of Science) to
identify studies describing patient demographics, transition
probabilities, and health utility model parameters. Two re-
viewers (HAK, CK) conducted literature screening and data
extraction, with conflicts resolved by consulting a senior
author (HJ). Searches were run on January 8, 2022
(Supplementary Table 1; http://links.lww.com/CORR/A789).
The inclusion criteria was as follows: (1) Level I RCTs; (2)
three- or four-part proximal humerus; (3) mean age of in-
cluded patients being 65 or older; (4) management of three- or
four-part proximal humerus fractures either nonoperatively,
with ORIF using a locking plate, hemiarthroplasty, or RTSA;
(5) reporting of complication rates and/or quality of life
measures, specifically, EQ-5D; (6) human studies; and (7)
studies published in the English language. Exclusion criteria
included (1) biomechanical studies; (2) cadaveric studies; (3)
two-part proximal humerus fractures; or (4) no reporting of
revision surgery rates or quality of life measures, specifically
the EQ-5D score. By limiting the search to Level I evidence,
reporting biaswasminimized.Relevant data, including patient
demographics, fracture type, intervention, secondary surgery
rates, and quality of life measures, was abstracted in stan-
dardized tables using Google Sheets (Google LLC).
Descriptive statistics, including weighted means and SDs
were estimated using R (RStudio).

If a parameter’s value could not be identified through the
systematic review, a targeted secondary literature searchwas
conducted. Input estimates were based on assumptions only
in cases where a parameter was not successfully found in
either the primary or secondary literature search.

There were 973 studies initially identified in the electronic
search of the literature with nine studies included after ap-
plying the review’s eligibility criteria (Supplementary Fig. 1;
http://links.lww.com/CORR/A790) [2, 5, 9, 11, 15, 18, 22,
23, 34]. These nine studies were comprised of 574 proximal
humerus fractures with a mean age of 766 3 years; 88%6
5% of patients were female (Supplementary Table 2; http://
links.lww.com/CORR/A791) [2, 5, 9, 11, 15, 18, 22, 23, 34].

Transition Probabilities

We obtained transition probabilities used to model patient
movement between health states from published sources
(Table 1). Where possible, we pooled probabilities across
similar studies to obtain an overall weighted average of the
probability estimate that was specific to each complication.
After failure of nonoperative management, hardware failure
after ORIF, or implant failure after either arthroplasty
treatment strategies, patients were assumed to have an equal
probability of receiving any of the indication-appropriate
surgical interventions. The perioperative and 1-year risk of
death was derived from large registry study reporting mor-
tality rates after shoulder arthroplasty stratified by cause of
surgery [1]. The perioperative and 1-year risk of death after
revision surgery was derived from the same registry study
and based on the rotator cuff arthropathy patient population,
the oldest patient population in the study (mean age 736 8
years) and with a mean age closest to this analysis’ patient
cohort (76 6 3 years) [1]. General mortality estimates,
weighted by age and gender, were obtained from Statistics
Canada life tables [36]. Hardware and implant failure rates,
long-term posttraumatic arthritis rates, and mortality rates
after the various treatments were all obtained from a targeted
review of the literature [1, 4, 27, 31, 32].

Health Utilities

Health utility values were obtained from published sources
(Table 1). Where possible, EQ-5D values were obtained
from RCTs [5, 15, 18, 22, 23]. Assumptions, based on
clinical consultation, were used when no Level I evidence
was available for a health state and a secondary search was
unsuccessful.

Costs

Costs from the publicly funded healthcare system inOntario,
Canada were gathered from local and provincial sources
(Table 1). Implant costs were based on the schedule at the
Hamilton General Hospital (Hamilton Health Sciences). All
other hospital inpatient, outpatient, and acute care costs were
obtained from the Ontario Hospital Cost Distribution project
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Table 1. Probabilities, health utility, and cost parameters for the model

Parameter Source

Base case
(variation for probabilistic

sensitivity analysis) Distribution

Transition probabilities

Death after nonoperative
management

Rotman et al. [32] 2.4% 6 10% b

Death after the index arthroplasty
procedure

Amundsen et al. [1] 3.2% 6 10% b

Death after revision Amundsen et al. [1] 3.0% 6 10% b

Nonoperative management

Posttraumatic arthritis treated
with HA or RTSAa

Brophy et al. [4] 12.0% 6 10% b

Revision ORIF Boons et al. [2], Fjalestad et al. [9], Lopiz et al.
[18], Olerud et al. [23], Olerud et al. [22]

0.7% 6 10% b

Revision HA Boons et al. [2], Fjalestad et al. [9], Lopiz et al.
[18], Olerud et al. [23], Olerud et al. [22]

0.7% 6 10% b

Revision RTSA Boons et al. [2], Fjalestad et al. [9], Lopiz et al.
[18], Olerud et al. [23], Olerud et al. [22]

0.0

ORIF

Revision ORIF Cai et al. [5], Fjalestaed et al. [9], Fraser et al.
[11], Olerud et al. [22]

3.4% 6 10% b

Revision HA Cai et al. [5], Fjalestad et al. [9], Fraser et al.
[11], Olerud et al. [22]

0.8% 6 10% b

Revision RTSA Cai et al. [5], Fjalestad et al. [9], Fraser et al.
[11], Olerud et al. [22]

3.1% 6 10% b

Hardware removal Cai et al. [5], Fjalestad et al. [9], Fraser et al.
[11], Olerud et al. [22]

9.4% 6 10% b

Annual hardware failureb Robinson et al. [31] 0.3% 6 10% b

HA

Revision HA Cai et al. [5], Jonsson et al. [15], Olerud et al.
[23], Sebastiá-Forcada et al. [34]

2.8% 6 10% b

Revision RTSA Cai et al. [5], Jonsson et al. [15], Olerud et al.
[23], Sebastiá-Forcada et al. [34]

5.6% 6 10% b

Resection arthroplasty Cai et al. [5], Jonsson et al. [15], Olerud et al.
[23], Sebastiá-Forcada et al. [34]

0.0

Annual implant failureb Assumption 2.0% 6 10% b

RTSA

Revision RTSA Fraser et al. [11], Jonsson et al. [15], Lopiz et al.
[18], Sebastiá-Forcada et al. [34]

1.8% 6 10% b

Resection arthroplasty Fraser et al. [11], Jonsson et al. [15], Lopiz et al.
[18], Sebastiá-Forcada et al. [34]

0.0

Annual implant failure rate Otto et al. [27] 2.5% 6 10% b

Costs in 2020 CADc

Nonoperative management

Treatment cost OCC data, OHIP Schedule of Benefits 7422 6 50% g

Well after nonoperative treatment OCC data, OHIP Schedule of Benefits 142 6 50% g

Revision ORIF OCC data, OHIP Schedule of Benefits 12,081 6 50% g

Revision HA OCC data, OHIP Schedule of Benefits 15,486 6 50% g

Revision RTSA OCC data, OHIP Schedule of Benefits 20,400 6 50% g
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(Health Data Branch, Health System Information
Management and Investment Division, Ontario Ministry of
Health and Long-Term Care; https://hsim.health.gov.on.
ca/hdbportal/) [25]. Physician billings were estimated
through the Ontario Schedule of Benefits (Physician
Services Under the Health Insurance Act, Ontario

Ministry of Health and Long-Term Care) [24]. As the
model began with patients aged 75 years, and the aver-
age age at retirement in Canada is 64.3 years [35], pro-
ductivity costs were not considered. That is, it was
assumed that patients were not working. All costs are
presented in 2020 CAD.

Table 1. continued

Parameter Source

Base case
(variation for probabilistic

sensitivity analysis) Distribution

ORIF

Treatment cost OCC data, OHIP Schedule of Benefits 12,035 6 50% g

Well after ORIF OCC data, OHIP Schedule of Benefits 142 6 50% g

Revision ORIF OCC data, OHIP Schedule of Benefits 12,711 6 50% g

Revision HA OCC data, OHIP Schedule of Benefits 16,308 6 50% g

Revision RTSA OCC data, OHIP Schedule of Benefits 21,013 6 50% g

Hardware removal OCC data, OHIP Schedule of Benefits 12,296 6 50% g

HA

Treatment cost OCC data, OHIP Schedule of Benefits 15,470 6 50% g

Well after HA OCC data, OHIP Schedule of Benefits 142 6 50% g

Resection arthroplasty OCC data, OHIP Schedule of Benefits 12,209 6 50% g

Revision HA OCC data, OHIP Schedule of Benefits 16,308 6 50% g

Revision RTSA OCC data, OHIP Schedule of Benefits 20,830 6 50% g

RTSA

Treatment cost OCC data, OHIP Schedule of Benefits 20,804 6 50% g

Well after RTSA OCC data, OHIP Schedule of Benefits 142.00 6 50% g

Resection arthroplasty OCC data, OHIP Schedule of Benefits 12,208 6 50% g

Revision RTSA OCC data, OHIP Schedule of Benefits 21,063 6 50% g

Health state utilities

Baseline postfracture Rangan et al. [29] 0.41 6 15% b

Nonoperative management

Well Lopiz et al. [18], Olerud et al. [23], Olerud et al.
[22]

0.74 6 15% b

ORIF

Well Cai et al. [5], Olerud et al. [22] 0.73 6 15% b

Revision 80% of uncomplicated healing 0.58 6 15% b

HA

Well Cai et al. [5], Jonsson et al. [15], Olerud et al.
[23]

0.81 6 15% b

Revision 80% of uncomplicated healing 0.60 6 15% b

Resection arthroplasty 70% of uncomplicated healing 0.70 6 15% b

RTSA

Well Jonsson et al. [15], Lopiz et al. [18] 0.88 6 15% b

Revision 80% of uncomplicated healing 0.65 6 15% b

Resection arthroplasty 70% of uncomplicated healing 0.73 6 15% b

aDenotes equal probability of undergoing outline procedures.
bDenotes use in Markov model for 3 or more years.
cReported costs include physician billing (including both surgeon and anesthesiologist billings), in-patient costs, operating room costs,
and implant costs), which are all incurred by a single-payer healthcare system; HA = hemiarthroplasty; OCC = Ontario case costing;
OHIP = Ontario Health Insurance Plan.
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Outcomes

The analysis compared nonoperative management with
each of the three surgical options. The main outcome was
the ICUR, calculated as the difference in average per-
patient expected costs divided by the difference in QALYs. A
treatment was considered cost-effective if the ICUR was
CAD 50,000 or less, as recommended by Nwachukwu and
Bozic [20] for cost-effectiveness analyses conducted in or-
thopaedic surgery from governmental spending perspectives.

Cost-effectiveness Analyses

Because the cost-effective analysis includes more than two
interventions, two sets of ICURs are presented. The first set
of ICURs is from a pairwise comparison between each
surgical option and nonoperative management. Because
decision makers often need to compare multiple treatments
at once, a second set of ICURs was calculated as part of a
sequential analysis where all treatment options are com-
pared simultaneously. In a sequential analysis, the inter-
ventions are ordered according to cost, and ICURs are
calculated sequentially for the least costly comparator
compared with the next most costly comparator, excluding
all comparators that are dominated. An intervention is
dominated when it is more costly and less effective than an-
other intervention. A dominated intervention would never be
considered cost-effective regardless of the threshold used [7].

According to health economic guidelines [4], all results
are probabilistic. Probabilistic sensitivity analysis is a
technique used to quantify the level of uncertainty associated
with individual parameters. In a probabilistic sensitivity
analysis, all model parameters are varied simultaneously over
many simulations. In this way, the parameter value (such as
cost or utility input) is not represented by a static point esti-
mate (such as a mean) but is repeatedly sampled from a range
of plausible points (that is, a distribution) over the repeated
simulations. The distribution selected to describe each
parameter (for example, normal, log-normal, beta, gamma)

depends on the type of data and is chosen to represent the
characteristics of that input and its plausible bounds. For
example, gamma distributions are often used for parame-
ters with skewed data, such as costs, where only a small
proportion of individuals typically incur a large cost and
therefore skew the mean. In contrast, beta distributions are
used for outcomes bounded between 0 and 1, such as
probabilities. The results of this analysis are based on 2500
simulations. The ICURs from each simulation are dis-
played in a scatterplot (such as a cost-effectiveness plane)
to show the range of probabilistic sensitivity analysis re-
sults, with a greater spread indicating higher levels of pa-
rameter uncertainty. The average costs and QALYs across
the simulations are then used to calculate the final ICUR.

We also performed one-way sensitivity analyses to ex-
plore uncertainty associatedwithmethodologic assumptions
(for example, regarding different clinically plausible patient
pathways) and uncertainty associated with specific model
inputs (for instance, lack of data to inform the utility values
for certain health states). In a one-way sensitivity analysis,
one parameter is changed at a time and its impact on the
ICUR is evaluated to identify what inputs the results are
most sensitive to. The values used in the one-way sensitivity
analyses were based on previous cost-utility analyses [16,
21] and consultation with an expert panel of clinicians.

Results

RTSA Is the Most Cost-effective of the
Treatments Evaluated

Based on the results of both pairwise and sequential analyses,
RTSA was the most cost-effective treatment strategy for the
management of proximal humerus fractures in older adults.
When nonoperative management is compared individually
with each treatment option through a pairwise analysis, ORIF
was dominated by nonoperative management (Table 2). The
pairwise ICURs of hemiarthroplasty and RTSA were CAD
25,759/QALY, andCAD7476/QALY, respectively (Table 3).

Table 2. Discounted per-patient results of total costs and outcomes

Parameter Nonoperative management ORIF HA RTSA

Total life years 9.44 8.86 9.29 9.21

Total discounted costs in CADa 18,398 22,583 23,373 24,371

Costs generated during decision tree (years 1-2) 10,153 10,153 18,328 22,229

Costs generated after decision tree (years 3+) 8245 12,430 5044 2142

Total discounted QALYs 7.12 6.51 7.31 7.92

QALYs generated during decision tree (years 1-2) 1.38 1.36 1.48 1.63

QALYs generated after decision tree (years 3+) 5.74 5.15 5.83 6.29

All life years, costs, and quality adjusted life years are discounted.
aReported costs include physician billing (including both surgeon and anesthesiologist billings), in-patient costs, operating room
costs, and implant costs, which are all incurred by a single-payer healthcare system; HA = hemiarthroplasty.
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The results from three pairwise 2500 probabilistic sensi-
tivity analysis simulations for nonoperative management
compared with ORIF (Fig. 2), hemiarthroplasty (Fig. 3),
and RTSA (Fig. 4) have been plotted accordingly. Data
points in the northeast quadrant indicate that the comparator
intervention is more effective and more costly, those in the
southeast quadrant signify that it is more effective and less
costly, datapoints in the northwest quadrant show that it is

less effective and more costly, and those in the southwest
quadrant signal that it is less effective and less costly.

When evaluated sequentially in increasing order of cost,
ORIF was dominated by nonoperative management and
hemiarthroplasty was extendedly dominated (Table 3). At a
willingness-to-pay threshold of CAD 50,000/QALY,
RTSA had a 66% probability of being the most cost-
effective option (Fig. 5).

Table 3. Cost-effectiveness results from pairwise and sequential analyses

Intervention
Total costs
in CADa

Total
QALYs

Difference in
costs in CAD

Difference
in QALYs

Pairwise ICUR
vs nonoperative
(cost/QALY)

Sequential ICUR
vs next best

option (cost/QALY)b

Probability of
being cost-effective

at a threshold
of CAD 50,000

Nonoperative 18,398 7.12 11%

ORIF 22,583 6.51 4185 -0.61 Dominated Dominated 2%

HA 23,373 7.31 4975 0.19 25,759 Extendedly dominated 21%

RTSA 24,371 7.92 5972 0.80 7476 7476 66%

aReported costs include physician billing (including both surgeon and anesthesiologist billings), in-patient costs, operating room
costs, and implant costs, which are all incurred by a single-payer healthcare system.
bIn a sequential analysis, ICURs are calculated in order of increasing cost, excluding treatment options that are dominated or
extendedly dominated; a dominated treatment is both more expensive and less effective than the reference treatment in the row
directly above; HA = hemiarthroplasty.

Fig. 2 This figure illustrates the cost-effectiveness plane of ORIF versus nonoperative management.
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One-way Sensitivity Analyses: Situations Where Other
Treatment Options Become Preferred

Results from the one-way sensitivity analyses indicated that
the model was sensitive to changes in the following parame-
ters: the probability of revision RTSA, the treatment cost of
RTSA, and the health utilities scores associated with the well
state for nonoperative management, hemiarthroplasty, and
RTSA (Table 4). At a threshold of CAD 50,000/QALY,
hemiarthroplasty became the preferred treatment option if: (1)
the probability of a revision RTSA in the 2-year postoperative
periodwas greater than 11%, (2) the cost of RTSAwas greater
thanCAD65,000, (3) the utility of beingwell after RTSAwas
less than 0.78, or (4) the utility of being well after hemi-
arthroplasty exceeded 0.90. Nonoperative management be-
came the preferred treatment option if the utility of being well
after nonoperative management exceeded 0.93.

Discussion

The incidence of proximal humerus fractures is second
only to that of hip fractures in older adults, ultimately
posing a large financial burden on healthcare systems [37].

Complex proximal humerus fractures, defined as three- or
four-part fractures, can be managed with either non-
operative treatment, ORIF, hemiarthroplasty, and most
recently, RTSA. Although RTSA is associated with the
highest upfront costs, recent high-quality evidence has
demonstrated superior functional and clinical outcomes in
favor of RTSA compared with nonoperative management,
ORIF, and hemiarthroplasty [8, 12, 34, 38]. To ensure the
widespread adoption of an innovative and more expensive
technology, its cost effectiveness must be demonstrated.
The purpose of this economic analysis was to equip or-
thopaedic surgeons with the cost-effectiveness data per-
taining to the management of complex proximal humerus
fractures in older adults.

Key findings of this studywere the following: RTSA is a
cost-effective treatment strategy for the management of
complex proximal humerus fractures with sequential
analysis demonstrating that it is the most cost-effective
treatment strategy 66% of the time compared with non-
operative management, ORIF, and hemiarthroplasty.
Furthermore, the model’s outcome was sensitive to rela-
tively large and clinically improbably changes to (1) the
health utilities associated with RTSA, (2) the probability of
revision RTSA after RTSA, (3) the cost of RTSA, (4) the

Fig. 3 This figure illustrates the cost-effectiveness plane of hemiarthroplasty versus nonoperative management.
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health utility associated with nonoperative management,
and (5) the health utility associated with hemiarthroplasty.
Ultimately, the findings of this study support the wide-
spread adoption of RTSA for the management of complex
proximal humerus fractures in adults older than 65 years
from both clinical and health economic perspectives by
informing both clinicians and policy makers accordingly.

Limitations

As a model-based study, this analysis has its limitations.
First, the results of this model depend on parameter esti-
mates obtained from published sources and public data-
bases, as well as assumptions made when certain
parameters were not found in the evidence. Fortunately,
most inputs used in this model were drawn from high-
quality RCTs.When assumptions were used in the model, a
panel of expert trauma and upper extremity orthopaedic
surgeons was consulted beforehand. Further, assumptions
and ranges of values were tested in several sensitivity
analyses to evaluate the robustness of our results. Second,
our model is from the perspective of a single-payer

healthcare system, which may limit the generalizability
of the model’s findings to differently funded healthcare
systems (such as privately funded healthcare systems).
Despite this limitation, the findings of this study can be
generalized to numerous other countries that have a uni-
versal healthcare system similar to Canada’s (including,
Denmark, Finland, France, Germany, and the United
Kingdom). This study’s model population was pre-
dominantly female, which stems from the epidemiology of
this fracture pathology [17]. Therefore, this model’s find-
ings, as well as the proximal humerus fracture RCT data to
date may not be directly applicable to male’s presenting
with this pathology. As this generalizability challenge was
out of the scope of this paper, we recommend that future
high-quality RCTs be powered enough to draw substantial
conclusions about treating males with this pathology.

RTSA Is the Most Cost-effective of the
Treatments Evaluated

We found that RTSA was the most cost-effective of the
treatments examined. Not only did RTSA have an ICUR

Fig. 4 This figure illustrates the cost-effectiveness plane of RTSA versus nonoperative management.

2022 Abdel Khalik et al. Clinical Orthopaedics and Related Research®

Copyright © 2022 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.



less than the CAD 50,000 willingness-to-pay threshold in
the pairwise comparison to nonoperative management, but
also it extendedly dominated hemiarthroplasty in the se-
quential analysis, meaning that RTSA was both cheaper
and provided superior quality of life outcomes than the
next–most expensive treatment strategy, which was hem-
iarthroplasty. ORIF was dominated in both pairwise and
sequential analyses. Hemiarthroplasty is a cost-effective
treatment option relative to nonoperative treatment, al-
though as mentioned earlier, it was dominated by RTSA in
the sequential analysis. Our study adds to the body of cost-
effectiveness studies favoring RTSA over ORIF and
hemiarthroplasty for treating complex proximal humerus
fractures in older adults. Similar to our study, a trial-based
economic evaluation which compared ORIF and non-
operative management of complex proximal humerus
fractures in 50 patients older than 60 years with three- or
four-part fractures found that ORIF was not a cost-effective
option for these patients, and that nonoperative manage-
ment was the dominant intervention at 1 year post-
intervention [10]. The authors estimated an ICUR of CAD
230.556/QALY gained for ORIF relative to nonoperative
management, although the uncertainty surrounding this
ICUR rendered ORIF not cost-effective relative to

nonoperative management [10]. Another economic eval-
uation which compared RTSA with hemiarthroplasty for
treating complex proximal humerus fractures concluded
that RTSA is a cost-effective treatment strategy from both
payer and hospital perspectives in the United States [21].
From the payer perspective, hemiarthroplasty was domi-
nant over nonoperative management, with the ICUR of
RTSA being USD 8100/QALY relative to nonoperative
management. From the hospital perspective, the ICUR of
RTSA was USD 57,000/QALY relative to hemi-
arthroplasty, well under the study’s USD 100,000
willingness-to-pay threshold. Our study now extends the
generalizability of the aforementioned study’s findings to
publicly funded healthcare systems. Further, a previous
Canadian economic analysis demonstrated RTSA to be a
cost-effective management strategy for complex proximal
humerus fractures when compared with hemiarthroplasty
with an ICUR of CAD 13,679. In comparison, our model’s
sequential analysis produced an ICUR of CAD 7500 when
comparing RTSA and hemiarthroplasty after including
recent RCT data in our model. This indicates that RTSA
seems to be increasingly cost-effective as high-quality
RCTs are conducted on the topic. Ultimately, our economic
evaluation demonstrates that RTSA is a cost-effective

Fig. 5 This figure illustrates the cost-effectiveness acceptability frontier.
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treatment strategy for the management of complex proxi-
mal humerus fractures in the setting of universal healthcare
systems, and based on updated evidence, RTSA continues
to trend in the direction of increasing cost-effectiveness.
Our cost-utility analysis’ findings should encourage clini-
cians to adopt the use of RTSA as a first-line management
strategy for complex proximal humerus fractures in older
adults. We do acknowledge that although our study was
largely based on RCT data, assumptions were made for
long-term sequalae of the various treatment strategies an-
alyzed. Future research could better inform the long-term
clinical and cost outcomes associated with the various
treatment strategies, preferably through RCTs with long-
term follow-ups.

One-way Sensitivity Analyses: Situations Where Other
Treatment Options Become Preferred

Our model was sensitive to changes to five model param-
eters: (1) the health utilities associated with RTSA, (2) the
probability of revision RTSA after RTSA, (3) the cost of
RTSA, (4) the health utility associated with nonoperative
management, and (5) the health utility associated with
hemiarthroplasty. Notably, RTSA will no longer be the
cost-effective treatment option if the probability of revision
RTSA after the index procedure increases from 1.8% to
11% in the immediate 2-year postoperative period.
Previous systematic reviews have reported pooled reoper-
ation rates of approximately 4% after RTSA, with the rate

of revision RTSA ranging from 0.93% to 1% [8, 12].
Therefore, it is unlikely that the real-life probability of re-
vision RTSA will increase by fivefold to render RTSA not
cost-effective. For either nonoperative management or
hemiarthroplasty to be the cost-effective treatment strat-
egy, the health utilities gained by either treatment must be
0.90 or greater. Preinjury EQ-5D scores from the same
patient population range from 0.85 to 0.92, therefore it is
improbable that these patients can attain quality-of-life
scores greater than their preinjury levels considering the
morbidity associated with proximal humerus fractures [5,
15, 22, 23]. For the cost of RTSA to render hemi-
arthroplasty the cost-effective intervention, it would need
to triple from approximately CAD 20,000 to CAD 65,000.
Based on our model parameters, this could be possible if a
patient undergoes two revision RTSAs. When considering
the low probability of a single revision RTSA (1.8%), it can
be assumed that undergoing two revision RTSAs would
be a rare scenario. Finally, an 11% reduction in health
utilities after RTSA from 0.88 to 0.78 would make hemi-
arthroplasty the cost-effective treatment strategy. Although
the SD of the pooled EQ-5D scores after RTSA was 0.01,
indicating a narrow distribution of values, we do ac-
knowledge that this outcome was only based on two RCTs
[15, 18]. Based on our model’s sensitivity analysis in the
context of the evidence to date, RTSA is likely to be the
most cost-effective treatment strategy for three- and four-
part proximal humerus fractures in most patients older than
65 years who choose to undergo surgery for this injury
over a lifetime time horizon.

Table 4. Parameters that impacted cost-effectiveness results in the one-way sensitivity analyses

Parameter
Low
value

High
value

Base
case
value

Threshold
valuea Explanation

Probability of revision RTSA in the
immediate 2-year postoperative period

0% 100% 1.8% 11% HA becomes the preferred treatment
option when the probability of
revision RTSA is greater than 11%

Cost of RTSA treatment in CAD 0 100,000 20,804 65,000 HA becomes the preferred treatment
option when RTSA treatment cost is
more than CAD 65,000

Utility score for “Well after nonoperative
management” health state

0 1 0.74 0.93 Nonoperative management becomes
the preferred treatment option if the
utility score for being well after
nonoperative management is > 0.93

Utility score for “Well after HA” heath state 0 1 0.81 0.90 HA becomes the preferred treatment
option if the utility score for being
well after HA is > 0.90

Utility score for “Well after RTSA” heath state 0 1 0.88 0.78 HA becomes the preferred treatment
option if the utility score of being
well after RTSA is < 0.78

aThe value in which the results change (that is, RTSA no longer considered the most cost-effective option at a willingness-to-pay
threshold of CAD 50,000 per QALY); HA = hemiarthroplasty.
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Conclusion

According to this economic analysis, RTSA is the preferred
treatment strategy for complex proximal humerus fractures in
adults older than 65 years, despite high upfront costs. Based
on the literature to date, it is unlikely that the parameters this
model was sensitive to would change to the degree necessary
to alter themodel’s outcome.Amajor strength of thismodel is
that it reflects the most recent randomized controlled trials
evaluating the management of this condition. Therefore, cli-
nicians should feel confident recommending RTSA for the
management of proximal humerus fractures in adults older
than 65 years, and they are encouraged to advocate for this
intervention as being a cost-effective practice, especially in
publicly funded healthcare systems wherein resource stew-
ardship is a core principle. Future high-quality trials should
continue to collect both clinical and quality-of-life outcomes
using validated tools such as the EQ-5D to reduce parameter
uncertainty and support decision makers in understanding
relevant interventions’ value for money.
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