
Original Research Article

MDM Policy & Practice
2023, Vol. 8(2) 1–20
� The Author(s) 2023
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/23814683231202993
journals.sagepub.com/home/mpp

Cost-Effectiveness Analysis of CT-Based

Finite Element Modeling for Osteoporosis
Screening in Secondary Fracture Prevention:

An Early Health Technology Assessment in

the Netherlands

Jieyi Li , Marco Viceconti, Xinshan Li, Pinaki Bhattacharya ,

David M. J. Naimark,* and Anwar Osseyran*

Abstract

Objective. To conduct cost-utility analyses for Computed Tomography To Strength (CT2S), a novel osteoporosis
screening service, compared with dual-energy X-ray absorptiometry (DXA), treat all without screening, and no
screening methods for Dutch postmenopausal women referred to fracture liaison service (FLS). CT2S uses CT scans
to generate femur models and simulate sideways fall scenarios for bone strength assessment. Methods. Early health
technology assessment (HTA) was adopted to evaluate CT2S as a novel osteoporosis screening tool for secondary
fracture prevention. We constructed a 2-dimensional simulation model considering 4 strategies (no screening, treat
all without screening, DXA, CT2S) together with screening intervals (5 y, 2 y), treatments (oral alendronate, zoledro-
nic acid), and discount rate scenarios among Dutch women in 3 age groups (60s, 70s, and 80s). Strategy comparisons
were based on incremental cost-effectiveness ratios (ICERs), considering an ICER below e20,000 per QALY gained
as cost-effective in the Netherlands. Results. Under the base-case scenario, CT2S versus DXA had estimated ICERs
of e41,200 and e14,083 per QALY gained for the 60s and 70s age groups, respectively. For the 80s age group, CT2S
was more effective and less costly than DXA. Changing treatment from weekly oral alendronate to annual zoledro-
nic acid substantially decreased CT2S versus DXA ICERs across all age groups. Setting the screening interval to 2 y
increased CT2S versus DXA ICERs to e100,333, e55,571, and e15,750 per QALY gained for the 60s, 70s, and 80s
age groups, respectively. In all simulated populations and scenarios, CT2S was cost-effective (in some cases domi-
nant) compared with the treat all strategy and cost-saving (more effective and less costly) compared with no screen-
ing. Conclusion. CT2S was estimated to be potentially cost-effective in the 70s and 80s age groups considering the
willingness-to-pay threshold of the Netherlands. This early HTA suggests CT2S as a potential novel osteoporosis
screening tool for secondary fracture prevention.
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Highlights

� For postmenopausal Dutch women who have been referred to the FLS, direct access to CT2S may be cost-
effective compared with DXA for age groups 70s and 80s, when considering the ICER threshold of the
Netherlands. This study positions CT2S as a potential novel osteoporosis-screening tool for secondary
fracture prevention in the clinical setting.

� A shorter screening interval of 2 y increases the effectiveness of both screening strategies, but the ICER of
CT2S compared with DXA also increased substantially, which made CT2S no longer cost-effective for the
70s age group; however, it remains cost-effective for individuals in their 80s.

� Annual zoledronic acid treatment with better adherence may contribute to a lower cost-effectiveness ratio
when comparing CT2S to DXA screening and the treat all strategies for all age groups.
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In the past decade, specialized fracture and osteoporosis
clinics, called fracture liaison service (FLS), run by
nurse practitioners and supervised by physicians, have
been introduced in several countries, including the
Netherlands.1 Typically, FLS use dual-energy X-ray
absorptiometry (DXA) screening for persons with previ-
ous fracture history to measure the areal bone mineral
density (aBMD) and then offer treatment advice, if nec-
essary, to the referring practitioner.1 This radiological
examination directly gives a measure of the bone mineral
content, which is compared with epidemiological data to
evaluate its deviation from the average healthy popula-
tion. However, the predictive performance of DXA in
terms of fracture risk prediction is not perfect,2–4 depend-
ing on the characteristics of the individual patient. For

this reason, various authors have proposed an alternative
measurement technique, called biomechanical computed
tomography analysis (BCT), also known as a digital
twin, using a low-dose CT scan and a patient-specific
computer-based biophysics model to predict the fracture
force of the femur.4–6 Computed Tomography To
Strength (CT2S) is a particular implementation of the
BCT, developed in collaboration between the University
of Sheffield and the University of Bologna.3,6,7

CT2S is run as an online service (https://ct2s.in-
signeo.org/ct2s/) hosted at the University of Sheffield.
The user (usually clinician) would make a job request via
the Web site. The user then uploads anonymized patient
CT scans through the Web site’s secure portal. The CT
scans are downloaded by the CT2S operator. The femur
shape is segmented in 3 dimensions and meshed using
finite elements. The local material property of the femur
is estimated based on the CT attenuation. This fully per-
sonalized model of the femur is then used to simulate
various sideways fall scenarios including all feasible
ranges of loading directions to determine the failure load
of the bone (i.e., bone strength) and the weakest orienta-
tion. This information is then used to calculate the abso-
lute risk of fracture at present, or time 0 (ARF0), which
is the ratio between the number of falls (that led to frac-
ture) over the total number of falls. The results are then
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summarized in a simple PDF file, which is sent back to
the user who requested the job.8

Evaluation of the CT2S approach showed better dis-
crimination between the fractured and nonfractured
groups in a pair-matched elderly cohort of 98 women,
who are prone to osteoporosis. The area under the recei-
ver operating characteristic curve (AUC) was 0.85 using
CT2S compared with 0.75 using the aBMD-DXA as the
predictor.3,6,7 This study was conducted in a single
National Health Service (NHS) center at Sheffield in the
United Kingdom. Similar results have also been shown
in studies conducted in other countries,9 using cohorts of
different age, race, and sex. It is worth mentioning that
other groups have used BCT to also analyze vertebral
fracture.9 However, such analysis has not been done
using CT2S. Nevertheless, the question remains as to
whether the higher costs associated with measuring the
CT2S biomarker would be expected to translate into
meaningful health benefits and whether those benefits
would be expected to be cost-effective in osteoporosis
screening in the Netherlands.

According to the Health Insurance Act (Zorgver-
zekeringswet), all residents of the Netherlands are leg-
ally obliged to take out standard health insurance.10

The cost of examinations and medications prescribed
by the general practitioner or medical specialist is cov-
ered by the standard health insurance (e.g., DXA
screening).11 Each year, the government updates the
national health care scheme, and insurance companies
are mandated to incorporate changes within their
offered benefits. Health policy decision makers would
be interested in acknowledging whether the novel osteo-
porosis screening tools are potentially cost-effective
relative to DXA for particular populations in order to
consider further development, investments, and reim-
bursement policies.

Early health technology assessment (HTA) is a meth-
odology used to evaluate the potential value and feasibil-
ity of emerging innovations at their early stages.12

Therefore, early HTA is necessary for providing initial
insight by revealing the cost and health quality outcome
of different osteoporosis-screening strategies. In this
study, we adopted early HTA to assess the potential
value of CT2S to be used as a novel osteoporosis screen-
ing tool. We used a 2-dimensional simulation to estimate
data on which a cost-utility analysis (CUA) was con-
ducted for 4 strategies: CT2S, the standard of care repre-
sented by aBMD (hereafter referred to as ‘‘DXA’’),13

treat all patients without screening, and no screening in
postmenopausal women referred for assessment to the
FLS.

Methods

Study Perspective

The following cost-effectiveness analysis was conducted
from a health care system perspective, as it considered
the costs and consequences incurred by the health care
system.

Screening Scenarios and Strategies

The following scenarios were simulated: 3 age groups
(60s, 70s, and 80 y), 2 screening intervals (5 y as the base
case and 2 y in scenario analysis), 2 types of treatment
(weekly oral alendronate as the base case and once-yearly
intravenous infusion of zoledronic acid in scenario analy-
sis), and 2 discount rates (4.0% and 1.5% for costs and
effectiveness as the base case according to the Dutch
guideline for economic evaluations in health care14 and
3% rate for benefits as well as costs in scenario analysis).
Each scenario consists of a combination of age groups,
screening intervals, treatments, and discount rates, with
4 strategies: CT2S screening, DXA screening, treat all,
and no screening (Figure 1).

Screening Interval

In the literature, a variety of osteoporosis-screening inter-
vals have been suggested. An Australian clinical guideline
for osteoporosis prevention and treatment suggested that
follow-up screening should not be scheduled fewer than
2 y apart.15 A US study showed that repeating BMD
measurement after 8 y adds little marginal value in terms
of predicting fractures beyond the initial testing.16

Another study from the University of Missouri–
Columbia suggested that the rescreening interval should
be 5 y for moderate osteopenia and 1 y for advanced
osteopenia.17 There is no clear guideline as to whether
the DXA scan should be performed only once or regu-
larly in FLS. However, the FLS model from a UK study
indicated that FLS advises primary care clinicians to
arrange follow-up DXA monitoring after completion of
5 y of treatment.18 In addition, a longitudinal cohort
study by White VanGompel et al.19 showed that approxi-
mately 40% of low-risk women and 60% of high-risk or
osteoporotic women were rescreened within 5 y.

Women who received drug treatment after their initial
DXA scan had a higher likelihood of undergoing short-
interval repeat DXA scans.19 The frequency and type of
follow-up screening for patients in FLS programs may
vary depending on individual patient factors and should
be determined by a health care provider in consultation
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with the patient. In this study, the recommended proce-
dures in the literature were followed, and rescreening
was simulated for all patients within the FLS, using a 5-y
interval as a base case and a 2-y interval as an alternate
case.

Screening Test Characteristics

The receiver-operating characteristic (ROC) curves for
DXA and CT2S were obtained from the Sheffield cohort
(98 subjects, 49 osteoporotic hip fractures, and 49 con-
trols).6 Detailed descriptions of the CT2S pipeline meth-
ods and results on the Sheffield cohort can be found in
previous studies.3,6,7 A brief description is provided here.

The Sheffield cohort is a retrospective cohort of 98
postmenopausal women, divided equally into 2 groups: a
fracture group and a control group. The fracture group
(n = 49) consisted of women who had been diagnosed
with low-energy trauma fractures in the proximal femur
(mean age 75 y). The control group (n = 49) consisted
of women who were pair-matched for age, height, and
weight. All patients received a DXA scan (Hologic
Discovery scanner, Hologic Inc, Bedford, MA, USA)
and a bilateral proximal femur CT scan (LightSpeed 64
VCT, GE Medical Systems, Milwaukee, WI, USA).

From the individual CT scans, the proximal femur of
each patient was segmented by a trained mechanical engi-
neer using ITK-Snap 2.0.0 (University of Pennsylvania).
The segmented bone was fitted with 10-node tetrahedral
finite elements using an averaged mesh size of 3 mm
(ANSYS software). The element-based material property
was estimated from the CT attenuation using Bonemat
v3.0.20,21 External load was applied to the personal-
specific femur model in a range of possible sideways fall

directions in ANSYS. The predicted maximum strain in
the model was used to calculate bone strength for each
individual. Subject-specific fall dynamics and hip impact
mechanics were then incorporated into the model via
ARF0 to obtain the final classification of fracture status
and ROC curve.

To ensure a fair comparison, we chose biomarker
thresholds to maximize the overall accuracy for both
screening strategies (T score = 21.41 for DXA and
ARF0 = 37.4% for CT2S). These sensitivities and speci-
ficities were used to determine the true-positive, false-
positive, true-negative, and false-negative probabilities in
the simulation model (Table 1). A percentile bootstrap
method was used to construct 95% confidence intervals
(CIs) for the sensitivity and specificity values.50 The stra-
tification accuracy of DXA and CT2S in identifying
osteoporotic hip fractures has been used as the approxi-
mation of the osteoporosis-screening accuracy. In the
screening arm, the model assumed that individuals iden-
tified as osteoporotic (true or false positives) would be
treated with alendronate or zoledronic acid. We also
modeled rescreening after a fracture.51

Study Population

This study was focused on the Dutch postmenopausal
women (from 60 y old) who have been referred to the
FLS with a recent clinical fracture.

Structure of the Individual-Level Model

We used a discrete-time, discrete-state, individual-level
(microsimulation) model to simulate osteoporosis disease
trajectories to estimate lifetime costs and quality-adjusted

Figure 1 Diagram of the screening model.
FN, false negative; FP, false positive; M, Markov chain; TP, true positive; TN, true positive.
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Table 1 Key Input Parameters in the Model

Parameter Mean [95% CI or Estimates Thereof] Distribution Source

Screening performance of identifying osteoporosis

DXA (T score = 21.41) sensitivity 0.66 [0.524, 0.796] Beta Calculationa

DXA (T score = 21.41) specificity 0.57 [0.426, 0.711] Beta Calculationa

CT2S (threshold 37.4%) sensitivity 0.82 [0.753, 0.918] Beta Bhattacharya et al.6

CT2S (threshold 37.4%) specificity 0.78 [0.634, 0.865] Beta Bhattacharya et al.6

Persistence of alendronate

First year after treatment onset 0.69 [0.552, 0.828]b Beta Giusti et al.22

Second year after treatment onset 0.563 [0.450, 0.676]b Beta Calculationc

Third year after treatment onset 0.436 [0.349, 0.523]b Beta Calculationc

Fourth year after treatment onset 0.309 [0.247, 0.371]b Beta Calculationc

Fifth year after treatment onset 0.182 [0.146, 0.218]b Beta Hiligsmann et al.23

Persistence of zoledronic acid

First year after treatment onset 1.00 Beta Tremblay et al.24

Second year after treatment onset 0.73 [0.584, 0.876] Beta Tremblay et al.24

Third year after treatment onset 0.54 [0.432, 0.648] Beta Tremblay et al.24

Fourth year after treatment onset 0.40 [0.320, 0.480] Beta Tremblay et al.24

Fifth year after treatment onset 0.26 [0.213, 0.320] Beta Calculationc

Sixth year after treatment onset 0.13 [0.107, 0.160] Beta Calculationc

RR of osteoporotic fracture with alendronate treatment

Hip 0.47 [0.26, 0.79] Log normal Black et al.25

Vertebral 0.55 [0.36, 0.82] Log normal Black et al.25

Wrist 0.70 [0.49, 0.98] Log normal Black et al.25

RR of osteoporotic fracture with zoledronic acid treatment

Hip 0.50 [0.34, 0.73] Log normal Murad et al.26

Vertebral 0.35 [0.20, 0.64] Log normal Murad et al.26

Wrist 0.75 [0.64, 0.87] Log normal Gauthier et al.26

Osteoporosis prevalence

50–54 y 0.063 Betad Ström et al.27

55–59 y 0.096 Betad Ström et al.27

60–64 y 0.143 Betad Ström et al.27

65- 69 y 0.202 Betad Ström et al.27

70–74 y 0.279 Betad Ström et al.27

75–79 y 0.375 Betad Ström et al.27

80+ y 0.472 Betad Ström et al.27

Osteoporosis prevalence in FLS Netherlands

60s 0.257 Beta d Huntjens et al.28

70s 0.407 Beta d Calculatione

80s 0.552 Beta d Calculatione

Annual fracture incidence rate Appendix Beta d Svedbom et al.29

RR of subsequent fracture following a prior fracture

Hip 2.9 [2.0, 4.3] Log normal Bliuc et al.30

Vertebral 2.52 [1.99, 3.19] Log normal Center et al.31

Wrist 1.69 [1.35, 2.12] Log normal Center et al.31

RR of any subsequent fracture with prior fracture 1.86 [1.75, 1.98] Log normal Kanis et al.32

Osteoporosis attribution probabilities for hip fractures

50–64 y 0.8 [0.25, 0.80] Beta Melton et al.33

65–84 y 0.9 [0.80, 0.95] Beta Melton et al.33

85+ y 0.95 [0.90, 1.0] Beta Melton et al.33

Osteoporosis attribution probabilities for vertebral fractures

50–64 y 0.8 [0.50, 0.85] Beta Melton et al.33

65–84 y 0.9 [0.70, 0.95] Beta Melton et al.33

85+ y 0.95 [0.80, 1.0] Beta Melton et al.33

Osteoporosis attribution probabilities for wrist fractures

50–64 y 0.7 [0.10, 0.70] Beta Melton et al.33

65–84 y 0.7 [0.50 – 0.80] Beta Melton et al.33

85+ y 0.8 [0.70 – 0.95] Beta Melton et al.33

(continued)
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Table 1 (continued)

Parameter Mean [95% CI or Estimates Thereof] Distribution Source

Probability of nursing home residency after hip fractures

50–74 y 0.06 [0.048, 0.072]b Beta Osnes et al.34

75–79 y 0.11 [0.088, 0.132]b Beta Osnes et al.34

80+ y 0.65 [0.52, 0.78]b Beta DICA35

Annual mortality rate

60–64 y 0.0062 Beta d GHO36

65–69 y 0.0094 Beta d GHO36

70–74 y 0.0151 Beta d GHO36

75–79 y 0.0255 Beta d GHO36

80–85 y 0.0489 Beta d GHO36

85+ y 0.1439 Beta d GHO36

RR of mortality risk with osteoporosis 1.19 [1.04, 1.36] Log normal Browner et al.37

RR of mortality risk with fracture

Hip, first year 2.87 [2.52, 3.27] Log normal Haentjens et al.38

Hip, subsequent years 1.78 [1.33, 2.39] Log normal Haentjens et al.38

Vertebral, first year 2.87 [2.52, 3.27] Log normal Haentjens et al.38

Vertebral, subsequent years 1.78 [1.33, 2.39] Log normal Haentjens et al.38

Wrist 1.43 [1.07, 1.92] Log normal Tran et al.39

Excess mortality attributable to fracture 0.25 Betad Kanis et al.40,41

Cost (e)

Average direct costs of the first year after fractures

Hip fracture 21,476.78f Gammad Polinder et al.42

Vertebral fracture 2,740.15f Gammad Hernlund et al.43

Wrist fracture 1,572.61f Gammad Eekman et al.44

Annual medication (alendronate) cost 22.33f Gammad Akehurst et al.45

DXA screening cost 96.74f Gammad Hernlund et al.43

CT2S screening cost 274.29 Gammad Calculationg

Annual nursing home cost 63,549.45f Gammad Jansen et al.46

Health utility

Health utility general population

45–54 y 0.874 Beta d Janssen et al.47

55–64 y 0.869 Beta d Janssen et al.47

65–74 y 0.863 Beta d Janssen et al.47

75+ y 0.798 Beta d Janssen et al.47

Health utility nursing home after hip fracture 0.40 [0.34, 0.46)] Beta Colón-Emeric et al.48

Health utility multiplier after fracture

Hip, first year 0.55 [0.53, 0.57] Beta Svedbom et al.49

Hip, second year 0.84 [0.82, 0.86] Beta Svedbom et al.49

Hip, third and subsequent year 0.86 [0.84, 0.89] Beta Svedbom et al.49

Vertebral, first year 0.68 [0.65, 0.70] Beta Svedbom et al.49

Vertebral, second year 0.84 [0.81, 0.88] Beta Svedbom et al.49

Vertebral, third and subsequent year 0.85 [0.82, 0.87] Beta Svedbom et al.49

Wrist, first year 0.83 [0.82, 0.84] Beta Svedbom et al.49

Wrist, second year 0.98 [0.97, 0.99] Beta Svedbom et al.49

Wrist, third and subsequent year 0.99 [0.97, 1.00] Beta Svedbom et al.49

Annual discount rate, %

Effectiveness 1.50 — National Health Care Institute14

Cost 4 — National Health Care Institute14

CI, confidence interval; CT2S, Computed Tomography To Strength; DXA, dual-energy X-ray absorptiometry; GHO, Global Health

Observatory; RR, relative risk.
aSensitivity and specificity for DXA are from the results for the Sheffield cohort reported above.
bThe value was varied by 620% to create the CI.
cThe percentage of patients staying on alendronate treatment was calculated based on the first- and fifth-year data declines in a linear manner;

the same applies to obtaining the fifth- and sixth-year persistence data for zoledronic acid.
dStandard deviation was assumed to be 20% of the mean.
eThe increment in the osteoporosis prevalence of the general population was used to generate the moderate estimation of the osteoporosis

prevalence for the 60s and 80s age groups within the fracture liaison service.
fCost values were adjusted for the inflation rate in the Netherlands to year 2021.
gThe detailed calculation of the CT2S service cost can be seen in the Supplementary Appendix, Table 3.
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life-years (QALYs) for each simulated individual under
the various screening scenarios and strategies. The model
considered 9 discrete health states: no osteoporosis,
osteoporosis without experiencing any new fracture in
our simulation, 3 main types of fractures (hip, vertebral,
and wrist), the corresponding postfracture state and,
finally, death (Figure 2). The model counted time from
referral to an FLS until either death or age 100 y in dis-
crete, 1-y time steps (cycles). According to the Dutch
guideline for economic evaluations in health care, annual
discount rates of 4.0% and 1.5% have been used for
costs and effectiveness, respectively.14 The model was
constructed in TreeAge Pro 2021 R1 (TreeAge Pro Inc.,
Williamston, MA, USA).

Validation of the Individual-Level Model

Internal and external validations for the model were con-
ducted based on guidelines from ISPOR.52 For internal
validation, validation output generated from the model
was used to compare with real, observed values from
among the data used for creating the model. The preva-
lence of osteoporosis at different age groups were com-
pared to assess the degree to which the model reproduced
the observed data. For external validation, simulated
validation outputs were compared with observed data

from sources that were not used in the creation of the
model: life expectancy and lifetime probability of fracture
in women older than 50 and 80 y. The performed
goodness-of-fit analysis was performed by fitting a linear
relationship between modeled and observed data. Model
validity was assessed via the squared linear correlation
coefficient (R2). These analyses were performed using
SPSS Statistics version 25. Detailed validation approaches
are elaborated on in the Appendix (sections ‘‘Interval
Validation’’ and ‘‘External Validation’’).

Two-Dimensional Simulation

We used a 2-dimensional simulation.53 The 2 dimensions
were defined in terms of parameter-level iterations and
individual-level iterations. The parameter-level iterations
captured input parameter uncertainty for parameters
that were relevant for groups of persons, while the
individual-level iterations (microsimulations) captured
patient-level stochasticity. For each scenario consisting
of a combination of starting age, screening interval, and
CT2S cost, 10,000 parameter-level iterations were ran.
For each parameter-level iteration, model input para-
meters were sampled from distributions. With each set of
input parameters, 1,000 iterations of the individual-level
model (microsimulations) were simulated as described
above. Each sampled individual then entered the micro-
simulation model 4 times, once for each of the strategies.
Lifetime costs and QALYs for each strategy were then
averaged across individual-level iterations, and grand
averages were computed as averages of the individual-
level averages across parameter-level iterations.
Distributions of the model outputs 2 average lifetime
costs and QALYs among parameter-level iterations pro-
vided an estimate of the combined uncertainty related to
input parameter uncertainty and patient stochasticity.
Despite the lack of reported CIs or standard deviations
for the health utility, osteoporosis prevalence, mortality
rate, and annual fracture rate for the Dutch general pop-
ulation, we incorporated these values into our
parameter-level sampling by estimating beta distribu-
tions. The standard deviation was estimated to be 20%
of the mean (Table 1). Moreover, the screening interval
and discount rates were considered to be fixed values.

Cost-Utility Analysis

Using the simulated data, we performed CUAs. For each
starting age, screening interval, treatment, and discount
rates scenario, the grand averages for the 4 strategies
(CT2S, DXA, treat all, and no screening) were recorded.

Figure 2 Structure of the microsimulation model.
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Incremental cost-effectiveness ratios (ICERs) were calcu-
lated as the difference in lifetime costs divided by the dif-
ference in QALYs between pairs of strategies. A strategy
was considered cost-effective if the ICER was below the
lower-bound ICER threshold set in the Netherlands
(e20,000/QALY gained).54 If a strategy had a lower esti-
mated lifetime cost yet higher QALYs than its compara-
tor, it was considered to dominate the comparator.

To assess the uncertainty in the CUAs, the net mone-
tary benefit (NMB) was calculated for each parameter-
level iteration and each strategy as l 3 QALYij – Cij,
where l is the willingness-to-pay (WTP) threshold
expressed as the average cost of generating 1 additional
QALY in the Netherlands, i is the index of the
parameter-level iteration, j is the index of the strategy (0
for no screening, 1 for DXA, 2 for CT2S, and 3 for treat
all). QALYij and Cij represent the QALYs and average
lifetime cost estimated for the i-th iteration of the j-th
strategy, respectively. To illustrate the combined
parameter-level and person-level uncertainty, we con-
structed cost-effectiveness acceptability curves (CEACs),
where the value of l was varied, and at each value, the
proportions of parameter-level iterations for which each
strategy had the highest NMB was determined. The cost-
effectiveness acceptability frontier (CEAF) was also con-
structed for comparison.

One-Way Sensitivity Analysis

We performed deterministic 1-way sensitivity analysis
(DSAs) to study the impact of changes of each input
parameter on the simulation results when all other input
parameters were sampled as per usual. Screening sensitiv-
ity and specificity, fracture cost, fracture risks, discount
rates, treatment efficacy, medication cost, excess mortal-
ity, fracture disutilities, screening interval, and screening
cost were included in the 1-way sensitivity analyses. In
each DSA, most of the given parameter varied from 80%
to 120% of its base-case value.55 To reflect more uncer-
tainty of the CT2S test characteristics, we expanded the
sensitivity analyses of the CT2S test characteristics (both
sensitivity and specificity) by varying the value from 70%
to 130% and incorporating more finely grained intervals
(10%). The discount rate of effectiveness and cost were
varied from 0% to 6%. The screening interval varied
from 3 to 7 y. The gradient in average lifetime cost and
the QALYs across the range of values used for the DSA
for no screening, DXA, CT2S, and treat all were esti-
mated for each input parameter.

Model Input Parameter Data

Medication and efficacy. The bisphosphonate alendro-
nate is the most frequently prescribed medication for
osteoporosis in the Netherlands,56 weekly oral alendro-
nate has been adopted in our base-case analysis, together
with the combination of vitamin D, calcium, and lifestyle
recommendation.57 A once-yearly intravenous infusion
of zoledronic acid has become a popular alternative to
oral alendronate for treating osteoporosis in postmeno-
pausal women. This treatment has better adherence and
similar effectiveness in reducing the risks of different
types of fractures.26,58 Therefore, as part of our scenario
analyses, annual zoledronic acid treatment was also con-
sidered. The relative risk (RR) of osteoporotic fracture
with alendronate and zoledronic acid treatment are pre-
sented in Table 1.25,26,59

Treatment duration and adherence. Based on the NHS
guidance in the United Kingdom, it may take 6 to 12 mo
for alendronate to be fully effective in terms of bone pro-
tection.60 Since the cycle length of our simulation was
1 y, we assumed no treatment efficacy if the treatment
was discontinued within the first year. Several studies
have recommended applying a ‘‘drug holiday’’ after 5 y
of continuous alendronate treatment, which is in accor-
dance with evidence to show that the residual effect of
the alendronate will be sustained for up to 5 y.61,62

Therefore, we assumed that the maximum duration of
continuous alendronate prescription was 5 y with a resi-
dual effect that declined linearly to 0 over a 5-y period
after treatment was discontinued.63 Two studies of alen-
dronate treatment in postmenopausal women with osteo-
porosis showed that 69% of people remained on
treatment after 1 y,22 whereas 18.2% received the full 5 y
of treatment.23 We assumed the percentage of people
staying on treatment declined in a linear manner and cal-
culated the discontinuation rate of alendronate treatment
from years 1 to 5.

A study of the effect of zoledronic acid treatment
showed that there was no significant difference in treat-
ment efficacy between patients with 6 versus 9 y of treat-
ment.64 Since the residual effect of zoledronic acid could
be up to 3 y,58 we assumed that the maximum duration
of continuous alendronate treatment was 6 y and that
the residual effect of zoledronic acid would decline in a
linear manner to 0 over a 3-y period after treatment was
discontinued. Only 1 study of zoledronic acid reported
the yearly percentage of patient stay on treatment from
years 1 to 4.24 We made the assumption that the
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proportion of patients who remained on the treatment
would decrease in a linear fashion for years 5 and 6. For
both alendronate and zoledronic acid treatment, retreat-
ment was modeled to be provided if a fracture occurred
or the rescreening result was positive. Treatment was
also provided to women who initially screened negative
but subsequently screened positive.

Osteoporosis prevalence and incidence. Osteoporosis-
related studies revealed that the prevalence of osteoporo-
sis in the Netherlands is 1.9 per 1,000 for men and 16.1
per 1,000 for women and increases with age.57,65

However, specific osteoporosis prevalence data for
elderly women across age groups were not available for
the Dutch population. Therefore, data from a Swedish
population study was used.27 Since the current study is
focused on Dutch postmenopausal women referred to
the FLS, the Swedish data were supplemented with the
reported osteoporosis prevalence of the people referred
to the FLS in the Netherlands.28 Due to the fact that the
osteoporosis prevalence of the 5 FLSs study was not
reported by sex, the model’s osteoporosis prevalence esti-
mate (40.7%) was obtained for women within the 70s
age group from the FLS with the highest proportion of
female persons (88.2%), which also had an average age
of 69 y.28 Since data from the Netherlands FLS lacked
detailed osteoporosis prevalence for the 60s and 80s age
group for women, the increment in the osteoporosis pre-
valence of the general population was used, and the
osteoporosis prevalence was estimated to be 25.7% and
55.2% for each of the age groups, respectively (Table 1).
The incidence of osteoporosis based on the difference of
osteoporosis prevalence plus the mortality rate for the
specific age group was estimated.66 We considered the
differences in the prevalence of osteoporosis as 5-y
cumulative osteoporosis incidence to calculate the 1-y
incidence rate and transition probability of developing
osteoporosis.29 Detailed calculations of osteoporosis
transition probability are elaborated upon in the
Appendix (section ‘‘Transition Probability of Developing
Osteoporosis’’).

Fracture rates. The age-specific annual hip, vertebral,
and wrist fracture rates were obtained for the general
population from the Dutch-specific osteoporosis reports
by the International Osteoporosis Foundation.67 We cal-
culated the annual osteoporotic fracture incidence rate
using the annual incident rate of fracture for the general
population times Melton’s osteoporosis attributed rates33

and then divided the result by the prevalence of

osteoporosis for that age band. Subsequently, the annual
incidence rate was translated to transition probability
using equation 2 shown in the Appendix.29 Since all peo-
ple in the FLS had a previous history of fracture, the
fracture rates for people experiencing ‘‘first fracture’’ in
our simulation were adjusted by multiplying the RRs of
any secondary fracture for people with a previous frac-
ture history (1.86 according to Kanis’s study).32

Simulated people in our model could suffer more than 1
fracture, and the risk of sustaining a subsequent fracture
was therefore set higher than the initial fracture risk. The
RRs of secondary hip, vertebral, and wrist fractures were
therefore obtained as 2.9, 2.52, and 1.69, respectively.30,31

The corresponding transition probabilities of fractures
per cycle were calculated based on the annual fracture
rates.29 Detailed age-specific annual fracture rates and
the calculations of the osteoporotic fracture probabilities
are elaborated in the Appendix (section ‘‘Fracture Rates
for Dutch General Population and Osteoporotic
Fracture Rates Calculations’’).

Mortality rate. Consistent with the previous economic
evaluations of secondary fracture prevention interven-
tion,68 age-specific, general population mortality risks
for Dutch women were derived from the Global Health
Observatory data repository published by the World
Health Organization as our baseline mortality rates.36

Mortality risk of osteoporotic individuals were higher
than the general population (RR = 1.19); this value has
been applied to the patients having osteoporosis but
without experiencing ‘‘first fracture’’ in our simulation.37

The relative mortality risk of people with and without
hip fractures within the general population is 2.87 and
1.78 for the first and subsequent years, respectively.38

Several studies have shown that the excess mortality rate
after vertebral fracture is similar to that of hip frac-
ture.40,69,70 Therefore, in the model, the relative mortality
risk after vertebral and hip fracture was assumed to be
the same. Excess mortality rate after wrist fracture was
estimated to be 1.43.39 Since comorbidities could also be
a contributing factor to excess mortality, the proportion
of excess mortality following fractures attributable to the
fractures themselves was assumed to be 25%40,41; there-
fore, the excess mortality of hip, vertebral, and wrist
fractures has been adjusted accordingly to avoid over-
counting. Besides, consistent with the previous economic
evaluations of osteoporosis intervention,71 the model
considers only the additional mortality caused by hip or
vertebral fractures in patients who have experienced both
nonhip/nonvertebral fractures and hip/vertebral frac-
tures. In the case of patients who have multiple hip or
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vertebral fractures, or both types of fractures, only 1
excess mortality value was included in the model.

Costs. The following cost items were considered in our
model: direct cost of fractures, annual medication cost,
screening cost, and nursing home costs after hip fracture.
In the first year postfracture, the direct costs associated
with hip, vertebral, and wrist fracture in the Netherlands
were reported to be e21,477, e2,740, and e1,573, respec-
tively.42–44 A study revealed a substantial rise in the use
of generic alendronate among the Dutch population
since its availability in 2005, with up to 62% of patients
opting for this medication by 2011.72 Furthermore, the
Dutch health insurance companies tend to reimburse the
more affordable generic form of the drug. Therefore, our
study incorporated the annual cost of generic alendro-
nate in the Netherlands.45 When a hip fracture occurred,
patients either entered into a nursing home or the com-
munity for recovery, and the corresponding transition
probabilities were applied.34,35 The annual cost of nur-
sing home residence (e63,549) was calculated using the
subtraction of the total cost of a person with a hip frac-
ture confined to a nursing home and the first-year direct
cost of hip fracture.46 The DXA scan price in the
Netherlands is e96.74.43 The cost of the CT2S screening
was calculated with the following components: CT scan
cost, computing cost, storage cost of raw data, licence
cost, and personnel cost. The average cost of CT2S
screening was estimated to be e274 (Table 3, Appendix).
All costs were adjusted for the inflation rate in the
Netherlands to the 2022 value.73 We assumed everybody
received sufficient calcium and vitamin D, so the costs of
supplements were not included in the model.

Health-state utility values. The health utilities values
were obtained from a previous application of the EQ-5D
multidimensional health index to a sample from the gen-
eral population in the Netherlands, responses on the 5
domains of the index were mapped to utility values using
the European VAS value set scoring algorithm.49 The
baseline health-state utility values for patients with prior
fractures were estimated by multiplying the health-state
utility of the general population by 0.85, a health utility
multiplier for subsequent years (.2 y) after a prior ver-
tebral fracture. This is consistent with the previous eco-
nomic evaluations of fracture liaison services patients.68

Since fractures and postfracture recovery will be associ-
ated with a decline in quality of life, we applied a health
utility multiplier of the subsequent years after fractures
in our simulation.49 In addition, the health utility of 0.4

was used for those people entering nursing homes after a
hip fracture.48

Results

Internal and External Validation Results

For internal validation, the modeled and observed preva-
lence of osteoporosis were compared. The squared corre-
lation coefficient (R2) was 0.998. For external validation,
the R2 was jointly calculated for life expectancy and frac-
ture risk and the value was 0.988. The collective results
are shown in Tables 1 and 2 in the Supplementary
Appendix.

Base-Case Analysis

Grand averages of lifetime costs and QALYs, as well as
cost-utility analyses results, are presented in Table 2. In
the base-case analysis, the screening interval was set to
5 y, with discount rates of 4.0% for costs and 1.5% for
effectiveness (according to the Dutch guideline for eco-
nomic evaluations in health care). The treatment strategy
involved weekly oral alendronate treatment. The ICERs
of CT2S versus DXA for the age groups of 60s and 70s
were e41,200 and e14,083, respectively, per QALY
gained. For the 80s age group, CT2S was dominant (an
increase in QALYs at lower lifetime cost) compared with
DXA screening. The ICERs of CT2S versus treat all
strategy for the age groups of 60s and 80s were e1,727
and e1,583, respectively. For the 70s age group, CT2S
was dominant compared with treat all. In all simulated
populations, CT2S was cost-saving (more effective and
less costly) compared with the no screening scenario.
According to the cost-effectiveness in practice published
by the Dutch National Health Care Institute, the WTP
threshold in the Netherlands varies from e20,000 to
e80,000.54 In this study, we conservatively used e20,000
to evaluate the cost-effectiveness of the screening strate-
gies across all populations and scenarios. The results
indicated that the ICER of CT2S versus DXA for the
70s and 80s age groups are less than the lower-bound
ICER threshold (e20,000) in the Netherlands. It is worth
mentioning that the QALY outcomes of the treat all
strategy without screening are always lower than those
with screening. Treatment adherence is considered in our
model, and the lifetime horizon simulation also simulates
the progression of patients developing osteoporosis.
Even though the treat all strategy treats all patients
referred to the FLS at the beginning, the rescreening pro-
cess can identify those patients who developed osteo-
porosis after treatment discontinuation. The targeted
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treatment will affect the final outcomes of QALY and
cost for each individual patient referred to the FLS.
However, we observed that the gap in QALY outcomes
between the treat all strategy and CT2S or DXA screen-
ing diminishes as the simulation group ages. This is
largely due to the increase in osteoporosis prevalence in
the older age group and shorter simulated lifetime.

One-Way Sensitivity Analysis

Table 3 reports the result of 1-way sensitivity analysis in
women in their 70s using the base-case scenario: with a
screening interval of 5 y, discount rates at 4.0% and
1.5% for costs, and effectiveness with weekly oral alen-
dronate treatment. In all the sensitivity analyses, CT2S
was cost-saving compared with the no screening sce-
nario. Furthermore, CT2S dominated the treat all strat-
egy in most of the sensitivity analyses, except when CT2S
sensitivity was at 230%. In that case, the ICER of CT2S
versus treat all was e3,984.

When comparing CT2S with DXA, the CT2S sensitiv-
ity had a marked impact on the ICER outcome. When
CT2S sensitivity increased by 10%, the ICER of CT2S
versus DXA was e2,870. When CT2S sensitivity
increased by 20% and 30%, CT2S dominated DXA. On
the contrary, when CT2S sensitivity decreased by 10%,
the ICER of CT2S versus DXA was e24,751. When
CT2S sensitivity decreased by 20% and 30%, DXA
dominated CT2S. This is expected as the sensitivity of

CT2S decreases (by 20% or more), its ability to identify
osteoporosis patients reduces, making it less superior
compared with DXA. Similarly, when DXA sensitivity
decreased by 20%, the CT2S method became dominant
compared with DXA. Conversely, when the sensitivity of
DXA increased by 20%, the ICER of CT2S versus DXA
increased to e112,711.

The results were also strongly affected by other para-
meters such as screening interval and the cost of CT2S.
The ICER of CT2S compared with DXA more than
doubled when the screening interval was equal to 3 y.
The ICER of CT2S versus DXA decreased to e2,222
when the CT2S cost decreased by 20%. Moreover, the
ICER of CT2S versus DXA increased to e27,109 if the
medication efficacy decreased by 20%. The decrease in
medication persistence resulted in lower QALY and
higher cost and changed the ICER of CT2S versus DXA
to e24,029. Cost per QALY increased to e30,077 when
the discount rate increased to 6% and decreased to
e4,586 when the discount rate decreased to 0%, respec-
tively. In addition, when the specificity of CT2S varied
from 230% to +30%, the ICER continued to increase.

Alternative Scenario Analyses

As an extension to the base-case scenario, we extended
our analysis to also consider 1) an alternative discount
rate (3% rate for benefits as well as costs used in other
countries), 2) alternative treatment of once-yearly

Table 2 Lifetime Health Care Costs, QALYs, Averaged across Simulation Iterations and Incremental Cost-Effectiveness Ratio
of CT2S Compared with DXA, Treat All, and No Screening for the Various Age Groups under the Base-Case Scenario: Weekly
Oral Alendronate Treatment, Screening Interval = 5 y, Discount Rates Are 4.0% and 1.5% for Costs and Effectivenessa

CT2S DXA Treat All No Screening

Women aged 60-70 y
Cost e7,177 e6,765 e7,082 e7,694
QALY 14.080 14.070 14.025 13.998
ICER e41,200 e1,727b Cost-saving

Women aged 70 -80 y
Cost e9,768 e9,599 e10,216 e11,338
QALY 9.491 9.479 9.449 9.403
ICER e14,083b Dominant Cost-saving

Women aged 80 -90 y
Cost e13,553 e13,712 e13,534 e16,520
QALY 5.286 5.275 5.274 5.212
ICER Dominant e1,583b Cost-saving

CT2S, Computed Tomography To Strength; DXA, dual-energy X-ray absorptiometry; ICER, incremental cost-effectiveness ratio; QALY,

quality-adjusted life-year.
aDominant = CT2S more QALYs, lower costs than DXA or treat all. Cost-saving = CT2S more QALY and lower costs than no screening.
bUsing the lower bound of the willingness-to-pay threshold in the Netherlands (e20,000), these values are considered cost-effective for CT2S

compared against DXA or treat all.
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Table 3 One-Way Sensitivity Analyses on the Incremental Cost-Effectiveness Ratio of CT2S versus No Screening, versus DXA,
and CT2S versus Treat All for the 70s Age Group under the Base-Case Scenario: with Weekly Oral Alendronate Treatment and
5-y Screening Interval, Discount Rates of 4.0% and 1.5% for Costs and Effectivenessa

Parameter

ICER

CT2S vs No Screening CT2S vs DXA CT2S vs Treat All

Base case Cost-saving 14,083 Dominant
0.8 times DXA screening cost Cost-saving 20,214 Dominant
1.2 times DXA screening cost Cost-saving 15,524 Dominant
0.8 times annual nursing home cost Cost-saving 18,571 Dominant
1.2 times annual nursing home cost Cost-saving 12,476 Dominant
0.8 times DXA screening sensitivity Cost-saving Dominant Dominant
1.2 times DXA screening sensitivity Cost-saving 112,711 Dominant
0.8 times DXA screening specificity Cost-saving 17,850 Dominant
1.2 times DXA screening specificity Cost-saving 13,265 Dominant
0.7 times CT2S screening sensitivity Cost-saving Dominated by DXA 3,984
0.8 times CT2S screening sensitivity Cost-saving Dominated by DXA Dominant
0.9 times CT2S screening sensitivity Cost-saving 24,751 Dominant
1.1 times CT2S screening sensitivity Cost-saving 2,870 Dominant
1.2 times CT2S screening sensitivity Cost-saving Dominant Dominant
1.3 times CT2S screening sensitivity (sensitivity = 1b) Cost-saving Dominant Dominant
0.7 times CT2S screening specificity Cost-saving 5,234 Dominant
0.8 times CT2S screening specificity Cost-saving 8,937 Dominant
0.9 times CT2S screening specificity Cost-saving 12,956 Dominant
1.1 times CT2S screening specificity Cost-saving 15,173 Dominant
1.2 times CT2S screening specificity Cost-saving 20,834 Dominant
1.3 times CT2S screening specificity (specificity = 1c) Cost-saving 32,123 Dominant
Screening interval = 3 Cost-saving 34,957 Dominant
Screening interval = 7 Cost-saving 4,680 Dominant
0.8 times CT2S screening cost Cost-saving 2,222 Dominant
1.2 times CT2S screening cost Cost-saving 28,825 Dominant
Discount rate = 0% Cost-saving 4,586 Dominant
Discount rate = 6% Cost-saving 30,077 Dominant
0.8 times excess mortality attributable to fracture Cost-saving 16,210 Dominant
1.2 times excess mortality attributable to fracture Cost-saving 13,071 Dominant
0.8 times alendronate persistence Cost-saving 24,029 Dominant
1.2 times alendronate persistence Cost-saving 10,712 Dominant
0.8 times annual fracture rate general population Cost-saving 20,557 Dominant
1.2 times annual fracture rate general population Cost-saving 7,214 Dominant
0.8 times fracture disutilities Cost-saving 24,968 Dominant
1.2 times fracture disutilities Cost-saving 10,578 Dominant
0.8 times fracture cost Cost-saving 17,931 Dominant
1.2 times Fracture cost Cost-saving 13,117 Dominant
0.8 times base-case treatment efficacy Cost-saving 27,109 Dominant
1.2 times base-case treatment efficacy Cost-saving 7,436 Dominant
0.8 times annual medication cost Cost-saving 14,224 Dominant
1.2 times annual medication cost Cost-saving 13,927 Dominant

CT2S, Computed Tomography To Strength; DXA, dual-energy X-ray absorptiometry; ICER, incremental cost-effectiveness ratio.
aDominant = CT2S more QALYs, lower costs than DXA or treat all. Dominated by DXA = CT2S lower QALYs, more costs than DXA.

Cost-saving = CT2S more QALY and lower costs than no screening.
bNote that the absolute value of sensitivity exceeded 1 when the CT2S screening sensitivity was increased by 30%.
cNote that the absolute value of specificity exceeded 1 when the CT2S screening specificity was increased by 30%.
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intravenous infusion of zoledronic acid, and 3) an alter-
native screening interval of 2 y in the scenario analyses.
The results for these alternative scenarios were presented
in Table 4.

In the 3% discount rate scenario (screening inter-
val = 5 y, weekly oral alendronate treatment), the

ICER of CT2S versus DXA in the 60s age group was
e53,875, which exceeded the WTP threshold of the
Netherlands (e20,000). For the 70s age group, the ICER
of CT2S versus DXA was e15,300 per QALY gained.
CT2S dominated DXA screening in the 80s age group.
In all simulated populations, CT2S dominated the treat

Table 4 ICER of CT2S Screening Compared with DXA, Treat All, and No Screening with 3 Alternative Scenarios: Discount
Rate = 3% for Costs as Well as QALYs, Annual Zoledronic Acid Treatment, and 2-y Screening Interval Scenariosa

CT2S DXA Treat All No Screening

(a) Discount rate = 3%
Women aged 60–70 y
Cost e8,666 e8,235 e8,692 e9,459
QALY 11.962 11.954 11.925 11.900
ICER e53,875 Dominant Cost-saving

Women aged 70–80 y
Cost e11,041 e10,888 e11,626 e12,894
QALY 8.462 8.452 8.431 8.390
ICER e15,300b Dominant Cost-saving

Women aged 80–90 y
Cost e14,267 e14,448 e14,322 e17,431
QALY 4.923 4.913 4.914 4.857
ICER Dominant Dominant Cost-saving

(b) Annual zoledronic acid treatment
Women aged 60–70 y
Cost e6,998 e6,626 e7,023 e7,674
QALY 14.111 14.093 14.034 13.991
ICER e20,667 Dominant Cost-saving

Women aged 70–80 y
Cost e9,511 e9,397 e10,120 e11,340
QALY 9.529 9.510 9.469 9.404
ICER e6,000b Dominant Cost-saving

Women aged 80–90 y
Cost e13,005 e13,269 e13,228 e16,484
QALY 5.314 5.299 5.293 5.211
ICER Dominant Dominant Cost-saving

(c) Screening interval = 2 y
Women aged 60-70 y
Cost e7,886 e6,682 e7,078 e7,694
QALY 14.109 14.097 14.018 13.991
ICER e100,333 e8,879b e1,627b

Women aged 70–80 y
Cost e9,909 e9,131 e10,202 e11,325
QALY 9.525 9.511 9.449 9.403
ICER e55,571 Dominant Cost-saving

Women aged 80–90 y
Cost e13,068 e12,879 e13,550 e16,527
QALY 5.310 5.298 5.275 5.211
ICER e15,750b Dominant Cost-saving

CT2S, Computed Tomography To Strength; DXA, dual-energy X-ray absorptiometry; ICER, incremental cost-effectiveness ratio; QALY,

quality-adjusted life-year.
aFor each alternative scenario, the other parameters were kept the same as the base-case scenario. Dominant = CT2S more QALYs, lower costs

than DXA or treat all. Cost-saving = CT2S more QALY and lower costs than no screening.
bUsing the lower bound of the willingness-to-pay threshold in the Netherlands (e20,00), these values are considered cost-effective for CT2S

compared against DXA, treat all, or no screening.
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all scenario and was cost-saving compared with no
screening. It is worth mentioning that the treat all strat-
egy dominated DXA screening in the 80s age group (an
increase in QALYs at lower lifetime cost as shown in the
table).

In the scenario with annual zoledronic acid treatment
(screening interval = 5 y, discount rates are 4.0% and
1.5% for costs and effectiveness), the ICERs of CT2S
versus DXA for the age groups of 60s and 70s were
e20,667 and 6,000, respectively, which were substantially
lower than those in the base-case analyses. However, the
ICER for the 60s age groups was still higher than the
WTP threshold of the Netherlands. CT2S was dominant
compared with DXA screening in the 80s age group. In
all simulated populations, CT2S again dominated the
treat all scenario and was cost-saving compared with no
screening.

In the scenario with a 2-y screening interval (weekly
oral alendronate treatment, discount rates are 4.0% and
1.5% for costs and effectiveness), similar to the base-case
analysis, CT2S was cost-saving compared with the no
screening scenario in age groups 70s and 80s. The
QALYs for both screening strategies were increased, and
the ICER of CT2S compared with DXA also increased
substantially compared with the 5-y interval. The ICER
of CT2S compared with DXA was higher than the ICER
threshold in the Netherlands for the age groups 60s and
70s (e100,333 and 55,571, respectively). For the 80s age
group, the ICER of CT2S versus DXA was e15,750,
which is different from that of the base-case scenario in a
way that CT2S no longer dominated DXA. CT2S domi-
nated the treat all scenario in the 70s and 80s age groups.
For the 60s age group, the ICER of CT2S versus treat
all was e8,879.

Probabilistic Sensitivity Analyses

Figure 3 shows the CEACs and CEAFs for DXA, CT2S,
no screening, and treat all with 2 age groups (70s and
80s) and 2 treatment strategies (weekly oral alendronate
and annual zoledronic acid treatment). The analysis con-
sidered a screening interval of 5 y, with discount rates of
4.0% and 1.5% for costs and effectiveness (used in the
base case). CEAFs are highlighted as a bold dashed line
in dark gray. For women in their 70s, at the threshold of
e20,000 per QALY gained, CT2S screening was the most
cost-effective strategy in 45% of the simulations with
weekly oral alendronate treatment, compared with 41%
for DXA, 13% for treat all, and 1% for no screening.
When the patient received annual zoledronic acid treat-
ment, at the same WTP threshold, CT2S was the most

cost-effective strategy in 56% of the simulations, fol-
lowed by DXA (37%), treat all (7%), and no screening
(close to 0%). For women in their 80s with weekly oral
alendronate treatment, at the threshold of e20,000, CT2S
was cost-effective in 43% of the simulations compared
with 36% for treat all, 21% for DXA, and 0% for no
screening. CT2S was the most cost-effective screening
strategy at any WTP threshold when patient received
annual zoledronic acid treatment for the 80s age groups.

Discussion

In this study, we applied early HTA to evaluate the cost-
effectiveness of CT2S, DXA, treat all, and no screening
strategies for osteoporosis screening and treatment in the
Dutch postmenopausal women referred to FLS. These
strategies were evaluated across various age groups,
screening intervals, treatments, and discount rate scenar-
ios. The aim of this research was to investigate the poten-
tial extra benefit, in terms of QALYs, and extra cost of a
novel screening method, CT2S, in order to evaluate its
potential economic attractiveness if adopted broadly
among the FLS population in the Netherlands. To our
knowledge, this was the first cost-effectiveness study for
a fracture risk assessment tool using CT-based finite ele-
ment model in osteoporosis screening. The findings sug-
gest that compared with the current standard clinical
approach DXA screening, CT2S has the potential to be
cost-effective in women referred to Dutch FLS, espe-
cially for those within the 70s and 80s age groups. This
finding of cost-effectiveness was also observed with a
shorter osteoporosis screening interval of 2 y and an
alternative treatment of annual zoledronic acid treatment
with better adherence.

Our analysis has several strengths. The model struc-
ture allowed for realistic simulation of patients’ osteo-
porosis case trajectories and inherently accounted for the
competing risk of death. We conducted internal and
external validation and showed that modeled validation
output, prevalence of osteoporosis by age, lifetime risk of
fracture, and undiscounted, un–quality-adjusted life
expectancy matched observed data quite well. In recent
years, several cost-effectiveness studies have been con-
ducted for osteoporosis screening (DXA and ultrasound)
and treatment strategies.66,74–77 However, compared to
Markov cohort models, we adopted a 2-dimensional,
discrete-state simulation methodology that offered 2
main benefits: first, the large number of total iterations
(parameter-level number multiplied by individual-level
number) produced stable grand averaged lifetime costs
and QALYs, on which we performed our CUAs. Second,
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the 2-dimensional structure allowed us to assess the effect
on the model output of both the uncertainty surrounding
input parameter point estimates and patient-level sto-
chasticity, which was expressed by CEACs.

To our knowledge, this was the first study in which
DXA was not treated as the gold standard for osteoporo-
sis screening (100% accurate) since CT2S has been shown
to have better discrimination between women with and
without fractures. The current study addresses some of
the limitations of the previous work. For example, the
rescreening process was not considered in Mueller and
Kingkaew’s model,74,76 and Li’s model only considered
rescreening with a 5-y screening interval.66 Our study
considered both 5- and 2-y rescreening scenarios. In addi-
tion, Li’s model applied rescreening only to people with
previously negative results. However, the study by White
VanGompel et al.19 showed that approximately 60%

high-risk or osteoporotic women were rescreened within
5 y. Therefore, it was useful to simulate rescreening for
all persons within FLS in the current study.

The classification accuracy of DXA and CT2S in iden-
tifying osteoporotic hip fractures has been used as the
approximation of the osteoporosis screening accuracy in
this study. Since osteoporotic fracture is one of the seri-
ous disease consequences of osteoporosis, and osteo-
porosis cannot be reversed without medication, it was
reasonable to assume that the predictive accuracy cannot
exceed the stratification accuracy of osteoporotic frac-
tures for the same osteoporosis screening tool. If we treat
the ‘‘identification of osteoporosis’’ was considered as
finding those with a high risk of getting an osteoporotic
fracture in the future, then we could treat the accuracy of
the ‘‘identification of osteoporosis’’ as the predictive
accuracy of getting an osteoporotic fracture in the

Figure 3 Cost-effectiveness acceptability curve and cost-effectiveness acceptability frontier for the 70s age group with weekly oral
alendronate treatment (a) and zoledronic acid treatment (b). Cost-effectiveness acceptability curve for the 80s age group with
weekly oral alendronate treatment (c) and zoledronic acid treatment (d). The other parameters are the same as the base case:
screening interval = 5 y, discount rates are 4.0% and 1.5% for costs and effectiveness.
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coming 10 or 20 y. Therefore, if we use the stratification
accuracy of osteoporotic fractures as an approximation
to the identification of osteoporosis and prove it to be
cost-effective, we could elucidate that CT2S has potential
advantages in the identification of osteoporosis com-
pared with DXA.

The performance of CT2S, particularly its ability to
accurately identify patients with osteoporosis (sensitiv-
ity), has a substantial impact on the ICER outcome, as
indicated by the results of our 1-way sensitivity analyses.
Previous studies in the group have validated the CT2S
approach using cadaver bones, which resulted in a 7%
to 15% standard error for failure strength and strain
estimation when compared against experimental results.6

Part of this was attributed to the inter- and intraobserver
error during the femur segmentation process, which was
quantified to be within 5%. The ARF0 (CT2S with
added subject-specific fall dynamics and hip impact
mechanics) was also verified with respect to all numerical
approximations and achieved an overall error tolerance
of 1.92 percentage points with an uncertainty of 4 per-
centage points due to model inputs.6 The CT2S input
data used in this study have been carefully considered by
taking results derived from the most appropriate bound-
ary conditions to minimize potential error propagation.7

The range of values considered in the 1-way sensitivity
analysis here therefore represents the absolute worst-case
scenario when CT2S screening sensitivity was reduced by
20% and 30%, which are higher than the error range
reported in previous sensitivity analyses. Future uncer-
tainty quantification of CT2S input parameters will pro-
vide a more comprehensive understanding of its
performance and enhance the robustness of cost-
effectiveness analyses. Such studies could also be
extended to include the application toward predicting
other types of osteoporotic fractures such as vertebral
and wrist fractures. As early HTA analyses do not yield
definitive recommendations for the development or
adoption of innovations, their purpose is to contribute
to ongoing discussions regarding investments, financial
accountability, and reimbursement policies.12 In this
context, our observations can contribute to the discourse
surrounding the development, implementation, and
reimbursement of CT2S as a potential novel osteoporosis
screening tool for secondary fracture prevention.

In the current study, fixed screening intervals were
adopted for both DXA and CT2S screening (5 and 2 y).
In clinical practice, the screening interval depends on the
presence of risk factors and age.78,79 However, our
screening interval scenarios would be expected to encom-
pass the likely range of screening intervals that might be

employed in practice. In addition, we assumed all people
within the FLS were willing to cooperate and perform
rescreening in a fixed screening interval. This assumption
is reasonable given that women chose to attend FLS at
the onset but could limit the generalization of the CUA
results to osteoporosis screening in non-FLS clinics.

The current model considered 3 main fractures (hip,
vertebral and wrist) in our model. Other types of frac-
tures were not considered due to the lack of relevant clin-
ical data. This might lead to the underestimation of the
potential lifetime cost savings and increase in quality-
adjusted life expectancy from the prevention of other
types of osteoporotic fracture. However, considering
other types of fractures would serve to lower ICER val-
ues, which would strengthen the current findings of cost-
effectiveness. Since the CT2S service to date has been
used only in clinical research and has not been commer-
cialized, there was no profit margin added to the cost of
CT2S. However, our estimation of CT2S screening cost
is conservative and involved setting the mean of a gamma
distribution from which a cost was selected for each
parameter-level iteration. These distributions covered a
range of possible CTS costs. Furthermore, the automa-
tion of the CT2S image preprocessing step using a open-
source convolutional neural network (such as U-Net)
may further reduce the cost.

This study has several other limitations. Since the
probability of nursing home admission after hip fracture
in the Dutch population is available only for the 80s age
group,35 the admission probabilities for age groups 60s
and 70s were obtained from a Norway study.34 In addi-
tion, while the prevalence of osteoporosis among women
is nearly 10 times higher than that among men in the
Netherlands,57 it would be highly valuable to also inves-
tigate the cost-effectiveness of CT2S screening for men.
Moreover, since the health utilities, osteoporosis preva-
lence, mortality rate, and annual fracture rates for the
Dutch population are not reported with confidence inter-
vals or standard deviations, distributions were created
for these parameters by assuming a standard deviation
of 20% of the mean to account for the parameter uncer-
tainty. These data can be updated when relevant infor-
mation becomes available in the future. The current
model assumes that treatment recommendations based
on DXA screening rely solely on the T-score, whereas
other factors such as smoking, glucocorticoid use, and
alcohol intake can be combined with the T-score in other
fracture risk predictors such as the FRAX score.80

Unfortunately, it was not possible to include the FRAX
model in this study due to a lack of required clinical
data.
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According to statistical data from 2020 and the report
by the International Osteoporosis Foundation, there
were 618 hospitals in the Netherlands in 2020, with more
than 50% of these hospitals having FLS programs.81,82

However, at the national level, there are only 256 CT
scanners available.83 This limitation may affect the future
adoption of CT2S in clinical settings. Furthermore, in
terms of the radiation effects of CT scans on patients,
according to the study by Viceconti et al.,4 the CT2S ser-
vice recommends a whole femur CT scan protocol that
results in an effective radiation dose ranging from 1.3 to
3.2 mSv for females. However, a recent study also sug-
gested that even more aggressive reductions can be imple-
mented without compromising the predictive accuracy.84

The 2018 study also demonstrated that the reduction in
the risk of death due to complications related to hip frac-
tures through CT2S is nearly 10 times greater than the
additional risk of death resulting from the additional radia-
tion exposure for elderly women.4 Therefore, the radiation
effects were not incorporated into the health utility of the
patient in our model. Finally, this study focuses on the
cost-effectiveness of CT2S osteoporosis screening in Dutch
postmenopausal women and may not be directly applica-
ble to other countries and health care systems without
recalibrating some of the input parameters.

In conclusion, this study demonstrated how early
HTA may be applied for a potential novel osteoporosis-
screening tool for secondary fracture prevention in the
Netherlands. The findings suggest that CT2S has the
potential to be cost-effective in women referred to Dutch
FLS at ages 70 and 80, compared with DXA screening,
as the ICER fell below the lower-bound ICER threshold
in the Netherlands. The finding of cost-effectiveness was
also observed with a shorter osteoporosis-screening
interval of 2 y and alternative treatment (annual zoledro-
nic acid treatment) with better adherence. These findings
suggest that CT2S could be used as a potential
osteoporosis-screening tool in the clinical setting in the
Netherlands. Perhaps more importantly, it raises the
prospect of how simulation applications enabled by
high-performance computing might contribute to
enhanced health care quality and potential cost savings.
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