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Abstract
Background  Within Finland’s breast cancer screening program, all women aged 50–69 are invited to biennial 
screening. Current European guidelines recommend screening in ages 45–49 and 70–74 conditional upon, inter alia, 
demonstrated context-specific cost-effectiveness. This study aims to determine the cost-effectiveness of expanding 
the target population of biennial screening to ages 45 and/or 74, compared to the current national breast cancer 
screening strategy, in the Finnish setting.

Methods  Screening strategies’ costs and quality-adjusted life years (QALY), aggregated over a lifetime horizon 
for the population simulated through a decision-analytic model, allow for comparison through incremental cost-
effectiveness ratios. The model, using a Markov cohort simulation approach, was adapted to the cancer stage 
classification system used by the Finnish Cancer Registry (FCR) and calibrated to observed metrics in the Finnish 
female population. The analysis was conducted from a limited societal perspective, using a discount rate of 3% for 
costs and outcomes. Sensitivity analyses were performed to assess decision uncertainty, using an implicit willingness-
to-pay (WTP) threshold range of €25 000–50 000 per incremental QALY.

Results  Compared to the current national screening strategy, both strategies with a starting age of 45 were 
cost-effective at the WTP-threshold of €50 000 per incremental QALY. Biennial screening in ages 45–69 was also 
cost-effective at €25 000 per QALY and demonstrated the highest probability of cost-effectiveness of all screening 
strategies over the whole WTP-threshold range of €25 000–50 000 per QALY. Biennial screening in ages 50–74 was 
dominated by all strategies over the threshold range.

Conclusions  Expanding the national screening strategy target population age is likely to produce net health 
benefits to acceptable costs, insofar as women aged 45–49 are covered by the expansion. Only expanding the target 
population to age 74 is unlikely to be cost-effective, given a WTP-threshold range of €25 000–50 000 per incremental 
QALY.
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Introduction
For the female population of Europe, breast cancer is the 
leading cause of cancer incidence and mortality [1, 2]. 
Today, most European countries offer population-based 
biennial screening for the age group of 50–69, while 
some also offer it to younger and older women by differ-
ent intervals. Countries also differ with respect to invi-
tational coverage, screening participation and the role of 
opportunistic screening which, in most of Europe, coex-
ists with the national screening program [3].

Finland implemented screening for breast cancer on a 
national level in 1992, initially inviting all women aged 
50–59 on a biennial basis [4]. During the gradual imple-
mentation period up until its latest expansion to women 
aged 60–69, initiated in 2007, the national screening pro-
gram is estimated to have decreased breast cancer mor-
tality in Finland by a third [5]. However, the benefit of 
screening in terms of reduced breast cancer mortality is 
counterbalanced by the adverse effects on participants’ 
Health-Related Quality of Life (HRQoL) it introduces, 
mainly due to false-positive tests and overdiagnosis [6, 
7]. Furthermore, the relative benefit of early detection 
diminishes as breast cancer treatment improves over 
time [8].

As decisions on screening strategies of publicly funded 
screening programs are essentially taken on behalf of 
individuals who bear some or all its cost but realize only 
some or none of its benefits, strategies also need to prove 
sustainability and affordability, often expressed in terms 
of cost-effectiveness [9]. A screening strategy is consid-
ered cost-effective when expected to produce an incre-
mental unit of health benefits in terms of length and 
quality of life, either to lower, equal or acceptably higher 
costs compared to another strategy [10]. Despite its asso-
ciated adverse effects and recent improvements in treat-
ment, screening can still offset some disutility associated 
with late-stage breast cancer treatment while improving 
life expectancy, as suggested by multiple studies dem-
onstrating positive incremental cost-effectiveness ratios 
(ICER) of screening [11].

European Commission guidelines on breast cancer 
screening and diagnosis, having strongly advocated for 
biennial screening in ages 50–69 since 2016, currently 
feature conditional recommendations on screening for 
breast cancer in ages 45–49 and 70–74 [12]. The condi-
tional recommendations prioritize research into con-
text-specific cost-effectiveness of screening in these age 
groups [12]. To this background, this study aims to assess 
the cost-effectiveness of biennial screening in ages 45–49 
and/or 70–74, as an expansion of the target population of 
the national breast cancer screening strategy, in the Finn-
ish context.

Materials and methods
Screening pathway of the National screening program for 
breast cancer
In Finland, all women aged 50–69 are personally invited 
to attend the organized, nationwide breast cancer screen-
ing program free of charge every two years, using mam-
mography as the primary method of screening. In case 
of abnormal results, the patient is called in for follow-up 
examinations and any possible treatments through the 
program [13]. 

Model structure and assumptions
The cost-effectiveness of the screening strategies is esti-
mated through a decision-analytic model, adapting a 
Markov cohort simulation process, in which screening 
strategies are superimposed onto a natural history model. 
This stage-shift approach operates through interrup-
tion of the natural progression of breast cancer through 
early detection of tumors, offsetting costs and morbidity 
associated with more advanced breast cancer, as well as 
improving survival prospects of the diagnosed popula-
tion. Each strategy’s costs and utilities are recorded and 
aggregated over a lifetime horizon (up to 100 years) for 
the population cohort simulated through the model, 
allowing for comparison of the strategies’ ICERs.

The model structure is illustrated in Fig. 1. Otherwise 
similar to the model in Rojnik et al. [14], the model struc-
ture is adapted to the cancer stage classification system 
used by the Finnish Cancer Registry (FCR), including 
invasive localized and non-localized breast cancer, as well 
as non-invasive ductal carcinoma in situ (DCIS). The lat-
ter is separated into a progressive and a non-progressive 
health state, allowing DCIS to progress and not to prog-
ress into invasive breast cancer. Both non-invasive health 
states are assumed to be limited to detection through 
screening only. Invasive breast cancer, on the other hand, 
can be detected either through screening in the preclini-
cal phase or clinically upon turning symptomatic. The 
simulated cohort starts at 40 years of age in the disease-
free health state, defined as either absence of breast can-
cer or presence of screening-detectable non-progressive 
localized breast cancer. The latter is only related to mod-
elling overdiagnosis of screening. A false positive screen-
ing result is only possible in the disease-free health state, 
as all screening detected tumors in the preclinical phase 
are considered true-positive. State transitions occur 
according to the model structure within the cycle length 
of a calendar year, with the possibility to pass through 
one or more health states within a single cycle, unless 
identified through screening. Death from other causes 
than breast cancer can occur in the disease-free and pre-
clinical phases, as well as in the health state of non-pro-
gressive DCIS recovery. Upon breast cancer diagnosis, 
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one is assigned to treatment followed by surveillance and, 
eventually, death.

Input parameters
Natural history parameters
Natural history parameters are based on published esti-
mates and calibrated, in a stepwise manner according to 
age, to observed incidence rates, accounting for biennial 
screening in ages 50–69. Due to different assumptions 
used in the studies informing the underlying incidence 
parameters for localized invasive breast cancer and pro-
gressive DCIS, they were adjusted downwards according 
to the proportion of invasive cancers preceded by pro-
gressive DCIS. See Additional file 1 for further details on 
the synthetization of parameter inputs.

In lack of suitable estimates, the natural history param-
eters for ages 70 and over relied entirely on calibrated 
estimates for younger ages, which set the boundar-
ies for calibration input parameters for this age group. 
Input parameters guiding the underlying incidence rate 
were assigned lower bound measures of variation equal 
to the calibrated point estimates of the corresponding 
parameters for ages 60–69. Due to its inconsistent varia-
tion with age in other age groups, the lower bound for 

the transition rate from progressive DCIS to preclinical 
invasive breast cancer was derived the same way. To suffi-
ciently allow for the underlying incidence to increase with 
age, the parameters were assigned upper bound measures 
of variation equal to the corresponding parameters’ cali-
brated point estimates multiplied by a factor of 2. Other 
transition probabilities for ages ≥ 70 were assigned upper 
bounds equal to the calibrated point estimates of cor-
responding parameter for ages 60–69 and lower bounds 
equal to the same value multiplied by a factor of 0.5, 
reflecting the observed decreasing rate of tumor progres-
sion with age. Please see Table 1, Additional file 1 for nat-
ural history parameter calibration inputs.

Screening accuracy parameters
Screening accuracy parameters, following the same age 
stratification as the natural history parameters, are based 
on published estimates insofar as appropriate estimates 
were found. For ages 50–69, screening sensitivity param-
eters for in situ and invasive breast cancer, respectively, 
were calibrated alongside the natural history parameters 
against observed detection rates and stage distributions 
[15]. Invasive breast cancer screening specificity param-
eters for the same age group, were calibrated separately 

Fig. 1  Markov cohort-based model structure. Health states are represented by elliptical shapes. Straight arrows represent transition possibilities through 
model health states, while curved arrows represent the possibility to stay in a health state. Dashed arrows are used when the arrow is interrupted by an 
elliptical shape representing another health state
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against positive predictive values (PPV) observed within 
the national screening program [15]. Based on observed 
participation within the national screening program in 
2019 [16], screening participation was set at 81% for ages 
45–59 and 82% for ages 60–74.

Where invasive breast cancer screening parameters’ 
measures of variation were not available, upper and lower 
bounds were set equal to the deterministic values or cali-
brated point estimates of corresponding parameters for 
older and younger age groups, respectively, reflecting 
the pattern of increasing sensitivity and specificity with 
age. More specifically, unknown parameter upper bounds 
for ages 45–49 were set equal to deterministic param-
eter values for ages 50–59, whereas unknown param-
eter lower bounds were based on best assumptions. For 
ages over 59, unknown parameter lower bounds were set 
equal to the calibrated parameter point estimates of the 
closest younger age group, whereas unknown parameter 
upper bounds were assumed to be 1. The deterministic 
value of DCIS sensitivity parameters were assumed to 
be 15% higher than that of invasive breast cancer for the 
same age group, following [17]. In lack of better evidence, 
DCIS specificity was assumed equal to that of invasive 
breast cancer. Please see Table  2, Additional file 1 for 
screening parameter calibration inputs.

The best fit set of calibrated parameters was identi-
fied through random search, as the one minimizing the 

deviation between model predictions and calibration tar-
gets, from 10 000 iterations per age group. Figure 2 shows 
the 10 best fit calibrated natural history and screening 
sensitivity parameters sets, plotted against the 95% con-
fidence interval (CI) of the observed breast cancer inci-
dence rate in 2021 [18]. Calibrated screening parameter 
point estimates, validated against observed metrics, are 
presented in Table 1.

Overdiagnosis is defined, for the purpose of this analy-
sis, as screening detected DCIS on one hand and inva-
sive breast cancer on the other, that in the absence of 
screening never naturally would progress into invasive 
breast cancer or turn symptomatic over the course of 
one’s lifetime, respectively. Hence, non-progressive DCIS 
detected by screening is, by definition, a case of overdi-
agnosis. Overdiagnosis of invasive breast cancer is mod-
elled as a proportion of all screening detected localized 
tumors within the target population age group, adjusted 
to produce an overdiagnosis rate of 10% from a popula-
tion perspective, following Zackrisson et al. [20]. The 
overdiagnosis rate was calculated as a proportion of 
all screening detected invasive tumors. This approach 
was further validated by comparing the difference in 
modelled cumulative incidence rates when removing 
the screening effect, against published cumulative inci-
dence differences of 7% between screened and estimated 
unscreened cohorts of women aged 50–59 in Finland 

Table 1  Calibrated screening parameter validation against observed detection rates, positive predictive values (PPV) and stage 
distributions
AGE: 50–59 60–69
Detection rate DCIS BC DCIS BC
Target a

(CI 95%) b
0.59
(0.47–0.72)

3.96
(3.65–4.29)

0.86
(0.72–1.02)

6.79 
(6.38–7.22)

Model a 0.63 3.98 0.95 6.55
PPV DCIS + BC DCIS + BC
Target (%)
(CI 95%) b

14.3
(13.3–15.4)

31.3 
(29.5–33.2)

Model (%) 14.5 32.4
Stage distribution DCIS BC local BC non-local DCIS BC local BC non-local
Target (%)
(CI 95%) b

9.6
(7.8–11.6)

57.4
(52.9–62.1)

33.1
(29.7–36.7)

11.3
(9.5–13.3)

60.5
(56.3–65.0)

28.2 
(25.3–31.3)

Model (%) 9.1 59.0 31.9 10.1 63.7 26.2
CI confidence interval, DCIS ductal carcinoma in situ, BC breast cancer, BC local localized breast cancer, BC non-local non-localized breast cancer
a Per 1 000 screens
b Target 95% CI’s were approximated by Poisson rate confidence intervals [19]

Table 2  Discounted individual outcomes and ICERs of expanded strategies compared to current strategy
Target pop. age 50–69 45–69 50–74 45–74
Perspective Lim.Soc. HC Lim.Soc. HC Lim.Soc. HC Lim.Soc. HC
Costs (€) 4 301 3 347 4 387 3 416 4 382 3 413 4 467 3 481
QALYs 21.855 21.860 21.857 21.861
LYG 24.027 24.032 24.029 24.034
ICER (€ per incremental QALY) 20 509 16 460 58 191 47 108 29 893 24 093
pop. population, Lim.Soc. limited societal, HC healthcare, LYG life years gained, QALYs quality-adjusted life years, ICER incremental cost-effectiveness ratio
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[21]. In lack of better evidence, the model assumed over-
diagnosis to be constant across age groups.

Survival parameters
Every cycle, the disease-free and undiagnosed simulated 
population runs an age-specific risk of baseline death, 
based on FCR estimated all-cause survival rates. The 
population diagnosed with DCIS follows baseline sur-
vival, while the invasive breast cancer population follows 
survival specifications according to cancer stage and age 
at diagnosis. The non-localized breast cancer diagnosed 
population is separated into lymph node positive (LN+) 
and metastasized breast cancer according to observed 
age-specific stage distributions [22].

Invasive breast cancer survival functions were esti-
mated by fitting parametric models to observed breast 
cancer survival. The empirical survival data is based on 
FCR estimated age- and stage specific relative risks for 
Finnish women with a maximum follow-up of 25 years 
[15]. Based on best fit to observed survival, according to 
Akaike’s Information Criteria and Bayesian Information 
Criterion as well as visual fit, Weibull and log-logistic dis-
tributions were parameterized to annual survival prob-
abilities up until 25 years since diagnosis, followed by 
baseline survival. Please see Fig.  1, Additional file 2 for 
estimated age- and stage specific survival functions plot-
ted against empirical survival.

Cost and utility parameters
Cost parameters follow a limited societal perspective 
including direct healthcare and non-healthcare costs, 
informal care costs and productivity loss. Direct health-
care costs include age- and stage specific treatment costs, 
as well as screening costs related to primary screen-
ing and diagnostic follow-up examination. Direct non-
healthcare costs consist of transportation costs, indirect 
healthcare costs of informal care costs and indirect non-
healthcare costs of productivity loss, associated with 
screening and different phases of surveillance follow-
ing diagnosis. Direct healthcare treatment costs used in 
the model, estimated as annual costs for the first year 
after diagnosis, the last year before death and the time 
in between [22], are applied as such. All direct screening 
related costs were applied as a one-off cost per screening 
round for participants. Treatment related costs of trans-
portation, informal care and productivity loss were esti-
mated for periods of six months for primary treatment 
(< 6 months from diagnosis), rehabilitation (6–18 months 
from diagnosis), remission (> 18 months from diagnosis) 
and metastatic breast cancer [23]. Furthermore, palliative 
care (i.e., end-of-life care after termination of metastatic 
breast cancer treatment) related costs of informal care 
and productivity loss were estimated for an approx. two-
month period [24]. All costs except for direct healthcare 
treatment costs were converted to annual costs, after 
which all costs were converted to 2024 price levels using 
official consumer price indices [25]. Please see Tables 1, 

Fig. 2  Natural history and screening sensitivity parameter goodness of fit of the 10 best fit calibrated parameter sets, plotted against the 2021 observed 
breast cancer incidence rate 95% CI. The age-specific confidence intervals were approximated by Poisson rate confidence intervals [19]
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2, 3, 4 and 5, Additional file 3 for more details on all cost 
parameters.

Utility parameters include baseline population HRQoL, 
utility associated with breast cancer treatment and dif-
ferent phases of surveillance following diagnosis, as 
well as disutility experienced from screening follow-up 
examinations. Treatment related utility was estimated 
for six month periods for primary treatment (< 6 months 
from diagnosis), recovery (6–18 months from diagno-
sis), remission (> 18 months from diagnosis), metastatic 
breast cancer and palliative care [26], and were converted 
to annual utilities. Because treatment and screening 
related utility parameters are not specific to age, baseline 
HRQoL is also modelled as constant across age groups. 
Disutility from diagnostic follow-up applies only when 
confirmatory biopsy is required which, on average within 
the Finnish breast cancer screening program in 2019, was 
approximately a third of the time [16]. This proportion 
applies to the whole screening detected modelled popu-
lation regardless of age. Please see Table 6, Additional file 
3 for more details on utility parameters.

Costs and utilities are both discounted at 3%, following 
the national Pharmaceutical Pricing Board instructions 
for reimbursement status applications [27]. To account 
for the asymmetrical distribution of the timing of events 
within a model cycle [27, 28], all discounted outcomes 
were half-cycle corrected.

Sensitivity analysis
In order to assess decision uncertainty due to imperfect 
information on model parameters, deterministic and 
probabilistic sensitivity analyses were performed. The 
impact of adjusting the overdiagnosis rate on the ICER of 
expanded screening strategies, compared to the current 
national strategy, was explored through deterministic 
sensitivity analysis.

For the purpose of probabilistic sensitivity analysis 
(PSA), all calibrated parameters, including stage distribu-
tions for non-localized breast cancer between LN + and 
metastatic tumors, were assigned beta and Dirichlet 
distributions based on the nature of the data informing 
them, for which alpha and beta parameters were esti-
mated with a standard error of 0.05. Cost and utility esti-
mates, for which no measures of variation were reported, 
were assigned gamma and beta distributions, respec-
tively, with a standard error of 0.2 to allow for sufficient 
parameter variation in assessing decision uncertainty. 
The proportions of over diagnosed screening detected 
localized cancers and confirmatory biopsy needed in 
diagnostic follow-up examination were assigned beta dis-
tributions with a standard error of 0.2. The uncertainty of 
invasive breast cancer survival parameters was reflected 
in the PSA by Cholesky decomposition of the variance-
covariance matrix for fitted parametric distributions.

All strategies’ net monetary benefits (NMB) and 
expanded strategies’ ICERs compared to the current 
national screening strategy, associated with each iteration 
of a total of 1 000, were estimated through Monte-Carlo 
simulation. Simulated ICERs are plotted on a cost-effec-
tiveness plane (CE-plane) to display the uncertainty sur-
rounding its true value, against fixed WTP-thresholds. 
The expanded strategies’ respective probability to be 
cost-effective, at a given threshold, can be calculated as 
the proportion of times over all iterations they record 
the highest NMB of all strategies. The probability of 
cost-effectiveness over a range of WTP-thresholds are 
presented with cost-effectiveness acceptability curves 
(CEAC). Furthermore, to identify drivers of decision 
uncertainty, value of information analysis was conducted 
for all intervention strategies. Expected Value of Partially 
Perfect Information (EVPPI) was estimated for groups of 
model parameters based on uploaded PSA outputs to the 
University of Sheffield Accelerated Value of Information 
(SAVI) online application, using nonparametric methods 
according to Strong, Oakley and Brennan [29].

Results
Deterministic analysis
Table  2 shows all strategies’ accumulated discounted 
individual (i.e., per capita) costs, life years and quality-
adjusted life years (QALY) over the lifetime of a simu-
lated population of 100 000, using model parameters’ 
deterministic values. All expanded strategies produced 
more life years and QALYs to higher costs, compared to 
the current national screening strategy. In other words, 
none of the strategies strictly dominated the current 
national screening strategy (i.e., produced more QALYs 
to lower or the same cost). Neither were any of the inter-
vention strategies strongly dominated by another (i.e., 
produced less QALYs to higher or the same cost). From 
a healthcare perspective, all expanded strategies have 
ICERs below or within the WTP-threshold range of 
€25 000–50 000 per incremental QALY, however, only 
screening strategies with a starting age of 45 produced 
ICERs within or below the threshold range also from the 
limited societal perspective. The ICER of the strategy 
covering ages 45–69 falls below the lower limit WTP-
threshold of €25 000 per QALY by a margin of €4 491, 
while that of the strategy covering ages 45–74 exceeds it 
by €4 893. The discounted ICER of the strategy covering 
ages 50–74 is notably higher than that of the strategies 
with a starting age of 45, exceeding the upper limit WTP-
threshold of €50 000 per QALY by €8 191.

To assess the impact of the uncertainty surrounding 
overdiagnosis on strategies’ discounted ICERs, determin-
istic overdiagnosis rates of invasive cancers were adjusted 
according to Fig.  3. The greatest impact was observed 
for the strategy covering ages 50–74, especially when 
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increasing it from baseline at around 10% which raised 
the ICER to €200 000 per QALY at 20%. The impact of 
adjusting the overdiagnosis rate on the ICERs of the 
strategies expanding screening to age 45 was moderate in 
comparison.

Probabilistic analysis
The dispersion of data points on the CE-plane displayed 
in Fig.  4, representing simulated ICERs of expanded 
strategies compared to the current national screening 
strategy, reflects the impact of parameter uncertainty on 
accumulated discounted outcomes. Most iterations are 
in the north-east quadrant of the CE-plane, representing 
positive incremental QALYs to higher costs, while some 
iterations are in the north-west quadrant representing 
negative incremental QALYs to higher costs. The disper-
sion of ICERs for the most extensive strategy covering 
ages 45–74 is clearly more north-east oriented than the 
others, suggesting relatively higher incremental QALYs to 
higher costs. Most of the ICERs in the north-west quad-
rant are produced by the strategy covering ages 50–74, 
suggesting low return to resources of screening in ages 
70–74 in terms of health-related quality of life.

The CEACs illustrated in Fig.  5 are drawn against a 
range of WTP-thresholds between €0 and €75 000, to 
sufficiently demonstrate their respective probability of 
cost-effectiveness at specific thresholds. Up until the 

WTP-threshold of around €20 000 per QALY, the cur-
rent national screening strategy has a higher probabil-
ity of cost-effectiveness (i.e., a higher average NMB over 
simulated iterations) than all expanded strategies, after 
which it is exceeded by the strategy covering ages 45–69. 
The latter, in turn, peaks between a WTP-threshold of 
€30 000–€35 000 per QALY, after which it decreases and 
is exceeded by the strategy covering ages 45–74 around 
a WTP-threshold of €58 000 per QALY. The probability 
of cost-effectiveness of the strategy covering ages 50–74 
peaks around the lower limit WTP-threshold of €25 000 
per QALY but remains below 10% over all thresholds 
considered.

Figure  6 shows the EVPPI of model parameters, esti-
mated with the lower limit WTP-threshold of €25 000 
per QALY, grouped into parameter sets of natural history, 
screening accuracy, utility and direct healthcare-, trans-
portation-, informal- and productivity costs. Parameters 
on direct healthcare costs, natural history and productiv-
ity loss are associated with the highest rate of return to 
research, meaning that collecting more evidence inform-
ing these parameters would have a greater impact on 
reducing decision uncertainty compared to other model 
parameters.

Fig. 3  Deterministic sensitivity analysis on the impact of overdiagnosis on expanded strategies’ incremental cost-effectiveness ratio (ICER) compared to 
the current national screening strategy
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Discussion
According to the results, from a healthcare perspective, 
all expanded screening strategies are cost-effective at 
the WTP-threshold of €50 000 per incremental QALY, 
whereas only strategies expanding screening to age 45 
show cost-effectiveness also from the limited societal 
perspective. An expansion of the national breast cancer 
screening program target population only to age 45 is 
also cost-effective at the WTP-threshold of €25 000 per 
QALY and has a higher probability of cost-effectiveness 
than other strategies over the WTP-thresholds range 
of €25 000–50 000 per QALY. At a WTP-threshold of 
around €58 000 per QALY, the decision on the optimal 
screening strategy changes in favor of the strategy cover-
ing ages 50–74. The strategy covering ages 50–74 is dom-
inated by both screening strategies expanding screening 
to ages 45 over all thresholds considered, as well as by 
the current national screening strategy up until a WTP-
threshold of approximately €55 000 per QALY, where 
the probability of cost-effectiveness is below 1% for both 
strategies. In other words, at a threshold range of €25 
000–50 000 per QALY, expanding the national breast 

cancer screening program target population only to age 
45 is very likely to be cost-effective, compared to the cur-
rent national screening strategy. Expanding the target 
population only to age 74 is unlikely to be cost-effective, 
while simultaneously expanding to age 45 remarkably 
increases the probability of cost-effectiveness.

The choice on perspectives adapted for this analysis are 
based on Finnish health technology assessment (HTA) 
guidelines [27], stating that “The calculation of costs must 
include, irrespective of the payer, all direct health care 
and comparable social welfare costs related to the ther-
apies that are being compared”, including direct health-
care and non-healthcare costs on one hand, and losses of 
productivity due to patient’s premature death or reduced 
work ability as well as losses of time and/or productivity 
for informal caregivers on the other. A cost-effectiveness 
analysis accounting for these cost components is best 
comparable to one adapting a limited societal perspective 
as defined by Kim et al. [30]. In addition to a limited soci-
etal perspective, the Finnish HTA guidelines also recom-
mend presenting results based on healthcare costs only.

Fig. 4  Cost-effectiveness plane for expanded strategies compared to the current national screening strategy. Incremental cost-effectiveness ratios (ICER) 
in the north-east quadrant below or between the diagonal lines representing the willingness-to-pay (WTP) threshold range of €25 000–€50 000 per 
quality-adjusted life year (QALY) are considered cost-effective
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Fig. 6  Expected Value of Partially Perfect Information (EVPPI) for selected parameter groups using a WTP-threshold of €25 000 per QALY

 

Fig. 5  Cost-effectiveness acceptability curves (CEAC) for all strategies based on highest net monetary benefits at each willingness-to-pay (WTP) thresh-
old. CEACs appearing to the left of or in between the vertical lines representing the WTP-threshold range of €25 000–€50 000 per quality-adjusted life 
year (QALY) are considered cost-effective with a probability corresponding to the relevant WTP-threshold
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The WTP-threshold range chosen for this analysis 
was far from straightforward, as no official guidelines on 
thresholds to be used for health economic evaluations in 
the Finnish context exist [31]. The World Health Orga-
nization recommends a WTP-threshold of between one 
and three times the GDP per capita per QALY [32]. In 
2020, twice the GDP per capita in Finland was around 
€80 000 [33]. Compared to this, the often-cited National 
Institute of Health Excellence (NICE) WTP-threshold 
recommendations, currently set at GBP 20 000–30 000 
per QALY [34], which corresponds to roughly €24 000–
36 000 using 2020–2022 Finnish and UK purchasing 
power parities [35], is rather conservative [36]. A thresh-
old of €50 000/QALY is recurringly cited [31], however, 
the literature does not support its position as common 
practice in Finland. To the background of the ambiguity 
surrounding the WTP-threshold in the Finnish context, a 
threshold range of €25 000–50 000 was deemed adequate 
to reflect the Finnish population’s willingness to pay for 
an incremental QALY.

Strengths
The structure of the model, in which a population is 
simulated through the natural history of breast cancer, 
reflecting the stage classification of the FCR, allows for 
assessment of costs and outcomes associated with alter-
native screening strategies in the Finnish setting. Further-
more, the survival parameters of the model were based 
on survival data on Finnish women with a stage stratifi-
cation matching the model structure, with a follow-up of 
up to 25 years, providing a solid basis for survival analy-
sis. Calibration of natural history and screening accuracy 
parameters improves the credibility of uncertain and 
unknown parameters, generating estimates in line with 
age-specific observed incidence and stage distributions 
relevant to the modelled population. Including screening 
sensitivity parameters in the calibration process also pre-
vents over- and underestimation of screening detected 
tumors, while calibrating screening specificity parame-
ters ensures consistency between modelled and observed 
false-positive rates.

The state values (i.e., costs and utilities) associated 
with each modelled health state were highly relevant for 
the population setting for which the screening strategies 
were evaluated, considering all major components asso-
ciated with the limited societal perspective as recom-
mended in national guidelines. This enabled expected 
costs and outcomes of breast cancer screening in the 
Finnish setting, over an appropriate time horizon, to be 
evaluated within the framework of a cost-utility analysis. 
This study is the first of its kind conducted for the Finn-
ish setting, in a time when population-based health inter-
ventions, in general, are increasingly being scrutinized 
to their cost-effectiveness and budget impact. Assessing 

the optimal strategy in terms of cost-effectiveness for the 
national breast cancer screening program, specifically, is 
also highly relevant in light of current EU guidelines on 
screening ages and frequencies.

Limitations
The limitations of the analysis are mainly attributed to 
the model choice, the nature of the evidence informing 
the model parameters, assumptions made in synthetiza-
tion of the evidence and modelling the natural disease 
progression.

The state-transition Markov model, which is widely 
used for evaluating the cost-effectiveness of breast cancer 
screening was chosen for its simplicity and, while suffer-
ing the limitation of assuming a homogenous population 
with regard to risk factors of breast cancer (e.g., breast 
density), it was considered adequate for modelling risk-
indiscriminate strategies for a population-based screen-
ing program. Another limitation of the model approach, 
attributable to the “Markovian property” (i.e., the inabil-
ity to track previous health states in which the simu-
lated population has resided), is that it cannot separate 
between screening rounds and therefore cannot adjust 
for differences in sensitivity and specificity typically 
observed between first and subsequent screens [37].

The estimates used as inputs for calibrating the natural 
disease progression parameters were derived from mul-
tiple sources using different stage classifications. Duffy et 
al. [38] separated between lymph node positive and nega-
tive invasive breast cancer, while Wu et al. [39] followed 
the FCR stage classification of localized and non-local-
ized tumors. Despite the similarity between the studies’ 
estimated transition probabilities for ages 50–59, the 
potential inconsistency between the stage classifications 
may contest their compatibility with the model structure, 
even after calibration. These parameter estimates were, 
however, considered the best available evidence given 
the limited published literature natural history param-
eters, suitable for the model structure. Integrating the 
DCIS natural history parameters estimated by Yen et al. 
[40] with invasive breast cancer transition parameters 
required adjustment to the underlying incidence rates, as 
the study assumed all invasive tumors to be preceded by 
DCIS.

According to EVPPI of selected parameter groups, even 
with calibration, natural history parameters were asso-
ciated with a high return to research, suggesting high 
uncertainty surrounding their true value. Calibration 
inputs generated for ages over 69, for which no relevant 
estimates were found, followed the general pattern of 
decreasing rates of progression and increasing underly-
ing incidence rates with age. However, as the estimation 
of parameters for this age group relies entirely on the 
calibration process, they are inherently more uncertain 
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than for other age groups, as multiple intercorrelated ele-
ments affect the natural disease progression of the model. 
Uncertainty is also expected to be higher for screen-
ing accuracy parameters for ages under and over 50–69 
which, due to the lack of relevant evidence and calibra-
tion targets, followed the general pattern of increasing 
sensitivity and specificity with age.

Due to the utility estimates associated with treat-
ment and surveillance following breast cancer diagnosis 
applied in the model being indiscriminate to age, baseline 
utility is assumed to be constant across age groups, in 
contradiction to estimates on general population HRQoL 
indicating a decreasing utility at higher ages [41]. This 
may over- or underestimate the cost-effectiveness of the 
screening strategies considered, however, given that the 
comparator strategy is biennial screening in ages 50–69 
rather than no screening, the difference in HRQoL in the 
age groups of the expanded strategies is not expected to 
differ much from that of the comparator strategy.

The approach for modelling overdiagnosis associ-
ated with invasive breast cancer assumes that screening 
detected progressive tumors are never over diagnosed. 
Theoretically, overdiagnosis includes not only tumors 
that would never haveprogressed to the clinical phase 
in the absence of screening, but also tumors that never 
progress before the time of death from natural causes. 
However, as the proportion of nonprogressive tumors of 
all over diagnosed tumors is unknown, adjustment for 
tumors never progressing before the time of death cannot 
be made. Although the latter represents only a fraction of 
all over diagnosed cancers in young ages due to low asso-
ciated baseline mortality, it may overestimate overdiag-
nosis in older ages with a higher baseline mortality.

Comparability and transferability of results
Published evidence on cost-effectiveness of screening 
strategies going beyond the age group of 50–69 is rather 
mixed. The intuitive answer to why this study suggests a 
more favorable ICER for screening women under 50, is 
that it offsets more costs and disutility of non-localized 
breast cancer than it inflicts through overdiagnosis and 
false-positives, compared to screening in ages 70–74. 
Although disutility associated with breast cancer treat-
ment only differs between non-metastasized and metas-
tasized cancer, the latter representing only a fraction of 
all non-localized tumors, the difference in treatment 
costs between localized and non-localized cancer is more 
apparent. The intuition is also supported by the differ-
ence in survival between localized and non-localized 
breast cancer and, crucially, how it changes with age. As 
seen in Fig.  1 of Additional file 2, the difference in the 
probability of survival between localized and non-local-
ized cancer is greater for ages 20–49 than for ages 70–79, 
over the entire follow-up and extrapolated period of time 

since diagnosis. Consequently, as the preclinical phase of 
the model structure only separates between localized and 
non-localized cancer, there is more to gain from screen-
ing in ages under than ages over 50–69. This finding, 
however, is far from unanimously supported in published 
literature.

A study conducted by the Swedish National Board of 
Health and Welfare [42] estimated relative risk-reduc-
tions to model the effect of screening on breast cancer 
mortality and the cost-effectiveness of different scaled-
down biennial strategies. Essentially, they found the ICER 
of screening only women aged 50–74 favorable to that 
of screening only women aged 40–69, compared to their 
current national screening strategy covering all women 
aged 40–74. In the study, it was noted that the results 
were particularly sensitive to the method for calculating 
costs associated with productivity loss. This suggests that 
productivity loss offset, which is contingent upon age as 
it does not apply to those retired from the workforce, 
can partly explain the difference between the study’s 
estimated ICERs of screening in younger and older age 
groups.

A study by Kregting et al. [43] estimated the cost-
effectiveness of 920 different screening strategies for the 
healthcare setting of the Netherlands compared to their 
current national screening strategy inviting all women 
aged 50–74 to biennial screening. The study found the 
comparator strategy dominated by, among others, a bien-
nial strategy covering ages 43–73. This is in line with the 
findings of this analysis, when comparing the strategy 
covering ages 45–74 with the strategy covering 50–74.

The findings of this study are transferable in so far as 
they are applied to the context of a similar setting with 
a similar healthcare system, when comparing expected 
costs and consequences of the screening strategies used 
in this analysis, from a similar perspective. The model 
was designed to reflect costs and outcomes associated 
with breast cancer and screening, relevant for the Finnish 
setting. The cost parameters are estimated specifically for 
the healthcare system and the female population of Fin-
land and, therefore, are unlikely to be relevant for other 
settings. Precaution is advised regarding the population 
to which the findings of this study are applied. While the 
applicability of the natural history parameters may not be 
exclusive to the Finnish female population, it might not 
be appropriate to reflect that of all ethnicities.

Conclusions
The findings of this analysis suggest that expanding the 
target population for the Finnish breast cancer screening 
program is cost-effective. Essentially, they indicate that 
expanding the target population to age 45 is more likely 
to be cost-effective than only expanding it to age 74. The 
potential expansion of the national screening program 
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to women outside of the current target population, in 
line with European guidelines, requires careful evalua-
tion in other aspects as well. However, evidence on cost-
effectiveness is a crucial element in making informed 
decisions on the desired target population for national 
screening programs for breast cancer.
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