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Introduction

Heart Failure (HF) is a complex clinical condition that exhib-
its the inability of the heart to maintain a healthy blood flow. 
HF causes both a shorter life expectancy and reduced qual-
ity of life. In developed countries, approximately 10% of 
people above the age of 70 are diagnosed with HF [1]. More 
than 60% of patients die within five years after the first HF-
related hospital admission [2]. Due to the population ageing 
in western societies, the prevalence of HF is expected to 
increase further [3]. The Dutch healthcare expenditure on HF 
in 2017 was estimated to be €817 million, which forms 8% 
of the total Dutch healthcare expenditure on cardiovascular 
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Abstract
Background and objective  Heart failure (HF) is a complex clinical syndrome with high mortality and hospitalization rates. 
Non-invasive remote patient monitoring (RPM) interventions have the potential to prevent disease worsening. However, 
the long-term cost-effectiveness of RPM remains unclear. This study aimed to assess the cost-effectiveness of RPM in the 
Netherlands (NL), the United Kingdom (UK), and Germany (DE) highlighting the differences between cost-effectiveness 
from a societal and healthcare perspective.
Methods  We developed a Markov model with a lifetime horizon to assess the cost-effectiveness of RPM compared with 
usual care. We included HF-related hospitalization and non-hospitalization costs, intervention costs, other medical costs, 
informal care costs, and costs of non-medical consumption. A probabilistic sensitivity analysis and scenario analyses were 
performed.
Results  RPM led to reductions in HF-related hospitalization costs, but total lifetime costs were higher in all three countries 
compared to usual care. The estimated incremental cost-effectiveness ratios (ICERs), from a societal perspective, were 
€27,921, €32,263, and €35,258 in NL, UK, and DE respectively. The lower ICER in the Netherlands was mainly explained 
by lower costs of non-medical consumption and HF-related costs outside of the hospital. ICERs, from a healthcare perspec-
tive, were €12,977, €11,432, and €11,546 in NL, the UK, and DE, respectively. The ICER was most sensitive to the effective-
ness of RPM and utility values.
Conclusions  This study demonstrates that RPM for HF can be cost-effective from both healthcare and societal perspective. 
Including costs of living longer, such as informal care and non-medical consumption during life years gained, increased the 
ICER.

Keywords  Economic evaluation · Future costs · Willingness-to-pay · Societal perspective · Healthcare (payer) 
perspective · Cost estimation · Remote patient monitoring
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diseases [4]. In the United Kingdom (UK), the cost of HF 
is 1–2% of the National Health Service (NHS) budget, of 
which 60–70% is related to hospitalization [5]. In Germany, 
the cost of HF accounts for 1.1% of direct health costs [6].

Given the high cost, intensity, and complexity of man-
aging HF and taking the shortage in healthcare staff into 
account, remote patient monitoring (RPM) interventions 
are becoming increasingly popular, along with pharmaco-
logical treatments. These interventions are defined as ser-
vices that integrate information communication technology, 
manifesting either as telemonitoring (the conveyance of 
physiological data, such as blood pressure, weight, electro-
cardiographic details, and oxygen saturation, via telephone, 
digital cable, or wirelessly from the home to healthcare 
providers) or as routine structured telephone interactions 
between patients and healthcare providers, with or without 
the inclusion of physiological data transfer [7]. Their imple-
mentation got a boost during the Covid-19 pandemic [8, 9]. 
Offering RPM to patients with HF may lead to fewer hospi-
tal (re)admissions, prevention of death, and a better quality 
of life, through monitoring of vital signs and early detec-
tion of clinical deterioration in patients with HF [10, 11]. 
Previous studies have evaluated the cost-effectiveness (CE) 
of various non-invasive RPM technologies for HF [12–23]. 
They showed that implementing an RPM program is asso-
ciated with reducing healthcare costs, mainly due to fewer 
hospital admissions. However, despite the fact that RPM 
programs are more widely used and have promising results, 
not much is known about the CE of these interventions for 
HF condition from a societal perspective. In other words, 
CE studies of RPM are usually conducted from a healthcare 
perspective [24].

The healthcare perspective concentrates on costs and ben-
efits directly associated with the healthcare sector. Adopting 
the societal perspective is deemed essential for making opti-
mal societal decisions. This is particularly crucial, as deci-
sions made from a healthcare perspective may inadequately 
optimize overall welfare and may not account for resource 
use outside the healthcare sector [25]. An economic eval-
uation from a societal perspective is a comparison of the 
‘state of the society’ with and without the intervention. This 
implies that costs within and outside the healthcare sector 
need to be included, even if they are not related to the dis-
ease of interest and occur during years of life gained by the 
intervention [26]. The inclusion of future, unrelated medical 
costs has long been debated [27]. Initially, this issue was 
explored using economic models of representative consum-
ers that aim to maximize lifetime utility taking into account 
the impact of health on income, which is more closely 
linked to welfare economics and cost benefit analysis [28, 
29]. This has led to differing views on the issue, with some 
arguing that including costs unrelated to the condition of 

interest may imply a penalty for interventions that aim to 
prolong life. However, the prevailing notion is that because 
future unrelated medical consumption benefits are generally 
included in the quality-adjusted life year (QALY) gains the 
associated costs must also be taken into account in order to 
maintain consistency [30]. Later, models of decision mak-
ers facing exogenously determined healthcare budgets also 
explored this topic [31]. The conclusion from these discus-
sions is that all medical costs in life years gained (not only 
of the disease at which the intervention is targeted) need to 
be included in CE analysis from both a healthcare and soci-
etal perspective [31]. Including these costs leads to different 
decisions that result in more health or welfare. Only under 
strong assumptions (e.g., health spending does not depend 
on age) can one conclude from such models that so-called 
future unrelated medical costs can be ignored in cost-effec-
tiveness analysis [29, 32].

The inclusion of future costs of non-medical consumption 
has been the subject of more recent, renewed debate. Non-
medical costs refer to the costs of consumption incurred 
during the additional years gained due to extended life, such 
as housing, food, and travel. These costs should be balanced 
against the productivity gains from the ability to work lon-
ger. Although changes in productivity and non-medical con-
sumption in life years gained are relevant from a societal 
perspective there are concerns about inclusion as the ben-
efits of changes therein are probably not (fully) captured in 
the QALY [33]. Furthermore, it is unclear to what extent 
the thresholds used by decision makers take into account 
these benefits [27, 30, 33]. Countries that adopt a societal 
perspective in economic evaluations incorporate production 
gains but overlook the costs of non-medical consumption. 
This approach is considered inconsistent, as the theoretical 
arguments for or against including non-medical consump-
tion also apply to production [28, 30]. Moreover, including 
production gains while excluding non-medical consump-
tion may have distributional consequences, primarily ben-
efiting higher socio-economic groups, which tend to be 
more productive [28] but also have the highest non-medi-
cal consumption throughout their lifecycle. Hence, from a 
theoretical point of view, it is appropriate to consider the 
net result of future production minus future consumption. 
The Health Technology Assessment (HTA) guidelines of 
different countries include different recommendations with 
respect to these costs. US HTA guidelines as well as the 
new Dutch HTA guidelines that became active in January 
2024, request the inclusion of future unrelated medical 
costs. However, the US guidelines are the only ones recom-
mending the inclusion of the future costs of non-medical 
consumption. Several studies have demonstrated the impact 
of these costs in economic evaluations in different countries 
and for different disease areas, such as diabetes mellitus, 
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chronic HF, and chronic kidney disease [28, 34–48]. This 
impact is especially pronounced when the years of life 
gained are spent in relatively poor health, which worsens 
the incremental cost-effectiveness ratio (ICER). Consider-
ing that interventions for patients with HF often prolong life 
and that these additional years of life are spent in relatively 
poor health, the impact of including these unrelated medical 
and non-medical costs may be substantial, especially since 
productivity gains are not to be expected in this high-aged 
population [27, 28].

In this study, we focus on the impact that the choice of 
perspective has on the CE of non-invasive RPM interven-
tions for HF. Non-invasive RPM was defined as digital/
broadband/satellite/wireless or blue-tooth transmission of 
physiological and other non‐invasively collected data to the 
healthcare provider [49]. Given the increased deployment 
of RPM interventions, it is important for reimbursement 
authorities and payers to have robust evidence of the costs 
and effects of this approach from a broad societal perspec-
tive. Therefore, this study aims to assess the cost-effective-
ness of RPM in managing HF from a societal perspective, 
compare that to the cost-effectiveness from a healthcare 
perspective and discuss drivers of the difference between 
the perspectives. We estimate the CE of RPM compared to 
usual care (UC) for three countries (the Netherlands, Ger-
many, and the UK) using a health economic model, as these 
countries differ in the provision and financing of healthcare 
as well as their guidelines for conducting CE studies.

Methods

Patient population

The patient characteristics of this population were based 
on the patient population of the Trans-European Network-
Home-Care Management System (TEN-HMS) study [22]. 
The TEN-HMS study included 426 patients from twelve 
main and four satellite hospitals in Germany, the Nether-
lands, and the UK, who were assigned randomly to receive 
home telemonitoring, nurse telephone support, or usual 
care (UC). Patients eligible for inclusion had a recent hos-
pitalization (lasting > 48 h) due to or complicated by wors-
ening HF within the last six weeks, persistent symptoms, 
left ventricular ejection fraction < 40%, left ventricular 
end-diastolic dimension > 30  mm/m, and were receiving 
furosemide ≥ 40 mg/day or equivalent. This study includes 
detailed information on baseline demographic and social 
characteristics, clinical history, medication, New York Heart 
Association (NYHA) functional classification, weight, and 
physical signs.

Model structure

A cohort-state transition model (Markov model) was devel-
oped to estimate the CE of RPM effect for HF compared 
with UC strategies in three countries, the Netherlands, 
Germany, and the UK. The model starts with patients that 
have HF for which they have been hospitalized. The model 
includes four states, i.e., stable after first hospitalization, 
alive after second hospitalization, alive after third hospital-
ization, and death (Fig. 1). We model a cohort of patients 
with HF with a mean age of 70. The model simulates how 
the cohort transitions between health states over time due 
to the occurrence of second and third HF-related hospital-
izations and death. The model’s time horizon was lifetime, 
meaning that patients in the cohort were followed up to age 
100, after which the entire cohort was assumed to die in 
the next cycle. The cycle length was three months. Both the 
probability of HF-related hospitalization and mortality were 
age-dependent.

Treatment arms and transition probabilities

In the UC arm, all-cause mortality rates (e.g., transition 
probabilities from any state to the death state) were based 
on a published Weibull distribution that was estimated using 
patient-level data coming from the TEN-HMS study. Simi-
larly, HF-related hospitalizations rates (e.g., transition prob-
abilities from “stable after first hospitalization” to “alive 
after second hospitalization” or “alive after second hospital-
ization” to “alive after third hospitalization”), were derived 
from a published log-normal distribution that was fitted to 
the data from the TEN-HMS study [13].

For the intervention arm, risk ratios (RRs) associated 
with all-cause mortality and HF-related hospitalizations 
were taken from a Cochrane systematic literature review 
and meta-analysis of RPM and were applied to the base-
line all-cause mortality and HF-related hospitalizations 
rates [49]. This review by Inglis et al. included 41 studies 
of either structured telephone support or non-invasive home 
telemonitoring for people with HF. In this study, we used the 
non-invasive home telemonitoring results from this review. 
It was concluded that non-invasive telemonitoring reduced 
all-cause mortality (RR 0.80, 95% confidence interval (CI) 
0.68 to 0.94). The effect of non-invasive telemonitoring on 
the risk of HF-related hospitalizations was a RR of 0.71 
(95% CI 0.60 to 0.83) [49]. Although many studies have 
shown a positive impact of RPM on all-cause mortality 
and HF-related hospitalization, the majority of RPM stud-
ies have relatively short follow-up periods, typically rang-
ing from 0 to 12 months. The few studies with extended 
follow-up often reported that the effects did not persist over 
time [15, 17, 50] due to reduced compliance, non-aligned 
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Resource use and costs

The current study compares the CE of RPM from a soci-
etal perspective with that from a healthcare perspective. The 
societal perspective incorporates four cost categories: (1) 
intervention costs and HF-related hospitalization and non-
hospitalization costs (HF-related medical costs), (2) medi-
cal costs due to other diseases (current and future unrelated 
medical costs), (3) informal care costs, and (4) costs of non-
medical consumption (current and future unrelated non-
medical costs). The healthcare perspective incorporates cost 
categories one and two. All cost inputs were specified per 
country, inflated to 2020 price levels [54], and discounted 
by country-specific discounting rates. All annual costs were 
converted to a 3-monthly cycle to be used in the model, and 
hospitalization costs were assigned per event. Furthermore, 
except for intervention costs, all other costs were assumed 
to be treatment arm-independent [55, 56]. . Intervention 
costs were assigned to patients in the “stable after first hos-
pitalization” state in the treatment arm and only for the first 
three years. For the base-case, the costs of RPM, including 
the costs for setup, equipment, and service fees, were deter-
mined based on an economic evaluation of RPM conducted 
by Grustam et al. [12] (Table 1). As treatment effectiveness 
declines due to decreased patient adherence, intervention 
costs also decrease, with fixed costs such as technical infra-
structure remaining constant over three years and variable 
costs, including personnel and telehealth nursing costs, 
diminishing with reduced patient device usage (i.e., 100%, 

financial incentives, lack of knowledge about the character-
istics of patients suitable for RPM, the type of RPM, and its 
optimal scheduling. Previous studies of RPM have shown 
that adherence rates range from 40 to 90%, with adherence 
decreasing over time [15, 17, 50]. For example, a study by 
M. Brons et al. reported high patient compliance, starting 
at 90% and decreasing to 71% after 12 months [51]. There-
fore, in the base-case analysis, we assumed that the effect of 
RPM on all-cause mortality and HF-related hospitalization 
is waning over time. In the first year, we used the effects 
found in the study by Inglis et al. [49]. Then, we reduced it 
to 70% in the second year and 30% in the third year, assum-
ing no effect from the fourth year onwards.

Utilities

The treatment arm-independent utility values were derived 
from the EuroQol 5 Dimension (EQ-5D-3L) data in the 
TEN-HMS database [12, 22]. The weighted average util-
ity value was 0.6970, which was applied to patients in the 
“stable after first hospitalization” state. Utility decrements 
were assigned for the hospitalization states. For the ‘alive 
after second hospitalization” and “alive after third hospi-
talization” states, we applied permanent utility decrements 
estimated by Kansal et al. [52, 53], who concluded that dis-
utilities for patients with one or two hospitalizations were 
similar. The utilities are shown in Table 1.

Fig. 1  Markov model structure
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driven by the Dutch PAID tool. Costs of non-medical con-
sumption for Germany and the UK were estimated from 
national household consumption surveys in each country 
[36, 57, 58]. All age-dependent and country-specific input 
parameters (e.g., informal care costs, non-medical costs, 
and HF-unrelated medical costs) for the base-case analysis 
are presented in the Appendix.

Model outcomes

We adhered to the Consolidated Health Economic Evalua-
tion Reporting Standards 2022 (CHEERS 2022) guidelines 
for reporting of CE analysis [62]. We calculate the following 
outcomes in our model: total cost, total life years, total qual-
ity-adjusted life years (QALYs), and the incremental cost-
effectiveness ratio (ICER). The results are presented from a 
healthcare perspective with and without other medical costs 
and a societal perspective with and without non-medical 
consumption. The ICER was determined by the difference 
in costs between RPM and UC, divided by the difference 
in QALYs, and compared to various willingness-to-pay 
thresholds ranging from €20,000 to €50,000 per QALY. 
The threshold value against which the cost effectiveness of 
the intervention is judged depends on the perspective that 
is adopted [63]. Thresholds for the societal perspective are 
usually derived from willingness to pay studies reflecting 
the consumption value of health (demand-side threshold). 
Thresholds for a healthcare perspective are nowadays often 
derived from estimates of the marginal productivity of the 
(health)care system) indicating potential health losses due 
to displacement of healthcare if new interventions need to 
be financed from a fixed healthcare budget (supply-side 
threshold).

Previous studies have made an attempt to estimate a 
country-specific cost-effective threshold for both demand-
side and supply-side thresholds [64–66]. These studies 
suggest that cost-effectiveness thresholds from a societal 
perspective are generally found to be higher than from a 
healthcare perspective.

For the Netherlands, the Dutch National Healthcare Insti-
tute (ZIN) uses a threshold for a societal perspective that 
increases as the severity of disease (proportional shortfall) 
increases [67]. For HF, this would correspond to a thresh-
old value of €50,000 per QALY gained. For the UK, the 
National Institute for Health and Care Excellence (NICE) 
uses an estimated threshold of between £20,000 and £30,000, 
which is applicable when using a healthcare perspective 
[68]. NICE’s severity modifier gives additional weight to 
health benefits in the most severe conditions. It is based on 
the absolute and proportional QALY shortfall, whichever 
is the highest. Absolute QALY shortfall refers to the future 
health lost by individuals with the condition compared to 

70%, 30%, and 0 from the fourth year onwards). In two pre-
vious RPM studies, variable costs constitute a substantial 
portion of the intervention costs (60–78%). To be conserva-
tive, we assumed the proportion of variable costs to be 60%.

HF-related hospitalization and non-hospitalization costs 
were obtained from different sources presented in Table 1. 
HF-related hospitalization costs were defined as costs asso-
ciated with hospital admission due to HF. Second and third 
hospitalization costs were assumed to be the same. HF-
related non-hospitalization costs included maintenance 
treatment costs (physician visits, medication, and cardi-
ologist visits). In addition, because our study focuses on a 
patient population that is on average approximately 70 years 
old and generally not actively employed, we did not con-
sider productivity costs in our analysis.

Other medical costs unrelated to HF were defined as 
costs due to other diseases than HF (such as the treatment 
of dementia). These costs also include the costs of hospital 
admissions for other reasons than HF. For the Netherlands 
and the UK, these other medical costs were obtained from the 
Dutch Practical Application to Include Disease cost (PAID) 
tool version 3 and the UK PAID Tool version 1, respectively 
[57, 58]. These tools estimate the additional costs as a result 
of a longer lifespan after treatment, taking into account that 
healthcare spending is highest in the last year of life. For 
Germany, annual healthcare spending per capita by sex, age, 
and last year of life was used to estimate these costs [58]. 
To avoid double counting, the costs of HF were subtracted 
from these sources. Informal care costs were based on a 
study by Santi et al. [59]. They utilize the Survey of Health, 
Ageing and Retirement in Europe (SHARE) data to predict 
the probability of using informal care and the daily number 
of hours of informal care use [60], depending on age, sex 
and proximity to death. The latter is an important predictor 
because the weekly use of informal care and daily hours 
of informal care were found to increase when approaching 
death [57, 61]. The costs of informal care use for the dif-
ferent European regions were then calculated subsequently 
by combining the probability of using informal care weekly 
and the daily number of hours of informal care use. The unit 
cost for informal care, which is based on a standard rate 
of formal caregivers providing similar activities as infor-
mal caregivers, is equal to €22.8 per hour in the UK, €13 
per hour in Germany and €13.5 per hour in the Netherlands 
[59]. Both estimates of informal care and unrelated medical 
care costs were linked to survival predictions in different 
scenarios. Note that since both unrelated medical costs and 
costs of informal care are highest in the last phase of life, the 
postponement of death also results in the postponement of 
some of these costs.

Age-specific costs of non-medical consumption (e.g., 
costs of housing, clothing, food) for the Netherlands were 
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Since the Cochrane review of the evidence on the effects 
of RPM is only based on short-term studies in which 38% 
of the studies had a follow-up time of less than six months 
[49], we have implemented different scenarios regarding the 
duration of the treatment effect. In the first scenario anal-
ysis, we assumed that patients receive RPM for one year, 
after which there were no intervention costs but also no 
more effects. In the second scenario analysis, we assumed 
that RPM would be continued every year, which means 
that RPM will continuously influence all-cause mortality 
and HF-related hospitalization (i.e., the treatment effect is 
applied every year). In this scenario, the intervention costs 
were allocated continuously for the lifetime. Furthermore, 
in the third scenario analysis we repeated the base-case 
analysis with higher intervention costs based on a study 
by Thokola et al. [14], which was included for three years 
(i.e., 100%, 70%, 30%, and 0 from the fourth year onwards). 
They report RPM costs of £1,288 per patient per 6 months, 
which were obtained from an expert advisory group [14]. 
We have adjusted these costs via the consumer price index 
from 2011 to 2020 and converted it to euros, resulting in 
intervention costs of €823 per patient per 3 months.

Results

Base-case analysis

Figure  2 shows the difference in discounted QALYs, life 
years, and costs per patient between UC and RPM in the 
Netherlands over time. As the intervention affects all-cause 
mortality in the first and second year, QALYs and life years 
gained are highest in the first years after intervention. As 
the effectiveness of the intervention wanes, the difference 
between the treatment arms becomes smaller. In the first 
years, there are savings in HF-related hospitalization costs 
and informal care costs. Because informal care costs are 
modelled as a function of time-to-death, these savings in 
informal care costs result from fewer deaths in the RPM 
group. This lower mortality also explains the higher costs 
of non-medical consumption in these first years. The peak 
in the total costs in the first year is due to the intervention 
costs, which were included in the first year.

Lifetime CE results of the base-case analysis are pre-
sented in Table 2. RPM results in a discounted life expec-
tancy gain of 0.38 years for the Netherlands, 0.34 years 
for the UK and 0.35 for Germany. The gain in discounted 
QALYs from RPM is 0.26 for the Netherlands, 0.24 for the 
UK and Germany. The difference in life expectancy and 
QALYs between countries is due to the different country-
specific discounting rates. Table 2 shows that using RPM 
leads to savings in hospitalization costs resulting from the 

the expected future health without the condition. It is calcu-
lated by subtracting the total QALYs expected with current 
treatment from the general population’s expected QALYs. 
Proportional QALY shortfall represents the proportion of 
future health lost by individuals with the condition [69].For 
Germany, the Institute for Quality and Efficiency in Health 
Care (IQWiG) does not apply any particular/specific thresh-
old value for the ICER.

For the Netherlands, we also used a healthcare perspec-
tive threshold (supply-side threshold), which was estimated 
to be €41,000 per QALY gained in the context of cardio-
vascular disease [70]. For the UK and Germany, thresholds 
indicating the marginal productivity of health care which 
are relevant for a healthcare perspective were taken from a 
study by Woods et al. [64]. The country-specific thresholds 
were converted to 2020 euros and are equal to €19,675, and 
€24,167 for the UK and Germany, respectively. The guide-
lines in the UK and Germany do not recommend the societal 
perspective, and corresponding cost-effectiveness thresh-
olds are not provided in the country-specific guidelines. 
Therefore, we used estimates derived by Riviere et al. [71] 
and converted them to 2020, which resulted in an estimate 
of €33,644 for the UK, and €41,774 for Germany, respec-
tively. These estimates were based on the rate of increase in 
health spending per capita and life expectancy at the popu-
lation level resulting from the adoption of new interven-
tions with specific ICERs. At a very high policy level, the 
development of the rate of increase in health spending and 
life expectancy in a particular country indicates a collective 
willingness of society to pay for the increase in the popula-
tion’s life expectancy.

Sensitivity and scenario analysis

We performed one-way sensitivity analyses, in which we 
estimated the ICER’s sensitivity to changes in input param-
eters related to transition probabilities, costs, the utility of 
the “alive after the first hospitalization” state, and treatment 
effects. We used a 20% increase (upper bound) and a 20% 
decrease (lower bound) for the model-input parameters 
on costs and utility. The uncertainty around the treatment 
effects (i.e., RR) for all-cause mortality and HF-related hos-
pitalization were derived from the lower and upper bounds 
of the 95% CI as estimated in the study by Inglis et al. [49]. 
Probabilistic sensitivity analysis (PSA) was performed by 
running 1000 Monte-Carlo simulations. In each simula-
tion, a value for each parameter was randomly drawn from 
the probability distribution of the model parameters (costs, 
treatment effect, transition probabilities, and utilities). The 
parameters of the distributions used in the PSA are shown in 
Table 1. We plotted the results in a CE plane.
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Variable 
group

Variable description Mean value Probability sensitivity 
analysis
SE Distribution

Source

Model 
settings

Discount rates (costs, %)
- The Netherlands
- Germany
- The UK
Discount rates (effects, %)
- The Netherlands
- Germany
- The UK

4
3
3.5
1.5
3
3.5

N/A
N/A

Fixed
Fixed

 [55, 
67]
 [55, 
67]

Treatment 
effect

All-cause mortality
HF-related hospitalization
Risk ratio all-cause mortality
Risk ratio HF-related hospitalization

Weibull
Log-normal
0.80
0.71

Covari-
ance 
matrix*
Covari-
ance 
matrix
(95% CI 
0.68 to 
0.94)
(95% CI 
0.60 to 
0.83)

Multivariate 
normal
Multivariate 
normal
Log-normal
Log-normal

 [13]
 [13]
 [49]
 [49]

Utility Utility for “stable after first hospital-
ization” state
Utility decrements second 
hospitalization
Utility decrements third 
hospitalization

0.6970
0.076
0.074

0.006
0.007
0.013

Beta
Beta
Beta

 [12]
 [52, 
53]
 [52, 
53]

Costs (€) Intervention costs per 3 months per 
patient

417 20% of 
the mean

Gamma  [12]

High intervention costs scenario 823 - -  [14]
HF-related hospitalization (per 
admission)
- The Netherlands
- Germany
- The UK

4,937
4,635
2,511

20% of 
the mean

Gamma  [13]
 [16]
 [16]

HF-related non-hospitalization costs 
per 3 months
- The Netherlands
- Germany
- The UK

378
393
565

20% of 
the mean

Gamma  [44, 
72]
 [73]
 [72]

Informal care unit costs
- The Netherlands
- Germany
- The UK

13.5
13
22.9

20% of 
the mean

Gamma  [59, 
74]

Probability of using informal care Age, gender, and 
TTD* specific

Covari-
ance 
matrix

Multivariate 
normal

 [59, 
74]

Daily number of hours of informal 
care use

Age, gender, and 
TTD specific

Covari-
ance 
matrix

Multivariate 
normal

 [59, 
74]

Costs of non-medical consumption Age-specific 3% of the 
mean**

Normal 
distribution

 [36, 
57, 
58]

Other medical costs Age- and 
gender-specific

20% of 
the mean

Normal 
distribution

 [36, 
57, 
58]

Table 1  Input parameters in base-
case analysis

N/A: not applicable, HF: heart 
failure. All costs are reported 
in euros and adjusted to 2020 
price levels. TTD: time-to-death 
(proximity to death). (*) The 
covariance matrix refers to the 
correlation between the hyper 
parameter of the mentioned 
distributions. These hyper 
parameters where jointly mod-
elled using a multivariate normal 
distribution. (**) The 95% 
prediction intervals and standard 
deviation were driven by a study 
by K. Kellerborg et al. [75]
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Lifetime incremental costs (including the intervention 
costs) were a factor 2 to 3 higher from a societal perspective 
than a healthcare perspective, mainly driven by the costs 
of non-medical consumption, followed by the other medical 
costs. Excluding the costs of non-medical consumption led 
to a greater reduction in total costs in Germany and the UK 
because these costs are higher in these two countries than in 
the Netherlands.

When comparing the ICERs of RPM of €12,977, €11,432, 
and €11,546 per QALY from a healthcare perspective in 

reduction in hospital admissions. In all countries, however, 
these savings were offset by the increase in the other cost 
categories due to the increase in life expectancy. In the UK, 
the increase in HF-related non-hospitalization costs and 
informal care costs was greater than in the other two coun-
tries because of higher unit costs. The increase in costs of 
non-medical consumption was greater in Germany than in 
the other two countries because the unit costs of non-medi-
cal consumption by age were higher in Germany.

Fig. 2  Difference in QALYs, life years and costs per patient between 
UC and RPM in the Netherlands over time. QALYs, Quality-adjusted 
life years. (a) difference in QALYs and life years per patient between 

UC and RPM in the Netherland, (b) difference in cost per patient 
between UC and RPM in the Netherlands
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changes in the costs of non-medical consumption and other 
medical costs than to changes in other types of costs.

Figure 4 shows the results of the PSA for all countries 
on the CE plane. The PSA shows a cluster of results in the 
northeast quadrant. Based on Fig. 5, the probability of RPM 
being cost-effective at the €50,000 WTP threshold from a 
societal perspective in the Netherlands, UK, and Germany 
is 93%, 83%, 77%, respectively. The probability of RPM 
being cost-effective from a healthcare perspective at the 
€20,000 WTP threshold in the Netherlands, UK, and Ger-
many is 29%, 42%, 35%, respectively.

Table 3 shows the results of scenario analyses per coun-
try. In the first scenario, when it was assumed that RPM is 
only effective for one year, the ICER decreased slightly in 
all countries compared to the base-case. In the second sce-
nario, assuming a lifelong continuation of RPM led to the 
highest increase in discounted QALYs between all scenarios 
(e.g., ranging from 0.54 in the UK to 0.64 in the Nether-
lands). However, in this scenario, the gains in QALYs were 
offset by a much larger cost difference between the RPM 
and UC arms due to longer life expectancy, resulting in 
higher ICERs than in the baseline scenario. In the third sce-
nario, repeating the base-case scenario with higher interven-
tion costs (from a baseline value of €417 to €823 per patient 
per 3 month), led to the highest ICERs of all scenarios.

the Netherlands, the UK, and Germany, respectively, to a 
willingness-to-pay (WTP) threshold of €20,000 per QALY, 
RPM was found to be cost-effective. From a societal per-
spective, including costs of non-medical consumption, 
ICERs rise to €27,921, €32,263, and €35,258 per QALY in 
the Netherlands, the UK, and Germany, respectively. This 
means that RPM would be cost-effective from a societal 
perspective in the Netherlands, which uses a threshold value 
that increases as the severity of disease increases, leading to 
an applicable threshold of €50,000 per QALY. Assuming the 
WTP estimations from the study by Riviere et al., amount-
ing to €33,644 for the UK and €41,774 for Germany, reflect 
the cost-effectiveness considerations from a societal per-
spective in these countries, it implies that RPM is deemed 
cost-effective. Using NICE’s severity modifier to calculate 
the absolute QALY shortfall and the proportional QALY 
shortfall did not change our cost-effectiveness results. The 
QALY weight, in our case, is equal to one [69, 76].

Figure  3 shows the results of the one-way sensitivity 
analysis of the Netherlands; the Tornado diagrams of the 
other two countries are shown in the Appendix and show 
similar results. The variation of all-cause mortality rate, 
utility values, and HF-related hospitalizations rate had the 
biggest impact on the ICER. As the treatment effect on HF-
related hospitalizations decreases (e.g., RR close to one, 
upper bound), the ICER increases. When the utility values 
of the health state ‘alive after first hospitalization’ decreased 
by 20%, the ICER increases. The ICER is more sensitive to 

Table 2  Lifetime discounted cost-effectiveness results of RPM vs. UC for the base-case analysis
The 
Netherlands

The UK Germany

UC Inter-
vention 
outcome 
incremen-
tal to UC

UC Inter-
vention 
outcome 
incremen-
tal to UC

UC Inter-
vention 
outcome 
incremen-
tal to UC

Life years (LY) 3.43 0.38 3.18 0.34 3.24 0.35
QALYs 2.18 0.26 2.03 0.24 2.06 0.24
HF-related hospitalization costs € 5,134 -€ 1,143 € 2,639 -€ 581 € 4,926 -€ 1,074
HF-related non-hospitalization costs € 4,733 € 507 € 7,196 € 776 € 5,093 € 553
Other medical costs € 23,418 € 2,760 € 11,180 € 1,259 € 17,238 € 2,060
Informal care costs € 6,364 € 519 € 10,748 € 878 € 6,128 € 500
Costs of non-medical consumption € 31,640 € 3,384 € 38,693 € 4,083 € 48,495 € 5,274
Total intervention costs - € 1,265 - € 1,269 - € 1,272
Total costs from the societal perspective including costs of non-
medical consumption

€ 71,288 € 7,293 € 70,456 € 7,684 € 81,881 € 8,586

ICER from societal perspective including costs of non-medical 
consumption

- € 27,921 - € 32,263 - € 35,258

ICER from societal perspective excluding costs of non-medical 
consumption

- € 15,031 - € 15,004 - € 13,796

ICER from healthcare perspective - € 12,977 - € 11,432 - € 11,546
ICER from healthcare perspective, excluding other medical 
costs

- € 2,419 - € 6,100 - € 3,129

1 3



H. Mokri et al.

shows the impact of including costs of living longer, such as 
the unrelated medical costs, costs of informal care, and costs 
of non-medical consumption during the life years gained in 
a cost-effectiveness analysis. Including the latter cost cat-
egory leads to the greatest increase in the ICER. Since the 
threshold value is often higher from a societal perspective, 
this does not necessarily change an adoption decision.

Discussion

This study investigated the cost-effectiveness of RPM in the 
management of HF in the Netherlands, the UK, and Ger-
many from both a healthcare and a societal perspective. 
Our results suggest that there is potential for RPM to be 
cost-effective in the management of HF from both a health-
care and a societal perspective in all three countries. It also 

Fig. 4  Cost-effectiveness plane for RPM versus UC in the Netherlands, 
the UK, and Germany, from a societal (black) and a healthcare per-
spective (grey) The lower dashed line indicates a WTP of €20,000 per 

QALY and the upper dashed line indicates a WTP threshold of €50,000 
per QALY. WTP, willingness to pay

 

Fig. 3  Tornado diagram for the one-way sensitivity analysis showing the variation in the base-case cost-effectiveness results for the Netherlands 
and from a societal perspective. RR, risk ratio. A larger bar indicates a greater impact on the ICER. The dotted line indicates the base-case ICER
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However, from a theoretical point of view, the costs of 
non-medical consumption are relevant from a societal per-
spective. Excluding these costs generates a bias toward 
favouring life-prolonging interventions over interventions 
that increase quality of life [27, 28]. One could argue that 
when we include the costs of non-medical consumption, we 
should also include the benefits of non-medical consump-
tion. These benefits might implicitly be captured by the 
EQ-5D, but it is unclear to which extent, as the EQ-5D was 
developed to measure and value the health-related quality of 
life and not quality of life in general and there is currently 
no strong (empirical) evidence on the extent to which the 
EQ-5D can effectively capture benefits from non-medical 
consumption. The incorporation of future unrelated medical 
costs may potentially disadvantage life-prolonging inter-
ventions for the elderly and individuals already in poor 
health or with elevated healthcare expenses. While recog-
nizing the significant impact of including future unrelated 
medical costs, we argue that disregarding real costs is not 
an appropriate response to such concerns but rather a nec-
essary input for an ethical debate. Moreover, emphasizing 
the inclusion of future unrelated medical costs in cost-effec-
tiveness analyses is essential, as neglecting these costs may 
lead to biased comparisons between life-prolonging inter-
ventions and those focusing solely on improving quality of 
life, potentially resulting in sub-optimal resource allocation 
and diminished overall health and welfare. The impact of 
including informal care costs on the results was less strong, 
but our findings show that these costs do matter and are sim-
ilar in size to the costs of treating patients with HF outside 
of the hospital. Here, it should be noted that the costs of 

From a societal perspective, all costs, and benefits, 
regardless of who incurs them are considered, in our study, 
this implied that costs of informal care and non-medical 
consumption were included. Especially the latter cost cat-
egory had a large impact on the ICER. The inclusion of 
these costs in a cost-effectiveness analysis is controversial. 

Table 3  Discounted cost-effectiveness results of RPM vs. UC for all 
scenarios

The Netherlands The UK Germany
Base-case
- Difference in QALYs 0.26 0.24 0.24
- Difference in life years 0.38 0.34 0.35
- Difference in costs €7,293 €7,683 €8,586
- ICER €27,921 €32,263 €35,258
Intervention is implemented for one year
- Difference in QALYs 0.16 0.15 0.15
- Difference in life years 0.23 0.21 0.21
- Difference in costs €4,350 €4,765 €5,138
- ICER €26,514 €31,474 €33,289
Lifelong continuation of the intervention*
- Difference in QALYs 0.64 0.54 0.56
- Difference in life years 0.97 0.83 0.86
- Difference in costs €19,255 €17,290 €22,137
- ICER € 30,103 €31,687 €39,053
High intervention costs scenario
- Difference in QALYs 0.26 0.24 0.24
- Difference in life years 0.38 0.34 0.35
- Difference in costs €8,522 €8,916 €9,822
- ICER €32,627 €37,439 €40,335
ICER, Incremental cost-effectiveness ratio, QALYs, quality-adjusted 
life years. Costs are discounted by country-specific discounting rates 
and inflated to 2020 price levels. (*) In this scenario the intervention 
costs were also included for a lifetime

Fig. 5  Cost-effectiveness acceptability curve (CEAC) for RPM versus UC in the Netherlands, the UK, and Germany from a societal and a health-
care perspective. WTP, willingness to pay
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results presents a challenge due to variations in time hori-
zon, patient demographics, disease severity, perspective, 
and RPM service protocols. With study durations typically 
under one year, the long-term cost-effectiveness of RPM 
remains uncertain. Therefore, the CE of these types of inter-
ventions is sensitive to the assumptions made about their 
long-term effects. Therefore, the CE of these types of inter-
ventions is sensitive to the assumptions made about their 
long-term effects. In this study, we performed various sce-
nario analyses on the duration of RPM effectiveness. When 
RPM was assumed to be continuously effective, because of 
much higher intervention costs, the ICER was higher than 
the base-case. This was due to a much larger difference in 
the costs between RPM and UC in the former scenario.

As with any modelling study, our analysis has limitations 
determined by data availability and associated assump-
tions. The first limitation of this study is the combination 
of utilities for a stable HF state and utility decrements for 
HF hospitalization states from different sources. The TEN-
HMS study did not explicitly provide estimates on utility 
decrements during HF hospitalizations. To address this gap, 
we rely on a study by A.R. Kansal et al. [52, 53], which 
reports decrements for one, two, or three or more HF hos-
pitalizations. These were the decrements that we used, and 
we indeed make the assumption that these can be applied 
to the utilities of the TEN-HMS study, which seems rea-
sonable given that the baseline utilities in TEN-HMS and 
Kansal et al. for the patient population in our study were 
comparable (0.687 vs. 0.666). The second limitation of our 
study is that the country-specific sources we used to obtain 
cost inputs were diverse. Cost categories are not defined 
in exactly the same way across countries and may include 
different types of resource use. Countries also differ in UC 
management in terms of content and the number of visits 
to cardiologists and general practitioners, and medications. 
This is most apparent for the informal care costs. HF medi-
cations and their reimbursement regulations may also vary 
by country. However, these differences do not affect the 
overall conclusion since we calculate total costs. In addi-
tion, since we had no data on the impact of RPM on quality 
of life, it was assumed that utilities in our study were only 
dependent on health state but independent of the treatment 
group. Hence, differences in QALYs between the groups 
result from differences in the distribution of patients across 
health states. If being monitored at home improves the 
quality of life in general, the QALY gains of RPM might 
be underestimated. Finally, RPM is increasingly positioned 
as a labour-saving digital technology that supports self-
management and substitutes routinely scheduled visits to 
cardiologists and specialized nurses. However, there is little 
evidence in the literature to substantiate this assumption. A 
systematic review by Auener et al. shows that RPM leads to 

informal care were based on SHARE data from the general 
population and not patients with HF, so these costs might be 
underestimated.

In addition to different theoretical underpinnings [77, 
78], thresholds from both a societal and healthcare perspec-
tives have been proven difficult to estimate empirically [63, 
64, 79–81]. These empirical difficulties have resulted in a 
wide range of threshold estimates from both the societal and 
healthcare perspective. In our study, we have been pragmatic 
and have used available country specific threshold estimates 
that seemed most relevant for our case study. Hence, the 
estimated ICERs in our study have been compared with 
two conceptually different thresholds. In the Netherlands, 
for example, where the applicable WTP was €50,000 per 
QALY (based on a societal perspective), RPM was found to 
be cost-effective. In the UK, where the applicable WTP was 
£20,000-£30,000 (based on a healthcare perspective), the 
ICER was slightly lower than the upper limit of the thresh-
old value. (i.e., €32,263 or £28,703 based on 2020 exchange 
rate), which means that RPM is cost-effective at this appli-
cable WTP.

While medical practice for HF is quite similar in the 
Netherlands, the UK, and Germany [82, 83], the total costs 
associated with HF are different. This difference may be due 
to differences in the organization of the healthcare system 
(e.g., the type or amount of formal care) and the healthcare 
funding, pricing, and reimbursement system. For example, 
while costs of HF-related hospitalization are higher in the 
Netherlands and Germany than in the UK, HF-related non-
hospitalization costs - mainly consisting of outpatient visits 
- are higher in the UK. The costs of non-medical consump-
tion were higher in Germany and the UK, which resulted 
in a higher ICER for these countries from a societal per-
spective. However, when we took a healthcare perspective, 
Germany had slightly lower ICER than the Netherlands, 
which was due to higher other medical costs in the Neth-
erlands. A potential reason for these higher other medical 
costs might be that in the Netherlands, unlike in the UK and 
Germany, some long-term care costs, such as the costs of 
nursing homes, are included in the other medical costs. In 
the UK, a much higher proportion of long-term care expen-
diture comes from private sources, which can result in 
higher costs of non-medical consumption. Furthermore, the 
UK appears to have much higher rates of informal care than 
the Netherlands and Germany [84], which in our analysis, 
resulted in higher informal care costs when we took a soci-
etal perspective.

Previous studies investigated the CE of different RPM 
interventions in the Netherlands, such as (home) telemoni-
toring and telephone support by nurses [7, 12, 21, 49, 85–87]. 
The estimated ICER range from €12,479 to €40,321. Never-
theless, conducting direct comparisons of cost-effectiveness 
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