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Abstract
Background and Objective Haemophilia B is a rare genetic disease that is caused by a deficiency of coagulation factor IX 
(FIX) in the blood and leads to internal and external bleeding. Under the current standard of care, haemophilia is treated 
either prophylactically or on-demand via intravenous infusions of FIX. These treatment strategies impose a high burden on 
patients and health care systems as haemophilia B requires lifelong treatment, and FIX is costly. Etranacogene dezaparvovec 
(ED) is a gene therapy for haemophilia B that has been recently approved by the United States Food and Drug Administra-
tion and has received a recommendation for conditional marketing authorization by the European Medicines Agency. We 
aimed to examine the cost-effectiveness of ED versus extended half-life FIX (EHL-FIX) prophylaxis for moderate-to-severe 
haemophilia B from a German health care payer perspective.
Methods A microsimulation model was implemented in R. The model used data from the ED phase 3 clinical trial publi-
cation and further secondary data sources to simulate and compare patients receiving ED or EHL-FIX prophylaxis over a 
lifetime horizon, with the potential for ED patients to switch treatment to EHL-FIX prophylaxis when the effectiveness of ED 
waned. Primary outcomes of this analysis included discounted total costs, discounted quality-adjusted life years (QALYs), 
incremental cost-effectiveness, and the incremental net monetary benefit. The annual discount rate for costs and effects was 
3%. Uncertainty was examined via probabilistic analysis and additional univariate sensitivity analyses.
Results Probabilistic analysis indicated that patients treated with ED instead of EHL-FIX prophylaxis gained 0.50 QALYs 
and experienced cost savings of EUR 1,179,829 at a price of EUR 1,500,000 per ED treatment. ED was the dominant 
treatment strategy. At a willingness to pay of EUR 50,000/QALY, the incremental net monetary benefit amounted to EUR 
1,204,840.
Discussion Depending on the price, ED can save costs and improve health outcomes of haemophilia patients compared with 
EHL-FIX prophylaxis, making it a potentially cost-effective alternative. These results are uncertain due to a lack of evidence 
regarding the long-term effectiveness of ED.

Extended author information available on the last page of the article

Key Points for Decision Makers 

Etranacogene dezaparvovec has the potential to be cost-
effective in Germany when compared to prophylactic 
extended half-life factor IX, even at high prices.

True cost-effectiveness is subject to uncertainty due to 
the lack of evidence on the long-term effectiveness of 
etranacogene dezaparvovec.

1 Introduction

Haemophilia is a rare genetic disease that hinders blood 
clotting. Haemophilia B (HB) is caused by an insufficient 
concentration of coagulation factor IX (FIX) in the blood. 
This lack of FIX leads to internal and external bleeding, 
which can have both acute and chronic consequences. 
Over time, bleeding into the joints can lead to long-term 
arthropathy [1], reducing quality of life for patients [2]. 
There is also an increased risk of intracranial haemor-
rhages, which can be disabling [3] or fatal [4].
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Under the current standard of care, HB is treated with 
either prophylaxis or on-demand via intravenous infu-
sions of FIX. HB requires lifelong treatment and FIX is 
costly, which imposes a high burden on both patients and 
health care systems [5]. The standard of care varies greatly 
depending on the national income. In low- and middle-
income countries, patients generally receive on-demand 
treatment or do not have access to coagulation factor at all. 
In high-income countries, including Germany, prophylaxis 
has established itself as the standard of care for severe HB, 
as most individuals receive this treatment. For moderate 
HB, the treatment strategies in Germany are mixed, but the 
trend has been a move towards prophylaxis [6, 7]. Stud-
ies comparing prophylaxis with on-demand treatment in 
high-income countries have generally found prophylaxis 
to be cost-effective [8–11], though these studies exam-
ined haemophilia A and not B, and it is uncertain to what 
extent these results are transferrable. Extended half-life 
FIX (EHL-FIX) products maintain a sufficient level of FIX 
in the blood for a longer period than conventional FIX 
products and thereby reduce the frequency of prophylactic 
infusions. A real-world burden of illness study found that 
EHL-FIX was the most common form of FIX prophylaxis 
in Germany [12]. Studies comparing real-world outcomes 
between standard half-life (SHL) and EHL [13–15] found 
mean annualized bleed rates (ABRs) of 2.1–2.9 for SHL 
and 0.3–1.4 for EHL in patient populations that had mixed 
moderate and severe HB.

Etranacogene dezaparvovec (ED) is a gene therapy for 
HB that is based on an adeno-associated virus vector car-
rying an FIX gene to liver cells, bearing the FIX-R338L-
Padua mutation that causes affected liver cells to produce 
an FIX protein, with an activity that is 6 to 8 times as high 
as that of the wildtype FIX [16]. This treatment leads to a 
sustained increase of FIX activity in the blood and there-
fore to a reduction in the bleed rate, while also greatly 
reducing the need for FIX infusions. However, it remains 
uncertain whether the effectiveness of the gene therapy 
will persist over a patient’s lifetime or wane over time.

ED has recently received marketing approval by the 
Food and Drug Administration in the United States and 
has received a recommendation for conditional marketing 
authorization by the European Medicines Agency. The list 
price in the United States has been announced at USD 3.5 
million [19]. It is expected that the actual prices paid by 
health care payers in Europe will be substantially lower. 
Net prices are nonetheless expected to be high and should 
therefore be examined critically. The objective of this 
study is to assess the cost-effectiveness of ED compared to 
EHL-FIX prophylaxis in patients with moderate-to-severe 
HB from a German health care payer perspective.

2  Methods

2.1  Overview

We built a decision-analytic microsimulation model and ana-
lysed the decision problem for the cost year 2022. A will-
ingness to pay of EUR 50,000 per quality-adjusted life year 
(QALY) was assumed for the base-case analysis, based on 
a prior analysis by the Ständige Impfkommission (STIKO) 
[20], though no official threshold exists for Germany. An 
annual discount rate of 3% was chosen for costs and out-
comes as recommended by the German Institut für Qualität 
und Wirtschaftlichkeit (IQWiG) [21]. Outcomes included 
life years, QALYs, the net monetary benefit (NMB), and the 
incremental cost-effectiveness.

For ED, we assumed that patients would be treated a sin-
gle time and that re-treatment would not be possible, as viral 
vectors trigger an immune response [22]. It was assumed 
that each patient would receive exactly one dose of ED, even 
in the case of treatment failure. Patients switched treatment 
to EHL-FIX prophylaxis if the effectiveness of ED waned 
sufficiently. Patients receiving EHL-FIX prophylaxis were 
assumed to receive regular FIX infusions for their entire life.

2.2  Model Structure

The model was implemented in the statistical software R. 
The R code is provided via GitHub (https:// github. com/ 
Nikla usMei er/ HB_ CE_ micro simul ation). The use of a 
microsimulation is particularly relevant for haemophilia due 
to the accumulation of chronic symptoms over time for a het-
erogenous patient population and the potential for treatment 
effectiveness to wane over the lifetime of patients treated 
with ED. The microsimulation used a 3-month cycle length 
and a lifetime horizon, assuming that treatment assignment 
could only change every 3 months. The 3-month cycle length 
was chosen as a compromise between computational speed 
and the precision of the simulation in regard to time-sensi-
tive events. The 3-month bleed rate served as a key model 
parameter that was influenced by patient characteristics and 
treatment. The cumulative number of joint bleeds at each 
point in time was calculated as a patient’s historic number of 
bleeds at model baseline plus the cumulative number of joint 
bleeds since model baseline. Associated clinical outcomes 
such as hospitalizations, arthropathy, and mortality were 
modelled for every patient as functions of either 3-month 
or cumulative joint bleed rates, and patient characteristics. 
The technical aspects of the model are described in greater 
detail in the appendix (see the Electronic Supplementary 
Material [ESM]).

Bleeds were classified either as joint bleeds or as any 
other kind of bleed. The accumulation of joint bleeds led 

https://github.com/NiklausMeier/HB_CE_microsimulation
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to worsening arthropathy over time, quantified via the Pet-
tersson score (PS). The total number of bleeds increased the 
probability of dying in each cycle. The frequency of bleeds 
in the model was defined via the ABR, meaning the expected 
number of bleeds per year for a given patient. At popula-
tion generation, each patient in the model was assigned an 
individual untreated ABR, drawn from a distribution to 
reflect between-patient heterogeneity, and a historic ABR. 
Untreated ABR was defined as the average number of annual 
bleeds a patient would experience if they did not receive 
any ABR-lowering treatment. The specific untreated ABR 
of each individual in the model was lowered by the relative 
bleed reduction of their treatment (ED or EHL-FIX proph-
ylaxis), ensuring that ABR was reduced in a proportional 
manner. Historic ABR was defined as the average number 
of annual bleeds prior to the start of the model.

Survival status in each cycle was implemented as a sur-
vival probability based on the probabilities of death in all 
previous cycles. It was adjusted via the life-table method 
[23] as a form of half-cycle correction, assuming that on 
average patients would die mid-cycle. As the model did not 
use any state transitions, the probability of death was the 
only aspect that required an active half-cycle correction. 
The correction was carried forward to all other outcomes, 
as they were calculated as functions of survival and treat-
ment assignment.

Quality of life was modelled for each 3-month cycle via a 
baseline utility that was modified based on sex, age, arthrop-
athy, the total number of bleeds during the cycle, and the 
burden of prophylactic infusions.

For both deterministic and probabilistic analysis, hetero-
geneous populations were generated, varying in terms of 
age, sex, untreated ABR, and historic ABR. Age was varied 
at the patient level, but not as a probabilistic parameter. Sex 
and untreated ABR were varied both probabilistically and 
as patient-level attributes, described in further detail below. 
The historic ABR of each patient was the product of their 
individual untreated ABR and the mean of the probabilistic 
historic ABR. In all analyses, the generated patients were 
duplicated and treated with either ED or EHL-FIX prophy-
laxis, creating perfectly matched populations for both the 
deterministic and probabilistic analysis.

The probabilistic distributions are described in Table 1. 
Beta distributions were used for probabilities and ratios. 
Gamma distributions were used for continuous, positive 
parameters. Given the lack of randomized data comparing 
ED with untreated patients, the ABRs of untreated patients, 
patients with ED, and patients with EHL-FIX, were sampled 
independently in the probabilistic analysis, rather than as rel-
ative risk reductions. Uniform distributions were chosen for 
the properties of ED for which there was no data (described 
further in Sect. 2.4, “Etranacogene Dezaparvovec”).

Probabilistic analysis considered both the heterogene-
ity of patients (first-order uncertainty) as well as statistical 
uncertainty of input parameters (second-order uncertainty) 
in a single analysis. More detail on the distributions and 
their parameters is included in the ESM appendix (Sect. 1, 
“Probabilistic distribution”).

The probabilistic analysis was used to generate our main 
results. 2000 simulations were run with random draws of the 
probabilistic parameters. Per simulation, 100 patients were 
generated, and treated with either ED or EHL-FIX, creating 
a perfectly matched population of 200 patients with 50:50 
treatment assignment. 2000 simulations with 200 patients 
each resulted in a total of 400,000 simulated individuals. The 
deterministic analysis was used as a reference for the proba-
bilistic analysis, as well as for univariate sensitivity analyses 
and scenario analyses, since using the probabilistic analysis 
for these analyses would not be computationally feasible. For 
the deterministic sensitivity analysis, 10,000 patients were 
generated, and treated with either ED or EHL-FIX, creating 
a perfectly matched population of 20,000 patients with 50:50 
treatment assignment.

2.3  Population

The population was designed to be representative of adult 
patients with moderate-to-severe HB in Germany in 2022 
and included patients at different stages of their disease his-
tory. 4.7% of patients in the model were female [24]. The 
average age of patients at the start of the model was 36.3 
years based on the average age of HB patients in the Socio-
economic Survey (CHESS) study [25], and the minimum 
age was 18. The weight of patients was determined via the 
mean weight of German individuals, stratified by age and 
sex, and was updated as patients aged in the model at the 
start of every 3-month cycle [26]. As the relation between 
EHL-FIX dosage and weight is completely linear, and as 
only EHL-FIX dosage depends on weight in the model, 
weight was not varied between patients of the same sex and 
age, or as a probabilistic parameter.

The mean untreated ABR was 32.9 and was obtained 
from a clinical study of patients with moderate-to-severe 
HB receiving on-demand treatment [27]. As patients with 
moderate-to-severe HB in Europe all receive at least on-
demand treatment [25], it was assumed that the ABR under 
on-demand treatment would be a satisfactory proxy for the 
ABR when receiving neither EHL-FIX prophylaxis nor gene 
therapy, and that bleed reductions could be calculated rela-
tive to the on-demand ABR. The mean historic ABR in the 
model was 4.6 and was based on a study of real-world out-
comes of HB patients in Europe [25], who received a mix 
(44% on-demand and 56% prophylaxis) of different treat-
ment strategies. Based on the mean historic ABR of 4.6 and 
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Table 1  Overview of model inputs

Input variable Unit Deterministic mean Probabilistic distribution (uncer-
tainty parameters)

Source

Population characteristics
 Sex % female 4.7% Beta (1328; 27,057) World Federation of Hemophilia 

[24]
 Mean age Years 36.3 Fixed Booth et al. [25]
 Weight kg By sex and age Fixed Gesundheitsberichterstattung des 

Bundes [26]
 Untreated ABR Bleeds/year 32.9 Gamma (83.379; 0.368) Kavakli et al. [27]
 Historic ABR Bleeds/year 4.6 Gamma (174.866; 0.026) Booth et al. [25]

ED
 Treatment ABR Bleeds/year 1.51 Gamma (8.672; 0.174) Pipe et al. [16]
 Relative bleed reduction % 95.4 Derived from treatment ABR Own calculations
 Duration of maximum bleed 

reduction
Years 10 Uniform (5–15) Assumption

 Bleed rate increase per year %/year 10 Uniform (5–15%) Assumption
 Probability of treatment success % 96.3 Beta (52; 2) Pipe et al. [16]
 Treatment switch ABR thresh-

old
Bleeds/year 4 Fixed Assumption

EHL-FIX prophylaxis
 Treatment ABR Bleeds/Year 4.19 Gamma (54.249; 0.077) Pipe et al. [16]
 Relative bleed reduction % 87.3 Derived from treatment ABR Own calculation

Bleeding and arthropathy
 Share joint bleeds % 61.7 Beta (5248; 3258) Stephensen et al. [28]
 Link between joint bleeds and 

PS
Joint bleeds/PS 13 Gamma (162.308; 0.080) Fischer et al. [29]

 Clinical relevance of PS PS 28 Fixed Fischer et al. [30]
 Mortality
 Background mortality % By age and sex Fixed Max Planck Institute for Demo-

graphic Research (Germany), 
University of California, Berke-
ley (USA), and French Institute 
for Demographic Studies [31]

 Standardized mortality ratio Ratio By bleed rate Gamma (61.466; 0.039) Hassan et al. [32]
Quality of life
 Baseline utility Utility 0.951 Joint Sample from Covariance 

Matrix
Ara and Brazier [33]

 Utility for men Utility 0.021 Ara and Brazier [33]
 Disutility for age Disutility 0.0002587 Ara and Brazier [33]
 Disutility for  age2 Disutility 0.0000332 Ara and Brazier [33]
 Disutility PS 13–21 Disutility 0.03 Gamma (1.254; 0.024) Fischer et al. [2]
 Disutility PS 22+ Disutility 0.07 Gamma (7.320; 0.010) Fischer et al. [2]
 Disutility per bleed Disutility 0.2 Gamma (18.854; 0.011) Neufeld et al. [34]
 Disutility per surgery Disutility 0.18 Gamma (37.980; 0.005) Carroll et al. [35]
 Disutility infusion Disutility 0.0156 Gamma (10.911; 0.001) Johnston et al. [36]

Resource use
 Dosage EHL-FIX IU/kg/bleed 40 Fixed European Medicines Agency [37]
 Probability of Hospitalization 

per bleed
% 27.8 Beta (50; 130) Burke et al. [12]

 Hospital length of stay after 
bleed

Days 1.5 Gamma (8.298; 0.181) Burke et al. [12]

 Hospital length of stay after 
surgery

Days 27 Fixed Ballal et al. [38]

Prices
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the mean age of 36.3, the average patient in the model had 
130.68 cumulative bleeds at the start of the model.

2.4  Etranacogene Dezaparvovec

The effectiveness of ED was drawn primarily from the pub-
lication of the phase 3 HOPE-B clinical trial [16]. 52 out of 
54 patients were able to discontinue EHL-FIX prophylaxis 
after ED treatment. This observation was implemented as 
a 96.3% treatment success probability. Success and failure 
were drawn randomly for each patient in the simulation. 
A mean ABR of 1.51 was achieved during a period of 18 
months after being treated with ED.1 The mean ABR was 
transformed into a relative bleed reduction via the ratio of 
the trial ABR to the assumed untreated ABR of 32.9, yield-
ing a relative bleed reduction of 95.4%.

In the absence of evidence on long-term effectiveness of 
ED in the HOPE-B clinical trials, it was assumed that the 
relative bleed reduction of 95.4% would be maintained for 
10 years [17, 18]. Both animal [17] and human [18] studies 
showed transgene expression to last for up to 10 years and 
potentially longer for haemophilia. It was further assumed 
that after 10 years, the relative bleed reduction would decline 
gradually by 10 percentage points per year. There is no clini-
cal evidence available for this assumption, but given the bio-
logical mechanisms, it did not seem plausible that the effec-
tiveness of ED would wane completely from one cycle to the 
next. A clinical expert for haemophilia within the group of 
authors considered this to be a plausible assumption, given 
the lack of evidence. Patients who received ED switched to 
EHL-FIX prophylaxis when their ABR exceeded a value of 
4, ensuring that patients would not be under-treated after 

loss of treatment benefit. The threshold of 4 was chosen as 
it is the closest integer to the 4.19 ABR of FIX prophylaxis 
in the HOPE-B trial, and in the absence of further evidence, 
a simplifying assumption seemed most reasonable [16].

2.5  EHL‑FIX Prophylaxis

The effectiveness of EHL-FIX prophylaxis was drawn from 
the publication of the phase 3 HOPE-B clinical trial [16]. In 
this trial, a mean ABR of 4.19 was achieved during a lead-in 
period of at least 6 months, during which patients received 
FIX prophylaxis with a dose and product determined by their 
physician. The relative bleed reduction of 87.3% of EHL-
FIX prophylaxis compared to on-demand treatment was cal-
culated based on the 4.19 ABR under FIX prophylaxis and 
the untreated ABR of 32.9. The specific FIX products were 
not described in the study, and the market shares of EHL-
FIX products could not be sourced for Germany. We thus 
modelled the costs of EHL-FIX based on the price of nona-
cog beta pegol. Out of the three EHL-FIX products included 
in the CHESS II study [12], nonacog beta pegol had the 
middle price, and as the choice of EHL-FIX product mainly 
affected costs, we deemed this to be the most representative, 
lacking further information. This choice affected the price, 
the dosage, and the treatment frequency with EHL-FIX.

2.6  Bleeding and Arthropathy

In the deterministic analysis, the fraction of bleeds which 
occurred in the joints was 61.7% of all bleeds, based on 
patterns observed in patients with severe haemophilia in a 
UK patient registry [28]. PS increased by 1 point whenever 
a patient accumulated 13 additional joint bleeds [29]. Joint 
surgery occurred in the first cycle in which PS reached the 
threshold for clinically relevant damage, which lies at 28 out 
of 78 points [30].

Table 1  (continued)

Input variable Unit Deterministic mean Probabilistic distribution (uncer-
tainty parameters)

Source

 ED EUR 1,500,000 Fixed Assumption
 Price per IU of EHL-FIX EUR 1.70 Fixed Burke et al. [12]
 Price per day in hospital ICU EUR 1468.87 Fixed O'Hara et al. [39]
 Price per day in hospital ward EUR 597.20 Fixed O'Hara et al. [39]
 Price of joint surgery EUR 865.73 Fixed O'Hara et al. [39]

Probabilistic distributions: For the beta distribution, we state the “shape 1” and “shape 2” parameters in parentheses, as used in the “rbeta” func-
tion in R. For the gamma distribution, we state the “alpha” (shape) and “beta” (scale) parameters in parentheses, as used in the “rgamma” func-
tion in R
ABR annualized bleed rate, ED etranacogene dezaparvovec, EHL-FIX extended half-life factor IX, ICU intensive care unit, IU international unit, 
PS Pettersson score

1 Based on the publication for the HOPE-B clinical trial, it was not 
possible to filter out the treatment failures from the mean ABR after 
treatment with ED. This means that the mean ABR of 1.51 may be an 
overestimation for ABR under treatment success, but due to the lack 
of further data, it was not possible to correct for this.
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2.7  Mortality

The background mortality of the German general population 
was drawn from the Human Mortality Database [31]. The 
effects of bleeding on mortality were derived from an obser-
vational study of Dutch patients with haemophilia, which 
showed an age-adjusted standardized mortality ratio of 2.4 
for patients with severe haemophilia [32]. It was assumed 
that this standardized mortality ratio would apply for 
patients with the historic ABR of 4.6. In each cycle, patients 
with a current ABR less than the historic ABR of 4.6 [25] 
were assumed to have a lower standardized mortality ratio 
and a higher probability to survive a cycle, and vice versa, 
relative to background mortality. The precise assumptions 
and mathematical functions required to model this relation-
ship between bleeds and mortality are described in the ESM 
appendix (Sect. 2.5, “Mortality”).

2.8  Quality of Life

The non-disease specific utilities were based on a regression 
equation from a study on the Health Survey for England data 
[33], considering sex and age. The disutilities for arthropa-
thy were derived from an analysis of multiple studies (which 
included X-rays and SF-36 questionnaires) for patients with 
moderate-to-severe haemophilia, which the authors used 
to calculate an association between PS and utility [2]. This 
study showed a disutility of 0.03 for a PS between 12 and 
21, and an additional disutility of 0.07 for a PS of 22 or 
higher. The disutilities from bleeds were based on a phase 
4 diary study (DOSE) in the United States, which analysed 
the daily quality of life of patients in relation to haemo-
philic bleeding events [34]. Each bleed led to a disutility of 
0.2, which lasted for 1 day; the number of bleeds in a cycle 
was multiplied by the disutility of 0.2 and then divided by 
the cycle length (measured in days) to calculate the average 
bleed-disutility for that cycle, which was then applied to the 
entire cycle. The disutilities from joint surgeries were based 
on EQ-5D-5L questionnaire data collected in France and 
the UK to assess the quality of life of patients with haemo-
philia [35]. This comparison showed a utility difference of 
0.18 between patients with and without joint surgery, which 
was implemented as a disutility that lasted for 27 days after 
surgery [38]. The disutilities from prophylactic FIX infu-
sion were based on a vignette-based time trade-off study 
[36]. This time trade-off study showed that each coagula-
tion factor infusion led to a one-time utility decrement of 
−0.0003, and since prophylactic nonacog beta pegol treat-
ment requires 52 infusions per year, this is equivalent to a 
disutility of 0.0156 per life year. This 0.0156 disutility was 
subtracted from each patient’s quality of life in each cycle 
that they received EHL-FIX prophylaxis.

2.9  Resource Use

We considered medical resources with potential major 
cost implications. For patients treated with ED, treatment 
occurred immediately at the start of the simulation. For 
nonacog beta pegol, the dosage of EHL-FIX per treatment 
was 40 international units (IU) per kilogram of body weight 
[37]. All patients in the model were treated with this dosage 
after every bleed, and additionally once per week for patients 
receiving EHL-FIX prophylaxis. Perfect vial sharing with 
no wastage of EHL-FIX was assumed. The probability of 
hospitalization per bleed was 27.8% [12]. The length of stay 
at the hospital after a bleed was 1.5 days, and the length of 
stay after surgery was 27 days [38].

2.10  Unit Costs

For ED, a price of EUR 1,500,000 was assumed. In the 
United States, a list price of USD 3,500,000 has been 
announced; the price that will actually be paid by health care 
systems is expected to be substantially lower. We obtained 
costs of EHL-FIX (nonacog beta pegol) (EUR 1.70 per IU), 
intensive care (EUR 1469 per day), non-intensive inpatient 
care (EUR 597.20 per day), and joint surgery (EUR 866 
per procedure, excluding costs for hospital days) from the 
CHESS I and II studies [12, 39]. All prices were adjusted 
for inflation to the cost year 2022 [40].

2.11  Uncertainty Analyses

Probabilistic analysis The probabilistic analysis was used 
for the main results and to evaluate the probability of ED 
being cost-effective over EHL-FIX.

Univariate sensitivity analysis The model was run using 
the lower and upper bound value of each uncertain param-
eter, one by one, holding all other parameters constant at 
their deterministic values. For the parameters with assigned 
second-order probability distributions based on published 
data, the lower and upper bounds were equivalent to the 
2.5% and 97.5% percentiles of the respective distributions. 
For the parameters with uniform probabilistic distributions 
based on assumptions, the lower and upper values of those 
uniform distributions were used for the lower and upper 
bounds in the univariate analysis. Wide value ranges were 
chosen for the assumed and therefore highly uncertain prop-
erties of ED.

Scenario analyses The prices of ED and the EHL-FIX 
product were varied incrementally to see at which price lev-
els ED would have a positive incremental NMB and there-
fore be cost-effective. Additionally, the following scenarios 
were run and compared with the probabilistic analysis.
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• Bleed disutility for 7 days: In the probabilistic analysis, it 
was assumed that the disutility from a bleed only lasted 
for 1 day. However, acute symptoms may last longer. 
Since the exact duration of the disutility is not known, a 
disutility per bleed lasting 7 days was examined.

• 5 × costs per day in intensive care unit (ICU): In the 
probabilistic analysis, the costs of treating bleeds were 
based on an analysis from the secondary literature, which 
may be conservative and not consider all potential costs 
due to bleed hospitalizations. To test an especially 
extreme hypothetical assumption not captured in the 
other uncertainty analyses, these costs were increased 
fivefold.

• No treatment switching: In the probabilistic analysis, it 
was assumed that patients switch from ED to EHL-FIX 
prophylaxis when their ABR exceeded a threshold of 4. 
In this scenario, patients did not switch treatments.

• No vial sharing: In the probabilistic analysis, it was 
assumed that vials of EHL-FIX were shared perfectly, 
with no waste. This assumption was relaxed, and EHL-
FIX was instead consumed in discrete package sizes of 
500 IU (the smallest available package).

• Cost-minimization: In the probabilistic analysis, a will-
ingness to pay of EUR 50,000/QALY was assumed. In 
this scenario, the willingness to pay was set to EUR 0/
QALY, making incremental NMB equivalent to incre-
mental costs. This analysis shows the lifetime per-patient 
cost impact of ED compared to EHL-FIX prophylaxis.

• Age of 18/60: In the probabilistic analysis, the simulated 
population included patients of different ages. In two 
scenario analyses, the baseline ages of all patients were 
set to either 18 or 60 years to assess the impact of age on 
cost-effectiveness.

• German non-disease specific utilities: In the probabilistic 
analysis, non-disease specific utilities were based on a 
study using English data [24]. In this scenario, alternative 
utilities from a quality-of-life study from Germany [41] 
were used for the baseline, sex, and age.

• Duration of maximum bleed reduction 20/30 years: In the 
probabilistic analysis, the duration of the maximum bleed 
reduction ranged from 5 to 15 years. In this scenario, the 
impact of assuming even higher values, 20 or 30 years, 
is shown.

• Bleed rate increase per year 20/30%: In the probabilistic 
analysis, the bleed rate increase per year ranged from 5% 
to 15%. In this scenario, the impact of assuming even 
higher values, 20% or 30%, is shown.

3  Results

3.1  Probabilistic and Deterministic Analysis

In the probabilistic analysis, patients treated with ED 
gained expected 0.50 discounted QALYs per patient and 
discounted expected cost-savings of EUR −1,179,829 per 
patient compared with EHL-FIX prophylaxis. The incremen-
tal discounted NMB amounted to EUR 1,204,840 for ED, 
which dominated EHL-FIX prophylaxis. Table 2 shows both 
probabilistic and deterministic results, the latter providing a 
reference point for the deterministic sensitivity analyses. The 
distribution of outcomes across the individual patients in the 
deterministic analysis can be found in the ESM appendix 
(Sect. 3.2, “Outcome distribution of individual patients”).

The lower costs from the ED strategy mainly resulted 
from savings in EHL-FIX, despite patients switching treat-
ments to EHL-FIX prophylaxis if their ABR exceeded 
the threshold of 4 (Table 3). These savings exceeded the 
additional cost of EUR 1,500,000 of the gene therapy sub-
stantially. The costs for hospitalization and surgery were 
relatively minor in both arms, though somewhat higher for 
EHL-FIX prophylaxis due to the higher bleed rate.

Most simulations showed a QALY benefit between 0 
and 1 and cost savings of EUR 0–3 million in favour of ED 
(Fig. 1). ED dominated EHL-FIX prophylaxis in almost all 
simulations (97.95%) despite substantial uncertainty in input 
variables.

3.2  Univariate Sensitivity Analysis

The maximum bleed reduction period of ED had the larg-
est impact on incremental QALYs, as this determined for 
how long patients would experience the lower bleed rate of 
the gene therapy before switching treatments (Fig. 2). The 
second most important parameter was the relative bleed 
reduction of EHL-FIX prophylaxis, as a higher relative 
bleed reduction lowered the amount of incremental QALYs 
in favour of ED. The most influential clinical input was the 
bleed mortality ratio, i.e. the standardized mortality ratio 
that was adjusted for the number of bleeds that patients 
experienced. The parameters of the treatments had relatively 
large impacts, whereas most utility and resource inputs were 
rather negligible.

The maximum bleed reduction period of ED had by far 
the largest impact on incremental costs, as reducing the 
bleeds for a long period would delay the treatment switch to 
EHL-FIX prophylaxis for the longest amount of time. The 
maximum bleed reduction period was followed by the other 
treatment parameters of ED, as a more effective treatment 
lowered the costs by lowering the need for on-demand EHL-
FIX to treat bleeds and hospitalizations.
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3.3  Scenario Analyses

In the base case, a price of EUR 1.5 million per treatment 
with ED was assumed (Fig. 3). This price was varied to 
determine at what price ED ceased to be cost-effective. It 
was found that the incremental NMB remained positive up 
to a price of approximately EUR 2.75 million. In the base 
case, the cost of EHL-FIX was EUR 1.70 per IU. This price 
was varied to determine by how much the price of EHL-FIX 
could decrease before ED ceased to be cost-effective. It was 
found that the incremental NMB remained positive as long 
as the approximate cost per IU was at least EUR 0.85.

Table 4 shows the results of the discrete scenarios. Sev-
eral scenarios (bleed disutility for 7 days, 5 x costs per day 
in ICU, cost-minimization, age 18, and German non-dis-
ease specific utilities) only had a very limited impact on the 
results. The following scenarios had greater impacts:

• No treatment switching: When patients did not switch 
treatments after ED effectiveness waned, treatment with 
ED led to less instead of more QALYs than EHL-FIX 
prophylaxis, such that ED was no longer dominant, but 
instead in the south-west quadrant of the cost-effective-

Table 2  Probabilistic and deterministic results

The assumed willingness to pay was 50,000 EUR/QALY
ED etranacogene dezaparvovec, EHL-FIX extended half-life factor IX, ICER incremental cost-effectiveness ratio, NMB net monetary benefit, 
QALY quality-adjusted life year

Treatment Life years per 
patient

QALYs per 
patient

Costs (EUR) per patient NMB (EUR) per patient ICER

Discounted probabilistic
 ED 20.23 17.01 5,247,830 − 4,397,112 Dominant
 EHL-FIX prophylaxis 19.87 16.51 6,427,660 − 5,601,952 Dominated
 Difference 0.36 0.50 − 1,179,829 1,204,840 –

Discounted deterministic
 ED 20.39 17.17 5,223,105 − 4,364,641 Dominant
 EHL-FIX prophylaxis 19.90 16.57 6,444,970 − 5,616,597 Dominated
 Difference 0.49 0.60 − 1,221,865 1,251,956 –

Undiscounted deterministic
 ED 34.40 28.34 9,211,920 − 7,794,912 Dominant
 EHL-FIX prophylaxis 33.56 27.36 10,838,802 − 9,470,657 Dominated
 Difference 0.84 0.98 − 1,626,882 1,675,745 –

Table 3  Discounted costs 
(in EUR) in the probabilistic 
analysis broken down by 
category, per patient and 
averaged across all patients

ED etranacogene dezaparvovec, EHL-FIX extended half-life factor IX

Treatment ED EHL-FIX prophylaxis EHL-FIX to 
treat bleeds

Hospital Surgery Total

ED 1,500,000 3,458,966 253,947 34,779 138 5,247,830
EHL-FIX Prophylaxis 0 6,012,764 364,564 50,104 228 6,427,660

Fig. 1  Scatterplot of the probabilistic analysis. Each blue dot repre-
sents one out of 2000 simulations with a random draw of the proba-
bilistic parameters and 100 patients per simulation, showing the mean 
QALY and cost difference of those 100 patients. The black diamond 
represents the mean of all simulations. QALY quality-adjusted life 
year
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Fig. 2  Tornado diagram showing the influence of individual, uncer-
tain parameters on the incremental outcomes between ED and FIX 
prophylaxis. The values by the ends of the bars represent the assumed 
parameter values at the lower and upper bound, using the units shown 

in Table 1 for each parameter. Panel A shows the tornado diagram for 
incremental QALYs. Panel B shows the tornado diagram for incre-
mental costs. ED etranacogene dezaparvovec, FIX factor IX, LOS 
length of stay, PS Pettersson score, QALY quality-adjusted life year
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ness plane. Avoiding a treatment switch from ED to 
EHL-FIX led to cost savings of approximately 2,600,000 
EUR, as patients did not receive prophylactic EHL-FIX 
infusions after ED effectiveness waned. These cost sav-
ings led to a large increase in the incremental NMB, 
despite ED no longer being dominant. The incremental 
cost-effectiveness ratio was 1,814,626 EUR/QALY.

• No vial sharing: Incremental costs decreased by about 
EUR 200,000 in favour of ED, as EHL-FIX prophylaxis 
became more expensive when IU were wasted due to the 
lack of vial sharing.

• Age of 60: Incremental QALYs increased by 0.46, but 
the cost savings from ED were reduced by about EUR 
400,000, which in turn also reduced the NMB. The 
increased incremental effectiveness occurred as patients 
lived a longer percentage of their remaining lives with 
the maximum bleed reduction from ED. At a higher 
age, reducing the number of bleeds also prevented more 
excess mortality. Despite the lower cost savings, ED 
remained dominant in older patients.

• Duration of maximum bleed reduction 20/30 years: 
Increasing the duration with which ED reduced the 
bleed rate at its maximum effectiveness increased the 
incremental QALYs by about 0.3 QALYs at 20 years 
and about 0.6 QALYs at 30 years. It increased the cost 
savings of ED by about EUR 1,500,000 at 20 years and 
EUR 2,500,000 at 30 years, as it delayed the treatment 
switching of patients. These scenarios greatly increased 
the INMB, showing the high relevance of this parameter 
for the cost-effectiveness of ED.

• Bleed rate increase per year 20/30%: Increasing the 
bleed rate increase per year, once the effectiveness of 
ED begins to wane, slightly lowered the incremental 
QALYs, and lowered the incremental costs by about EUR 
150,000, as it made ED patients treatment switch slightly 
earlier.

4  Discussion

The results showed that ED has the potential to be cost-
effective and dominant in comparison to EHL-FIX prophy-
laxis in Germany at the assumed price of EUR 1,500,000 
per dose. This result is mainly driven by the avoided EHL-
FIX costs over patients’ lifetime horizon. Under the model’s 
assumption of temporary treatment benefits, cost-effective-
ness was not very sensitive to decreases in patient age. The 
greatest amount of uncertainty arose from the properties of 
ED itself. In particular, the duration of maximum effective-
ness had a large impact on both effectiveness and costs. The 
earlier the effect of ED begins to wane and bleed rates begin 
to increase, the more its cost-effectiveness would deteriorate.

As both ED and EHL-FIX prophylaxis are highly expen-
sive treatments, it could be beneficial for health care sys-
tems to reduce the overall cost of treating haemophilia. The 
prices of coagulation factors have remained very high, and 
it is unlikely that these high prices are driven purely by 
high manufacturing costs [42]. If the price of EHL-FIX fell 
below a certain threshold, the price of ED would also need 
to decrease under the assumed 1,500,000 EUR, for ED to 
remain cost-effective. Competition from gene therapies may 
drive EHL-FIX prices down, providing a chance to make 
treatment for HB more cost-effective as a whole. This could 
especially hold true if non-viral vectors could be employed 
in future gene therapies, reducing the immune response and 
allowing for patients to be potentially re-treated if effective-
ness wanes [43], thereby reducing the need for EHL-FIX 
prophylaxis further. Even though SHL-FIX products cost 
less per IU than EHL-FIX, when the recommended dos-
ages of IU/kg of body weight are also considered, the mean 
annual costs per year are similar for both types of factor 
products in Germany [12]. The main results should therefore 
hold for both SHL- and EHL-FIX. The cost calculations 
for the considered FIX products are included in the ESM 
appendix (Sect. 5. “FIX prices Germany”).

Health care payers may have concerns about paying large 
sums up-front for gene therapies if the long-term effective-
ness is uncertain and not currently supported by robust evi-
dence. Performance-based pricing models could be a solu-
tion to this dilemma, as manufacturers could agree to be paid 
for every year in which the ABR of a patient stays below 
a pre-determined threshold without the need for EHL-FIX 
prophylaxis, up to an agreed-upon maximum price. In this 
manner, some of the risk could be transferred from health 
care payers to manufacturers, while still rewarding the cost-
saving potential of ED when setting the price. Such pricing 
models would also allow the adjustment of ED fees after 
future price decreases of EHL-FIX products.

A prior cost-effectiveness study of gene therapy for HB 
also found adeno-associated virus gene therapy to be cost-
effective at a price of USD 2,000,000 and a willingness 
to pay of USD 150,000 QALY for the United States [44]. 
Similar to our results, the majority of the cost-effectiveness 
stemmed from a reduction in costs compared to EHL-FIX 
prophylaxis. The Institute for Clinical and Economic Review 
found ED to be dominant at a price of USD 4,000,000 com-
pared with EHL-FIX prophylaxis in the United States, again 
primarily due to cost savings [45]. Both studies showed rela-
tively minor incremental effectiveness but large cost sav-
ings due to gene therapy for HB when compared with EHL-
FIX prophylaxis, despite making some different modelling 
assumptions than the current study. These studies and ours 
therefore all support similar conclusions.

The cost-effectiveness of a gene therapy for spinal mus-
cular atrophy, onasemnogene abeparvovec (Zolgensma), has 
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Fig. 3  Relationship between treatment prices and the incremental 
NMB. Panel A shows the relationship between ED price and incre-
mental NMB. Panel B shows the relationship between EHL-FIX 

price and incremental NMB. ED etranacogene dezaparvovec, EHL-
FIX extended half-life factor IX, IU international unit, NMB net mon-
etary benefit
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also been debated due to the high price per dose. A Dutch 
study found that while Zolgensma promised large QALY 
gains over its comparators, it was also far more expensive, 
and that its price should not exceed EUR 680,000 [46]. 
On the other hand, a study from the United States found 
Zolgensma to be cost-effective at the list price of USD 
2,125,000 [47]. However, the comparators for Zolgensma are 
far less expensive than the standard-of-care for HB, which 
makes it difficult to compare to ED. Haemophilia seems 
likely to be a special case, and is not necessarily comparable 
to other gene therapies in this regard.

This study has multiple limitations. All model inputs 
were drawn from the literature and selected with the help of 
clinical expert opinion, as the authors did not have access to 
individual patient data from clinical trials or other primary 
data sources. Two of the effectiveness parameters for ED, 
the duration of the maximum bleed reduction and the bleed 
rate increase per year, had to be assumed based on highly 
limited evidence, and clinical expertise by the authors. Vari-
ous assumptions had to be made when interpreting ABRs 
and calculating relative bleed reductions in order to make 
multiple sources of evidence cohere in the model. It was 
not possible to adjust for different patient characteristics in 
different sources of evidence, or to consider the covariance 
of most parameters, meaning that the uncertainty in our 
model may be overestimated. This is especially the case for 
the independently sampled ABRs, as there is no evidence 
providing randomized data for a comparison of untreated 
patients with ED. The results generally showed little impact 
of quality of life on the incremental QALYs, but this may 
be due to gaps in the quality-of-life data for haemophilia, 
particularly haemophilic arthropathy. The limited evidence 
on haemophilic arthropathy also affected the modelling of 
joint surgery, where we made a simplifying assumption that 
joint surgery only occurred a single time when arthropathy 

reached a threshold, even though this could occur multiple 
times, especially for different joints. Although the effect of 
EHL-FIX infusions on quality of life was included in the 
model, a reduction of the bleeds to a very low level could 
have an additional positive effect on anxiety and stress [48], 
but no estimate for this effect exists in the literature. The 
haemophilia-specific utility parameters required for this 
model could not be sourced specifically for Germany. Any 
between-country differences we could not account for may 
have influenced the results in an unknown direction, though 
we do not have any evidence for the magnitude of these dif-
ferences. Based on the low impact of utility parameters in 
the sensitivity analyses, we do not expect that this potential 
bias would have major implications for the results. Finally, 
resource inputs could not be sourced specifically for Ger-
many, and not all potential resources, such as general practi-
tioner visits, specialist visits, or some diagnostic tests, could 
be included, due to a lack of data. In light of the dominance 
of EHL-FIX costs in the model, the lack of consideration of 
these more minor sources of costs should not have substan-
tially distorted the final results.

Once more evidence on the long-term effectiveness of 
viral gene therapies becomes available, it may be possible to 
update this model. Similarly, it may be possible to add more 
treatment strategies for a richer analysis. The R code for the 
microsimulation is uploaded to GitHub (https:// github. com/ 
Nikla usMei er/ HB_ CE_ micro simul ation), and we encourage 
further development in this direction.

In conclusion, this study showed that while there is con-
siderable uncertainty regarding the costs and effects of treat-
ments for haemophilia, ED was dominant over EHL-FIX 
prophylaxis under a wide range of modelling assumptions 
and parameter values. This result could inform reimburse-
ment decisions by health care payers, while also keeping in 

Table 4  Discrete scenarios in 
comparison with the base case

Scenario Incremental 
QALYs

Incremental 
costs (EUR)

Incremental 
NMB (EUR)

Base case 0.60 − 1,221,865 1,251,956
Scenario 1: Bleed disutility for 7 days 0.70 − 1,220,323 1,255,201
Scenario 2: 5× costs per day in ICU 0.60 − 1,284,488 1,314,729
Scenario 3: No treatment switching − 2.11 − 3,820,967 3,715,685
Scenario 4: No vial sharing 0.60 − 1,408,901 1,438,997
Scenario 5: Cost-minimization 0.60 − 1,224,395 1,224,395
Scenario 6: Age 18 0.32 − 1,214,186 1,230,380
Scenario 7: Age 60 1.06 − 798,867 851,760
Scenario 8: German non-disease specific utilities 0.63 − 1,220,343 1,251,900
Scenario 9: Duration of maximum bleed reduction 20 years 0.94 − 2,763,515 2,810,684
Scenario 10: Duration of maximum bleed reduction 30 years 1.21 − 3,721,010 3,781,356
Scenario 11: Bleed rate increase per year 20% 0.49 − 1,085,734 1,110,341
Scenario 12: Bleed rate increase per year 30% 0.47 − 1,058,804 1,082,414

https://github.com/NiklausMeier/HB_CE_microsimulation
https://github.com/NiklausMeier/HB_CE_microsimulation
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mind the fact that both treatment options are highly expen-
sive and a burden on health care systems.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41669- 024- 00480-z.
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