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Abstract

Background and objectives Motor Neuron Diseases (MND) are rare diseases but have a high impact on affected individuals
and society. This study aims to perform an economic evaluation of MND in Germany.

Methods Primary patient-reported data were collected including individual impairment, the use of medical and non-medical
resources, and self-rated Health-Related Quality of Life (HRQoL). Annual socio-economic costs per year as well as Quality-
Adjusted Life Years (QALYs) were calculated.

Results 404 patients with a diagnosis of Amyotrophic Lateral Sclerosis (ALS), Spinal Muscular Atrophy (SMA) or Heredi-
tary Spastic Paraplegia (HSP) were enrolled. Total annual costs per patient were estimated at 83,060€ in ALS, 206,856€ in
SMA and 27,074€ in HSP. The main cost drivers were informal care (all MND) and disease-modifying treatments (SMA).
Self-reported HRQoL was best in patients with HSP (mean EuroQoL Five Dimension Five Level (EQ-5D-5L) index value
0.67) and lowest in SMA patients (mean EQ-5D-5L index value 0.39). QALY for patients with ALS were estimated to be
1.89 QALYs, 23.08 for patients with HSP and 14.97 for patients with SMA, respectively. Cost-utilities were estimated as
follows: 138,960€/QALY for ALS, 525,033€/QALY for SMA, and 49,573€/QALY for HSP. The main predictors of the high
cost of illness and low HRQoL were disease progression and loss of individual autonomy.

Conclusion As loss of individual autonomy was the main cost predictor, therapeutic and supportive measures to maintain
this autonomy may contribute to reducing high personal burden and also long-term costs, e.g., care dependency and absen-
teeism from work.

Keywords Motor Neuron Disease (MND) - Cost of illness (COI) - Health-related Quality of Life (HRQoL) - Quality-
adjusted life years (QALYSs) - Socio-economic burden - Cost-utilities

Background

Motor Neuron Diseases (MND) are progressive diseases,
that include the involvement of either upper, lower or both
types of motor neurons [1]. MND are rare diseases with
an estimated prevalence of 6.65/100.000—7.69/100,000
[2] and an incidence of 1.55/100,000—1.75/100,000 peo-
ple per year [2] in the western world and cause severe dis-
ability. MND such as Amyotrophic Lateral Sclerosis (ALS)
and Spinal Muscular Atrophy (SMA) result in a reduced
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life expectancy and have recently been estimated to cause
a high socio-economic burden [3-5]. Other MND, such
as Hereditary Spastic Paraplegia (HSP), do not necessar-
ily influence life expectancy [6]. Patients have to deal with
physical, more often than mental, progressive disability
in their lives [3] and rapid disease progression alongside
the loss of individual autonomy. This leads to a progres-
sive need for intense, multi-disciplinary medical treatment
and care [7-9]. While scientific advances have recently led
to the approval of causative therapies for SMA [10-12],
approved therapeutics in ALS show a rather limited effect
on slowing down disease progression [9]. New therapeutic
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17 MND Network centers (Hannover; Munich (Technical University of Munich and
Ludwig Maximilian University of Munich): Dresden; Wirzburg; Bad
Sooden-Allendorf, Bochum; Erlangen; Ulm; Mannheim; Halle-Wittenberg; Rostock;
Leipzig, Regensburg; Gottingen; Minster; and Essen) passed out n=1147 questionnaires

Exclusion criteria:

Inclusion criteria:

« Cognitive impairment that did not allow patients to fill in the
questionnaire

« Having an additional severe motor function imparing disease

« Residency outside Germany to the revised EI Escorial critera or another MND

« Patients were too impaired/impacted by the disease fo fill in the Ability to fill in the questionnaire by themselves, or by help of a
questionnaire proxy

« Patients participating in an interventional study simultaneously

German-speaking patients
Clinically possible, probable and definite ALS diagnosis according

Y
A

Y

n = 404 guestionnaires were returned to the
principal investagation site at Hannover
Medical School for data evaluation

2

MND Diagnoses:

Amyotrophic Lateral Sclerosis (ALS), n = 325
Primary Lateral Sclerosis (PLS),n=7
Spinobulbar Muscular Atrophy (SBMA), n =6
Progressive Bulbar Palsy (PBP),n=9
Spinal Muscular Atrophy (SMA), n = 37
Hereditary Spastic Paraplegia (HSP), n =20

Y
All patients with either ALS, SMA or HSP

age (years) 60.9 (59.5-62.3)

sex, female 38.6%

disease duration

(years) 7.3(62-85)

ALSFRS-R score 31.8(30.7-32.8)

EQ-5D-5L index 0.48 (0.45 - 0.52)

value
Y Y Y
SMA (n=37) ALS (n=325) HSP (n=20)
age (years) 37.7(33.4-421) age (years) 64.9(62.7 -65.2) age (years) 55.6 (50.6 - 60.3)

female 44.7% female 37.5% female 45.0%
disease duration o5 o (27.9-37.2) disease durafion - (32-42) disease duration - o (13.2-225)

(years) (years) (years)
ALSFRS-Rscore  33.4(305-363) ALSFRS-Rscore  30.9(29.8-32.1) ALSFRS-Rscore 423 (405-44.1)
EQ-5D-5Lindex 59 (0.28 - 0.50) EQ-5D-5Lindex 4o (0.44 - 0.52) EQ-5D-5Lindex oo (0.58 - 0.75)

value value value
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«Fig. 1 Enrolment criteria and patients’ characteristics. This figure
shows the criteria used to select patients for this study and their char-
acteristics. All values are shown as mean values with 95% confidence
interval or as percentage and absolute numbers. Diagnosis of ALS
was assumed as defined in the El Escorial criteria (Ludolph, A.C.;
Drory, V.; Hardiman, O. et al., A revision of the El Escorial criteria
2015. Amyotroph. Lateral Scler. Front. Degener. 2015, 16, 291-292).
Abbreviations: ALS =Amyotrophic Lateral Sclerosis, ALSFRS-
R=Revised Amyotrophic Lateral Sclerosis Functional Rating Scale
(maximum/best=48 points), EQ-5D-5L index value=EuroQol
Group Five Dimension Five Level Scale index value (minimum/
worst =-0.205, maximum/best=1.0), MND =Motor Neuron Disease,
n=number

agents such as sodium phenylbutyrate/taurusodiol are cur-
rently evaluated regarding their effect on disease progres-
sion (NCT05021536), while in phase II trials [13, 14] first
encouraging results were reported. Nevertheless, treatment
of most MND still consists of the best supportive care and
the alleviation of symptoms [9]. Innovative therapies in rare
diseases are associated with high costs, so that cost of illness
(CQI) studies are mandatory to serve as a basis for additional
cost—benefit evaluation [15].

This study aims to examine the socio-economic burden
and Health-Related Quality of Life (HRQoL) of MND in
Germany, based on real-world primary patient-reported data.
As socio-economic evaluations might be driven by economic
interests, this study aims to provide an independent analysis.
It will depict the current therapeutic landscape and provide
evidence for healthcare professionals regarding the best and
most cost-effective treatment. This will include reference
to current, state-of-the-art therapies, while considering the
highest achievable HRQoL. Furthermore, it provides source
data for healthcare decision makers regarding the evaluation
of future therapeutic options and can serve as a preliminary
analysis of the cost-effectiveness of care in an advanced
health system.

Methods
Patient recruitment and data collection

Patient recruitment for this exploratory multicenter cross-
sectional study took place at 17 centers within the Ger-
man Network for Motor Neuron Diseases (MND Net) [16],
between August 2018 and March 2020. 404 patients were
enrolled with the majority of patients suffering from ALS
(n=325), followed by SMA (n=37) and HSP (n=20).

Detailed inclusion and exclusion criteria, patient recruit-
ment rate, and their characteristics are shown in Fig. 1.
Using broad inclusion criteria, we aimed to avoid a selec-
tion bias.

Patients were enrolled during routine medical visits or
they were invited to participate in the study via mail. They
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were asked to complete a standardized, self-designed, and
disease-specific study questionnaire by hand or via proxy
assistance. Similar pre-tested questionnaires had been con-
ducted by analyzing disease costs of patients suffering from
SMA and Charcot-Marie-Tooth neuropathy [4, 17] and had
been used in the analyses of HRQoL and the associated car-
egiver burden of ALS [18, 19].

The questionnaire assessed primary patient data focusing
on individual impairment, self-rated HRQoL, and medical
or non-medical resource utilization. To rate patients’ disease
severity, the revised Amyotrophic Lateral Sclerosis Func-
tional Rating Scale (ALSFRS-R) with a range of 0 points
(total dependence) to 48 points (no impairment in daily
activities) [20] was used. Derived from the ALSFRS-R, the
patients with ALS were stratified according to the widely
used King’s College Staging System [21-23]. Moreover,
patients were asked for their care levels, according to the
classification within the German nursing care insurance,
indicating their need for support in the activities of daily
living (care level 1 =mild loss of individual autonomy
and consequent need for support, care level 5=individual
autonomy most severely impaired with special demands for
nursing care) [24].

Patients’ HRQoL was measured by the EuroQol Group
Five Dimension Five Level Scale (EQ-5D-5L) [25]. Depend-
ing on responses within the five dimensions (mobility, self-
care, usual activities, pain/discomfort, anxiety/depression),
the EQ-5D-5L index value was calculated, as recommended
by using the German value set (range — 0.205 = worst
HRQoL to 1.0=best HRQoL) [26].

To ensure statistical correctness, all analyses were only
performed for MND with over ten participants.

This study report was structured following Strengthen-
ing the Reporting of Observational Studies in Epidemiology
(STROBE) statement criteria [27].

Cost estimation

To estimate the socio-economic burden of MND from a soci-
etal perspective, we used a micro-costing method according
to the latest health-economic recommendations for Germany
[28, 29]. Costs were subdivided into Direct Medical Costs
(DMC), Direct Non-Medical Costs (DNMC), and Indirect
Costs (IC). Direct costs are paid by the patient, insurance,
or by third parties. As our population was set in Germany,
the insurance could be either a statutory or a private health
care provider.

DMC occur within medical treatments such as doctor
consultations, inpatient hospital care, drugs, or supportive
devices (e.g., cough-assisted interventions, communication
devices, non-invasive ventilation) and are mainly covered by
health insurances in Germany. Under special circumstances
of a so-called “Individueller Heilversuch” [individualized
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therapeutic approach] even drugs that are not approved by
the European Medical Agency (EMA) but in countries out-
side the European Union (EU), such as edaravone, may be
paid by the (statutory) health insurance in Germany as an
off-label treatment. DMC were estimated by valuing the uti-
lization of resources reported by patients. All resources were
subdivided into price units that were calculated following
established guidelines [28]. For occasions when the latest
2019 data were unavailable, inflation-adjusted [30] work-
ing group data for 2018 [3] were substituted. DNMC are
mainly costs related to informal care provided by relatives
or other non-trained caregivers, travel expenses, investments
in constructional alterations, and legal fees [28]. To estimate
informal care costs, we applied a substitutional approach and
asked the patients to report the time of assistance required
from a non-professional caregiver, in hours per day. This
time was substituted by the costs that would have occurred
if this assistance had been conducted by a professional
caregiver.

In contrast, IC occur due to absence from work, invalidity,
or premature death [31].

Whenever patients did not provide wage levels, average
wage levels for Germany in 2019 [32] were used. We used
the human capital approach to value the loss of productivity
due to reduced working ability [31].

As recall periods were different for some items, we
extrapolated all costs to one year, anticipating a stable
resource utilization for every patient over this time, in order
to avoid recall bias. All costs were calculated in Euros (€) for
2019 (main enquiry period). Whenever international litera-
ture with prices/costs in US Dollar ($) was used, we trans-
ferred them to Euros (€) by using the mean exchange rate
for 2019 (1 €=1.1195 US $) [33] to ensure comparability.

Estimation of Quality-Adjusted Life Years (QALYs)

QALYs are calculated by multiplying a patient’s HRQoL,
measured with the EQ-5D-5L index value, with the time
until a patient is facing a new constraint in quality of life or
death. They can therefore be understood as the area under
the curve in a plot of HRQoL against time. If the costs of a
therapy are divided by the QALYs, this can offer a measure
to compare different therapies [34].

As a rough QALY estimation for ALS, the mean
HRQoL per King’s stage was calculated and multiplied
by the mean duration of each stage [21]. Afterwards, the
QALYs per stage were added and divided by the mean
overall cost per patient. As not every individual patient
reaches King's stages 4a and 4b one after the other, but
maybe only one or the other (or none) of these, we used
a weighted average for them by taking into account the
number of patients in each stage.

For SMA and HSP, data are even more limited because
no comparable staging systems exist. To estimate QALY's
in these diseases, that were calculated based on analytical
models in previous reports [35], we assumed a steady state
of health until death and used previously reported survival
data [35]. HSP generally does not constrain life expec-
tancy and, therefore, the mean life expectancy of a healthy
age-matched German person (70.6 years) [36] was used.

Statistical analysis

Statistical analysis was performed using IBM® Statisti-
cal Software Package of Social Science (SPSS®, IBM,
Armonk, NY, USA) version 27. Demographic data and
descriptive statistics were determined using frequency
tables and exploratory data analysis. Based on the target
to identify influencing factors for both cost and HRQoL
(dependent variables), we defined independent variables
according to their clinical relevance. Those were entered
into a multiple linear regression model using a stepwise
forward selection to identify criteria with the largest effect
on the dependent variables. Therefore, an F-test was used,
including variables with an F-value <0.05 and excluding
variables with p > 0.1. The comparison of patients with
equal disease severity was ensured by including the ALS-
FRS-R score as a covariate, other common covariates such
as sex and age did not show a significant influence on
either COI nor HRQoL and were therefore neglected in
the further analyses.

As our population of patients with SMA and HSP was
too small to obtain reliable results with this type of analy-
sis, the same potential influencing factors were tested using
a Wilcoxon—Mann—Whitney Test to determine whether
an independent variable had an influence on either costs
or HRQoL. Subgroups were defined by the existence of a
dichotomous feature (yes/no) or the median value of a vari-
able. To examine whether a variable resulted in an increase
or decrease of either costs or HRQoL in patients with SMA
or HSP, the difference between the mean values of each sub-
group was calculated. Due to the small patient numbers, we
only reported tendencies (below or above zero) for these
analyses. A p-value of <0.05 (two-tailed) was considered
statistically significant. Patients with missing values were
excluded from all analyses based on respective scores or
questionnaires. Only missing values in the ALSFRS-R were
replaced. Whenever one value per dimension was missing,
we replaced it with the mean of the other values for that
particular dimension. Patients who did not fill in any value
in one dimension were excluded from all analyses based on
the ALSFRS-R.
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Results
Patients’ characteristics

Patients’ characteristics are shown in Fig. 1 and Table 1. In
total, 404 patients were included in this analysis. Patients
with ALS represented the greatest cohort that was rep-
resentative according to age, sex, subtype, and regional
distribution throughout all participating centers [18]. The
mean ALSFRS-R score was 30.9 in patients with ALS
and highest in patients with HSP (42.3), while the mean
disease duration from symptom onset differed from 3.7
(ALS) to 32.6 years (SMA) (Fig. 1). Accounting for the
mean age (37.7 years) of our SMA study population, most
patients demonstrated a later-onset SMA (disease onset at
age > 6 months) [37]. Responses showed that only 32.7%
of our total patient population faced minor restraints in
their autonomy as they did not have a care level (Table 1).
Patients with impaired autonomy were moderately to
severely affected (51.3% with care levels 3-5), while
38.1% needed the permanent attendance of a caregiver.
Evidence supported that 28.5% of all patients had lost their
ability to work due to their disease. Additionally, 18.7%
of the patient population faced a loss of income due to
reduced working ability. Health-related costs were primar-
ily paid by insurances or third parties, but patients spent
7.9% of the total COI themselves (data not shown).

Cost estimation

The complete results of our cost analysis are shown in
Table 2. Total COI added up to 83,060€ (ALS), 206,856€
(SMA), and 27,074€ (HSP). As shown in Fig. 2, the main
cost drivers in patients with ALS and HSP were DNMC
and were primarily a result of informal care or disability-
adjusted improvements to the living environment (infor-
mal care accounting for 41.1% of total COI in patients
with ALS and 28.2% of total COI in patients with HSP).
The highest costs for SMA were related to drug treatment
(66.3% of total COI). This difference can be explained by
the high proportion of patients with SMA treated with
nusinersen (60.5%, n=23), while only 2.5% (n=8) of the
ALS population received more costly drugs such as edara-
vone. IC contributed to 16.4% (ALS) and 11.9% (HSP) of
total COI, respectively. In SMA, IC caused 3.3% of total
COL. This shows the different issues that patients are fac-
ing in various MND. Results showed that 10.8% of the
patients with SMA needed to retire due to their disease
progression and 59.5% were currently working, while in
ALS only 16.2% of the patients were able to work and
32.1% needed to retire. As shown in Fig. 3, costs related
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to patients with ALS rose with disease progression. In
higher disease stages, informal and formal care costs
were responsible for more than 55% of total COI (King’s
stage 3 and above). In contrast, costs for drugs were lower
with progressive stages of the disease which was in line
with the observation that the majority of patients (62.5%)
receiving more costly drugs (such as edaravone) were in
lower disease stages.

Health-related quality of life (HRQoL)

Patients with HSP reported the best HRQoL (mean EQ-
5D-5L index value 0.67), while patients with SMA regis-
tered a lower HRQoL (mean EQ-5D-5L index value 0.39).
The HRQoL of patients with ALS was in the middle of these
results (mean 0.48).

Estimation of quality-adjusted life years (QALYs)

Standardized time periods for disease progression in patients
with ALS have been previously investigated for predefined
clinical stages [21]. Accordingly, patients reach King’s stage
2 after 17.7 months, stage 3 is reached after 23.3 months,
stage 4a after 27.7 months, and stage 4b after 30.3 months,
from disease onset, while death occurs after an average
of 42.3 months. Taking into account the mean EQ-5D-5L
index value per King’s stage (data not shown), we were able
to calculate a total of 1.89 QALYs for patients with ALS
after disease onset. For late-onset SMA, recent research has
reported a life expectancy of 38 years from disease onset
[35]. Applying the mean EQ-5D-5L index value of 0.39,
this added up to 14.82 QALYs left for a patient with SMA
at the time of disease onset. HSP is not likely to be associ-
ated with premature death [38]; therefore, we calculated the
disease duration using the mean general life expectancy in
Germany at disease onset, as described above. With a mean
disease duration of 34.6 years until death, we estimated a
total of 23.18 QALY's for HSP.

Based on the annual COI, cost-utilities were valued at
138,960€/QALY for ALS, 525,044€/QALY for SMA, and
40,573€/QALY for HSP.

Influencing factors on costs and HRQoL

The results of the linear regression analyses are shown in
Tables 3 and 4.

First, we focused on the ALS patients’ results. The larg-
est negative impact on HRQoL in ALS was observed when
the patients needed to use care aids, as they indicated a
more severe disease status. This finding was in line with a
higher dependency, as signified by a higher care level, the
permanent need of presence of a caregiver, and the need of
informal care. These circumstances were associated with
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Table 1 Demographical data and use of resources of the healthcare system

Characteristics Percentage or mean (95% CI)
All patients (n=404) ALS (n=325) SMA (n=37) HSP (n=20)
Age at disease onset, years (n=399) 53.4 (51.2—55.5) 60.2 (58.5—61.5) 5.2(2.4—-79) 36.0 (30.0—41.9)
Body mass index (n=402) 24.0 (23.6—24.5) 24.1 (23.7—24.6) 22.3(20.2—24.3) 25.6 (23.9—27.3)
Health insurance, statutory (n =404) 85.6 85.5 92.1 75.0
King’s stage (n=325)
1 17.5
2 21.5
3 255
4a 74
4b 28.0
Care level (n=382)
None 32.7 30.6 342 65.0
1 2.4 22 0.0 10.0
2 13.6 13.9 10.2 15.0
3 19.1 20.7 13.2 5.0
4 17.0 17.6 21.1 0.0
5 15.2 15.1 21.1 5.0
Permanent (24/7) attendance of a caregiver necessary (n=2382) 38.1 40.3 37.8 5.0
Time consumption for informal care per month, hours (n=404) 251 (209—292) 260 (223—295) 104 (22—194) 389 (-99—945)
Occupational situation (n=365)
Currently working 23.6 16.2 59.5 70.0
Unemployable due to disease 28.5 32.1 10.8 5.0
Retired, unemployed, student, et cetera 47.9 51.6 29.7 25.0
Needed to change job 8.5 9.8 5.6 7.7
Loss of income 18.7 20.9 15.8 154
Use of... (n=404)
Drugs 86.4 91.7 47.4 75.0
Outpatient physician consultations 87.2 89.2 71.1 85.0
Inpatient hospital treatment 44.6 44.6 65.8 5.0
Informal care 71.3 80.0 65.8 55.0
Professional outpatient care 39.7 39.4 50.0 25.0
Residential or semi-residential care 29 2.7 0.0 10.0
Rehabilitation (in- and outpatient) 20.9 21.5 2.6 45.0
Psychological support 9.3 10.5 0.0 5.0
Use of further therapies (n=404) 92.1 94.1 75.5 90.0
Physiotherapy 79.6 80.3 73.7 80.0
Occupational therapy 48.3 54.8 13.2 10.0
Speech therapy 45.2 52.0 53 10.0
Respiratory therapy 8.1 9.5 0 0
Others 15.9 16.3 132 15.0
Use of supportive devices (n=404)
Daily living aids 26.2 272 26.3 10.0
Mobility aids 68.1 67.8 71.1 75.0
Respiratory aids 25.8 28.3 28.6 0.0
Care aids 55.9 574 63.2 20.0
Communication aids 28.2 30.9 18.4 5.0
Feeding tube 11.0 12.9 0 0

Care levels correspond to a classification within the German nursing care insurance, indicating the individual need for support in the activities of
dailys living (care level 1 =mild loss of individual autonomy and consequent need for support, care level 5 =individual autonomy most severely
impaired with special demands for nursing care) [24]. All percentages were rounded to one decimal place and therefore might not exactly add up
to 100. Due to the small number of patients with either SMA or HSP, we did not adjust for outliers and thus the comparability of the informal
care provided by caregivers in patients with HSP is limited. Respiratory aids include non-invasive ventilation (n=_82/20.3% of all patients) and
invasive ventilation via tracheostomy (n=15/3.7% of all patients)
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Table 1 (continued)

ALS Amyotrophic Lateral Sclerosis, CI Confidence Interval, HSP Hereditary Spastic Paraplegia, King’s stage King’s College Staging System, n

number, SMA Spinal Muscular Atrophy

Table 2 Total cost of illness (COI) of ALS, SMA and HSP

ALS SMA HSP
mean cost  (95%-CI, €) percent of mean cost  (95%-CI, €) percent of mean cost  (95%-CI, €) percent of
per year total COI  per year total COI  per year total COI
O © ©)
DMC 33,027 (27,140- 39.8 166,242 (120,213- 80.5 12,955 (900-25,010) 47.9
38,914) 212,634)
Formal care 8450 (4339-12,561)  10.2 20,312 (5051-35,564) 9.8 887 (48-4945) 33
Further thera- 6425 (5709-7140) 7.7 2759 (1875-4447) 1.3 2560 (1961-4945) 9.5
pies
Drugs 6327 (3365-9228) 7.6 137,118 (91,479- 66.3 249 (55-436) 0.9
283,756)
Hospitalization 5412 (4119-6626) 6.5 2767 (1358-3999) 1.3 4202 (—4539to 15.5
12,996)
Supportive 2686 (2209-3162) 32 2464 (1401-3527) 1.2 840 (143-1537) 3.1
devices
Inpatient reha- 1191 (917-1310) 1.4 154 (— 158-465) 0.1 2776 (1076-4476) 10.3
bilitation
Outpatient 1129 (918-1339) 1.4 711 (388-1033) 0.3 529 (137-920) 2.0
physician
consultations
Psychological ~ 222 (112-333) 0.3 0 0 0.0 0 0 0.0
support
Surgery 172 (121-224) 0.2 312 (192-432) 0.2 20 (— 11 to 50) 0.1
DNMC 37,488 (33,083- 45.1 40,217 (24,706— 19.4 10,886 (1638-20,135)  40.2
41,893) 55,729)
Informal care 34,122 (29,901- 41.1 28,527 (13,246— 13.8 7644 (566-14,723) 28.2
38,341) 37,719)
Construction 2176 (1635-2746) 2.6 10,316 (4814-15,817) 5.0 1814 (262-3367) 6.7
alterations
Travel expenses 1127 (617-1637) 1.4 1278 (147-2410) 0.6 1395 (—489-3278) 52
Legal support 13 (1-25) 0.0 43 (— 12-98) 0.0 33 (- 36-103) 0.1
Indirect costs 13,583 (10,935- 16.4 6856 (1368-12,360) 3.3 3233 (—1896-8362) 11.9
16,232)
Total COI 83,060 (74,919- 100.0 206,856 (151,357- 100.0 27,074 (9937-44,617)  100.0
91,199) 262,356)

ALS Amyotrophic Lateral Sclerosis, CI Confidence interval, COI Cost of illness, DMC Direct Medical Costs, DNMC Direct Non-Medical Costs,
HSP Hereditary Spastic Paraplegia, SMA Spinal Muscular Atrophy. As the mean cost per category was calculated from the patient-reported data
and not as the aggregation of the mean values of the subcategories (e.g., formal care), percentages do not necessarily add up to 100%

a cost increase and reduced HRQoL. A reduction in total
COI occurred when patients were equipped with daily liv-
ing aids, indicating higher independency. Lower disease
severity, demonstrated by higher ALSFRS-R scores, was
associated with higher HRQoL and lower socio-economic
costs, while the need for formal care was also affiliated
with higher costs. Retirement due to the disease was con-
nected to higher costs and improved HRQoL. For patients
with a comparable disease severity, ventilation (especially
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non-invasive ventilation) improved HRQoL, without being
arelevant cost influencer, while tracheostomy increased dis-
ease costs. Moreover, the use of a feeding tube and speech
therapy significantly increased the individual HRQoL. Other
factors, such as the use of mobility aids (e.g., wheelchairs),
showed no significant influence on total COL

The same variables were included to investigate pre-
dictors of costs and HRQoL in SMA and HSP (Table 4).
Similar to our findings in ALS, care dependency was
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Fig.2 Cost proportions in rela- 100%
tion to the total COL. Differ-
ent MND resulted in different
relations of costs as compared
90%

to the total COI. Nevertheless,
DNMC such as informal care
was found to be the major cost
driver in ALS and HSP (SMA: 80%
drugs). To ensure clarity in this

figure we did not number cost

proportions under five percent.
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associated with decreased HRQoL and increased costs.
The same effects were observed as soon as patients with
SMA became dependent on the permanent attendance of a
caregiver. Comparatively, increased HRQoL and decreased
costs were connected to care dependency in patients
with HSP. For SMA, the use of aids was affiliated with
increased costs and decreased HRQoL, whereas this was
not observed for patients with HSP, who seemed to benefit
from physiotherapy. On the contrary, physiotherapy was
associated with elevated costs, but not HRQoL in patients
with SMA. Therapy with nusinersen and inpatient hos-
pital care was associated with elevated costs in SMA but
showed no significant influence on HRQoL. Additionally,
high costs of patients with HSP were associated with for-
mal care, rehabilitation, and a high number of outpatient

§\\ \

HSP
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SMA
Drugs
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m Psychological support m Surgery
Construction alterations u Travel expenses

# Indirect costs

physician consultations, while these factors also seemed
to enlarge HRQoL. Disease severity, as measured by the
ALSFRS-R, had no influence on the costs or HRQoL of
patients with either SMA or HSP.

Discussion

Our study provides an analysis of socio-economic costs and
HRQoL for different MND. Estimations of QALY's are rare
for ALS and HSP, but can provide important evidence for
decision makers regarding upcoming pharmaceutical [13,
39] and non-pharmaceutical therapies of MND. Our data
can be understood as an assessment basis for further cost-
effectiveness studies and payer negotiations.

@ Springer
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Fig.3 Mean costs per patient 120,000
with ALS per year in Euros (€)
stratified by disease stages. We
observed increasing costs, espe-
cially for formal and informal
care, and hospitalization, with
an increase of disease severity.
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This study revealed annual costs per patient of 83,060€
for patients with ALS, 206,856¢€ for patients with SMA and
27,074¢€ for patients with HSP. Particularly in ALS, costs
notably increased with disease progression while HRQoL
decreased. With a total population of 83,166,700 inhabit-
ants in Germany (2019) [40] and a prevalence of 8/100,000
[41] for ALS, 1-2/100,000 [42] for SMA and approximately
3/100,000 [43] for HSP, a total COI of these MND in Ger-
many per year add up to 964,247,432€ (ALS: 552,628,049¢€,
SMA: 344,070,184€, HSP: 67,548,892€). These high costs
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are mainly driven by informal care, new pharmaceutic treat-
ments, as well as indirect costs.

COI has been previously examined for ALS in Germany
in a monocentric study [3]. Compared to this analysis, our
cost estimation is slightly higher 83,060€ versus 78,256€
[3]). Besides general price increases, this may be due to the
larger patient population representing a wider cross-section
of the complete population with ALS in Germany and the
enrolment of patients under (more costly) off-label edara-
vone therapy.
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Table 3 Linear regression analysis of influencing variables on costs and HRQoL of patients with ALS
Total costs (COI) (regression coefficient b, 95% CI and std. error in €)
Independent variable regression coef-  (95% CI) std. error T p-value
ficient b
Edaravone therapy 171,473 (133,947-209,000) 19,063 8.995 <0.001
Tracheostomy 60,650 (28,456-92,844) 16,354 3.709 <0.001
Retirement due to disease 38,851 (25,451-52,250) 6,807 5.708 <0.001
Permanent attendance of a caregiver necessary 34,347 (19,822-48,472) 7,378 4.655 <0.001
Use of formal care 25,668 (12,372-38,964) 6,754 3.800 <0.001
Use of daily living aids — 16,882 (- 30,207—- 3,558) 6,769 —2.494 0.013
Disease onset (per year) - 607 (= 1,109—- 104) 255 —2.378 0.018
ALSFRS—- R score (per increase of one point) —-2,108 (- 2930—-— 1,286) 418 —5.047 <0.001
HRQoL (EQ-5D-5L index value)
Independent variable regression coef-  (95% CI) std. error T p-value
ficient b
Use of feeding tube 0.161 (0.086-0.235) 0.038 4.256 <0.001
Use of speech therapy 0.097 (0.053-0.141) 0.022 4.379 <0.001
Non-invasive ventilation 0.082 (0.029-0.135) 0.027 3.022 0.003
Retirement due to disease 0.05 (0.003-0.097) 0.024 2.115 0.035
ALSFRS-R score (per increase of one point) 0.016 (0.012-0.020) 0.002 8.342 <0.001
Care level (per care level) —0.032 (= 0.050—-0.014) 0.009 —3.442 0.001
Use of informal care —0.087 (= 0.174—- 0.028) 0.030 —2.878 0.004
Permanent attendance of a caregiver necessary —0.099 (= 0.154—-0.044) 0.028 -3.529 <0.001
Use of care aids —-0.174 (—0.228—-0.119) 0.028 —6.302 <0.001

The following variables were included in the model by their clinical importance: ALSFRS-R score, disease duration, age at disease onset, sex,
underweight (body mass index <20 kg/m?), care level, formal care, informal care, permanent attendance of a caregiver necessary, retirement due
to disease, need to reduce working hours, self-reported personal impairment due to disease (patients were asked whether they felt impaired in
their daily life by the disease), use of daily living aids, use of mobility aids, use of care aids, use of communication aids, non-invasive ventila-
tion, tracheostomy, feeding tube, inpatient hospital care, rehabilitation, number of outpatient physician consultations, use of physiotherapy, occu-
pational therapy, speech therapy, inpatient care, informal care and off-label edaravone therapy. All variables that are not shown in this table had
no significant influence on HRQoL and costs. ALS Amyotrophic Lateral Sclerosis, ALSFRS-R Revised Amyotrophic Lateral Sclerosis Functional
Rating Scale, COI Cost of illness, CI Confidence Interval, EQ-5D-5L EuroQoL Five Dimensions Five Levels, HRQoL Health-Related Quality of

Life, kg/m’ kilograms per square meters, std. standard

In international research on COI of MND different meth-
ods, perspectives and health care systems limit the compara-
bility between studies, e.g., as compared to a recent research
from the United Kingdom [23].

In comparison to recent British and German analyses in
ALS [3, 23], our patients reported a lower HRQoL. This
might result from cultural differences in rating quality of life,
but also from our multi-center study design, as it included
patients from urban areas with good access to healthcare
system resources, and rural areas where the permanent avail-
ability of highly specialized therapists might be rare. Moreo-
ver, study cohorts’ characteristics like the patient proportion
in the different disease stages seem to play an important role
in the comparability of HRQL results [44].

The use of care aids was associated with lower HRQoL
in our study, even when comparing patients with similar
ALSFRS-R scores. A possible explanation might be a high
individual dependency that is indicated by such aids. This

hypothesis is supported by the additional negative influ-
ence of having a care level and the need of informal care
on HRQoL. Other previously identified predictors of better
HRQoL, such as the use of mobility aids, age or tracheos-
tomy, showed no influence on HRQoL of patients with ALS
in this study. This may be explained by different sample
sizes and the use of different questionnaires to rate HRQoL.
Nevertheless, we were able to confirm other predictors of
a higher HRQoL such as the use of non-invasive ventilator
support, a feeding tube in order to maintain patients’ ali-
mentation, and the use of speech therapy [18, 45]. Astonish-
ingly, retirement due to ALS was found to be associated with
higher HRQoL in our study. This may depict that carrying
on a profession may be burdensome in ALS.

Regarding SMA, a recent Swedish study reported the
COI of patients undergoing nusinersen treatment based
on mathematical models [35]. In our study, we used real-
world patient data and included only adults which resulted

@ Springer
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Table 4 Analysis of influencing variables on costs and HRQoL for SMA and HSP patients

Total costs (COI)
SMA HSP
Independent variable p-value tendency in difference p-value tendency in difference
between mean values between mean values
Nusinersen therapy 0.001 >0 n/a n/a
Care level 0.015 >0 0.002 >0
Permanent attendance of a caregiver necessary 0.026 >0 0.033 n/a
Inpatient hospital care 0.001 >0 0.1 n/a
Use of mobility aids 0.021 >0 0.081 n/a
Use of care aids 0.013 >0 0.249 n/a
Physiotherapy 0.002 >0 0.022 >0
Use of formal care 0.161 n/a 0.033 >0
Use of rehabilitation 0.842 n/a 0.001 >0
Less outpatient physician consultations than mean 0.935 n/a 0.002 >0
(n=15/year)
HRQoL (EQ-5D-5L index value)
SMA HSP
Independent variable p-value tendency in difference p-value tendency in difference
between mean values between mean values
Care level 0.012 <0 0.018 <0
Permanent attendance of a caregiver necessary 0.001 <0 0.049 n/a
Use of daily living aids 0.033 <0 1 n/a
Use of mobility aids 0.001 <0 0.163 n/a
Use of care aids 0.001 <0 0.426 n/a
Use of communication aids 0.003 <0 0.737 n/a
Use of formal care 0.053 n/a 0.018 <0
Less outpatient physician consultations than mean 0.052 n/a 0.006 <0
(n=15/year)
Physiotherapy 0.570 n/a 0.018 <0

The following independent variables were included in our model by their clinical importance: ALSFRS-R score, disease duration, age at disease
onset, sex, underweight (body mass index <20 kg/mz), care level, formal care, informal care, permanent attendance of a caregiver necessary,
retirement due to disease, need to reduce working hours, self-reported personal impairment due to disease (patients were asked whether they
felt impaired in their daily living by the disease), use of daily living aids, use of mobility aids, use of care aids, use of communication aids,
non-invasive ventilation, tracheostomy, feeding tube, inpatient hospital care, rehabilitation, number of outpatient physician consultations, use of
physiotherapy, occupational therapy, speech therapy, inpatient care, informal care and nusinersen therapy (SMA only). All variables that are not
shown in this table had no significant influence on HRQoL and costs. Significant variables are marked bold. The tendency in difference between
mean values was marked as not applicable once a variable either showed no significant influence or the number of patients in one group (with
variable/without variable) was smaller than in the other group. Abbreviations: ALSFRS-R Revised Amyotrophic Lateral Sclerosis Functional
Rating Scale, COI Cost of illness, HSP Hereditary Spastic Paraplegia, HRQoL Health-Related Quality of Life, n/a not applicable, » number,
kg/m® kilograms per square meters, SMA Spinal Muscular Atrophy

in slightly lower costs per QALY. This difference can be
explained by the fact that our study did not exclusively
analyze patients treated with nusinersen, different health-
care systems, and price units. Compared to COI estima-
tions prior to the approval of nusinersen [4], COI for SMA
in Germany increased by about 420%, and is not likely to
decrease immensely due to the market entry of other disease-
modifying treatments like Onasemnogene abeparvovec [46].
In HRQoL analyses of patients with SMA, the EQ-5D-5L
questionnaire has rarely been used but has shown reduced

@ Springer

HRQoL for patients facing SMA [47]. Our findings are in
line with previous research using instruments such as the
Health Utilities Index Mark 3 (HUI3) [48], confirming a
high constraint of HRQoL in patients with SMA.
Regarding HSP, data on socio-economic costs are very
limited. Most research concentrates on patients’ burden
[49] and not on total COI. As various causative gene muta-
tions have been revealed in the past years [50], new disease-
modifying gene therapies are likely to occur, too. Due to
their cost, socio-economic research is needed to provide
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information for decision makers. With regard to the HRQoL,
our study confirmed previous research suggesting that HSP
can imply a high burden for affected patients along with a
further decrease of HRQoL with increased disease severity
[51].

When comparing MND, our study showed broad dif-
ferences in informal care costs between 41.1% (ALS) and
13.8% (SMA; HSP: 18.2%) of total COL. This is in line with
previous findings in other neuromuscular disorders such as
Duchenne muscular dystrophy [52], Becker muscular dys-
trophy [52], and Charcot—-Marie—Tooth neuropathies [17].
Different diseases result in distinct restraints of daily living
and require different needs of care. Changing care depend-
ency results in varying incremental costs depending on the
patient’s age. The incremental need of informal care is larger
once the patient is an adult, as healthy children require more
care than healthy adults. The time spent for informal care in
the current analysis varied from 104 h/month (SMA), over
260 h/month (ALS) to 389 h/month (HSP). This underlines
the importance of informal care, which is rather common
in Germany. It is mainly provided by relatives, especially
spouses or children [53]. Therefore, MND imply a high bur-
den not only for patients, but also caregivers [19, 54] and
society. Besides being a major cost driver, factors indicating
a high need of care and a progressive loss of autonomy (as
the need of the permanent attendance of a caregiver) had a
negative influence on HRQoL in all investigated MND. The
varying impact of distinct influencing factors on costs and
HRQoL underlines the differences between the investigated
MND and highlights the need for a specific, supportive, and
individualized therapy for each patient.

Limitations and strengths

A limitation of the study is its focus on one single country.
As costs vary in different healthcare systems [35, 55], gen-
eralization between countries is limited. As IC resulted in
a major cost category, some limitations in their evaluation
should be taken into account. As not all patients provided
wage levels, we needed to replace missing values with the
average wage levels for Germany in 2019. Furthermore,
costs regarding premature death were not considered in this
cross-sectional analysis. Therefore, our estimation of IC may
underestimate the actual IC. On the other hand, we used the
human capital approach, that is determined from the loss of
production potential, to estimate IC and which is known to
overestimate costs [31, 56] as a frictional cost approach was
not recommended for the use in basic analyses [56] With
some factors leading to over- and others leading to underes-
timation of IC, we are not able to define, whether IC were
over- or underestimated.

We did not take into account the psychological, physical,
and financial burden of caregivers [19] which may lead to
an underestimation of medical and indirect costs. The need
to rely on a replacement cost approach to estimate informal
care costs limits the accuracy of its estimation. Another limi-
tation is the need to rely on cost valuation recommendations
rather than direct data from health insurances and other pay-
ers. Direct cost data from health insurances and other payers
are unpublished and protected by privacy law acts. This can,
again, lead to either under- or overestimation of real costs.
Even though we tried to minimize recall bias by using dif-
ferent recall periods, it may have still occurred and led to
cost underestimation. The questionnaires for this study were
detailed, including over 120 items. This might have led to a
selection bias in favor of more motivated, educated, or less
severely affected patients. Due to the cross-sectional design
of this study, our estimation of QALY's for MND has to be
regarded as an approximation because we did not follow
individual patients longitudinally. Further bias may result
from the impression that our ALS cohort included mainly
slow progressors (based on the mean ALSFRS-R score of
30.9/48 and a mean disease duration of 3.7 years). Future
research, including longitudinal analyses and comparisons
between different international healthcare systems, is nec-
essary to provide reliable information in the light of future
therapies.

Nevertheless, this study included a broad patient popula-
tion due to the multi-center approach, covering an entire
country. By its detailed questionnaires, it covered various
influencing factors on costs and HRQoL. Our study is pro-
viding real-world patient data after the approval of new
disease-modifying drugs such as nusinersen. As all MND
are rare diseases, the inclusion of a large patient popula-
tion, especially without incentives such as an anticipated
therapeutic benefit, is difficult to achieve. Therefore, our
study included a reasonable patient population. Especially
for ALS, the described cohort was representative based on
the gender distribution and the coverage of different disease
stages. The results of our explorative study confirmed and
expanded previous research and provided nationwide data
for the socio-economic burden of different MND.

Conclusion

MND account for high socio-economic costs and high
constraints in the HRQoL of patients. Disease progression
results in a considerable loss of autonomy and can result in
higher costs with reduced HRQoL. As patients and their car-
egivers are highly impacted, costly therapies can contribute
to the reduction of secondary costs and improve HRQoL
in the long term. Moreover, we observed supportive thera-
pies such as non-invasive ventilation or speech therapy to
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increase HRQoL, especially in patients with ALS. Patients
should be offered such therapies early within the disease
course in order to maintain their independence and a higher
HRQoL for as long as possible. Most supportive therapies
did not appear to be cost drivers in MND and therefore their
access should not be restricted. Furthermore, we introduced
the concept of QALY into the evaluation of state-of-the-art
therapy of MND in addition to standard cost—benefit analy-
ses for new therapies. They once more confirmed the burden
that patients, caregivers, and the entire society are facing
when dealing with MND. Further research to stop or delay
disease progression is crucial to reduce this encumbrance.
Ideally, this occurs before the loss of individual autonomy,
but also prior to the creation of secondary costs during indi-
vidual care, loss of work productivity, and enhanced caregiv-
ing requirements. Based on our research, efforts on these
key factors are also likely to decrease socio-economic costs.
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