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Abstract 

Background: Tuberous sclerosis complex (TSC), a multisystem genetic disorder, affects many organs and systems, 
characterized by benign growths. This German multicenter study estimated the disease‑specific costs and cost‑driv‑
ing factors associated with various organ manifestations in TSC patients.

Methods: A validated, three‑month, retrospective questionnaire was administered to assess the sociodemographic 
and clinical characteristics, organ manifestations, direct, indirect, out‑of‑pocket, and nursing care‑level costs, com‑
pleted by caregivers of patients with TSC throughout Germany.

Results: The caregivers of 184 patients (mean age 9.8 ± 5.3 years, range 0.7–21.8 years) submitted questionnaires. The 
reported TSC disease manifestations included epilepsy (92%), skin disorders (86%), structural brain disorders (83%), 
heart and circulatory system disorders (67%), kidney and urinary tract disorders (53%), and psychiatric disorders (51%). 
Genetic variations in TSC2 were reported in 46% of patients, whereas 14% were reported in TSC1. Mean total direct 
health care costs were EUR 4949 [95% confidence interval (95% CI) EUR 4088–5863, median EUR 2062] per patient 
over three months. Medication costs represented the largest direct cost category (54% of total direct costs, mean 
EUR 2658), with mechanistic target of rapamycin (mTOR) inhibitors representing the largest share (47%, EUR 2309). 
The cost of anti‑seizure drugs (ASDs) accounted for a mean of only EUR 260 (5%). Inpatient costs (21%, EUR 1027) and 
ancillary therapy costs (8%, EUR 407) were also important direct cost components. The mean nursing care‑level costs 
were EUR 1163 (95% CI EUR 1027–1314, median EUR 1635) over three months. Total indirect costs totaled a mean of 
EUR 2813 (95% CI EUR 2221–3394, median EUR 215) for mothers and EUR 372 (95% CI EUR 193–586, median EUR 0) for 
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Key Point

• First study to measure both direct and indirect costs 
of children with TSC and their caregivers.

• Mean total direct costs were estimated to be EUR 
4949 for three months.

• Medication, especially mTOR inhibitors, and hospi-
talization are major direct cost components.

• Total indirect costs were higher for mothers (mean 
EUR 2813 for three months) than fathers (EUR 372).

• Total costs are driven by the number of TSC mani-
festations and affected organ systems.

Background
Tuberous sclerosis complex (TSC) is a rare, multisystem, 
genetic disorder that affects up to 1 in 5,000 individu-
als worldwide. Until recently, the prevalence of TSC was 
underestimated due to incomplete penetrance and con-
siderable inter-individual phenotypic variability among 
those affected by TSC [1–6]. The clinical manifestation of 
TSC undergoes a typical pattern of changes during life, in 
which multiple organs and systems are affected, leading 
to the development of typically benign tumors that pre-
sent preferentially in the skin, brain, and kidneys. Most 
individuals with TSC suffer from structural epilepsy due 
to the presence of cortical tubers or other cortical mal-
formations. The clinical picture may differ considerably 
among patients and range from very limited manifesta-
tions to severe impairments, requiring nursing assistance 
[3, 7].

TSC is caused by a loss of function mutation in one of 
two tumor suppressor genes, TSC1 or TSC2 (ratio 1:3.4, 
as reported in [8]), and is inherited in an autosomal-dom-
inant fashion; however, the majority of cases appear to be 
caused by de novo mutations. Genetic mosaicism and 
deep intronic mutations may contribute to disease devel-
opment in the 15% of cases associated with no definitive 
hereditary mutation, despite a definite clinical diagnosis 
of TSC [8]. Loss of function mutations in TSC1 or TSC2 

result in deregulated expression patterns for components 
of the mechanistic target of rapamycin (mTOR) pathway, 
resulting in the abnormal production of end products, 
which ultimately promotes tumorigenesis [9]. Treatment 
with mTOR inhibitors addresses the underlying cause 
and might prevent epileptogenesis and late organ mani-
festations [10].

The burden of illness in TSC is considerable and 
directly associated with the complex and multifaceted 
disease manifestations [11–15]. Several studies examin-
ing the cost-of-illness (COI) and their predictors in TSC 
have been published over the last two decades; however, 
only a few have addressed both direct costs and cost-driv-
ing factors, and the indirect costs experienced by the car-
egivers of children with TSC have not yet been addressed 
[3]. Furthermore, the majority of available studies evalu-
ated patients before the availability of mTOR inhibitors, 
such as everolimus, which has been approved for the 
treatment of various organ manifestations in TSC [3, 16].

Thus, the present study aimed to provide a comprehen-
sive analysis of the direct and indirect costs and potential 
cost-driving factors among a large, multicenter cohort of 
children, adolescents, and their caregivers in Germany.

Methods

Patients and recruitment
This study was designed as a cross-sectional, multicenter 
survey, which enrolled patients with TSC and their car-
egivers through the German TSC patient advocacy 
group (Tuberöse Sklerose Deutschland e.V., Wiesbaden, 
Germany) and from centers throughout Germany (Ber-
lin, Bochum, Dresden [Radeberg], Erlangen, Frankfurt, 
Freiburg, Giessen, Hannover, Herdecke, Heidelberg, 
Hirschaid, Homburg, Kassel, Kiel, Kork, Leipzig, Lingen, 
Marburg, Münster, Neuruppin, Oberhausen, Rostock, 
Stuttgart, Tübingen, Vogtareuth, and Wiesbaden).

fathers. Multiple regression analyses revealed polytherapy with two or more ASDs and the use of mTOR inhibitors as 
independent cost‑driving factors of total direct costs. Disability and psychiatric disease were independent cost‑driving 
factors for total indirect costs as well as for nursing care‑level costs.

Conclusions: This study revealed substantial direct (including medication), nursing care‑level, and indirect costs 
associated with TSC over three months, highlighting the spectrum of organ manifestations and their treatment needs 
in the German healthcare setting.

Trial registration: DRKS, DRKS00016045. Registered 01 March 2019, http:// www. drks. de/ DRKS0 00160 45.

Keywords: mTOR inhibitor, Everolimus, Seizure, Rhabdomyoma, Epilepsy, Anti‑seizure medication
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Survey methods
After receiving written informed consent from the 
patients’ parents or legal guardians, all patients with TSC 
and their caregivers were deemed eligible. The diagnostic 
criteria for TSC were based on the latest recommenda-
tions, which were established by the 2012 International 
TSC Consensus Conference [17]. Seven primary mani-
festation categories associated with TSC were identified, 
including epilepsy, structural brain disorders, psychiatric 
disorders, heart/circulatory system disorders, kidney and 
urinary tract disorders, skin disorders, respiratory system 
disorders, and other manifestations [11]. The seizure and 
epilepsy syndrome classifications were adapted accord-
ing to the latest definitions established by the Interna-
tional League Against Epilepsy (ILAE) [18, 19]. This study 
received ethics approval and was registered with the Ger-
man Clinical Trials Register (DRKS00016045; Universal 
Trial Number: U1111-1229-4714). The STROBE guide-
lines (Strengthening The Reporting of Observational 
Studies in Epidemiology) were closely followed [20].

The caregivers of patients with TSC were asked to 
complete a retrospective questionnaire referencing the 
previous three months. The questionnaire, which was 
validated in previous studies [21–23] and adapted for use 
in patients with TSC, comprised 36 questions regarding 
disease characteristics (e.g., genetics, affected organ sys-
tems, seizure occurrence, medication use, and additional 
symptoms), healthcare resource use (e.g., healthcare 
visits, accidents, and emergency care), and social condi-
tions. Paper questionnaires were mailed to caregivers in 
Germany between February and July 2019.

Costing methods
The aim of this study was to calculate the genuine costs 
associated directly with TSC, rather than the costs asso-
ciated with conditions other than TSC. Therefore, car-
egivers were asked, in detail, whether the medications, 
services, and other medical resources used were specifi-
cally associated with TSC organ manifestations. Costs 
were evaluated through a bottom-up approach from the 
perspective of the statutory health insurer (“Gesetzliche 
Krankenversicherung” [GKV]), the patients and society 
as a whole. The cost categories that were included in this 
analysis included direct health service costs covered by 
the statutory health insurance and as patients’ and car-
egivers’ out-of-pocket (OOP) expenses, nursing care-
level costs covered by the statutory care insurance, and 
further informal care not covered by any statutory insur-
ance, and indirect costs. Costs were evaluated according 

to the German recommendations for performing eco-
nomic evaluations related to healthcare [24].

Direct healthcare costs
Direct health service costs, which included inpatient 
stays, outpatient visits, medicines [anti-seizure drugs 
(ASDs), mTOR inhibitors, other prescription drugs, over-
the-counter drugs, and emergency medications], medical 
aids, healthcare professional visits, emergency transpor-
tation, diagnostic studies, specific diets, patients’ co-pay-
ments, rehabilitation costs, private transport costs, and 
co-payments for therapies, were drawn from the litera-
ture and standard reference sources for Germany and 
were estimated as previously described [21, 25]. Drug 
costs were based on the Drug Prescription Report of 
2019 (“Arzneiverordnungs-Report”) [26], which is an 
index of available medicines and their average prices in 
Germany. The costs of inpatient and outpatient care, spe-
cialist care, therapies, and diagnostic studies were stand-
ardized, according to Bock et  al. [27] and physician fee 
scales (Einheitlicher Bewertungsmaßstab) [28]. All costs 
were inflated to 2019 levels using the consumer price 
index for Germany and expressed in both annual and 
3-month terms based on the 2019 value of the Euro.

Out‑of‑pocket (OOP) expenses
OOP expenses (co-payments) were reported by respond-
ents. For situations in which supply-side utilization esti-
mates were not available (care and supervision, healing 
agents, and diets), and for those expenditures outside of 
formal healthcare settings (alternative and occupational 
therapies and equipment costs), the reported costs were 
listed as OOP expenses and added to total direct health-
care costs. For instances in which supply-side cost esti-
mates were calculated according to resource utilization 
(ancillary treatments, medical aids, healthcare profes-
sionals, and emergency transportation), OOP expenses 
were considered to be accounted for, and were not added 
to total direct costs to prevent double accounting.

Nursing care‑level costs and grade of disability
In Germany, care insurance payments are determined 
by the patient care grade, which ranges from Level 1 to 5 
on the Pflegegrade scale (which categorizes the need for 
care), and determines the basis for the care allowances 
that are paid by the German statutory care insurance 
“Pflegeversicherung” [29]. Care grade levels depend on 
the time needed per day in minutes for care in daily life. 
Average care grade allowances were calculated based on 
the assumption that nursing services were being provided 
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by family members. Nursing care-level costs in this study 
may be interpreted as a proxy for overall informal care 
costs. Additional informal care costs that were reported 
and paid by the respondents were considered separately.

The “grade of disability” is assigned in the German 
social system to people with disabilities who are entitled 
to certain monetary and social compensations for their 
disadvantages. The grade of disability quantifies the type 
and severity of a disability, upon which these compensa-
tions depend. Grade of disability is classified by an inde-
pendent medical professional (“Versorgungsamt”) and if 
applicable can vary between 20 and 100, in steps of ten.

Indirect costs
Productivity losses associated with the need to care for TSC 
patients were calculated for caregivers of working age (i.e., 
below the age of 67 years) using the human capital approach 
for days off, quitting work, and reductions in working hours. 
Productivity losses due to TSC among adolescent patients of 
working age (i.e., > 16 years of age) were considered in terms 
of days off for working adolescents and the inability to work 
among those who were completely unable to work or attend 
school. A mean gross wage of EUR 44,964 in 2019 [30] was 
assumed for calculating the productivity costs for caregivers 
who quit their jobs. To account for the costs of days taken 
off work to care for a child with TSC, annual gross wages 
were calculated to represent EUR 215 per calendar day, and 
this daily income was multiplied by the number of days off 
[22].

Grouping of questionnaire items
Some questionnaire items were collated into groups when 
presenting the results, as follows: ‘ancillary costs’: physi-
otherapy, speech therapy, occupational therapy, acupunc-
ture, hippotherapy, and other ancillary costs; ‘healthcare 
professionals’: neurologists, general practitioners, ortho-
pedic surgeons, child psychiatrists, alternative medicine 
practitioners, homeopathy, dietitians, and other specialists; 
and ‘diagnostic studies’: electroencephalography (EEG), 
blood tests, magnetic resonance imaging (MRI) or com-
puted tomography (CT) scans, X-rays, and other diagnostic 
studies.

Data availability statement
The reported data and the questionnaire are available to 
qualified researchers upon reasonable request.

Statistical analysis
Statistical analysis was performed using IBM SPSS Sta-
tistics, version 26 (IBM Corp., Armonk, NY, USA). The 
variables of interest were summarized using the mean, 
median, and standard deviation (SD). For cost data, the 
95% confidence interval (95% CI) was calculated using 

the bootstrap-corrected and accelerated method, consid-
ering the fact that most cost variables are highly skewed 
[31]. Comparisons between groups were performed using 
adequate parametric and nonparametric tests. Significance 
was assumed at p < 0.05. The relationship between patient 
characteristics and TSC-related costs was investigated 
using multivariate regression. Total direct, total indirect, 
and nursing care-level costs were regressed on a set of clini-
cal variables that were selected following univariate analy-
ses and according to evidence from previous cost-of-illness 
studies for TSC [11, 32, 33]. All variables were tested for 
interactions and collinearity. Standard multiple regression 
analysis using the bootstrapping technique was performed 
to identify independent predictors of costs, and a Bonfer-
roni correction was applied for multiple testing.

Results

Demographic and clinical characteristics
One hundred and eighty-four caregivers of children and 
adolescents with TSC completed the questionnaire. The 
mean patient age was 9.8  years (SD 5.3  years, median 
9.8  years; range 0.7–21.8  years), and 48.4% (n = 89) of 
patients were females. TSC was diagnosed at a mean 
age of 1.3  years (SD 2.1  years, median 0.5  years; range 
0–12.1  years), and the first symptoms of TSC were 
observed at a mean age of 0.8 years (SD 1.3 years, median 
0.4  years; range 0–7.7  years). In 34 children (18.5%), a 
diagnosis of TSC was suspected before birth based on 
the findings of ultrasound examinations. In 25 patients 
(13.6%), variations were identified in TSC1, whereas in 
85 patients (46.2%), variations were observed in TSC2 
(TSC1:TSC2 ratio 1:3.4), and five patients (2.7%) suf-
fered from a polycystic kidney disease with tuberous 
sclerosis (PKDTS), which is a contiguous gene dele-
tion syndrome. Most children lived with both parents at 
home (n = 151, 82.1%). Forty percent (n = 74) of patients 
attended a school with a special focus on learning, and 
mental and physical development, whereas the majority 
of small children attended kindergarten (n = 49, 26.6%). 
Among the respondents, mothers had a mean age of 
41 years, and fathers were older, on average, with a mean 
age of 43  years. The occupational situations of parents 
revealed that 70% of mothers (n = 128) and 91% of fathers 
(n = 167) were employed. Additional sociodemographic 
and clinical characteristics and affected family members 
are presented in Table  1. The majority of patients were 
affected by a range of TSC organ manifestations, includ-
ing 169 (91.8%) patients diagnosed with epilepsy, 158 
(85.9%) showing skin manifestations, 153 (83.2%) pre-
senting with various structural brain disorders, and 123 
(66.8%) reporting heart and circulatory system disorders. 
Additional details can be found in Table 2.
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Direct costs
The mean total direct costs were calculated at EUR 4949 
(95% CI: EUR 4088–5863, median: EUR 2062) per study 
participant for the reported 3-month study period, and 
details are presented in Table 3 and Fig. 1A. Direct medi-
cal costs were primarily associated with the costs of drug 
treatment (53.7% of total direct costs, mean: EUR 2658 
per 3  months, 95% CI: EUR 2060–3297, median: EUR 
321) and hospitalization (20.8% of total direct costs, 
mean: EUR 1027, 95% CI EUR 579–1503; median EUR 0).

Costs for mTOR inhibitors (everolimus, n = 46 and 
sirolimus, n = 3) were the primary direct cost compo-
nents with a mean of EUR 2309 (46.6% of total direct 
costs, 95% CI: EUR 1715–2928, median: EUR 0), which 
was greater than the costs associated with ASDs (syn-
onymous to anticonvulsants or antiepileptic drugs) which 
were associated with a mean cost of EUR 260 (5.3% of 
total direct costs, 95% CI: EUR 213–312, median: EUR 
159). The patients used a mean number of 1.8 ASDs (SD 
0.8, median 2, range 0–4). The five most frequently pre-
scribed ASDs included oxcarbazepine (n = 49; 26.6%), 
vigabatrin (n = 48, 26.1%), lamotrigine (n = 47; 25.5%), 
valproate (n = 46; 25%), and levetiracetam (n = 25; 13.6%). 
ASD monotherapy was prescribed to 32.6% (n = 60) of all 
participants and was associated with lower costs than 
ASD polytherapy, comprising two or more ASDs (each 
p < 0.001). The detailed costs and daily dosages of the var-
ious ASDs are listed in Table 4.

In total, 41 (22.3%) of the included children and ado-
lescents were admitted at least once to a hospital because 
of TSC during the 3-month study period. Overall, 49 
admissions were reported, with a mean length of stay of 
6.04 days (SD 7.5 days; median 3 days, range 1–42 days). 
Seizures were the reported reason for 23 admissions, 
whereas 22 admissions were due to diagnostics, and four 
additional admissions were associated with other TSC-
related causes.

Ancillary treatments, such as occupational therapy, 
physiotherapy, and speech therapy were prescribed to 
116 participants (63%), and with costs as high as EUR 407 
per 3 months, representing 8.2% of total direct costs (95% 
CI: EUR 345–472, median: EUR 212). In addition, EUR 
125 in the 3-month study period were directly paid by the 
families for therapies.

Care needs and nursing care‑level costs
Sixty-five percent (n = 120) of patients were categorized 
as meeting the care levels defined by the “Pflegebedürft-
igkeits scale” (2.7% Level I [‘low impairment of independ-
ence’]; 12% Level II [‘significant need for care’]; 20.7% 
Level III [‘heavy need for care’]; 18.5% Level IV [‘most 
difficult to care for’]; and 11.4% Level V [‘most difficult to 
care for and special demands of nursing care’]). Approxi-
mately 3% (n = 5) of patients did not meet the Level 
I–V criteria but were reported as being in need of care 

Fig. 1 Breakdown of total direct costs (A), with co‑payments in orange, per patient over 3 months and total indirect costs for caregivers over 
3 months (B). Maternal costs are in red and paternal costs are in blue. 1quit work; 2reduction of working hours
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Table 1 Sociodemographic and clinical characteristics (n = 184)

1 Mean ± standard deviation
2 Mean age at TSC diagnosis of affected family members
3 Learning, mental and physical development

All patients n = 184

Age in  years1 9.8 ± 5.3

range

0.7–21.8

Sex % (n)

 Male 51.6 (95)

 Female 48.4 (89)

Age at first symptoms due to  TSC1 0.8 ± 1.3

range

0–7.7

Age at TSC diagnosis in  years1 1.3 ± 2.1

range

0–12.1

TSC diagnosis before birth by ultrasound % (n)

 No 81.5 (150)

 Yes 18.5 (34)

Genetics % (n)

 TSC1‑gene 13.6 (25)

 TSC2‑gene 46.2 (85)

 TSC2/PKD1 contiguous‑gene 2.7 (5)

 No genetic test 15.2 (28)

 No genetic mutation 4.9 (9)

 Unknown 17.3 (32)

Affected family members by TSC % (n)

 No 85.3 (157)

 Yes 14.7 (27)

  Mother affected (23.9 years)2 7.6 (14)

  Father affected (33.6 years)2 6.5 (12)

  Sibling affected (8.8 years)2 4.9 (9)

  Grandparents affected 2.2 (4)

Parents’ age in  years1

 Mother 40.8 ± 7.0

 Father 43.4 ± 7.4

Living conditions % (n)

 With mother and father 82.1 (151)

 Only with mother 13.0 (24)

 Only with father 0.5 (1)

 Other 4.4 (8)

Childcare and School % (n)

 School for children with special  needs3 40.2 (74)

 Kindergarten 26.6 (49)

 Primary mainstream school 10.9 (20)

 Secondary mainstream school 8.2 (15)

 Only at home 6.0 (11)

 Day care 0.5 (1)

 Employed 0.5 (1)

 Unknown/other 7.1 (13)

according to their caregivers. Only 32% of patients were 
reported as not in need of care. The costs for nursing care 
were calculated as EUR 1163 (95% CI: EUR 1027–1314, 
median: EUR 1635) per 3-month period and EUR 4652 
annually, assuming that care is provided by family mem-
bers. Parents reported that they incurred further costs for 
informal care, with a mean of EUR 20.8, and supervision, 
with a mean of EUR 27.6 per 3-month period. In total, 
123 patients (66.8%) had a severely disabled pass between 
70% and 100% (maximum = 100%). No disability or dis-
ability ≤ 60% were identified in 33% (n = 61) of patients.

Indirect (productivity) costs
All parents were of working age, and lost work time was 
recorded separately for mothers and fathers. In total, 
111 parents reported that they had changed their work-
ing situation or remained out of work due to TSC in their 
child. Total indirect costs were calculated at a mean of 
EUR 3184 (95% CI: EUR 2533–3811, median: EUR 645) 
over three months, or EUR 12,736 annually. Twenty-four 
mothers (13.0%, compared with 1.1% of fathers) reported 
that they quit working, 49 mothers reduced their work-
ing hours (26.6%, compared with 3.8% of fathers), and 41 
mothers missed days of work during the last three months 
due to TSC (22.3%, the same number of 41 [22.3%] who 
missed days of work applied to fathers). Mean produc-
tivity costs over three months were estimated at EUR 
1466, associated with mothers quitting work (EUR 122 
for fathers); EUR 1109, associated with mothers’ reduced 
working hours (EUR 86 for fathers); and EUR 238 associ-
ated with mothers’ lost workdays (EUR 163 for fathers). 
The total mean maternal indirect costs totaled EUR 2813 
(95% CI: EUR 2221–3394, median: EUR 215,) over three 
months, or EUR 11,252 annually, whereas the total indi-
rect costs for fathers were calculated at EUR 372 (95% 
CI: EUR 193–586, median: EUR 0) over three months, or 
EUR 1488 annually. These details are provided in Table 5  
and Fig. 1B.

Twenty-five (13.6%) of the adolescents included in this 
study were older than 16 years of age. Five of them were 
working, two were unable to work or attend school due 
to TSC, and 18 were in school, at university, or in voca-
tional training. The mean indirect costs were calculated 
at EUR 1002 (95% CI: EUR 103–2005, median: EUR 0) 
per 3 months, which were due to 12 days off work due to 
TSC in one adolescent and the two individuals who were 
unable to work or attend school.

Cost drivers of direct, indirect, and nursing care‑level costs
To identify potential cost-driving factors, we performed 
univariate analyses of total direct, total indirect, and 
nursing care-level costs, and a number of demographic 
and clinical patient characteristics. The indirect costs 
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of mothers and fathers were considered together. Poly-
therapy with two or more ASDs, the use of mTOR inhibi-
tors, TSC manifestations, such as epilepsy, structural 
brain disorders, psychiatric and cardiac disease, and 
disability, were all associated with increased total costs 
according to the univariate analyses, which are detailed 
in Table  6. Younger age, polytherapy with two or more 
ASDs, TSC manifestations, such as epilepsy, psychiatric 
disease, and disability, were associated with higher indi-
rect costs, and older age, polytherapy with two or more 
ASDs, TSC manifestations such, as epilepsy, psychiatric 
and kidney disease, and disability, were associated with 
increased nursing care-level costs according to the uni-
variate analyses.

Overall, total direct, total indirect, and nursing costs 
increased as the number of affected organ systems 
increased (Table 6).

Multiple regression analyses revealed that polytherapy 
with two or more ASDs and the use of mTOR inhibitors 
were independent cost-driving factors for total direct 
costs. After applying a Bonferroni correction for eight 
comparisons, the significance threshold for the p-value 
was set to 0.00625, and the variables were able to explain 
53%  (R2) of the total variance. Younger age and psychiat-
ric disease were independent cost-driving factors for total 
indirect costs (corrected p < 0.00625;  R2 = 19%). Psychiat-
ric disease and disability were independent cost-driving 
factors for nursing care-level costs (corrected p < 0.007; 
 R2 = 57%).

Discussion
This detailed, multicenter, COI study is based on a 
large sample of 184 patients and their caregivers within 
a single, national healthcare system and contributes 
important new information regarding the costs and cost-
driving factors associated with TSC in Europe. To enable 
comparisons with other COI studies, we aimed to cap-
ture the most comprehensive set of cost items related to 
epilepsy and other TSC organ manifestations [3, 34].

Previous studies have reported direct cost estimates for 
patients with TSC in Europe [11, 13, 35, 36] and North 
America [32, 33, 37–40]; however, no previous stud-
ies have provided indirect cost estimates for caregivers 
whose working lives are affected by TSC in their children 
[3]. The wider societal impacts determined for the indi-
rect costs incurred by caregivers of patients with TSC 
were substantial, calculated at an annual mean of EUR 
12,700, which exceeds the indirect costs of EUR 5250 
reported for the parents of a general German population 
of children with epilepsy [21] but compares well with the 
EUR 19,150 calculated in Germany for the caregivers of 
children and adolescents with Dravet syndrome, a severe 
early-onset epileptic encephalopathy [41]. The results of 
the current study were comparable with the outcomes 
reported by other German studies examining refrac-
tory epilepsy [21, 41], which may be due to the use of the 
same methodology. The high indirect costs suggest that 
persisting seizures refractory to ASD polytherapy, psy-
chiatric disease, and disability reflect a cost driver among 
patients with epileptic encephalopathies [42–44]. In 
line with these findings, we were able to show that TSC 
manifestations, such as epilepsy, psychiatric disease, and 
disability, were associated with increased indirect costs, 
indicating a high strain on the working lives of caregiv-
ers. We calculated the indirect costs for adolescents to be 
EUR 1002 per three months; however, this finding should 
be viewed with caution due to the limited number of ado-
lescents of working age in our study population.

Another particular contribution of this study was the 
collection of data regarding the nursing requirements 

Table 2 Organ manifestations in TSC  patients1 (n = 184)

1 Respiratory system manifestations were not reported
2 Subependymal giant cell astrocytoma
3 Hormone system, Thyroid, Gastrointestinal, Liver, Spleen, Pancreas

% n

Epilepsy 91.8 169

 Recurrent seizures 47.8 88

 Seizure free > 1 year or no seizures 52.2 96

Structural brain disorders 83.2 153

  SEGA2 33.2 61

 Cortical tubers 76.1 140

 Hydrocephalus 3.3 6

Psychiatric disorders 51.1 94

Heart and circulatory system 66.8 123

 Rhabdomyomas 61.4 113

 Hypertension 6.0 11

 Aneurysm Aorta 1.1 2

 Arrhythmia 7.6 14

Kidney and urinary tract 53.3 98

 Chronic kidney dysfunction 1.6 3

 Angiomyolipomas 45.7 84

 Cysts 29.9 55

Skin manifestations 85.9 158

 Hypomelanotic macules 74.5 137

 Angiofibromas 60.3 111

 Shagreen patches 39.1 72

 Forehead plaque 3.3 6

 Ungal/periungal fibromas 1.1 2

Other disorders 29.9 55

 Iris or retinal hamartomas/astrocytomas 19.0 35

 Angiomyolipomas in other organ  systems3 3.3 6

 Cysts in other organ  systems3 2.7 5
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of the study population, as measured by the care grade 
allowances, which were among the most important cost 
components assessed, associated with annual expendi-
tures totaling EUR 4650. This finding reinforced the sig-
nificant effects of different organ manifestations, together 
with seizure-related costs, which were also reported by 
Skalicky et al. [40].

Generally, the results of this study indicated that the 
management of TSC results in considerable resource 
use, exceeding the costs of German epilepsy patients, 
in general. Epilepsy was the major TSC organ mani-
festation, reported in 91.8% of our cohort. Total annual 
direct healthcare costs were estimated at EUR 19,800 in 
this study, excluding care grade allowances. The direct 
costs related to TSC were primarily the result of mTOR 
inhibitor use (46.6% of total direct costs, EUR 2309 per 
three months) and hospitalization (20.8% of total direct 
costs, EUR 1027 per three months) and were impacted 
far less by ASD use (5.3%, EUR 260) [45]. mTOR inhibi-
tors were used by 49 children and adolescents (26.6% of 
the cohort); therefore, our study provides unique COI 
data, reflecting the introduction and wide use of this drug 
class. The cost of mTOR inhibitor use is likely to decrease 
in the future as generic formulations become available, a 

phenomenon that has been well-demonstrated for other 
ASDs [25, 46]. Although our study appears to agree with 
other COI studies regarding the contributions of hospi-
talization and ASD use [11, 13, 32, 33, 35, 36, 39, 40, 47, 
48] (for details, please refer to Table 7) performing direct 
comparisons against studies from different settings and 
different countries proved to be difficult, as the observed 
variations were likely associated with a variety of contrib-
uting factors including differences in definition, policy, 
measurements, and population (such as the combina-
tion of TSC/epilepsy cohorts). Furthermore, the resource 
use might change over time according to changes in 
organ manifestation during the lifetime of TSC patients 
[3, 49]. Overall, the medical and care-related expen-
ditures among patients with TSC are high and appear 
to be driven by the severity of each of the multiple dis-
ease manifestations (Additioanl file 1). Preventive treat-
ment with new and thus expensive disease-modifying 
drugs may be outweighed by reductions in the substan-
tial direct and indirect costs, however disease-modifying 
treatment would have to start in early childhood [10, 50, 
51].

Table 3 Direct costs for a 3‑month period for the total patient group (n = 184; in 2019 Euro)

1 Standard deviation
2 Estimation based on the mean costs in three months multiplied by four

95% CI = 95% Confidence interval using the bootstrap bias corrected and accelerated method
* Everolimus n = 46, Sirolimus n = 3, OTC = over-the-counter

Cost components Mean costs SD1 Minimum Median Maximum 95% CI % of total 
direct costs

Estimated 
annual direct 
 costs2

Total direct costs 4949 6079 0 2062 29,231 4088; 5863 100 19,796

 Medication (n = 168) 2658 4557 0 321 21,546 2060; 3297 53.7 10,632

  mTOR inhibitors* (n = 49) 2309 4435 0 0 20,054 1715; 2928 46.6 9236

  Antiseizure drugs (n = 154) 260 378 0 159 3027 213; 312 5.3 1040

  Other prescription drugs (n = 62) 72 352 0 0 3569 33; 122 1.5 288

  OTC drugs and supplements (n = 30) 11 44 0 0 349 6; 17 0.2 44

  Emergency medication (n = 23) 5 24 0 0 266 2; 9 0.1 20

 Hospitalization (n = 41) 1027 3467 0 0 26,802 579; 1503 20.8 4108

 Ancillary therapies (n = 116) 407 470 0 212 1951 345;472 8.2 1628

 Outpatient treatment (n = 169) 346 357 0 255 2250 298; 396 7.0 1384

 Diagnostics (n = 153) 156 194 0 101 1370 130; 186 3.2 624

 Auxillary material (n = 19) 138 738 0 0 8130 52; 241 2.8 552

 Rehabilitation (n = 2) 27 287 0 0 3671 0; 67 0.6 108

 Emergency service use (n = 5) 23 145 0 0 1200 7; 46 0.5 92

 Specific diets (n = 11) 22 122 0 0 1100 8; 41 0.4 88

 Transport costs (n = 51) 9 34 0 0 374 5; 14 0.2 36

 Co‑payments for therapies (n = 64) 125 297 0 0 2020 87; 167 2.5 500

 Other co‑payments (n = 22) 15 54 0 0 400 8; 23 0.3 60



Page 9 of 16Grau et al. Orphanet J Rare Dis          (2021) 16:282  

Table 4 Prescription patterns and costs of anti‑seizure drugs (ASDs) for a 3‑month period (in 2019 Euro)

1 Standard deviation, 95% CI = 95% Confidence interval using the bootstrap bias corrected and accelerated method
2 Mann–Whitney-U-test; 3Monotherapy vs. ≥ 3  ASDs, 4Monotherapy vs. 2  ASDs, 52 ASDs vs ≥ 3 ASDs
* (Cannabidiol n = 2, Eslicarbazepine acetate n = 1, Felbamate n = 1, Perampanel n = 2, Phenobarbital n = 2, Potassium bromide n = 1)

Medication costs n Mean costs per 
3 months

SD1 Minimum Median Maximum 95% CI p  value2

All patients 184 € 260 378 € 0 € 159 € 3027 € 213; 312

 No ASDs (16.3%) 30 0

 Monotherapy (32.6%) 60 € 158 211 € 7 € 102 € 1369 € 117; 208  < 0.0013

 2 ASDs (37.0%) 68 € 283 191 € 27 € 241 € 810 € 242; 328  < 0.0014

 ≥ 3 ASDs (14.1%) 26 € 736 708 € 167 € 519 € 3027 € 503; 994  < 0.0045

Prescribed medication n Mean daily dose SD1 Minimum Median Maximum Mean costs per 
3 months

SD1

Oxcarbazepine (26.6%) 49 1006 mg 532 mg 150 mg 900 mg 2700 mg € 140 74

Vigabatrine (26.1%) 48 1480 mg 754 mg 500 mg 1250 mg 3500 mg € 267 136

Lamotrigine (25.5%) 47 213 mg 163 mg 6 mg 200 mg 700 mg € 53 41

Valproate (25.0%) 46 850 mg 373 mg 150 mg 840 mg 1650 mg € 39 17

Levetiracetam (13.6%) 25 1574 mg 1287 mg 500 mg 900 mg 5250 mg € 105 86

Lacosamide (6.5%) 12 284 mg 91 mg 120 mg 275 mg 400 mg € 619 198

Clobazame (4.9%) 9 29 mg 50 mg 3 mg 13 mg 150 mg € 78 136

Topiramate (3.3%) 6 194 mg 132 mg 38 mg 150 mg 400 mg € 128 87

Brivaracetam (2.7%) 5 195 mg 67 mg 125 mg 200 mg 300 mg € 450 155

Ethosuximide (2.7%) 5 440 mg 134 mg 300 mg 500 mg 600 mg € 79 24

Sulthiame (2.2%) 4 106 mg 69 mg 25 mg 113 mg 175 mg € 64 42

Carbamazepine (2.2%) 4 963 mg 256 mg 600 mg 1025 mg 1200 mg € 47 13

Phenytoin (1.6%) 3 250 mg 87 mg 200 mg 200 mg 350 mg € 20 7

Rufinamid (1.6%) 3 1333 mg 945 mg 600 mg 1000 mg 2400 mg € 799 566

Zonisamide (1.6%) 3 147 mg 50 mg 100 mg 140 mg 200 mg € 243 83

Other ASDs* (4.9%) 9

Table 5 Indirect costs to caregivers for a 3‑month period (in 2019 Euro)

95% CI = 95% Confidence interval using the bootstrap bias corrected and accelerated method
1 Parents of working age
2 Standard deviation
3 Estimation based on the mean costs in three months multiplied by four

Indirect costs components n1 Mean costs SD2 Minimum Median Maximum 95% CI Estimated 
annual 
 costs3

Maternal indirect costs 96 2813 3950 0 215 11,241 2221; 3394 11,252

 Quit work 24 1466 3796 0 0 11,241 916; 2016 5864

 Reduction of working hours 49 1109 2136 0 0 8774 808; 1438 4436

 Days off due to TSC 41 238 628 0 0 4300 153; 332 952

Paternal indirect costs 48 372 1345 0 0 11,241 193; 586 1488

 Quit work 2 122 1169 0 0 11,241 0; 306 488

 Reduction of working hours 7 86 531 0 0 5621 22; 169 344

 Days off due to TSC 41 163 452 0 0 3440 101; 233 652

Total parents 111 3184 4326 0 645 22,482 2533; 3811 12,736
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Limitations
Potential limitations associated with the question-
naire used in this study include recall bias regard-
ing the three-month-old events, which might result 
in incomplete and underestimated costs. However, a 
validation of three-months recall for all items and of 
twelve-months recall regarding high-impact events 
like hospitalization or emergency calls with a pro-
spective diary covering three months showed an 
excellent overlap in patients with Dravet syndrome, 
another developmental and epileptic encephalopa-
thy [41]. Furthermore, although the sample consisted 
of patients recruited from multiple clinics and cent-
ers across Germany and through the patient advo-
cacy group, whether the sample is representative of 
TSC patients in Germany remains challenging to 
determine due to the difficulty of estimating patient 
numbers for rare diseases. As the patients were 
approached by different physicians such as neurope-
diatricians, neurologists and nephrologists as well as 
through the patient advocacy group, we cannot reli-
ably calculate a response rate as some patients were 
contacted several times. The use of costly treatments, 
such as everolimus, might be overestimated because 
several university centers participated in this study. In 
addition, the interpretation of the cost driver analysis 
must consider the limited sample size; however, the 
significance of multiple organ manifestations in the 
current study aligns well with earlier studies, which 
reported that the number of organ manifestations was 
a significant cost driver [11]. In addition, skewness 
was observed in the cost calculations, indicated by the 
disparities observed for some mean and median costs. 
We did not conduct any sensitivity analyses to test 
for uncertainty or any alternative costs. The major 
strength of the present study was the sample size of 
184 patients and caregivers, which can be considered 
a large sample, given the relative rarity of TSC, as 
well the inclusion of the relatively new class of mTOR 
inhibitors in the cost analysis for the treatment of 
children and adolescents with TSC.

Conclusions
Medical and care-related expenditures among patients 
with TSC are high and appear to be driven by the sever-
ity of disease manifestations. In the long term, high 
direct costs might be outweighed by the preventive 
potential and multi-organ benefits of newer therapies. 
Productivity losses represent a major source of costs 
and may be addressed by improving socio-medical 
support systems and therapeutic interventions. Efforts 

should be focused on reducing work absenteeism and 
the rate at which caregivers stop working entirely while 
maintaining the quality of care provided to children and 
adolescents with TSC.
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