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erature. The analysis was conducted in a United States setting applying healthcare and societal
perspectives. Probabilistic sensitivity analyses were performed. The willingness-to-pay threshold
was set to $100,000 per QALY.

Results The model results yielded EVT as the dominant (cost-effective as well as cost-saving)
strategy for pediatric stroke patients. The incremental effectiveness for the average age of 11.3
years at first stroke in the Save ChildS Study was determined as an additional 4.02 lifetime QALYs,
with lifetime cost-savings that amounted to $169,982 from a healthcare perspective and
$254,110 when applying a societal perspective. Acceptability rates for EVT were 96.60% and
96.66% for the healthcare and societal perspectives.

Conclusions EVT for pediatric stroke patients with LVOs resulted in added QALY and reduced life-
time costs. Based on the available data in the Save ChildS Study, EVT is very likely to be a cost-ef-
fective treatment strategy for childhood stroke.

Keywords Pediatrics; Stroke; Thrombectomy; Cost-benefit analysis
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Introduction

Ischemic stroke ranks among the most cost-intensive diseases
in all Western countries. Its currently estimated direct and in-
direct annual costs in the United States are $50 billion.' For
patients with acute anterior circulation large vessel occlusions
(LVO), randomized controlled trials (RCTs) established endovas-
cular thrombectomy (EVT) as standard of care (SC) for adults.?
The widespread adoption has been supported and accelerated
by several economic analyses, demonstrating EVT to be long-
term cost-saving for healthcare systems across many different
countries.””

Pediatric arterial ischemic stroke differs vastly from adult
stroke in prevalence, etiology, risk factors, symptoms, and neu-
rologic outcome.® The SC is largely based on supportive care.
The evidence on efficacy and safety of intravenous thromboly-
sis remains scarce after the Thrombolysis in Pediatric Stroke
(TIPS) trial was closed for lack of accrual.*™ In recent years, se-
vere strokes in children with LVO are increasingly being treated
with EVT in specialized centers." The Save ChildS Study
demonstrated that EVT is a safe and effective treatment option
for pediatric stroke patients and that a favorable outcome sim-
ilar to EVT in adults can be achieved.”

Pediatric patients represent a demographic group with a low
incidence of stroke yet suffer the longest consequences of po-
tential disability. Pediatric stroke is thereby linked to substan-
tial direct healthcare costs in the first year, yet few reports ex-
ist on the long-term care costs.” Given the longer remaining
lifespan in children, pediatric stroke also influences indirect
costs, e.g., as a result of reduced lifetime productivity and need
for informal care by next of kin."

Our study aim was to determine the long-term cost and
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health consequences as well as cost-effectiveness of EVT in
this patient population.

Methods

Ethics statement

The present study complies with the principles of the Declara-
tion of Helsinki (1964). The present study was approved by the
Institutional Review Board, and the requirement for written in-
formed consent was waived. All of our patient population was
previously reported in the Save ChildS Study."

Model structure

A decision model using dedicated analytic software (TreeAge
Pro 2021 version 21.1.0, TreeAge, Williamstown, MA, USA) was
applied to evaluate the cost-effectiveness of EVT versus SC.
Adhering to the recommendations by the Second Panel on
Cost-Effectiveness in Health and Medicine.'* We performed
analyses adopting the healthcare as well as a societal perspec-
tive. A short-run model was created to analyze costs and func-
tional outcomes within the initial 90 days after the index
stroke. Pediatric stroke patients with LVO enter the model on
admission to the hospital, receive either EVT or SC and after-
wards enter one of the seven health states according to the
degree of disability as assessed by the modified Rankin Scale
(mRS).

A long-run Markov state transition model was used to esti-
mate the expected costs and outcomes over the lifetime of the
patient, using a cycle length of 1 year. During each cycle, pa-
tients could either remain in the same health state, experience
a recurrent stroke and recover to the same mRS state or transit
to a lower mRS state, or die from other causes. Absorbing
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Model structure. mRS, modified Rankin Scale.

states were death due to stroke or death due to any other
cause. The model structure is shown in Figure 1.

Model input parameters

The input parameters for the model were based on the most
recently published literature providing the best available level
of evidence (Table 1).*”'**" To study the impact of patient age,
we based this study on a dedicated systematic and compre-
hensive literature review regarding age dependency of model
input parameters.”

Initial and transition probabilities
The initial probabilities (i.e., the probability of entering a specific
mRS health state at hospital discharge) were based on out-
comes in the Save ChildS Study.” This multicenter trial included
73 children from 27 participating stroke centers. There is no
randomized data on the use of EVT versus SC in children. Fol-
lowing careful interdisciplinary discussion among the study co-
ordinators, the best approach to model outcomes for the SC
group was considered to be based on the Save ChildS study
subgroup with unsuccessful recanalization (modified Thrombol-
ysis in Cerebral Infarction [mTICI] 0-2a). The outcome parame-
ters of the entire Save ChildS Study population were used to
model the EVT group, i.e., any recanalization status (mTICl 0-3).
The mRS outcomes for both subgroups are provided in Figure 2.
The transition probabilities consisted of the probability of
staying in the same health state, the annual recurrent stroke
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rate, the probabilities of reentering the same or a lower health
state following recurrent stroke, and the age-specific annual
death rate. Based on several long-term follow-up studies on
functional recovery after stroke, we assumed no significant
mRS change in the long-term after stroke.”"” The pediatric re-
current stroke rate was obtained from a long-term follow-up
study of childhood stroke.” The adult recurrent stroke rate is
known to decrease over time after the index stroke and to in-
crease with patient age; corresponding rates were available
from a contemporary long-term study in adults.”® Both aspects
were built into the model. The age-specific annual death rate
was drawn from the United States Life Table."” The death rate
was adjusted according to adult hazard rate ratios for each of
the mRS health states,” which are considered to be age-inde-
pendent.”’ The probabilities to reenter the health states follow-
ing a recurrent stroke were approximated for both arms using
age-dependent resampling of the initial probabilities of the
Save ChildS Study and in case of adult recurrent stroke follow-
ing the according age subgroup receiving SC in a meta-analy-
sis on LVO in adult patients, a conservative assumption based

on literature review.'®**

Direct costs

Both direct acute and long-term costs were stratified for each
of the seven health states (mRS levels 0-6). The acute treat-
ment costs in the first 90 days were based on a study that de-
termined the implied costs for each mRS score in adults.”’ The
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Base-case values and sources of model input parameters

JoS

Model input Base-case value® Distribution Source
Initial probabilities
For each health state mRS 0-6 of EVT-treated Discharge mRS distribution for mTICl 0-3 Dirichlet Save ChildS Study Sporns et al.””
patients recanalization (Figure 2)
For each health state mRS 0-6 of SC-treated Discharge mRS distribution for mTICl 0-2a Dirichlet Save ChildS Study Sporns et al.””
patients recanalization (Figure 2)
Treatment with IVT 0.219 B Save ChildS Study Sporns et al.””
Transition probabilities
Pediatric recurrent stroke rate 0.066 (over first 5 years) B Strater et al.*®
Adult recurrent stroke rate Based on cycle age and time since index stroke B Pennlert et al.”®
Annual death rate 0.000103 (for 11 years old) B US Life Table 2017*
Annual death hazard rates for survivors mRS 1.53/1.52/2.17/3.18/4.55/6.55 Log normal  Kunz et al.”
0/1/2/3/4(5
After recurrent pediatric stroke Discharge mRS distribution for mTICl 0-2a Dirichlet Save ChildS Study Sporns et al.”
recanalization
After recurrent adult stroke 90-day mRS control arm Dirichlet HERMES Goyal et al.?
Health care costs
Costs within first 90 days after stroke for mRS $8,778/$12,117/$19,031/$23,536/$31,537/ % Dawson et al.”'
0/1/2/3/4/5/6 (excluding IVT and EVT) $37,674/$8,856
Additional cost of IVT treatment $7,641 y NIS 2018%
Additional cost of EVT treatment $15977 Shireman et al.”
Long-term annual costs after stroke for mRS $12,344/$12,711/$14,704/$25,258/$51,104/ % Shireman et al.”
0/1/2/3/4/5 $75,131
Recurrent stroke hospitalization $25,283 Y Chambers et al.”
Utilities
mRS 0/1/2/3/4/5/6 1.00/0.91/0.76/0.65/0.33/0.00/0.00 B Chaisinanunkul et al.*
Societal costs
Paid workforce productivity
Average annual earnings of employed population ~ $13,441 (for 18 to 24 years old) Y US Census Bureau 2018
Population employment rate 0.400 (for 18 to 19 years old) B US Bureau of Labor Statistics 2020
Relative earnings of stroke survivors 0.825 B Vyas et al.*®
Return-to-work after stroke mRS 0/1/2/3/4/5 0.63/0.72/0.49/0.19/0.14/0.00 B Tanaka et al.*®
Unpaid domestic productivity
Informal annual caregiving costs mRS 0-1: $1,650 y Hickenbottom et al.”

mRS 2-5: $8,253

All costs were converted to 2020 USD using the medical care component of the Consumer Price Index.
mRS modified Rankin Scale; EVT, endovascular thrombectomy; mTICI, modified Thrombolysis in Cerebral Infarction; IVT, intravenous thrombolysis; HERMES,
Highly Effective Reperfusion evaluated in Multiple Endovascular Stroke Trials; NIS, National Inpatient Sample.
*The minimum and maximum values for ranges were derived from reported 95% confidence intervals or from calculated 95% confidence intervals with the

use of variance estimates as available.

costs for EVT and SC were added to the acute treatment costs
within 90 days according to the specific strategy. Based on
studies that investigated the material usage, procedure times
and recanalization rates, we assumed that the EVT procedure
costs are independent of patient age.”*”'

The long-term annual treatment costs were based on con-
temporary data from the United States for each level of the

mRS score.” In line with the literature, the acute and long-term
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costs were not adjusted for patient age.””* All costs were con-
verted to 2020 United States Dollars according to the medical
care component of the Consumer Price Index™ and discounted
by 3% each year."

Indirect costs

To adopt a societal perspective, we assessed the indirect costs
caused by childhood stroke based on the human capital ap-
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Save ChildS Study outcomes by recanalization grade. Pediatric
stroke outcomes on the modified Rankin Scale during hospital discharge
stratified by modified Thrombolysis in Cerebral Infarction (mTICI) scores.
The mTICI 0-3 group represents all patients in the Save ChildS study and
was used to model outcomes of the thrombectomy group. The mTICl 0-2a
group represents patients with unsuccessful recanalization; these outcomes
were used to model the standard of care group.

proach. According to this approach, the amount of the produc-
tivity losses is measured based on (1) the lost productivity due
to premature mortality in stroke patients; (2) the reduced pro-
ductivity that is caused by the morbidity of stroke survivors;
and (3) the costs for informal caregiving by next of kin."

To analyze the costs caused by premature mortality (1), we
used age-dependent productivity measures based on nation-
wide average gross wages of the employed population. Gross
wage data were available for citizens from 16 years up to 80
years of age by the United States Census Bureau (Current Pop-
ulation Survey)."* These productivity measures were combined
with the general population employment status provided by
the United States Bureau of Labor Statistics.*® Non-stroke-re-
lated deaths were not considered for premature mortality.

To model the costs implied by the reduced productivity of
stroke survivors (2), we multiplied the above-mentioned pro-
ductivity measures by the relative earnings of stroke survivors
compared to the non-stroke population (82.5%).* To our
knowledge, there is no data that represent the relative earnings
depending on the functional disability as measured on the mRS
scale. As there is consensus on the fact that the patient's level
of disability is the most important predictor of return-to-work
(RTW),* we used the functional outcome as an alternative ap-
proach as previously described.”” We multiplied each
above-mentioned productivity measure by the RTW probability
of stroke survivors, respective of their current level of disability
and calculated the difference to the annual earnings of a
healthy age-matched individual. We used reported RTW proba-
bilities stratified by individual mRS health states (mRS 0, 0.63;
mRS 1, 0.72; mRS 2, 0.49; mRS 3, 0.19; mRS 4, 0.14; mRS 5,
0.00).*® RTW was shown to be mainly influenced by the degree
of disability than by patient age.***

The annual costs for informal caregiving (3) were based on
estimates for the United States® and stratified by degrees of
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Results of probabilistic sensitivity analyses

Variable Healthcare perspective Societal perspective
EVT strategy
Lifetime effectiveness 20.32 QALYs 20.34 QALYs
Lifetime costs $559,212 $888,782
Lifetime NMB* $455,029 $125,627
SC strategy
Lifetime effectiveness 16.33 QALYs 16.32 QALYs
Lifetime costs $729,195 $1,142,892
Lifetime NMB* $85,219 -$326,351
EVT compared to SC strategy
Incremental effectiveness 3.99 QALYs 4,02 QALYs
Incremental costs -$169,982 -$254,110
Incremental NMB* $369,810 $451,978
EVT acceptability at WTP
$50,000/QALY 96.08% 96.61%
$100,000/QALY 96.49% 96.64%
$150,000/QALY 96.60% 96.66%

All values are median values derived from probabilistic sensitivity analyses
using 10,000 second order Monte Carlo simulation runs.

EVT, endovascular thrombectomy; QALY, quality-adjusted life year; NMB,
net monetary benefit; SC, standard of care; WTP, willingness-to-pay.

*The WTP threshold was set to $100,000/QALY for all NMB calculations.
Negative incremental costs indicate cost-savings and positive incremental
NMB values represent higher net monetary benefits associated with EVT.

disability (mRS 0-1 vs. mRS 2-5). The hourly wages for home
health aides in the United States of the recently reported year
2018 were used to calculate annual costs. These additional in-
put parameters to model the societal perspective are provided
in Table 1.

Utilities

Therapy effectiveness was measured by quality-adjusted life
years (QALYs), calculated by multiplying years spent in mRS
health states by assigned utility weights. Utility weights were
derived from a recent survey that used a patient-centered ap-
proach.” In line with several studies on health-related quality
of life after ischemic stroke, patient age was assumed to have
no significant influence on the utility weights.***” Values range
from 0.0 to 1.0, with 0.0 representing no, and 1.0 representing
perfect quality of life. All QALYs were discounted by 3% each
year."*

Cost-effectiveness analysis

Treatment strategies were compared in terms of incremental
costs, incremental effectiveness and incremental cost-effec-
tiveness ratios. In line with recent recommendations,'*** we

applied different willingness-to-pay (WTP) thresholds ($50,000,
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$100,000, and $150,000 per QALY). Cost-effectiveness accept-
ability rates were determined for different patient ages.

Sensitivity analysis

To test the robustness of the model, we conducted probabilistic
sensitivity analyses, allowing for simultaneous alteration of
multiple model input parameters. The starting age was set to
the median age in the Save ChildS Study of 11.3 years. Distri-
bution types were used according to probability density func-
tions for 2nd order Monte Carlo simulation runs (n=10,000).
The distribution type for the model input parameters is shown
in Table 1. To study the impact of the pediatric recurrent stroke
rate in the first year after index stroke, deterministic one-way
sensitivity analysis was performed.

Results

Probabilistic sensitivity analyses

The model results yielded EVT as the dominant (i.e., cost-effec-
tive as well as cost-saving) strategy for pediatric stroke pa-
tients. The median cumulative effectiveness over the lifetime
was estimated with 20.33 QALYs for EVT treatment and 16.33
QALYs for SC treatment. The median lifetime healthcare costs
amounted to $559,212 for EVT treatment and to $729,195 for
SC treatment. The incremental effectiveness for the average
age of 11.3 years at first stroke in the Save ChildS Study was
thus determined as an additional 4.02 lifetime QALYs, with
lifetime cost-savings that amounted to $169,982 from a
healthcare perspective and $254,110 when applying a societal
perspective.

Acceptability rates for EVT were consistently higher than
950% for all tested WTP thresholds and for both perspectives.
EVT reached 96.49% and 96.64% acceptability at a WTP of
$100,000/QALY for the healthcare and societal perspectives.
The detailed results are presented in Table 2. Cost-effectiveness
planes showing scatter plots of incremental costs and effective-
ness of the 10,000 simulation runs are presented in Figure 3.

One-way sensitivity analysis of pediatric recur-
rent stroke rate

The deterministic one-way sensitivity analysis for first-year re-
current stroke rate yielded cost-effectiveness for EVT even up
to a rate of 50%. The lifetime costs remained lower with EVT
across the range from 0% to 50% (Figure 4A), while incremen-
tal QALYs continually declined as a result of the shortened life
expectancy (Figure 4B). Incremental net monetary benefit val-
ues remained positive across the range from 0% up to 50%
first-year recurrent stroke rate (Figure 4C).

https://doi.org/10.5853/j0s.2021.01606
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Probabilistic sensitivity analysis from the healthcare and societal
perspective. Cost-effectiveness planes of incremental costs and incremen-
tal effectiveness of endovascular thrombectomy (EVT) versus standard care
are shown for the probabilistic sensitivity analysis. Each dot represents one
simulation run. The dashed line indicates a willingness-to-pay threshold of
$100,000/quality-adjusted life year (QALY). Dots right to this line are con-
sidered cost-effective simulation runs. Dots in the right lower quadrant in-
dicate cost-savings combined with incremental QALYs by EVT.

Discussion

Our study systematically investigated the cost-effectiveness of
EVT for pediatric patients with LVO stroke. Adopting a United
States healthcare as well as a societal perspective, EVT was the
dominant strategy, resulting in significant lifetime health ben-
efits and cost-savings compared with conventional SC man-
agement. From an economic point of view, there is clear sup-
port for EVT as the preferred treatment strategy in this patient
population.

While several large prospective randomized trials have
shown the clear benefit of EVT in adulthood stroke, making it
the SC in acute LVO, only small cohorts have been published
investigating the use of EVT in childhood stroke."** The Save
ChildS study was the first multicenter retrospective analysis of
the use of EVT for LVO in children, demonstrating technical and
clinical success rates comparable to the large RCTs in adults,
with a good safety profile. This holds even true for children
with LVO presenting in the late therapeutic window of up to
24 hours after onset of symptoms and different age groups.”™*

As prospective randomized trials on EVT in children will most
likely never become available, the evidence level will be based
on those retrospective cohorts as well as prospective registry
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my (EVT) compared with standard care (SC) (C). Positive incremental net monetary benefit values indicate cost-effectiveness of EVT based on a willing-

ness-to-pay of $100,000/QALY.

data. Even though there are several borderline indications such
as underlying arteriopathies,” in light of the moderate evi-
dence of intravenous thrombolysis in pediatric LVO,*" EVT is
increasingly advocated in the pediatric stroke community.”**
The major strength of this analysis is a detailed literature re-
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view regarding age dependency of model input parameters and
the modification during the pediatric and adult timeline during
the lifetime simulations as well as data access to the largest
contemporary cohort on pediatric EVI. Moreover, this study in-
cluded a healthcare as well as a societal perspective, as cur-
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rently recommended by the Second Panel on Cost-Effective-
ness in Health and Medicine.'*

There are several limitations of our study that need to be tak-
en into account when interpreting the results. First, the study
design was retrospective with the inherent limitations of this
type of design, for example regarding model input data or
change in procedure over time of recruitment. Second, out-
comes for EVT and SC had to be modeled based on successful
and futile recanalization as no randomized data or respective
SC cohort data were available. As the complication rate of EVT
is also very low in children, this approach may best model the
differences in outcome and has been used before to study EVT
treatment effects in large core strokes in adults.® Third, it was
not feasible to study different pediatric age subgroups based on
the limited patient numbers. Fourth, several of the cost input
parameters had to be modelled on the basis of adult data as
there were no corresponding pediatric data available in the lit-
erature. Fifth, mRS was applied as the outcome parameter that
defined the different health states. This was also due to a pau-
city of data on pediatric stroke outcome measures regarding
modeling of quality of life and direct as well as indirect costs.
Sixth, due to the lack of data for childhood stroke we had to as-
sume that the RTW after stroke was mainly influenced by the
mRS outcome, which was only available from a small cohort
and had limited data for the mRS O subgroup. No data was
available to model RTW changes during the process of aging.

Conclusions

In conclusion, our analysis of EVT based on the Save ChildS
Study resulted in added QALYs and reduced lifetime costs.
Based on the available data, EVT is very likely to be a cost-ef-
fective and cost-saving treatment strategy for childhood stroke.
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