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Purpose: Carbon-ion radiation therapy (CIRT) is a treatment option for patients with hepatocellular carcinoma (HCC) that results in
better outcomes with fewer side effects despite its high cost. This study aimed to evaluate the cost-effectiveness of CIRT for HCC from
medical and economic perspectives by comparing CIRT and transarterial chemoembolization (TACE) in patients with localized HCC
who were ineligible for surgery or radiofrequency ablation.
Methods and Materials: This study included 34 patients with HCC who underwent either CIRT or TACE at Gunma University
between 2007 and 2016. Patient characteristics were employed to select each treatment group using the propensity score matching
method. Life years were used as the outcome indicator. The CIRT technical fee was <3,140,000; however, a second CIRT treatment on
the same organ within 2 years was performed for free.
Results: Our study showed that CIRT was dominant over TACE, as the CIRT group had a higher life year (point estimate, 2.75 vs 2.41)
and lower total cost (mean, <4,974,278 vs <5,284,524). We conducted a sensitivity analysis to validate the results because of the higher
variance in medical costs in the TACE group, which demonstrated that CIRT maintained its cost effectiveness with a high acceptability rate.
Conclusions: CIRT is a cost-effective treatment option for localized HCC cases unsuitable for surgical resection.
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Introduction
Hepatocellular carcinoma (HCC) is a leading causes of
cancer-related death worldwide.1,2 The treatment strategy is
mainly determined based on the disease stage and hepatic
function.3 Although several treatment options, such as immu-
notherapy and molecular targeted therapy, are emerging,4,5
r
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local therapies, including surgical resection and radiofre-
quency ablation (RFA), remain essential for localized HCC
due to their curative potential.3,6,7 However, many patients
with HCC are ineligible for surgery and RFA owing to poor
hepatic function or tumor size.3,8,9 They frequently undergo
transarterial chemoembolization (TACE), which leads to a
higher incidence of local and intrahepatic recurrence, necessi-
tating frequent retreatments.10

Carbon-ion radiation therapy (CIRT) is an emerging
treatment option for HCC, offering enhanced tumoricidal
effects due to its high linear energy transfer compared
with x-rays. Its unique properties, such as the Bragg peak
and reduced lateral scattering, result in a superior dose
distribution over conventional x-ray treatments.11-14

Thus, CIRT can be safely applied to various patients with
localized HCC.15-19 A single-institution retrospective
study using propensity score matching (PSM) demon-
strated that CIRT resulted in better outcomes than TACE
(3-year overall survival rate, 88% in the CIRT group vs
58% in the TACE group).20 Therefore, CIRT may be a
promising treatment option for patients with localized
HCC who are ineligible for surgery or RFA. However, the
higher costs of constructing and operating an accelerator
system make CIRT an expensive treatment option,21,22

which may hinder its widespread use. Nevertheless, the
superior local control and minimal adverse effects of
CIRT may reduce long-term medical costs.

Health economic evaluations are essential for the opti-
mal allocation of health care resources.23 This evaluation
should be conducted as “a comparative analysis of alter-
native courses of action, regarding both costs and conse-
quences.”24p4 Previous studies have shown that CIRT for
clinical stage I non-small cell lung cancer and locally
recurrent rectal cancer is cost effective in the long term
compared with stereotactic body radiation therapy
(SBRT) and conventional multimodality therapy,
respectively.25,26 If CIRT for HCC is also cost effective,
concerns regarding medical costs can be alleviated. How-
ever, to the best of our knowledge, no current, robust, and
conclusive data exist regarding the cost-effectiveness of
CIRT for HCC. Therefore, this study aimed to evaluate
the cost-effectiveness of CIRT for HCC from medical and
economic perspectives. Furthermore, we compared CIRT
with TACE, as TACE is a medical technology that is
extensively used in clinical settings and is considered the
most likely to be replaced by the introduction of new
technologies, such as CIRT.27
Methods and Materials
Study design and patients

This study was conducted in compliance with the
standards outlined in the Declaration of Helsinki and was
approved by the Gunma University institutional review
board before the commencement of the study (registra-
tion number: HS2018-271). Informed consent was
obtained from all participants or their guardians.

We analyzed the cost and outcome data of 34 Japanese
patients with localized HCC treated with either CIRT or
TACE at Gunma University between 2007 and 2016.
Patients were selected using the PSM method as described
in a previous study by Shiba et al.20 Each treatment group
comprised of 17 patients. The patient characteristics in
each group were matched according to age, sex, perfor-
mance status, tumor size, Child-Pugh class, Barcelona
Clinic Liver Cancer stage, and alpha-fetoprotein level.
The eligibility and exclusion criteria are described in this
report.
Data on outcome

We used the Kaplan-Meier curve from a previous
report20 on overall survival to calculate the number of life
years (LYs) as an indicator of the outcome. LY was
defined as the area under the curve. Although quality-
adjusted LYs (QALYs) were recommended as an outcome
indicator,27 we did not calculate them because of the diffi-
culty in retrospectively obtaining quality of life data, espe-
cially in the TACE group. The upper and lower limits of
LY were calculated using 95% CIs. We analyzed the out-
come data for 3 years from the start of treatment.
Data on cost

We conducted an analysis from the perspective of pub-
lic health care payers, following the recommendations of
the guideline for the economic evaluation of health care
technologies.27 However, as will be mentioned subse-
quently, because the technical fees for CIRT are excluded
from public health care expenses, we considered the cost
scope to encompass both public expenditure and patient
out-of-pocket expenses.

Cost data were electronically extracted from the
accounting records maintained by Gunma University.
Each medical fee was classified into corresponding catego-
ries (including CIRT technical fees, TACE fees, outpatient
medical fees, hospitalization medical fees, image examina-
tion fees, laboratory examination fees, medication fees,
treatment fees, radiation therapy fees, out-of-insurance
fees, and other costs) based on the medical diagnosis iden-
tification in Japan (Table 1). Diagnostic procedure combi-
nation costs were converted into fee-for-service-based
medical costs. We analyzed the cost data from 1 month
before treatment initiation to 3 years thereafter.

Although CIRT for HCC with a tumor size of 4 cm or
more has been covered by health insurance in Japan since
April 2022, all 17 patients in this study received CIRT as



Table 1 Expense categories

Major Expense
Categories

Medical Diagnosis
Identification

Outpatient medical fee Initial visit
Follow-up visit
Medical management
Home care

Hospitalization medical fee Basic hospitalization fee
Specific hospitalization fee

Image examination fee Imaging diagnosis

Laboratory examination fee Examinations and pathology

Medication fee Internal medication
Topical medication
External medication
Dispensing
Narcotics
Adjustments

Treatment fee Treatments
Surgery
Anesthesia

Radiation therapy fee Radiation therapy

Out-of-insurance fee Dietary therapy and standard
patient share

Each medical fee has been categorized into relevant groups based on
the medical diagnosis identification in Japan.
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advanced medical technology. The advanced medical
technology system in Japan permits the use of innovative
medical technologies that are not yet covered by health
insurance in conjunction with standard treatments. The
technical fees for these advanced technologies are entirely
self-funded, while other medical expenses, such as consul-
tations and hospitalization, are covered by insurance.
These technical fees vary depending on the type of tech-
nology and the institution. If CIRT was performed as an
advanced medical technology, a technical fee of
<3,140,000 was charged at Gunma University. As per a
specific rule of our institution, a second CIRT for tumors
in the same organ (the liver) within 2 years from the
beginning of CIRT was performed for free. We conducted
the primary analysis with this rule applied, as it may have
influenced patients’ decision making. Additionally, con-
sidering the potential cost-effective advantages of CIRT
resulting from this rule, further analysis was conducted by
setting all CIRT technical fees at <3,140,000.
Cost-effective analysis

Cost-effectiveness analysis (CEA) was conducted based
on the LY and total costs of each group, calculated from
the outcome and cost data, respectively. If 1 of the CIRT
and TACE groups had both a higher LY and a lower total
cost, the treatment of the group was regarded as
dominant. Otherwise, the incremental cost-effectiveness
ratio (ICER) was calculated using the following formula:

ICER ¼ Ci� Cc
Ei� Ec

where Ci represents the cost in the intervention group, Cc
signifies the cost in the control group, Ei represents the effect
in the intervention group, and Ec denotes the effect in the
control group. Therefore, ICER in this study was calculated
by dividing the incremental total cost by the incremental LY.

Deterministic sensitivity analyses (DSA) and probabilis-
tic sensitivity analyses (PSA) were performed to ensure the
robustness of the analysis. In DSA, 1 variable was varied
between its lower and upper limits to calculate the ICER
range. In PSA, random numbers were generated for all vari-
ables using a triangular distribution that includes the lower
limit, mode, and upper limit to calculate the ICERs. The
number of PSA iterations was set to 10,000. The variables
analyzed included total cost and LY in the CIRT and TACE
groups. The lower limit, upper limit, and mode of the total
cost were set as the minimum, maximum, and median val-
ues, respectively, in each group. For LY, lower limit, upper
limit, and point estimates were used for each group.

The costs were aggregated and analyzed using the
NumPy and Pandas libraries in Python version 3.9.16. All
figures were generated using the Matplotlib library.

To enable a comparison of costs standardized interna-
tionally, from this point onwards, amounts stated in < are
accompanied by their converted USD values using the aver-
age exchange rate of<102 per USD from 2007 to 2019.
Results
Follow-up information

Fourteen and 15 patients in the CIRT and TACE groups,
respectively, were followed up at Gunma University for
more than 3 years or until their death. The remaining
patients in both groups were followed up for at least 2 years.
In the CIRT group, 2 patients required both additional
CIRT and TACE, while 5 required TACE during the follow-
up period. The second CIRTs were performed free of charge.
In contrast, 11 patients in the TACE group underwent
repeated TACE, 2 received RFA, and none were treated with
CIRT during the follow-up period. No patients received sys-
temic treatments, such as chemotherapy, molecular targeted
therapy, or immunotherapy.
LY

The calculated LY was 2.747 (95% CI, 2.381-3.000) and
2.413 (95% CI, 1.974-2.836) in the CIRT and TACE
groups, respectively, with an incremental LY of 0.334.



Figure 1 (A) The mean total cost and its breakdown from 1 month before the treatment initiation to 3 years thereafter.
(B) The time-series graph shows the mean cost in each group with error bars of 95% CIs. The mean costs were calculated
by dividing the total cost in each interval by the number of patients who followed up during the interval. (C) The propor-
tion of the costs during each interval. The colors showing the breakdown are the same as those of panel A. Abbreviations:
CIRT, carbon-ion radiation therapy; TACE, transarterial chemoembolization.
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Medical costs

The mean total cost was <4,974,278 (approximately
48,767 USD; range, <3,790,320-6,808,619 or 37,160-
66,751 USD) in the CIRT group and<5,284,524 (approxi-
mately 51,809 USD; range, <1,074,270-9,722,276 or
10,532-95,316 USD) in the TACE group. The CIRT techni-
cal fee accounted for most of the medical costs in the CIRT
group, whereas higher hospitalization medical, medica-
tion, and treatment fees were observed in the TACE group
(Fig. 1A, Table 2). The medical costs for both groups were
the highest during the first 6 months following treatment
initiation. Subsequently, the TACE group had consistently
higher costs, whereas the CIRT group had lower costs
(Fig. 1B). During the follow-up period, the CIRT group
incurred a higher proportion of medical costs from image
examination fees, while the TACE group incurred a higher
proportion from hospitalization fees (Fig. 1C).

CIRT was considered dominant over TACE because
the CIRT group results revealed a higher LY and a lower
total cost. Nevertheless, a sensitivity analysis was con-
ducted to validate the results because the medical costs in
the TACE group had a higher variance according to each
patient, especially the hospitalization medical and treat-
ment fees (Fig. 2, Table 2).

Sensitivity analysis

In DSA, varying the LY of each group within their inter-
val led to divergence to positive and negative infinity,
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making it difficult to evaluate the impact of the LY on
ICERs (Fig. E1A). When the total cost of TACE was mini-
mized, the ICER of CIRT was <11,684,403/LY, approxi-
mately 114,652 USD/LY. In contrast, when maximizing the
total cost of CIRT, the ICER of CIRT compared with
TACE was <4,566,179/LY, approximately 44,774 USD/LY.

In the PSA, the acceptability of CIRT surpassed that of
TACE, even when the willingness to pay (WTP), which
represents the maximum threshold of ICER that individu-
als are willing to spend to receive treatment, was close to
<0/LY (Fig. E1B). When WTP increased to <4,000,000/
LY, approximately 39,216 USD/LY, the acceptability rate
increased to >70%.
Additional analysis

Summing up the costs, assuming all CIRT technical
fees to be <3,140,000, the mean total cost of the CIRT
group was <5,343,690 (approximately 52,389 USD; range,
<3,790,320-9,310,796 or 37,160-91,282 USD), slightly
exceeding that of the TACE group (Fig. E2A). The calcu-
lated ICER stood at <177,259/LY, approximately
1738 USD/LY. In DSA, when maximizing the total cost of
CIRT, the ICER of CIRT compared with TACE increased
to <12,062,688/LY, approximately 118,262 USD/LY
(Fig. E2B). Nevertheless, the impact of CIRT’s total cost
on ICER remained smaller than that of TACE. Within
PSA, the acceptability of CIRT surpassed that of TACE,
even when WTP was below <4,000,000/LY (Fig. E2C).
Discussion
We demonstrated that CIRT is a dominant treatment
for localized HCC compared with TACE based on the
CEA. This study provides evidence from a health eco-
nomics perspective that CIRT is a high-performance
treatment option for patients with HCC ineligible for sur-
gical resection.

CIRT is a minimally invasive treatment option for
HCC.28-30 Although surgical resection is the standard
treatment for localized HCC, it inherently has a high pro-
pensity to coexist with liver disease, and many patients
have insufficient liver function to tolerate the surgery.31

Additionally, RFA is subject to drawbacks based on the
size, location, and extent of the lesions, thereby restricting
its suitability to a limited number of patients.3 Therefore,
CIRT is in high demand as a treatment option for HCC.
However, despite its clinical benefits, the high cost associ-
ated with CIRT limits its accessibility. HCC is a common
cancer in Asia, including Japan,31 and the cost of medical
care for HCC can significantly impact Japan’s health care
economy. Hence, evaluating the cost effectiveness of HCC
treatment is important to ensuring the soundness of
Japan’s health care economy in the future.



Figure 2 The boxplots depict the distribution of total costs for each patient categorized based on breakdowns. Abbrevia-
tions: CIRT, carbon-ion radiation therapy; TACE, transarterial chemoembolization.
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The total cost in the TACE group exhibited significant
variability, which could have potentially affected the CEA
results. Therefore, sensitivity analysis is necessary to
address the uncertainties involved.27 The large variability
in the TACE group may be due to the inclusion of
patients who died early after treatment and those who
required repeated hospitalization and/or retreatment.
Generally, the total cost tends to be lower when early
deaths are more frequent. However, in the TACE group,
which has a high recurrence rate, repeated treatments
became necessary as the survival duration increased. This
could affect the variability in total costs. In contrast, CIRT
showed little variability, probably because it was per-
formed as an advanced medical technology during treat-
ment, and follow-up was conducted in a standardized
manner according to the protocol and because of fewer
recurrences.

Our analysis followed the methods recommended by
the guidelines for economic evaluation of health care
technologies;27 however, several noteworthy considera-
tions exist, particularly regarding outcome data. First, due
to the unavailability of quality-of-life data for the TACE
group, we used LY as an outcome indicator. Using QALY
as an outcome indicator can make it easier to assess cost
effectiveness. In Japan, although there are no formally
authorized criteria for WTP in health care policy deci-
sions, the generally referenced WTP per QALY ranges
between <5 and 6 million.32,33 However, interpreting the
results becomes more challenging when the treatment
outcome is measured in LY. A questionnaire survey
revealed that 41.0% of Japanese oncologists believed that
the maximum allowable medical expenses for cancer
treatment to prolong the life expectancy of patients by
1 year should be ≤<4,000,000, while another 39.8% sug-
gested that the fees should range from <4,000,000 to
8,000,000.34 This serves as a valuable reference for our
study in interpreting the results of CEA, as both studies
use LY in cancer treatment as the outcome indicator. The
median value identified in this study, <4,000,000, can be
adopted as WTP threshold for our analysis. In the sensi-
tivity analysis, DSA indicated ICERs of <11,684,403/LY,
approximately 114,553 USD/LY, when the total cost of
the TACE group was at its lowest and <4,566,179/LY,
approximately 44,766 USD/LY, when the cost of the
CIRT group was at its highest. Meanwhile, PSA demon-
strated that the acceptability of CIRT exceeded 70% at the
WTP threshold of <4,000,000/LY. As discussed earlier,
considering that shorter survival tends to result in lower



Table 3 Comparative study overview

Study Focus Analysis method Expected costs ICER Cost-effectiveness

Ikeda et al (2005)38 RFA vs surgical therapy for
small HCC

Comparison based on
patient data

Single RFA: <849,900;
Repeated RFA:
<1,086,000; Surgery:
<1,745,100

Not specified RFA superior to surgery

Cucchetti et al (2013)39 Hepatic resection vs RFA for
early HCC

Meta-analysis and Markov
model

Varies with HCC stage Not specified Depends on HCC stage

Camm�a et al (2013)40 Sorafenib vs BSC for BCLC B
or C HCC not eligible for
local therapy

Markov decision model Dose-adjusted sorafenib
for BCLC B and C:
€19,944; BSC: €4,142

€34,534/QALY for BCLC
B and C patients
together

Dose-adjusted sorafenib
favorable

Parikh et al (2017)41 Sorafenib vs untreated in
advanced HCC

SEER-Medicare database
analysis

Sorafenib: $31,364; Con-
trol: $10,950 in overall
cohort

$84,250/LY in overall
cohort

Sorafenib was not cost-effective
among patients with hepatic
decompensation

Pollom et al (2017)42 SBRT vs RFA for HCC Decision-analytical Mar-
kov model

SBRT-SBRT: $197,557;
RFA-SBRT: $193,288

$558,679/QALY for
SBRT-SBRT relative to
RFA-SBRT

RFA-SBRT preferred strategy

Marqueen et al (2021)43 SIRT vs sorafenib in locally
advanced HCC

State-transition microsi-
mulation model

Sorafenib: $78,859; SIRT:
$58,397

$1,280,224/QALY for
sorafenib

Sorafenib was not cost-effective
compared with SIRT

Current study CIRT vs TACE for localized
HCC not eligible for local
therapy

Comparison based on
actual measurement data

CIRT: <4,974,278; TACE:
<5,284,524

CIRT was “dominant”
over TACE

CIRT superior to TACE

Abbreviations: BCLC = Barcelona clinic liver cancer; BSC = best supportive care; CIRT = carbon ion radiation therapy; HCC = hepatocellular carcinoma; ICER = incremental cost-effectiveness ratio;
QALY = quality-adjusted life year; RFA = radiofrequency ablation; SBRT = stereotactic body radiation therapy; SEER = surveillance, epidemiology, and end results; SIRT = selective internal radiation therapy;
TACE = transarterial chemoembolization.
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total costs in the TACE group, these results suggest that
CIRT is likely to be cost effective, even with various
uncertainties. This supports the primary analysis based
on actual measurement data.

Second, although the guidelines recommend using
high-level evidence data that reflect real-world clinical
outcomes,27 this study used retrospective data from a sin-
gle facility, which may have introduced various uncertain-
ties and biases. Factors such as follow-up policies, regular
checkups, treatment policies for recurrence, and ease of
hospital visits can influence cost-effectiveness outcomes.
Additionally, PSM was used to ensure a fair comparison
by aligning patient backgrounds, which resulted in a
reduced sample size of only 17 patients in each group.
Consequently, the total costs and LY of each patient had a
more pronounced impact on the analysis results, poten-
tially reducing the robustness of our analysis. Further-
more, the large CIs in the survival curves of each group
made it difficult to assess the impact of LY variations on
ICERs in DSA. Despite these challenges, it is notable that
the treatment outcomes for both CIRT and TACE were
consistent with previous literature,12,20,35-37 and the calcu-
lated LYs in this study are credible. Sensitivity analyses
were conducted to address the uncertainties and biases
arising from these limitations.

Several studies have assessed the cost effectiveness of
various HCC treatment options (Table 3). For example, 2
studies specifically compared the cost effectiveness of RFA
versus surgery for early stage HCC and found that RFA
was cost effective in selected patients.38,39 These studies
focused on resectable HCC, which differed from the target
population of this study. Similarly, 2 other studies demon-
strated the cost effectiveness of sorafenib in selected
patients;40,41 however, they included patients with advanced
HCC for which local therapy is unsuitable, which is differ-
ent from the target population of this study. Pollom et al42

and Marqueen et al43 developed a Markov model to com-
pare the cost effectiveness of inoperable, locally advanced
HCC treatment options, including RFA versus SBRT and
selective internal radiation therapy (SIRT) with Yttrium-90
versus sorafenib. A former study concluded that RFA, fol-
lowed by SBRT as salvage therapy, is preferred regarding
cost effectiveness. The latter study could not demonstrate
the superiority of SIRT over sorafenib. In these studies, the
expected costs were high (RFA + SBRT: 193,288 USD,
approximately <19,715,376; SIRT: 58,397 USD, approxi-
mately <5,956,494). CIRT may be a more cost-effective
option; however, it is unclear whether simulated patients
are suitable for CIRT. Furthermore, these studies have sig-
nificant uncertainties because they are based on the litera-
ture and rely on some assumptions. In contrast, our study
used actual measurement data obtained from the same
facility, reducing uncertainties based on assumptions and
providing reliable, valuable data.

Gunma University has implemented a policy that
exempts the CIRT technical fee under specific conditions.
This aspect could complicate the interpretation of the
findings in this study. Our focus was to ensure the reli-
ability and accuracy of the results through an analysis
based on real-world data. Consequently, the primary
analysis was conducted with this policy considered.
However, recognizing the potential advantage that this
policy might confer to CIRT, we performed an addi-
tional analysis where all CIRT technical fees were stan-
dardized at <3,140,000. The 2 sessions of CIRT
technical fees, initially considered free, were adjusted to
<3,140,000 in the additional analysis, leading to the
average total cost for the CIRT group slightly exceeding
that of the TACE group. Although CIRT was not domi-
nant over TACE, it still exhibited favorable cost effec-
tiveness. Importantly, the additional analysis produced
no changes to the conclusions drawn from the primary
analysis.

In addition to what has been discussed, this study had
some other limitations. First, this study only included
analyzed cost databased on the costs incurred at Gunma
University. Thus, some patients may have incurred con-
siderable costs at other medical institutions. Although we
desired to collect cost data from all medical institutions,
this is difficult to achieve. As almost all patients were fol-
lowed up for 3 years from the start of treatment or until
death (with only a few exceptions who were lost to fol-
low-up), this limitation may have a relatively small
impact. Any uncertainty caused by this limitation was
also addressed in sensitivity analyses. Second, the chances
of survival have recently increased owing to advance-
ments in the treatment techniques for HCC, including
CIRT and TACE, and the development of systemic
therapies.44,45 Our study analyzed patients treated
between 2007 and 2016, which may differ from the cur-
rent patient population in real-world settings. Addition-
ally, medical expenses may have changed owing to
revisions in the medical payment system. With CIRT for
HCC now covered by health insurance from 2022
onward, the total cost for patients currently receiving
CIRT may be lower than that in our study. Although we
have provided reliable databased on actual measurements,
it is important to continue conducting health economic
evaluations in the future.
Conclusion
In conclusion, CIRT is a cost-effective treatment
option for localized HCC cases unsuitable for surgical
resection or RFA. This conclusion is based on an actual
measurement-based analysis, which provides more reli-
able and accurate results than a simulation-based analysis,
which is prone to greater uncertainty. Although CIRT
incurs high technical fees, its long-term cost effectiveness
remains favorable over a 3-year perspective due to
reduced posttreatment expenses. Data and findings from
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this study are valuable for CIRT medical economic evalu-
ation.
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