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Purpose: The aim of curative-intent treatment for hepatocellular carcinoma (HCC) is to restore the patients’ survival to what it would
have been, had they not developed HCC. We examined the chances of such ‘statistical cure’ from HCC in patients with cirrhosis due to
alcohol-related liver disease (ALD cirrhosis).

Patients and Methods: Using nationwide Danish healthcare registries, all patients with ALD cirrhosis who were treated for HCC in
2004-2018 were identified and included in cohorts based on initial HCC treatment. We used cure fraction analyses to estimate the
chance of being statistically cured by each HCC treatment.

Results: We included 1087 patients with HCC due to ALD cirrhosis, of whom 51 (4.7%) were treated with resection and 215 (19.8%)
were treated with ablation. The cure fraction, ie the fraction of patients who experienced no excess mortality from HCC, was 31.8%
(95% CI: 0.0-67.5) following resection and 22.9% (95% CI: 2.6—43.2) following ablation. In patients who were still alive five years
after the initial HCC treatment, the likelihood of having been statistically cured at that time was 69.0% after resection and 60.2% after
ablation. For both treatments, a 90% chance of having been statistically cured was reached after seven years.

Conclusion: Based on cure fraction analyses, resection for HCC statistically cures 31.8% of patients with HCC and underlying ALD
cirrhosis, while ablation statistically cures 22.9% of patients. Seven years after curative-intent treatments for HCC, surviving patients
are 90% likely to be statistically cured of HCC. This information is valuable to patients and the clinicians caring for them.
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Plain Language Summary

Using Danish, nationwide registries, we studied the probability of being cured by curative-intent treatments for primary liver cancer in
patients with cirrhosis due to alcohol-related liver disease. In 2004-2018, liver resection cured around one third of patients with liver
cancer due to alcohol-related liver disease, and catheter ablation cured around one fourth of patients.

Introduction
Hepatocellular carcinoma (HCC) is the 5th commonest cancer and the 3rd leading cause of cancer-related death
globally." Most patients with HCC have cirrhosis, and in Denmark, one-half of patients with HCC have underlying
cirrhosis due to alcohol-related liver disease (ALD cirrhosis).? In addition to a high mortality from HCC, these patients
have a very high mortality due to other causes, such as liver failure or non-HCC comorbidities.” That high mortality due
to other causes must be accounted for when evaluating the effectiveness of curative-intent HCC treatments, because HCC
treatments cannot be expected to reduce it.

Statistical cure is a useful measure in evaluating the effectiveness of HCC treatments because it accounts for non-
HCC mortality. The ‘net survival’ and the ‘cure fraction’ are different, but equally valid measures of statistical cure and,

thereby, treatment effectiveness.”” Recently, the cure fraction following resection for HCC was estimated at 26.3% in
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a multinational cohort of mixed HCC etiology.® However, an estimate of the cure fraction for HCC treatments other than
resection and liver transplantation has not previously been published, nor has an etiology-specific estimate.

The aim of curative-intent HCC treatments is to restore the patients’ survival to what it would have been, had they not
developed HCC. Analyses of statistical cure measure the extent to which that aim is fulfilled, and it is of obvious importance
to both patients and clinicians to know whether the purportedly curative treatments for HCC are in fact curative.

In this nationwide descriptive study, we aimed to estimate the net survival and cure fraction of curative-intent
resection and ablation for HCC in patients with ALD cirrhosis.

Patients and Methods

Setting

This descriptive, registry-based study was conducted in the Danish population of 5,781,190 people (1 January 2018). All
Danish citizens have free, tax-supported access to general practitioners and hospital care. The personal identification
number (CPR-number) issued to all Danish citizens at birth or immigration allows linkage of all national registries. The
CPR registry records the vital status of all citizens with complete follow-up until death or emigration. The National
Patient Registry contains data on hospital contacts since 1977 including International Classification of Diseases (ICD)
codes, Danish Classification of Surgical Procedures and Therapies codes, and administrative codes. Since 1996, all
surgical procedures have been registered as NOMESCO Classification of Surgical Procedures (NCSP) codes.” The
Danish Cancer Registry contains data on all incident cases of cancer in Denmark since 1943, including TNM-stage from
2004 onwards,® and the Danish Register of Causes of Death records all immediate, supplementary, and underlying causes
of death by ICD codes.” Regarding clinical care, treatment and follow-up of HCC is conducted according to Danish
guidelines based on The European Association for the Study of the Liver (EASL) guidelines.'®

Study Population

Using the National Patient Registry and the Danish Cancer Registry, the study population was defined as all Danish
citizens treated for HCC in 2004-2018 who also had an ALD cirrhosis diagnosis code from a hospital contact any time
between 1 January 1980 and the date of the first HCC treatment. The inclusion period was restricted to 2004-2018 for
two reasons. First, to increase HCC treatment homogeneity throughout the study period, and second, because the Danish
Cancer Registry was modernized in 2004 to include TNM-stage. All HCC treatments were identified using the National
Patient Registry. Thus, we identified all NCSP codes for liver resection, radiofrequency and microwave ablation of
pathological liver tissue, liver transplantation, and transarterial chemoembolisation (TACE) or selective internal radiation
therapy (SIRT) of the liver. Similarly, using codes for non-surgical treatment, we identified treatment with Sorafenib,
Regorafenib, stereotactic body radiation therapy (SBRT), and palliative treatment. Additionally, we identified referrals to
oncology and palliative medicine and recorded decisions to not offer HCC treatment due to the health of the patient. To
check whether all HCC treatment codes were accounted for, we screened all treatment codes received by the patients with
HCC in the year prior to and in the year following the HCC diagnosis. Baseline cirrhosis decompensation was defined as
any of the following procedures or diagnoses prior to the first HCC treatment: ascites drainage; treatment of gastric or
esophageal varices; or diagnosis of ascites, spontaneous bacterial peritonitis, variceal bleeding, or hepatorenal syndrome.

Treatment Cohorts

The patients were included in separate curative-intent treatment cohorts based on their first HCC treatment. When
a patient received both ablation and TACE within two days, the first treatment was defined as a combination therapy of
ablation and TACE. We defined five curative-intent treatment cohorts: resection, ablation, ablation plus TACE, SBRT,
and transplantation. Patients in the ablation plus TACE, SBRT, and transplantation cohorts and patients whose first HCC
treatment was life-prolonging (TACE, SIRT, and Sorafenib) or best supportive care (palliative treatment, referral without
further treatment, and no recorded treatments) were enumerated for completeness, but not included in the net survival
analyses. The patients were followed from the date of their first treatment until death, and surviving patients were
censored on 31 December 2019. To evaluate clinical follow-up, all CT and MR scans of the liver from the initial
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treatment date until the end of follow-up were enumerated. All registry-codes used to define the study population and the
treatment cohorts are listed in Supplementary Table S1.

Cure Models

The “statistical cure fraction’ is the proportion of patients who do not experience excess mortality from HCC. Therefore,
it is defined solely by survival time. There is no standard method to estimate the chances of being statistically cured by
curative-intent treatment. For that reason, we used three different methods: cause-specific survival analysis, relative
survival ratio analysis, and cure fraction analysis.

¢ In cause-specific survival analysis, deaths from causes other than HCC are censored, meaning that the analysis
measures the survival probability that would be observed if — hypothetically — death from non-HCC causes were
impossible.

¢ In relative survival ratio analysis, net survival is estimated as a ratio between the observed survival and the expected
survival for patients with HCC.

e Cure fraction analysis models the relative survival using expected survival estimates and computes the cure fraction,
which is the predicted relative survival probability at the time when the predicted relative survival function
plateaus.” The expected survival is based on controls who are identical to the patients with HCC, except they did
not develop HCC (see below for further details).

Cause of Death

The Danish Register of Causes of Death contains up to 12 codes recorded by the on-duty physician detailing the cause of
death: one underlying cause (obligatory), two supplementary causes, one immediate cause, and eight non-causal
supplementary diseases. To minimize misclassification, one of the authors (FK) determined whether a given death was
caused by HCC by manual inspection of all recorded cause of death codes. Briefly, a death was classified as HCC-related
if HCC was recorded as either the underlying, a supplementary, or the immediate cause of death, except when the codes
suggested an acute event, which was likely not caused by HCC (eg acute myocardial infarction).

Lifetable of Expected Survival

Calculations of the relative survival ratio and the cure fraction rely on estimates of expected survival for patients with
HCC, ie, the survival they would have experienced had they not developed HCC. The expected survival was based on
a lifetable of 1-year survival probabilities that could be combined to compute expected survival beyond one year. The
1-year survival probabilities were computed from each day after ALD cirrhosis diagnosis, within strata defined by sex,
attained 5-year age group, attained S5-year calendar period, cirrhosis decompensation any time prior to the initial HCC
treatment (yes/no), and whether the first ALD cirrhosis diagnosis was given during acute admission (yes/no). The 1-year
survival probabilities were computed using the Kaplan-Meier estimator, and they were based on the source population of
all patients diagnosed with ALD cirrhosis in 1980-2018 in Denmark.

Statistical Analysis
The cause-specific survival was calculated using the Kaplan-Meier estimator, treating deaths from causes other than HCC
as censoring events, so that we estimated the mortality that would be observed if, hypothetically, deaths from causes
other than HCC could not occur.'' To compute the expected life-years lost due to HCC in the cause-specific survival
setting, we generated pseudo-values to fit a generalized linear model of lost life-years.'? The relative survival ratio was
calculated using the Ederer I method.'® Thus, the observed survival of a given HCC-treated patient was continually
matched to his/her expected survival probability.

The cure fraction was estimated using a mixture model,’ and expected cumulative mortality hazards were derived
from the lifetable of expected survival probabilities. The choice of survival distribution for modelling the cure fraction
was based on Akaike information criteria and visual inspection of Cox-Snell residuals.'"* The probability of being
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statistically cured at a given time after treatment was derived from the cure fraction models. The number of clinical
follow-up CT and MR liver scans were calculated as the number of scans per person-year per year.

Results

We identified 1087 patients with underlying ALD cirrhosis treated for incident HCC in 2004-2018. Of these, 290 (27%) received
curative-intent treatments (resection: 51, ablation: 215, transplantation: 13, ablation plus TACE: 5, SBRT: 6), 214 (20%) received
life-prolonging treatments, and the remaining 538 (54%) received best supportive care. Baseline characteristics of the patients
receiving curative-intent treatments are listed along with follow-up time and overall survival estimates in Table 1. Briefly, the 10-
year overall survival was 10.5% (95% confidence interval [CI]: 2.5-25.2) after resection and 6.0% (95% CI: 2.1-13.0) after
ablation (Supplementary Figure S1), and the overall survival was not statistically significantly different between the resection and
ablation cohorts (Log rank test, p = 0.25). For reference, the 10-year overall survival was 58.6% (95% CI: 26.7—80.6) after
transplantation. Patients who received resection had higher TNM stages than patients who received ablation (Table 1). Regarding

clinical follow-up, patients treated with resection received an average of three CT or MR liver scans during the first year of
follow-up, while patients treated with ablation received an average of four scans. In both cohorts, the average number of MR and
CT liver scans gradually decreased over the following 10 years (Supplementary Figure S2).

Cause-Specific Survival

The cause-specific survival describes the proportion of patients who would be alive if, hypothetically, death from causes other
than HCC were literally impossible. The cause-specific survival following resection was 43.6% (95% CI: 25.6—60.2) after 5
years and 34.9% (95% CI: 15.5-55.1%) after 10 years (Figure 1). Over 10 years after resection for HCC, an average of 3.6 life-
years (95% CI: 2.4—4.7) were lost due to HCC. Death from HCC occurred more frequently following ablation, and the cause-
specific survival was 39.0% (95% CI: 29.1—48.7) after 5 years and 17.1% (95% CI: 6.2—32.5%) after 10 years (Figure 1). Over
10 years after ablation for HCC, an average of 4.1 life-years (95% CI: 3.5—4.7) were lost due to HCC. The causes of death of
patients in the resection and ablation cohorts are listed in Supplementary Table S2.

Table | Follow-Up Time, Overall Survival, and Baseline Characteristics of the Treatment Cohorts

Resection Ablation Other Curative-Intent
N =51 N =215 N =24
Person-years of follow-up 146 491 78
Median follow-up length in years 25 2.2 2.6
5-year survival, (95% confidence interval) 25.4% (13.7-38.9) 17.0% (11.4-23.7) | 36.5% (16.7-56.6)
10-year survival, (95% confidence interval) 10.5% (2.5-25.2) 6.0% (2.1-13.0) 36.5% (16.7-56.6)
Male sex, N (%) 43 (84.3) 182 (84.7) 219 (279.2)
Age at first HCC treatment, median (IQR) 65 (59-68) 64 (60—-70) 58 (56—64)
Cirrhosis decompensation any time prior to first HCC treatment, N (%) | 22 (43.1) 110 (51.2) 219 (279.2)
Cirrhosis diagnosis made during acute admission, N (%) 15 (29.4) 91 (42.3) 14 (58.3)
TNM stage, N (%)
Stage | 8 (15.7) 58 (27.0) 6 (25.0)
Stage Il 14 (27.5) 60 (27.9) <5 (£20.8)
Stage Il 18 (35.3) 33 (154) 7 (29.1)
Stage IV <5 (£9.8) 9 (42 <5 (£20.8)
Not recorded <10 (£19.6) 55 (25.6) <5 (£20.8)
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Figure | The cause-specific survival in the resection and ablation cohorts. Left: resection, right: ablation. The cause-specific survival is the survival probability observed in
a hypothetical world where death from non-HCC causes is literally impossible. Consequently, the cause-specific survival is 100% if treatment eliminates the risk of death

from HCC, and it is 0% if everybody dies from HCC despite treatment.

Relative Survival

The relative survival ratio describes the patients’ survival relative to what it would have been, had they not
developed HCC. The relative survival ratio following resection was 54.4% (95% CI: 29.4—83.2) after 5 years and
40.1% (95% CI: 9.3-97.8%) after 10 years. Following ablation, it was 40.0% (95% CI: 26.7-55.5) after 5 years
and 32.0% (95% CI: 10.9-69.5%) after 10 years (Figure 2).
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Figure 2 The relative survival ratio, observed survival, and expected survival in the resection and ablation cohorts. Left: resection, right: ablation.
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Cure Fraction

The cure fraction represents the chance of experiencing no excess mortality despite having HCC. The cure fraction was 31.8%
(95% CI: 0—67.5) after resection and 22.9% (95% CI: 2.6—43.2) after ablation. The likelihood of being statistically cured increased
with increasing time since treatment, and the patients who were still alive after five years had by that time achieved a 69.0% (after
resection) or 60.2% (after ablation) likelihood of statistical cure. For both resection and ablation, a 90% likelihood of being
statistically cured was achieved after seven years (Figure 3). There was a high level of agreement between the three cure models:
the cause-specific survival, the relative survival ratios, and the predicted relative survival function derived from the cure fraction

model (Figure 4).
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Figure 3 The probability of being statistically cured of HCC over time since the first treatment, conditional on surviving. The grey areas represent 95% confidence intervals.
The three dotted red lines mark the time to reach a statistical cure probability of 50% and 90% along with the statistical cure probability reached after five years.
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Figure 4 Visual comparison of the three cure models. Cause-specific survival, relative survival ratio, and cure fraction predicted relative survival following resection (left)
and ablation (right).
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Discussion

Patients with HCC have a high mortality, and this is particularly true if they also have ALD cirrhosis. HCC surveillance
is recommended by international guidelines because it can allow an earlier HCC diagnosis with a better chance of
curative treatment. In this nationwide study, we confirmed that resection and ablation offer a chance of statistical cure,
but they are far from perfect. Based on this nationwide study, we estimate that resection statistically cures 31.8—40.1% of
patients with HCC due to ALD cirrhosis, while ablation statistically cures 17.1-32.0%. Seven years after curative-intent
treatment for HCC, surviving patients are 90% likely to be statistically cured of HCC. This is a clinically relevant
message to patients. Of note, it was not our purpose to determine whether resection or ablation is the better treatment for
HCC. Our estimates of the chance of a statistical cure apply only to patients who, according to the EASL guidelines, are
eligible for the treatment in question. Specifically, it should not be inferred that patients who were truly treated with
ablation would have had a better prognosis if they had instead been treated with resection.

Very little is known about the curative potential of curative-intent treatments for HCC. What is known is that
resection or ablation for HCC is associated with a low recurrence-free survival. Thus, the 5-year recurrence risk
following resection has been reported as upward of 70%,'” and the 5-year recurrence-free survival following ablation
has been estimated at around 25%.'®'” However, it is impossible to derive the treatment effectiveness from these
measures — especially in patients with ALD cirrhosis who have an initially low overall survival. The cure fraction is
important to consider because, unlike overall and recurrence-free survival, it measures what is gained by curative-intent
HCC treatments. This knowledge may better guide clinicians and patients in HCC treatment decisions.

Based on the cause-specific analyses, the 10-year probability of surviving HCC was 34.9% following resection and
17.1% following ablation. Since cause-specific survival analyses rely on cause of death data, the main limitation of this
method is misclassification of the causes of death.'® All death certificates must contain at least the underlying cause of
death registered by the on-duty physician, and while this provides complete data, it does not ensure validity or
reproducibility.” The consistency of the results across the three methods to estimate cure fraction provides some
reassurance that we adjudicated causes of death reliably.

The relative survival ratio was 40.1% following resection and 32.0% following ablation, and based on the predicted
relative survival functions, the cure fraction was 31.8% following resection and 22.9% following ablation. The main
limitation of relative survival ratio and cure fraction analyses is the validity of the expected survival probabilities.
Patients who develop HCC have a much higher mortality than the general population, because 80% of them have
underlying cirrhosis,'® so using a general population lifetable for this study, while possible, would result in heavily biased
estimates.”’ We circumvented this issue by using a lifetable derived from the same single-etiology study population as
the HCC treatment cohorts. That is a strong point of our study. Furthermore, we stratified the expected survival
probabilities by the strongest predictors of survival. Cucchetti and colleagues recently estimated the cure fraction
following resection for HCC at 26.3% (95% CI: 21.7-30.8) in a cohort of patients with HCC irrespective of etiology.®
Although comparable, this estimate is lower than any of our cure model estimates. This difference in estimates is likely
explained by two significant study design differences. First, Cucchetti and colleagues modelled the disease-free survival
of patients with HCC, effectively equating HCC recurrence with death. We chose to model the overall survival because
HCC recurrence does not equate death, and because death following HCC recurrence may not be caused by HCC.
Second, Cucchetti’s expected survival rates were derived from a mixed-etiology cohort of health insurance beneficiaries
from the American SEER database,”'** and those beneficiaries likely had a better survival probability than the
population that give rise to the patients with HCC.

Previous studies have found discrepancies between the net survival estimation methods.*?* It is a strong point of our
study that the methods yielded highly consistent results, as it indicates that we succeeded in minimizing the bias
introduced by misclassification and invalid expected survival probabilities. Notably, the three methods are distinctly
different; they require different data, different assumptions, and they have different limitations and strengths. Because of
this, the methods can be used to triangulate the “true” probability of being statistically cured by curative-intent treatment
for HCC. Thus, the results presented in the present study are not significantly dependent on the choice of net survival
analysis method.
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Our study was restricted to patients with ALD cirrhosis in Denmark. This was done to increase the validity of the
expected survival probabilities, but it came at the cost of smaller cohorts, statistical imprecision, and uncertainty whether our
findings generalize to other settings and other cirrhosis etiologies. Another downside of this restriction is the small number of
liver transplantations, which prevented the analysis of the net survival following liver transplantation. Of note, a study from
2018 estimated the cure fraction following liver transplantation irrespective of HCC-etiology at 74.1% (inter-quartile range:
62.6-83.1) using disease-free survival and expected survival rates from the general population.?* Based on these and our
results, patients receiving liver transplantation for HCC have the best chances of statistical cure by far.

Valid analyses require valid data, and while the Danish healthcare registries provide nationwide, prospectively
collected data with complete follow-up, the reliance on registry codes is a potential limitation of this study. The
Danish Cancer Registry had an estimated completeness of 95-97% in 1997,% and it has likely improved since then,
owing to the modernization of the registry in 2004-2008.® In the National Patient Registry, the positive predictive value
(PPV) of codes for ALD cirrhosis recorded in 1985-1989 was estimated at 92.4% with a completeness of 93.2%.?° The
specific treatment codes used in this study have not previously been validated, but codes for gastrointestinal surgery
generally have a very high validity.?”*® In the present study, multiple codes were used to define the cohorts, which
increases the PPV of the individual codes. For instance, the a priori probability of receiving liver resection is obviously
much higher in patients with HCC than in the general population, and because of this, the PPV of the code is also much
higher. A limitation of the registry data is the lack of information on known predictors of survival, ie BCLC stage
comprising tumor size, performance status, liver function (eg Child-Pugh classification), alpha fetoprotein (AFP),” and
des-gamma-carboxy prothrombin (DCP).*°

As evidenced by the number of control CT and MR scans performed during clinical follow-up, Danish patients with
HCC are treated and followed in accordance with the current EASL guidelines, and therefore, the results of this study
apply to countries adhering to these guidelines. Regarding transportability of the results to other HCC-etiologies, studies
comparing different HCC-etiologies have shown that patients with chronic viral hepatitis have a higher risk of HCC-
recurrence following resection.®'** This implies that our results are not applicable to patients with HCC due to chronic
viral liver disease.

With this study, we have demonstrated the utility of using multiple cure models to triangulate the probability of statistical
cure after curative-intent HCC treatments. The results of this study illustrate that curative-intent treatments do statistically
cure a substantial proportion of patients of HCC despite the low overall survival. This conclusion is important to patients and
to the clinicians who care for them. Additionally, our estimates may be important for discussions about the duration of
follow-up after HCC treatment; our findings indicate that seven years of clinical follow-up is required to ensure a 90%
likelihood that the patient is statistically cured. The estimates may also be important for discussions about HCC surveillance
among patients with ALD cirrhosis. The goal of surveillance is to identify HCCs while they can still be treated with curative
intent. We have shown that those treatments do in fact statistically cure some patients, thus providing a rationale for HCC
surveillance, but we have also shown that curative-intent treatment of HCC is inferior to primary prevention of HCC, the goal
of which is to prevent chronic liver disease and subsequent development of HCC.'® Our findings may provide inputs to
simulation studies modelling the effect of HCC surveillance on HCC-related mortality, and they may also provide inputs to
policy discussions about the merits of primary and secondary prevention of HCC.

Conclusion

In conclusion, the probability of being statistically cured by curative-intent treatment for HCC due to ALD cirrhosis was
31.8-40.1% for resection and 17.1-32.0% for ablation. The probability of having been statistically cured gradually
increased over time, and after seven years, surviving patients were 90% likely to be statistically cured of HCC.

Abbreviations

HCC, hepatocellular carcinoma; ALD cirrhosis, cirrhosis due to alcohol-related liver disease; ICD, International
Classification of Diseases; NCSP, NOMESCO Classification of Surgical Procedures; EASL, The European Association
for the Study of the Liver; TACE, transarterial chemoembolisation; SIRT, selective internal radiation therapy; SBRT,
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stereotactic body radiation therapy; MR, magnetic resonance imaging; CT, computed tomography; CI, confidence
interval; PPV, positive predictive value.
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