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ABSTRACT
BACKGROUND: 
Risk scores estimating a patient’s probability of a hepatocellular carcinoma (HCC) diagnosis are commonplace, but are difficult to interpret in isolation. Here, we compared the predicted HCC probability for individuals with cirrhosis and cured hepatitis C to the general population (GP).  
METHODS: 
All cirrhosis patients achieving sustained viral response (SVR) in Scotland through to April 2018 were included (N=1803). The predicted three-year probability of HCC at time of SVR achievement was determined using the aMAP prognostic model. GP data on the total number of incident HCCs in Scotland, stratified by demographics, were obtained from Public Health Scotland.  
Predicted HCC risk for cirrhosis SVR patients was compared to GP incidence using two metrics:  1) The three-year incidence ratio: i.e. three-year predicted probability for a given patient divided by the three-year probability in GP for the equivalent demographic group; and 2) The three-year absolute risk difference: the three-year predicted probability minus the three-year probability in the GP). 
RESULTS: 
The mean predicted three-year HCC probability among cirrhosis SVR patients was 3.64% (range: 0.012%-36.12%). Conversely, the three-year HCC probability in the GP was much lower, ranging from <0.0001% to 0.25% depending on demographics. The mean three-year incidence ratio was 410, ranging from 5 to >10,000. The mean three-year absolute risk difference was 3.61%, ranging from 0.012 to 35.92%. An online HCC-GP comparison calculator for use by patients/clinicians is available at: https://thrive-svr.shinyapps.io/RShiny/
CONCLUSIONS:
Comparing a patient’s predicted HCC probability to the general population may help clinicians communicate risk information and encourage screening uptake. 
HIGHLIGHTS: 
WHAT IS KNOWN?
· Cirrhosis patients are at high risk of hepatocellular carcinoma (HCC). 
· Guidelines recommend HCC screening for all cirrhosis patients - however, uptake is very low.
· Validated risk scores are available for predicting a patient’s future probability of HCC.

WHAT IS NEW HERE?
· We compared predicted HCC probability to the general population (GP), in a national cohort of cirrhosis patients with cured hepatitis C.
· The predicted HCC probability was higher than the GP in every single case. 
· On average, the predicted probability was 410 times greater than equivalent probability in the GP.
· Thus, GP comparisons may help clinicians convey HCC risk and promote uptake of screening.  

INTRODUCTION:
Patients with hepatitis C related cirrhosis remain at risk of hepatocellular carcinoma (HCC) even after virological cure [1-6]. Cohort studies indicate the average risk is between 1.5 and 2.7 HCCs per 100 person-years of follow-up.[1-6] Detection of HCC at an incipient stage is the most critical factor governing survival after HCC diagnosis, and thus, clinical guidelines recommend all cirrhosis patients receive biannual screening.[7-9]  Despite robust observation evidence associating screening uptake with longer post-HCC survival,[10] adherence to this recommendation is poor.[11.12] For example, in a recent systematic review of population-based studies, Woolf et al reported that only 9.8% of patients received two screening events per year. [12]
Prognostic models are now available that can estimate a cirrhosis patient’s future probability of HCC occurrence.[13-16] Some of these models have been externally validated in independent datasets [13,17], which is the acid test of a model’s performance and a pre-requisite for clinical use [18]. In theory, this presents an opportunity to tailor clinical management to a patient’s specific risk profile. In practice, interpreting an individual’s probability of HCC (i.e. as “low” or “high”) is challenging, especially given variable risk literacy levels among patients and clinicians [19,20]. For this reason, comparing an individual’s HCC probability against the equivalent probability in the general population (GP) - i.e. a relatable benchmark - may aid clinical interpretation of HCC risk. Another open question is whether GP comparisons could identify a subset of patients for whom screening is not justified. For example, it is conceivable that some cirrhosis patients, after being cured of their HCV, could have a predicted HCC incidence that is equivalent or similar to the GP. In this scenario, such patients would be unequivocal candidates for avoiding HCC surveillance. This question is pertinent to the ongoing debate around individualised screening for HCC [21,22]. 
Differences between HCC risk in cirrhosis patients and the general population have not been well explored by previous studies, and there are no risk tools available to facilitate individual-level comparisons Thus, the goals of this study were two-fold. Firstly, to compare the predicted three-year probability of HCC in a representative cohort of Scottish cirrhosis patients with cured hepatitis C to the GP. Second, to create an online GP comparison tool to enable individual patient and clinicians to  compare a predicted HCC probability to the equivalent probability in the GP.  

METHODS:
1.0 STUDY DESIGN: 
We performed a cross-sectional study to compare the predicted HCC 3-year risk in cirrhosis SVR patients to the background risk of HCC in the GP. 
2.0 DATA SOURCES: 
2.0.1 CIRRHOSIS PATIENTS WITH CURED HEPATITIS C:
The Scottish hepatitis C virus (HCV) clinical database is a retrospective cohort study >25,000 patients in Scotland who have attended a specialist liver clinic appointment for care/management of chronic HCV infection. [23,24] This data source records information collected during routine clinical care such as details of antiviral treatment episodes and the results of laboratory tests. It has also been linked to national health registries in Scotland, including the in-patient hospitalisation (SMR01), cancer (SMR06) and mortality registers. Approval to link these registries to the Scottish HCV clinical database was granted by the Privacy Public Benefit Panel for Health and Social in NHS Scotland (application number:1516-0457). 
2.0.2 GENERAL POPULATION DATA
HCC incidence in the Scottish GP was ascertained using data provided by Public Health Scotland. Specifically, an anonymised dataset comprising of all HCC-related deaths, hospital admissions and cancer registrations in Scotland between 1990 and 2020 was obtained from Public Health Scotland. This file also included corresponding information on the individual’s age, gender and the year of event. HCC-related events were identified by the presence of an ICD10:C22.0 or ICD9:155.0 code in any causal/diagnostic position. These data were used in conjunction with mid-year population estimates to generate annualised probability of HCC in the GP 
3.0 INCLUSION/EXCLUSION CRTIERA: 
All cirrhosis patients achieving sustained viral response (SVR) in Scotland through to April 2018 were included in this study (N=1803). Where a patient had more than one treatment episode resulting in SVR, then the first episode was selected. Patients with a diagnosis of HCC before SVR achievement were excluded. Participants were also excluded if they were missing the data for one or more components of the aMAP score (i.e. age, gender, bilirubin, albumin or platelet count).
Liver cirrhosis was defined as compensated or decompensated cirrhosis diagnosed during routine clinical investigation. Cirrhosis diagnoses were typically made following liver biopsy; transient elastography; abdominal ultrasound; clinical examination; and routine liver function tests, according to clinical guidelines at that time. 
4.0 PREDICTED HCC RISK AT SVR ACHIEVEMENT
The aMAP prognostic model was used to generate the 3-year predicted risk of HCC at the time of SVR achievement for each patient in our dataset. [13]
Thus 3-year risk was calculated according to the following formula: 1-S0(t)exp(aMAP linear predictor)
Where t= 3 years, and S0(t) refers to the baseline survival estimate at 3 years, which is 0.992 as specified in the original publication [15]. The aMAP linear predictor is calculated by the formula: ((0.06*age) +(0.89*sex) +(0.48*ALBI score) -(0.01*platelet count)). In this formula, “sex” is 1 for males and 0 for females.  ALBI refers to the albumin-bilirubin score [25]. Data on age, sex, ALBI and platelet count, were all derived from the Scottish HCV clinical database. For routine liver blood tests (i.e. albumin, bilirubin and platelet count etc), we selected the most recent test on or prior to the start of antiviral treatment. Tests conducted more than twelve months before initiating treatment were excluded. Individuals with an unknown/missing aMAP score were excluded from our final study population (i.e. a listwise deletion approach).  
In this study, we used predicted risk at time of SVR achievement rather than observed risk. This is because observed risk, by definition, is not known at the time of SVR achievement.  Thus, HCC screening decisions must be made on the basis of predicted risk. Nevertheless, in previous work on this cohort, we showed that aMAP exhibited close agreement between predicted and observed HCC risk [17]. As a result, predicted and observed risk can be considered essentially equivalent to one another.  
5.0 HCC INCIDENCE IN GENERAL SCOTTISH POPULATION
HCC incidence in the Scottish GP was ascertained using data provided by Public Health Scotland, in conjunction with publicly available mid-year population estimates. 
Specifically, an anonymised dataset comprising of all deaths, hospital admissions and cancer registrations occurring in Scotland between 1990 and 2020 that were related to HCC was obtained from Public Health Scotland. This file also included corresponding information on the individual’s age, gender and the year of event. HCC-related events were identified by the presence of an ICD10:C22.0 or ICD9:155.0 code in any causal/diagnostic position. 
We calculated the number of first time HCC presentations per year, according to age group (<40; 40-49; 50-59; 60-69;70-79; and 80+ years), gender (male and female), and calendar period (2000-2004; 2005-2009; 2010-2014; 2015+). In the common scenario where a patient had multiple HCC presentations, only the index (i.e. first) presentation was included to avoid double counting. 
Data on mid-year population estimates were then downloaded from National Records of Scotland website. The number of incident HCC presentations in each age, sex and calendar period group, were divided to by mid-year population estimates for that particular group to yield the annual probability of HCC in the GP. This was then multiplied by three to obtain the 3-year HCC probability in the GP. 
6.0 COMPARING PREDICTED RISK TO GENERAL POPULATION RISK
Each patient’s predicted three-year HCC probability was then compared with the expected three-year probability in the GP for someone of the equivalent age group, sex and calendar year period. In this way, all comparisons are like-for-like with respect to age, sex and calendar period. 
Two specific metrics were used to compared predicted risk with expected risk (i.e. risk from GP):
1. The three-year incidence ratio: The 3-year predicted probability divided by equivalent probability for the GP.
2. The three-year absolute risk difference: The 3-year predicted probability minus the equivalent probability in the GP.
These metrics were assessed using descriptive statistics, scatter plots and percentile plots. 
7.0 DEVELOPMENT OF ONLINE TOOL: 
An online web-based tool was developed using R Shiny [26] to support individual-level comparisons between predicted and GP-expected risk.  The user inputs information on albumin, bilirubin, gender, age and platelet count. Based on this information, the tool calculates the patient’s aMAP score, and uses icon array diagrams [27,28] to convey their HCC risk relative to the corresponding risk in the GP.  

RESULTS:
DERIVATION AND CHARACTERISTICS OF FINAL SAMPLE:
2245 patients with cirrhosis and SVR were identified, of which 106 were excluded due to HCC onset before achieving SVR. A further 336 patients were excluded due to missing one or more components of the aMAP score (i.e. age, albumin, gender, bilirubin or platelet count). Thus, our final sample was comprised of 1803 patients (Figure 1).  
In the final sample, the mean age was 50.3 years and 74.1% were males (see Table 1). The vast majority achieved SVR in the year 2015-2020 (77.3%) or 2010-2014 (16.3%).  59.0% achieved SVR via an interferon-free regimen. Roughly one patient in ten had decompensated cirrhosis at the time of achieving SVR (10.8%). Half the cohort had past HCV genotype 3 infection (51.0%), and about three-quarters had a history of injecting drug use (75.9%).  
PREDICTED HCC PROBABILITY
The mean and median aMAP score was 57.1 and 57.5, respectively (range: 21.6-77.3). The mean and median predicted three-year probability was 3.64% and 2.37%, respectively (range was 0.1% to 36.1%) (Table 2).
There was considerable heterogeneity in predicted three-year HCC probability from one patient to the next (see Figure 1). For example, the mean three-year predicted probability was 18 times higher in the top quintile (9.8%) versus the lowest quintile (0.5%) (see Figure 2). 
HCC INCIDENCE IN THE GENERAL POPULATION
A total of 9048 incident HCC events were identified in Scotland between the years 1990 and 2020. The three-year probability of HCC ranged from 2.4 x 10-6% in females under 40 years in 2005-2009, up to 0.20% in males aged 80+ in 2015-2020 calendar period (see Table S1).
HCC INCIDENCE IN CIRRHOSIS PATIENTS VERSUS GENERAL POPULATION
The mean and median three-year incidence ratio was 410 and 187, respectively. The ratio ranged widely from a minimum of 4.6 to a maximum of >10,000 (see Figure 3). The highest ratios were found in the under 40s age group where HCC incidence in GP at the lowest (see Table S2). 
The mean and median three-year absolute risk difference was 0.0361 (i.e. 3.61%) and 0.0235 (i.e. 2.35%), respectively. However, this varied markedly from 0.00012 to 0.359. 
Figure 4b indicates there a negligible difference between a patient’s three-year absolute risk difference and their three-year predicted risk. i.e. the mean difference between these two quantities was -0.00025, ranging from -2.4 x 10-6  to 0.002. 
ONLINE RISK COMPARISON TOOL:
An online risk app is available at “https://thrive-svr.shinyapps.io/RShiny/”. It is intended for use by clinicians to convey HCC risk relative to the GP at an individual patient level (see Figure 5). 

DISCUSSION: 
As the prospect of HCV elimination approaches, a key challenge to the clinical community is the management of those who are cured (of HCV) but have a residual risk of HCC. Critical to this is ensuring that cured cirrhosis patients understand the risk of HCC and are provided with appropriate screening. To this end, we have developed a novel HCC-GP comparison tool, enabling clinicians to frame a patient’s three-year HCC probability against the equivalent probability in the GP. Our hope is that this tool will springboard patient-clinician discussions about HCC risk, and could mitigate low screening uptake (e.g. by highlighting what in most cases are starkly elevated risk profiles relative to the GP). In the future, the scope of our tool could be extended; for example, by incorporating GP data from countries beyond Scotland and by including other relevant benchmarks – all with a view to improving the interpretability of a patient’s predicted HCC risk profile.
Our results also shed light on the breadth of HCC risk profiles apparent among patients with cirrhosis and cured HCV. For example, we found that there is approximately a twenty-fold difference between the 3-year HCC probability for patients in the lowest risk quintile (i.e. 0.5%) and the 3-year HCC probability for patients in the highest risk quintile (i.e. ~10%). This risk diversity is incongruent with the uniformity of clinical guidelines, which recommend the same screening approach for all cirrhosis patients [7-9].  At the same time, what is clear from this study is that all patients – even those at lowest risk - have a considerably higher risk of HCC compared to the background population. Indeed, the minimum 3-year incidence ratio was 4.6 (mean of 410), and for the most part, a patient’s 3-year absolute risk difference was effectively the same as their 3-year predicted risk. Overall therefore, we were not able to identify a patient subgroup who exhibited a similar HCC risk profile to the GP – as was our hope when we started this study. Thus, our GP comparison tool cannot be used to rule out screening in selected patients (i.e. on the basis that a patient’s predicted HCC probability is no higher than the background population). 
This study is a preliminary attempt to bridge the gap between making a HCC risk prediction and translating this prediction into a clinical decision. More sophisticated methodological approaches and frameworks are urgently needed to support this translation process. One option is to use Markov simulation modelling to weigh the benefits of screening against the harms. This type of study has previously been used to help translate a predicted 10-year risk of cardiovascular disease into a decision rule for prescribing statin therapy [29]. The same principles could arguably be applied to a HCC screening context. Another option is to use health economics to inform HCC screening decisions. It is well known that the cost effectiveness of HCC screening is closely related to HCC incidence (i.e. screening becomes more cost effective as HCC incidence increases). Economic evaluations can pinpoint the HCC incidence threshold below which screening ceases to be cost effective, which could provide a basis for a screening decision rule. However, there are likely to be challenges around the acceptability and validity of this approach. For example, health related quality of life estimates used in current economic assessments do not relate very closely to contemporary cirrhosis patients or patients with HCC. [30,31] Further, existing attempts to estimate this incidence threshold appear to vary considerably – i.e. from 0.4% HCCs per year [30] to 1.5% HCCs per year [31].
Our study has a number of strengths. Firstly, it is the first study to compare predicted HCC incidence to the background population. Moreover, we have performed this comparison using a large and generalisable cohort of cirrhosis SVR patients from Scotland. The creation of an online App is also another strength, which may facilitate HCC risk discussions between patient and clinician. Notable limitations of this study are as follows. Firstly, comparisons to the general population were adjusted only for age, sex and calendar period. Unfortunately, we did not have data on HCC incidence rates in the GP according to the Scottish Index Multiple Deprivation. As a result, we may have slightly over-estimated the differences between HCC risk in cirrhosis patients compared to the GP. However, we think this is unlikely to change the broad picture or our headline conclusions. Secondly, our analysis was based on data from Scotland, and it is unclear how generalisable our findings will be to other countries and settings. Third, our analysis did not include pre-cirrhosis patients with Metavir F3 fibrosis, which EASL and APASL guidelines (but not AASLD) guidelines recommend should receive HCC screening after SVR achievement. [32] It would be worth repeating the present analysis on a cohort of F3 patients, as HCC incidence may be more comparable with GP levels in this patient group. Fourth, screening for HCC in our cohort of cirrhosis SVR patients will have been much higher than in the general population. This could have led to an ascertainment bias, particularly if there is a potential for HCC deaths to be misattributed to other causes. This issue is not well understood but could potentially have led us to overstate the difference in HCC incidence between our cohort and the general population.
In summary, patients with cirrhosis and SVR exhibit highly diverse risk profiles for HCC. Nonetheless, all patients – even those at lowest risk – have a higher probability of HCC than the general population. Thus, although GP comparisons cannot be used to identify a “low” risk subgroup that could avoid screening, they may still be useful for communicating risk information to patients and mitigating low screening uptake in high risk patients. 
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Figure 1. Derivation of final sample
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Final sample;

o N=1803

o Mean age: 50.3 years; 74.1% male

o Mean 3-year predicted HCC probability: 3.64%
o Median 3-year predicted HCC probability: 2.37%

* i.e. age, gender, albumin, bilirubin or platelet count
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Figure 5: Screen shot from risk communication app
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About this tool

This s a proof of concept tool to enable clinicians/patients to put HCC risk information into
context of general population. The tool is intended for use by clinicians only. HCC risk is
calculated from the aMAP score (see Fan R et al, J Hepatol.2020;73:1368-1378). The risk
of HCC i the Scottish general population is calculated from data supplied by Public Health
Scotland. Full methodological details will be available in a peer-reviewed publication in due
course

Risk information and context

Your 3-year HCC probabilty is: 25.7 %

Hepatocellular carcinoma (HCC) risk relative to the general population of Scotland: Proof of concept tool

1000 persons like you with cirrhosis and cured HCV

® 25711000 HoC

74311000 No HCC

1000 persons of same age/gender from general population

© 2/1000 HCC

99811000 No HCC
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Estimate  N

Mean age, years 50.3 (sd:8.8) 1803

% male gender 74.1% 1803

% White ethnicity 94.1% 1803

% IFN-free therapy 59.0% 1803

% decompensated cirrhosis 10.8% 1803

% past genotype 3 infection 51.0% 1790

% IDU history 75.9% 1501

mean platelet count,10

9

 cells/L 

148.4 (sd:68.0) 1803

mean albumin, g/L 37.1 (sd:5.2) 1803

mean bilirubin, µmol/L 15.6 (sd:12.1) 1803

mean ALBI -2.5 (sd:0.5) 1803

Laboratory markers are based on values at the time of treatment initiation, 

whereas all other dynamic variables (e.g. age) are based on the value at SVR 

achievement.  See main text for further explanation. 

Table 1: Description of final cohort

Characteristic

Demographic 

factors

Clinical factors

Laboratory 

markers
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Value

aMAP score

mean  57.1

median 57.5

minimum 21.6

maximum 77.3

mean  3.64%

median 2.37%

minimum 0.001%

maximum 36.10%

predicted 3-year HCC probability

Table 2: aMAP score and predicted three-year 

HCC probability in study population (N=1803)
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Calendar periodSex Age group 1 year probability 3 year probability

05-09 Female <40 7.85e-07 2.35e-06

00-04 Female <40 1.07e-06 3.21e-06

00-04 Male <40 1.54e-06 4.61e-06

15-20 Female <40 1.56e-06 4.67e-06

05-09 Male <40 1.73e-06 5.18e-06

10-14 Male <40 1.88e-06 5.64e-06

10-14 Female <40 2.05e-06 6.14e-06

15-20 Male <40 2.18e-06 6.54e-06

00-04 Female 40-49 5.35e-06 .0000161

05-09 Female 40-49 6.87e-06 .0000206

15-20 Female 40-49 8.74e-06 .0000262

10-14 Female 40-49 .0000133 .0000398

00-04 Male 40-49 .0000151 .0000452

05-09 Male 40-49 .0000186 .0000559

00-04 Female 50-59 .0000207 .0000621

05-09 Female 50-59 .0000278 .0000833

10-14 Female 50-59 .0000297 .0000892

15-20 Female 50-59 .0000305 .0000916

15-20 Male 40-49 .0000306 .0000918

10-14 Male 40-49 .0000313 .0000938

05-09 Female 60-69 .0000526 .0001577

00-04 Female 60-69 .000056 .000168

00-04 Male 50-59 .0000639 .0001917

10-14 Female 60-69 .0000819 .0002457

15-20 Female 60-69 .0000829 .0002486

00-04 Female 70-79 .0000861 .0002582

00-04 Female 80+ .0000898 .0002693

05-09 Female 80+ .0001038 .0003113

05-09 Male 50-59 .0001052 .0003156

15-20 Male 50-59 .000126 .000378

05-09 Female 70-79 .0001313 .0003938

10-14 Male 50-59 .0001484 .0004453

10-14 Female 70-79 .0001512 .0004536

10-14 Female 80+ .0001556 .0004669

15-20 Female 70-79 .0001645 .0004936

00-04 Male 60-69 .0002011 .0006033

15-20 Female 80+ .0002084 .0006253

05-09 Male 60-69 .0002355 .0007066

00-04 Male 80+ .0002749 .0008248

00-04 Male 70-79 .0002926 .0008778

10-14 Male 60-69 .0003128 .0009383

15-20 Male 60-69 .0003499 .0010497

05-09 Male 70-79 .0004078 .0012234

05-09 Male 80+ .0004593 .0013778

15-20 Male 70-79 .0005641 .0016924

10-14 Male 70-79 .0005812 .0017437

10-14 Male 80+ .0006324 .0018972

15-20 Male 80+ .0006669 .0020007

Table S1: probability of HCC in general Scottish population, according to age, sex 

and calendar period. Rows are ordered in ascending HCC probability.
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Table S2: Three-year incidence ratio, according to age group and sex.

Age group, 

years

Sex Incidence 

ratio (mean) 

Incidence ratio 

(median)

<40 Male 2150 1635

<40 Female 973 555

40-49 Male 328 249

40-49 Female 429 309

50-59 Male 134 97

50-59 Female 233 198

60-69 Male 83 67

60-69 Female 133 118

70-79 Male 78 60

70-79 Female 142 115

80+ Male 117 112

80+ Female 122 122
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