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Abstract

Aims Surveillance for hepatocellular carcinoma (HCC) is recommended for patients with cirrhosis. Multiple risk scores
aim to stratify HCC risk, potentially allowing individualized surveillance strategies. We sought to validate four risk scores
and quantify the consequences of surveillance via the calculation of numbers needed to benefit (NNB) and harm (NNH)
according to classification by risk score strata.

Methods Data were collected on 482 patients with cirrhosis during 2013-2014, with follow-up until 31/12/2019. Risk scores
(aMAP, Toronto risk index, ADRESS HCC, HCC risk score) were derived from index clinic results. The area under the
receiving operating characteristic curve (AUC) was calculated for each. Additionally, per-risk strata, NNB was calculated
as total surveillance ultrasounds per surveillance diagnosed early HCC (stage 0/A) and NNH as total ultrasounds performed
per false positive (abnormal surveillance with normal follow-up imaging).

Results 22 (4.6%) patients developed HCC. 77% (17/22) were diagnosed through surveillance, of which 13/17 (76%) were
early stage. There were 88 false positives and no false negatives (normal surveillance result however subsequent HCC
detection). Overall NNB and NNH were 241 and 36, respectively. No score was significantly superior using AUC. Patients
classified as low risk demonstrated no surveillance benefit (AMAP, THRI) or had a high NNB of > 300/900 (ADRESS HCC,
HCC risk score), with low NNH (24-38).

Conclusion Given the lack of benefit and increased harm through false positives in low-risk groups, a risk-based surveillance
strategy may have the potential to reduce patient harm and increase benefit from HCC surveillance.

Clinical Trials Registration This was not a clinical trial and the study was not pre-registered.

Keywords Screening - Cancer - Cirrhosis - Scotland - Positive predictive value - Negative predictive value - Ultrasound -
Alpha-fetoprotein - Strategy - Liver disease

Introduction

International guidelines suggest surveillance for hepa-
tocellular carcinoma (HCC) in patients with cirrhosis
An editorial commenting on this article is available athttps://doi.org/ (EASL/ AASLD), is likely to be cost effective where
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follow-up investigations and results and on rare occasions
harm related to biopsy of lesions [9, 10]. Additionally
patients enrolled in surveillance may not benefit due to
high competing mortality from liver disease, cardiovas-
cular disease, and non-hepatic malignancy [11]. Surveil-
lance programs consume significant healthcare resource;
however, data on their impact on quality of life is lacking
[12, 13].

In this context, multiple risk scores have been created to
stratify HCC risk, with the aim of allowing more individ-
ualized surveillance strategies [14—18]. European guide-
lines suggest it is possible to identify low-risk patients and
exclude them from surveillance although this is unproven
outside of research using simulated cohorts [1, 19].

To date, evaluation of scoring systems has focused on
their ability to classify patients into either low/high or
low/medium/high-risk groups for development of HCC.
However, the aim of an HCC surveillance program should
be to maximize benefit, through detection of early cancers
amenable to curative treatment, while minimizing harm
caused by unnecessary investigation of false-positive
results. In this context we sought to examine the number
needed to screen to experience HCC surveillance benefit
and harm, according to risk stratification by previously
published scores, in a cohort of patients with cirrhosis
of mixed etiology. In addition, we sought to examine the
positive and negative predictive values of screening tests
within different risk strata.

Methods
Design, Setting, and Participants

This was a retrospective analysis of patients identified from
a prospective database of patients with cirrhosis. Patients
were prospectively enrolled in the database from October
2010 onwards, to aid coordination of care, including HCC
surveillance, across hepatology clinics in Glasgow. During
this period, standard practice was to offer HCC surveillance
using 6-monthly ultrasound and measurement of AFP lev-
els. The database captured data, including demographics,
clinical data, etiology of liver disease, and laboratory results
(Supplementary Table 1). Patients with a diagnosis of cir-
rhosis who attended at least one outpatient appointment
for HCC surveillance between 1/1/2013 and 31/12/2014
were included. This allowed for a minimum of 5 years of
follow-up, with patients followed until detection of HCC,
transplant, death, or until 31/12/2019. Caldicott approval
was sought and granted to ensure appropriate handling of
patient data. Additional ethical permission for this retrospec-
tive analysis of existing data was not required.

Variables

Data required to calculate the risk scores were extracted
from the database, with missing data obtained via elec-
tronic health record review. Variables collected included
age, gender, body mass index (BMI), etiology of cirrhosis,
presence of diabetes, and laboratory tests. Data on out-
patient radiology visits conducted throughout the study
period including type of imaging and date attended were
obtained from the radiology service. To account for the
fact that patients may have multiple contributing etiolo-
gies a dichotomous choice was used for a range of etiolo-
gies, including, alcohol, nonalcoholic fatty liver disease
(NAFLD), Hepatitis C (HCV), Hepatitis B (HBV), hemo-
chromatosis, autoimmune, and other. Diagnosis of HCC
was made according to international guidelines following
review at the West of Scotland HCC Manged Care Net-
work (MCN) multidisciplinary team meeting (MDT) [1].

Risk scores chosen were aMAP, Toronto HCC risk
index, ADRESS HCC, and the HCC risk score [14-16,
18, 20]. These scores were chosen due to demonstrat-
ing good predictive ability in large derivation cohorts of
patients with cirrhosis of mixed etiology. Additionally,
they are calculated using basic clinical and laboratory
values from a single timepoint making them simple to
calculate (Supplementary Table 2). Low-, medium-, and
high-risk strata were defined as per the values set out in
the original papers. For the HCC risk score, only patients
with a single etiological factor had a score generated. Risk
score values were derived from data at the index clinic
visit or if missing, from the closest appointment within a
6-month period before or after. For each score, a receiver
operated curve (ROC) was drafted, and the area under the
ROC (AUROC) calculated. For each strata of risk score
the proportion of the cohort selected was recorded and the
negative and positive predictive values for the detection
of HCC throughout the study period for values below and
above this threshold within the cohort were calculated.
Freedom from detection of HCC was calculated for the
low-risk, intermediate-risk, and high-risk groups using the
Kaplan—Meier method.

Any ultrasound or AFP result which that triggered cross-
sectional imaging at the treating physician’s discretion was
considered a positive surveillance test. Surveillance tests not
triggering cross sectional imaging were considered nega-
tives. Positive and negative tests were evaluated as true or
false according to diagnosis of HCC within 6 months of the
tests at the MDT, and positive and negative predictive val-
ues of developing HCC following an abnormal surveillance
result was calculated according to risk score strata.

The definitions of benefit and harm were defined in
line with previous research [8, 9]. Benefit was specified
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as detection of an HCC by surveillance at a potentially
curative stage, i.e., BCLC stage 0 or A [1]. Harm was
defined as cross-sectional imaging triggered by a positive
surveillance test (ultrasound or AFP) without subsequent
detection of an HCC. Cross-sectional imaging that was
triggered by clinical presentation rather than surveillance
findings was excluded from calculation of surveillance
benefits or harms. The number of surveillance episodes
was calculated according to the number of ultrasounds
attended. These data were used to calculate the number
of surveillance episodes needed to benefit (NNB) or harm
(NNH) according to score risk strata. Compliance with
surveillance was calculated as the number of ultrasounds
performed over the expected number of ultrasounds (1 per
6 months of follow-up).

Statistical Methods

Data were collected on to a Microsoft Access database and
statistical analysis and graph creation was performed using R
studio. Continuous data were reported as the median +inter-
quartile range (IQR). Due to a low percentage of missing
values these were handled by median imputation (Supple-
mentary Table 3). The Kaplan—-Meier method was used for
survival analysis.

Results
Participants and Descriptive Data

506 patients were screened for inclusion into the study. 24
patients were excluded for reasons, including not having a
clinic appointment within the study period (n=16), patient
death prior to the study period (n=2), developing HCC prior
to the study (n=2), incorrect demographic details (n=2),
and other (n=2), leaving 482 patients identified for analysis
(Fig. 1). Median follow-up was 1930 days (IQR 1182, 2324).
98% (473/482) of patients attended for 3137 surveillance
ultrasounds (mean 6.6 (+4.2) per patient). Compliance with
surveillance was 68%.

Descriptive statistics and baseline biochemistry values
are given in Table 1. Alcohol was the most common etiology
of liver disease (262 (54.4%)). Patients were predominantly
male (318 (66%)) and overweight (Median BMI 29.0 (25.5,
32.7)) with 1 in 4 having a diagnosis of diabetes.

Outcome Data
HCC was detected in 22 (4.6%) patients. 163 (33.8%) died
without a diagnosis of HCC and 17 (3.5%) underwent trans-

plantation for non-HCC indications. Of the 22 patients in
whom HCC was diagnosed, 77% (17/22) were detected
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v
Identified for analysis (n = 482)

Fig.1 .

Table 1 Demographic and baseline values

Characteristics (n=482)
Age (median+IQR) 55.5 (46.7, 63.9)
BMI (median +IQR) 29.0 (25.5, 32.7)
Male sex—(%) 318 (66.0)
Diabetes—(%) 122 (25.3)
Etiology—n (%) *
Alcohol 262 (54.4%)
NAFLD 93 (19.3%)
HCV 143 (29.7%)
HBV 8 (1.7%)
AIH 11 2.3%)
Hemachromatosis 19 (3.9%)
Other 14 (2.9%)

Laboratory values (median +IQR)
Bilirubin (pmol/L)
Albumin (g/L)
Platelets (x 10°/L)
Prothrombin time (s)

16.0 (10.0, 26.8)
36.0 (32.0, 39.0)
139.0 (96.0, 203.0)
12.0(11.0, 13.0)

IQR interquartile range, NAFLD nonalcoholic fatty liver disease,
HCYV hepatitis C, HBV hepatitis B, ATH autoimmune hepatitis

*To account for the fact that patients may have multiple contributing
etiologies a dichotomous choice for each etiological factor was used

through surveillance, of which 13/17 (76%) had BCLC stage
0 or A at diagnosis. At 1, 3, and 5 years the cumulative inci-
dence of HCC in this cohort was 0.21%, 1.24%, and 3.94%,
respectively, and the cumulative risk of non-HCC mortal-
ity was 7.5%, 19.9%, and 29.1%. HCC risk rose across risk
strata for all scores, as did non-HCC mortality (Table 2).
Cumulative risk of HCC was highest in the high-risk strata
of the HCC risk score at 8.6%, with this group also demon-
strating high non-HCC mortality of 63%.
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Table2 Cumulative risk Of. Score Risk No of pts Total Non-HCC Cum. risk Cum. risk
HCC and non-HCC mortality Strata (%) HCC mortality of HCC (%)  of non-HCC
death (%)
AMAP Low 36 (7.6) 0 5 0 13.9
Medium 136 (28.8) 1 25 0.7 18.4
High 301 (63.6) 21 133 7.0 44.2
THRI Low 44 (9.3) 1 4 2.3 9.1
Medium 243 (51.4) 5 79 2.1 32.5
High 186 (39.3) 16 80 8.6 43.0
HCC risk Low 149 (38.0) 3 39 2.0 26.1
score Medium 185 (47.2) 12 63 6.5 34.1
High 58 (14.8) 5 34 8.6 63.0
ADRESS Low 158 (9.7) 3 51 1.9 32.3
HCC Medium 269 (56.9) 16 92 6.0 34.2
High 46 (33.4) 3 20 6.5 43.5

Table3 AUROC & PPV/NPV

Score AUROC Cut-off value NPV (%) PPV (%)
AMAP 0.722 [0.636— 50 100 5.0
0.808]
60 99.0 7.3
THRI 0.694 [0.665— 140 98.7 5.1
0.727]
240 97.9 8.4
HCC risk score 0.641[0.510- 1 97.4 5.0
0.772]
3 98.0 6.5
ADRESS HCC 0.654 [0.553— 1 98.1 5.8
0.754]
3 95.6 6.4

AUROC area under receiver operating curve, NPV negative predictive
value, PPV positive predictive value

Performance of Risk Scores

AUROC, PPV, and NPV of differing score strata are given in
Table 3. No score was significantly better on AUROC com-
parison; however, the aMAP score had the highest point esti-
mate of 0.722 (0.636-0.808). NPV was high in the low strata
of all scores, ranging from 97.4% (HCC risk score) to 100%
(AMAP). The low-risk strata of the HCC risk score included
the highest proportion of the cohort at 38% (Table 1), with a
NPV of 97.4%. Freedom from diagnosis of HCC according
to each risk score’s risk strata is represented in Fig. 2.

Predictive Value and Likelihood of Benefit or Harm
from Surveillance

PPV and NPV of surveillance tests according to HCC
risk score strata are shown in Table 4. There were 17 true

positives, 88 false positives, and no false negatives. 5 HCC
were diagnosed in patients who had been non-adherent with
surveillance and had presentations that triggered cross-sec-
tional imaging directly. As there were no false negatives, the
NPV of a normal screening test was 100% in all strata. The
PPV of detection of HCC following an abnormal screening
result increased across the strata (range 0-32.6%) and was
lowest in the low-risk strata (range 0-9.4%). The PPV was
0 in the low- and medium-risk strata of the AMAP and the
low-risk strata of the THRI.

NNB & NNH

13 patients were diagnosed at early stage via surveillance
and therefore gained benefit. 88 false-positive surveillance
tests triggered negative cross-sectional imaging (i.e., harm).
Total NNB and NNH were 241 and 36, respectively. HCC
was not diagnosed in any patients stratified as low risk by the
AMAP or THRI score and therefore these groups gained no
benefit from surveillance. Furthermore, patients in the low-
risk categories of the ADRESS HCC or HCC risk score had
a high NNB (> 300 and > 900, respectively). NNH ranged
from 24.0 to 46.8 across the strata. Additionally, all low-risk
strata had a lower NNH (range 24-39) than the higher strata
in their risk scores (33.9-46.8).

Discussion

In this cohort of mixed etiology cirrhosis, we assessed four
models of HCC risk prediction aiming to quantify the benefit
and harms of HCC surveillance. No score was superior in the
prediction of HCC on AUROC comparison and the low-risk
strata of all scores demonstrated a low PPV of an abnormal
surveillance result, together with a high NNB and low NNH.
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Fig.2 Kaplan—-Meier freedom from HCC risk curves

Notably, no patients stratified as low risk by the AMAP or
THRI score were diagnosed with HCC and therefore gained
no benefit from surveillance. The overall NNB and NNH
were 241 and 36 suggesting that around 6-7 patients are
exposed to harm by way of further cross-sectional imaging
for every early-stage HCC detected through surveillance.

Notably the rate of HCC diagnosis across all risk strata
in this cohort is lower than that in the risk score develop-
ment cohorts, creating the high NNB, low NNH, and low
PPV seen here. Furthermore, this incidence rate is sub-
stantially lower than the threshold for entering surveillance
recommended in international guidelines [1]. This may
be explained partially by the THRI, ADRESS, and aMAP
scores having a significantly smaller proportion of patients
with non-viral hepatitis (and associated lower risk of HCC
development) in their development cohorts than is present in
ours [14, 15, 18]. However, it is likely our finding of a high
competing mortality from non-HCC causes across all risk
strata also plays a role. In this regard our data compare simi-
larly to a recent large observational study of patients with
cirrhosis in Denmark where a lower than expected incidence
of HCC and a significantly higher risk of non-HCC death
was observed [21].
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The strengths of this study are in the assessment of four
risk scores through several clinically relevant metrics in a
cohort of patients with cirrhosis from broad range of etiolo-
gies. There are minimal missing data and a long period of
follow-up. Building on research based on simulated cohorts
by empirically calculating NNB and NNH from long-term
follow-up, we sought to quantify more accurately the ben-
efits and harms of HCC surveillance [9, 22, 23]. While simu-
lated cohorts can provide an estimate of these, assumptions
in such models such as a high incidence rate of HCC [24],
very low rates of non-HCC competing mortality [9] and
assuming 100% compliance with surveillance [22] limit
interpretation.

Our cohort of patients derives from Glasgow, where
almost half (47%) of residents are part of the most deprived
quintile in Scotland [25]. There are high rates of alcohol
use amid high hepatitis C prevalence creating a significant
burden of chronic liver disease [26, 27]. The compliance
of <70% seen here reflects the real-world nature of our data
and allows us to draw more accurate conclusions on the
application and efficacy of HCC surveillance. We believe
that this is the first time PPV of abnormal surveillance in
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Table4 NNH, NNB, and PPV of surveillance
Score Risk strata No of US scans Early-stage Total screen False positives NNB NNH PPV (%)
screen detected detected
(True
positives)
AMAP Low 220 0 0 9 - 24.4 0
Medium 909 0 0 20 - 45.5 0
High 2003 13 17 59 154.1 33.9 22.3
THRI Low 309 0 10 - 30.9 0
Medium 1607 2 3 49 803.5 32.8 5.8
High 1221 11 14 29 111.0 42.1 32.6
HCC risk Low 963 1 1 25 963 38.5 3.8
score Medium 1214 10 11 35 121.4 35.7 239
High 374 0 8 - 46.8 27.3
ADRESS Low 917 3 29 323.7 31.6 9.4
-HCC Medium 1860 9 12 52 206.7 35.8 18.8
High 306 1 2 7 306.0 43.7 222

US ultrasound, NNB number needed to benefit, NNH number needed to harm, PPV positive predictive value

the context of HCC surveillance has been calculated from
observational data.

Limitations of this study include its retrospective nature,
albeit of a prospective database, and the small number of
patients developing HCC in the cohort. This generates a
wide range of NNB across the risk groups and signifies
that the study may be underpowered to calculate this met-
ric across the risk strata. Furthermore, this may explain the
lack of a significant difference in the AUROC of the risk
scores as a possible type II error. Despite this we believe
our results provide a valuable framework for planning pro-
spective larger-scale studies in this area. For scores such as
the AMAP and THRI score the proportion of patients clas-
sified as low risk was very low (7-10%) which may limit
their usefulness in clinical practice. In comparison the HCC
risk score classifies a significantly larger proportion as low
risk, although at the expense of missing several surveillance
detected cancers. Recently published research suggests that
most US providers would still offer surveillance if HCC
risk was less than 0.5% per annum [28]. Further research is
required as to what degree of risk is acceptable to patients
considering surveillance. Our research gives context of
harms experienced according to risk strata, which may aid
informed decision-making.

In this regard, we defined harm as undergoing further
investigation with cross-sectional imaging for false-positive
surveillance tests, one of many harms identified in a recent
review [29]. It is recognized that false-positive tests gen-
erate anxiety [30] and cause financial harm. This may be
direct, in healthcare settings were the patient pays directly
for investigations, or indirect via increased insurance premi-
ums or loss of earnings while attending for investigations.
Specific physical harms related to investigation such as

contrast nephropathy, extravasation of contrast, and biopsy-
specific complications such as bleeding have been described
[29], however, were not captured in our study. A prospective
trial of HCC surveillance-related harms [31] is underway
and should provide further clarity on the frequency of such
harms.

Additionally, data were not available on the nature of
the AFP levels or USS appearances which triggered fur-
ther investigation, therefore patients progressed to cross-
sectional imaging at the discretion of the treating physician.
This introduces judgment and generates variation based on
the physician’s tolerance to risk and attitude to borderline
abnormal ultrasound and AFP results. A physician’s decision
to investigate further is made on analysis of AFP over time
rather than discrete values, with mathematical analysis of
AFP trends confirming that such as approach is potentially
beneficial [32]. This would further complicate any attempt
to analyze AFP levels leading to investigation. Compared
with other research we found a lower risk of harm of 18.3%
compared with the 27.5% estimated in the USA in 2017 [7].
This could be explained by a lower threshold to proceed to
further investigation in the US, due to cultural variation in
practice related to factors that may include the perceived
threat of litigation [23].

Adherence with surveillance in our cohort was relatively
high at 68% compared to the 52% reported in a previous
meta-analysis [33]. It may be expected that poorer adher-
ence may result in reduced benefit, as well as reduced harm.
We would not expect the reduction in harms vs benefits to
be disproportionate; however, further studies in cohorts
with different levels of adherence to surveillance would be
beneficial.
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It is recognized that the benefit attributed to detection
of early-stage HCC through surveillance may be subject
to length and lead time bias [6]. Length time bias may be
introduced where HCCs detected are more indolent and less
aggressive and would potentially be detected and treated
without surveillance [34]. Furthermore, diagnosis of early-
stage HCC is a surrogate outcome susceptible to lead time
bias in which early detection of cancer through surveillance
is erroneously associated with a longer life expectancy.
Recent research adjusting for lead time bias in HCC surveil-
lance has demonstrated a reduced effect on mortality than
previously described [6]. Considering this, we could poten-
tially be overestimating the benefit estimated by surveillance
and generating a misleadingly low NNB.

Conclusion

Using multiple clinically relevant methods of validation we
have demonstrated the value of risk scores as tools to indi-
vidualize the decision to offer patients HCC surveillance.
The high competing mortality rate and low incident rate of
HCC drive the higher NNB, lower NNH, and lower PPV,
particularly in the lower-risk strata. This factor is likely to
have been underappreciated in previous simulation work
estimating the benefits and harms of HCC surveillance. We
therefore believe large scale, prospective research focusing
on risk-based surveillance strategies such as intensive HCC
surveillance for higher-risk groups and exclusion of lower-
risk patients from surveillance is warranted.
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