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Background & Aims: Lead-time is the time by which diagnosis is
anticipated by screening/surveillance with respect to the symp-
tomatic detection of a disease. Any screening program, including
surveillance for hepatocellular carcinoma (HCC), is subject to
lead-time bias. Data regarding lead-time for HCC are lacking.
Aims of the present study were to calculate lead-time and to
assess its impact on the benefit obtainable from the surveillance
of cirrhotic patients.
Methods: One-thousand three-hundred and eighty Child–Pugh
class A/B patients from the ITA.LI.CA database, in whom HCC
was detected during semiannual surveillance (n = 850), annual
surveillance (n = 234) or when patients came when symptomatic
(n = 296), were selected. Lead-time was estimated by means of
appropriate formulas and Monte Carlo simulation, including
1000 patients for each arm.
Results: The 5-year overall survival after HCC diagnosis was
32.7% in semiannually surveilled patients, 25.2% in annually sur-
veilled patients, and 12.2% in symptomatic patients (p <0.001). In
a 10-year follow-up perspective, the median lead-time calculated
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for all surveilled patients was 6.5 months (7.2 for semiannual and
4.1 for annual surveillance). Lead-time bias accounted for most of
the surveillance benefit until the third year of follow-up after
HCC diagnosis. However, even after lead-time adjustment, semi-
annual surveillance maintained a survival benefit over symptom-
atic diagnosis (number of patients needed to screen = 13), as did
annual surveillance (18 patients).
Conclusions: Lead-time bias is the main determinant of the
short-term benefit provided by surveillance for HCC, but this ben-
efit becomes factual in a long-term perspective, confirming the
clinical utility of an anticipated diagnosis of HCC.
� 2014 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
Introduction

The global incidence of hepatocellular carcinoma (HCC) is
increasing worldwide and the only chance for cure depends on
an early diagnosis by means of surveillance of patients at risk
[1,2]. The rationale of surveillance is that it can identify HCC at
early stages, allowing the use of treatment capable of prolonging
survival. In the assessment of the benefit provided by screening
or surveillance of any curable disease, lead time represents a
potential source of bias [3–5]. Lead time is the time by which
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the diagnosis is anticipated by screening or surveillance with
respect to the clinical presentation of a disease [6]. It represents
an artificial addition of time to survival of cases detected during
screening, leading to a specious improvement in prognosis. Only
randomized controlled trials (RCTs) can completely eliminate this
bias by comparing mortality rates from the time of patient enroll-
ment in the study, instead of from the time of HCC diagnosis. In
the field of surveillance of patients at risk for HCC development,
the few available RCTs report conflicting results regarding the
benefit of surveillance [7,8], and additional trials are unlikely to
be conducted if patients are correctly informed about the risks
and benefits of surveillance [9]. Therefore, the actual benefit of
surveillance for this type of cancer remains to be defined. Several
cohort studies have shown a benefit of surveillance on HCC prog-
nosis, but their results are biased by lead time [10–14]. To limit
this bias, some authors have roughly adjusted the survival of
patients under surveillance for lead time, but none computed a
precise estimation of lead–time bias; therefore, their findings
can be substantially affected by different baseline assumptions.

This study aimed at accurately estimating the lead time affect-
ing semiannual and annual surveillance for HCC through a rigor-
ous mathematical model already proposed in other cancer
screening programs [15,16]. The impact of lead-time bias on
the results achieved by such surveillance programs in a ‘‘real
world’’ clinical setting was also explored. Finally, the number-
needed-to screen (NNS) was calculated to estimate the effect size
which should be expected by surveillance.
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Fig. 1. Distribution of HCC volume doubling time (DT) obtained from the
literature review of 155 tumors. The distribution was positively skewed and was
fitted with a lognormal function having l = 4.5253 and r = 0.7313 (Median
value = 105 days; 25th percentile = 45 days; 75th percentile = 165 days;
mode = 45 days). In 53.5% of cases (no = 83), DT value did not exceed 3 months.
Patients and methods

Study population

Data were derived from the ITA.LI.CA database. This database currently includes
5136 HCC patients, consecutively seen from January 1987 to December 2012 at
18 medical institutions. Patients having the following inclusion criteria were
selected for this study: (a) Child–Pugh class A or B, as surveillance is useless and
not recommended by international guidelines in advanced cirrhosis [2,3,12]; (b)
treatment description and complete clinical data, and (c) HCC diagnosis reached
during surveillance based on liver ultrasonography (US) with or without serum
alpha-fetoprotein (AFP) determination, performed every 6 (±1 month; semi-
annual surveillance) or 12 months (±1 month; annual surveillance), or at the time
of cancer symptom occurrence (outside any surveillance schedule/no-surveil-
lance). Hepatocellular carcinomas incidentally diagnosed as a result of clinical
evaluation for other diseases were excluded from the analysis. Patient surveillance
was classified as semiannual or annual on the basis of the schedule adopted in the
two years preceding HCC diagnosis. In addition, patients under surveillance in
whom diagnostic procedures were performed earlier with respect to the sched-
uled interval, due to the development of signs or symptoms of cancer, were kept
in their original surveillance group and computed accordingly. The interval of sur-
veillance was established by the referring physician of each patient. Patients were
excluded from the study due to: incomplete clinical data (1195 patients), Child–
Pugh class C (278 patients), inconsistent (interval >13 months) surveillance or
3 month-surveillance (total: 808 patients), incidental tumor diagnosis (1475
patients). Accordingly, 1380 patients were enrolled. The time that elapsed
between diagnosis and treatment was approximately 40 days for the majority of
patients (maximum 2 months) except for candidates for liver transplantation. Cir-
rhosis was histologically confirmed in 364 patients; in the remaining patients,
diagnosis was made unequivocally by clinical and radiological evaluations
together with laboratory findings. All patients provided informed consent for
the anonymous recording of their data in the ITA.LI.CA database. The study was
approved by the Institutional Review Board of each participating center.

Mathematical estimation of lead time

Algebraic details of the mathematical model for lead-time calculation are pro-
vided in the Supplementary materials and methods. Briefly, we assumed an expo-
nential tumor growth during the sojourn time since it best reflects the tumor
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growth kinetics over the range of sizes at which the majority of HCCs are detected
in screening programs (equation 1) [17]. The mean size (together with relevant
95% confidence intervals [95% CI]) of tumors detected during 6-month or 12-
month surveillance programs, and the mean size of symptomatic tumors were
used for sojourn time calculation (equation 2) [18,19]. Calculation of the sojourn
time requires the tumor growth rate to be known, and this variable was derived
from the tumor volume doubling time (DT) (equation 3). Thus, the basis of
lead-time estimation relies on the doubling time. Hence, a systematic review of
the literature was carried out to obtain the most suitable DT values. Details of
the literature review are reported in the Supplementary materials and methods.
Four studies fulfilled the requirements for the present analysis, involving a total
of 155 HCCs, in which the DT was calculated using the formula proposed by
Schwartz [20–23]. The distribution of HCC DT was fitted with a log-normal
function having l = 4.5253 and r = 0.7313 (Fig. 1). This distribution was used
to calculate the transition rate to symptomatic disease and lead time, using the
appropriate formula (equation 4) [15,16,19].

Simulation methodology

A probabilistic analysis (Monte-Carlo simulation) was initially applied to esti-
mate lead-time and lead-time bias; in this analysis, a theoretical cohort of 1000
patients undergoing semiannual or annual surveillance was considered, and a
theoretical cohort of 1000 patients with a symptomatic diagnosis (who did not
suffer from lead-time bias) was used as a control group. As previously described,
a log-normal distribution was used for doubling time whereas tumor sizes at
diagnosis and survival rates varied within a triangular distribution, where inter-
quartile ranges and confidence limits determine the minimum and the maximum
values assumed. Base-case time horizon was set at 10 years of follow-up, and a
sensitivity analysis was carried out at times varying from 1 year up to 10 years
in order to assess the impact of lead time at varying follow-up periods. Survival
rates in relationship with surveillance programs were properly calculated and
reported in 10-years life-expectancy before and after adjustment for lead-time
bias, subtracting the lead time from life-expectancy. Since the whole study pop-
ulation encompasses a large time-period, all the analyses were repeated for
patients diagnosed with HCC in more recent years (between 2005 and 2012),
on the basis of the premise that advancements in surveillance tools could further
anticipate HCC diagnosis [3,4–8,12].

Statistical analysis

Categorical variables are reported in a number of cases and proportions, and com-
parisons between the subgroups were carried out using the Fisher’s exact test.
The distribution of continuous variables was checked for normality using the
Kolmogorov-Smirnov test, and comparisons between the subgroups were carried
out using appropriate tests. Continuous variables are reported as means and 95%
CI of the means or as median and interquartile ranges (IQR: 25th and 75th per-
centiles). Survival rates after HCC diagnosis were computed from the day of diag-
nosis until death or the last follow-up visit using the Kaplan–Meier method.
Survival rates were transformed into monthly probabilities of death, applying
the declining exponential approximation of life expectancy (DEALE) approach [24].
4 vol. 61 j 333–341
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Results from the Monte Carlo analyses were reported as NNS. The NNS is cal-

culated as the reciprocal of the absolute risk reduction (NNS = 1/ARR) [25,26] and
represents the number of patients who must be enrolled in a screening program
over a given time period in order to prevent one death from the given disease. The
5-year overall survival rates were used to compute the NNS. NNS values were
compared with previous cost-effectiveness Markov model results, which identi-
fied a value of 13 for semiannual US+AFP surveillance and 19 for annual US+AFP
surveillance as measurements of the relative effectiveness of the two surveillance
strategies [27]. Statistical analyses were carried out with R software version
2.12.0 (R Foundation for Statistical Computing). The Monte-Carlo simulation
was carried out using TreeAge-Pro-2008 (TreeAge Software Inc., Williamstown,
MA, USA). A two-tailed p value of <0.05 was considered statistically significant
in all the analyses.

Results

Of the 1380 cases enrolled, 850 had been diagnosed with HCC
during semiannual surveillance (61.6%), 234 during annual sur-
veillance (17.0%), and 296 had a symptomatic diagnosis (21.4%).
Thus, the majority (78.4%) of the 1084 patients surveilled was
in the semiannual program, and this proportion was adopted in
the theoretical cohort of surveilled patients to estimate the lead
Table 1. Baseline characteristics of the study population.

Variable Semiannual surveillance
Number of patients 850 (61.6%)
Period of diagnosis 

1987-1995 (n = 227) 96 (42.3%)
1996-2004 (n = 513) 314 (61.2%)
2005-2012 (n = 640) 440 (68.8%)

Demographic and clinical 
Age (yr) 67.1 (66.5-67.7)†

Male sex 595 (70.1%)†

Hepatitis B 84 (9.9%)*
Hepatitis C 526 (61.9%)†

Alcohol 80 (9.4%)†

Multi-etiology 102 (12.0%)*
Other causes 58 (6.8%)†

Child-Pugh class A 597 (70.2%)†

Tumor characteristics
Solitary <2 cm 250 (29.4%)†

Solitary 2.0-3 cm 198 (23.3%)†

Solitary 3.1-5 cm 94 (11.1%) 
2-3 nodules <3 cm 147 (17.3%)†

Outside Milan criteria 161 (18.9%)†

Size of largest tumor (cm) 2.7 (1.6-3.8)†

1987-2004 (n = 740; cm) 2.8 (1.6-3.9)†

2005-2012 (n = 640; cm) 2.5 (1.4-3.6)†

Treatments
Transplantation 28 (3.3%)*
Resection 113 (13.3%) 
RFA/PEI 370 (43.5%)†

TACE ± percutaneous ablation 294 (34.6%) 
Others/palliation/sorafenib 45 (5.3%)†

Continuous variables are reported as means and 95% confidence intervals (CI).
p values refer to the pairwise comparison between semiannual or annual surveillance g
Surveilled patients and patients with a symptomatic diagnosis did not differ regarding
reported).
RFA, radiofrequency ablation; PEI, percutaneous alcohol injection; TACE, transcatheter a
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time of the entire population (see Methods). The median fol-
low-up of the entire study population was 24 months (IQR: 12–
46 months). The baseline characteristics of the study population
are reported in Table 1. A progressive increase of HCC diagnosed
during semiannual surveillance was observed in more recent
periods, with a consequent reduction of tumors diagnosed in
the annual program or for symptoms. Compared to patients with
symptomatic diagnosis, the patients under surveillance more fre-
quently belonged to Child–Pugh class A (p <0.001). They had a
greater number of solitary and smaller tumors, and this ‘‘stage
migration’’, in turn, increased the proportion of patients undergo-
ing potentially curative treatment, such as transplantation, and
resection or ablation (p <0.05 in all cases). A trend toward smaller
tumor diameter at diagnosis of semiannual and annual surveil-
lance programs was observed in HCCs diagnosed between 2005
and 2012 with respect to the whole population. As reported in
Table 2, the overall survival of patients undergoing surveillance
was significantly higher than that of patients with a symptomatic
diagnosis. This advantage was confirmed in both Child–Pugh
class A and B patients (p <0.05).
Annual surveillance Symptomatic diagnosis
234 (17.0%) 296 (21.4%) 

54 (23.8%) 77 (33.9%)
98 (19.1%) 101 (19.7%)
82 (12.8%) 118 (18.4%)

66.8 (65.6-67.9)† 63.8 (66.6-65.0)
161 (68.8%)† 250 (84.5%)
27 (11.5%) 38 (12.8%)
142 (60.7%)† 102 (34.5%)
17 (7.3%)† 68 (23.0%)
32 (13.7%) 49 (16.6%)
16 (6.8%)* 39 (13.2%)
179 (76.5%)† 155 (52.4%)

37 (15.8%)* 24 (8.1%)
36 (15.3%)† 18 (6.1%)
53 (22.6%)† 22 (7.4%)
36 (15.4%)* 24 (8.1%)
72 (30.8%)† 208 (70.3%)
3.4 (3.1-3.6)† 4.6 (4.2-5.1)
3.5 (3.2-3.7)† 4.4 (3.5-4.7)
3.3 (3.0-3.7)† 4.7 (3.7-5.3)

5 (2.1%) 2 (0.7%)
47 (20.1%) 41 (13.9%)
84 (35.9%)† 37 (12.5%)
77 (32.9%) 118 (39.9%)
21 (9.0%)† 98 (33.1%)

roups to the non-surveillance group: ⁄p <0.05, �p <0.001.
presence of any comorbidity, diabetes mellitus or arterial hypertension (data not

rterial chemoembolization.
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Table 2. Overall survival rates of the entire study population and stratified by liver function.

Variable Semiannual surveillance Annual surveillance Symptomatic diagnosis
Number of patients 850 (61.6%) 234 (17.0%) 296 (21.4%) 
Whole population (n = 1380)

1-year; % 89.6 (87.2-91.5)† 83.7 (78.2-87.9)† 57.8 (51.2-63.2)
3-year; % 56.8 (53.0-60.4)† 45.9 (39.0-52.5)† 24.2 (20.5-29.4)
5-year; % 32.7 (26.3-39.4)† 25.2 (19.2-32.6)† 12.2 (7.8-16.6)

Child-Pugh A patients (n = 931)
1-year; % 91.7 (89.0-93.7)† 85.6 (79.4-90.0)† 64.2 (56.0-71.3)
3-year; % 63.3 (58.8-67.5)† 50.1 (42.1-57.6)† 28.5 (21.2-36.1)
5-year; % 36.8 (31.8-41.7)† 28.0 (20.8-35.6)† 16.0 (10.3-22.7)

Child-Pugh B patients (n = 449)
1-year; % 84.8 (79.6-88.7)† 77.9 (64.4-86.8)* 51.0 (42.4-59.0)
3-year; % 42.4 (35.6-49.0)† 32.8 (20.4-45.7)* 19.6 (13.2-27.0)
5-year; % 24.1 (18.3-30.3)† 16.4 (7.7-27.9)* 7.8 (3.7-14.0)

Patients diagnosed between 2005-2012 
Number of patients 440 (68.8%) 82 (12.8%) 118 (18.4%)
Study population (n = 640)

1-year; % 92.4 (89.3-94.6)* 83.3 (72.9-89.9)* 64.0 (54.4-72.1)
3-year; % 59.4 (53.3-64.9)* 48.4 (35.5-60.1)* 25.9 (17.3-35.3)
5-year; % 39.0 (31.5-46.5)* 31.4 (18.0-45.6)* 15.3 (8.3-24.3)

Child-Pugh A patients (n = 464)
1-year; % 94.5 (91.2-96.6)† 83.6 (71.6-90.8)* 66.3 (53.5-76.4)
3-year; % 65.9 (58.9-71.9)† 52.0 (37.5-64.7)* 29.6 (18.0-42.1)
5-year; % 43.2 (33.6-52.4)† 34.8 (18.1-52.2)* 16.2 (7.4-27.9)

Child-Pugh B patients (n = 176)
1-year; % 85.1 (76.5-90.8)* 82.4 (54.7-93.9)* 58.9 (43.8-71.2)
3-year; % 45.7 (33.9-56.7)* 37.2 (13.1-61.8) 23.3 (11.1-38.0)
5-year; % 26.8 (16.1-38.6)* 18.6 (3.2-44.1) 9.3 (1.0-29.4)

Survival rates are reported together with 95% confidence intervals.
p values refer to pairwise comparison between semiannual or annual surveillance groups to the symptomatic diagnosis group: ⁄p <0.05, �p <0.001.
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Lead-time estimation

In a 10-year follow-up perspective, the median lead time
calculated for 1000 cirrhotic patients (78.4% of them undergoing
semiannual and 21.6% annual surveillance) was 6.5 months (IQR:
3.7–10.3). Distributions of lead time according to surveillance
schedules and Child–Pugh classes are reported in Fig. 2. The
median lead time of the semiannual program was 7.2 months
(IQR: 4.1–12.2) whereas that of the annual program was
4.1 months (IQR: 2.6–6.6). For patients diagnosed with HCC
between 2005 and 2012, the median lead time was 7.3 months
(IQR: 4.4–12.9) for the semiannual program, and 4.3 months
(IQR: 2.7–7.3) for the annual program. The median lead time of
the whole study population was 6.5 months for Child–Pugh class
A patients (IQR: 3.8–11.1) and 6.4 months for Child–Pugh class B
patients (IQR: 3.8–11.0), i.e., unaffected by the functional class.

Effect of lead-time on outcome

The life-expectancy of HCC patients before and after lead-time
correction is reported in Table 3. Before correction, both surveil-
lance strategies were associated with an increase in life-
expectancy in comparison to a symptomatic HCC diagnosis. Over
a 10 year period, the median life-expectancy was 48.5 months for
semiannual surveillance, 41.8 months for annual surveillance and
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28.5 months for symptomatic diagnosis. The NNS was 8 for
semiannual surveillance and 10 for annual surveillance. When
stratified by Child–Pugh class, NNS values remained lower (i.e.,
better) than those indicating the thresholds of effectiveness for
the two surveillance strategies [27]. After lead-time correction,
the median life expectancy dropped to 41.6 months for semian-
nual surveillance and to 37.2 months for annual surveillance.
The gain in life-expectancy obtainable with both semiannual
and annual surveillance was still consistent with an NNS of 13
and 18, respectively. The results changed in Child–Pugh class B
patients, in whom lead-time adjustment increased the NNS of
both programs above that of the reference values (Table 3).
Instead, results did not significantly change in HCC patients diag-
nosed between 2005 and 2012.

Impact of follow-up length

The results of the sensitivity analysis carried out at varying
follow-up lengths are depicted in Fig. 3. After lead-time correc-
tion, the differences between life-expectancy associated with
surveillance strategies and non-surveillance strategy were clearly
dependent on the length of follow-up (Fig. 3A). Namely,
surveillance strategies demonstrated an actual benefit over the
non-surveillance strategy from the end of the third year of
follow-up. In other words, the benefit observed over the first
4 vol. 61 j 333–341
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Fig. 2. Lead-time bias estimation. In relation to the surveillance schedule (A) and Child–Pugh class (B).
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3 years after HCC diagnosis was apparent, being basically due to
lead-time bias. The second sensitivity analysis, at varying
follow-up periods, was aimed at identifying tumor DT cut-offs
above which surveillance strategies had a negligible benefit
(Fig. 3B). As an example of a time point, when considering the
third year of follow-up the survival benefit could not be attribut-
able to lead-time bias only for fast-growing HCCs, i.e., those with a
DT <120 days in the case of semiannual surveillance and
<150 days in the case of the annual schedule. At 5 years of
follow-up, the lead-time impact was diluted so that these cut-offs
increased to 200 days and 230 days, respectively, indicating that
Journal of Hepatology 201
surveillance may also be beneficial for slow-growing tumors.
Therefore, very slow-growing tumors give higher lead times
and, consequently, need longer follow-ups to overcome the con-
founding effect of the related bias.
Discussion

In the analysis of results achieved by programs aimed at detect-
ing tumors at early stages, lead-time bias may represent an
important confounding factor speciously emphasizing the
4 vol. 61 j 333–341 337



Table 3. Results of the Monte Carlo simulation, lead-time correction and number needed to screen calculation.

Variable Median life-expectancy 
(months; IQR)

5-year survival NNS (95% CI)

Before lead-time adjustment
Whole population

Semiannual surveillance 48.5 (46.8-50.5) 32.2% 8 (6-10)
Annual surveillance 41.8 (40.1-43.8) 28.4% 10 (8-16)
Symptomatic diagnosis 28.5 (27.2-29.8) 18.2% [Ref.]

Child-Pugh class A 
Semiannual surveillance 54.5 (53.5-55.7) 36.1% 7 (6-9)
Annual surveillance 45.6 (43.9-47.3) 31.6% 10 (7-15)
Symptomatic diagnosis 31.1 (29.9-32.6) 21.0% [Ref.]

Child-Pugh class B 
Semiannual surveillance 40.7 (39.6-42.2) 28.6% 7 (6-10)
Annual surveillance 33.9 (31.8-36.2) 23.9% 11 (8-16)
Symptomatic diagnosis 23.1 (22.1-24.3) 14.1% [Ref.]

After lead-time adjustment
Whole population

Semiannual surveillance 41.6 (36.6-44.6) 25.6% 13 (9-26)
Annual surveillance 37.2 (34.3-39.8) 23.8% 18 (11-50)
Symptomatic diagnosis 28.5 (27.2-29.8) 18.2% [Ref.]

Child-Pugh class A 
Semiannual surveillance 47.5 (42.6-50.6) 31.1% 9 (8-17)
Annual surveillance 40.6 (37.8-43.1) 26.8% 18 (11-49)
Symptomatic diagnosis 31.1 (29.9-32.6) 21.0% [Ref.]

Child-Pugh class B 
Semiannual surveillance 33.7 (29.1-36.9) 20.6% 15 (11-31)
Annual surveillance 29.0 (25.7-31.9) 18.1% 25 (14-128)
Symptomatic diagnosis 23.1 (22.1-24.3) 14.1% [Ref.]

Patients diagnosed between 2005-2012
Child-Pugh class A 

Semiannual surveillance 51.8 (46.0-55.8) 35.5% 8 (6 -11)
Annual surveillance 46.0 (41.1-50.7) 28.7% 15 (10-33)
Symptomatic diagnosis 32.0 (29.9-34.5) 21.8% [Ref.]

Child-Pugh class B 
Semiannual surveillance 35.2 (29.6-39.3) 21.1% 31 (15-586)
Annual surveillance 32.7 (28.0-38.1) 20.5% 38 (17-134)
Symptomatic diagnosis 27.4 (24.7-30.8) 17.8% [Ref.]

Median life expectancy is calculated over a 10-year-follow-up.

Numbers needed to screen (NNS) values represent the number of patients who must be enrolled in the surveillance program to prevent one death from the disease in
question.
IQR interquartile range (25th and 75th percentiles); CI, confidence interval; NNS, number needed to screen.
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observed benefit on survival, if it is not taken into consideration
[28,29]. Theoretically, assuming a perfect sensitivity of the sur-
veillance test used, the surveillance interval should be set to cor-
respond to the lead time [18,19]. In this way, almost all HCCs will
be detected thanks to the surveillance program. Our study
showed that, in the case of surveillance for HCC, lead time varied
considerably, within a non-normal distribution, depending on the
strategy adopted (Fig. 2). For semiannual surveillance, its median
value (7.2 months) was quite similar to the surveillance interval,
with the difference attributable to the suboptimal sensitivity of
US which increased the lead time [12,14]. Conversely, lead time
for annual surveillance (4.1 months) was only one-third of the
interval, supporting the opinion that this program is inferior to
338 Journal of Hepatology 201
the semiannual program in terms of tumor stage migration,
tumor size at diagnosis and survival [10–13,30]. It should also
be pointed out that, as the sensitivity of US increases due to tech-
nical advancements, the size of tumors detected by surveillance
decreases. Considering this, we repeated the analysis in patients
diagnosed with HCC in more recent years, and we found a trend
toward a decreased tumor size at diagnosis. This improved
diagnostic accuracy of US as a surveillance test results in earlier
diagnoses of tumors, but leads to longer, albeit only slightly,
lead-time bias. Therefore, the earlier the diagnosis the longer
the lead-time bias that has to be expected and this is an impor-
tant aspect to be taken into account when considering the benefit
of surveillance programs.
4 vol. 61 j 333–341
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Fig. 3. Sensitivity analyses at varying of follow-up periods. Surveillance determines greater life expectancy, when adjusted for lead-time bias, with respect to non-
surveyed patients from the end of the third year of follow-up (A). The second graph (B) weights the impact of the length of follow-up (or survival) and tumor volume
doubling time (DT) on the survival benefit of surveillance. Of note, since lead-time bias is strictly dependent on tumor DT (equation 4), this analysis also represents an
indirect sensitivity analysis when lead-time varies. If the DT is greater than the thresholds identified for each follow-up time considered, the benefit of semiannual or
annual surveillance is fully attributable to lead-time bias. Note that a survival P10 years is required to overcome the confounding effect of the lead-time bias when the DT
is approximately 1 year (=very slow-growing tumors). Thus, the longer the DT and the longer the lead-time and the relevant bias that has to be expected.
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These deductions, derived from lead-time calculation, are
supported by the NNS values obtained in the present study
in patients undergoing different surveillance programs for an
early diagnosis of HCC (Table 3). The NNS indicates the num-
ber of patients to be surveilled to prevent one death (mainly
consequent to HCC), and measures the effectiveness of surveil-
lance strategies [25,26]. A previous cost-effectiveness Markov-
model analysis identified two values of NNS which define sur-
veillance as effective: 13 for the semiannual program and 19
for the annual program [27]. Any NNS lower than these values
indicate that the surveillance strategy is even more effective.
In our analysis, semiannual surveillance always resulted in
lower NNS values as compared to annual surveillance. Nota-
bly, after lead-time correction, which determines a greater
Journal of Hepatology 201
decrease in life expectancy for semiannual than for annual
surveillance, the more stringent program still maintained
lower NNS values. These findings confirmed that 6-month sur-
veillance is more effective than annual surveillance. Neverthe-
less, this comparison deserves additional comments. First,
even annual surveillance produced NNS values lower than
the threshold of effectiveness [27] in the entire population
and in the subgroup of Child–Pugh A patients, thus proving
to be effective in comparison with non-surveillance. Second,
in Child–Pugh class B patients, both programs, after lead-time
correction, had relatively high NNS values in comparison to
previous reports [27] (Table 3), confirming the limited effec-
tiveness of surveillance when it is implemented in patients
with advanced cirrhosis [12,31]. These results did not change
4 vol. 61 j 333–341 339
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when analyzing the subset of patients diagnosed in more
recent years.

Some additional findings of our study deserve attention. The
survival benefit of surveillance, in relation to lead-time bias, was
found to be dependent on the length of follow-up after HCC
diagnosis and treatment, and on tumor DT. If the follow-up of
a cohort study starting from the time of HCC diagnosis is not
long enough, the benefit in life-expectancy observable in sur-
veilled individuals is apparent, being fundamentally attributable
to lead-time bias. As a matter of fact, the survival benefit of sur-
veillance becomes factual from the end of the third year of fol-
low-up (Fig. 3A). This information should be considered in order
to correctly scrutinize the results of cohort studies dealing with
the outcome of surveillance programs for HCC. It can be inferred
that only potentially curative treatments, such as resection,
ablation, and transplantation (accounting for about 60% of treat-
ments in the individuals surveilled) performed in well compen-
sated patients, can override the confounding impact of lead-time
bias, producing reliable results. The second point needing a
comment is the direct relationship between lead time and
tumor DT (i.e., the longer the DT, the greater the lead time). This
is another important point since the distribution of HCC DTs was
highly skewed (Fig. 1), and our second sensitivity analysis
indicated that the threshold of tumor DT, for considering
surveillance as beneficial, is commensurate to the length of
follow-up, being rather low if a short follow-up is considered
(Fig. 3B) [10]. Over a 3-year period of observation, the survival
of patients with HCC diagnosed during surveillance remained
significantly better than that of non-surveilled patients if the
tumor DT was <3 months (120 days). Conversely, if patient sur-
vival is monitored over a long follow-up, such as ten years, lead
time will not significantly bias the comparison even in the pres-
ence of a tumor DT of about one year. Considering that the
review of the literature showed that approximately 90% of HCCs
have a DT of less than one year, surveillance programs can lead
to a real benefit for the majority of patients at risk of developing
this cancer [20–23].

In the present study we tried to estimate, with the greatest
possible accuracy, the magnitude of the lead-time bias which
can be expected when cirrhotic patients are diagnosed as having
HCC during surveillance. Obviously, our mathematical approach
was not aimed at replacing RCTs but at providing useful results
to correctly interpret the performance of surveillance programs.
However, it should be remembered that other biases can affect
non-randomized studies on this topic. The most important is
length-time bias, which refers to the phenomenon whereby less
aggressive, slow-growing tumors have a longer sojourn time
and are therefore more likely to be detected by surveillance than
faster-growing cancers. Such a selection confers an apparent sur-
vival advantage to the surveilled patients, due to the favorable
outcome of indolent tumors. A precise estimation of the length-
time bias is currently lacking in the setting of early detection of
HCC and, hence, dedicated modeling studies are needed to quan-
tify how much this bias artificially improves the performance of
surveillance programs.

In conclusion, this study provided a precise estimation of
lead-time bias which can be expected in surveillance for HCC
according to the surveillance intervals and tumor DT. Considering
the impact of tumor DT, an estimation of the surveillance benefit
should be assessed by dedicated sensitivity analyses for either
slow-growing or fast-growing tumors. Moreover, the
340 Journal of Hepatology 201
confounding role of lead-time bias should be calculated with
appropriate formulas capable of handling the length of follow-
up, and considering follow-up times long enough to overcome
or minimize this bias.
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