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Abstract
The optimal schedule for ultrasonographic surveillance of patients with viral hepatitis for the

detection of hepatocellular carcinoma (HCC) remains unclear owing to a lack of reliable

studies. We examined the timing of ultrasonography in patients with viral hepatitis-induced

HCC and its impact on survival and mortality risk while determining predictors of receiving

surveillance before HCC diagnosis. A population-based retrospective cohort analysis of

patients with viral hepatitis-induced HCC in Ontario between 2000 and 2010 was performed

using data from the Ontario Cancer Registry linked health administrative data. HCC surveil-

lance for 2 years preceding diagnosis was assigned as: i)�2 abdominal ultrasound screens

annually; ii) 1 screen annually; iii) inconsistent screening; and iv) no screening. Survival

rates were estimated using the Kaplan-Meier method and parametric models to correct for

lead-time bias. Associations between HCC surveillance and the risk of mortality after diag-

nosis were examined using proportional-hazards regression adjusting for confounding fac-

tors. Overall, 1,483 patients with viral hepatitis-induced HCC were identified during the

study period; 20.2% received�1 ultrasound screen annually (routine surveillance) for the 2

years preceding diagnosis. The 5-year survival of those receiving routine surveillance was

31.93% (95% CI: 25.77–38.24%) and 31.84% (95% CI: 25.69–38.14%) when corrected for

lead-time bias (HCC sojourn time 70 days and 140 days, respectively). This is contrasted

with 20.67% (95% CI: 16.86–24.74%) 5-year survival in those who did not undergo screen-

ing. In the fully adjusted model, compared to unscreened patients, routine surveillance was

associated with a lower mortality risk and a hazard ratio of 0.76 (95% CI: 0.64–0.91) and

0.81 (95% CI: 0.68–0.97), corrected for the respective lead-time bias. Our findings suggest
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that routine ultrasonography in patients with viral hepatitis is associated with improved sur-

vival and reduced mortality risk in a population-based setting. The data emphasizes the

importance of surveillance for timely intervention in HCC-diagnosed patients.

Introduction
Hepatocellular carcinoma (HCC) is an increasing global public health problem, representing
the sixth most common cancer and third most frequent cause of cancer-related death world-
wide [1]. It is amongst the fastest growing diagnosed cancers in Canada [2–4], with incidence
rates increasing in both males (3.4% per year) and females (2.2% per year) over the past 30
years with similar trends in mortality rates [2,3]. Over 80% of HCC worldwide is attributable
to liver injury caused by chronic hepatitis B virus (HBV) or hepatitis C virus (HCV) infection
[5–7], with the vast majority of HCC developing in the presence of underlying cirrhosis (80–
90%) [8–14], In Europe and North America, HCV-related cirrhosis is the major underlying
cause of HCC [7] with an annual incidence of 3–5% [15,16] and is the leading cause of death
(~50%) [15,17]. The incidence of HCC is expected to continue to increase due largely to failed
containment of hepatitis C, the aging Canadian population, and the increasing prevalence of
obesity and diabetes mellitus amongst other persistent risk factors including excessive alcohol
consumption and smoking [2,3].

Historically, most patients with HCC are diagnosed at an advanced stage of disease, often
presenting with constitutional symptoms, liver function impairment, and/or extrahepatic
metastasis. The prognosis after HCC diagnosis is poor, with a 5-year survival estimate of
approximately 7% [18]. Diagnosis of the disease at an early stage, however, provides a role for
potentially curative interventions including surgical resection, liver transplantation, and locor-
egional therapies such as radiofrequency ablation. These interventions have a significant
impact on patient outcome with an improvement in 5-year survival by more than 50%
[7,17,19–28]. In a cohort study of Child’s class A and B cirrhotic patients, semi-annual surveil-
lance increased the detection rate of early stage HCC and reduced the number of advanced
tumors when compared to an annual surveillance regimen. Furthermore, the cohort that
underwent more rigorous surveillance benefited from increased survival when adjusted for
lead-time bias [28]. The utility of regular surveillance is not without controversy as demon-
strated by a recent systematic review that suggested the evidence for regular surveillance is
associated with a survival benefit that is “very low level” given methodologic weaknesses of
published studies and lead- and length-time biases [29].

Currently, practice guidelines from the American Association for the Study of Liver Dis-
eases (AASLD), the European Association for the Study of the Liver (EASL), and the multidis-
ciplinary Canadian consensus recommendations for the management and treatment of HCC
[30] suggest surveillance for patients at high-risk for HCC to detect cancer at an early stage
when it is amenable to potentially curative therapy [10]. Despite the obvious benefits of early
intervention in HCC and the lack of alternative treatments in advanced disease, surveillance
measures are not routinely implemented [31–33]. A recent Canadian study found that patients
with HCC referred to a tertiary liver treatment center were more likely to be in palliative stages
than those whose tumor was detected internally [34]. These results imply ineffective surveil-
lance practice in the community setting, which may be responsible for disparate health out-
comes [34]. Indeed, there are limited data on the utilization and patterns of recommended
HCC surveillance in Canada. The objectives of this study were to: i) examine the timing of
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ultrasonographic surveillance and their impact on survival and mortality risk; and ii) deter-
mine predictors of receiving ultrasonographic surveillance before an HCC diagnosis in patients
with viral hepatitis-induced HCC in Ontario. The data was obtained from the Ontario Cancer
Registry (OCR) linked health administrative data which has the highest number of docu-
mented HCC cases in Canada [35].

Materials and Methods

Study design, setting, and population
We conducted a population-based retrospective cohort study of all eligible viral hepatitis
patients aged 18 years and older with and without cirrhosis who were diagnosed with HCC in
Ontario between January 1, 2000 and December 31, 2010. The International Classification of
Diseases, 9th Revision (ICD-9) site code 155.0 was used to identify primary hepatic neoplasms
in addition to the International Classification of Diseases for Oncology, Third Edition (ICD-O-
3) histology codes 8170–8175. Patients were followed from the viral hepatitis index date to the
date of their death or until the end of the study period (December 31, 2010). Patients who had
death dates before or on the HCC diagnosis date were excluded. Of the remaining patients,
those with at least two Ontario Health Insurance Plan (OHIP) diagnostic codes for viral hepati-
tis “070” within 4 years of each other before the HCC diagnosis date (the earliest claims
assigned as viral hepatitis index date) and diagnosed at least 2 years before the HCC diagnosis
were identified. Cases were identified only using ICD-9 coding due to the lack of ICD-10-CM
B15-B19 code in the dataset. Those diagnosed with viral hepatitis less than 2 years before HCC
diagnosis were excluded. Those who received potentially curative HCC treatment before the
recorded HCC diagnosis date were also excluded. The selection criteria for the study popula-
tion can be found in Fig 1. Based on a previous retrospective cohort study by Yeung [36] that
aimed to validate health administrative data for the detection of HCV infection between 1 Jan-
uary 1995 and 31 March 2000, an algorithm consisting of more than one OHIP diagnostic
code over a 5-year period had a sensitivity of 62.9%, specificity of 82.4%, positive predictive
value of 54.9%, and negative predictive value of 86.8%. This suggests that more than half of all
persons identified in the OHIP database utilizing this diagnostic code of viral hepatitis “070”
will have a diagnosis of hepatitis C. Since hepatitis C and B represent the most common condi-
tions of viral hepatitis [37], it is likely that hepatitis B accounts for the majority of the remain-
ing cohort. For this study, the 4-year interval of viral hepatitis diagnosis before HCC diagnosis
was chosen to be more conservative than the total 5-year interval studied.

Data sources
Details of data sources are published elsewhere [35,38,39]. The OCR is a population-based can-
cer registry that collects data on incident cases of all tumors (except non-melanoma skin can-
cers) in Ontario since 1964 [40–43]. The OCR was linked to the OHIP database, the Discharge
Abstract Database of the Canadian Institute for Health Information (CIHI), the Ontario Drug
Benefit (ODB) program database, and the Canadian census data to provide individual-level
information on sociodemographic, screening, treatment, and clinical factors [44]. The OHIP is
a publically funded healthcare program for all Ontario residents. OHIP physician billing claim
datasets contain service and diagnosis information for outpatient visits in Ontario. The CIHI
Discharge Abstract Database contains information pertaining to diagnosis and procedures for
all acute and chronic care hospitalizations in Ontario. The ODB dataset contains information
regarding prescription medications (including sorafenib) dispensed to all adults aged�65
years and those receiving social assistance. The 1991, 1996, 2001, and 2006 Canadian census
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data were used to gather information on the socioeconomic variable of neighborhood income
quintile (1, lowest and 5, highest) [35,45].

HCC surveillance
We identified all abdominal ultrasonography performed on patients with viral hepatitis before
HCC diagnosis utilizing OHIP fee codes such as diagnostic ultrasound-abdomen-abdominal

Fig 1. Study flow diagram.

doi:10.1371/journal.pone.0138907.g001
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scan-limited study (J128); diagnostic ultrasound-abdomen/retroperitoneal abdominal scan
complete (J135); diagnostic ultrasound-abdomen & retroperitoneal.p2-abdominal scan-limited
study (J428); diagnostic ultrasound-abdomen & retroperitoneal.p2-abdominal scan complete
(J435). The timing of HCC ultrasonographic surveillance (at least 4.5 months apart from previ-
ous ultrasound) were assigned hierarchically as follows: i)�2 abdominal ultrasounds within 12
months and between 12-<24 months before HCC diagnosis (i.e.,�2 screens annually for 2
years before HCC diagnosis); ii) 1 screen annually for 2 years before HCC diagnosis; iii) at least
1 screen either within 12 months or between 12-<24 months before HCC diagnosis (i.e.,
inconsistent screening); and iv) no screening before HCC diagnosis.

Outcome measures
The main outcome for our study was survival time after diagnosis of HCC to death with correc-
tion for lead-time bias. The secondary outcomes were: i) the association between different
ultrasonographic surveillance strategies and mortality risk after HCC diagnosis; and ii) predic-
tors of receiving ultrasonographic surveillance before HCC diagnosis.

Study variables
The OCR includes information on age at diagnosis, sex, cause of death, date of death, diagnosis
date, postal code, and rural residence (classified by whether or not people were living in com-
munities with less than 10,000 inhabitants) [46]. The Charlson-Deyo Comorbidity Index
(comorbidity index value) was calculated using the methods previously described [47,48]; an
ICD-9 coding algorithm was applied to the diagnostic field codes from the hospitalization data
(excluding diagnoses of liver cirrhosis, alcoholic liver disease, metastatic cancer, diabetes).
Baseline comorbidity was determined using the hospitalization records from the date of diag-
nosis. Conditions were weighted and then summed up to provide an overall comorbidity index
value for a given episode, which was then categorized into one of five groups (0, 1, 2,�3, or no
hospitalization record) representing different degrees of comorbidity. If cases did not have a
hospitalization record at diagnosis date, we determined baseline comorbidity by looking back 2
years into the hospitalization data to find the most recent hospitalization record and applying
the comorbidity score from that hospitalization [35]. Patients were assigned as having a miss-
ing comorbidity index value at baseline if they had no hospitalization records at diagnosis or 2
years before diagnosis. Comorbidity was adjusted for each hospitalization after baseline.
Patients diagnosed with diabetes mellitus were identified from the CIHI and OHIP databases
by the presence of ICD-9 code “250” and ICD-10 codes “E10-E14.” Covariates that denote liver
disease severity measured before HCC diagnosis were also identified from the CIHI and OHIP
databases: cirrhosis (ICD-9 code “571”; ICD-10 “K74”; OHIP “571”); alcoholic liver disease
(ALD, ICD-9 “571.0”, “571.1”, “571.2”, “571.3”; ICD-10 “K70”); non-alcoholic fatty liver dis-
ease (NAFLD) (ICD-9 “571.8”; ICD-10 “K76.0); ascites (ICD-9 “789.5”; ICD-10 “R18”); esoph-
ageal varices (ICD-9 “456.0”, “456.1”, “456.2”; ICD-10 “I85”); and hepatic encephalopathy
(ICD-9 “572.2”; ICD-10 “K72”). Subsequently, indicators of severe liver disease were catego-
rized exclusively as: 1) no ALD+no cirrhosis; 2) no ALD+cirrhosis; 3) no ALD+decompensated
cirrhosis (i.e., cirrhosis and any recorded ascites, esophageal varices, or hepatic encephalopa-
thy); 4) ALD+no cirrhosis; 5) ALD+cirrhosis; 6) ALD+decompensated cirrhosis; and 7)
NAFLD. Potentially curative treatment for HCC was considered as liver resection, liver trans-
plantation, or radiofrequency ablation. Non-curative treatment was considered as chemother-
apy or transarterial chemoembolization. Palliative treatment was defined as supportive
management only. Codes used to identify HCC treatment can be found elsewhere [35].
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Statistical analysis
For each ultrasonographic surveillance scenario, sociodemographic and clinical characteristics,
index year of HCC diagnosis, and HCC treatment were summarized as frequencies (percent-
ages). HCC survival was calculated from the date of HCC diagnosis to the earliest of either the
date of death or the end of the study period, 31 December 2010. Median survival times (days,
with 95% confidence intervals [CI]), 1-year, 3-year, and 5-year survival after HCC diagnosis
for patients receiving routine surveillance, inconsistent screening, and unscreened patients
were estimated using the Kaplan-Meier method and compared using the log-rank test. A step-
wise Cox proportional-hazards regression analysis was used to assess the effect of timing of
HCC ultrasonographic surveillance on the risk of mortality and the explanatory effect of HCC
curative treatment on potential effects of HCC surveillance; the first model measured unad-
justed hazard ratios (HR) for the screening; the second model measured adjusted HR (aHR),
adjusting for age and sex; the third model measured aHR, adjusting for sociodemographic
characteristics (age, sex, rural residence, income quintile), clinical characteristics (comorbidity
index value, diabetes mellitus diagnosis, indicators of severe liver disease, outpatient visits in
the 2 years before HCC diagnosis), and index year of HCC diagnosis; and the final model mea-
sured aHR, adjusting for all covariates, including receipt of HCC curative treatment. Variables
modeled as time-dependent covariates include comorbidity index value, diabetes diagnosis,
and HCC curative treatment. The proportional-hazards assumption was assessed via a residual
based test as described by Grambsch and Therneau [49]. The overall model fit was examined
by plotting the Nelson-Aalen cumulative hazards estimates against Cox-Snell residuals and
assessing their approximate adherence to the line of equality.

To correct lead-time bias for HCC ultrasonographic surveillance scenarios compared to
non-screening, we used Schwartz’s formula [50], originally proposed for calculating tumor
growth: t = DT × 3 × log(dU/dS)/log(2), where t is the lead-time (days), DT is the median value
of the tumor volume doubling time proposed by Sheu et al. [51], and dU and dS are median
tumor diameters of unscreened and screened patients, respectively. We applied DT = 117 days
(median, range 29–398 days) [51], dU = 4.0 cm (median, range 0.5–16.0) [24], and dS = 2.8 cm
(median, range 0.7–16.0) [24,52] to calculate lead-times. The calculated lead-times ranged
from 42 days (1.4 months) to 614 days (20.2 months). For the correction of lead-time bias for
the above outcome measures, the survival time of patients who received surveillance was ana-
lyzed by applying a parametric model proposed by Duffy et al. [53] assuming an exponential
distribution of the sojourn time, the preclinical screen-detectable period, with a rate of transi-
tion to symptomatic disease λ. Thus, 1/λ is the mean sojourn time. Correction for lead-time
bias involves estimation of the additional follow-up time observed purely as a result of lead-
time in a case of screen-detected cancer. The expected additional follow-up time, s, due to lead-

time, that is: EðsÞ ¼ 1�e�lt�lte�lt

lð1�e�lt Þ for a patient with surveillance known to be dead at time t; and

EðsÞ ¼ 1�e�lt

l for a patient with surveillance known to be alive at time t [53]. The lead-time was

corrected by subtracting E(s) from the observed survival time of screen-detected cases. We
assumed an average HCC sojourn time (1/λ) of 70 or 140 days (2.3 or 4.6 months), based on
previous published reports [28,54]. A sensitivity analysis using a range of lead-time bias from
42 days to 614 days was performed to estimate outcomes.

Log binomial regression models were constructed to determine predictors (age, sex, rural
residence, income quintile, baseline comorbidity index value, diabetes diagnosis, indicators of
severe liver disease, outpatient visits, and viral hepatitis index year) [33] of receiving�1 ultra-
sound screening annually for 2 years before HCC diagnosis. Variables of known clinical impor-
tance with a univariate likelihood ratio test for the significance of the risk ratio (RR) at 0.20
level were initially chosen for inclusion in the multivariable log binomial regression model. The
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adjusted model was constructed according to a stepwise backward elimination, subject to a
likelihood ratio test and only included those variables that remained significant at the 0.05 level
(p� 0.05). Finally, variables that were non-significant in the univariate test were added to see if
they became significant when adjusted for other factors.

Ethics approval
Ethics approval for the study was granted by the University of Toronto Health Sciences
Research Ethics Board. Informed consent was not obtained because this was secondary analysis
of existing, de-identified data and so consent was deemed not to be feasible or necessary.

Results
Of individuals>18 years diagnosed liver cancer (n = 7,290), we identified 1,797 individuals
with two or more OHIP database claims including a diagnosis of viral hepatitis within 4 years
of each other before an HCC diagnosis from 2000 to 2010 (Fig 1). The final study cohort com-
prised 1,483 patients with a diagnosis of viral hepatitis at least 2 years before the HCC diagnosis
date after excluding 285 patients with viral hepatitis diagnosed less than two years before HCC
diagnosis date and a further 29 patients who received curative treatment for HCC before the
recorded HCC diagnosis date. The mean, median and range of follow-up time of patients diag-
nosed with viral hepatitis were 3,920 days, 3,862 days, and 763–7,777 days, respectively. Of the
total study cohort, 215 (14.5%) had a diagnosis of no ALD+cirrhosis only, 47 (3.2%) had ALD
+cirrhosis, 350 (23.6%) had no ALD+decompensated cirrhosis, and 134 (9.0%) had ALD+-
decompensated cirrhosis (Table 1). The majority (n = 718, 48.4%) of HCC diagnosed patients
were aged<60 years, male (n = 1,164, 78.5%), and urban residents (94.6%). Among the cohort
with a viral hepatitis diagnosis, 20.4% (n = 302) received 1 screen or�2 abdominal ultrasound
screens annually (routine surveillance) for 2 years before HCC diagnosis; of whom, the major-
ity were patients diagnosed with no ALD+no cirrhosis (n = 156, 51.7%), no ALD+-
decompensated cirrhosis (n = 73, 24.2%), and no ALD+cirrhosis (n = 49, 16.2%; Table 1). The
proportion of patients receiving potentially curative treatment was significantly higher in those
who received screening compared with no screening (59.3% vs. 43.1%, p<0.001). The propor-
tion of patients receiving potentially curative treatment was also higher among those receiving
routine surveillance than those who received inconsistent screening (59.3% vs. 45.6%,
p<0.001), but there was no significant difference between those receiving 1 screen and�2
screens (59.0% vs. 64.7%, p = 0.639).

The unadjusted median survival after HCC diagnosis among those who received routine
surveillance, inconsistent screening, and no screening was 821 days (27.0 months), 652 days
(21.4 months), and 478 days (15.7 months), respectively (Table 2). The respective 3-year sur-
vival rates were 44.5%, 37.5%, and 29.9%; and the respective 5-year survival rates were 33.4%,
23.3%, and 20.7%. The median survival after HCC diagnosis of routine surveillance and incon-
sistent screening corrected for lead-time bias (HCC sojourn times of 70/140 days) was: 751/679
days (24.7/22.3 months) and 582/515 days (19.1/16.9 months), respectively; the respective cor-
rected 3-year survival rates were 42.6%/41.1% and 35.7%/34.8.0% and the respective corrected
5-year survival rates were 31.9%/31.8% and 22.4%/20.5%. There were significant differences in
median survival (corrected for lead-time bias up to 140 days) between routine surveillance and
no screening and in cumulative survival (corrected lead-time bias up to 180 days) between rou-
tine surveillance and no screening (log-rank test: p<0.001) as well as between routine surveil-
lance and inconsistent screening (log-rank test: p = 0.002) (Fig 2A–2D).

In the unadjusted Cox proportional-hazards regression models with an assumed HCC
sojourn time of 70 or 140 days, the association between routine HCC surveillance and
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Table 1. Descriptive characteristics of viral hepatitis patients diagnosed with hepatocellular carcinoma by different timing of ultrasonographic
surveillance.

Characteristic Total No screening Inconsistent screening* 1 screen† �2 screens‡ P-value

N (%) N (%) N (%) N (%)

Overall 1,483 540 (36.41) 641 (43.22) 285 (19.22) 17 (1.15)

Age at HCC diagnosis (years)

<60 718 (48.42) 276 (51.11) 303 (47.27) 129 (45.26) 10 (58.82)

60–69 414 (27.92) 163 (30.19) 171 (26.68) 78 (27.37) - (11.76)

70–79 286 (19.29) 83 (15.37) 136 (21.22) 62 (21.75) - (29.41)

�80 65 (4.38) 18 (3.33) 31 (4.84) 16 (5.61) 0 0.073

Sex (male) 1164 (78.49) 448 (82.96) 483 (75.35) 217 (76.14) 16 (94.12) 0.003

Rural residence¶ 80 (5.39) 24 (4.44) 46 (7.18) 10 (3.51) 0 0.085

Income quintile¶

1 (lowest) 391 (26.37) 171 (31.67) 153 (23.87) 64 (22.46) - (17.65)

2 343 (23.13) 106 (19.63) 156 (24.34) 79 (27.72) - (11.76)

3 289 (19.49) 110 (20.37) 127 (19.81) 47 (16.49) - (29.41)

4 250 (16.86) 80 (14.81) 114 (17.78) 50 (17.54) 6 (35.29)

5 (highest) 204 (13.76) 71 (13.15) 88 (13.73) 44 (15.44) - (5.88) 0.033

Charlson-Deyo Comorbidity Index

0 686 (46.26) 266 (49.26) 284 (44.31) 130 (45.61) 6 (35.29)

1 196 (13.22) 74 (13.70) 85 (13.26) 36 (12.63) - (5.88)

2 141 (9.51) 68 (12.59) 49 (7.64) 22 (7.72) - (11.76)

3 or more 64 (4.32) 25 (4.63) 29 (4.52) 10 (3.51) 0

No hospitalisation 396 (26.70) 107 (19.81) 194 (30.27) 87 (30.53) 8 (47.06) 0.002

Diabetes diagnosis 624 (42.08) 218 (40.37) 280 (43.68) 121 (42.46) - (29.41) 0.483

Indicators of severe liver disease

No ALD + No cirrhosis 710 (47.88) 221 (40.93) 333 (51.95) 145 (50.88) 11 (64.71) 0.001

No ALD + Cirrhosis only 215 (14.50) 71 (13.15) 95 (14.82) 49 (17.19) 0 0.144

No ALD + Decompensated cirrhosis§ 350 (23.60) 143 (26.48) 134 (20.90) 70 (24.56) - (17.65) 0.138

ALD + No cirrhosis 11 (0.74) 6 (1.11) - (0.47) - (0.70) 0 0.514

ALD + Cirrhosis 47 (3.17) 22 (4.07) 21 (3.28) - (1.05) - (5.88) 0.056

ALD + Decompensated cirrhosis§ 134 (9.04) 70 (12.96) 51 (7.96) 11 (3.86) - (11.76) <0.001

NAFLD + Cirrhosis 16 (1.08) 7 (1.30) - (0.62) 5 (1.75) 0 0.359

Outpatient visits in 2 years before HCC diagnosis, mean (SD) 43.2 (31.15) 44.33 (35.13) 42.28 (30.00) 43.06 (25.65) 44.53 (22.86) 0.507

HCC treatment

Curative 688 (46.39) 217 (40.19) 292 (45.55) 168 (58.95) 11 (64.71)

Non-curative 156 (10.52) 49 (9.07) 77 (12.01) 27 (9.47) - (17.65)

Palliative 332 (22.39) 140 (25.93) 146 (22.78) 45 (15.79) - (5.88)

No treatment 307 (20.70) 134 (24.81) 126 (19.66) 45 (15.79) - (11.76) <0.001

Year of HCC diagnosis

2000–2001 173 (11.67) 52 (9.63) 75 (11.70) 44 (15.44) - (11.76)

2002–2003 199 (13.42) 62 (11.48) 88 (13.73) 47 (16.49) - (11.76)

2004–2005 270 (18.21) 100 (18.52) 124 (19.34) 42 (14.74) - (23.53)

2006–2007 303 (20.43) 115 (21.30) 133 (20.75) 52 (18.25) - (17.65)

2008–2009 347 (23.40) 131 (24.26) 151 (23.56) 62 (21.75) - (17.65)

2010 191 (12.88) 80 (14.81) 70 (10.92) 38 (13.33) - (17.65) 0.268

‘‘-‘‘, counts less than six have been suppressed.

*At least 1 screen either within 12 months or between 12-<24 months before HCC diagnosis
†1 screen annually for 2 years before HCC diagnosis
‡�2 screens annually for 2 years before HCC diagnosis.
¶Missing data: rural residence (n = 2); Income quintile (n = 6).
§Decompensated cirrhosis: i.e., cirrhosis and any recorded ascites, esophageal varices, or hepatic encephalopathy.

doi:10.1371/journal.pone.0138907.t001
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mortality risk reduction was significant; inconsistent screening was, however non-significant if
sojourn time was assumed to be at least 70 days (Table 3). In the fully adjusted Cox propor-
tional-hazards regression model with correction for lead-time bias (HCC sojourn time of 70
days), those receiving routine surveillance or inconsistent screening before HCC diagnosis had
a lower mortality risk (aHR 0.76, 95% CI: 0.64 to 0.91 and aHR 0.86, 95% CI: 0.75 to 0.98,
respectively) than those who did not undergo screening. With the assumed HCC sojourn time

Table 2. Observed (uncorrected) and lead time bias correctedmedian survival times and cumulative survival following hepatocellular carcinoma
diagnosis among patients with viral hepatitis by different timing of ultrasonographic surveillance (N = 1,483).

Screening N (%) Median survival, days
(95% CI)

1-year survival(%)
(95% CI)

3-year survival(%)
(95% CI)

5-year survival(%)
(95% CI)

Uncorrected for lead time
bias

Routine surveillance* 302
(20.36)

821 (643, 1105) 74.56 (69.01, 79.27) 44.54 (38.33, 50.57) 33.42 (27.27, 39.66)

Inconsistent screening 641
(43.22)

652 (580, 770) 64.72 (60.78, 68.37) 37.52 (33.50, 41.54) 23.28 (19.53, 27.22)

No screening 540
(36.41)

478 (371, 523) 54.67 (50.25, 58.87) 29.88 (25.77, 34.09) 20.67 (16.86, 24.74)

Corrected for lead time
bias

Sojourn time = 42 days

Routine surveillance * 302
(20.36)

779 (601, 1063) 71.46 (65.73, 76.41) 42.61 (36.41, 48.67) 32.68 (26.53, 38.95)

Inconsistent screening 641
(43.22)

610 (525, 728) 62.09 (58.09, 65.82) 36.63 (32.61, 40.64) 22.38 (18.67, 26.31)

Sojourn time = 70 days

Routine surveillance * 302
(20.36)

751 (573, 1035) 70.26 (64.46, 75.29) 42.58 (36.38, 48.64) 31.93 (25.77, 38.24)

Inconsistent screening 641
(43.22)

582 (497, 697) 60.67 (56.65, 64.44) 35.74 (31.74, 39.75) 22.36 (18.65, 26.29)

Sojourn time = 121 days

Routine surveillance * 302
(20.36)

701 (525, 978) 66.63 (60.67, 71.91) 41.08 (34.9, 47.16) 31.87 (25.72, 38.17)

Inconsistent screening 641
(43.22)

531 (451, 647) 58.85 (54.8, 62.67) 34.80 (30.82, 38.81) 20.49 (16.84, 24.39)

Sojourn time = 140 days

Routine surveillance * 302
(20.36)

679 (500, 959) 65.81 (59.81, 71.13) 41.05 (34.86, 47.12) 31.84 (25.69, 38.14)

Inconsistent screening 641
(43.22)

515 (431, 630) 58.29 (54.23, 62.12) 34.77 (30.79, 38.77) 20.47 (16.83, 24.36)

Sojourn time = 180 days

Routine surveillance * 302
(20.36)

646 (472, 921) 65.32 (59.29, 70.68) 40.97 (34.79, 47.04) 31.78 (25.64, 38.07)

Inconsistent screening 641
(43.22)

487 (407, 594) 56.11 (52.03, 59.99) 34.01 (30.04, 38.02) 20.10 (16.48, 23.99)

Sojourn time = 614 days

Routine surveillance * 302
(20.36)

470 (363, 622) 55.84 (49.54, 61.68) 34.76 (28.64, 40.95) 22.76 (16.57, 29.56)

Inconsistent screening 641
(43.22)

371 (310, 432) 50.12 (45.97, 54.13) 26.92 (23.09, 30.88) 14.76 (11.42, 18.50)

CI, confidence interval.

*Includes 1 screen annually for 2 years before HCC diagnosis (n = 285) and �2 screens annually for 2 years before HCC diagnosis (n = 17).

doi:10.1371/journal.pone.0138907.t002
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of 140 days, receipt of routine surveillance was associated with a lower mortality risk (aHR
0.81, 95% CI: 0.68 to 0.97) compared with no screening; inconsistent screening was, however
non-significant if sojourn time was assumed to be at least 121 days.

In the univariate analysis determining predictors of receiving �1 ultrasound screening
annually for 2 years before HCC diagnosis (routine surveillance) among patients with viral
hepatitis, rural residence (p = 0.091), no ALD +no cirrhosis (p = 0.141), ALD+cirrhosis
(p = 0.064), ALD+decompensated cirrhosis (p = 0.003), and outpatient visits (p = 0.001) were
significant variables (Table 4). In the multivariable log binomial regression analysis, ALD+-
cirrhosis (aRR 0.38, 95% CI: 0.15 to 0.96, p = 0.042) and ALD+decompensated cirrhosis (aRR
0.44, 95% CI: 0.26 to 0.74, p = 0.002) were associated with decreased odds of receiving routine
surveillance, whereas outpatient visits (21–40 vs. 0–20 visits: aRR 1.74, 95% CI: 1.26 to 2.39,
p = 0.001 and>40 vs. 0–20 visits: aRR 1.65, 95% CI: 1.20 to 2.27, p = 0.002) were associated
with increased odds of receiving routine surveillance.

Fig 2. Kaplan-Meier survival estimates of patients diagnosed with viral hepatitis-induced hepatocellular carcinoma by the timing of
ultrasonographic surveillance*, 2000–2010: 2a (uncorrected for lead-time bias); 2b (lead-time bias corrected with HCC sojourn time 70 days); 2c
(lead-time bias corrected with HCC sojourn time 140 days); 2d 2b (lead-time bias corrected with HCC sojourn time 180 days). *Routine surveillance:
1 screen annually and�2 screens annually for 2 years before HCC diagnosis. Inconsistent screening: at least 1 screen either within 12 months or between
12-<24 months before HCC diagnosis.

doi:10.1371/journal.pone.0138907.g002
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Table 3. Association between different timing of ultrasonographic surveillance and the risk of mortality following hepatocellular carcinoma diag-
nosis among patients with viral hepatitis: Cox proportional-hazards regression models, with survival times uncorrected and corrected for lead
time bias.

Screening UnadjustedHR
(95% CI)

P-
value

Age-sex adjusted
HR (95% CI)

P-
value

Fully adjusted*HR
(95% CI)

P-
value

Fully adjusted†HR
(95% CI)

P-
value

Uncorrected for lead
time bias

Routine surveillance 0.623 (0.523,
0.743)

<0.001 0.611 (0.512,
0.729)

<0.001 0.666 (0.555, 0.799) <0.001 0.706 (0.589, 0.848) <0.001

Inconsistent
screening

0.819 (0.716,
0.936)

0.003 0.806 (0.704,
0.923)

0.002 0.833 (0.725, 0.956) 0.010 0.778 (0.677, 0.894) <0.001

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

Corrected for lead
time bias

Sojourn time = 42
days

Routine surveillance 0.655 (0.549,
0.781)

<0.001 0.642 (0.538,
0.766)

<0.001 0.692 (0.577, 0.830) <0.001 0.740 (0.617, 0.887) 0.001

Inconsistent
screening

0.862 (0.754,
0.986)

0.030 0.849 (0.742,
0.972)

0.018 0.877 (0.764, 1.008) 0.064 0.830 (0.722, 0.953) 0.008

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

Sojourn time = 70
days

Routine surveillance 0.672 (0.563,
0.801)

<0.001 0.659 (0.552,
0.786)

<0.001 0.711 (0.592, 0.852) <0.001 0.762 (0.635, 0.914) 0.003

Inconsistent
screening

0.886 (0.775,
1.012)

0.075 0.872 (0.762,
0.998)

0.047 0.902 (0.785, 1.036) 0.142 0.856 (0.745, 0.983) 0.028

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

Sojourn time = 121
days

Routine surveillance 0.699 (0.586,
0.833)

<0.001 0.686 (0.574,
0.818)

<0.001 0.741 (0.618, 0.888) 0.001 0.798 (0.665, 0.957) 0.015

Inconsistent
screening

0.921 (0.805,
1.052)

0.226 0.907 (0.792,
1.038)

0.155 0.937 (0.816, 1.076) 0.357 0.895 (0.779, 1.029) 0.119

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

Sojourn time = 140
days

Routine surveillance 0.709 (0.595,
0.846)

<0.001 0.696 (0.583,
0.830)

<0.001 0.753 (0.628, 0.903) 0.002 0.812 (0.677, 0.974) 0.025

Inconsistent
screening

0.935 (0.818,
1.069)

0.323 0.921 (0.804,
1.054)

0.230 0.951 (0.828, 1.093) 0.481 0.912 (0.794, 1.047) 0.191

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

Sojourn time = 180
days

Routine surveillance 0.727 (0.610,
0.866)

<0.001 0.713 (0.597,
0.851)

<0.001 0.773 (0.644, 0.927) 0.005 0.836 (0.697, 1.002) 0.053

Inconsistent
screening

0.958 (0.838,
1.095)

0.528 0.943 (0.824, 1.08) 0.398 0.977 (0.850, 1.122) 0.740 0.938 (0.817, 1.078) 0.366

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

Sojourn time = 614
days

Routine surveillance 0.861 (0.722,
1.026)

0.095 0.846 (0.709,
1.009)

0.063 0.921 (0.768, 1.104) 0.373 1.002 (0.836, 1.202) 0.980

Inconsistent
screening

1.134 (0.992,
1.297)

0.065 1.118 (0.977,
1.280)

0.105 1.161 (1.010, 1.334) 0.036 1.125 (0.979, 1.292) 0.098

(Continued)

Surveillance for HCC

PLOSONE | DOI:10.1371/journal.pone.0138907 September 23, 2015 11 / 18



Discussion
In this population-based retrospective cohort study examining the timing of ultrasonographic
surveillance in patients diagnosed with viral hepatitis-induced HCC in Ontario and their
impact on survival and mortality, approximately 20% of patients received routine surveillance
(i.e.,�2 screens or 1 screen annually for 2 years before HCC diagnosis). The proportion of
patients receiving potentially curative treatment was higher among those under routine surveil-
lance compared to those receiving inconsistent screening or no screening at all. The results
indicate significant improvements in cumulative survival after an HCC diagnosis among
patients receiving routine surveillance when corrected for lead-time bias. Furthermore, those
receiving routine surveillance had a lower mortality risk, adjusted for important factors, with
an average of approximately 21% (range: 5–34%). In the multivariable log binomial regression
analysis, high-risk viral hepatitis patients with ALD and cirrhosis or decompensated cirrhosis
are associated with decreased odds of receiving routine surveillance before HCC diagnosis.

Our findings suggest that ultrasonographic surveillance may increase survival among
patients with viral hepatitis-induced HCC in real world clinical practice. As Canada’s most
populated province, Ontario is generally representative of the country with a single-payer
healthcare system and universal access to health services. Our findings are consistent with
other published studies including a randomized controlled trial of 18,816 HBV-infected indi-
viduals in urban Shanghai, China, where surveillance with alpha-fetoprotein (AFP) and
abdominal ultrasounds were performed every 6 months and were associated with a 37% (range
2–59%) reduction in HCC-related mortality [23]. Furthermore, a cohort study by El-Serag
et al. [54] examining the effectiveness of HCC surveillance with AFP and abdominal ultra-
sound on mortality in HCV-infected patients found that routine surveillance (6-monthly) was
independently associated with a reduced mortality risk (20–30%) when corrected for lead-time
with an assumed HCC sojourn time of 70 days. However, when sojourn time was assumed to
be 140 days, the association between routine surveillance and mortality became non-signifi-
cant. In our study, routine surveillance among patients with viral hepatitis was independently
associated with a reduced mortality risk for an assumed sojourn time of 42 days to 180 days.
When the application of time-dependent HCC curative treatment was made, the protective
effect of surveillance was moderately attenuated, which is similar to the study by El-Serag et al.
[54] This may be due to poor liver function that adversely affects overall survival and ability to
undergo HCC treatment [55] but it may also suggest that if HCC sojourn time is long, then
routine surveillance duration needs to be shorter than 6 months in order to positively affect
survival from a cancer disease progression perspective. In terms of possible factors that may
determine which patients are more likely to receive recommended ultrasound surveillance, not

Table 3. (Continued)

Screening UnadjustedHR
(95% CI)

P-
value

Age-sex adjusted
HR (95% CI)

P-
value

Fully adjusted*HR
(95% CI)

P-
value

Fully adjusted†HR
(95% CI)

P-
value

No screening 1.00 (referent) 1.00 (referent) 1.00 (referent) 1.00 (referent)

*Adjusted for: age at HCC diagnosis; sex; rural residence; income quintile; Charlson-Deyo Comorbidity Index; diabetes diagnosis; indicators of severe

liver disease: No alcoholic liver disease (ALD)+no cirrhosis; No ALD+Cirrhosis only; No ALD+Decompensated cirrhosis; ALD+No cirrhosis; ALD

+Cirrhosis; ALD+Decompensated cirrhosis; Non-alcoholic fatty liver disease (NAFLD)+Cirrhosis; and index year of hepatocellular carcinoma (HCC)

diagnosis.
†All covariates, including receipt of HCC curative treatment (i.e., surgical resection, liver transplantation, or radiofrequency ablation). Variables modeled as

time-dependent covariate include: Charlson-Deyo Comorbidity Index; diabetes diagnosis; and HCC curative treatment.

doi:10.1371/journal.pone.0138907.t003
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Table 4. Predictors of receiving one or more ultrasound screening annually for 2 years before hepatocellular carcinoma diagnosis among patients
with viral hepatitis: Log binomial regression.

Characteristic Unadjusted RR (95% CI) P-value Adjusted RR (95% CI) P-value

Age at HCC diagnosis (years)*

<60 1.00 (referent)

60–69 0.998 (0.780, 1.278) 0.988 - -

70–79 1.210 (0.936, 1.565) 0.146 - -

�80 1.271 (0.810, 1.996) 0.296 - -

Sex (male vs. female) 0.925 (0.729, 1.175) 0.524 - -

Rural residence (yes vs. no) 0.602 (0.334, 1.084) 0.091 - -

Income quintile†

1 (lowest) 1.00 (referent)

2 1.378 (1.032, 1.841) 0.030 - -

3 1.050 (0.756, 1.459) 0.771 - -

4 1.307 (0.952, 1.796) 0.098 - -

5 (highest) 1.287 (0.918, 1.804) 0.143 - -

Charlson-Deyo Comorbidity Index‡

0 1.00 (referent)

1 0.952 (0.687, 1.320) 0.769 - -

2 0.859 (0.579, 1.274) 0.448 - -

3 or more 0.788 (0.437, 1.420) 0.428 - -

No hospitalisation 1.210 (0.960, 1.525) 0.106 - -

Diabetes diagnosis (yes vs. no) 0.986 (0.804, 1.209) 0.889 - -

Indicators of severe liver disease

No ALD + No cirrhosis 1.163 (0.951, 1.423) 0.141 - -

No ALD + Cirrhosis only 1.142 (0.872, 1.496) 0.334 - -

No ALD + Decompensated cirrhosis 1.032 (0.816, 1.305) 0.793 - -

ALD + No cirrhosis 0.892 (0.254, 3.138) 0.859 - -

ALD + Cirrhosis 0.410 (0.160, 1.053) 0.064 0.375 (0.146, 0.963) 0.042

ALD + Decompensated cirrhosis 0.453 (0.267, 0.767) 0.003 0.436 (0.257, 0.738) 0.002

NAFLD + Cirrhosis 1.544 (0.741, 3.215) 0.246 - -

Outpatient visits in 2 years before HCC diagnosis¶

0–20 visits 1.00 (referent)

21–40 visits 1.735 (1.260, 2.389) 0.001 1.739 (1.264, 2.391) 0.001

>40 visits 1.574 (1.143, 2.166) 0.005 1.653 (1.202, 2.273) 0.002

Viral hepatitis index year¥

2000–2001 1.00 (referent)

2002–2003 1.107 (0.704, 1.738) 0.660 - -

2004–2005 1.328 (0.798, 2.209) 0.275 - -

2006–2007 1.324 (0.699, 2.505) 0.389 - -

Overall p-values

*Age at HCC diagnosis: p = 0.365 (unadjusted)
†Income quintile: p = 0.243 (unadjusted)
‡Charlson-Deyo Comorbidity Index: p = 0.2436 (unadjusted)
¶Outpatient visits in 2 years before HCC diagnosis: p = 0.001 (unadjusted); p = 0.002 (adjusted)
¥Viral hepatitis index year: p = 0.673 (unadjusted).

RR, risk ratio; CI, confidence interval; HCC, hepatocellular carcinoma; ALD, alcoholic liver disease; NAFLD, non-alcoholic fatty liver disease.

doi:10.1371/journal.pone.0138907.t004
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surprisingly, patients who had fewer out-patient clinic visits were less likely to undergo recom-
mended surveillance, which most likely reflects suboptimal patient adherence to medical rec-
ommendations. The fact that alcoholic liver disease (in the setting of viral hepatitis) was also
associated with a lesser likelihood of receiving recommended surveillance may also be linked to
suboptimal healthcare or poor adherence to healthcare follow-up although some may also be
healthcare provider bias. This may be an area where the healthcare profession can improve
patient outcomes.

Viral-hepatitis associated disease and progression to HCC accounts for a significant medical
burden in both Canada and around the world. HCC is amenable to a number of potentially
curative treatments in the context of early detection. Despite this, our study identifies that a
minority of viral hepatitis-induced HCC patients received routine ultrasonographic surveil-
lance. Indeed, rigorous surveillance has a significant impact on survival post-HCC diagnosis,
likely due to increased use of the aforementioned treatment options. Routine implementation
of surveillance strategies may have benefits outside of patient wellbeing by avoiding the signifi-
cant financial burden of HCC disease management in advanced cases, a pertinent issue in pub-
lically-funded universal healthcare systems such as Canada's. The implementation of these
suggested surveillance practices may prove to be cost-effective for a disease that requires such
significant public resources.

Our study has several limitations and its results should be interpreted cautiously. First, due
to lack of information on AFP screening, our study assessed for abdominal ultrasound screen-
ing only. A recent study evaluating the effectiveness of HCC surveillance programs in patients
with cirrhosis in a real-world clinical setting found that a combination of ultrasonography and
AFP is the most effective strategy to detect early-stage HCC [56]. Nevertheless, a recent meta-
analysis of prospective cohort studies [57] and a nested case-control study [58] showed that
AFP determination lacks adequate sensitivity and specificity for effective surveillance and diag-
nosis [57,58]. Consequently, AASLD and multidisciplinary Canadian consensus practice
guidelines recommend an ultrasound-based surveillance strategy which is more sensitive than
serology markers even in patients with cirrhosis [30,59]. Second, although health administra-
tive data can be used to examine the timing of ultrasound tests, they are unable to distinguish
the reason the test was performed, i.e., between imaging performed for HCC surveillance in
asymptomatic patients and those performed in symptomatic patients for HCC diagnosis (i.e.,
clinical suspicion) or for non-HCC issues [31,33,54,60]. To address this issue, we applied crite-
ria to reduce the number of ultrasounds counted as HCC surveillance that were actually diag-
nostic tests or were performed for non-HCC related purposes. For example, some criteria for
identifying potential HCC diagnostic tests could be a second ultrasound performed less than
6-months after the first ultrasound or an ultrasound performed at the same time as another
imaging study (see S1 Table). However, it may be possible that the criteria for this study
included imaging studies that were unrelated to surveillance. Third, our databases lacked infor-
mation pertaining to cancer staging, HCC size, liver fibrosis staging etc., and thus we were
unable to determine an optimal surveillance strategy related to the relative progression of HCC
disease. Fourth, we were unable to capture nonpatient-specific factors such as facility charac-
teristics (including geographic region or the availability of HCC treatment centers), physician
recommendations to perform HCC surveillance, or patient adherence to surveillance. It is pos-
sible that there is a confounding reason that patients with a better prognosis may have been
more likely to undergo screening. Fifth, HCC surveillance is recommended only in patients
with HCV-induced cirrhosis (and in some instances in patients with advanced hepatic fibrosis)
and in patients with non-cirrhotic HBV infection [10]. Therefore, the results of this study can-
not be generalized to populations with a different composition in terms of severity of liver dis-
ease, including patients with less advanced disease. This study may gauge the application of
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curative treatments such as surgery, thus "falsely" increasing the value of surveillance. Finally,
the timing of diagnosis of viral hepatitis or cirrhosis based on administrative claims may not be
precise, however, our suspicion is that our conservative methodology would have underesti-
mated any benefit rather than exaggerated it.

We note that given the consistent published recommendations of the hepatology profes-
sional organizations (i.e., AASLD, EASL) advocating screening, it is highly unlikely that a pro-
spective, long-term randomized clinical trial would ever be funded and performed. Indeed,
such a trial, assuming that the “control” arm would be offered less than recommended screen-
ing, most likely would be perceived to be unethical by both the hepatology community and
institutional ethics review boards. Therefore, studies such as ours assume greater importance
in answering the question of the value of screening.

Conclusions
Our findings suggest that routine ultrasonography of the liver in patients with viral hepatitis
before HCC diagnosis may be associated with a significant reduction in overall mortality. We
suspect that HCC survival is improving because high-risk patients (including those with viral
hepatitis) who have been diagnosed in recent years are receiving routine ultrasonographic sur-
veillance, and those receiving surveillance are likely to receive potentially curative treatment.
Further improvement may be possible with increased community-based surveillance to follow
individuals at risk for HCC, enabling early intervention and mitigation of the burden of dis-
ease. On-going study of this subject will continue to be necessary.

Supporting Information
S1 Table. Exclusion criteria of fee codes (considering diagnostic tests or non-HCC related
purposes) billed on the same days of abdominal ultrasound screening for HCC.
(DOCX)

Acknowledgments
The authors thank Matthew Kumar, Nelson Chong, and Refik Saskin from the Institute for
Clinical Evaluative Sciences for conducting the data linkage and Dr. Tyler O’Neill for reviewing
the initial draft of the manuscript. The authors are also grateful to Katrina Chan from the
Ontario Institute for Cancer Research and Cancer Care Ontario for administrative insight and
assistance in data acquisition.

Author Contributions
Conceived and designed the experiments: HHT LTY. Performed the experiments: HHTMAC
LTY. Analyzed the data: HHTMAC LTY. Contributed reagents/materials/analysis tools: HHT
CCE. Wrote the paper: HHT. Acquisition of data: HHT CCE. Interpretation of data: HHT
MAC LTY AZ EMY CCE. Revised the paper for important intellectual content, final approval
of the version to be published, and agreement to be accountable for all aspects of the work:
HHTMAC LTY AZ EMY CCE.

References
1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of worldwide burden of cancer

in 2008: GLOBOCAN 2008. Int J Cancer. 2010; 127: 2893–2917. doi: 10.1002/ijc.25516 PMID:
21351269

Surveillance for HCC

PLOSONE | DOI:10.1371/journal.pone.0138907 September 23, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138907.s001
http://dx.doi.org/10.1002/ijc.25516
http://www.ncbi.nlm.nih.gov/pubmed/21351269


2. Pocobelli G, Cook LS, Brant R, Lee SS. Hepatocellular carcinoma incidence trends in Canada: analysis
by birth cohort and period of diagnosis. Liver Int. 2008; 28: 1272–1279. doi: 10.1111/j.1478-3231.2008.
01704.x PMID: 18384523

3. Dyer Z, Peltekian K, van Zanten SV. Review article: the changing epidemiology of hepatocellular carci-
noma in Canada. Aliment Pharmacol Ther. 2005; 22: 17–22. PMID: 15963075

4. Canadian Cancer Society’s Advisory Committee on Cancer Statistics. Canadian Cancer Statistics
2013. Toronto, ON: Canadian Cancer Society; 2013. Available: http://www.cancer.ca/~/media/cancer.
ca/CW/cancer%20information/cancer%20101/Canadian%20cancer%20statistics/canadian-cancer-
statistics-2013-EN.pdf. Accessed 2013 Aug 9.

5. Bosch FX, Ribes J, Diaz M, Cleries R. Primary liver cancer: worldwide incidence and trends. Gastroen-
terology. 2004; 127: S5–S16. PMID: 15508102

6. Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP. The contributions of hepatitis B virus and hep-
atitis C virus infections to cirrhosis and primary liver cancer worldwide. J Hepatol. 2006; 45: 529–538.
PMID: 16879891

7. El-Serag HB. Hepatocellular carcinoma. N Engl J Med. 2011; 365: 1118–1127. doi: 10.1056/
NEJMra1001683 PMID: 21992124

8. Walter SR, Thein HH, Gidding HF, Amin J, Law MG, George J, et al. Risk factors for hepatocellular car-
cinoma in a cohort infected with hepatitis B or C. J Gastroenterol Hepatol. 2011; 26: 1757–1764. doi:
10.1111/j.1440-1746.2011.06785.x PMID: 21615789

9. El-Serag HB. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology. 2012;
142: 1264–1273 e1261. doi: 10.1053/j.gastro.2011.12.061 PMID: 22537432

10. Bruix J, ShermanM. Management of hepatocellular carcinoma. Hepatology. 2005; 42: 1208–1236.
PMID: 16250051

11. El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epidemiology and molecular carcinogenesis.
Gastroenterology. 2007; 132: 2557–2576. PMID: 17570226

12. Chen TH-H, Chen C-J, Yen M-F, Lu S-N, Sun C-A, Huang G-T, et al. Ultrasound screening and risk fac-
tors for death from hepatocellular carcinoma in a high risk group in Taiwan. Int J Cancer. 2002; 98:
257–261. PMID: 11857416

13. Tsukuma H, Hiyama T, Tanaka S, Nakao M, Yabuuchi T, Kitamura T, et al. Risk factors for hepatocellu-
lar carcinoma among patients with chronic liver disease. N Engl J Med. 1993; 328: 1797–1801. PMID:
7684822

14. Velazquez RF, Rodriguez M, Navascues CA, Linares A, Perez R, Sotorrios NG, et al. Prospective anal-
ysis of risk factors for hepatocellular carcinoma in patients with liver cirrhosis. Hepatology. 2003; 37:
520–527. PMID: 12601348

15. Fattovich G, Pantalena M, Zagni I, Realdi G, Schalm SW, Christensen E. Effect of hepatitis B and C
virus infections on the natural history of compensated cirrhosis: a cohort study of 297 patients. Am J
Gastroenterol. 2002; 97: 2886–2895. PMID: 12425564

16. Fattovich G, Stroffolini T, Zagni I, Donato F. Hepatocellular carcinoma in cirrhosis: incidence and risk
factors. Gastroenterology. 2004; 127: S35–50. PMID: 15508101

17. Sangiovanni A, Del Ninno E, Fasani P, De Fazio C, Ronchi G, Romeo R, et al. Increased survival of cir-
rhotic patients with a hepatocellular carcinoma detected during surveillance. Gastroenterology. 2004;
126: 1005–1014. PMID: 15057740

18. Cabibbo G, Enea M, Attanasio M, Bruix J, Craxi A, Camma C. A meta-analysis of survival rates of
untreated patients in randomized clinical trials of hepatocellular carcinoma. Hepatology. 2010; 51:
1274–1283. doi: 10.1002/hep.23485 PMID: 20112254

19. Livraghi T, Meloni F, Di Stasi M, Rolle E, Solbiati L, Tinelli C, et al. Sustained complete response and
complications rates after radiofrequency ablation of very early hepatocellular carcinoma in cirrhosis: Is
resection still the treatment of choice? Hepatology. 2008; 47: 82–89. PMID: 18008357

20. El-Serag HB, Marrero JA, Rudolph L, Reddy KR. Diagnosis and treatment of hepatocellular carcinoma.
Gastroenterology. 2008; 134: 1752–1763. doi: 10.1053/j.gastro.2008.02.090 PMID: 18471552

21. Chen MS, Li JQ, Zheng Y, Guo RP, Liang HH, Zhang YQ, et al. A prospective randomized trial compar-
ing percutaneous local ablative therapy and partial hepatectomy for small hepatocellular carcinoma.
Ann Surg. 2006; 243: 321–328. PMID: 16495695

22. Bolondi L, Sofia S, Siringo S, Gaiani S, Casali A, Zironi G, et al. Surveillance programme of cirrhotic
patients for early diagnosis and treatment of hepatocellular carcinoma: a cost effectiveness analysis.
Gut. 2001; 48: 251–259. PMID: 11156649

23. Zhang BH, Yang BH, Tang ZY. Randomized controlled trial of screening for hepatocellular carcinoma.
J Cancer Res Clin Oncol. 2004; 130: 417–422. PMID: 15042359

Surveillance for HCC

PLOSONE | DOI:10.1371/journal.pone.0138907 September 23, 2015 16 / 18

http://dx.doi.org/10.1111/j.1478-3231.2008.01704.x
http://dx.doi.org/10.1111/j.1478-3231.2008.01704.x
http://www.ncbi.nlm.nih.gov/pubmed/18384523
http://www.ncbi.nlm.nih.gov/pubmed/15963075
http://www.cancer.ca/~/media/cancer.ca/CW/cancer%20information/cancer%20101/Canadian%20cancer%20statistics/canadian-cancer-statistics-2013-EN.pdf
http://www.cancer.ca/~/media/cancer.ca/CW/cancer%20information/cancer%20101/Canadian%20cancer%20statistics/canadian-cancer-statistics-2013-EN.pdf
http://www.cancer.ca/~/media/cancer.ca/CW/cancer%20information/cancer%20101/Canadian%20cancer%20statistics/canadian-cancer-statistics-2013-EN.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15508102
http://www.ncbi.nlm.nih.gov/pubmed/16879891
http://dx.doi.org/10.1056/NEJMra1001683
http://dx.doi.org/10.1056/NEJMra1001683
http://www.ncbi.nlm.nih.gov/pubmed/21992124
http://dx.doi.org/10.1111/j.1440-1746.2011.06785.x
http://www.ncbi.nlm.nih.gov/pubmed/21615789
http://dx.doi.org/10.1053/j.gastro.2011.12.061
http://www.ncbi.nlm.nih.gov/pubmed/22537432
http://www.ncbi.nlm.nih.gov/pubmed/16250051
http://www.ncbi.nlm.nih.gov/pubmed/17570226
http://www.ncbi.nlm.nih.gov/pubmed/11857416
http://www.ncbi.nlm.nih.gov/pubmed/7684822
http://www.ncbi.nlm.nih.gov/pubmed/12601348
http://www.ncbi.nlm.nih.gov/pubmed/12425564
http://www.ncbi.nlm.nih.gov/pubmed/15508101
http://www.ncbi.nlm.nih.gov/pubmed/15057740
http://dx.doi.org/10.1002/hep.23485
http://www.ncbi.nlm.nih.gov/pubmed/20112254
http://www.ncbi.nlm.nih.gov/pubmed/18008357
http://dx.doi.org/10.1053/j.gastro.2008.02.090
http://www.ncbi.nlm.nih.gov/pubmed/18471552
http://www.ncbi.nlm.nih.gov/pubmed/16495695
http://www.ncbi.nlm.nih.gov/pubmed/11156649
http://www.ncbi.nlm.nih.gov/pubmed/15042359


24. Trevisani F, De NS, Rapaccini G, Farinati F, Benvegnu L, Zoli M, et al. Semiannual and annual surveil-
lance of cirrhotic patients for hepatocellular carcinoma: effects on cancer stage and patient survival
(Italian experience). Am J Gastroenterol. 2002; 97: 734–744. PMID: 11922571

25. Yuen MF, Cheng CC, Lauder IJ, Lam SK, Ooi CG, Lai CL. Early detection of hepatocellular carcinoma
increases the chance of treatment: Hong Kong experience. Hepatology. 2000; 31: 330–335. PMID:
10655254

26. Wong LL, LimmWM, Severino R, Wong LM. Improved survival with screening for hepatocellular carci-
noma. Liver Transpl. 2000; 6: 320–325. PMID: 10827233

27. Oka H, Kurioka N, Kim K, Kanno T, Kuroki T, Mizoguchi Y, et al. Prospective study of early detection of
hepatocellular carcinoma in patients with cirrhosis. Hepatology. 1990; 12: 680–687. PMID: 1698703

28. Santi V, Trevisani F, Gramenzi A, Grignaschi A, Mirici-Cappa F, Del Poggio P, et al. Semiannual sur-
veillance is superior to annual surveillance for the detection of early hepatocellular carcinoma and
patient survival. J Hepatol. 2010; 53: 291–297. doi: 10.1016/j.jhep.2010.03.010 PMID: 20483497

29. Kansagara D, Papak J, Pasha AS, O'Neil M, Freeman M, Relevo R, et al. Screening for hepatocellular
carcinoma in chronic liver disease: a systematic review. Ann Intern Med. 2014; 161: 261–269. doi: 10.
7326/M14-0558 PMID: 24934699

30. Sherman M, Burak K, Maroun J, Metrakos P, Knox JJ, Myers RP, et al. Multidisciplinary Canadian con-
sensus recommendations for the management and treatment of hepatocellular carcinoma. Curr Oncol.
2011; 18: 228–240. PMID: 21980250

31. Davila JA, Morgan RO, Richardson PA, Du XL, McGlynn KA, El-Serag HB. Use of surveillance for
hepatocellular carcinoma among patients with cirrhosis in the United States. Hepatology. 2010; 52:
132–141. doi: 10.1002/hep.23615 PMID: 20578139

32. Davila JA, Weston A, Smalley W, El-Serag HB. Utilization of screening for hepatocellular carcinoma in
the United States. J Clin Gastroenterol. 2007; 41: 777–782. PMID: 17700427

33. Davila JA, Henderson L, Kramer JR, Kanwal F, Richardson PA, Duan Z, et al. Utilization of surveillance
for hepatocellular carcinoma among hepatitis C virus-infected veterans in the United States. Ann Intern
Med. 2011; 154: 85–93. doi: 10.7326/0003-4819-154-2-201101180-00006 PMID: 21242365

34. Khalili K, Menezes R, Yazdi LK, Jang HJ, Kim TK, Sharma S, et al. Hepatocellular carcinoma in a large
Canadian urban centre: stage at treatment and its potential determinants. Can J Gastroenterol Hepatol.
2014; 28: 150–154. PMID: 24619637

35. Jembere N, Campitelli MA, Sherman M, Feld JJ, LouW, Peacock S, et al. Influence of socioeconomic
status on survival of hepatocellular carcinoma in the ontario population; a population-based study,
1990–2009. PLoS One. 2012; 7: e40917. doi: 10.1371/journal.pone.0040917 PMID: 22808283

36. Yeung LT. Using Administrative Data to Assemble a Cohort of Women Infected with Hepatitis C. Avail-
able: https://tspace.library.utoronto.ca/bitstream/1807/15391/1/MQ63070.pdf. Accessed 2013 Apr 4.

37. Canadian Association for the Study of the Liver. Canadian consensus conference on the management
of viral hepatitis. Can J Gastroenterol. 2000; 14 Suppl B: 5B–20B. PMID: 10938500

38. Thein HH, Isaranuwatchai W, Campitelli MA, Feld JJ, Yoshida E, Sherman M, et al. Health care costs
associated with hepatocellular carcinoma: A population-based study. Hepatology. 2013; 58: 1375–
1384. doi: 10.1002/hep.26231 PMID: 23300063

39. Thein HH, Khoo E, Campitelli MA, Zaheen A, Yi Q, De P, et al. Trends in relative survival in patients
with a diagnosis of hepatocellular carcinoma in Ontario: a population-based retrospective cohort study.
CMAJ Open. 2015; 3: E208–E216.

40. Robles SC, Marrett LD, Clarke EA, Risch HA. An application of capture-recapture methods to the esti-
mation of completeness of cancer registration. J Clin Epidemiol. 1988; 41: 495–501. PMID: 3367181

41. Clarke EA, Marrett LD, Kreiger N. Cancer registration in Ontario: a computer approach. IARC Sci Publ.
1991: 246–257. PMID: 1894327

42. Hall S, Schulze K, Groome P, MackillopW, Holowaty E. Using cancer registry data for survival studies:
the example of the Ontario Cancer Registry. J Clin Epidemiol. 2006; 59: 67–76. PMID: 16360563

43. Marrett LD, Clarke EA, Hatcher J, Weir HK. Epidemiologic research using the Ontario Cancer Registry.
Can J Public Health. 1986; 77 Suppl 1: 79–85. PMID: 3488802

44. MatchWare Technologies lnc., AUTOMATCHGeneralized Record Linkage System, Silver Spring,
MD; 1992. Available: http://www.nap.edu/openbook.php?record_id=6491&page=489. Accessed 2014
February 3.

45. Wilkins R. Automated geographic coding based on the Statistics Canada Postal Code Conversion
Files, including postal codes to December 2003. Ottawa: Health Analysis and Measurement Group,
Statistics Canada; 2004. Available: http://www5.statcan.gc.ca/olc-cel/olc.action?objId=
82F0086X&objType=2&lang=en&limit=0. Accessed 2015 Mar 12.

Surveillance for HCC

PLOSONE | DOI:10.1371/journal.pone.0138907 September 23, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11922571
http://www.ncbi.nlm.nih.gov/pubmed/10655254
http://www.ncbi.nlm.nih.gov/pubmed/10827233
http://www.ncbi.nlm.nih.gov/pubmed/1698703
http://dx.doi.org/10.1016/j.jhep.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20483497
http://dx.doi.org/10.7326/M14-0558
http://dx.doi.org/10.7326/M14-0558
http://www.ncbi.nlm.nih.gov/pubmed/24934699
http://www.ncbi.nlm.nih.gov/pubmed/21980250
http://dx.doi.org/10.1002/hep.23615
http://www.ncbi.nlm.nih.gov/pubmed/20578139
http://www.ncbi.nlm.nih.gov/pubmed/17700427
http://dx.doi.org/10.7326/0003-4819-154-2-201101180-00006
http://www.ncbi.nlm.nih.gov/pubmed/21242365
http://www.ncbi.nlm.nih.gov/pubmed/24619637
http://dx.doi.org/10.1371/journal.pone.0040917
http://www.ncbi.nlm.nih.gov/pubmed/22808283
https://tspace.library.utoronto.ca/bitstream/1807/15391/1/MQ63070.pdf
http://www.ncbi.nlm.nih.gov/pubmed/10938500
http://dx.doi.org/10.1002/hep.26231
http://www.ncbi.nlm.nih.gov/pubmed/23300063
http://www.ncbi.nlm.nih.gov/pubmed/3367181
http://www.ncbi.nlm.nih.gov/pubmed/1894327
http://www.ncbi.nlm.nih.gov/pubmed/16360563
http://www.ncbi.nlm.nih.gov/pubmed/3488802
http://www.nap.edu/openbook.php?record_id=6491&amp;page=489
http://www5.statcan.gc.ca/olc-cel/olc.action?objId=82F0086X&#x00026;objType=2&#x00026;lang=en&#x00026;limit=0
http://www5.statcan.gc.ca/olc-cel/olc.action?objId=82F0086X&#x00026;objType=2&#x00026;lang=en&#x00026;limit=0


46. Statistics Canada Agriculture Division. Agriculture and Rural Working Paper Series Working Paper No.
61. Definitions of “Rural”. Catalogue No. 21-601-MIE; December 2002. Available: http://www.statcan.
gc.ca/pub/21-601-m/21-601-m2002061-eng.htm. Accessed 2011 October 13.

47. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity
in longitudinal studies: development and validation. J Chronic Dis. 1987; 40: 373–383. PMID: 3558716

48. Deyo RA, Cherkin DC, Ciol MA. Adapting a clinical comorbidity index for use with ICD-9-CM administra-
tive databases. J Clin Epidemiol. 1992; 45: 613–619. PMID: 1607900

49. Grambsch PM, Therneau TM. Proportional hazards tests and diagnostics based on weighted residuals.
Biometrika. 1994; 81: 515–526.

50. Schwartz M. A biomathematical approach to clinical tumor growth. Cancer. 1961; 14: 1272–1294.
PMID: 13909709

51. Sheu JC, Sung JL, Chen DS, Yang PM, Lai MY, Lee CS, et al. Growth rate of asymptomatic hepatocel-
lular carcinoma and its clinical implications. Gastroenterology. 1985; 89: 259–266. PMID: 2408960

52. Mourad A, Deuffic-Burban S, Ganne-Carrie N, Renaut-Vantroys T, Rosa I, Bouvier AM, et al. Hepato-
cellular carcinoma screening in patients with compensated hepatitis C virus (HCV)-related cirrhosis
aware of their HCV status improves survival: a modeling approach. Hepatology. 2014; 59: 1471–1481.
doi: 10.1002/hep.26944 PMID: 24677195

53. Duffy SW, Nagtegaal ID, Wallis M, Cafferty FH, Houssami N, Warwick J, et al. Correcting for lead time
and length bias in estimating the effect of screen detection on cancer survival. Am J Epidemiol. 2008;
168: 98–104. doi: 10.1093/aje/kwn120 PMID: 18504245

54. El-Serag HB, Kramer JR, Chen GJ, Duan Z, Richardson PA, Davila JA. Effectiveness of AFP and ultra-
sound tests on hepatocellular carcinoma mortality in HCV-infected patients in the USA. Gut. 2011; 60:
992–997. doi: 10.1136/gut.2010.230508 PMID: 21257990

55. Trevisani F, Santi V, Gramenzi A, Di Nolfo MA, Del Poggio P, Benvegnu L, et al. Surveillance for early
diagnosis of hepatocellular carcinoma: is it effective in intermediate/advanced cirrhosis? Am J Gastro-
enterol. 2007; 102: 2448–2457; quiz 2458. PMID: 17617210

56. Singal AG, Conjeevaram HS, Volk ML, Fu S, Fontana RJ, Askari F, et al. Effectiveness of hepatocellu-
lar carcinoma surveillance in patients with cirrhosis. Cancer Epidemiol Biomarkers Prev. 2012; 21:
793–799. doi: 10.1158/1055-9965.EPI-11-1005 PMID: 22374994

57. Singal A, Volk ML, Waljee A, Salgia R, Higgins P, Rogers MA, et al. Meta-analysis: surveillance with
ultrasound for early-stage hepatocellular carcinoma in patients with cirrhosis. Aliment Pharmacol Ther.
2009; 30: 37–47. doi: 10.1111/j.1365-2036.2009.04014.x PMID: 19392863

58. Lok AS, Sterling RK, Everhart JE, Wright EC, Hoefs JC, Di Bisceglie AM, et al. Des-gamma-carboxy
prothrombin and alpha-fetoprotein as biomarkers for the early detection of hepatocellular carcinoma.
Gastroenterology. 2010; 138: 493–502. doi: 10.1053/j.gastro.2009.10.031 PMID: 19852963

59. Bruix J, ShermanM. Management of hepatocellular carcinoma: An update. Hepatology. 2011; 53:
1020–1022. doi: 10.1002/hep.24199 PMID: 21374666

60. Richardson P, Henderson L, Davila JA, Kramer JR, Fitton CP, Chen GJ, et al. Surveillance for hepato-
cellular carcinoma: development and validation of an algorithm to classify tests in administrative and
laboratory data. Dig Dis Sci. 2010; 55: 3241–3251. doi: 10.1007/s10620-010-1387-y PMID: 20844957

Surveillance for HCC

PLOSONE | DOI:10.1371/journal.pone.0138907 September 23, 2015 18 / 18

http://www.statcan.gc.ca/pub/21-601-m/21-601-m2002061-eng.htm
http://www.statcan.gc.ca/pub/21-601-m/21-601-m2002061-eng.htm
http://www.ncbi.nlm.nih.gov/pubmed/3558716
http://www.ncbi.nlm.nih.gov/pubmed/1607900
http://www.ncbi.nlm.nih.gov/pubmed/13909709
http://www.ncbi.nlm.nih.gov/pubmed/2408960
http://dx.doi.org/10.1002/hep.26944
http://www.ncbi.nlm.nih.gov/pubmed/24677195
http://dx.doi.org/10.1093/aje/kwn120
http://www.ncbi.nlm.nih.gov/pubmed/18504245
http://dx.doi.org/10.1136/gut.2010.230508
http://www.ncbi.nlm.nih.gov/pubmed/21257990
http://www.ncbi.nlm.nih.gov/pubmed/17617210
http://dx.doi.org/10.1158/1055-9965.EPI-11-1005
http://www.ncbi.nlm.nih.gov/pubmed/22374994
http://dx.doi.org/10.1111/j.1365-2036.2009.04014.x
http://www.ncbi.nlm.nih.gov/pubmed/19392863
http://dx.doi.org/10.1053/j.gastro.2009.10.031
http://www.ncbi.nlm.nih.gov/pubmed/19852963
http://dx.doi.org/10.1002/hep.24199
http://www.ncbi.nlm.nih.gov/pubmed/21374666
http://dx.doi.org/10.1007/s10620-010-1387-y
http://www.ncbi.nlm.nih.gov/pubmed/20844957

