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ABSTRACT

There are limited data on hepatocellular carcinoma (HCC) growth patterns, particularly in 

Western cohorts, despite implications for surveillance, prognosis and treatment. Our study’s aim 

was to quantify tumor doubling time and identify correlates associated with indolent and rapid 

growth. We performed a retrospective multicenter cohort study of cirrhosis patients diagnosed 

with HCC from 2008 to 2017 at 6 US and European health systems with ≥2 contrast-enhanced 

imaging studies performed ≥30 days apart prior to HCC treatment. Radiologists independently 

measured tumors in 3 dimensions to calculate tumor doubling time (TDT) and specific growth 

rate (SGR). We used multivariable ordinal logistic regression to identify factors associated with 

indolent (TDT >365 days) and rapid (TDT <90 days) growth. In the primary cohort (n=242 

patients from 4 centers), median TDT was 229 days (IQR 89-627) and median SGR was 0.3% 

per day (IQR 0.1% - 0.8%). Over one-third (38%) of HCC had indolent growth, 36.8% 

intermediate growth, and 25.2% rapid growth. In multivariable analysis, indolent growth was 

associated with larger tumor diameter (OR 1.15, 95%CI 1.03–1.30) and AFP<20 ng/mL (OR 

1.90, 95%CI 1.12-3.21). Indolent growth was more common in non-viral than viral cirrhosis 

(50.9% vs. 32.1%), particularly in patients with T1 HCC (OR 3.41, 95%CI 1.08-10.80). Median 

TDT (169 days; IQR 74-408 days) and SGR (0.4% per day) were similar in an independent 

cohort (n=176 patients from 2 centers).

Conclusion: In a large Western cohort of HCC patients, we found heterogeneous tumor growth 

patterns, with one-fourth exhibiting rapid growth and over one-third having indolent growth. 
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Better understanding different growth patterns may facilitate a precision approach to 

prognostication and treatment.

Key Words: Liver cancer, early detection, overdiagnosis, tumor growth rate, tumor doubling 

time 

INTRODUCTION

Tumor growth patterns have several implications for clinical care including informing optimal 

surveillance intervals and understanding prognosis. Cancer screening programs are typically 

most effective when tumors grow gradually and predictably, allowing for detection at an early 

stage and subsequent treatment to improve survival. Detection of indolent tumors can result in 

overdiagnosis, i.e. detection of disease that would not otherwise impact a person’s life span,1 

and overtreatment, resulting in physical, psychological, and financial harms without 

demonstrated benefit.2 Whereas aggressive tumors are more likely to be missed by screening, 

present at a late stage, and have poor response to cancer-directed therapies.3-5 Studies have 

demonstrated wide variation in growth patterns between cancers, with prostate cancer6 

epitomizing indolent tumor biology and pancreatic cancer7, 8 aggressive tumor biology. 

Tumor growth patterns have not been well characterized for hepatocellular carcinoma 

(HCC), the fastest-rising cause of cancer-related death in the United States.9 HCC is 

traditionally regarded as an aggressive malignancy with overall 5-year survival of <20%10, 11; 

however, its natural history and response to treatment can be heterogeneous and tumor growth 

patterns have not been well characterized. Most data describing HCC growth patterns were 

derived from hepatitis B (HBV)-infected patient populations from Asia, which may not accurately 

reflect tumor biology in Western patient populations, where chronic hepatitis C (HCV) and non-

viral liver disease are the predominant causes of HCC.12-14 Further, existing literature is limited 

by small sample sizes, use of inadequate imaging techniques with less precise tumor 

measurements, outdated definitions for HCC, and reliance on uni- or bi-dimensional tumor 

measurements12-15. As most patients with HCC are diagnosed based on imaging 

characteristics16, it is also important to identify clinical and radiological factors that can help 

predict tumor growth. 

In this study, we aimed to characterize HCC growth patterns in a large contemporary and 

diverse cohort of patients with various etiologies of cirrhosis from six health systems in the 

United States and Europe. 
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METHODS

Primary Cohort Study Population

Eligible patients were identified using prospectively maintained databases of consecutive 

patients diagnosed with HCC between 2008 and 2017 at four medical centers in the United 

States (UT Southwestern Medical Center, Parkland Health and Hospital System, McGuire VA 

Medical Center, and University of Michigan). Each site has a multidisciplinary tumor board, 

where imaging studies are reviewed and management of HCC is discussed. We included 

patients with ≥2 contrast-enhanced multi-phase computed tomography (CT) or magnetic 

resonance imaging (MRI) examinations performed ≥30 days apart, prior to any HCC treatment. 

Subsequent cross-sectional imaging was performed for several reasons including delays in 

treatment17, poor liver function precluding treatment, patient refusal of treatment, small tumors 

undergoing “watchful waiting” while on a liver transplant waiting list, and routine follow-up. 

Patients were required to have met current imaging criteria for HCC (LI-RADS 5 as defined per 

AASLD guidelines and LIRADS v.2018)18, 19 on both imaging studies upon independent 

radiology review for purposes of this study, as detailed below. We excluded patients without 

cirrhosis, as well as patients with only ultrasound imaging, including contrast-enhanced 

ultrasound, given imperfect characterization of tumor diameter and patients with infiltrative-type 

tumors or macrovascular invasion on index imaging study, given inability to accurately 

determine initial tumor diameter. This study was approved by the Institutional Review Board at 

each site, including UT Southwestern Medical Center which served as the data coordinating 

center.

Verification Cohort Study Population

We used data characterizing an independent cohort from the Queen Elizabeth Hospital 

Birmingham (QEHB) and the University of California San Francisco (UCSF) to verify tumor 

growth rates observed in the primary study cohort. Patients were recruited to the QEHB study 

from 2012 – 2015 and at UCSF from 2005-2013. As above, all patients had LI-RADS 5 lesions 

with ≥2 contrast-enhanced CT or MRI performed ≥30 days apart, prior to any HCC treatment. 

Patients from UCSF all had T1 lesions (i.e. unifocal lesions 1-2 cm in size), whereas patients 

from QEHB mirrored that of the primary cohort; however all were within the Milan criteria. Both 

centers excluded patients with infiltrative tumors, vascular invasion, metastatic disease, and 

AFP >1000 ng/mL at time of HCC diagnosis. Tumor measurements were obtained on review of 

radiology reports from the electronic medical record (EMR). 
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Data Collection

For both cohorts, detailed demographic, clinical, laboratory and radiologic data were 

collected from the EMR at each site. Race/ethnicity was determined by self-report from patients 

at time of clinic visits and was characterized as non-Hispanic white, non-Hispanic black, 

Hispanic, Asian, and other.20 Variables of interest included liver disease etiology, body mass 

index (BMI), alpha-fetoprotein (AFP), Child-Pugh score, Model for End-Stage Liver Disease 

(MELD) score and neutrophil-to-lymphocyte ratio (NLR) at time of initial imaging. Liver disease 

etiology was determined using clinical notes and laboratory data and classified as chronic HCV, 

HBV, alcohol-related, non-alcoholic fatty liver disease (NAFLD), or other.21 Patients were 

classified as having alcohol-related liver disease if they had a history of alcohol abuse and lack 

of other known etiologies of liver disease, as best determined using available clinical notes. 

Patients were classified as having NAFLD if they had evidence of hepatic steatosis and/or 

metabolic risk factors in the absence of significant alcohol use or other causes of liver disease. 

Patients with underlying chronic HCV or HBV were classified as having viral liver disease and 

patients with NAFLD, alcohol-related, or other liver disease were classified as non-viral liver 

disease.

Tumor Measurements and Tumor Growth Rate Calculation

Tumor growth was assessed using tumor doubling time (TDT) and tumor specific growth 

rate (SGR) - two widely used clinical tools that have been used in several other cancers.22, 23 

HCC growth rates were assessed by review of dynamic contrast-enhanced multi-phase CT and 

MRI examinations by experienced, abdominal fellowship-trained diagnostic radiologists at each 

center (G.K., S.T., M.A., M.M.-L.) with 8, 6, 13, and 9 years of experience, respectively, 

specifically for the purposes of this study. Radiologists were blinded to patients’ clinical 

information, and documented tumor location and tumor diameter in three orthogonal 

dimensions. Uni- and bi-directional measurements assume tumors are spherical and can 

overestimate tumor volume23, 24, whereas measuring three dimensions calculates ellipsoid 

volume and decreases error in volume calculations. As per LIRADS® 2018, radiologists used 

the phase or sequence that best demonstrated the margins of the lesions, with the arterial 

phase being the least preferred for measuring lesions, secondary to tumor neovascularization 

surrounding the tumor resulting in falsely enlarged sizes when compared to the other phases18. 

When present, the outer capsule of the lesion on delayed phase was included in the 

measurement. For patients with multifocal HCC, we used the single largest tumor for growth 

rate calculations. Additionally, in patients with multiple imaging studies, the two studies with the 
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longest intervening time was used. Tumor volume (V) was calculated using the equation for an 

ellipsoid,

where a, b, and c denote the three maximum tumor diameters, respectively. � =
4

3
�[(

�
2)(

�
2)(

�
2)]

Tumor doubling time (TDT) was calculated using Schwartz’ equation25,��� =  
(T ― T0)��2�� (

��0

)

In addition to TDT, we also calculated specific growth rate (SGR), which is a measure of the 

percentage increase in tumor volume over time, and calculated using the equation23, 

��� =  

�� (��0
)

(T ― T0)

TDT and SGR are closely related and inversely proportional23, as shown:��� =
��2���

SGR, unlike TDT, is normally distributed and thus advantageous for statistical analyses; 

however, TDT has been more commonly reported in cancer studies and is more easily 

conceptualized. Therefore, we report both TDT and SGR to allow for comparison with prior 

studies and ease of clinical interpretation. 

Statistical Analysis

We classified tumor growth patterns into 3 categories based on TDT: indolent (TDT >365 

days), intermediate (TDT 90-365 days), and rapid (TDT <90 days) growth, corresponding to 

SGR of <0.19%, 0.19-0.77%, and >0.77% per day, respectively. These cutoffs were selected a 

priori, given clinical relevance for HCC surveillance, e.g. 3-month interval for repeat imaging of 

indeterminate nodules.19

We compared demographic, clinical, and tumor features between the three groups using the 

Kruskal-Wallis test for continuous variables and Fisher exact tests for categorical variables. 

Multivariable ordered logistic regression was performed to identify correlates of indolent and 

rapid tumor growth. Potential correlates (age, race, sex, BMI, liver disease etiology, Child Pugh 

score, MELD score, AFP level, initial tumor diameter, and initial tumor count) that were 

significantly associated with indolent or rapid tumor growth in univariate analyses (p <0.1) were 

used as input variables in the multivariable models. In a secondary analysis, we performed 
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multivariable linear regression to identify correlates of log-transformed TDT as a continuous 

variable. We performed subgroup analyses for patients with early stage HCC, defined by the 

Milan Criteria, and those with T1 HCC (unifocal lesion <2 cm). In a post-hoc exploratory 

analysis, we used univariate and multivariable Cox proportional hazard models to evaluate any 

potential association between tumor growth patterns and overall survival. All tests were two-

sided and performed at the 5% significance level. Statistical analysis was performed using Stata 

14.0 (College Station, TX).

RESULTS

Patient Characteristics

Of 3180 total patients with HCC during the study period, 242 (7.6%) patients met study 

inclusion and exclusion criteria. Baseline patient characteristics of the primary cohort are 

summarized in Table 1. The mean age at HCC diagnosis was 60.3 years. The cohort was 

predominately male (87.1%) and racially/ethnically diverse (49.2% non-Hispanic white, 28.9% 

non-Hispanic black, 15.7% Hispanic, 2.5% Asian).  Most patients had HCV infection (68.3%), 

while 15.8% had alcoholic liver disease, 6.8% had NAFLD and 3.6% had HBV infection. Nearly 

half (44.6%) of the patients had Child Pugh A cirrhosis, with no significant differences in liver 

function between patients with indolent, intermediate and aggressive tumor growth patterns 

(p=0.94). Nearly three-fourths (73.6%) of patients were within Milan criteria, with 166 (68.6%) 

having 1 lesion, 54 (22.3%) 2 lesions, and 22 (9.1%) having 3 or more lesions. Compared to 

patients who did not meet inclusion criteria, those included in the primary cohort had smaller 

tumors, a higher proportion of unifocal HCC, and a higher proportion within Milan Criteria 

(Supplemental Table 1). 

The verification cohort consisted of 176 patients, with patient characteristics described in 

Table 2. Similar to the primary cohort, patients were predominately male (74.4%) and a majority 

had HCV (53.4%), followed by HBV (18.1%), alcohol-related liver disease (15.3%) and NAFLD 

(8.5%). All patients were within Milan criteria, with most (90.9%) having a single lesion. Median 

tumor diameter was 1.4 cm (IQR 1.2 – 1.6 cm) in the USCF cohort and 2.6 cm (IQR 1.8 – 3.1 

cm) in the QEHB cohort.

Tumor Growth Patterns in the Primary Cohort

The distribution of TDT across the 242 patients in the primary cohort is demonstrated in 

Figure 1. The overall median TDT was 228.6 days (IQR 89.4 – 627.3) corresponding to a 

median SGR of 0.30% per day (IQR 0.11% - 0.78%). We found notable heterogeneity in tumor 

growth patterns, with 92 (38.0%) having indolent growth, 89 (36.8%) intermediate growth, and 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

61 (25.2%) having rapid growth. The median TDT of each group was 1386 days (IQR 526 - 

2310), 182 days (IQR 136 - 266), and 53 days (IQR 44 - 76), respectively. The median interval 

between imaging studies was 116 days (IQR 66 - 227), with the longest intervening time 

between imaging being 1979 days. Given that median TDT may be overestimated by 

extrapolating short interval growth patterns over longer periods of time, we characterized TDT 

stratified by imaging interval. Overall, TDT did not differ by imaging interval, with similar TDT 

between patients who had repeat imaging within 1-6 months and those with repeat imaging >6 

months apart (p=0.94). Among the subgroup of patients with indolent tumors, median SGR was 

0.04% in patients with repeat imaging within 1-6 months and 0.11% in those with repeat imaging 

>6 months apart, corresponding to median TDT of 1733 days (IQR 594 – 1982) and 623 days 

(IQR 456 – 1033), respectively. 

In univariate analyses, TDT was associated with liver disease etiology, tumor size, and 

baseline AFP levels. TDT was significantly longer in patients with non-viral liver disease than 

those with viral liver disease (median 11.7 vs. 6.9 months, p=0.03; Figure 2A), corresponding to 

a lower SGR in the non-viral group (0.16% vs. 0.35% per day, respectively). Figure 2B 

illustrates an inverse relationship between tumor size and TDT, with median TDT of 6.1, 7.2, 

and 13.6 months (corresponding to an SGR of 0.38%, 0.32%, and 0.17%) for patients with initial 

tumor diameter 1-2 cm, 2-5 cm, and >5 cm, respectively (p=0.04); TDT and SGR are shown for 

these subgroups in Supplemental Table 2. Indolent tumors were significantly larger than 

intermediate and rapidly growing tumors (median 2.9 vs. 2.6 vs. 2.4 cm, p=0.03). Patients with 

indolent tumors also had lower AFP levels than rapidly growing lesions (median 10.5 vs. 28.4 

ng/mL, p=0.07), including a higher proportion with AFP <20 ng/mL. In the 31 (12.8%) patients 

with available histology, we found no significant association between tumor growth patterns and 

degree of HCC differentiation (p=0.46). Additionally, in the subgroup with repeated AFP 

measurements (n= 181), we did not find an association between tumor growth patterns and 

change in AFP over time (p=0.69).

In multivariable analyses (Table 3A), indolent tumor growth was significantly associated 

with larger initial tumor diameter (continuous) (OR 1.15, 95% CI 1.03 – 1.30) and inversely 

associated with AFP >20 ng/mL (OR 0.60, 95% CI 0.37 – 0.98). Although indolent tumor 

behavior was associated with non-viral etiology in univariate analysis, this did not remain 

statistically significant in multivariable analysis. Findings were unchanged when examining the 

subgroup of patients within Milan criteria and among those with unifocal lesions (data not 

shown). Correlates of rapid growth are inversely related to those of indolent growth, as shown in 
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Supplemental Table 3. Correlates of SGR as a continuous variable are shown in 

Supplemental Table 4. 

In an exploratory analysis, we evaluated the association between tumor growth patterns 

and outcomes including treatment receipt and overall survival. Of those in the primary cohort, 

184 (76.0%) underwent treatment after repeat imaging.  Characteristics of patients who 

received treatment compared to those who remained untreated are summarized in 

Supplemental Table 5. As expected, a higher proportion of patients with indolent tumors were 

able to receive curative therapy compared to those with intermediate or rapidly growing tumors 

(50.0% vs 39.4% and 34.1%, respectively). Indolent tumor behavior was associated with 

improved survival in univariate analysis (HR 0.68, 95%CI 0.45 – 1.04); however, this did not 

reach statistical significance. After adjusting for Child Pugh score and tumor burden (i.e. within 

vs. outside Milan criteria), indolent growth was associated with significantly lower mortality 

compared to rapid tumor growth (HR 0.61, 95% CI 0.40 – 0.95). However, after further adjusting 

for this difference in treatment receipt (in addition to Child Pugh and tumor burden), the 

association between indolent tumor growth and survival was no longer significant (HR 0.96, 

95% CI 0.56 – 1.63). 

Tumor Growth Patterns in Subgroup of the Primary Cohort with T1 Lesions 

In the subgroup of patients with T1 lesions (n=60), the median TDT was 182 (IQR 73 – 

495) days and SGR was 0.38% (0.14 – 0.95%) per day. Of these, 16 (17.4%), 23 (25.8%), and 

21 (34.4%) were classified as having indolent, intermediate, and rapid growth, respectively. 

Within this subgroup, TDT was significantly longer in patients with non-viral liver disease 

compared to those with viral liver disease (median 15.4 vs. 5.3 months, p=0.02), corresponding 

to an SGR of 0.15% vs. 0.44% per day. In multivariable analysis (Table 3B), indolent growth 

was significantly associated with non-viral liver disease etiology (OR 3.41, 95% CI 1.08 – 

10.80), while AFP and initial tumor diameter were no longer statistically significant. 

Tumor Growth Patterns in the Verification Cohort

Overall, tumor growth patterns were similar in the verification cohort with a median SGR 

of 0.57% per day among UCSF patients and 0.35% per day for QEHB patients; corresponding 

to median TDT of 122 days (65 – 217) and 198 days (102 – 990), respectively. In the QEHB 

cohort, 19 (33.3%) were classified as having indolent growth, 27 (47.4%) intermediate growth, 

and 11 (19.3%) having rapid growth; whereas, in the UCSF cohort (comprised only of T1 

lesions), 12 (10.1%) were indolent, 69 (58.0%) intermediate and 38 (31.9%) had rapid growth. 
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In multivariable analysis, non-viral liver disease was significantly associated with indolent growth 

in the UCSF cohort (OR 3.28, 95% CI 1.48 – 7.53) but not the QEHB cohort (OR 1.26, 95% CI 

0.40 – 4.01); tumor diameter and AFP level were not associated with tumor growth patterns in 

the UCSF or QEHB cohort. 

DISCUSSION

To the best of our knowledge, our multi-center study represents the largest evaluation of 

tumor growth patterns in a contemporary Western cohort with patients of diverse liver disease 

etiologies. Overall, we observed a median TDT of 229 days and SGR of 0.30% per day; 

however, patients demonstrated heterogeneous growth patterns. Notably, nearly 40% exhibited 

indolent growth, with tumor doubling times exceeding one year, whereas we observed rapid 

growth in one-fourth of patients, with a tumor doubling time of less than 3 months.

HCC tumor growth patterns in our study are similar or slightly slower than what has been 

reported in other cancers such as breast22, lung12, and pancreas26, in which SGR has ranged 

from 0.5% - 3% per day.23 In contrast, studies on prostate cancer have demonstrated 

substantially more indolent behavior, with doubling times ranging from 2-6 years in some 

cases.27 Although some prior studies have reported shorter median TDT for HCC, ranging from 

85-127 days28, these studies were primarily conducted in Asia among HBV-predominant 

cohorts. A study by An et al similarly suggested that TDT may differ between viral etiologies, 

with longer TDT among HCV-infected than HBV-infected patients (137.2 vs. 76.8 days)29. Our 

results extend these findings that TDT may differ by cirrhosis etiology, with longer TDT in 

patients with non-viral cirrhosis, particularly those with T1 lesions, in both the primary and 

verification cohorts. Further studies are needed to confirm the potential association between 

liver disease etiology and TDT, including potential mechanisms why tumor growth patterns may 

differ. These data are particularly relevant given the shift in HCC epidemiology from a viral-

mediated phenomenon to an increasing number of NASH-related cases.30, 31

Additionally, we found larger tumor diameter was associated with longer TDT, i.e. slower 

growth. Although this may appear unexpected, this finding is consistent with data from prior 

studies29, 32 and the theory that HCC exhibits a sigmoidal growth pattern, with smaller tumors 

demonstrating a more rapid, exponential growth pattern than larger tumors, which may begin to 

grow more slowly as they outgrow their blood supply. 33 34, 35 Notably, we observed no 

relationship between liver function and HCC growth rates. We otherwise found that AFP levels 

were associated with tumor growth patterns, consistent with prior studies demonstrating the 

prognostic importance of AFP levels.36, 37 However, overall these associations likely only explain 
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a small proportion of the observed variation in tumor biology and future studies are needed to 

identify other correlates to better predict and tailor management strategies to individual patient 

tumor biology. 

The data from our study has several important clinical implications. First, the value of 

cancer screening programs is driven by tumor biology, with less benefit in very rapid or very 

slowly growing tumors, albeit for different reasons. Surveillance is unlikely to detect rapidly 

growing tumors at an early stage when curative treatments are still available. Conversely, 

surveillance is likely to detect indolent tumors but prone to overdiagnosis and overtreatment. 

Thus, the benefit of early detection must be balanced against the harms of cancer screening 

and risk of overtreating “benign” disease.38, 39 Second, tumor growth rates inform optimal 

surveillance intervals, with the current 6-month interval based on older data for TDT.40 Although 

we found that a high proportion of HCC may have indolent growth patterns, the TDT was 

substantially shorter in T1 lesions, supporting current surveillance recommendations. Third, an 

indolent tumor, particularly in the setting of decompensated cirrhosis, may represent 

overdiagnosis, as the tumor itself is unlikely to impact overall survival. Rather, HCC treatment of 

an indolent tumor, particularly in patients with portal hypertension and/or hepatic 

decompensation, poses a risk of further hepatic decompensation and may actually adversely 

affect prognosis.1 Finally, distinguishing indolent- and rapid-growing tumors can also guide more 

tailored HCC treatment decisions. For example, a better assessment of tumor biology could 

more accurately identify patients at highest risk for waitlist dropout, help tailor bridging 

locoregional therapy while on the waitlist, and even facilitate changes in transplant priority 

policies.41 However, at this point, it is premature to base HCC treatment decisions solely on 

predicted tumor growth patterns and prospective data from larger cohorts, particularly among 

patients with non-viral liver disease, are needed to confirm our findings. 

Limitations of this study include its retrospective nature and inherent selection bias. 

Although we evaluated consecutive patients with HCC from prospectively maintained tumor 

registries for study inclusion, only patients that did not receive treatment or received delayed 

treatment were included, which comprised less than 10% of the overall sample. Some patients 

with very rapidly growing tumors and/or severe liver dysfunction may not have survived long 

enough to have had two consecutive imaging studies and were thus excluded from the study, 

resulting in possible immortal time bias. We found patients included in the primary cohort had 

significantly smaller tumors and less multifocal disease than excluded patients, suggesting 

these results may not be generalizable to patients with larger tumors and highlighting the need 

for further data in this patient group. Notably, this limitation may be unavoidable for 
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characterizing HCC natural history, as it would be difficult to design an ethical study to 

prospectively observe tumor biology in all-comers with HCC. Second, there is a possibility of 

misclassification bias, with some indolent lesions not truly representing HCC; however, all 

included lesions were LI-RADS 5, which has a positive predictive value >95% for HCC in the 

setting of cirrhosis. Third, it is possible that tumor growth rate trajectory may change over time, 

and periods of interrupted growth or change in tumor growth patterns within a single tumor are 

not necessarily accounted for in our analyses. Fourth, our findings are not generalizable to 

patients with infiltrative tumors or macrovascular invasion as the nature of these tumors 

precluded accurate measurements and thus they were excluded from the study. Finally, we 

evaluated the association between tumor growth patterns and outcomes including overall 

survival; however, this exploratory analysis was limited by residual confounding, selection bias 

of included patients, and limited statistical power. We believe these weaknesses are outweighed 

by our study’s strengths including its multicenter nature and large size; contemporary cohort 

reflecting improved imaging technology compared to older cohorts; and prospective 

measurement of tumors in three dimensions by experienced fellowship-trained abdominal 

radiologists to allow for more accurate TDT calculations. 

In conclusion, in this multicenter Western cohort study characterizing HCC growth rates, we 

found heterogeneous growth patterns, with rapid growth in one-fourth of patients, and indolent 

growth in over one-third of patients. Indolent tumor behavior appeared to be more common in 

patients with non-viral liver disease, whereas a higher proportion of T1 lesions exhibited rapid 

growth. Further studies of tumor growth rates and predictive models are needed to better 

understand tumor growth patterns for HCC patients and achieve a precision approach to HCC 

surveillance and treatment. 
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Table 1. Patient and tumor characteristics at HCC diagnosis, stratified by tumor growth patterns  

Variable Indolent  

TDT > 365 d 

(n = 92) 

Intermediate 

365 > TDT > 90 d 

(n = 89) 

Rapid 

TDT < 90 d 

(n = 61) 

p-value 

Age, years (SD) 61.1 (8.4) 59.3 (8.1) 60.4 (6.3) 0.36 

Sex (% male) 82 (89.1) 73 (82.9) 55 (90.2) 0.33 

Race/Ethnicity 

   White 

   Black 

   Hispanic 

   Asian 

Other/Unknown 

 

46 (50.0)  

26 (28.3) 

16 (17.4) 

2 (2.2) 

2 (2.2) 

 

42 (47.2) 

28 (31.5) 

13 (14.6) 

3 (3.4) 

3 (3.4) 

 

31 (50.8) 

16 (26.2) 

9 (14.7) 

1 (1.6) 

4 (6.5) 

0.89 

Body mass index 

   Normal (<25) 

   Overweight 

   Obese (>30) 

 

27 (29.3) 

34 (37.0) 

31 (33.7) 

 

43 (48.3) 

30 (33.7) 

16 (18.0) 

 

20 (33.3) 

22 (36.7) 

18 (30.0) 

0.06 

Hospital site 

   Parkland 

   UT Southwestern 

   U. Michigan  

   McGuire VA 

 

23 (25.0) 

13 (14.1) 

13 (14.1) 

43 (46.7) 

 

36 (40.4) 

7 (7.9) 

15 (16.8) 

31 (34.8) 

 

20 (32.8) 

5 (8.2) 

8 (13.1) 

28 (45.9) 

0.27 

Cirrhosis etiology 

   Hepatitis C 

   Alcohol-related 

   NAFLD 

   Hepatitis B 

   Other 

   Unknown 

 

57 (61.9) 

18 (19.5) 

7 (7.6) 

3 (3.4) 

5 (5.4) 

2 (2.2) 

 

69 (77.6) 

13 (14.6) 

5 (5.6) 

1 (1.1) 

0 (0.0) 

1 (1.1) 

 

43 (70.5) 

5 (8.2) 

4 (6.6) 

4 (6.6) 

3 (4.8) 

2 (3.3) 

0.11 

Hepatic 

encephalopathy 

26 (28.4) 21 (23.9) 15 (24.6) 0.77 

Ascites 39 (43.8) 34 (38.6) 30 (49.2) 0.44 

Child Pugh Class 

   A 

 

40 (45.4) 

 

42 (47.7) 

 

26 (42.6) 

0.94 
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   B 

   C 

35 (39.8) 

12 (14.8) 

36 (40.9) 

10 (11.4) 

27 (44.3) 

8 (13.1) 

MELD score 9.4 (7.5 – 13.2) 9.7 (8.2 – 12.1) 9.1 (7.5 – 13.4) 0.98 

Platelet count 105 (75 – 168) 108 (69 – 153) 103 (73 -155) 0.78 

AFP (ng/mL) 10.5 (5.0 – 36.5) 16.7 (6.0 – 56.0) 28.4 (7.0 – 108.0) 0.07 

AFP 

< 20 ng/mL 

 20 – 199 ng/mL 

 >200 ng/mL 

Missing 

 

56 (60.9) 

16 (17.4) 

11 (11.9) 

9 (9.8) 

 

45 (50.6) 

26 (29.2) 

8 (9.0) 

10 (11.2) 

 

26 (42.6) 

20 (32.8) 

10 (16.4) 

5 (8.2) 

0.08 

 

NLR 2.02 (1.35 – 3.37) 1.98 (1.29 – 3.03) 2.10 (1.12 – 3.13) 0.95 

1st imaging modality 

CT 

MRI 

 

41 (44.6) 

51 (55.4) 

 

46 (51.7) 

43 (48.3) 

 

36 (59.0) 

25 (41.0) 

0.21 

Time between 

imaging, days 

112.5 (68.5 – 253.3) 151 (69 – 252) 101 (57 – 192) 0.10 

Initial HCC diameter 2.9 (2.0 – 4.8) 2.6 (1.9 – 3.7) 2.4 (1.7 – 3.1) 0.03 

Number lesions 

   1 

   2 

   3 or more 

 

65 (70.7) 

21 (22.8) 

6 (6.5) 

 

56 (62.9) 

22 (24.7) 

11 (12.3) 

 

45 (73.8) 

11 (18.0) 

5 (8.2) 

0.44 

Within Milan (%) 65 (70.7) 65 (73.3) 48 (78.7) 0.54 

*Data provided as median (IQR) or n (%) except where otherwise specified 

 

AFP – alpha-fetoprotein; CT – computed tomography; HCC – hepatocellular carcinoma; IQR – 
interquartile range; MELD – Model for End Stage Liver Disease; MRI – magnetic resonance 

imaging; NAFLD – nonalcoholic fatty liver disease; NLR – neutrophil-lymphocyte ratio; SD – 
standard deviation; TDT -  tumor doubling time 
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Table 2. Verification cohort patient and tumor characteristics at time of HCC diagnosis  

Variable Birmingham, UK 

(n = 57) 

UCSF 

(n = 119) 

Age, years (SD) 58.2 (7.5) 60.0 (8.0) 

Sex, male (%) 44 (77.2) 87 (73.1) 

Cirrhosis etiology 

   Hepatitis C 

   Alcohol-related 

   NAFLD 

   Hepatitis B 

   Other 

 

24 (42.1) 

17 (29.8) 

5 (8.8) 

4 (7.0) 

7 (12.3) 

 

70 (58.8) 

10 (8.4) 

10 (8.4) 

28 (23.5) 

1 (0.8) 

AFP (ng/mL) 7 (4 – 30) * 12 (5 – 42)  ̂

AFP 

 < 20 ng/mL 

 20 – 199 ng/mL 

 200 ng/mL 

 Missing 

 

35 (61.4) 

13 (22.8) 

3 (5.3) 

6 (10.5) 

 

63 (52.9) 

36 (30.3) 

9 (7.5) 

11 (9.2) 

1st imaging modality 

   CT 

   MRI 

   Missing 

 

10 (17.5) 

47 (82.5) 

0 (0.0) 

 

82 (68.9) 

19 (16.0) 

18 (15.1) 

Initial diameter (cm) 2.6 (1.8 – 3.1) 1.4 (1.2 – 1.6) 

Number of lesions 

   1 

   2 

   3 

 

46 (80.7) 

9 (15.8) 

2 (3.5) 

 

114 (95.8) 

5 (4.2) 

0 (0.0) 

Within Milan (%) 57 (100) 119 (100) 

Maximum interval 

between imaging 

investigations, days  

121 (88.5 – 187.5) 210 (132 – 350) 

AFP – alpha-fetoprotein; CT – computed tomography; HCC – hepatocellular carcinoma; IQR – 
interquartile range; MRI – magnetic resonance imaging; NAFLD – nonalcoholic fatty liver 

disease; SD – standard deviation; UCSF – University of California San Francisco; UK – United 

Kingdom 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

*n = 51; n̂ = 108.  Percentages may not equal 100% due to rounding.  
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