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Abstract
Introduction: Although microwave ablation (MWA) is a 
promising technique for hepatocellular carcinoma (HCC) 
treatment, its 10-year efficacy is unknown. Objective: The 
objective of the study was to assess whether the advances in 
MWA for HCC translated into a real-world survival benefit. 
Methods: This retrospective study included 2,354 patients 
with Barcelona Clinic Liver Cancer (BCLC) stage 0 to B from 5 
hospitals, with at least 2 years of follow-up for all the pa-
tients. Recurrence and survival were analyzed using the Ka-
plan-Meier method with time-period stratification. Results: 
A total of 5,326 HCCs (mean diameter, 2.9 cm ± 1.2) under-
went 4,051 sessions of MWA with a median follow-up of 61.3 
(0.6–169.5 range) months during 3 periods (2007–2010, 
2011–2014, and 2015–2018). Technical success was achieved 
in 5,194 (97.5%) tumors with significant improvement over 

time, especially for >3.0-cm HCC (p < 0.001). Local tumor pro-
gression (LTP) showed no period-dependent advance, with 
>3.0-cm HCC and perivascular location being the risk factors 
for LTP. The median intrahepatic metastasis time was 27.6 
(95% confidence interval [CI]: 25.2–28.8) months, with 5- and 
10-year occurrence rates of 68.8% and 79.4%, respectively. 
The 5- and 10-year overall survivals were 63.9% and 41.1%, 
respectively, and BCLC stage 0, A, and all B patients showed 
an observable survival improvement over time (p < 0.001). 
The median disease-free survival time increased from 19.4 
(95% CI: 16.5–22.6) months in 2007–2010 to 28.1 (95% CI: 
25.9–32.3) months in 2015–2018. The improved survival for 
early recurrent (≤2 years) patients was period-dependent, as 
verified by Cox regression analyses. The major complications 
rate per procedure was 3.0% (122/4,051). Conclusions: 
These real-world data show that MWA provided an upward 
trend in survival for HCC patients with BCLC stage 0–B over 
a 12-year follow-up period. An encouraging clear survival 
benefit in early recurrent patients was also observed.
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Introduction

Hepatocellular carcinoma (HCC) is a leading cause 
of cancer-related deaths worldwide, and it is expected 
to rise in incidence [1]. Because 80% of HCC patients 
are not candidates for liver resection and transplanta-
tion [2], various nonsurgical locoregional intervention-
al treatments have been developed over the past 20 
years [3]. Among those, image-guided percutaneous 
ablation has been considered a potentially curative 
treatment for patients with early-stage HCC, particu-
larly for those who cannot endure surgery or had re-
peated recurrences [2, 3]. The most commonly used 
modalities are radiofrequency ablation (RFA) and mi-
crowave ablation (MWA). MWA has become popular 
since its first clinical study in 1994 [4], with the advan-
tage of having higher thermal efficiency for the primary 
active heating characteristics than RFA [5–7]. More im-
portantly, two recent randomized controlled clinical 
trials showed that MWA is more efficacious than RFA 
for eradicating larger tumors of size 3–5 cm and re-
quires less ablation time [8, 9]. Therefore, MWA has 
been a topic of interest in the field of minimally invasive 
treatment for HCC, especially for larger HCCs and el-
derly patients with comorbidities and who cannot tol-
erate treatment lasting a relatively long time.

With the progress in equipment and technique in re-
cent years, MWA has achieved progress beyond its ini-
tial use for very early-stage HCC as included in the in-
ternational guidelines [10]. Increasing evidence has 
shown the effect of MWA in treating larger and multi-
ple HCC lesions adjacent to the vital organs since the 
early 2010s [11–14]. Among the various clinical studies 
of MWA until recently, there has been no reliable evi-
dence on the relatively long-term outcome of MWA for 
HCC [15–18]. Furthermore, it is unknown whether and 
to what extent the improvement in MWA for HCC re-
ported by clinical studies has been translated into clini-
cal practice for the intermediate-stage patients. Thus, a 
sufficiently large evidence-based analysis of MWA for 
HCC is needed.

The aims of our study were to evaluate the12-year fol-
low-up results of MWA for the treatment of HCC with 
Barcelona Clinic Liver Cancer (BCLC) stage 0, A, or B 
with consecutive case series from 5 medical centers. To 
our knowledge, this study analyzed the largest sample of 
percutaneous MWA treatments for HCC with the largest 
duration of long-term efficacy evaluation.

Materials and Methods

This cohort study was a retrospective analysis of a database col-
lected from consecutive HCC patients who underwent MWA in 
five Chinese centers. Written informed consent for MWA proce-
dures and the use of data for research purposes were obtained from 
each patient before each MWA procedure. The study is exempt 
from ethical committee approval due to its retrospective nature.

Population and Data Collection
We reviewed the departmental database of MWA procedures 

and retrieved the recorded data between January 2007 and Decem-
ber 2018. A total of 4,051 ultrasound (US)-guided percutaneous 
MWA sessions for 5,326 HCC tumors in 2,354 patients who had 
more than 2 years of follow-up after the MWA were analyzed in 
this study. Of these, 953 tumors (953/5,326, 17.9%) were diagnosed 
as HCC using a US-guided core needle biopsy. The remaining 
4,373 tumors (4,373/5,326, 82.1%) were diagnosed as HCC based 
on the clinical criteria from the international guidelines (online 
suppl. material 1; for all online suppl. material, see www. 
karger.com/doi/10.1159/000522134) for diagnosis of HCC prior 
to the MWA procedures [19–21].

The inclusion criteria for the patient enrollment in this study 
were as follows: (1) all HCC nodules ≤5 cm in maximum diameter; 
(2) ≤ 5 HCC nodules in number; (3) ≤ 2 HCC nodules if each 
maximum diameter >3 cm; (4) absence of portal venous and bile 
duct cancer embolus and no extrahepatic metastasis (EM) before 
MWA; (5) Child-Pugh class A or B; (6) prothrombin time ratio 
>50% (prothrombin time with an international normalized ratio 
<1.7) and platelet count >40 × 109/L; and (7) no obvious ascites 
next to the puncture site of the liver. The decision to perform 
MWA was made by consensus of an interdisciplinary discussion, 
including hepatobiliary surgeons, oncologists, radiologists, and ra-
diation therapists. In addition, the technical feasibility of percuta-
neous MWA was assessed by at least two radiologists who would 
perform the procedure. The data were provided by the clinicians 
using the standardized forms comprising the patients’ age, sex, tu-
mor size, number, and location, Child-Pugh classification, BCLC 
stage, clinically significant portal hypertension (online suppl. ma-
terial 2), comorbidities, and cause of cirrhosis along with other 
characteristics such as initial disease, liver function test, antiviral 
therapy, and anticancer therapies received.

MWA Procedures
All MWA procedures were performed percutaneously under 

US guidance (Signature 7.2, Acuson Sequoia 512; Siemens Medical 
Solutions, Mountain View, CA, USA or LOGIQ E9; GE Medical 
Systems US & Primary Care Diagnostics, Wauwatosa, WC, USA). 
MWA procedures were performed as previously reported [22]on 
an in-patient basis by 2 radiologists at a time out of a pool of 9 ra-
diologists (L.P., Y.X.L., C.Z.G., H.Z.Y., Y.J., L.F.Y., Z.R.Q., C.W., 
and W.Q.) from 5 centers who had more than 10 years of experi-
ence with MWA. Artificial pleural effusion for tumors in the he-
patic dome and artificial ascites for tumors adjacent to the gastro-
intestinal tract have been used since 2008 [11, 23]. Following seda-
tives and local anesthesia administration, one or two 15-gauge 
cooled-tip antennae (Kangyou Medical, Nanjing, China) were in-
serted into the tumor. Detailed types of MWA generator and an-
tennae at the five centers are summarized in online supplementary 
Table S1. Microwave energy of 40–60 W was delivered for 3–10 
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min for each application. One antenna was used for tumors <2.0 
cm, and two antennae were used simultaneously for tumors ≥2.0 
cm. The applicators were repeatedly inserted into different sites of 
the tumors, if necessary, to ensure that the entire tumor could be 
enveloped by the estimated ablation volume assessed by intra-pro-
cedure contrast-enhanced US. The target MWA endpoint was an 
ablative margin of at least 0.5–1.0 cm for tumors in a safe location, 
complete ablation, and less than a 0.5-cm margin for tumors in 
subcapsular or perivascular location (online suppl. material 3).

Follow-Up
For early evaluation of the completeness of the ablation and for 

identification of possible complications, such as bleeding or fluid 
accumulation, contrast-enhanced US (n = 2,354, 100%) combined 
with either magnetic resonance imaging (n = 1,506, 64.0%) or 
computed tomography (n = 848, 36.0%) was performed within 72 
h after MWA. Another percutaneous MWA was primarily chosen 
when a residual tumor was detected, unless MWA was technically 
unfeasible. If the ablated tumor was completely necrotic with suf-
ficient ablative margin, the treatment was regarded as a technical 
success (TS), and a follow-up observation was performed 1 month 
later. A follow-up was repeated 3 months later and then at 6-month 
intervals until death. If local tumor progression (LTP) or intrahe-
patic distant metastasis (IDM) was observed during subsequent 
follow-up visits, an additional MWA was performed within a 
month after new lesions were detected, if possible. Chest radio-
graphs and other appropriate examinations were performed for 
the detection of EM.

Definitions of Ablation Terminology and Index of Therapeutic 
Efficacy
Definitions are based on the standardization by the Interna-

tional Working Group on Image-Guided Tumor Ablation [24]. 
The terminologies, including session, treatment, TS, LTP, IDM, 
EM, disease-free survival (DFS), cancer-specific survival (CSS), 
and overall survival (OS), are described in online supplementary 
material 4. Complication classification was based on Clavien 
Grade [25], with the major complications including Clavien Grade 
III–V. Local therapeutic efficacy, including TS and LTP, was as-
sessed on a tumor basis. IDM, EM, DFS, CSS, and OS were evalu-
ated on a per-patient basis.

Statistical Analysis
Descriptive data are presented using numbers and percentages, 

mean and standard deviation, and median and interquartile range. 
The comparison of continuous variables between more than two 
groups was performed using the Kruskal Wallis test; the Mann-
Whitney U test was employed for two groups. To analyze the dis-
tribution of categorical variables between two groups, a χ2 test was 
used. The cumulative rates for each type of metastasis and surviv-
al were estimated with the Kaplan-Meier method. Independent 
prognostic factors for LTP, IDM, EM, and survival were assessed 
using the multivariate Cox proportional hazard model. Two mod-
els were used to analyze the association between death and recur-
rence with potential prognostic factors from multivariable Cox 
analysis for OS, with model 1 being unadjusted and model 2 ad-
justing the factors. The risks of OS were analyzed using Fine-and-
Gray competing risk models, with death from non-HCC causes 
considered a competing event. Missing values were imputed using 
multiple methods. All of the variables with p values <0.05 in uni-

variate analyses were included in the multivariable models. To ex-
amine the potential influence of the therapeutic progress with the 
year of MWA on the survival of HCC patients, three periods 
(2007–2010, 2011–2014, and 2015–2018) were defined. OS, CSS, 
and DFS curves of different periods were compared with the log-
rank test. Results are presented as hazard ratios (HRs) with 95% 
confidence intervals (CIs). All analyses were performed using R 
packages (http://www.R-project.org) and EmpowerStats software 
(http://www.empowerstats.com; X&Y Solutions Inc., Boston, MA, 
USA).

Results

Patient and Tumor Characteristics
We performed a total of 4,051 MWA sessions for the 

2,354 HCC patients (male:female ratio, 1,923:431; mean 
age, 57.4 ± 10.9 years; age range, 24–91 years) with 5,326 
HCCs between years 2007 and 2018 (Fig. 1), stratified by 
three time-periods based on the date of initial MWA 
(2007–2010, 2011–2014, 2015–2018). The baseline char-
acteristics of censored participants were not significantly 
different from those of enrolled patients (online suppl. 
Table S2). Ninety-two patients underwent a second ses-
sion for the residual tumor detected by contrast-enhanced 
imaging within 72 h after the first MWA. The gradual in-
crease in the numbers of MWA after the year 2010 reflects 
the improvement of the technique. The baseline clinical 
characteristics of all of the HCC patients are shown in 
Table 1. The average age of patients and tumor number 
were stable among the three periods. In all, 995 patients 
(42.3%) were ≥60 years old. A total of 769 (32.7%) pa-
tients had tumors with BCLC stage B; 816 (34.7%) pa-
tients were at high risk for resection for comorbidities. 
Among the 5,326 tumors, 2,218 (41.6%) were adjacent to 
the gastrointestinal tract, hepatic hilum, diaphragm, ≥3-
mm vessel, pericardium, and cholecyst subcapsular or 
perivascular location.

Ablation Parameters and TS
The TS for the total cohort was 97.5% (5,194/5,326). 

For patients with >3.0-cm HCC, the TS was inferior to 
that of patients with ≤3.0-cm lesions (p < 0.001), and ab-
lation sessions, time, and power were significantly more 
than those in patients with ≤3.0-cm lesions (p < 0.001; 
Table  2). In the latest period, the TS improved signifi-
cantly compared to the previous two periods, especially 
for >3.0-cm HCC (p < 0.001). Ablation power gradually 
increased, and ablation sessions gradually decreased with 
a correlative decrease of the hospitalization after MWA 
over time for both tumor size subgroups (Table 2).
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Tumor Progression
Tumor progression comprised LTP, IDM, and EM 

based on new lesion location and was classified as early 
recurrence (ER, ≤ 2 years after MWA) and late recurrence 
(LR, > 2 years after MWA) based on new lesion onset 
time. Among the 1,546 patients with tumor recurrence, 
1,192 (77.1%) received iterative MWA treatments. A total 
of 1,569 patients underwent MWA treatment once, 437 
twice, 148 thrice, 84 four times, 45 five times, 27 six times, 
18 seven times, 13 eight times, 6 nine times, 5 ten times, 
and 2 eleven times. MWA and other treatments such as 
TACE or systemic treatment for recurrence are summa-
rized in online supplementary Table S3 and online sup-
plementary Figure S1. The rates of no recurrence (NR), 
ER, and LR were 34.3%, 47.7%, and 18.0%, respectively. 
Cumulative LTP, IDM, and EM rates among the three 

periods are shown in Figure 2 and online supplementary 
Table S4. The 1-, 3-, 5-, and 10-year LTP rates in patients, 
overall, were 5.4%, 9.6%, 10.3%, and 12.2%, respectively. 
There was no significant LTP difference between tumors 
in safe and subcapsular locations. However, the perivas-
cular tumors achieved inferior LTP compared to tumors 
in a safe location, and 3.0–5.0-cm tumors achieved infe-
rior LTP compared to ≤3.0-cm tumors (Fig.2b, c, online 
suppl. Table S4). LTP did not show the improvement 
trend over time. However, IDM and EM showed a differ-
ence when taking the time-period at MWA into account 
(Fig. 2a, d, e). Considering all patients, the median IDM, 
ER, and LR time was 27.6 (95% CI: 25.2–28.8) months, 
9.0 (8.4, 9.7) months, and 66.0 (61.3, 71.6) months, re-
spectively.

January 2007 to December 2018 cohort
28,853 patients with hepatocellular carcinoma

in 5 participating centers

Microwave ablation
(n = 3,584)

Microwave ablation
(n = 2,524)

2007–2010 (n = 420) 2011–2014 (n = 943) 2015–2018 (n = 991)

25,269 excluded
     Open hepatectomy (n = 12,679)
     Laparoscopic hepatectomy (n = 7,352)
     Radiofrequency ablation (n = 2,685)
     TACE (n = 2,186)
     Transplantation (n = 367)

1,060 excluded
     Tumor size >5 cm (n = 438)
     Tumor number >5 (n = 176)
     Portal venous and bile duct thrombosis
     (n = 231)
     Extrahepatic metastasis (n = 148)
     Child-Pugh class C (n = 67)

170 excluded
     Follow-up lost (n = 68)
     Missing data >20 % (n = 102)

Fig. 1. Study flowchart.
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Table 1. Patient and tumor characteristics (2007–2018, n = 2354)

Variable Value

total 
(n = 2354)

2007–2010 
(n = 420)

2011–2014 
(n = 943)

2015–2018 
(n = 991)

Sex, n (%)
Male 1,923 (81.7) 349 (83.1) 768 (81.4) 806 (81.3)
Female 431 (18.3) 71 (16.9) 175 (18.6) 185 (18.7)

Age, years, mean±SD 57.4±10.9 57.3±10.8 57.2±10.8 57.6±11.0
<60, years, n (%) 1,359 (57.7) 251 (59.8) 551 (58.4) 557 (56.2)
≥60, years, n (%) 995 (42.3) 169 (40.2) 392 (41.6) 434 (43.8)

Charlson comorbidity index, median (IQR) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0) 2.0 (1.0–3.0)
Tumors, n (%)

Single 1,652 (70.2) 280 (66.7) 677 (71.8) 695 (70.1)
2/3 622 (26.4) 125 (29.8) 237 (25.1) 260 (26.2)
4/5 80 (3.4) 15 (3.6) 29 (3.0) 36 (3.6)

Tumor size, cm, mean±SD 2.5±1.0 2.6±1.0 2.6±0.9 2.5±1.0
≤3.0 cm, n (%) 1,668 (70.9) 282 (67.1) 665 (70.5) 721 (72.8)
3.1–5.0 cm, n (%) 686 (29.1) 138 (32.9) 278 (29.5) 270 (27.2)

Tumor location, n (%)
Safe 3,108 (58.4) 356 (46.3) 1,256 (54.8) 1,495 (65.8)
Subcapsular 1,656 (31.1) 302 (39.3) 787 (34.4) 567 (25.0)
Perivascular 562 (10.5) 111 (14.4) 243 (10.8) 208 (9.2)

Cause of cirrhosis, n (%)
Hepatitis B virus 1,762 (74.9) 309 (73.6) 713 (75.6) 740 (74.7)
Hepatitis C virus 207 (8.8) 57 (13.6) 67 (7.1) 83 (8.4)
Hepatitis B + C virus 30 (1.3) 4 (1.0) 13 (1.4) 13 (1.3)
Alcohol abuse 24 (1.0) 2 (0.5) 9 (1.0) 13 (1.3)
MAFLD 108 (4.6) 15 (3.6) 45 (4.8) 48 (4.8)
Undetermined 223 (9.5) 34 (8.1) 94 (10.0) 95 (9.6)

Antiviral therapy, n (%)
Yes 1,776 (87.1) 303 (81.2) 715 (88.3) 768 (88.6)
No 262 (12.9) 70 (18.8) 95 (11.7) 87 (11.4)

Clinically significant portal hypertension, n (%)
Yes 806 (34.2) 125 (29.8) 325 (34.5) 356 (35.9)
No 1,548 (65.8) 295 (70.2) 618 (65.5) 635 (64.1)

Child-Pugh classification, n (%)
A 2262 (96.1) 389 (92.6) 918 (97.3) 955 (96.4)
B 92 (3.9) 31 (7.4) 25 (2.7) 36 (3.6)

BCLC stage, n (%)
0 626 (26.6) 116 (27.6) 214 (22.7) 296 (29.9)
A 959 (40.7) 159 (37.9) 415 (44.0) 385 (38.8)
B 769 (32.7) 145 (34.5) 314 (33.3) 310 (31.3)

Initial HCC, n (%) 1,259 (53.5) 212 (50.5) 518 (54.9) 529 (53.4)
Method of diagnosis, n (%)

Biopsy 700 (29.7) 161 (38.3) 198 (21.0) 341 (34.4)
CT/MRI+AFP 1,654 (70.3) 259 (61.7) 745 (79.0) 650 (65.6)

Serum AFP, ng/mL, n (%)
≤20 1,474 (62.6) 283 (67.4) 576 (61.1) 615 (62.1)
20.1–99.9 338 (14.4) 56 (13.3) 141 (15.0) 141 (14.2)
≥100 542 (23.0) 81 (19.3) 226 (24.0) 235 (23.7)

Total bilirubin, mg/dL, mean±SD 1.9±1.1 2.0±1.0 1.9±1.2 1.8±1.0
Albumin, g/L, mean±SD 39.5±4.6 38.9±2.8 39.6±5.1 39.7±4.8
Creatinine, mg/dL, mean±SD 75.3±36.2 74.7±20.2 72.9±19.2 77.7±50.3
Neutrophil to lymphocyte ratio, median (IQR) 1.7 (1.3–2.5) 2.1 (1.4–3.2) 1.7 (1.2–2.3) 1.8 (1.3–2.5)
International normalized ratio, mean±SD 1.1±0.1 1.1±0.1 1.1±0.2 1.1±0.1
DCP, mean±SD 14.3±1.9 14.3±1.7 14.0±2.1 14.6±1.7
MELD, median (IQR) 5.1 (3.1–7.2) 5.5 (3.4–7.5) 5.5 (3.4–7.5) 5.1 (3.1–7.3)

MAFLD, metabolic associated fatty liver disease; HCC, hepatocellular carcinoma; AFP, α-fetoprotein; CT, 
computed tomography; MRI, magnetic resonance image; DCP, prothrombin time; MELD, model for end-stage liver 
disease; IQR, interquartile range.
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Long-Term Survival
All of the patients who survived were followed up with 

for more than 2 years. By December 2020 (with a median 
follow-up of 61.3 months, a range of 0.6–169.5 months), 
1,535 patients (65.2%) were alive, and 819 (34.8%) died. 
The time of death after MWA ranged from 0.6 to 139.4 
months with a median survival time of 86.1 (95% CI: 
81.2–97.2) months. HCC progression was the leading 
cause of death, claiming the lives of 613 (74.8%) patients 
(online suppl. Table S5). Only 11.1% of the patients died 
of nonHCC-related causes. The 1-, 3-, 5-, 7-, and 10-year 
OS, CSS, and DFS rates of the total cohort, tumor stage 
stratification cohort, and recurrence time stratification 
cohort are summarized in online supplementary Table S6 
and are shown in Figures 3 and 4 and online supplemen-
tary Figure S2. An improved outcome over time could be 
observed in OS, DFS, and CSS for all patients (Fig. 3a, 4a, 
4c). The late BCLC stage showed poor OS, DFS, and CSS 
than the early stage (Fig. 4b, d, online suppl. Fig. S2). The 
median DFS times increased from 19.4 (95% CI: 16.5–
22.6) months in 2007–2010 to 22.9 (95% CI: 20.4–25.4) 
months in 2011–2014 and to 28.1 (95% CI: 25.9–32.3) 
months in 2015–2018.

Based on the different time-period groups, a signifi-
cant effect on OS improvement over time could be ob-
served in the NR and ER cohorts (both p < 0.001; Fig. 3b, 
c), although ER patients showed poorer survival com-
pared with NR and LR patients (online suppl. Fig. S3). 
However, the OS did not improve in LR patients (Fig. 3d). 
The time-period-dependent OS and CSS advancement of 
NR and ER patients was also verified by the Cox propor-
tional hazards regression model, which controlled for the 
age, tumor BCLC stage, initial HCC, serum alpha-feto-
protein (AFP level, albumin, and ablation period (Ta-
ble  3). Although ER patients showed poorer survival 
compared with NR and LR patients (online suppl. Fig. 
S3), an improved OS overtime could be observed in ER 
patients (Fig. 3c). However, the OS did not improve in LR 
patients (Fig. 3d) regardless of a great MWA (online sup-
pl. Fig. S7).

Table 2. Ablation parameters

Characteristic* Total 
(n = 5,326)

2007–2010
(n = 770)

2011–2014 
(n = 2286)

2015–2018 
(n = 2270)

p value

TS, n (%)
≤3.0 cm 4,291 (98.3) 582 (98.0) 1,861 (98.1) 1,848 (98.6) <0.001
3.1–5.0 cm 903 (94.1) 165 (93.8) 357 (91.8) 381 (96.5) <0.001
p value <0.001 <0.001 <0.001 <0.001 –

Ablation session, mean ± SD
≤3.0 cm 1.1±0.3 1.2±0.4 1.1±0.3 1.0±0.2 <0.001
3.1–5.0 cm 1.2±0.4 1.4±0.6 1.2±0.5 1.1±0.3 <0.001
p value <0.001 <0.001 <0.001 <0.001 –

Hospitalization after MWA, day, mean ± SD
≤3.0 cm 5.7±3.2 6.2±4.4 5.6±3.0 5.7±2.7 <0.001
3.1–5.0 cm 7.0±4.2 8.5±6.3 6.5±3.8 6.4±2.9 <0.001
p value <0.001 <0.001 <0.001 <0.001 –

Ablation time, min, mean ± SD
≤3.0 cm 6.4±3.3 7.4±3.6 6.0±2.9 6.4±3.5 <0.001
3.1–5.0 cm 11.5±6.9 12.2±7.1 10.1±5.7 12.7±7.7 <0.001
p value <0.001 <0.001 <0.001 <0.001 –

Ablation power, W, mean ± SD
≤3.0 cm 51.5±3.8 49.9±2.2 50.6±2.8 53.2±4.8 <0.001
3.1–5.0 cm 52.3±4.3 50.5±2.7 51.0±2.9 54.7±5.1 <0.001
p value <0.001 0.01 0.02 <0.001 –

* Hospitalization after MWA was calculated based on the patients number, and ablation session and TS were 
calculated based on the tumor number.

Fig. 2. a Analysis of LTP. b LTP between tumors in safe and sub-
capsular locations. c LTP between tumors in safe and perivascular 
locations. d LTP between tumors ≤3.0 cm and >3.0 cm. e Intrahe-
patic disease metastasis. f EM stratified by time-period of MWA.

(For figure see next page.)
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Multivariate Analysis for Survival
Each potential prognostic factor of multivariate analy-

sis for OS, DFS, CSS, and tumor progression is summa-
rized in online supplementary Tables S7–S14. The Cox 
regression model (online suppl. Table S8) and Fine-and-
Gray competing risk models (online suppl. Table S9) con-
cluded that the consistent risk factors for OS, including 
old age (HR = 1.3, p = 0.003), BCLC stage A (HR = 1.4,  

p = 0.002), BCLC stage B (HR = 2.7, p < 0.001), recurrent 
HCC (HR = 1.7, p < 0.001), serum AFP ≥100 ng/mL (HR 
= 1.5, p < 0.001), and albumin <35 g/L (HR = 1.5, p = 
0.01), were independently significant poor prognostic 
factors, and the most recent two time-periods, the abla-
tion period 2011–2014 (HR = 0.7,p < 0.01) and the abla-
tion period 2015–2018 (HR = 0.4,p < 0.001), were protec-
tive factors (online suppl. Table S8, online suppl. Fig. S4). 
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Fig. 3. a Analysis of OS. b OS of NR patients. c OS of ER patients. d OS of LR patients stratified by time-period 
of MWA according to the Kaplan-Meier method. OS, overall survival.
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The results verified that the ablation period was not a 
competitive risk for dying from HCC. ER, LR, and NR 
shared different risk factors, which might be the reason 
for the different occurrence rate of the three types of re-
currence (online suppl. Table S15).

Major Complications
A total of 122 major complications (Clavien Grade III–

V) were encountered within 1 month after MWA (Ta-

ble  4). The incidence rates of major complications per 
patient and procedure were 5.2% (122/2,354) and 3.0% 
(122/4,051), respectively. The treatment mortality de-
creased, while other major complications showed no im-
provement with time-period progression. Minor compli-
cations are summarized in online supplementary Table 
S16.

100

80

Cu
m

ul
at

iv
e 

di
ea

se
-f

re
e 

su
rv

iv
al

, %

60

40

20

0

100

80

Cu
m

ul
at

iv
e 

di
ea

se
-f

re
e 

su
rv

iv
al

, %

60

40

20

0
0

420 251 176 127 102 88 75 61 59 50 33
943 638 447 335 273 228 115 48 13 1 0
991 699 379 136 55 1 0 0 0 0 0

No.at risk

626 459 285 175 127 96 58 31 23 19 14
959 656 423 249 193 145 84 48 29 19 14
769 473 294 174 110 76 48 30 20 13 5

No.at risk

1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

Follow up time, years

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

Follow up time, years

2007–2010
2011–2014
2015–2018

BCLC 0
BCLC A
BCLC B

p < 0.001 p < 0.001

2007–2010
2011–2014
2015–2018

BCLC 0
BCLC A
BCLC B

a b

100

80

Cu
m

ul
at

iv
e 

ca
nc

er
 sp

ec
ifi

c 
su

rv
iv

al
, %

60

40

20

0

100

80
Cu

m
ul

at
iv

e 
ca

nc
er

 sp
ec

ifi
c 

su
rv

iv
al

, %

60

40

20

0
0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

Follow up time, years

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10

Follow up time, years

420 389 342 288 247 216 200 173 160 142 90
943 903 783 687 617 547 319 147 41 2 0
991 933 634 303 118 5 0 0 0 0 0

No.at risk

2007–2010
2011–2014
2015–2018

626 597 465 344 266 215 153 94 70 57 36
959 915 733 548 443 347 227 137 80 50 32
769 713 561 386 273 206 139 89 51 37 22

No.at risk

BCLC 0
BCLC A
BCLC B

p < 0.001 p < 0.001

c d

Fig. 4. a Analysis of DFS. b DFS of BCLC stage 0, A, and B patients. c CSS. d CSS of BCLC stage 0, A, and B pa-
tients stratified by time-period of MWA according to the Kaplan-Meier method. DFS, disease-free survival; CSS, 
cancer-specific survival; MWA, microwave ablation.
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Table 3. Cox proportional hazard regression analyses of the association between all-cause death and recurrence

NR 
HR (95% CI)

p value ER 
HR (95% CI)

p value LR 
HR (95% CI)

p value Total 
HR (95% CI)

p value

Model 1 n = 808 n = 1,123 n = 423 n = 2,354
Age, years

<60 Ref
0.054

Ref
0.02

Ref <0.001 Ref
<0.001

≥60 1.9 (1.0, 3.7) 1.2 (1.0, 1.4) 1.7 (1.3, 2.3) 1.3 (1.2, 1.5)
Initial onset

Yes Ref
0.12

Ref
<0.001

Ref
0.31

Ref
<0.001

No 1.6 (0.9, 3.1) 1.4 (1.2, 1.7) 1.2 (0.9, 1.6) 1.4 (1.2, 1.6)
BCLC

0 Ref – Ref – Ref – Ref –
A 2.2 (0.9, 5.2) 0.08 1.1 (0.9, 1.4) 0.37 2.0 (1.3, 3.1) 0.001 1.3 (1.1, 1.6) <0.001
B 2.6 (1.1, 6.5) 0.04 1.6 (1.3, 2.0) <0.001 2.5 (1.6, 3.9) <0.001 1.8 (1.5, 2.2) <0.001

Serum AFP, ng/mL
≤20 Ref – Ref – Ref – Ref –
20.1–99.9 0.8 (0.3, 2.2) 0.62 1.3 (1.0, 1.6) 0.0503 0.7 (0.5, 1.1) 0.15 1.1 (0.9, 1.3) 0.33
≥100 1.0 (0.4, 2.1) 0.91 1.5 (1.2, 1.8) <0.001 0.9 (0.6, 1.4) 0.74 1.3 (1.1, 1.6) <0.001

Albumin, g/L
≥35 Ref

<0.001
Ref

0.001
Ref

0.002
Ref

<0.001
<35 4.4 (2.2, 8.8) 1.4 (1.2, 1.8) 1.9 (1.3, 2.9) 1.6 (1.3, 1.9)

Operation period
2006–2010 Ref – Ref – Ref – Ref –
2011–2014 0.6 (0.3, 1.3) 0.19 0.8 (0.7, 1.0) 0.0502 0.9 (0.6, 1.2) 0.49 0.8 (0.7, 1.0) 0.04
2015–2018 0.1 (0.1, 0.4) <0.001 0.5 (0.4, 0.7) <0.001 1.3 (0.6, 2.6) 0.51 0.6 (0.5, 0.7) <0.001

Model 2 n = 808 n = 1,123 n = 423 n = 2,345
Operation period

2007–2010 Ref – – – Ref – Ref –
2011–2014 0.6 (0.5, 1.0) 0.04 0.8 (0.7,1.0) 0.0509 0.9 (0.6, 1.2) 0.23 0.8 (0.7, 1.0) 0.04
2015–2018 0.1 (0.1, 0.3) <0.001 0.5 (0.4,0.7) <0.001 1.3 (0.6, 2.6) 0.51 0.6 (0.5, 0.7) <0.001

BCLC, Barcelona Clinic Liver Cancer stage; Model 1 being unadjusted; Model 2 adjusting model 1 for potential prognostic factors 
including age, initial onset, BCLC stage, serum AFP level, and albumin.

Clavien 
Grade

Complication Total 
(n = 122)

2007–2010 
(n = 27)

2011–2014 
(n = 42)

2015–2018 
(n = 53)

V Deaths 5 (0.21) 2 (0.48) 2 (0.21) 1 (0.10)

IVb Respiratory failure 1 (0.04) 0 (0.00) 0 (0.00) 1 (0.10)

IIIb Colon perforation 5 (0.21) 2 (0.48) 1 (0.11) 2 (0.20)
Needle tract 5 (0.21) 2 (0.48) 2 (0.21) 1 (0.10)
Severe bleeding 4 (0.17) 1 (0.24) 1 (0.11) 2 (0.20)
Respiratory failure 1 (0.04) 0 (0.00) 0 (0.00) 1 (0.10)

IIIa Needle tract 25 (1.06) 5 (1.19) 10 (1.06) 10 (1.01)
Pleural effusion 62 (2.63) 12 (2.86) 23 (2.44) 27 (2.72)
Ablation zone infection 11 (0.47) 3 (0.71) 2 (0.21) 6 (0.61)
Cholecyst perforation 1 (0.04) 0 (0.00) 0 (0.00) 1 (0.10)
Severe bleeding 2 (0.08) 0 (0.00) 1 (0.11) 1 (0.10)

Data are numbers of patients with percentages in parentheses for categorical variables.

Table 4. Major complications during and 
after all patients treated by MWA
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Discussion

A variety of studies on MWA of HCC have been re-
ported in recent decades from the viewpoint that this min-
imally invasive modality can be applied to patients who 
are intolerant to surgery and can be conducted repeatedly 
for disease recurrence in the same patients [8, 26]. How-
ever, results on the large database evaluating more than 10 
years of technique efficacy are absent due to its relatively 
short history of clinical applications, despite several stud-
ies reporting the 5-year outcomes [8–10, 26, 27]. Based on 
previously accumulated clinical experiences, we orga-
nized a multicentric study on a 12-year consecutive case 
series from 5 tertiary referral and high-volume centers. 
This study had two primary aims: 1. to investigate the 10-
year therapeutic advancement of the percutaneous MWA 
technique for treating HCC during 3 periods; 2. to ascer-
tain whether survival and recurrence benefit has been 
achieved for many subjects of MWA for HCC with BCLC 
stage B, risk location, and rapid progression, by analyzing 
valuable data on tumor progression, patient survival, and 
variables relevant to these outcomes and complications. 
To our knowledge, this study is the first to document the 
largest sample of ablation treatment for HCC with the 10-
year outcome (online suppl. Table S17). Although the 
present results were based on heterogeneous nationwide 
data, we believe that analyzing a large multicentric cohort 
of over 2,300 patients can elicit reliable conclusions.

On a total of 2,354 HCC patients, 4,051 percutaneous 
MWA sessions were performed, showing that MWA has an 
acceptable antitumor effect. The vast majority (97.5%) of 
tumors were diagnosed as completely ablated by contrast-
enhanced imaging such as TS after MWA, including both 
the first MWA and iterative MWA for recurrence. Al-
though the TS rate differed with increasing tumor size, 
there was no distinct drop-off in the effectiveness. Espe-
cially for 3.1–5.0-cm HCCs, ablation sessions gradually de-
creased, and TS gradually increased over time, reflecting the 
interventional radiologists’ skill in mastering the MWA 
technique. Apart from TS, the LTP is another crucial index 
to evaluate the technological level on complete ablation per-
formance, which has been reported to be related to im-
proved survival of HCC patients [28–30]. The favorable TS 
and LTP rates observed in this study were likely attributed 
to the repeated MWA procedures generally performed 
within 3 days after MWA when the residual tumor was de-
tected or insufficient ablation margin was observed by con-
trast-enhanced imaging (US, magnetic resonance imaging, 
or computed tomography). Complete local control for tu-
mors might have contributed to the improved survival re-

sults in the study, even when including 32.7% of BCLC stage 
B cases and 34.7% of patients with high-risk comorbidities 
for resection. However, larger tumor size (>3.0 cm) and 
perivascular location remained the major challenges for 
LTP improvement. Reasonable spatial distribution of ther-
mal field to cover the large-size tumor and reduction of heat 
sink’s adverse effect are major but not the only factors that 
accounted for the TS and LTP of MWA. Continuous ad-
vancements along the direction of these strategies may en-
hance the prognosis.

MWA for HCC has been verified as a safe and effective 
procedure over the past decade. Improving the survival 
results has become the next important target in the MWA 
management of HCC. Frequent recurrence is the predica-
ment for HCC treatment, and HCC progression was the 
leading cause of death in our study. Most recurrences were 
not LTP and EM but IDM after MWA. The decrease of 
IDM and EM over the three periods manifested their con-
tribution to gradually increasing HCC-related survival. 
The current study shows that the prognosis of BCLC stage 
0/A HCC and the OS, DFS, and CSS for BCLC stage BHCC 
improved over the past decade. Although there was no 
clear adjuvant therapy after MWA to reduce recurrence, 
it is noteworthy that periodic follow-up to observe most 
recurrences at limited stage was a crucial factor in improv-
ing prognosis. Iterative MWA, due to its minimal invasion 
and validity, could provide patients with recurrent disease 
the potential opportunity to eradicate the tumor com-
pletely if the tumor is detected early. In our study, MWA 
was performed for recurrence in 77.1% of cases, even up 
to 11 procedures of MWA in the same patient, reflecting 
the special advantages of repeatability for ablation.

Our cohort documented a clear ascending rate of OS, 
DFS, and CSS over the three periods as expected. The in-
dependent risk significance of tumor stage BCLC B and 
not initial HCC at MWA was shared by three survivals, 
which strongly stresses the importance of early treatment 
as the determinant of prognosis [31]. However, the inde-
pendent prognostic significance of the time-period of 
MWA indicates that improvement of the therapeutic 
technique contributed to the amelioration of survival; 
specifically, favorable OS and DFS advances over time 
were observed in ER patients, who have relatively strong 
tumor invasive potential, accounted for 47.7% of relapsed 
HCC cases, and have been associated with poor survival. 
This is likely owing to the thermal efficiency advantage of 
MWA, as well as the rapid development of the ablation 
technique, including artificial fluid infusion, three-di-
mensional ablation plan, evaluation, and multi-model 
image fusion navigation [11, 23, 32], which promote the 
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complete necrosis of target lesions, even if there is rapid 
disease recurrence after MWA. In addition, the contribu-
tion of palliative treatment options such as transarterial 
chemoembolization, radiation therapy, and systemic 
sorafenib therapy in combination with MWA for some 
patients experiencing late-stage recurrence and frequent 
recurrence cannot be ignored. Therefore, patients benefit 
from early tumor detection for recurrent HCC to access 
MWA and multiple treatment modalities. Over the past 
decade, even though other treatment modalities could 
not achieve comparable survival with iterative MWA in 
recurrent patients, the further prolonged survival of HCC 
patients after combined treatments is still expected once 
the efficacy of combining the target and immunotherapy 
adjuvant therapies is fully established and recommended 
for rational use after MWA.

MWA is a safe procedure. Although 816 (34.7%) pa-
tients treated with MWA in this study were at high risk 
for resection for insufficient hepatic functional reserve or 
other comorbidities, major complications occurred in 
only 2.2% of the patients. Furthermore, iterative MWA is 
also a safe and well-tolerated option for patients. There-
fore, MWA provides a chance for minimally invasive in-
activation of the tumor and liver function protection after 
repeated ablation in the same patient. This was especially 
true in the 348 patients who received more than three 
treatments or even when the patient underwent 11 MWA 
treatments. Therefore, it may be more beneficial than sur-
gery with limited repeated resection chance and relative-
ly high morbidity, particularly because laparoscopic he-
patic resection has a major complication rate of 2.3–9.8%, 
as reported in recent studies [17, 33, 34].

Some additional limitations should be mentioned. This 
large-scale study, which was based on a multicenter data-
base, provides a strong interpretation of the real-world 
effectiveness of US-guided percutaneous MWA treatment 
for HCC. However, the generalized interpretation of our 
results toward the low-volume centers, or even commu-
nity hospitals with less experience, is not clear. Moreover, 
the real-world data included initial and recurrent HCC 
patients. Although the impact of prior treatments was still 
in dispute for the ablation effect, the inferior OS of recur-
rent HCC compared to the initial disease could potential-
ly drag down the long-term survival results in our study. 
The detailed prognosis difference between the two groups 
is worth exploring. In addition, tumor biology and differ-
entiation are relevant factors when observing tumor re-
currence. The technique efficacy is an important indicator 
to evaluate the “adequate” ablation of the tumor and re-
flect the ablation skills. However, it is difficult to address 

their possible relationship with MWA prognosis for the 
missing variables in the retrospective study. A prospective 
follow-up study with a worldwide representative database 
is required to quantitatively assess the contribution of this 
technique for the HCC treatment.

In conclusion, this 12-year follow-up report of the 
multicenter cohort study provides valuable evidence with 
the longest follow-up data yet for HCC patients treated 
with percutaneous MWA. It showed a significant im-
provement in both OS and DFS results over the past de-
cade due to advances in the early detection and ablation 
management of HCC. Furthermore, improving long-
term survival after MWA of HCC depends on research 
efforts to develop effective local tumor control techniques 
and adjuvant therapy in the future.
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