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Abstract

Purpose It is known that thermal liver ablation can induce

liver hypertrophy. However, exact impact in liver volume

remains unclear. The aim of this study is to assess the

influence of radiofrequency or microwave ablation (RFA/

MWA) on liver volume in patients with primary and sec-

ondary liver lesions. Findings can be relevant in assessing

the potential extra benefit of thermal liver ablation in

preoperatively performed liver hypertrophy inducing pro-

cedures, such as portal vein embolization (PVE).

Methods Between January 2014–May 2022, 69 invasive

treatment naı̈ve patients with primary (n = 43) or sec-

ondary/metastatic (n = 26) liver lesions (in all segments,

except in segments II/III) treated percutaneously by RFA/

MWA were included. Total liver volume (TLV), segment

II ? III volume (serving as ‘‘distant liver volume’’), abla-

tion zone volume and absolute liver volume (ALV,

calculated by subtracting the ablation zone volume from

the TLV) were the study outcomes.

Results ALV in patients with secondary liver lesions

increased to a median percentage of 106.87% (IQR =

99.66–113.03%, p = 0.016), volume of segments II/III

increased to a median percentage of 105.81% (IQR =

100.06–115.65%, p = 0.003). ALV and segments II/III in

patients with primary liver tumours remained stable, with a

median percentage of 98.72% (IQR = 92.99–108.35%,

p = 0.856) and 100.43% (IQR = 92.85–109.41%,

p = 0.699), respectively.

Conclusion In patients with secondary liver tumours, ALV

and segments II/III increased after MWA/RFA by an

average of approximately 6%, while ALV in patients with

primary liver lesions remained unchanged. Besides the

curative intent, these findings indicate the potential added

benefit of thermal liver ablation on FLR hypertrophy

inducing procedures in patients with secondary liver

lesions.

Level of evidence Level 3, non-controlled retrospective

cohort study.
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Introduction

Thermal ablation is an effective first-line treatment for

patients with a primary or secondary liver carcinoma [1–3].

It is a versatile technique with a low complication rate and

a short hospital admission compared to surgery [4, 5]. A

recent mice study has demonstrated that the loss of hepa-

tocytes due to radiofrequency ablation may lead to a pro-

liferation in total liver volume and regeneration of the liver

parenchyma, with a maximum of 9.4% at 10 weeks after

ablation [6]. The effect of ablation on the liver volume of

human livers is, however, still not well known.

In patients undergoing major liver surgery (for example

in diffuse liver metastases), fatal post-hepatectomy liver

failure (PHLF) continues to be a problem [7, 8]. Previous

research has shown that up to 30% of patients undergoing

major liver resections (resection of at least three segments)

develop different grades of PHLF, making it the largest

cause of mortality after liver surgery [9]. PHLF is primarily

caused by a low functional capacity (due to cirrhosis,

cholestasis) or an insufficient future liver remnant (FLR)

[4]. In order to stimulate growth of the FLR, often

interventions such as a portal vein embolization (PVE) or

associated liver partition and portal vein ligation for staged

hepatectomy (ALPPS) are performed 2–6 weeks before

liver resection [5, 10–12]. However, following these

interventions FLR hypertrophy still remains insufficient in

20–30% of cases to allow safe surgery. The need for other

or additional hypertrophy inducing interventions therefore

remains. The findings in animal research underline the

potentially added value of liver ablation in inducing liver

hypertrophy.

The aim of this study is therefore to retrospectively

assess liver volume changes after ablation in invasive

treatment naı̈ve patients, to evaluate the potential addi-

tional effect of this technique on liver hypertrophy induc-

ing procedures.

Materials and Methods

This is a single-centre retrospective cohort study for

patients receiving percutaneous ablation of primary or

secondary liver lesions in a tertiary care hospital in the

Netherlands. The study protocol was reviewed by the local

medical ethics committee. The need to obtain individual
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informed consent according to the Dutch Medical Research

Involving Human Subjects Act was waived. This study was

conducted in accordance with good clinical practice and

the applicable national and European laws.

All required data were collected from the hospital’s

electronic health records (SAP GUI 7.60) and recorded in

an online electronic database (Castor EDC, V2020.2.20).

All patient information was pseudonymized by using a

unique code, which was saved on a local external hardware

disc of the hospital that was only accessible to the asso-

ciated researchers.

Patient Population

All consecutive patients with primary or metastatic liver

lesions, treated by percutaneous MWA or RFA, between

January 2014 and May 2022, were included. Other inclusion

criteria were: A CT scan or MRI scan less than 24 h after

ablation, and aCTorMRI scan at least 9 weeks after ablation.

Exclusion criteria were: Patients with previous ablations or

liver surgery, ablations performed during a (laparoscopic)

liver resection and ablations in liver segments II/III.

For ablation, the HS Amica generator (HS; Hospital

Service) or the NeuWave Microwave ablation system

(Ethicon; Johnson & Johnson) was used, with needle

placement under ultrasound and/or CT guidance. The

duration of the ablation and the used wattage depended on

the required ablation zone volume and underlying disease

and was determined by the treating physician.

Liver Analysis

All CT scans were analysed using the Syngo.via worksta-

tion (Siemens Healthineers GmbHs, Client 5.1; liver

analysis programme). MRI liver volumetry assessment was

performed using the OsiriX (DICOM Viewer Lite,

v.12.5.3). Liver volumetry, using manual segmentation,

was performed by a trained researcher and supervised by

an experienced interventional radiologist. To train the

researcher, twenty liver volumes and segmentations were

performed together with the researcher and the interven-

tional radiologist, before liver volumetry of the study

population was performed.

Outcome Measures

Total liver volume in cm3 (TLV) and volume of liver

segments II/III were measured directly or within 24 h after

the ablation and after[ 9 weeks. The timepoint of[ 9

weeks was chosen, since maximal growth is expected in the

first 9 weeks [6]. The volumes of segments II/III were

regarded as distant liver segments and surrogate for FLR,

to compare local and distal volume changes. To reduce

measurement errors, only segments II and III were selected

as their anatomy allows reliable delineation.

The ablation zone volume was measured on the CT or

MRI scan\ 24 h after ablation. Absolute liver volume

(ALV) was calculated as TLV minus ablation zone volume.

To calculate the DALV and Dsegment II/III, we subtracted

the volume at\ 24 h after ablation of the vol-

ume[ 9 weeks after the ablation.

Statistical Analysis

Baseline patient characteristics were described using

descriptive statistics. The differences between baseline

patient characteristic were tested: continuous variables

were compared using the independent-sample t test or

Mann–Whitney U test, depending on the normality. His-

tograms were used for checking normality. The Chi-

squared or Fisher exact were used for categorical and

dichotomous parameters. The liver volumes are checked

for normality using histograms and compared with a Wil-

coxon signed rank test. Data of the liver volumes were

presented as median with interquartile range [IQR], or as

percentage with IQR. The Spearman’s rho was calculated

to compare the correlation between ablation volume and

liver volumes. A p value of\ 0.05 was considered statis-

tically significant. All analyses were performed using IBM

SPSS Statistics software version 25.0.

Results

Patient and Tumour Characteristics

Sixty-nine patients were included in the study (Fig. 1), 48

(69.6%) were male. Forty-three patients (62.3%) were

treated for primary liver tumours and 26 patients for sec-

ondary liver tumours. Thirty-seven patients with primary

liver tumours and none of the patients with secondary liver

tumours had underlying liver cirrhosis. In total 89 tumours

were treated, of which 53 lesions were primary liver

tumours (59.6%) and 36 lesions were secondary liver

tumours. In 11 patients two liver tumours were treated, in

three patients three liver tumours, and in one patient four

liver tumours. Patient characteristics are shown in Table 1.

The TLV, ALV and the ablation zone volumes less than

24 h after ablation and after more than 9 weeks are pre-

sented in Table 2.

Liver Volumes—Total Liver Volume

The median TLV in patients with primary liver tumours

showed a slight decrease from 1626.14 cm3 to 1591.92 cm3

(p = 0.433), the median TLV in patients with secondary
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liver tumours showed a slight increase from 1449.69 cm3 to

1492.01 cm3 (p = 0.058), although both not statistically

significant. The median percentage in patients with sec-

ondary liver tumours increased to 104.55%

[IQR = 97.77–110.54%].

Liver Volumes—Ablation Volume

The ablation volume decreased in both groups. In patients

with primary liver tumours, the median ablation volume

decreased from 34.56cm3 to 22.08 cm3 (67.54% [IQR =

78.19–47.50%]). In patients with secondary liver tumours,

the median volume of the ablation zone decreased from

37.99 cm3 to 13.48 cm3, reflected in a decrease of the

median percentage to 54.58% [IQR = 69.07–35.83%].

Liver Volumes—Absolute Liver Volume

Median ALV remained stable in patients with primary liver

tumours (1597.57 cm3 before versus 1576.82 cm3 after

(p = 0.856)). Median ALV in cm3 and percentage statisti-

cally significantly increased in patients with secondary liver

tumours from 1392.32.45 cm3 to 1477.47 cm3 (p = 0.010)

and to 106.87% ([IQR = 99.66–113.03%], p = 0.016),

respectively, compared to baseline liver volumes. No sta-

tistically significant correlation was measured between

ALV and the ablation volume in both groups (Table 3).

Liver Volumes—Segments II/III

In patients with primary liver tumours, median volume of

the distant liver segments/segments II/III remained

Fig. 1 Flowchart of included

patients with primary or

secondary liver tumours. OR:

operation room; TACE:

transarterial

chemoembolization.
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stable with a slight, non-significant volume decrease from

373.812cm3 to 368.18cm3 (p = 0.655). A statistically sig-

nificant increase in volume of segment II/III was seen in

patients with secondary liver tumours, with an increase of

the median from 241.44cm3 to 248.58cm3 and a percentage

of 105.81% ([IQR = 100.06–115.65%], p = 0.002). A sta-

tistically significant correlation of q = 0.393 was found

between Dsegment II/III and the ablation volume in

patients with secondary liver tumours (p = 0.047).

Discussion

This study showed a slight, but statistically significant

increase in ALV and increase in volume of liver segments

II/III after percutaneous ablation in patients with secondary

liver tumours. In patients with primary liver tumours, the

absolute liver volume and segment II/III remain

unchanged.

To our knowledge, there are limited studies reporting on

liver volume changes after percutaneous ablation. As

mentioned above, early research in mice has demonstrated

that thermal (radiofrequency) ablation leads to regeneration

of liver volume [6]. Additionally, another mice study

showed that hepatocytes around the ablation zone were

positive for proliferation marker (CDC47) 72 h after

ablation, whereas the hepatocytes at a larger distance

(untreated lobe) from the ablation zone showed lower

CDC47 levels [13], which was correlated with less hepa-

tocyte proliferation. After 7 and 14 days, CDC47 levels

were higher in the untreated lobe, suggesting a diffuse

growth effect of hepatocytes after ablation in livers. In the

Table 1 Patients baseline characteristics

Primary tumours (n = 43)

n
Secondary tumours (n = 26)

n

Age in years; mean (SD) 67.35 (8.41) 69.42 (10.42)

BMI in kg/m2; mean (SD) 29.12 (5.41) 26.52 (3.65)

Sex, male 33 15

Portal hypertension

Yes 37 3

No 6 23

Cirrhosis

Yes 37 0

No 6 26

Child–Pugh score of cirrhotic patients#

A 35 NA

B 6 NA

C 1 NA

Neo-adjuvant chemotherapy

Yes 4 12

No 33 11

Unknown 6 3

ASA score

2 13 20

3 25 6

4 5 0

Total tumours*

Subcapsular 27 14

Located deep 26 22

Total liver volume in cm3; 1591.92 1492.01

median [IQR] [1418.20–1943.41] [1232.34–1921.59]

Segment II ? III volume in cm3; median [IQR] 368.18 [308.25–459.01] 248.58 [188.09–311.07]

BMI: body mass index; ASA score: American Society of Anesthesiologists score
#In one patient, the Child–Pugh score was unavailable. *Eleven patients were treated for two liver tumours, three patients for three liver tumours

and one patient for four liver tumours
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current study, a similar growth in total liver volume but

also in the volume of segments II/III (distant liver segments

and surrogate for FLR) was observed in patients with

secondary liver tumours, confirming a more diffuse growth

effect. This is further underlined by the observation of a

significant correlation between the growth of segment II/III

and the size of the ablation volume.

Currently, different research groups focus on minimal

invasive interventions to induce liver hypertrophy prior to

major liver resection, in order to minimise the chance of

PHLF [5, 10–12]. The current standard procedure to induce

hypertrophy of the future liver remnant (FLR) is the portal

venous embolization (PVE). It is, however, known that still

20–30% of the patients who have undergone a PVE in the

preoperative phase never undergo liver resection [5, 12].

Insufficient FLR growth or progressive disease in the time

between PVE and resection are two of the main reasons

[14]. Combined portal and hepatic vein embolization

(PVE/HVE) has shown higher rates of liver hypertrophy

and resection compared to PVE alone, without an added

risk of complications and mortality [15–17]. However,

even with this promising and powerful technique, liver

hypertrophy is not always sufficient or fast enough. Adding

thermal ablation to this procedure might even further

increase and speed up the hypertrophy rate. As the gain of

volume, observed in our study, is relatively small (a vol-

ume increase of 6% of the absolute liver volume represents

about 85cm3) thermal liver ablation on its own, with the

purpose as a liver hypertrophy inducing procedure, is not

feasible. Because of the observed systemic rather than a

local effect, our findings, however, do suggest that thermal

ablation done even outside the segments of the FLR could

be of added value to other hypertrophy inducing

techniques.

Data on thermal ablation in combination with an FLR

hypertrophy inducing procedure are scarce. PVE in com-

bination with RFA and ‘‘percutaneous microwave ablation

liver partition and portal vein embolization (PALPP)’’,

which is a less invasive ALPPS procedure, has shown

promising results. However, exact influence on outcomes

needs to be further evaluated [18, 19]. It is important to

mention that the use of RFA in these studies was not to

induce liver hypertrophy but was seen as an additional

observation after treating a liver tumour.

In contrast to patients with secondary liver tumours,

hypertrophy was not seen in patients with primary liver

tumours. These patients often presented with an underlying

cirrhosis and the regeneration capacity of cirrhotic livers

are often diminished [20]. Since none of the patients with

secondary liver tumours in this cohort had underlying cir-

rhosis, these patients showed a higher regeneration

capacity, which resulted in the significant increase in ALV.

The observation of liver growth after ablation also might

indicate that larger ablation volumes and wider ablation

margins should be possible, especially in patients with

secondary liver tumours. Most treating physicians try to

achieve a minimal ablation margin of 10 mm to the tumour

in patients with secondary liver tumours, but may feel

hampered in achieving a proper margin, by the possibility

of inducing liver failure when treating larger or multiple

(e.g.[ 3) tumours in multiple sessions. Our results might

stimulate physicians practising liver tumour ablation to

adapt to a more aggressive ablation strategy (in patients

with secondary liver tumours), aimed at lower local

recurrences. The exact relation between ablation margin

and oncological outcomes is, however, still under investi-

gation [21–23].

Certain limitations of this study need to be acknowl-

edged. First, this is a retrospective analysis with a limited

number of included patients, which may have influenced

the obtained results. However, due to the strict selection of

consecutively included treatment naı̈ve patients with

imaging available on two specified timepoints, a homoge-

nous group was selected to minimise selection bias. Future

studies with larger patient groups and collecting other data

(such as biomarkers) should therefore be performed to

further assess the results.

Secondly, the liver analysis and volumetry were per-

formed using two different volumetry programmes, as it

was impossible to perform volumetry on MRI scans in the

programme initially chosen (Syngo.via). Therefore, the

Osirix DICOM viewer was added for the volumetry on

MRI scans. However, to investigate the different perfor-

mances of these software, five livers were measured by the

Table 3 Correlation outcomes in patients with primary and secondary liver tumours

Primary tumours Secondary tumours

Spearman’s rho correlation p value Spearman’s rho correlation p value

Ablation volume vs. DALV* - 0.178 0.253 0.182 0.373

Ablation volume vs. DSegment II/III - 0.186 0.232 0.393 0.047

* DALV: Absolute liver volume[ 9 weeks minus absolute liver volume\ 24 h after ablation; � DSegment II/III: Segment II/III liver vol-

ume[ 9 weeks minus segment II/III liver volume\ 24 h after ablation
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same researcher with both software, no significant differ-

ences were observed. Thirdly, the patients in this study

underwent ablations as local treatment for their tumours

and not with the aim to induce hypertrophy. Therefore,

liver hypertrophy should be considered as additional effect

of the procedure and not as the primary intention.

Conclusion

In patients with secondary liver tumours, ALV and seg-

ments II/III increased after MWA/RFA by an average of

approximately 6%, while ALV in patients with primary

liver lesions remained unchanged. Besides, the curative

intent, these findings indicate the potential added benefit of

thermal liver ablation on FLR hypertrophy inducing pro-

cedures in patients with secondary liver lesions.
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