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Simple Summary: Splenic volume (SV) has been identified as a highly predictive parameter for
prognosis in patients with hepatocellular carcinoma (HCC). Moreover, an association between
immunotherapy and an increase in SV has been described for various types of cancer. In our cohort
of patients with HCC under immunotherapy, SV was a highly predictive factor for overall survival at
baseline and initial follow-up. Although a large proportion of patients (76%) showed an SV increase
after the initiation of immunotherapy, this additional immuno-modulated SV change was negligible
compared to long-standing changes in the splanchnic circulation in our patient cohort.

Abstract: Background: An association between immunotherapy and an increase in splenic volume (SV)
has been described for various types of cancer. SV is also highly predictive of overall survival (OS) in
patients with hepatocellular carcinoma (HCC). We evaluated SV and its changes with regard to their
prognostic influence in patients with HCC undergoing immunotherapy. Methods: All patients with
HCC who received immunotherapy in first or subsequent lines at our tertiary care center between
2016 and 2021 were screened for eligibility. SV was assessed at baseline and follow-up using an
AI-based tool for spleen segmentation. Patients were dichotomized into high and low SV based
on the median value. Results: Fifty patients were included in the analysis. The median SV prior
to treatment was 532 mL. The median OS of patients with high and low SV was 5.1 months and
18.1 months, respectively (p = 0.01). An increase in SV between treatment initiation and the first
follow-up was observed in 28/37 (75.7%) patients with follow-up imaging available. This increase in
itself was not prognostic for median OS (7.0 vs. 8.5 months, p = 0.73). However, patients with high
absolute SV at the first follow-up continued to have impaired survival (4.0 months vs. 30.7 months,
p = 0.004). Conclusion: High SV prior to and during treatment was a significant prognostic factor
for impaired outcome. Although a large proportion of patients showed an SV increase after the
initiation of immunotherapy, this additional immuno-modulated SV change was negligible compared
to long-standing changes in the splanchnic circulation in patients with HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and one of
the leading causes of cancer-related deaths worldwide [1]. Patients suffering from HCC
tend to have two underlying diseases that influence their prognosis and treatment outcome;
in more than 80% of Western patients, HCC developed in existing liver cirrhosis [2]. Thus,
in addition to the tumor burden, survival is heavily influenced by the remaining liver
function. Liver cirrhosis itself leads to the development of portal hypertension [3]. Portal
hypertension, in turn, is a factor influencing the risk of hepatic decompensation during
HCC treatment and is furthermore a prognostic factor for overall survival (OS) [4–6]. The
reference standard for measuring portal hypertension is direct measurement of the hepatic
vein pressure gradient (HVPG) through a transjugular approach [2,4]. However, due to
its invasive nature and high effort, HVPG measurement is not routinely performed in the
diagnostic evaluation of patients with HCC. Consequently, other clinical parameters, such
as low platelet count, the presence of esophageal/gastric varices, and ascites, are considered
surrogates in the identification of patients with clinically relevant portal hypertension
(CRPH) [7–9].

Splenic volume (SV) at baseline and during treatment has also been identified as a sur-
rogate for CRPH in patients with HCC [10]. Furthermore, it is highly relevant for predicting
the prognosis in patients with HCC undergoing curative and palliative treatment [11–15].
Novel AI-based methods enable a fully automated assessment of the SV using computed
tomography (CT) data [15,16]. Thus, it can be considered a promising imaging biomarker
with the potential for full integration into the routine radiology workflow.

In recent years, the results of the IMbrave150 trial led to changes in the treatment
paradigm: Immunotherapy has become a first-line systemic treatment option for patients
with advanced HCC and for patients in whom other treatment options have failed [17–21].
Furthermore, several ongoing trials are currently investigating other potential immunother-
apeutic agents in various tumor stages [19,22,23]. However, immunotherapy has been
linked to systemic reactions and shown to influence several organ systems besides the
target [24]. One organ that is affected is the spleen. A change in SV during treatment has
been previously reported for patients with melanoma and lung cancer [25,26]. Furthermore,
SV has been identified as a risk factor for survival outcomes [26].

No study has yet investigated the role of SV and changes in SV in patients with HCC
receiving immunotherapy. Given the high coincidence of concomitant liver cirrhosis and
increased SV prior to treatment, the present study aimed to investigate whether additional
immuno-modulated changes in SV occur and have a detrimental effect in HCC patients
undergoing immunotherapy.

2. Materials and Methods

The Ethics Committee of the Medical Association of Rhineland Palatinate, Mainz,
Germany, approved this study (permit number 837.199.10). The requirement for informed
consent was waived due to the retrospective nature of the study. This report followed the
guidelines for reporting observational studies (STROBE) [27].

2.1. Patients

This retrospective study included all patients with HCC who presented in our ded-
icated HCC outpatient clinic between May 2016 and October 2021 for the initiation of
immunotherapy. Inclusion criteria were age > 18 years, histological or image-derived HCC
diagnosis based on the EASL criteria, immunotherapy as systemic treatment, CT images
available prior to immunotherapy, and demographic, clinical, and laboratory data available
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at initiation of the immunotherapy and during follow-up. Of the scanned 64 patients, 50
(78.1%) patients fulfilled all inclusion criteria (Figure 1).
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Figure 1. Flowchart of the patient selection process for this study.

2.2. Diagnosis, Treatment, and Follow-Up

As previously reported, histological or image-derived EASL criteria were used for
the diagnosis of HCC [2,28]. The decision to initiate immunotherapy was made by an
interdisciplinary tumor board. The board consisted of hepatologists/oncologists, diagnostic
and interventional radiologists, visceral surgeons, pathologists, and radiation therapists,
who discussed each case prior to the treatment decision. All patients received contrast-
enhanced multiphasic CT imaging prior to treatment initiation. Follow-up consisted of
clinical examination, blood sampling, and cross-sectional imaging, which was typically
repeated every 6 to 12 weeks.

2.3. Splenic Volume Assessment

SV was assessed using an established tool for fully automated segmentation and
volumetry of the spleen installed at our institution [15]. This algorithm employs the open-
source MIScnn library, a convolutional neural network with a U-Net architecture, and
has previously been trained for spleen segmentation in patients with HCC undergoing
transarterial chemoembolization (TACE) [29]. Detailed information on the features of the
network, the settings for training and validation, and the model’s performance can be
found in the original publication [15]. The output of the network consisted of graphic
overlays, which were reviewed by two independent readers. The quality of the graphic
overlays was rated as perfect, acceptable, or poor. Consensus reading was performed
in the case of discrepancies (n = 2 (4.0%)). Patients with perfect or acceptable SVs were
included in the statistical analyses (n = 48); patients with a poor grade (n = 2) were manually
re-segmented to obtain the proper SV for further analyses as reported previously [15]. For
manual segmentation, the freely available LIFEx software was used (www.lifexsoft.org) [30].
In a second step, SV was normalized to the body surface area (BSA), which was calculated
using the patient’s height and weight.

www.lifexsoft.org
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2.4. Statistical Analysis

Statistical analyses and graphic design were performed in R 4.0.3 (A Language and
Environment for Statistical Computing, R Foundation for Statistical Computing, http://
www.R-project.org; accessed on 31 May 2022). Data distribution of the continuous variables
was assessed for normality using the Shapiro–Wilk test. Normally distributed variables
were expressed as mean and standard deviation (SD), whereas non-normally distributed
variables were expressed as median and interquartile range (IQR). Categorical and binary
baseline parameters were reported as absolute numbers and percentages. Categorical
parameters were compared using Fisher’s exact test and continuous parameters using
the Student’s t-test in case of normal distribution and the Mann–Whitney test in case of
non-normal distribution. Survival analyses and creation of the Kaplan–Meier curves were
performed using the packages “survminer” and “survival” (https://cran.r-project.org/
package=survminer, https://CRAN.R-project.org/package=survival, accessed on 31 May
2022). For all patients, OS and progression-free survival (PFS) were calculated from the
initiation of treatment. In addition, for patients with available follow-up imaging, OS
was calculated from the first follow-up. Log-rank testing was used to compare survival
times. Cox proportional hazards regression models assessing hazard ratios (HRs) and
corresponding 95% confidence intervals (CIs) were used to determine the effect of the risk
stratification. Significance was set at p < 0.05.

3. Results
3.1. Baseline Characteristics

A total of 50 patients, 40 males (80.0%) and 10 females (20.0%), with a median age of
68 years (IQR 62–73 years), were included in the final analysis. For the 37 (74.0%) patients
with follow-up CT available, the median time between treatment initiation and follow-up
imaging was 85 days (range 68–100 days). Baseline characteristics are provided in Table 1.

Table 1. Baseline characteristics.

Parameter All Patients (n = 50)

Age, years * 67.2 (9.0)

Sex ***
Female 10 (20.0)
Male 40 (80.0)

Etiology of cirrhosis ***
Alcohol 19 (38.0)

Viral 7 (14.0)
Other 11 (22.0)

No cirrhosis 13 (26.0)

Child–Pugh stage ***
A 25 (50.0)
B 10 (20.0)
C 2 (4.0)

No cirrhosis 13 (26.0)

ECOG ***
≤1 47 (94.0)
2 3 (6.0)

BCLC stage ***
B 5 (10.0)
C 42 (84.0)
D 3 (6.0)

Portal vein invasion ***
Yes 26 (52.0)
No 24 (48.0)

http://www.R-project.org
http://www.R-project.org
https://cran.r-project.org/package=survminer
https://cran.r-project.org/package=survminer
https://CRAN.R-project.org/package=survival
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Table 1. Cont.

Parameter All Patients (n = 50)

Distant metastasis ***
Yes 25 (50.0)
No 25 (50.0)

Focality of the liver lesions ***
Unifocal 11 (22.0)

Multifocal 39 (78.0)

Sum of the target lesion sizes, mm ** 83 (51–135)

AFP, ng/mL ** 277 (16–4485)

Albumin, g/L * 30.4 (5.4)

Bilirubin, mg/dL ** 1.5 (0.7–2.3)

INR ** 1.2 (1.1–1.3)

Creatinine, mg/dL ** 0.9 (0.7–1.1)

Thrombocytes, per nL ** 139 (94–260)

Immunotherapy agent ***
Atezolizumab + bevazizumab 29 (58.0)

Pembrolizumab 11 (22.0)
Nivolumab 10 (20.0)

Line of systemic treatment ***
First 29 (58.0)

Second 11 (22.0)
Third 10 (20.0)

Previous therapy ***
Yes 42 (84.0)
No 8 (16.0)

Subsequent therapy ***
Yes 13 (26.0)
No 37 (64.0)

Values are given as * mean (SD), ** median (IQR) or *** n (%). AFP, alpha-fetoprotein; INR, International
Normalized Ratio.

3.2. Increase in Splenic Volume after Initiation of Immunotherapy

The median SV for all patients was 531.8 mL (IQR 270.4–784.4 mL) and the SV to BSA
ratio was 261.9 mL/m2 (IQR 148.1–397.8 mL/m2). For the 37 (74.0%) patients with CT
follow-up imaging available, the median SV at baseline was 524.8 mL (IQR 268.7–784.8 mL)
and the SV to BSA ratio was 273.0 mL/m2 (IQR 163.3–414.8 mL/m2). The median SV at the
first follow-up was 576.9 mL (IQR 307.6–860.7 mL) for these patients (p = 0.37; Figure 2A).
An increase in the SV was observed in 28 (75.7%) patients, whereas 9 (24.3%) patients had a
decrease in SV during early treatment (Figure 2B). The median change in SV was 17.8%
(IQR 2.2–27.3%; range-36.1–141.7%).

For the following analyses, patients were dichotomized into high and low SV based
on the median SV to BSA ratio of the patient cohort. According to this stratification, among
initial and follow-up imaging, a change from the low to high SV group was observed in
only 2 (5.4%) patients, whereas 35 (94.6%) patients remained in their initial group.
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Figure 2. Splenic volume (SV) at baseline and during treatment with immunotherapy agents. (A) Box-
plots of the SV at baseline and during follow-up. (B) Relative individual changes in SV between
baseline and first follow-up.

3.3. Correlation of Splenic Volume with Parameters of Liver Function, but Not with Tumor Burden

Patients with high SV had significantly lower albumin levels, higher bilirubin levels,
and fewer thrombocytes. No significant differences were observed regarding the INR, the
sum of the target lesions, the presence of portal vein infiltration, and the presence of distant
metastasis (Table 2).

Table 2. Comparison of liver function- and tumor burden-related parameters in patients with low
and high splenic volume (SV).

Parameter Low SV (n = 25) High SV (n = 25) p-Value

Liver function

Albumin, g/L * 32.2 (5.9) 28.5 (4.21) 0.014
Bilirubin, mg/dL ** 0.8 (0.6–1.6) 2.1 (1.5–2.7) <0.001

Thrombocytes, per nL ** 224 (138–315) 101 (75–139) <0.001
INR ** 1.1 (1.1–1.3) 1.2 (1.1–1.4) 0.190

Tumor burden

Sum of the target lesions, mm ** 76 (50–122) 88 (51–156) 0.663
Presence of portal vein infiltration *** 13 (52.0) 13 (52.0) 1.000

Presence of distant metastasis *** 16 (64.0) 9 (36.0) 0.089
Values are given as * mean (SD), ** median (IQR) or *** n (%).
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3.4. Independence of Splenic Volume and Radiological Response

For patients with available follow-up imaging, radiological response was assessed
according to mRECIST. The baseline SV of patients with a partial response, stable disease,
and progressive disease was 324 mL (IQR 280–581 mL), 670 mL (IQR 471–938 mL), and
412 mL (IQR 249–733 mL), respectively. The follow-up SV in patients with a partial
response, stable disease, and progressive disease was 407 mL (IQR 345–666 mL), 744 mL
(IQR 531–923 mL), and 479 mL (IQR 293–758 mL), respectively. The median relative change
in SV in patients with a partial response, stable disease, and progressive disease between
initial imaging and follow-up was 19.1% (IQR 13.3–23.1%), 4.4% (IQR −7.2–24.0%), and
21.9% (IQR 11.9–37.3%), respectively (Figure 3).
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Figure 3. Splenic volume among the various response categories. (A) Baseline, (B) follow-up, and
(C) relative change.



Cancers 2022, 14, 3574 8 of 12

3.5. Significant Impact of High Splenic Volume at Treatment Initiation and during Follow-Up on
Overall Survival

The median OS of patients with high SV at baseline was 5.1 months, whereas patients
with a low SV had a median OS of 18.1 months (p = 0.013; Figure 4A). The PFS in patients
with high SV at baseline was 4.6 months, whereas patients with a low SV had a median
PFS of 5.3 months (p = 0.410; Figure 4B).
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Subsequently, we investigated the survival of patients with high and low SV at the
first follow-up. Patients with high and low SV at the first follow-up had a median OS of
4.0 months and 30.7 months (p = 0.004), respectively (Figure 5A). Patients with an increase
in SV from baseline to first follow-up had a median OS of 7.0 months, whereas patients
with a decrease in SV had a median OS of 8.5 months (p = 0.730; Figure 5B).
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4. Discussion

In this study, we investigated the role of SV and changes in SV with regard to survival
outcomes after the initiation of immunotherapy in patients with HCC. Baseline SV was a
significant prognostic factor for OS. During early follow-up, the majority of patients had an
increase in SV after the initiation of treatment. However, only the absolute SV at the first
follow-up remained a significant prognostic factor, and there was no significant survival
difference in patients with an increase or decrease in SV.

Our results are in line with previous reports on the changes in SV in patients treated
with immunotherapy for other cancer entities [25,26]. Susok et al. investigated the changes
in SV during treatment initiation in 49 patients with stage III and IV melanoma [25]. The
authors reported a significant increase in the SV after 3 months of follow-up and particularly
with the use of anti-CTLA-4 and anti-CTLA-4/anti-PD-1 regimens [25]. However, they
did not identify a significant relationship with other clinical parameters. In our study,
approximately three-fourths of the patients showed an increase in SV during follow-up,
and the median SV increased from 525 to 577 mL, though this increase was not significant.

The median SV change of approximately 18% in our cohort was higher than previously
reported for patients with non-small-cell lung cancer undergoing immunotherapy [26]. In
their study, Galland et al. reported an increase in 63.5% of patients and a median change of
4.4%. Similar to our results, PFS was not associated with the SV, and the authors reported a
significant influence of the baseline SV and the SV during treatment on OS. Unfortunately,
the authors did not provide the median absolute SV at treatment initiation and during
follow-up. However, the cut-offs used for patient stratification indicate a large difference
in the median SV in our patients [26] due to the high proportion of patients with chronic
liver disease in our cohort and the associated increase in SV due to increased pressure in
the splanchnic circulation [3]. In contrast to our results, Galland et al. postulated that the
increase in SV during treatment was significantly associated with impaired survival [26]. In
our study, log-rank testing did not show a significant difference in the survival distribution
of patients with an increase or decrease in SV during treatment. Moreover, the change
in SV under immunotherapy resulted in a change from the low to high SV group in only
two (5%) patients. Therefore, the short-term immuno-modulated increase in SV seems to
be less important than the pre-existing increase in SV induced by long-standing changes
to the splanchnic circulation. Thus, the etiology of changes in SV seems to play a role in
investigating correlations between SV and patient outcomes. This is underlined by the
significant association between SV and liver function in our study.

In patients with HCC, the baseline SV has been identified as a relevant prognostic
factor in various treatment modalities [11–15]. Our results confirm the importance of SV
during initial patient evaluation. However, manual spleen segmentation is time-consuming
and has a high risk of inter-rater variance [31]. Thus, AI-based solutions for automated
SV assessment have the potential to facilitate and standardize this task and enable easy
integration into radiological routine. The feasibility of such concepts was reported previ-
ously for patients with liver cirrhosis and HCC [15,16]. In this study, we used an algorithm
that we had previously trained for patients with HCC undergoing TACE and showed high
accuracy in both training and validation [15]. In our study, the algorithm showed sufficient
segmentation in 96%, confirming the results of the original study [15]. The present study
highlights the easy integration of SV assessment into the routine workflow, together with
the high prognostic importance of SV for patients with HCC undergoing immunotherapy.
Thus, SV assessment should be contemplated in the diagnostic work-up and for estimating
the prognosis in these patients prior to initiating treatment.

The results of this study must be considered in light of several limitations. First,
this study was conducted in a retrospective manner and included a limited number of
patients. However, this dataset was well-investigated and only patients with complete
clinical, laboratory, and imaging data were included. No imputation of missing values was
performed. Second, we decided to include patients treated with various immunothera-
peutic agents to validate the role of SV in a real-life clinical setting. We did not perform
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subgroup analysis on each immunotherapy agent due to the small number of patients in
each subgroup. However, future studies should validate SV as a novel prognostic factor for
various immunotherapy agents and treatment lines.

5. Conclusions

In patients with HCC undergoing immunotherapy, high SV prior to and during treat-
ment was a significant prognostic factor for impaired survival. Although a large proportion
of HCC patients in our cohort had an SV increase after the initiation of immunother-
apy, this increase during treatment did not negatively affect OS per se. Thus, additional
immuno-modulated changes in SV were negligible compared to long-standing changes in
the splanchnic circulation in patients with HCC.

Author Contributions: L.M., S.J.G., R.K., F.F., A.W., J.M., F.S., T.E., C.D., P.R.G. and F.H. devised the
study, assisted in data collection, participated in the interpretation of the data, and helped draft the
manuscript. L.M., S.J.G., R.K., F.F., A.W. and F.H. carried out the data collection. J.M., F.S., T.E., C.D.
and P.R.G. supported the data collection efforts. L.M., R.K. and F.H. created all of the figures and
participated in the interpretation of data. L.M., R.K. and F.H. performed the statistical analysis. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Medical Association of Rhineland Palatinate,
Mainz, Germany (permit number 837.199.10).

Informed Consent Statement: The requirement for informed consent was waived due to the retro-
spective nature of the study by the responsible Ethics Committee.

Data Availability Statement: Data cannot be shared publicly because of institutional and national
data policy restrictions imposed by the Ethics Committee of the Medical Association of Rhineland
Palatinate, Mainz, Germany, since the data contain potentially identifying patient information. Data
are available upon request for researchers who meet the criteria for access to confidential data.

Conflicts of Interest: L.M., F.S. and S.J.G. are supported by the Clinician Scientist Fellowship “Else
Kröner Research College: 2018_Kolleg.05”. A.W. has received speaker fees and travel grants from
Bayer. R.K. has received consultancy fees from Boston Scientific, Bristol-Myers Squibb, Guerbet,
Roche, and SIRTEX and lectures fees from BTG, EISAI, Guerbet, Ipsen, Roche, Siemens, SIRTEX,
and MSD Sharp & Dohme. FF reports receiving consulting and lectures fees from Roche; lectures
fees from Lilly and Pfizer. PRG reports receiving consulting and lectures fees from Adaptimmune,
AstraZeneca, Bayer, BMS, Eisai, Ipsen, Lilly, MSD, Roche, and Sirtex. The funders had no role in
the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Galle, P.R.; Forner, A.; Llovet, J.M.; Mazzaferro, V.; Piscaglia, F.; Raoul, J.-L.; Schirmacher, P.; Vilgrain, V. EASL Clinical Practice

Guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2018, 69, 182–236. [CrossRef] [PubMed]
3. Iwakiri, Y. Pathophysiology of Portal hypertension. Clin. Liver Dis. 2014, 18, 281–291. [CrossRef] [PubMed]
4. Bosch, J.; Abraldes, J.G.; Berzigotti, A.; García-Pagan, J.C. The clinical use of HVPG measurements in chronic liver disease. Nat.

Rev. Gastroenterol. Hepatol. 2009, 6, 573. [CrossRef]
5. Berzigotti, A.; Reig, M.; Abraldes, J.G.; Bosch, J.; Bruix, J. Portal hypertension and the outcome of surgery for hepatocellular

carcinoma in compensated cirrhosis: A systematic review and meta-analysis. Hepatology 2015, 61, 526–536. [CrossRef]
6. Müller, L.; Hahn, F.; Mähringer-Kunz, A.; Stoehr, F.; Gairing, S.J.; Foerster, F.; Weinmann, A.; Galle, P.R.; Mittler, J.; Pinto dos

Santos, D. Prevalence and clinical significance of clinically evident portal hypertension in patients with hepatocellular carcinoma
undergoing transarterial chemoembolization. United Eur. Gastroenterol. J. 2022, 10, 41–53. [CrossRef] [PubMed]

7. Kim, N.H.; Lee, T.; Cho, Y.K.; Kim, B.I.; Kim, H.J. Impact of clinically evident portal hypertension on clinical outcome of patients
with hepatocellular carcinoma treated by transarterial chemoembolization. J. Gastroenterol. Hepatol. 2018, 33, 1397–1406. [CrossRef]

8. European Association For The Study Of The Liver. EASL–EORTC clinical practice guidelines: Management of hepatocellular
carcinoma. J. Hepatol. 2012, 56, 908–943.

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1016/j.jhep.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29628281
http://doi.org/10.1016/j.cld.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24679494
http://doi.org/10.1038/nrgastro.2009.149
http://doi.org/10.1002/hep.27431
http://doi.org/10.1002/ueg2.12188
http://www.ncbi.nlm.nih.gov/pubmed/34918471
http://doi.org/10.1111/jgh.14083


Cancers 2022, 14, 3574 12 of 12

9. Choi, J.W.; Chung, J.W.; Lee, D.H.; Kim, H.-C.; Hur, S.; Lee, M.; Jae, H.J. Portal hypertension is associated with poor outcome of
transarterial chemoembolization in patients with hepatocellular carcinoma. Eur. Radiol. 2018, 28, 2184–2193. [CrossRef]

10. Iranmanesh, P.; Vazquez, O.; Terraz, S.; Majno, P.; Spahr, L.; Poncet, A.; Morel, P.; Mentha, G.; Toso, C. Accurate computed
tomography-based portal pressure assessment in patients with hepatocellular carcinoma. J. Hepatol. 2014, 60, 969–974. [CrossRef]

11. Takeishi, K.; Kawanaka, H.; Itoh, S.; Harimoto, N.; Ikegami, T.; Yoshizumi, T.; Shirabe, K.; Maehara, Y. Impact of splenic volume
and splenectomy on prognosis of hepatocellular carcinoma within Milan criteria after curative hepatectomy. World J. Surg. 2018,
42, 1120–1128. [CrossRef] [PubMed]

12. Bae, J.S.; Lee, D.H.; Yoo, J.; Yi, N.-J.; Lee, K.-W.; Suh, K.-S.; Kim, H.; Lee, K.B. Association between spleen volume and the
post-hepatectomy liver failure and overall survival of patients with hepatocellular carcinoma after resection. Eur. Radiol. 2021, 31,
2461–2471. [CrossRef] [PubMed]

13. Ha, Y.; Kim, D.; Han, S.; Chon, Y.E.; Lee, Y.; Bin, Y.L.; Kim, M.N.; Lee, J.H.; Park, H.; Rim, K.S.; et al. Sarcopenia predicts prognosis
in patients with newly diagnosed hepatocellular carcinoma, independent of tumor stage and liver function. Cancer Res. Treat. Off.
J. Korean Cancer Assoc. 2018, 50, 843.

14. Wu, W.-C.; Chiou, Y.-Y.; Hung, H.-H.; Kao, W.-Y.; Chou, Y.-H.; Su, C.-W.; Wu, J.-C.; Huo, T.-I.; Huang, Y.-H.; Lee, K.-C. Prognostic
significance of computed tomography scan-derived splenic volume in hepatocellular carcinoma treated with radiofrequency
ablation. J. Clin. Gastroenterol. 2012, 46, 789–795. [CrossRef]

15. Müller, L.; Kloeckner, R.; Mähringer-Kunz, A.; Stoehr, F.; Düber, C.; Arnhold, G.; Gairing, S.J.; Foerster, F.; Weinmann, A.;
Galle, P.R.; et al. Fully automated AI-based splenic segmentation for predicting survival and estimating the risk of hepatic
decompensation in TACE patients with HCC. Eur. Radiol. 2022. [CrossRef]

16. Lee, C.; Lee, S.S.; Choi, W.-M.; Kim, K.M.; Sung, Y.S.; Lee, S.; Lee, S.J.; Yoon, J.S.; Suk, H.-I. An index based on deep learning–
measured spleen volume on CT for the assessment of high-risk varix in B-viral compensated cirrhosis. Eur. Radiol. 2021, 31,
3355–3365. [CrossRef]

17. Reig, M.; Forner, A.; Rimola, J.; Ferrer-Fábrega, J.; Burrel, M.; Garcia-Criado, A.; Kelley, R.K.; Galle, P.R.; Mazzaferro, V.; Salem, R.
BCLC strategy for prognosis prediction and treatment recommendation: The 2022 update. J. Hepatol. 2022, 76, 681–693. [CrossRef]

18. Galle, P.R.; Dufour, J.-F.; Peck-Radosavljevic, M.; Trojan, J.; Vogel, A. Systemic therapy of advanced hepatocellular carcinoma.
Futur. Oncol. 2021, 17, 1237–1251. [CrossRef]

19. Foerster, F.; Gairing, S.J.; Ilyas, S.I.; Galle, P.R. Emerging Immunotherapy for Hepatocellular Carcinoma: A Guide for Hepatologists.
Hepatology 2022, 75, 1604–1626. [CrossRef]

20. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef]

21. Cheng, A.-L.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Lim, H.Y.; Kudo, M.; Breder, V.; Merle, P. Updated efficacy
and safety data from IMbrave150: Atezolizumab plus bevacizumab vs. sorafenib for unresectable hepatocellular carcinoma.
J. Hepatol. 2022, 76, 862–873. [CrossRef] [PubMed]

22. Foerster, F.; Galle, P.R. The current landscape of clinical trials for systemic treatment of hcc. Cancers 2021, 13, 1962. [CrossRef]
[PubMed]

23. Llovet, J.M.; Castet, F.; Heikenwalder, M.; Maini, M.K.; Mazzaferro, V.; Pinato, D.J.; Pikarsky, E.; Zhu, A.X.; Finn, R.S. Immunother-
apies for hepatocellular carcinoma. Nat. Rev. Clin. Oncol. 2022, 19, 151–172. [CrossRef] [PubMed]

24. Ramos-Casals, M.; Brahmer, J.R.; Callahan, M.K.; Flores-Chávez, A.; Keegan, N.; Khamashta, M.A.; Lambotte, O.; Mariette,
X.; Prat, A.; Suárez-Almazor, M.E. Immune-related adverse events of checkpoint inhibitors. Nat. Rev. Dis. Prim. 2020, 6, 1–21.
[CrossRef]

25. Susok, L.; Reinert, D.; Lukas, C.; Stockfleth, E.; Gambichler, T. Volume increase of spleen in melanoma patients undergoing
immune checkpoint blockade. Immunotherapy 2021, 13, 885–891. [CrossRef]

26. Galland, L.; Lecuelle, J.; Favier, L.; Fraisse, C.; Lagrange, A.; Kaderbhai, C.; Truntzer, C.; Ghiringhelli, F. Splenic Volume as a
Surrogate Marker of Immune Checkpoint Inhibitor Efficacy in Metastatic Non Small Cell Lung Cancer. Cancers 2021, 13, 3020.
[CrossRef]

27. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. Lancet 2007, 370,
1453–1457. [CrossRef]

28. Müller, L.; Hahn, F.; Mähringer-Kunz, A.; Stoehr, F.; Gairing, S.J.; Foerster, F.; Weinmann, A.; Galle, P.R.; Mittler, J.; Pinto dos
Santos, D. Immunonutritive Scoring in Patients With Hepatocellular Carcinoma Undergoing Transarterial Chemoembolization:
Prognostic Nutritional Index or Controlling Nutritional Status Score? Front. Oncol. 2021, 11, 2205. [CrossRef]

29. Müller, D.; Kramer, F. MIScnn: A framework for medical image segmentation with convolutional neural networks and deep
learning. BMC Med. Imaging 2021, 21, 1–11. [CrossRef]

30. Nioche, C.; Orlhac, F.; Boughdad, S.; Reuzé, S.; Goya-Outi, J.; Robert, C.; Pellot-Barakat, C.; Soussan, M.; Frouin, F.; Buvat, I.
LIFEx: A freeware for radiomic feature calculation in multimodality imaging to accelerate advances in the characterization of
tumor heterogeneity. Cancer Res. 2018, 78, 4786–4789. [CrossRef]

31. Nuffer, Z.; Marini, T.; Rupasov, A.; Kwak, S.; Bhatt, S. The best single measurement for assessing splenomegaly in patients with
cirrhotic liver morphology. Acad. Radiol. 2017, 24, 1510–1516. [CrossRef] [PubMed]

http://doi.org/10.1007/s00330-017-5145-9
http://doi.org/10.1016/j.jhep.2013.12.015
http://doi.org/10.1007/s00268-017-4232-z
http://www.ncbi.nlm.nih.gov/pubmed/28920178
http://doi.org/10.1007/s00330-020-07313-7
http://www.ncbi.nlm.nih.gov/pubmed/33026503
http://doi.org/10.1097/MCG.0b013e31825ceeb5
http://doi.org/10.1007/s00330-022-08737-z
http://doi.org/10.1007/s00330-020-07430-3
http://doi.org/10.1016/j.jhep.2021.11.018
http://doi.org/10.2217/fon-2020-0758
http://doi.org/10.1002/hep.32447
http://doi.org/10.1056/NEJMoa1915745
http://doi.org/10.1016/j.jhep.2021.11.030
http://www.ncbi.nlm.nih.gov/pubmed/34902530
http://doi.org/10.3390/cancers13081962
http://www.ncbi.nlm.nih.gov/pubmed/33921731
http://doi.org/10.1038/s41571-021-00573-2
http://www.ncbi.nlm.nih.gov/pubmed/34764464
http://doi.org/10.1038/s41572-020-0160-6
http://doi.org/10.2217/imt-2021-0022
http://doi.org/10.3390/cancers13123020
http://doi.org/10.1016/S0140-6736(07)61602-X
http://doi.org/10.3389/fonc.2021.696183
http://doi.org/10.1186/s12880-020-00543-7
http://doi.org/10.1158/0008-5472.CAN-18-0125
http://doi.org/10.1016/j.acra.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28800952

	Introduction 
	Materials and Methods 
	Patients 
	Diagnosis, Treatment, and Follow-Up 
	Splenic Volume Assessment 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Increase in Splenic Volume after Initiation of Immunotherapy 
	Correlation of Splenic Volume with Parameters of Liver Function, but Not with Tumor Burden 
	Independence of Splenic Volume and Radiological Response 
	Significant Impact of High Splenic Volume at Treatment Initiation and during Follow-Up on Overall Survival 

	Discussion 
	Conclusions 
	References

