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Abstract

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide with a high mortality. Tumor
immune microenvironment (TIM) plays an important role in the progress of tumorigenesis, progression, and anti-tumor
therapy of HCC. The advent of immunotherapy agents has provided new opportunities and options for HCC patients. The
immunotherapeutic efficacy is closely associated with the TIM status of HCC patients, which currently relies on postoperative
pathological examination. Preoperative non-invasive evaluation of TIM is of great clinical significance in guiding treatment
strategies and predicting the response to immunotherapy. This article summarizes the recent research progress in CT and
MRI-based imaging techniques for the preoperative non-invasive assessment of TIM in HCC patients.
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Introduction

Primary liver cancer is one of the most prevalent malig-
nancies. According to the 2020 global cancer data released
by the World Health Organization, primary liver cancer has
become the third leading cause of cancer-related deaths
worldwide [1], with 75-85% of patients histologically clas-
sified as hepatocellular carcinoma (HCC) [2]. In China,
over half of HCC patients are diagnosed at an advanced or
metastatic stage [3]. Systemic therapy, including multitar-
geted kinase inhibitors (MKIs), such as Sorafenib, that target
tumor cells and angiogenesis, has been the primary treat-
ment strategy for unresectable advanced-stage HCC. Despite
achieving certain efficacy, MKIs have not yielded satisfac-
tory objective response rates and overall survival rates [4].
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With the advancement of research on immune checkpoint
inhibitors (ICIs), the combination of anti-angiogenic drugs
and IClIs has brought about new opportunities for patients
with unresectable HCC, which has improved HCC patients’
survival and now become the first-line treatment strategy [4].
In the systematic treatment guidelines for HCC published
by the National Comprehensive Cancer Network (NCCN)
in 2021, Atezolizumab combined with Bevacizumab has
been recommended as a first-line systemic treatment option
[5]. Additionally, the combination therapy has demonstrated
significant clinical benefits in the Chinese population, with a
47% reduction in the risk of death and a 40% reduction in the
risk of disease progression compared to the sorafenib treat-
ment group [6, 7]. In the 2022 primary liver cancer diagnosis
and treatment guidelines of China, combination therapy has
been included as a primary anti-tumor treatment option for
patients with unresectable HCC [8, 9].

ICIs assist immune cells in recognizing and eliminat-
ing tumor cells [10]. However, not all HCC patients could
benefit from ICIs. The efficacy of immunotherapy in HCC
patients is closely related to the tumor immune microenvi-
ronment (TIM). TIM is formed based on the interactions
and effects of various immune cells and tumor cells within
the tumor. Hedge et al. [11] classified TIM into three types:
“immune-infiltrated,” “immune-excluded,” and “immune-
desert”. Among them, “immune-infiltrated” means that


http://crossmark.crossref.org/dialog/?doi=10.1007/s42058-024-00138-z&domain=pdf

Chinese Journal of Academic Radiology (2024) 7:8-14

immune cells can infiltrate into the tumor; “immune-
excluded” means that although the tumor has a high degree
of immune cell infiltration, most of them gathered in the
periphery of the tumor; “immune-desert” means that the
tumor has very little immune cells’ infiltration. Patients
with different types of TIM have different prognoses and
responses to immunotherapy. Targeted modulation of TIM
represents an effective approach in anticancer treatment [4].
Although TIM comprises a diverse range of immune com-
ponents, such as tumor-infiltrating lymphocytes, immune
checkpoint molecules, tumor-associated macrophages,
tumor-associated neutrophils, myeloid-derived suppressor
cells, etc., they can be broadly classified into those that pro-
mote tumor-killing and those that inhibit it. Certain cells,
including T cells, NK cells, and MDSCs, exert activating
and suppressing dual effects depending on specific condi-
tions [12]. Apart from the complexity of immune compo-
nents, TIM also exhibits heterogeneity in terms of immune
cell abundance and distribution within and around the tumor.
Moreover, TIM undergoes dynamic changes in response to
different treatment regimens and alterations in the patient’s
immune status [13]. Evaluating TIM is crucial for predicting
HCC patient prognosis and guiding clinical strategy. How-
ever, current assessment methods rely on postoperative his-
tological tissue, which cannot achieve dynamic monitoring
and fails to address the issue of tumor heterogeneity. With
the deepening research on TIM and targeted immunotherapy
drugs emerging, accurate evaluation and dynamic monitor-
ing of TIM are becoming urgent challenges in the manage-
ment of HCC patients.

CT and MRI-based imaging techniques have played an
indispensable role in diagnosing, staging, evaluating treat-
ment efficacy, and monitoring processes in HCC patients
[14]. The emergence of novel imaging technologies and con-
trast agents further enhances diagnostic accuracy. Imaging
techniques offer advantages of preoperative non-invasive-
ness and dynamic monitoring, enabling comprehensive eval-
uation within and around the tumor. Medical imaging plays a
crucial role in evaluating various aspects of the TIM, such as
cell density, angiogenesis, etc. Diffusion-weighted imaging
(DWI) primarily focuses on evaluating the movement and
restriction of water molecules within the tissue. In general,
the active proliferation of tumor cells leads to an increase
in tissue density, thereby restricting the movement of water
molecules. Additionally, perfusion imaging can assess the
vascular characteristics of tumors by calculating parameters
such as blood flow perfusion velocity and perfusion peak.
Perfusion imaging techniques provide valuable information
about tumor blood supply. In recent years, the integration
and application of traditional radiomics, deep learning net-
works, and other technologies have significantly contributed
to the extraction of information from CT and MRI images
[15]. In addition, the progress of advanced medical imaging

techniques, such as dual-source CT, MRI functional imag-
ing, diffusion-weighted imaging (DWI), perfusion imaging,
and dynamic contrast enhancement magnetic resonance
imaging (DCE-MRI), has also provided a solid founda-
tion for applying CT and MRI-based imaging techniques
to evaluate TIM in HCC patients. This article summarizes
the recent research progress in CT and MRI-based imaging
techniques for the preoperative non-invasive assessment of
TIM in HCC patients.

CT evaluation of TIM in HCC patients

In the selection of imaging techniques for diagnosis and
treatment process for HCC patients, CT has better diag-
nostic accuracy compared to ultrasound [16], fewer usage
restrictions, and a faster imaging speed compared to MRI.
Dynamic contrast-enhanced CT images provide crucial
information on the lesion’s location, morphology, and blood
supply. Moreover, CT perfusion imaging not only provides
information regarding the perfusion information of HCC
lesion and the liver, but also give insights into cellular-
level features, such as microvascular density (MVD) [17],
VEGF-2 expression [18], and TIM-related information [19].
Studies have indicated that CT signs, such as the sharpness
of tumor margins, can serve as an indicator for evaluating
tumor MVD. Furthermore, both the perfusion parameters
obtained from CT and the histopathological examination of
tumors have demonstrated variations in MVD among tumors
with different margin morphologies [17]. However, CT lacks
high soft-tissue resolution, and the assessment of gross fea-
tures is inevitably affected by subjective factors. CT evalua-
tion of TIM in HCC patients now primarily relies on radiom-
ics, which involves utilizing machine learning approaches to
delineate the regions of interest (ROIs) and extract features
from CT images of HCC.

Previous studies have indicated that CT-based imaging
techniques present a promising opportunity for the non-
invasive preoperative evaluation of TIM in HCC patients
[6, 7, 19]. The radiomics approach enables the development
of predictive models for various aspects of TIM, such as pre-
dicting the infiltration of T cells in TIM based on CT images
[19], classifying the immune status of HCC patients into dis-
tinct types (“immune-infiltrated type”, “immune-excluded
type”, or “immune-desert type”) [6], and the immunothera-
peutic efficacy in HCC patients [6, 7].

Based on new techniques, such as radiomics and deep
learning networks, studies have made non-invasive predic-
tions of single indicators in TIM at the cellular and gene
levels [20-22]. The study used self-supervised learning to
predict PD-1 and PD-L1 expression based on CT images,
showing an AUC of 86.56% for PD-1 expression and an
AUC of 83.93% for PD-L1 expression [22]. Neutrophil
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extracellular traps (NETs), which are extracellular web-
like structures of DNA chromatin complexes extruded from
dying neutrophils, were once thought to mainly function
as snares that caught and killed harmful microorganisms.
NETs play an important role in promoting metastasis [20].
The study extracted radiomic features from CT images
and grouped NETs into high- and low-NETs. Based on the
grouping result, the prognosis of HCC patients and the effi-
cacy of immunotherapy were predicted [20]. The low-NETs
were associated with better survival and higher levels of
immune cell infiltration. A radiomics signature (RNETS)
was found to be an independent risk factor for progression-
free survival (PFS). In addition, the objective response rate
of HCC patients treated with PD-1 inhibitor was signifi-
cantly higher in the low-RNETS group (27.8%) than in the
high-RNETS group (10.8%). Radiomics features extracted
from CT images can also be used to predict the expression
of immune-related indicators in HCC patients at the gene
level such as ribonucleotide reductase regulatory subunit M2
(RRM2) [21]. The result showed that high RRM2 expression
acted as a risk factor for overall survival (OS) [hazard ratio
(HR)=2.083] and was implicated in the regulation of the
immune response.

In addition to utilizing machine learning methods to
extract radiomic features from CT images for modeling and
prediction of TIM and patients’ prognosis [7, 19], a retro-
spective multicenter study [6] proposed an integrated predic-
tion model by combining the acquired CT radiomic features
with the corresponding tumor CD8+ T-cell gene expres-
sion profiles. The model was independently validated using
public genetic data, immune status classification data, and
immunotherapeutic efficacy data. Validation results using
the public genetic database demonstrated an area under the
curve (AUC) of 0.67 (95% CI1 0.57-0.77, P=0.0019). Vali-
dation results using immune status classification data dem-
onstrated an AUC of 0.76 (95% CI 0.66-0.86, P <0.0001)
in differentiating “immune-infiltrated type” and “immune-
desert type” HCC patients. The validation of immunothera-
peutic efficacy data in HCC patients demonstrated a higher
proportion of patients achieving objective response after
3 months of immunotherapy in the high radiomic feature
score group, accompanied by an improved overall survival
rate.

Furthermore, based on contrast-enhanced CT, a study
[23] was conducted to evaluate the relative Hounsfield unit
attenuation index (rHUAI) on contrast-enhanced computed
tomography (CECT) for predicting systemic treatment
response in HCC patients. rHUAI obtained from CECT
has the potential as a non-invasive tool for predicting tumor
response in advanced HCC patients who have received com-
bined ICI and anti-angiogenesis. Another study based on the
dual-source CT technique has found that with the increase in
the number and size of mouse HCC lung metastases, there
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would be more formation of blood vessels and CXCR4+,
which is involved in the chemotaxis of leukocytes in the
corresponding metastatic tumors [24].

Although the combination of CT imaging and radiom-
ics techniques provides a novel approach for non-invasively
evaluating TIM, the tissue resolution of CT images is rela-
tively inferior to that of MRI. Moreover, CT is unable to
acquire information regarding the hepatocyte’s function,
resulting in a relatively limited availability of cellular-level
features in comparison to MRI imaging.

In addition to the above aspects, positron emission tomog-
raphy—computed tomography (PET—CT) combines positron
emission tomography (PET) and CT technologies, provid-
ing comprehensive metabolic and anatomical information
throughout the body. This combination offers an important
tool for the evaluation and monitoring of TIM. In recent
years, researchers have utilized PET-CT technology to
assess the efficacy and prognosis of immunotherapy [25-30].
BE_FDG PET-CT reflects the level of tumor glucose metab-
olism. Some studies have used '*F-FDG PET—CT to evalu-
ate tumor metabolic activity and immune cell infiltration,
demonstrating a correlation between high '®F-FDG uptake,
immune cell infiltration, favorable response to immunother-
apy, and prognosis [25, 26]. Additionally, researchers are
developing other radiotracers to enable a more comprehen-
sive evaluation of tumor immunity. For instance, 3°Zr has
been used to label CD8+ T cells, allowing for the assessment
of their distribution and quantity within the tumor [30]. Fur-
thermore, specific radiotracers can bind to PD-L1, enabling
the quantitative evaluation of PD-L1 expression levels in
tumors through PET-CT imaging. This technique holds the
potential for selecting appropriate immunotherapy strategies
and predicting therapeutic efficacy. These novel radiotracers
contribute to improved quantitative assessment and monitor-
ing of tumor immune cells [27-29]. PET-CT provides more
comprehensive information and tools for the individualiza-
tion and precision of tumor immunotherapy. With ongoing
technological developments and innovations, the applica-
tion of PET—CT in the field of tumor immunity holds great
promise, supporting the optimization of immunotherapy and
personalized management of cancer patients.

MRI evaluation of TIM in HCC patients

MRI is more accurate in diagnosing HCC compared with CT
and ultrasound. Besides, functional MRI can directly acquire
information at the cellular level, such as the restricted state
of water molecules within the tumor on DWI. DCE-MRI
enables the acquisition of consecutive MRI images [16],
acquiring the perfusion parameters from ROIs. The evolution
of free-breathing sequences further improved image qual-
ity [31]. With the application of the hepatobiliary-specific
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contrast agent (Gd-EOB-DTPA) and the advancements in
MRI functional imaging techniques, MRI has demonstrated
better accuracy in detecting HCC lesions than CT in a cir-
rhotic liver background. MRI achieves a high specificity of
94% in the diagnosis of HCC regardless of tumor size [32].
In addition to showing the morphology and location infor-
mation of HCC lesions, Gd-EOB-DTPA MRI can evaluate
the status of liver function. The process of TIM evaluation
of HCC patients based on MRI, some of the methods are
similar to those used to evaluate TIM in HCC patients based
on CT images, involved in the utilization of machine learn-
ing for lesion identification and radiomics feature extraction
analysis [33-35].

In previous studies, machine learning methods extract
radiomic features from MRI and predict TIM in HCC
patients. The AUC for predicting PD-L1 positive expres-
sion ranged from 0.794 to 0.897 [33]. The correlation coef-
ficients between radiomic features and PD-L1 expression at
the protein and mRNA levels reached 0.41-0.47 and — 0.48
to 0.47, respectively [34]. A correlation analysis [34] was
conducted between the qualitative/quantitative imaging
features on MRI and the counts of CD3, CD68, and CD31
cells in the TIM of HCC patients, the correlation coefficients
(r) ranging from — 0.41 to 0.40 and — 0.52 to 0.45. Based
on the radiomics method, there is study that extracted the
radiomic features from MRI images and established non-
invasive prediction of immunotherapy target PD-L2 expres-
sion in HCC [36]. The T2-weighted, arterial-phase, and
portal venous-phase and combined MRI radiomic models
showed AUCs of 0.789 (95% CI 0.702-0.875), 0.727 (95%
CI 0.632-0.823), 0.770 (95% CI 0.682-0.875), and 0.871
(95% CI1 0.803-0.939), respectively. In addition, there is a
study that extracts radiomic features based on DCE-MRI and
predicts Ang-2 expression in HCC patients. The AUCs for
the radiomics, clinic-radiologic, and combined models for
predicting Ang-2 expression were 0.800, 0.874, and 0.933,
respectively [37]. Moreover, a model was established to
predict the total RPS6K expression in HCC patients based
on different radiomic features extraction methods [38].
Radiomic features were extracted from T2-weighted and
diffusion-weighted images. Machine learning algorithms,
including multiple logistic regression (MLR), supporting
vector machine (SVM), random forest (RF), and artificial
neural network (ANN), were applied to construct the predic-
tive model. Among all built models, the ANN-based hybrid
model exhibited the best predictive ability with AUC of
0.887 and 0.826 in training and validation cohorts.

Some studies in the evaluation of TIM based on MRI
can directly establish a prediction model through imaging
manifestations, quantitative/semi-quantitative parameters,
and parameters from functional MRI sequences [39—42].
The predictive models derived from these studies were
utilized to predict the individual immune markers within

the tumor, composite immune scores, and the efficacy of
immunotherapy in HCC patients. A study [43] has shown
that the enhancement degree of intrahepatic lesions based
on MRI images (evaluated by relative enhancement rate)
can be used to predict the response of immunotherapy in
HCC patients. The disease control rate was 37.5% (3/8)
versus 70.0% (7/10), respectively, in patients with or with-
out higher enhancement intrahepatic HCC nodules. Imag-
ing manifestations involved in these studies include irreg-
ular tumor margins, hypo-intensity in the hepatobiliary
phase surrounding the tumor, enhanced capsule, incom-
plete tumor capsule, signal heterogeneity on T2-weighted
images, tumor number, intra-tumoral vessels, rim enhance-
ment, and tumor size [39-41]. Quantitative/semi-quanti-
tative parameters involved in these studies include lesion
signal intensity during the hepatobiliary phase, enhance-
ment rate, arterial contrast-to-noise ratio, apparent dif-
fusion coefficient (ADC), and T1 values [40—43]. These
research findings indicate that MRI can be utilized for
analyzing the immune components in HCC patients and
predicting their response to immunotherapy. Another
study [39] demonstrated that independent predictive fac-
tors for PD-L1 positive expression included irregular
tumor margins (P =0.008), and low signal intensity in the
peritumoral liver parenchyma in the hepatobiliary phase
(P<0.001). Independent predictive factors for high CD8
cell density included enhanced tumor capsule (P =0.001)
and low signal intensity in the peritumoral liver paren-
chyma (P =0.025). The predictive models for PD-L1 pos-
itive expression, high CD8 cell density, and their com-
bination achieved AUCs of 0.810 and 0.809, 0.740 and
0.728, and 0.809 and 0.874 in the training and validation
sets, respectively. Moreover, irregular tumor margins, low
signal intensity in the peritumoral liver parenchyma, and
enhanced tumor capsules were associated with objective
responses to immunotherapy in patients. Another study
[40] demonstrated that incomplete tumor capsules, het-
erogeneous signals on T2-weighted images, and arterial
contrast-to-noise ratio were able to predict the immuno-
therapeutic efficacy for HCC patients. A histogram-based
approach using multiple imaging features (tumor number,
intra-tumoral vessels, capsule, rim enhancement, and T1
values) enables the prediction of the immune scores of
HCC patients [41]. The C-index reached 0.737 and 0.726
in the training and validation sets, respectively.

However, although MRI has the advantage of preopera-
tive dynamic non-invasive evaluation of TIM, the TIM
components, and the interactions among these components
are complex. There is still a lot to improve in the evalu-
ation of TIM by MRI. There is still a lack of prospective
study cohorts with large samples to verify the efficacy of
these models.
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Summary and prospect

In conclusion, with the increasing use of immunotherapy in
HCC patients in recent years, there has been a progressive
growth in research focused on evaluating the TIM, which
was associated with immunotherapeutic efficacy in HCC
patients. Medical imaging techniques provide a preopera-
tive non-invasive approach to assess TIM in HCC patients.
Meanwhile, studies have reported that in addition to the
tumor itself, individual factors such as fat quantification
also affect the efficacy of immunotherapy [44, 45]. Imag-
ing techniques can simultaneously evaluate both tumor
lesions and individual factors, which may be a potential
research direction in the future. CT and MRI-based imag-
ing techniques have shown feasibility and good accuracy in
predicting immune markers within TIM and evaluating the
immunotherapeutic efficacy in HCC patients. However, most
existing studies are retrospective and have only focused on
predicting immune markers within specific subsets of TIM.
To comprehensively analyze TIM, further in-depth research
and exploration with advanced medical imaging techniques
is needed. Some advanced MRI imaging techniques, such as
magnetic resonance metabolic imaging and ultra-high mag-
netic field MRI imaging, have also emerged, bringing new
opportunities to solve the problems currently encountered in
TIM preoperative evaluation.
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