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Abstract
Tumor microenvironment (TME) is a complex entity that includes besides the tumor cells also a whole range of immune cells. 
Among various populations of immune cells infiltrating the tumor, tumor infiltrating lymphocytes (TILs) are a population of 
lymphocytes characterized by high reactivity against the tumor component. As, TILs play a key role in mediating responses 
to several types of therapy and significantly improve patient outcomes in some cancer types including for instance breast 
cancer and lung cancer, their assessment has become a good predictive tool in the evaluation of potential treatment efficacy. 
Currently, the evaluation of the density of TILs infiltration is performed by histopathological. However, recent studies have 
shed light on potential utility of several imaging methods, including ultrasonography, magnetic resonance imaging (MRI), 
positron emission tomography-computed tomography (PET-CT), and radiomics, in the assessment of TILs levels. The 
greatest attention concerning the utility of radiology methods is directed to breast and lung cancers, nevertheless imaging 
methods of TILs are constantly being developed also for other malignancies. Here, we focus on reviewing the radiological 
methods used to assess the level of TILs in different cancer types and on the extraction of the most favorable radiological 
features assessed by each method.
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Tumor microenvironment—a complex entity

Tumor development takes place within what is known as 
the tumor microenvironment (TME). This abundant cellular 
environment, apart from the tumor cells, consists of other 
cellular and extracellular components. Among such cellu-
lar composition, the cluster of immune cells may be further 
distinguished including the tumor-associated macrophages 
(TAMs), lymphocytes B and T, as well as natural killer cells 
(NK cells) and natural killer T cells (NKT cells). While it 
is known that TAMs are responsible for processes essential 
for tumor invasion and the NK cells have a potential to kill 
cancer cells, the role of other cells is still under investiga-
tion [1, 2]. Between all those elements exists a complex net 
of interdependencies and those interactions are mediated 
by metabolites and cytokines generated by both tumor and 

TME cells [3]. Both the distribution of the immune infiltrate 
within the tumor and its composition are heterogeneous and 
differ between various tumors [4]. Moreover, the differences 
in the compositions of lymphocytes infiltrating the tumor 
within different subtypes of one type of cancer are observed 
[5].

The significant part of immune cells within TME are 
tumor infiltrating lymphocytes (TILs), predominantly con-
sisting of T, B, and NK cells (Fig. 1) [6, 7]. Depending 
on the subtype of these cells, they may present different 
activity patterns, as it is in case of individual subgroups of 
T lymphocytes which show different activity against tumor 
cells, thereby affecting patient prognosis [4]. High infil-
tration of CD8 + cytotoxic T cells is considered as a posi-
tive prognostic marker in various cancer types including 
breast cancer, ovarian cancer or colorectal cancer [8–10] 
as the role of these cells is associated with tumor destruc-
tion [11]. On the other hand, CD4 + regulatory T cells 
(Tregs) are responsible for promoting tumor progression, 
therefore their presence is a predictor of a worse prog-
nosis for patients [12]. Although these trends are seen in 
many cancer types, the predictive properties of one type of 
immune cells are not always homogenous and for instance 
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infiltration of CD8 + cells in renal cell carcinoma is a sign 
of unfavorable prognosis [13, 14].

The interactions between tumor cells and TME occur 
since the very early stages of tumor formation [15]. The 
existence of these phenomena is crucial from the clinical 
point of view for the assessment of cancer outcome and 
risk of progression, which indirectly depend on the nature 
of TME and TILs, as well as molecules released by and 
expressed on tumor cells [16]. The presence of TILs in 
in the tumor reflects the efficacy of the use of anti-cancer 
therapies including immune checkpoint inhibitors (ICIs) 
[17] and neoadjuvant chemotherapy (NAC) [18]. Addition-
ally, TILs are the basis of the therapy of solid tumors, 
which uses the patients’ previously collected, multiplied, 
and properly stimulated TILs [19].

To make the above-mentioned therapies and their effi-
cacy predictions as effective as possible it is important to 
accurately assess the lymphocytic infiltration of the lesion 
[20]. Current recommendations of the International TILs 
Working Group refer to the histopathological evaluation 
of TILs which is associated with biopsy or resection of 
the tumor [21, 22]. However, such an approach has some 
limitations in daily clinical practice due to the fact that 
the distribution of TILs within the tumor tissue is not 
homogenous and the biopsy material may not reflect the 
real infiltration of the tumor by TILs. Thus, core needle 
biopsy most often used in routine breast’s tissue evaluation 
is not a guarantee of a reliable result [23, 24].

Until now, multiple attempts have been made to use imag-
ing methods in the assessment of TILs infiltration. Although 
the available studies focus most on breast and lung cancers, 
in which the widest range of imaging methods have been 
applied, other malignancies are also successfully included 
in such analysis. While non-invasiveness and accessibility 
of radiographic techniques support the advantage of such 
a solution, the question remains as to the effectiveness of 
imaging prediction of TILs density in different tumors, and 
thus the possibility of extracting specific features of radio-
logical images that would indicate the TILs status of the 
tumor.

The aim of this review is to evaluate the usefulness of 
radiological imaging methods in accurately assessing the 
presence of TILs in the tumor (Fig. 2). It is expected that 
consistent features obtained by radiological imaging meth-
ods will allow us to use them in everyday oncological 
diagnostics.

Breast cancer

Breast cancer is the most common cancer occurring in 
females. It accounts for about ¼ of all cancers occurring 
among women and it is also the leading cause of cancer 
deaths among women in most countries worldwide [25]. 
Based on its characteristics, breast cancer can be divided 
into a number of subtypes: luminal A, luminal B, human 
epidermal growth factor receptor 2 (HER2)-positive, and 
triple-negative breast cancer (TNBC) [26]. The amount of 
TILs varies depending on the type of breast cancer, espe-
cially high levels of TILs can be found in TNBC, as well as 
in HER2-positive cases [5, 27]. On the other hand, the breast 
cancer tumors classification system may also be related to 
the lymphocytic infiltration of the lesions. Hence, those 
with high- and low-TILs levels are defined as lymphocyte-
predominant breast cancers (LPBC) and non-lymphocyte-
predominant breast cancers (non-LPBC), respectively. Nev-
ertheless, the precise criteria of such qualification are still 
under discussion [28].

From a clinical point of view, the density of TILs infiltra-
tion is relevant in the evaluation of the efficacy of anticancer 
therapies. The analysis of more than 3,700 cases of breast 
cancer patients proved that regardless of histologic type, 
lesions characterized by high infiltration of TILs responded 
better to neoadjuvant chemotherapy [18]. Moreover, such 
a feature has a predictive value for adjuvant chemotherapy 
[29] and increases the chance of success of ICIs therapy 
[30].

Breast tumor cancer morphology may be assessed with 
good effectiveness as a part of the radiological exami-
nations [31]. Nowadays, imaging studies let us extract 
the imaging features being the predictors of molecular 

Fig. 1   Tumor microenvironment. Tumor tissue hosts multiple differ-
ent cell types—cancer cells, cytotoxic and regulatory lymphocytes, 
macrophages, myeloid-derived suppressor cells (MDSCs). A complex 
net of interactions exists in the tumor microenvironment—some cell 
types, e.g., macrophages can both exert anti-tumor effects (M1 mac-
rophages) and promote tumor growth (M2 macrophages)
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subtypes of breast cancer [32–36]. Thus, more and more 
researchers are investigating, whether the usage of pre-
operative imaging methods, including ultrasound (US), 
magnetic resonance imaging (MRI), positron emission 
tomography-computed tomography (PET-CT), and mam-
mography examinations can be used to evaluate the extent 
of the density of TILs infiltration and become a new gold 
standard.

Ultrasound

Ultrasound is a useful tool in both the detection of breast 
cancer and the monitoring of patients suffering from the 
disease [37–39]. All studies evaluating the potential relation-
ships between TILs density and radiographic features in the 
ultrasound examination have shown some correlations, but 
the data are rather inconclusive (Table 1).

The initial study concerning the associations between 
breast cancer ultrasound features and TILs infiltration of 
the lesions was led by Fukui et al. in a group of women with 

Fig. 2   Graphic presentation of 
imaging methods used for TILs 
assessment

Table 1   Ultrasound features of TILs-rich breast cancers

“-”—means unanalyzed feature

Publication Tumor size Tumor shape Tumor margins Echogenicity

Fukui et al. 2019 [39] Greater Lobulated Lobulated Enhanced posterior echoes; weaker internal echo level
Fukui et al. 2021 [40] – Lobulated Lobulated Enhanced posterior echoes; weaker internal echo level
Çelebi et al. 2020 [43] Greater Oval/round Circumscribed Heterogeneous echogenicity
Jia et al. 2022 [44] statistically non-

significant differ-
ence

Oval/round Circumscribed Enhanced posterior echoes

Candelaria et al. 2022 [45] – Oval/round Circumscribed or 
microlobulated

Enhanced posterior echoes; complex cystic and solid 
echo patterns
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different invasive breast cancer subtypes, predominantly 
classified as luminal ones. Their results indicated some dif-
ferences between LPBC and non-LPBC lesions, like more 
lobulated shape including small lobulated areas (63,5% of 
LPBC cases vs. 10,8% of non-LPBC cases), lower internal 
echo level (40,4% of LPBC cases vs. 10,1% of non-LPBC 
cases), and more accentuated posterior echoes (82,7% of 
LPBC cases and 25,9% of non-LPBC cases). Moreover, 
tumors with higher TILs infiltration tended to have greater 
size (p = 0.01) [40].

Identical findings concerning the ultrasound features 
were obtained in a subsequent study conducted by the same 
authors with results enriched by contrast-enhanced ultra-
sonography (CEUS). The value of ascending slope (AS), 
defined also as a ratio of peak intensity of lesions’ brightness 
to time required to its reach, exceeding 10% was noted as 
significant and therefore set as a cutoff point [41]. Addi-
tionally, in the course of research, the authors proposed 
two similar scales to assess predisposition to a high density 
of TILs. In the first one, the highest scores are assigned to 
lesions showing very low internal echo level, highly accen-
tuated posterior echoes and small lobulated shape, which 
qualify them for the group with the highest probability of 
rich TILs infiltration [40]. The second one, besides the 
above-mentioned features, also included AS values, and the 
lesions were scored if they were characterized with at least 
10 percent of the parameter value [41]. So far, the utility 
of the first model scoring system was evaluated twice [42, 
43]. The juxtaposition of proposed TILs-US score and con-
ventional preoperative tissue biopsy provided comparable 
accuracy of both methods in predicting lesions rich in TILs 
(0.85 vs. 0.87 respectively) [42]. Moreover, the TILs-US 
score demonstrated great ability to reflect a pathological 
complete response to NAC in TNBC and HER2-positive 
cancer patients [43]. Nevertheless, although the scale seems 
to be a promising diagnostic tool, both proposed scales still 
require independent validation on bigger cohorts.

Based on the results from another study, it is suggested 
that tumor diameter higher than 2 cm in the ultrasound pre-
disposes to higher levels of TILs. Nevertheless, in contrast 
to Fukui et al., the authors observed a relationship between 
high density of TILs and heterogeneous echogenicity of the 
lesion. Additionally, TILs-rich lesions were frequently char-
acterized with round shapes and circumscribed margins [44].

Further, Jia et al. have focused on the differentiation 
between high- and low-TILs lesions in 267 breast cancer 
patients by using ultrasound and CEUS. They observed no 
differences in the size of the tumors between high- and low-
TILs groups, and more common circumscribed margins, 
oval or round shapes and enhanced posterior echoes in the 
high-TILs group compared to low-TILs one. Moreover, 
the utilization of CEUS further developed the list of high 
TILs tumor characteristics—more regular shape, higher 

homogenous enhancement, clear margin after enhancement, 
as well as higher intensity peak [45].

Another recently published randomized clinical trial 
by Candelaria et al. performed on a group of 284 patients 
with TNBC focused on the association between ultrasound 
features being a part of the Breast Imaging Reporting and 
Data System (BI-RADS) scale and TILs infiltration. Oval 
or round shape, as well as circumscribed or microlobulated 
margins were a predictor of high lymphocytic infiltration. 
Additionally, tumors characterized by complex cystic and 
solid echo patterns, as well as enhancement posterior echoes 
more often were classified as rich in TILs [46].

The differences in characteristics of TILs-rich tumors 
can possibly be attributed to some important differences in 
study setups used by each group. Firstly, it is important to 
note that the authors have adopted different cutoff points 
for lymphocyte-rich tumors—on the level of 10% [44, 45], 
20% [46] or 50% [40, 41]. Additionally, an overwhelming 
majority of study groups [40, 41, 44, 45] included all breast 
cancer subtypes and their percentage distributions in high-
TILs groups differed significantly. Thus, the most accurate 
study model seems to be presented by Candelaria et al. as 
they decided to focus only on TNBC cases. It improves study 
comprehensibility and provides an opportunity for juxta-
posing high-TILs features with typical ultrasound features 
reported for TNBC [47–49].

Magnetic resonance imaging (MRI)

MRI is a useful tool in breast cancer imaging [50], especially 
in assessing the efficacy of NAC [51, 52]. Considering the 
strong relationship between the density of TILs infiltration 
and the response to NAC, the question arises, whether such 
a special role of MRI in evaluating the effectiveness of NAC 
is indirectly related to TILs.

Ku et al. conducted a study which found important rela-
tionships between morphological features of breast cancer 
in MRI and TILs levels. The data obtained from the patients 
with TNBC provided the following observations about the 
high-TILs cases: more oval or round margins in 23/50 
patients (46%), absence of multifocality in 44/50 patients 
(88%), more circumscribed margins in 38/50 (76%), and 
homogenous internal enhancement 16/50 (32%) [53]. Those 
results raise new questions—whether such MRI features are 
indicators of high-TILs levels or are rather characteristic for 
this cancer subtype [35, 54]—especially that not all pre-
sented observations were fully in line with other studies. 
Çelebi et al. agreed only on more circumscribed margins and 
homogenous enhancement patterns in breast cancers rich in 
TILs [44]. In contrast, Choi et al. did not consider the utility 
of morphological characteristics on the tumors, highlighting 
the exclusive usefulness of assessment of background paren-
chymal enhancement (BPE) and peak enhancement [55].
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Although current literature suggests no specific role 
of apparent diffusion coefficient (ADC) in distinguishing 
different breast cancer subtypes [56] and in predicting the 
response to NAC [57], this parameter distinguishing tissue, 
based on different diffusion of water molecules is widely 
considered in the context of TILs density evaluation. Çelebi 
et al. found ADC as the most valuable TILs density predictor 
and described an accuracy of 83% [44]. Similar results were 
reported by Fogante et al. [58]. Both studies were based on 
manually outlined 2 dimensional (2D) specifically regions 
of interest (ROI) to avoid areas of healthy tissue and hemor-
rhagic or necrotic parts of the tumor. They achieved speci-
ficity at the level of 73% and 80,3%, and sensitivity at the 
level of 60% and 67,8% respectively [44, 58]. The modified 
study regimen was presented by Tang et al. who proposed 
the use of the three-dimensional (3D) ROI with the follow-
ing building of whole-lesion ADC histogram and analysis 
of parameters, including: 10th percentile ADC; mean ADC; 
50th percentile (median) ADC; 90th percentile ADC; skew-
ness and kurtosis. The authors created separate high-TILs 
indicators for luminal- and non-luminal cancer subtypes: 
higher 10th percentile ADC values and higher kurtosis val-
ues, respectively [59]. Taking into consideration described 
studies, ADC seems to be a promising method allowing the 
distinguishing of breast cancer tumors with different TILs 
infiltration. However, there are also studies which did not 
notice any correlation between high ADC values and high-
TILs infiltration [53, 60, 61] but the background of these 
discrepancies is difficult to explain.

The potential utility of MRI with the assistance of com-
puter-aided detection and diagnosis (CAD) programs has 
been described by Ku et al. Such technique allowed for an 
accurate assessment of not only morphological characteris-
tics of breast cancer tumors but also kinetic features. Breast 
cancer tumors with high-TILs infiltration tended to present 
a washout enhancement pattern, while cases with low-TILs 
infiltration were more often characterized by persistent 
enhancement patterns. These differences were explained by 
the different vascularization of the tumors [62]. When ana-
lyzing the most valuable methods of TILs concentrations 
assessing, it is impossible not to mention the undoubted role 
of MRI-based radiomics models.

In their study, Bian et al. focused on the potential util-
ity of a combination of clinical data and radiomics imaging 
features to different TILs levels differentiation. Two clinical 
factors: the size of the tumor and enhancement pattern, com-
bined with 8 radiomics features served to build a nomogram 
model. It was characterized with the highest area under the 
curve (AUC) value (AUC = 0.84) compared to both clinical 
model (AUC = 0.72) and radiomics signature (AUC = 0.83) 
alone [63]. Xu et al. in their retrospective study on 172 
breast cancer patients have drawn comparable conclusions. 
However, in this case, tumor diameter and estrogen receptor 

status were considered relevant clinical data and thus, with 7 
radiomics features were a part of the nomogram model [64].

Another interesting radiomics model, created by Tang 
et al., was focused on the assessment of TILs level with 
the usage of different MRI sequences including diffusion-
weighted imaging (DWI), T2-weighted imaging (T2WI), 
and dynamic contrast- enhanced (DCE)—also further sub-
divided into DCE_P1, pre-contrast; DCE_P2, super-early 
phase; DCE_P3, early phase; and DCE_P4-P6, delayed 
phase. The results obtained in single delayed phases (DCE_
P4, DCE_P5, and DCE_P6) were characterized by the great-
est effectiveness in predicting TILs levels. Finally, the analy-
sis included 25 from among 6250 initial radiology features. 
Contrary to previous studies, considering the role of clinical 
factors (Ki-67 values and estrogen receptor values) did not 
improve the efficacy of predicting models [65].

The potential network between the MRI-based radi-
omics features and TILs concentration was also recently 
investigated in the group of TNBC patients who under-
went preoperatively DCE-MRI. The Radiomics TILs score 
(Rad-TILs score), based on selected 3 radiomics features, 
was then juxtaposed with transcriptomics data concerning 
expression of several genes related to immunity. It has been 
shown that implemented radiomics model could be used to 
reflect lesions characterized with different immune patterns 
[66]. However, the role of MRI in estimating TILs density 
requires further analysis, particularly in the light of another 
recent report, which has shown that the combination of MRI 
radiomics and pathological TILs evaluation yielded the best 
results in assessing the efficacy of NAC compared to these 
methods alone. Thus, it can be concluded that the inclusion 
of pathological TILs evaluation in such a prediction process 
is still a guarantee of its substantial improvement [67].

Positron emission tomography‑computed 
tomography (PET‑CT)

Immune cells and tumor cells compete for glucose, thus 
assessment of metabolic parameters in [18F]Fluorodeoxy-
glucose (18F-FDG) PET-CT may also give information about 
TILs [68, 69]. The initial study on the use of the PET-CT 
technique to visualize immune cells populations in breast 
cancer lesions drew only limited conclusions in this area. 
Namely, high maximum standardized uptake (SUVmax) 
values were connected with higher platelet to lymphocyte 
ratio (PLR) [70]. PLR and TILs seem to be closely associ-
ated in TNBC patients [71]. In fact, almost all further stud-
ies assessing the role of PET-CT in TILs level predicting, 
used the SUVmax assessment in their analysis and observed 
positive correlation between SUVmax values and TILs 
concentrations.

Murakami et al. observed higher 18F-FDG uptake with 
increasing TILs levels, which was reflected in higher 
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SUVmax values [72]. With both whole-body PET-CT 
(WBPET) and dedicated breast PET-CT (DbPET) meth-
ods, it is possible to analyze the level of TILs by measuring 
the SUVmax—however the presence of a rich lymphocytic 
infiltrate has predisposed to higher SUVmax values only in 
DbPET [73]. Higher SUVmax values also correlated with 
higher TILs levels in study led by Park et al. Additionally, 
they have found that the increase in SUVmax value of 1 
unit correlated with 14% higher probability of higher TILs 
[74]. Hirakata et al. also observed that high-TILs levels were 
strongly correlated with high SUVmax and that this param-
eter was in turn a predictor of more numerous CD8 + T cells 
among TILs [75].

Based on some likely existing dependencies between 
SUVmax values, some tumor characteristics (tumor size and 
Ki-67 labeling index) and TILs level, Sasada et al. created 
a scale named PET-TIL score. Their aim was to predict the 
effect of NAC. Although they reported that this scale was 
successfully used in evaluating the efficacy of NAC, it is dif-
ficult to establish whether their results were directly based 
on association with TILs, as TILs were not assessed directly 
in tissue slices [76]. Another PET-CT parameter which can 
be used as a predictor of TILs in women with breast cancer 
is spleen-to-liver (SLR) SUVmax ratios. Higher SLR values 
were more commonly observed in patients with low stro-
mal TILs in comparison to patients with high stromal TILs 
[77]. High SLR in low-TILs patients may be explained by 
the abundance of immunosuppressive cells, e.g., myeloid-
derived suppressor cells (MDSCs) [78]. Nevertheless, there 
are still some important discrepancies. Kajáry et al. noted no 
correlation between dynamic parameters measured in PET-
CT and TILs. There is no clear explanation for this, but it is 
worth noting that this study was characterized by the small-
est study group [79].

The common 18F-FDG PET-CT seems to offer some 
interesting and promising possibilities for quick and reliable 
assessment of TILs, but still requires significant optimiza-
tions with careful correlations to direct TILs measurements. 
Moreover, direct immuno-tracers should be considered as a 
possibly much better option [80].

Mammography

There is also a considerable interest in the relationship 
between the different TILs densities in TNBC and mam-
mographic radiomics features. Yu et al. found out that mam-
mographic radiomics features such as uniformity, variance, 
gray-level co-occurrence matrix (GLCM) correlation, gray-
level difference matrix (GLDM) low gray level emphasis, 
neighborhood gray-tone difference matrix (NGTDM) con-
trast and GLCM autocorrelation can be useful in distin-
guishing between high- and low-TILs levels [81]. Uniform-
ity, mean and range GLDM low gray level emphasis of the 

craniocaudal (CC) view tended to be higher in the group 
where the level of TILs was lower. Contrastingly, among 
other significant variables, variance of the CC view, GLCM 
correlation of the mediolateral oblique (MLO) view and 
GLCM autocorrelation of the CC view showed higher values 
at higher lymphocyte infiltration density [81].

In the latest study, Yu et al. conducted a similar analysis 
exploring whether mammographic images can be used in 
the evaluation of the TILs status and investigating associa-
tions between mammographic radiomics features and TILs 
levels [82]. Similarly to previous findings [81] they con-
firmed that higher values of wavelet GLDM low gray level 
emphasis of the MLO view are associated with low levels 
of TILs [82]. In addition, they showed that gray-level run-
length matrix (GLRLM) short run low gray level emphasis 
in the CC view, local binary pattern 2-dimensional (LBP2D) 
GLRLM short run high gray level emphasis of the CC view 
and LBP2D GLDM dependence entropy of the MLO view 
were more common in the low-TILs group. On the other 
hand, the wavelet interquartile range of the MLO view and 
LBP2D median of the MLO view tended to be higher in the 
high-TILs group [82].

Despite the promising results of these studies, they have 
important limitations, namely, they were single-centered 
retrospective studies and had small sample sizes [81, 82]. 
Moreover, there is an issue of radiomics classifiers calcula-
tion and consistently increasing risk of selection bias due to 
the using single largest slice in the mammographic images 
in that process [82].

Lung cancer

Lung cancer is now a major worldwide health problem, and 
it is one of the leading causes of death [25]. The histological 
classification of lung cancer is based on a division into two 
main categories: non-small cell lung carcinomas (NSCLC, 
about 80 percent of all lung cancers) and small cell lung 
carcinomas (SCLC). NSCLC can be further divided into 
adenocarcinoma, squamous cell carcinoma and large cell 
carcinoma [83]. In recent years ICIs have been approved to 
treat lung cancer [84]. Therefore, there is a need to estab-
lish immune features useful for determining the prognosis 
of such therapy [85].

Positron emission tomography‑computed 
tomography (PET‑CT)

18F-FDG PET-CT is widely used during the diagnosis pro-
cess of lung cancer patients, thus it seems to be a good can-
didate to assess the status of the tumor microenvironment 
[86].
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In a study conducted on the group of 55 NSCLC patients, 
both SUVmax and mean standardized uptake (SUVmean) 
tended to present higher values in tumors rich in CD8 + TILs 
and PD-1 + TILs [87]. Similar conclusions were reached by 
Wang et al. who in a larger group of 122 NSCLC patients 
found a positive relationship between CD8 + TILs density 
and SUVmax. They took into consideration the evalua-
tion of metabolic tumor volume (MTV) and tumor lesion 
glycolysis (TLG) in tumors with different TILs levels and 
noted positive correlation between MTV and CD3 + TILs, 
as well as TLG and PD1 + TILs [88]. This trend regarding 
increased PET-CT features in high-TILs tumors was further 
developed in a study led by Zhou et al., in which 91 patients 
with NSCLC underwent the Dual-Time-Point FDG PET-CT 
(DTP FDG PET-CT). By this method the authors exploited 
the existence of parameters determined in early and delayed 
scans, as well as the changes between these two phases. The 
researchers’ aim was to evaluate the potential link between 
these parameters and different TME patterns. Along with 
TME observations, numerous positive associations between 
PET-CT parameters and different TILs populations have 
been found, e.g., CD8 + TILs and phase difference in 
SUVmean, CD8 + TILs and delayed phase SUVmean, PD1-
TILs and early SUVmax, PD1-TILs and early SUVmean, 
PD1-TILs and phase difference in SUVmax, PD1-TILs and 
phase difference in SUVmean [89].

Also Castello et al. in their study decided to focus on 
unconventional PET-CT parameters and observed that in 
tumors characterized with high-TILs infiltration, the entropy 
tended to present higher values [90]. Nevertheless, there is 
no shortage of reports suggesting the lack of the useful-
ness of PET-CT in estimating the TILs infiltration. When 
analyzing the possible factors responsible for such results, 

there is a need to draw attention to the relevance of the type 
of tracer used in the PET-CT examinations. Shimizu et al. 
performed a PET-CT examination using 3-[18F]Fluoro-α-
methyl-L-tyrosine ([18F]FAMT) and no significant correla-
tions between TILs and SUVmax in [18F]FAMT PET-CT 
were observed [91]. Moreover, the selection of lung cancer 
subtypes also seems to affect the final outcomes concerning 
the TILs imaging. Kasahara et al. reported the following 
association in SCLC patients—the higher density of TILs 
corresponded to the lower 18F-FDG uptake [92]. Similarly, 
Kasahara et al. in their other study [93] and Kaira et al. [94] 
limited their studies to only one lung cancer subtype: pul-
monary squamous cell carcinoma and pulmonary adenocar-
cinoma, respectively. Thus, we hypothesized that it was the 
reason for the missing link between 18FDG-PET features and 
TILs density [93, 94].

Interestingly, a recently published article reported that 
PET-CT can be used not only to classify tumors on the basis 
of immune cell density but also to classify them by the pres-
ence of products secreted by these cells, as shown in the 
study conducted by Dönez et al. They found that the pres-
ence of CCL-18 produced by tumor-associated macrophages 
(TAMs) in NSCLC is reflected in different features of 18FDG 
PET-CT images [95].

Radiomics

Radiomics represent another widely discussed method in 
distinguishing between lung cancer tumors with low and 
high lymphocytic infiltration (Table 2). Zhou et al. designed 
a study, in which based on radiomics features extracted 
from PET-CT, differentiate the NSCLC tumors character-
ized by different TME patterns. They found 37 radiomics 

Table 2   Radiomics in differentiation of NSCLC cases with different TILs levels

Publication Diag-
nostic 
method

The number of patients Main results

Khorrami et al. 2020 [96] CT 139 patients with NSCLC (from among them, 36 
cases were analyzed for the association between 
radiomics features and TILs infiltration)

They extracted 76 radiomics features and found that 
peritumoral Gabor feature (feature related to the 
tumor structure) was a strong predictor of TILs 
density infiltration

Mazzaschi et al. 2020 [97] CT 100 patients with NSCLC They found well defined margins, the presence of 
CT evidence of tumor effect, as well as radiomic 
features related to Non-uniformity to be predictors 
of rich immune cells infiltration

Chen et al. 2022 [98] CT 117 patients with NSCLC Heterogenous dependencies and complicated texture 
were related to tumors characterized with high 
CD8 + TILs infiltration

Yoon et al. 2020 [99] CT 149 patients with NSCLC 239 CT-based radiomics features have been 
extracted. The significant relationships between 
TILs levels in tumors and imaging features were 
related only to Th2 cells, in contrast to Th1 and 
Tc cells
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features that correlated with CD8 + TILs and in total 68 both 
PET- and CT-radiomics features that correlated with PD1-
TILs. Moreover, the juxtaposing of the analyzed correla-
tions, highlights the features for which the correlations with 
CD8 + TILs and PD1-TILs were the strongest—NGLDM_
cotrast and peak standardized uptake value (SUVpeak), 
respectively [96].

The distinguishing accuracy of radiomics was further 
focused on the CT-based radiomics models [97–100]. The 
analysis of the 36 NSCLC tumors specimens in the study by 
Khorrami et al. was used for extraction of the most essential 
Delta-radiomics (DelRADx) features. The authors observed 
high-TILs infiltration to be connected with Gabor feature 
which is related to the texture of the lesion [97].

In the study by Mazzaschi et al. the focus has been on the 
extraction of both the semantic CT features (CT-SFs) and 
radiomic CT features (CT-RFs) related to abundant TILs 
infiltration. The evaluation of the first features subgroup 
brought the following details concerning high-TILs den-
sity tumors imaging: well defined margins and the presence 
of CT evidence of tumor effect. Additionally, the authors 
observed that among CT-RFs, these related to NonUniform-
ity were predictors of infiltration rich in CD8 + TILs [98].

Big potential related to the utility of radiomics in NSCLC 
patients TILs levels prediction was demonstrated in the 
study by Chen et al. in which 117 patients were qualified. 
Lesions with high CD + 8 TILs infiltration in CT-based radi-
omics have presented a more heterogeneous and complicated 
texture [99].

Interesting results related to the predictive role of radiom-
ics in different subpopulations of immune cells in NSCLC 
cases were reported by Yoon et al. The authors compared the 
efficacy of the applied methods for Th1, Th2, and Tc cells 
infiltration prediction. In both the training and the validation 
cohorts the researchers proposed the use of both contrast and 
non-contrast CT. Finally, radiomics proved to be a usable 
method only in relation to Th2 cells level prediction [100].

Other cancers

Pancreatic cancer

Due to the highest incidence of pancreatic ductal adeno-
carcinoma (PDAC) among various types of pancreatic 
cancers, PDAC and pancreatic cancer are generally under-
stood synonymously [101]. The cases of PDAC are not 
the leading cause of cancer-related deaths. Nonetheless, 
due to the fact that the number of PDAC related deaths 
is roughly equivalent to the number of diagnosed cases, 
it is a public health concern [25]. The implementation of 
standard treatment methods, including chemotherapy and 

surgical regimen, in PDAC patients yields unsatisfactory 
results [102, 103]. As the application of immunotherapy 
does not guarantee a success, there is a need to qualify 
those patients, who would benefit the most from specific 
therapies [104]. According to the recently published stud-
ies, TILs density in the tumor environment may represent 
such a predicting factor in PDAC patients [105].

All studies which investigated the role of imaging meth-
ods in TILs levels prediction in PDAC cases focused on 
the use of radiomics and artificial intelligence (AI) to ana-
lyze the radiomics [106–110] and the majority of them 
suggested the usage of radiomics models combined with 
non-radiomics features obtained from imaging studies.

In order to establish a predicting model of TILs levels, 
Bian et al. have built linear discriminant analysis (LDA) 
model based on 13 radiomics features (4 first-order statisti-
cal features, 4 GLCM features, 3 Gy-level size-zone matrix 
(GLSZM) features, and 2 GLRLM features) and mixed 
model including both the above-mentioned radiomics 
characteristics and 12 features obtained from non-contrast 
MRI examination. The comparative analysis of AUC in 
validation groups from both proposed models did not show 
differences in their efficacy (AUC = 0.76 vs. AUC = 0.69, 
respectively) [106]. Further improved effectiveness of 
radiomics implementation was shown in combined usage 
of 12 radiomics features and clinical features (location 
of the lesion and tumor size). Hence, the same authors 
reached AUC = 0.79 [107]. The similar satisfactory value 
of the radiomics method (AUC = 0.67) was obtained in the 
prediction model linking 10 CT-based radiomics features 
and tumor size [108]. The only research in which apart 
from 37 radiomics characteristics of computed-tomogra-
phy, no other imaging-derived features were included in 
the analysis, was led by Bian et al. Although the authors 
found no other imaging features to be positively associated 
with TILs, further considering AUC values (0.79), such 
prediction model seems to be comparatively reliable [109]. 
Another interesting machine learning model was proposed 
by Li et al. via non-contrast MRI in 156 PDAC patients. 
The authors focused on CD20 + B Cells level reflection in 
radiological images created through radiomics develop-
ment [110].

There were numerous attempts to prepare a good 
machine learning model that could predict TILs density in 
PDAC based on radiomics features and some basic clinical 
information, e.g., tumor size based on both MRI [106, 107, 
110] and CT [108, 109] findings. Overall, each of the mod-
els provided satisfactory end-results. Nevertheless, those 
studies were based on small samples and most importantly, 
they lacked prospective controls, thus the findings should 
be treated with caution.
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Gastric cancer

Gastric cancer is the sixth most commonly diagnosed can-
cer worldwide with about twice as many new cases diag-
nosed in men as in women. In addition, gastric cancer is the 
third most common cause of death from all cancers [25]. 
Although levels of immune cell infiltration in gastric cancer 
are a useful prognostic tool, only two retrospective studies 
evaluating the potential utility of imaging features in TILs 
density prediction have been published so far [111, 112]. 
Lee et al. conducted a study on the group of 56 patients with 
gastric cancer and noted the positive association between 
SUVmax on 18F-FDG PET-CT and regulatory T cells in gas-
tric cancer. In addition, there was also a positive correlation 
between high SUVmax values and the presence of CD3 + T 
lymphocytes but this association was negligible [111]. So 
far, the largest published study focusing at all on the use-
fulness of imaging methods in TILs levels prediction, was 
related to the development of relevant radiomics features of 
gastric cancer tumors. The authors proposed 13 radiomics 
characteristics derived from contrast-enhanced CT which 
led to radiomics immunoscore (RIS) establishment. The 
data of 1778 patients was analyzed and the obtained results 
indicated that gastric cancer patients demonstrating low RIS 
values were more likely to present low CD3 + , CD8 +, and 
CD45RO + lymphocytic infiltration [112]. Although the 
revealed observations were encouraging, it should be noted 
that only selected lymphocyte subpopulations were analyzed 
which does not equal the assessment of all TILs. Thus, inter-
esting results of a recent meta-analysis suggest that although 
TILs are largely prognostic markers in gastric cancer, in 
contrast Tregs do not have a significant impact on patients’ 
survival [113].

Head and neck squamous cell carcinoma

In the USA, head and neck squamous cell carcinoma 
(HNSCC) accounts for 3 percent of all diagnosed cancers. 
More than half a million new cases of HNSCC are diagnosed 
worldwide each year [114]. Since the presence of TILs is 
also a prognostic marker in HNSCC patients [115, 116], a 
study was conducted to evaluate the connection between the 
density of TILs infiltration and radiological features on MRI 
images. Indeed, there was an association between different 
T2WI-derived parameters and TILs within the tumor com-
partment, however no such correlation was demonstrated 
in T1-derived images. On the other hand, images in T1WI-
derived sequences correlated with tumors with high expres-
sion of TILs within the stroma compartment (stroma-rich 
tumors). Additionally, it was observed that kurtosis tended 
to be higher in the tumors with high expression of TILs in 
the tumor compartment in T2WI-derived images and this 
association was not observed in stroma-rich tumors [117].

In addition to the assessment of the imaging features 
indicative for the presence of TILs by MRI, the analysis of 
TILs status in oral squamous cell carcinoma was also per-
formed by PET-CT. Togo et al. found that tumors with low 
CD8 + TILs infiltration tended to have higher 18FDG uptake 
than lesions with high TILs [118].

Hepatocellular cancer (HCC)

Liver cancer also ranks among the top ten most prevalent 
cancers worldwide [25]. Hepatocellular cancer (HCC) com-
prises about 85% of total liver cancer cases [119]. Currently, 
HCC management is applied to suit different HCC stages 
and other clinical data, especially immunotherapies should 
be carefully chosen [120, 121].

So far, previous studies suggested TILs to be helpful as 
a predictive parameter [122–124]. However, despite the 
above-mentioned encouraging results, only two studies 
focused on the relevance of the imaging-based assessment 
of TILs infiltration [125]. Liao et al. constructed a CT-based 
radiomics model based on the 7 extracted features. Such a 
developed RIS model showed a correlation with CD8 + TILs 
and the AUC values of the applied prediction model in the 
training cohort and validation cohort were 0.751 and 0.705, 
respectively [125].

Nonetheless, it seems that the final radiomics model pro-
posed by Chen et al. was characterized with greater predic-
tive value. The authors compared the efficacy of the fol-
lowing 3 different radiomics-based models: intratumoral 
radiomics one, combined radiomics one, and combined 
radiomics-based clinical one, to predict the immunoscore 
which reflected the TILs levels. The last one was found to 
be the most relevant, as the AUC value in the validation 
set reached 0.934, in comparison to the AUC = 0.640 and 
AUC = 0.899 in the intratumoral radiomics and combined 
radiomics, respectively [126].

Renal cell cancer (RCC)

Among a variety of renal cell carcinoma (RCC) subtypes, 
clear cell Renal Cell Carcinoma (ccRCC) represents the vast 
majority of diagnosed RCC cases, accounting for about ¾ 
of all [127]. Although the development of ICIs therapy pro-
vided promising results in ccRCC patients, a small group 
of patients is benefiting from this type of therapy [128, 
129]. Currently the efficacy of TILs density infiltration in 
predicting the effectiveness of ICIs therapy is a subject 
of an on-going discussion [130, 131]. Until now, to the 
best of authors’ knowledge only one study evaluating the 
usage of imaging methods in assessment of TILs density 
in ccRCC patients was published. Wu et al. led a study on 
the group of 90 patients with ccRCC with preoperatively 
performed 18F-FDG-PET-CT examination. They observed 
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higher chances to detect lesions with high-TILs infiltration 
in patients with higher SUVmax values [132].

Discussion

The wide range of imaging methods available in everyday 
clinical practice opens new prospects for their usefulness 
in assessment of TILs infiltration in different cancer types. 
However, the question remains, whether it is possible to 
identify methods or even specific parameters, which would 
be the most appropriate and could establish a standard in the 
assessment of TILs in different types of cancer.

When analyzing all the above-mentioned studies, it can 
be concluded that there is no single imaging method effec-
tive in visualizing TILs in all cancer types. Nevertheless, 
some tendencies regarding efficacy can be identified for 
individual tumor types. On the example of breast cancer, 
we found that studies conducted with the use of PET-CT 
imaging present highly consistent results, therefore various 
parameters regarding glucose metabolism seem to reflect the 
TILs status with great efficacy. Additionally, in breast cancer 
attention should be paid to methods based on radiomics or 
AI, which are highly individualized and allow the assess-
ment of very detailed characteristics of the tumor. So far, 
MRI and mammography have been included in the devel-
opment of models involving AI techniques. Therefore, one 
of the solutions could be to combine AI with other imaging 
methods in the future, to achieve their improved results.

Similar observations were received regarding radiological 
assessment of TILs in lung cancer. Although the spectrum 
of analyzed methods was less extensive, as included only 
PET-CT and AI-based techniques, the methods engaging AI 
seem to present satisfactory results. Additionally, especially 
important in the case of breast and lung cancers, due to their 
histological differentiation, is to conduct research on homog-
enous groups including single subtypes of these cancers.

What constitutes a restriction in indication of the most 
appropriate TILs imaging method in other analyzed cancer 
types including pancreatic cancer, gastric cancer, HNSCC, 
hepatocellular cancer or renal cell cancer is small number 
of studies, which additionally are often limited to one type 
of investigated technique.

In sum, the assessment of TILs with the use of imag-
ing methods in general is a promising management. Nev-
ertheless, we cannot indicate specific imaging methods and 
parameters that could be applied in radiological assessment 
of TILs in various tumors. Especially many hopes are con-
nected to new techniques including AI or radiomics which 
can be seen in example of pancreatic cancer, where all 

research on this cancer was conducted based on such imag-
ing methods. Although, we assume that histopathological 
examination will continue to be the gold standard, radiologi-
cal evaluation should be still investigated in further studies 
led on a greater number of patients.

Conclusion

Despite a significant number of available studies, it is 
impossible to indicate fully reliable imaging features to dif-
ferentiate tumors with high-TILs level. Ultrasound, MRI or 
PET-CT imaging methods present rather inconsistent obser-
vations. Some hopes are connected with radiomics and artifi-
cial intelligence. Regardless of tested methods, all studies so 
far lacked the prospective group. Thus, future studies should 
include not only more significant patient groups, but also 
should be based on both retrospective and prospective data.

Author contributions  Conceptualization, K.F., M.Z., I.D. and A. B.-J.; 
software, K.F., M.Z. and I.D.; validation, K.F., M.Z. and I.D.; for-
mal analysis, K.F., M.Z. and I.D.; investigation, K.F., M.Z. and I.D; 
resources, K.F., M.Z. and I.D.; data curation, K.F., M.Z. and I.D.; writ-
ing—original draft preparation, K.F., M.Z. and I.D.; writing—review 
and editing, M.Z., I.D. and A. B.-J.; visualization, M.Z.; supervision, 
M.Z., A. B.-J.; project administration, M.Z.; funding acquisition, M.Z., 
A. B.-J. All authors have read and approved the final manuscript.

Funding  The study was supported by the Medical University of Lublin 
grant PBmn 161.

Data availability  Not applicable.

Declarations 

Conflict of interests  The authors have no relevant financial or non-
financial interests to disclose.

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

http://creativecommons.org/licenses/by/4.0/


Medical Oncology (2023) 40:176	

1 3

Page 11 of 14  176

References

	 1.	 Hui L, Chen Y. Tumor microenvironment: sanctuary of the devil. 
Cancer Lett. 2015;368:7–13.

	 2.	 Quail DF, Joyce JA. Microenvironmental regulation of tumor 
progression and metastasis. Nat Med. 2013;19:1423–37.

	 3.	 Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Mac-
rophages and Metabolism in the Tumor Microenvironment. Cell 
Metab. 2019;30:36–50.

	 4.	 Fridman WH, Pagès F, Sautès-Fridman C, Galon J. The immune 
contexture in human tumours: impact on clinical outcome. Nat 
Rev Cancer. 2012;12:298–306.

	 5.	 Stanton SE, Adams S, Disis ML. Variation in the incidence and 
magnitude of tumor-infiltrating lymphocytes in breast cancer sub-
types: a systematic review. JAMA Oncol. 2016;2:1354.

	 6.	 Lin B, Du L, Li H, Zhu X, Cui L, Li X. Tumor-infiltrating 
lymphocytes: Warriors fight against tumors powerfully. Biomed 
Pharmacother. 2020;132: 110873.

	 7.	 Paijens ST, Vledder A, de Bruyn M, Nijman HW. Tumor-
infiltrating lymphocytes in the immunotherapy era. Cell Mol 
Immunol. 2021;18:842–59.

	 8.	 Mahmoud SMA, Paish EC, Powe DG, Macmillan RD, Grainge 
MJ, Lee AHS, et al. Tumor-infiltrating CD8 + lymphocytes pre-
dict clinical outcome in breast cancer. JCO. 2011;29:1949–55.

	 9.	 Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, 
et  al. Intraepithelial CD8+ tumor-infiltrating lymphocytes 
and a high CD8+/regulatory T cell ratio are associated with 
favorable prognosis in ovarian cancer. Proc Natl Acad Sci. 
2005;102:18538–43.

	 10.	 Mlecnik B, Tosolini M, Kirilovsky A, Berger A, Bindea G, 
Meatchi T, et al. Histopathologic-based prognostic factors of colo-
rectal cancers are associated with the state of the local immune 
reaction. JCO. 2011;29:610–8.

	 11.	 Stanton SE, Disis ML. Clinical significance of tumor-infiltrat-
ing lymphocytes in breast cancer. J Immunotherapy Cancer. 
2016;4:59.

	 12.	 Takeuchi Y, Nishikawa H. Roles of regulatory T cells in cancer 
immunity. INTIMM. 2016;28:401–9.

	 13.	 Giraldo NA, Becht E, Vano Y, Petitprez F, Lacroix L, Validire P, 
et al. Tumor-infiltrating and peripheral blood T-cell immunophe-
notypes predict early relapse in localized clear cell renal cell car-
cinoma. Clin Cancer Res. 2017;23:4416–28.

	 14.	 Becht E, Giraldo NA, Beuselinck B, Job S, Marisa L, Vano Y, 
et al. Prognostic and theranostic impact of molecular subtypes and 
immune classifications in renal cell cancer (RCC) and colorectal 
cancer (CRC). OncoImmunology. 2015;4: e1049804.

	 15.	 Palucka AK, Coussens LM. The basis of oncoimmunology. Cell. 
2016;164:1233–47.

	 16.	 Arneth B. Tumor microenvironment. Medicina. 2019;56:15.
	 17.	 Plesca I, Tunger A, Müller L, Wehner R, Lai X, Grimm M-O, 

et al. Characteristics of tumor-infiltrating lymphocytes prior to 
and during immune checkpoint inhibitor therapy. Front Immunol. 
2020;11:364.

	 18.	 Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Hepp-
ner BI, Weber KE, et al. Tumour-infiltrating lymphocytes and 
prognosis in different subtypes of breast cancer: a pooled analysis 
of 3771 patients treated with neoadjuvant therapy. Lancet Oncol. 
2018;19:40–50.

	 19.	 Wang S, Sun J, Chen K, Ma P, Lei Q, Xing S, et al. Perspectives 
of tumor-infiltrating lymphocyte treatment in solid tumors. BMC 
Med. 2021;19:140.

	 20.	 Fridman WH, Galon J, Pagès F, Tartour E, Sautès-Fridman C, 
Kroemer G. Prognostic and predictive impact of intra- and peri-
tumoral immune infiltrates. Cancer Res. 2011;71:5601–5.

	 21.	 Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, 
et al. Assessing tumor-infiltrating lymphocytes in solid tumors: 
a practical review for pathologists and proposal for a standard-
ized method from the international immunooncology biomark-
ers working group: part 1: assessing the host immune response, 
TILs in invasive breast carcinoma and ductal carcinoma in situ, 
metastatic tumor deposits and areas for further research. Adv Anat 
Pathol. 2017;24:235–51.

	 22.	 Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, 
et al. Assessing tumor-infiltrating lymphocytes in solid tumors: 
a practical review for pathologists and proposal for a standard-
ized method from the international immuno-oncology biomarkers 
working group: part 2: TILs in melanoma, gastrointestinal tract 
carcinomas, non-small cell lung carcinoma and mesothelioma, 
endometrial and ovarian carcinomas, squamous cell carcinoma of 
the head and neck, genitourinary carcinomas, and primary brain 
tumors. Adv Anat Pathol. 2017;24:311–35.

	 23.	 Salgado R, Denkert C, Demaria S, Sirtaine N, Klauschen F, 
Pruneri G, et al. The evaluation of tumor-infiltrating lymphocytes 
(TILs) in breast cancer: recommendations by an International 
TILs Working Group 2014. Ann Oncol. 2015;26:259–71.

	 24.	 Huang J, Chen X, Fei X, Huang O, Wu J, Zhu L, et al. Changes 
of tumor infiltrating lymphocytes after core needle biopsy and the 
prognostic implications in early stage breast cancer: a retrospec-
tive study. Cancer Res Treat. 2019;51:1336–46.

	 25.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, 
Jemal A, et al. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 185 
countries. CA A Cancer J Clin. 2021;71:209–49.

	 26.	 Perou CM, Sørlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees 
CA, et al. Molecular portraits of human breast tumours. Nature. 
2000;406:747–52.

	 27.	 Pruneri G, Vingiani A, Denkert C. Tumor infiltrating lymphocytes 
in early breast cancer. The Breast. 2018;37:207–14.

	 28.	 Ohtani H, Mori-Shiraishi K, Nakajima M, Ueki H. Defining lym-
phocyte-predominant breast cancer by the proportion of lympho-
cyte-rich stroma and its significance in routine histopathological 
diagnosis. Pathol Int. 2015;65:644–51.

	 29.	 Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, et al. 
Prognostic and predictive value of tumor-infiltrating lymphocytes 
in a phase III randomized adjuvant breast cancer trial in node-
positive breast cancer comparing the addition of docetaxel to 
doxorubicin with doxorubicin-based chemotherapy: BIG 02–98. 
JCO. 2013;31:860–7.

	 30.	 Cimino-Mathews A, Thompson E, Taube JM, Ye X, Lu Y, Meeker 
A, et al. PD-L1 (B7–H1) expression and the immune tumor 
microenvironment in primary and metastatic breast carcinomas. 
Hum Pathol. 2016;47:52–63.

	 31.	 Jafari SH, Saadatpour Z, Salmaninejad A, Momeni F, Mokhtari 
M, Nahand JS, et al. Breast cancer diagnosis: imaging techniques 
and biochemical markers. J Cell Physiol. 2018;233:5200–13.

	 32.	 Braman N, Prasanna P, Whitney J, Singh S, Beig N, Etesami 
M, et al. Association of peritumoral radiomics with tumor biol-
ogy and pathologic response to preoperative targeted therapy 
for HER2 (ERBB2) –positive breast cancer. JAMA Netw Open. 
2019;2: e192561.

	 33.	 Gao B, Zhang H, Zhang S-D, Cheng X-Y, Zheng S-M, Sun Y-H, 
et al. Mammographic and clinicopathological features of triple-
negative breast cancer. BJR. 2014;87:20130496.

	 34.	 Zhang H-X, Sun Z-Q, Cheng Y-G, Mao G-Q. A pilot study of 
radiomics technology based on X-ray mammography in patients 
with triple-negative breast cancer. XST. 2019;27:485–92.

	 35.	 Moffa G, Galati F, Collalunga E, Rizzo V, Kripa E, D’Amati G, 
et al. Can MRI Biomarkers Predict Triple-Negative Breast Can-
cer? Diagnostics. 2020;10:1090.



	 Medical Oncology (2023) 40:176

1 3

176  Page 12 of 14

	 36.	 Dogan BE, Turnbull LW. Imaging of triple-negative breast cancer. 
Ann Oncol. 2012;23:23–9.

	 37.	 Sood R, Rositch AF, Shakoor D, Ambinder E, Pool K-L, Pollack 
E, et al. Ultrasound for breast cancer detection globally: a system-
atic review and meta-analysis. J Glob Oncol. 2019;5:1–17. https://​
doi.​org/​10.​1200/​JGO.​19.​00127

	 38.	 Kolb TM, Lichy J, Newhouse JH. Comparison of the performance 
of screening mammography, physical examination, and breast 
US and evaluation of factors that influence them: an analysis of 
27,825 patient evaluations. Radiology. 2002;225:165–75.

	 39.	 Berg WA. Combined Screening With Ultrasound and Mammog-
raphy vs Mammography Alone in Women at Elevated Risk of 
Breast Cancer. JAMA. 2008;299:2151.

	 40.	 Fukui K, Masumoto N, Shiroma N, Kanou A, Sasada S, Emi A, 
et al. Novel tumor-infiltrating lymphocytes ultrasonography score 
based on ultrasonic tissue findings predicts tumor-infiltrating lym-
phocytes in breast cancer. Breast Cancer. 2019;26:573–80.

	 41.	 Fukui K, Masumoto N, Yokoyama E, Kanou A, Yokozaki M, Sas-
ada S, et al. Ultrasonography combined with contrast-enhanced 
ultrasonography can predict lymphocyte-predominant breast can-
cer. CDP. 2021;1:309–16.

	 42.	 Kanou A, Masumoto N, Fukui K, Yokozaki M, Sasada S, Emi A, 
et al. The tumor-infiltrating lymphocyte ultrasonography score 
can provide a diagnostic prediction of lymphocyte-predominant 
breast cancer preoperatively. J Med Ultrasonics. 2022;49:709–17.

	 43.	 Kimura Y, Masumoto N, Kanou A, Fukui K, Sasada S, Emi A, 
et al. The TILs-US score on ultrasonography can predict the 
pathological response to neoadjuvant chemotherapy for human 
epidermal growth factor receptor 2-positive and triple-negative 
breast cancer. Surg Oncol. 2022;41: 101725.

	 44.	 Çelebi F, Agacayak F, Ozturk A, Ilgun S, Ucuncu M, Iyigun ZE, 
et al. Usefulness of imaging findings in predicting tumor-infil-
trating lymphocytes in patients with breast cancer. Eur Radiol. 
2020;30:2049–57.

	 45.	 Jia Y, Zhu Y, Li T, Song X, Duan Y, Yang D, et al. Evaluating 
tumor-infiltrating lymphocytes in breast cancer: the role of con-
ventional ultrasound and contrast-enhanced ultrasound. J Ultra-
sound Med. 2023;42(3):623–34. https://​doi.​org/​10.​1002/​jum.​
16058

	 46.	 Candelaria RP, Spak DA, Rauch GM, Huo L, Bassett RL, Santi-
ago L, et al. BI-RADS ultrasound lexicon descriptors and stromal 
tumor-infiltrating lymphocytes in triple-negative breast cancer. 
Acad Radiol. 2022;29:S35-41.

	 47.	 Dogan BE, Gonzalez-Angulo AM, Gilcrease M, Dryden MJ, 
Yang WT. Multimodality imaging of triple receptor-negative 
tumors with mammography, ultrasound, and MRI. Am J Roent-
genol. 2010;194:1160–6.

	 48.	 Krizmanich-Conniff KM, Paramagul C, Patterson SK, Helvie 
MA, Roubidoux MA, Myles JD, et al. Triple receptor-negative 
breast cancer: imaging and clinical characteristics. Am J Roent-
genol. 2012;199:458–64.

	 49.	 Karbasian N, Sohrabi S, Omofoye TS, Le-Petross H, Arun BK, 
Albarracin CT, et al. Imaging features of triple negative breast 
cancer and the effect of BRCA mutations. Curr Probl Diagn 
Radiol. 2021;50:303–7.

	 50.	 Leithner D, Wengert GJ, Helbich TH, Thakur S, Ochoa-Albiz-
tegui RE, Morris EA, et al. Clinical role of breast MRI now and 
going forward. Clin Radiol. 2018;73:700–14.

	 51.	 Marinovich ML, Sardanelli F, Ciatto S, Mamounas E, Brennan 
M, Macaskill P, et al. Early prediction of pathologic response to 
neoadjuvant therapy in breast cancer: systematic review of the 
accuracy of MRI. Breast. 2012;21:669–77.

	 52.	 Scheel JR, Kim E, Partridge SC, Lehman CD, Rosen MA, Bern-
reuter WK, et al. MRI, clinical examination, and mammography 
for preoperative assessment of residual disease and pathologic 

complete response after neoadjuvant chemotherapy for breast 
cancer: ACRIN 6657 trial. Am J Roentgenol. 2018;210:1376–85.

	 53.	 Ku YJ, Kim HH, Cha JH, Shin HJ, Baek SH, Lee HJ, et al. Cor-
relation between MRI and the level of tumor-infiltrating lympho-
cytes in patients with triple-negative breast cancer. Am J Roent-
genol. 2016;207:1146–51.

	 54.	 Bae MS, Seo M, Kim KG, Park I-A, Moon WK. Quantitative 
MRI morphology of invasive breast cancer: correlation with 
immunohistochemical biomarkers and subtypes. Acta Radiol. 
2015;56:269–75.

	 55.	 Choi WJ, Kim Y, Cha JH, Shin HJ, Chae EY, Yoon GY, et al. 
Correlation between magnetic resonance imaging and the level 
of tumor-infiltrating lymphocytes in patients with estrogen 
receptor-negative HER2-positive breast cancer. Acta Radiol. 
2020;61:3–10.

	 56.	 Meyer H-J, Wienke A, Surov A. Diffusion-weighted imaging of 
different breast cancer molecular subtypes: a systematic review 
and meta-analysis. Breast Care. 2022;17:47–54.

	 57.	 Surov A, Wienke A, Meyer HJ. Pretreatment apparent diffusion 
coefficient does not predict therapy response to neoadjuvant 
chemotherapy in breast cancer. The Breast. 2020;53:59–67.

	 58.	 Fogante M, Tagliati C, De Lisa M, Berardi R, Giuseppetti GM, 
Giovagnoni A. Correlation between apparent diffusion coefficient 
of magnetic resonance imaging and tumor-infiltrating lympho-
cytes in breast cancer. Radiol med. 2019;124:581–7.

	 59.	 Tang W, Jin Z, Zhang Y, Liang Y, Cheng Z, Chen L, et al. Whole-
lesion histogram analysis of the apparent diffusion coefficient as a 
quantitative imaging biomarker for assessing the level of tumor-
infiltrating lymphocytes: value in molecular subtypes of breast 
cancer. Front Oncol. 2021;10: 611571.

	 60.	 Shin HJ, Kim SH, Lee HJ, Gong G, Baek S, Chae EY, et al. 
Tumor apparent diffusion coefficient as an imaging biomarker to 
predict tumor aggressiveness in patients with estrogen-receptor-
positive breast cancer: tumor apparent diffusion coefficient as an 
imaging biomarker. NMR Biomed. 2016;29:1070–8.

	 61.	 Lee H, Lee JE, Jeong WG, Ki SY, Park MH, Lee JS, et al. HER2-
positive breast cancer: association of MRI and clinicopathologic 
features with tumor-infiltrating lymphocytes. Am J Roentgenol. 
2022;218:258–69.

	 62.	 Ku YJ, Kim HH, Cha JH, Shin HJ, Chae EY, Choi WJ, et al. Pre-
dicting the level of tumor-infiltrating lymphocytes in patients with 
triple-negative breast cancer: usefulness of breast MRI computer-
aided detection and diagnosis: MRI Computer-Aided Detection 
and Diagnosis. J Magn Reson Imaging. 2018;47:760–6.

	 63.	 Bian T, Wu Z, Lin Q, Mao Y, Wang H, Chen J, et al. Evalu-
ating Tumor-Infiltrating lymphocytes in breast cancer using 
preoperative MRI -based radiomics. Magn Reson Imaging. 
2022;55:772–84.

	 64.	 Xu N, Zhou J, He X, Ye S, Miao H, Liu H, et al. Radiomics model 
for evaluating the level of tumor-infiltrating lymphocytes in breast 
cancer based on dynamic contrast-enhanced MRI. Clin Breast 
Cancer. 2021;21(5):440–9. https://​doi.​org/​10.​1016/j.​clbc.​2020.​
12.​008

	 65.	 Tang W, Kong Q, Cheng Z, Liang Y, Jin Z, Chen L, et al. Perfor-
mance of radiomics models for tumour-infiltrating lymphocyte 
(TIL) prediction in breast cancer: the role of the dynamic contrast-
enhanced (DCE) MRI phase. Eur Radiol. 2022;32:864–75.

	 66.	 Su G-H, Xiao Y, Jiang L, Zheng R-C, Wang H, Chen Y, et al. 
Radiomics features for assessing tumor-infiltrating lymphocytes 
correlate with molecular traits of triple-negative breast cancer. J 
Transl Med. 2022;20:471.

	 67.	 Jimenez JE, Abdelhafez A, Mittendorf EA, Elshafeey N, Yung JP, 
Litton JK, et al. A model combining pretreatment MRI radiomic 
features and tumor-infiltrating lymphocytes to predict response 
to neoadjuvant systemic therapy in triple-negative breast cancer. 
Eur J Radiol. 2022;149: 110220.

https://doi.org/10.1200/JGO.19.00127
https://doi.org/10.1200/JGO.19.00127
https://doi.org/10.1002/jum.16058
https://doi.org/10.1002/jum.16058
https://doi.org/10.1016/j.clbc.2020.12.008
https://doi.org/10.1016/j.clbc.2020.12.008


Medical Oncology (2023) 40:176	

1 3

Page 13 of 14  176

	 68.	 Chang C-H, Qiu J, O’Sullivan D, Buck MD, Noguchi T, Curtis 
JD, et al. Metabolic competition in the tumor microenvironment 
is a driver of cancer progression. Cell. 2015;162:1229–41.

	 69.	 Ho P-C, Bihuniak JD, Macintyre AN, Staron M, Liu X, Amezquita 
R, et al. Phosphoenolpyruvate is a metabolic checkpoint of anti-
tumor T cell responses. Cell. 2015;162:1217–28.

	 70.	 Fujii T, Tokuda S, Nakazawa Y, Kurozumi S, Obayashi S, Yajima 
R, et al. Relationship between FDG uptake and the platelet/
lymphocyte ratio in patients with breast invasive ductal cancer. 
In Vivo. 2020;34:1365–9.

	 71.	 Onagi H, Horimoto Y, Sakaguchi A, Ikarashi D, Yanagisawa N, 
Nakayama T, et al. High platelet-to-lymphocyte ratios in triple-
negative breast cancer associates with immunosuppressive status 
of TILs. Breast Cancer Res. 2022;24:67.

	 72.	 Murakami W, Tozaki M, Sasaki M, Hida AI, Ohi Y, Kubota K, 
et al. Correlation between 18F-FDG uptake on PET/MRI and 
the level of tumor-infiltrating lymphocytes (TILs) in triple-neg-
ative and HER2-positive breast cancer. Eur J Radiol. 2020;123: 
108773.

	 73.	 Sasada S, Shiroma N, Goda N, Kajitani K, Emi A, Masumoto N, 
et al. The relationship between ring-type dedicated breast PET 
and immune microenvironment in early breast cancer. Breast Can-
cer Res Treat. 2019;177:651–7.

	 74.	 Park S, Min E, Bae SJ, Cha C, Kim D, Lee J, et al. Relationship 
of the standard uptake value of 18F-FDG-PET-CT with tumor-
infiltrating lymphocytes in breast tumors measuring ≥ 1 cm. Sci 
Rep. 2021;11:12046.

	 75.	 Hirakata T, Fujii T, Kurozumi S, Katayama A, Honda C, Yanai K, 
et al. FDG uptake reflects breast cancer immunological features: 
the PD-L1 expression and degree of TILs in primary breast can-
cer. Breast Cancer Res Treat. 2020;181:331–8.

	 76.	 Sasada S, Kimura Y, Emi A, Masumoto N, Kadoya T, Arihiro K, 
et al. Tumor-infiltrating lymphocyte score based on FDG PET/CT 
for predicting the effect of neoadjuvant chemotherapy in breast 
cancer. Anticancer Res. 2020;40:3395–400.

	 77.	 Seban R-D, Rouzier R, Latouche A, Deleval N, Guinebretiere 
J-M, Buvat I, et al. Total metabolic tumor volume and spleen 
metabolism on baseline [18F]-FDG PET/CT as independent prog-
nostic biomarkers of recurrence in resected breast cancer. Eur 
J Nucl Med Mol Imaging [Internet]. 2021 [cited 2021 Jun 14]; 
Available from: http://link.springer.com/https://​doi.​org/​10.​1007/​
s00259-​021-​05322-2

	 78.	 Seban R-D, Assié J-B, Giroux-Leprieur E, Massiani M-A, Sous-
san M, Bonardel G, et al. Association of the metabolic score using 
baseline FDG-PET/CT and dNLR with immunotherapy outcomes 
in advanced NSCLC patients treated with first-line pembroli-
zumab. Cancers. 2020;12:2234.

	 79.	 Kajáry K, Lengyel Z, Tőkés A-M, Kulka J, Dank M, Tőkés T. 
Dynamic FDG-PET/CT in the initial staging of primary breast 
cancer: clinicopathological correlations. Pathol Oncol Res. 
2020;26:997–1006.

	 80.	 Mayer AT, Natarajan A, Gordon SR, Maute RL, McCracken MN, 
Ring AM, et al. Practical immuno-PET radiotracer design con-
siderations for human immune checkpoint imaging. J Nucl Med. 
2017;58:538–46.

	 81.	 Yu H, Meng X, Chen H, Han X, Fan J, Gao W, et al. Correla-
tion between mammographic radiomics features and the level of 
tumor-infiltrating lymphocytes in patients with triple-negative 
breast cancer. Front Oncol. 2020;10:412.

	 82.	 Yu H, Meng X, Chen H, Liu J, Gao W, Du L, et al. Predicting 
the level of tumor-infiltrating lymphocytes in patients with breast 
cancer: usefulness of mammographic radiomics features. Front 
Oncol. 2021;11: 628577.

	 83.	 Schabath MB, Cote ML. Cancer progress and priorities: lung 
cancer. Cancer Epidemiol Biomarkers Prev. 2019;28:1563–79.

	 84.	 Steven A, Fisher SA, Robinson BW. Immunotherapy for 
lung cancer: Immunotherapy for lung cancer. Respirology. 
2016;21:821–33.

	 85.	 Teng MWL, Ngiow SF, Ribas A, Smyth MJ. Classifying can-
cers based on T-cell infiltration and PD-L1. Cancer Res. 
2015;75:2139–45.

	 86.	 Kitajima K, Doi H, Kanda T, Yamane T, Tsujikawa T, Kaida H, 
et al. Present and future roles of FDG-PET/CT imaging in the 
management of lung cancer. Jpn J Radiol. 2016;34:387–99.

	 87.	 Lopci E, Toschi L, Grizzi F, Rahal D, Olivari L, Castino GF, et al. 
Correlation of metabolic information on FDG-PET with tissue 
expression of immune markers in patients with non-small cell 
lung cancer (NSCLC) who are candidates for upfront surgery. 
Eur J Nucl Med Mol Imaging. 2016;43:1954–61.

	 88.	 Wang Y, Zhao N, Wu Z, Pan N, Shen X, Liu T, et al. New insight 
on the correlation of metabolic status on 18F-FDG PET/CT with 
immune marker expression in patients with non-small cell lung 
cancer. Eur J Nucl Med Mol Imaging. 2020;47:1127–36.

	 89.	 Zhou J, Zou S, Cheng S, Kuang D, Li D, Chen L, et al. Correla-
tion between dual-time-point FDG PET and tumor microenviron-
ment immune types in non-small cell lung cancer. Front Oncol. 
2021;11: 559623.

	 90.	 Castello A, Grizzi F, Toschi L, Rossi S, Rahal D, Marchesi F, 
et al. Tumor heterogeneity, hypoxia, and immune markers in 
surgically resected non-small-cell lung cancer. Nucl Med Com-
mun. 2018;39:636–44.

	 91.	 Shimizu K, Kaira K, Higuchi T, Hisada T, Yokobori T, Oyama 
T, et  al. Relationship between tumor immune markers and 
fluorine-18-α-methyltyrosine ([18F]FAMT) uptake in patients 
with lung cancer. Mol Imaging Biol. 2020;22:1078–86.

	 92.	 Kasahara N, Kaira K, Yamaguchi K, Masubuchi H, Tsurumaki 
H, Hara K, et al. Fluorodeoxyglucose uptake is associated with 
low tumor-infiltrating lymphocyte levels in patients with small 
cell lung cancer. Lung Cancer. 2019;134:180–6.

	 93.	 Kasahara N, Kaira K, Bao P, Higuchi T, Arisaka Y, Erkhem-
Ochir B, et al. Correlation of tumor-related immunity with 
18F-FDG-PET in pulmonary squamous-cell carcinoma. Lung 
Cancer. 2018;119:71–7.

	 94.	 Kaira K, Shimizu K, Kitahara S, Yajima T, Atsumi J, Kosaka 
T, et al. 2-Deoxy-2-[fluorine-18] fluoro-d-glucose uptake on 
positron emission tomography is associated with programmed 
death ligand-1 expression in patients with pulmonary adeno-
carcinoma. Eur J Cancer. 2018;101:181–90.

	 95.	 Dönmez T, Höhne K, Zissel G, Herrmann K, Hautzel H, Aigner 
C, et al. Insights into immunometabolism: a dataset correlating 
the 18FDG PET/CT maximum standard uptake value of the 
primary tumor with the CCL18 serum level in non-small cell 
lung cancer. Data Brief. 2021;35: 106859.

	 96.	 Zhou J, Zou S, Kuang D, Yan J, Zhao J, Zhu X. A novel 
approach using FDG-PET/CT-based radiomics to assess tumor 
immune phenotypes in patients with non-small cell lung cancer. 
Front Oncol. 2021;11: 769272.

	 97.	 Khorrami M, Prasanna P, Gupta A, Patil P, Velu PD, Thawani 
R, et al. Changes in CT radiomic features associated with lym-
phocyte distribution predict overall survival and response to 
immunotherapy in non-small cell lung cancer. Cancer Immunol 
Res. 2020;8:108–19.

	 98.	 Mazzaschi G, Milanese G, Pagano P, Madeddu D, Gnetti L, 
Trentini F, et al. Integrated CT imaging and tissue immune 
features disclose a radio-immune signature with high prog-
nostic impact on surgically resected NSCLC. Lung Cancer. 
2020;144:30–9.

	 99.	 Chen Y, Xu T, Jiang C, You S, Cheng Z, Gong J. CT-based radi-
omics signature to predict CD8+ tumor infiltrating lymphocytes 
in non-small-cell lung cancer. Acta Radiol. 2023;64(4):1390–9. 
https://​doi.​org/​10.​1177/​02841​85122​11265​96

https://doi.org/10.1007/s00259-021-05322-2
https://doi.org/10.1007/s00259-021-05322-2
https://doi.org/10.1177/02841851221126596


	 Medical Oncology (2023) 40:176

1 3

176  Page 14 of 14

	100.	 Yoon HJ, Kang J, Park H, Sohn I, Lee S-H, Lee HY. Deciphering 
the tumor microenvironment through radiomics in non-small cell 
lung cancer: correlation with immune profiles. Beavis PA, editor. 
PLoS ONE. 2020;15:0231227.

	101.	 Mostafa ME, Erbarut-Seven I, Pehlivanoglu B, Adsay V. Patho-
logic classification of “pancreatic cancers”: current concepts and 
challenges. Chin Clin Oncol. 2017;6:59–59.

	102.	 Wolfgang CL, Herman JM, Laheru DA, Klein AP, Erdek MA, 
Fishman EK, et al. Recent progress in pancreatic cancer: Pancre-
atic Cancer. CA Cancer J Clin. 2013;63:318–48.

	103.	 Kang J, Hwang I, Yoo C, Kim K, Jeong JH, Chang H-M, et al. 
Nab-paclitaxel plus gemcitabine versus FOLFIRINOX as the first-
line chemotherapy for patients with metastatic pancreatic cancer: 
retrospective analysis. Invest New Drugs. 2018;36:732–41.

	104.	 Royal RE, Levy C, Turner K, Mathur A, Hughes M, Kammula 
US, et al. Phase 2 trial of single agent ipilimumab (Anti-CTLA-4) 
for locally advanced or metastatic pancreatic adenocarcinoma. J 
Immunother. 2010;33:828–33.

	105.	 Tahkola K, Mecklin J-P, Wirta E-V, Ahtiainen M, Helminen O, 
Böhm J, et al. High immune cell score predicts improved survival 
in pancreatic cancer. Virchows Arch. 2018;472:653–65.

	106.	 Bian Y, Liu C, Li Q, Meng Y, Liu F, Zhang H, et al. Preopera-
tive radiomics approach to evaluating Tumor-Infiltrating CD8 
+ T cells in patients with pancreatic ductal adenocarcinoma using 
noncontrast magnetic resonance imaging. Magn Reson Imaging. 
2022;55:803–14.

	107.	 Bian Y, Liu YF, Jiang H, Meng Y, Liu F, Cao K, et al. Machine 
learning for MRI radiomics: a study predicting tumor-infiltrating 
lymphocytes in patients with pancreatic ductal adenocarcinoma. 
Abdom Radiol. 2021;46:4800–16.

	108.	 Li J, Shi Z, Liu F, Fang X, Cao K, Meng Y, et al. XGBoost clas-
sifier based on computed tomography radiomics for prediction of 
tumor-infiltrating CD8+ T-cells in patients with pancreatic ductal 
adenocarcinoma. Front Oncol. 2021;11: 671333.

	109.	 Bian Y, Liu YF, Li J, Liu F, Fang X, Lu J, et al. Machine learning 
for computed tomography radiomics: prediction of tumor-infil-
trating lymphocytes in patients with pancreatic ductal adenocar-
cinoma. Pancreas. 2022;51:549–58.

	110.	 Li Q, Yu J, Zhang H, Meng Y, Liu YF, Jiang H, et al. Predic-
tion of tumor-infiltrating CD20+ B-cells in patients with pan-
creatic ductal adenocarcinoma using a multilayer perceptron 
network classifier based on non-contrast MRI. Acad Radiol. 
2022;29:e167–77.

	111.	 Lee S, Choi S, Kim SY, Yun MJ, Kim H-I. Potential utility of 
FDG PET-CT as a non-invasive tool for monitoring local immune 
responses. J Gastric Cancer. 2017;17:384.

	112.	 Jiang Y, Wang H, Wu J, Chen C, Yuan Q, Huang W, et al. Nonin-
vasive imaging evaluation of tumor immune microenvironment to 
predict outcomes in gastric cancer. Ann Oncol. 2020;31:760–8.

	113.	 Zhang N, Cao M, Duan Y, Bai H, Li X, Wang Y. Prognostic 
role of tumor-infiltrating lymphocytes in gastric cancer: a meta-
analysis and experimental validation. Aoms. 2020;16:1092–103.

	114.	 McDermott JD, Bowles DW. Epidemiology of head and neck 
squamous cell carcinomas: impact on staging and prevention 
strategies. Curr Treat Options in Oncol. 2019;20:43.

	115.	 Spector ME, Bellile E, Amlani L, Zarins K, Smith J, Brenner JC, 
et al. Prognostic value of tumor-infiltrating lymphocytes in head 
and neck squamous cell carcinoma. JAMA Otolaryngol Head 
Neck Surg. 2019;145:1012.

	116.	 Xu Q, Wang C, Yuan X, Feng Z, Han Z. Prognostic value of 
tumor-infiltrating lymphocytes for patients with head and neck 
squamous cell carcinoma. Translat Oncol. 2017;10:10–6.

	117.	 Meyer H-J, Höhn AK, Surov A. Histogram parameters derived 
from T1 and T2 weighted images correlate with tumor infiltrating 
lymphocytes and tumor-stroma ratio in head and neck squamous 
cell cancer. Magn Reson Imaging. 2021;80:127–31.

	118.	 Togo M, Yokobori T, Shimizu K, Handa T, Kaira K, Sano T, 
et al. Diagnostic value of 18F-FDG-PET to predict the tumour 
immune status defined by tumoural PD-L1 and CD8+tumour-
infiltrating lymphocytes in oral squamous cell carcinoma. Br J 
Cancer. 2020;122:1686–94.

	119.	 Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, 
Roayaie S, et al. Hepatocellular carcinoma. Nat Rev Dis Primers. 
2021;7:6.

	120.	 Galle PR, Forner A, Llovet JM, Mazzaferro V, Piscaglia F, Raoul 
J-L, et al. EASL clinical practice guidelines: management of 
hepatocellular carcinoma. J Hepatol. 2018;69:182–236.

	121.	 Marrero JA, Kulik LM, Sirlin CB, Zhu AX, Finn RS, Abecassis 
MM, et al. Diagnosis, staging, and management of hepatocellular 
carcinoma: 2018 practice guidance by the American association 
for the study of liver diseases. Hepatology. 2018;68:723–50.

	122.	 Morita M, Nishida N, Sakai K, Aoki T, Chishina H, Takita M, 
et al. Immunological microenvironment predicts the survival of 
the patients with hepatocellular carcinoma treated with anti-PD-1 
antibody. Liver Cancer. 2021;10:380–93.

	123.	 Xu X, Tan Y, Qian Y, Xue W, Wang Y, Du J, et al. Clinicopatho-
logic and prognostic significance of tumor-infiltrating CD8+ T 
cells in patients with hepatocellular carcinoma: a meta-analysis. 
Medicine. 2019;98: e13923.

	124.	 Yao W, He J, Yang Y, Wang J, Qian Y, Yang T, et al. The prog-
nostic value of tumor-infiltrating lymphocytes in hepatocellular 
carcinoma: a systematic review and meta-analysis. Sci Rep. 
2017;7:7525.

	125.	 Liao H, Zhang Z, Chen J, Liao M, Xu L, Wu Z, et al. Preoperative 
radiomic approach to evaluate tumor-infiltrating CD8+ T cells in 
hepatocellular carcinoma patients using contrast-enhanced com-
puted tomography. Ann Surg Oncol. 2019;26:4537–47.

	126.	 Chen S, Feng S, Wei J, Liu F, Li B, Li X, et al. Pretreatment 
prediction of immunoscore in hepatocellular cancer: a radiomics-
based clinical model based on Gd-EOB-DTPA-enhanced MRI 
imaging. Eur Radiol. 2019;29:4177–87.

	127.	 Shuch B, Amin A, Armstrong AJ, Eble JN, Ficarra V, Lopez-
Beltran A, et al. Understanding pathologic variants of renal cell 
carcinoma: distilling therapeutic opportunities from biologic com-
plexity. Eur Urol. 2015;67:85–97.

	128.	 Raimondi A, Randon G, Sepe P, Claps M, Verzoni E, de Braud F, 
et al. The evaluation of response to immunotherapy in metastatic 
renal cell carcinoma: open challenges in the clinical practice. 
IJMS. 2019;20:4263.

	129.	 Ballesteros PÁ, Chamorro J, Román-Gil MS, Pozas J, Gómez Dos 
Santos V, Granados ÁR, et al. Molecular mechanisms of resist-
ance to immunotherapy and antiangiogenic treatments in clear 
cell renal cell carcinoma. Cancers. 2021;13:5981.

	130.	 Braun DA, Hou Y, Bakouny Z, Ficial M, Sant Angelo M, Forman 
J, et al. Interplay of somatic alterations and immune infiltration 
modulates response to PD-1 blockade in advanced clear cell renal 
cell carcinoma. Nat Med. 2020;26:909–18.

	131.	 Pourmir I, Noel J, Simonaggio A, Oudard S, Vano Y-A. Update 
on the most promising biomarkers of response to immune check-
point inhibitors in clear cell renal cell carcinoma. World J Urol. 
2021;39:1377–85.

	132.	 Wu C, Cui Y, Liu J, Ma L, Xiong Y, Gong Y, et al. Noninvasive 
evaluation of tumor immune microenvironment in patients with 
clear cell renal cell carcinoma using metabolic parameter from 
preoperative 2-[18F]FDG PET/CT. Eur J Nucl Med Mol Imaging. 
2021;48:4054–66.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Tumor infiltrating lymphocytes and radiological picture of the tumor
	Abstract
	Tumor microenvironment—a complex entity
	Breast cancer
	Ultrasound
	Magnetic resonance imaging (MRI)
	Positron emission tomography-computed tomography (PET-CT)
	Mammography

	Lung cancer
	Positron emission tomography-computed tomography (PET-CT)
	Radiomics

	Other cancers
	Pancreatic cancer
	Gastric cancer
	Head and neck squamous cell carcinoma
	Hepatocellular cancer (HCC)
	Renal cell cancer (RCC)

	Discussion
	Conclusion
	References




