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Purpose: The computed tomography fat attenuation index (FAI) is an ideal quantifiable
imaging factor to identify the inflammation degree of peri-tumor adipose tissue. We aimed
to verify whether FAI could reflect peri-tumor adipose inflammation, predict the survival
outcome of renal cell carcinoma (RCC), and discover transcriptomic features of tumor
tissues and adjacent adipocytes.

Materials andMethods: Two clinical cohorts (Fudan University Shanghai Cancer Center
[FUSCC] cohort [n=129] and TCGA cohort [n=218]) were used to explore the association
between FAI and clinical outcome. A prospective cohort (n = 19) was used to discover the
molecular phenotyping of peri-tumor adipose tissue and tumor tissue according to their
FAI value. A clinical cohort (n = 32) in which patients received cyto-reductive surgery was
used to reveal the dynamic change of FAI.

Results: A high peri-tumor FAI was significantly associated with a worse outcome in both
the FUSCC (HR = 2.28, p = 0.01) and the TCGA cohort (HR = 2.24, p <0.001). The
analysis of the RNA expression of paired RCC tissue and peri-tumor fat tissue showed
synchronized alterations in pathways such as cytokine–cytokine receptor interaction and
complement and coagulation cascades. RCC tissues showed significant alterations in the
neuroactive ligand–receptor interaction pathway. Immune deconvolution analysis showed
enhanced infiltration of macrophages in high FAI tumor tissues with a lower angiogenesis
level. We also observed synchronous dynamic changes in FAI and tumor size after
targeted therapy.

Conclusion: In summary, FAI could be used in RCC to reflect the biological
characteristics and tumor immune micro-environment of both the tumor and the peri-
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tumor adipose. High peri-tumor FAI had the potential to predict a worse survival outcome
in various cohorts. This study demonstrates that the crosstalk exists between a tumor and
its micro-environment and could be reflected easily by imaging procedures, which could
facilitate clinical decision making.
Keywords: CT fat attenuation index, obesity paradox, renal cell carcinoma, immune micro-environment, adipocyte
INTRODUCTION

Obesity is associated with an increased incidence of renal cell
carcinoma (RCC) (1). However, a high body mass index (BMI) is
believed to be a protective factor for RCC prognosis (2). The
association between obesity and RCC is quite complex. Adipose
tissue may have played an important role in the “obesity paradox”
since it has multiple physiologic and pathophysiologic functions.
Albiges and colleagues tried to explain the paradox in cohorts of
metastatic RCC, and found that the fatty acid synthase (FASN)
pathway activation is associated with BMI and survival, which is
linked to lipogenesis of the tumor (3). On the other hand, adipose
tissues have paracrine functions by secreting adipokines such as
adiponectin and leptin or by secreting inflammatory cytokines
such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6),
interleukin-8 (IL-8), plasminogen activator inhibitor 1 (PAI1),
etc., which could facilitate cancer growth (4). Recently, Sanchez
and colleagues found that tumors of obese patients showed higher
angiogenic scores and that inflammation in the peri-tumoral
adipose tissue was increased in obese patients (5). These results
showed that interactions exist between the tumor and peri-
tumoral adipose tissues, and those interactions could be a good
explanation for the obesity paradox.

It is crucial to understand how these interactions can be used
in making clinical decisions and predicting outcomes. Hakimi
et al. showed that different molecular subgroups of clear cell
RCC, especially those with angiogenesis and macrophage
infiltration, may be powerful predictors of outcome with
tyrosine kinase inhibitor (TKI) efficacy (6). Clark and
colleagues characterized the immune infiltration of clear cell
RCC into four sub-types, discriminated by the presence or
absence of cell types related to immune (CD8+ T cells,
macrophages, dendritic cells) and stromal (fibroblast,
endothelial) signatures. They announced that these sub-types
could be leveraged to predict the therapeutic response, such as
immunotherapy (7). Either immune infiltration or angiogenesis
could release inflammatory mediators or oxidation products,
which could directly modify the phenotype of peri-tumor
adipocytes. Since multiple image-based scoring systems have
been developed for RCC outcome prediction, namely, RENAL,
PADUA, C-index, and Mayo Adhesive Probability Score, is it
possible to simplify immune/angiogenesis variables to an easily
obtained factor to predict the outcome? We noticed that
Antonopoulos and colleagues had developed the computed
tomography (CT) fat attenuation index (FAI), which has
excellent sensitivity and specificity for detecting tissue
inflammation in peri-vascular adipose tissue (8). The
development of FAI is an ideal quantifiable factor to help us
2

identify the exact inflammation degree of peri-tumor
adipose tissue.

We verified whether FAI could be used in RCC to reflect peri-
tumor adipose inflammation, discovered transcriptomic features
of tumor tissues and adjacent adipocytes, and evaluated whether
FAI could be a predictor of tumor biological characteristics and
survival outcome in various cohorts.
METHODS

Study Design, Inclusion Criteria,
and Participants
The study design, inclusion criteria, and participants are shown
in Figure 1. In this study, we analyzed the data from four
independent clinical cohorts. All cohorts included patients
with clear cell RCC aged 18 years and older. There were no
duplicated cases among those cohorts.

FAI Cohort A—FUSCC
For the FAI cohort A, all patients were from the Fudan
University Shanghai Cancer Center (FUSCC, Shanghai, China)
and had been histologically confirmed by surgery from
November 2013 to November 2015. All patients had
undergone contrast-enhanced CT of the abdomen before
surgery. The clinical and pathological characteristics of the
patients were collected from the database. All patients were
confirmed as having clear cell RCC. The cohort used in this
retrospective study was approved by the Ethics Committee
of FUSCC.

FAI Cohort B—TCGA
For the FAI cohort B, all patients were from the TCGA and TCIA
databases. Only patients with RNA sequencing data, CT scans
before surgery, and pathology confirmed clear cell RCC were
included. The survival data of those patients were achieved.

The two validation cohorts were designed to analyze and
validate the association between FAI and clinical pathological
features and the overall survival of those patients.

Imaging Genomics Cohort
For the imaging genomics cohort, we prospectively included
consecutive unselected patients from FUSCC who underwent
nephrectomy or nephron sparing surgery from July 2019 to
September 2019. All patients had CT scans before surgery. Fresh
tumor and adipose tissue collected from those patients were used
for RNA sequencing. Those who were confirmed to be clear cell
RCC were finally included in the study.
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FIGURE 1 | The study design, inclusion criteria, and participants. (A) The validation cohorts were composed by patients from the FUSCC database (FAI coho
excluded patients who did not have CT scans and those who had extreme values of VFA. The final included patients were 129 from the FUSCC cohort and 2
genomics cohort prospectively included consecutive unselected patients from FUSCC who had nephrectomy or nephron sparing surgery. After excluding 8 p
unqualified tissue samples, the final cohort included 19 patients. (C) The treatment response cohort included patients from a FUSCC cytoreductive surgery da
before and after two months of neoadjuvant/palliative targeted therapy, and then they undergone nephrectomies.
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The imaging genomics cohort was to: 1) link molecular
phenotyping of peri-tumor adipose tissue and tumor tissue
with their CT imaging characteristics; 2) discover whether
tumor-adipose interaction exists; and 3) observe how tumor
immune micro-environment changes.

Treatment Response Cohort
For the treatment response cohort, we included patients from a
FUSCC cyto-reductive surgery database. All patients had CT
scans of the kidney tumor before and after two months of neo-
adjuvant/palliative targeted therapy, and then they underwent
nephrectomies. After that, targeted therapy was performed to
further treat metastasis sites. The clinical and pathological
characteristics of the patients were collected.

The treatment response cohort was to discover how FAI
changes after targeted therapies.

Imaging Studies Using CT
Fat attenuation index (FAI): Adipose tissue was defined as voxels
with attenuation between −190 and −30 HU. Voxel attenuation
histograms were plotted, and FAI was defined as the average
attenuation of the adipose tissue volume of interest as previously
described (8). FAIPTAT was defined as the FAI of the first 5-mm-
thick layer of peri-tumor adipose tissue (PTAT) (Supplementary
Figure 1). All FAIs were determined by two senior radiologists
who were blinded to patient characteristics and the mean count
was adopted. The intraclass correlation coefficient between the
two radiologists from the same CT scan was 0.927 (95% CI 0.909
to 0.937, P <0.001).

Procedures
The RNA sequencing and data analysis of tumor tissue and
peri-tumor fat from the imaging genomics cohort was described
in Supplementary Data 1. GO (http://www.geneontology.org/)
Frontiers in Oncology | www.frontiersin.org 4
and KEGG (https://www.kegg.jp/) enrichment analyses of
annotated different expressed genes were performed by Phyper
(http://en.wikipedia.org/wiki/Hypergeometric_distribution)
based on the Hypergeometric test. The protein–protein
interaction (PPI) network was predicted using the STRING
(http://string-db.org) (version 10.0) online database (9).

RNAseq data of the TCGA cohort, mainly of the tumor tissue,
were downloaded from the National Institutes of Health
Genomic Data Commons. The methods for RNA extraction
and processing for the TCGA cohort have previously been
published (10). For both the FUSCC and TCGA cohorts,
ssGSEA for immune deconvolution analyses was used as
previously described (11). The immune infiltration score, the
fraction of immune cells (ImmuneScore), each individual
immune cell type, angiogenesis score, and hypoxia score were
calculated according to previous studies (5).

Multiplex immunofluorescence (mIF) was done to confirm
the status of immune cell infiltration. The procedures are shown
in Supplementary Data 2.
Statistical Analysis
Continuous data are presented as the median (range), and
binary data are presented as proportions. The association
between FAI, clinical features, transcriptomic, and genomic
differences was tested using Fisher’s exact tests, Pearson’s tests,
and c2 tests. The Kaplan–Meier method was used to determine
the overall survival rate. Overall survival rates were compared
using the log-rank test. Predictive parameters were assessed in
the Cox proportional hazards model, and odds ratios with 95%
confidence intervals were calculated. All other analyses were
conducted using SPSS 20.0 software (IBM, Chicago, IL, USA).
Two-tailed P-values were used, and a P <0.05 was considered to
indicate statistical significance.
FIGURE 2 | Kaplan–Meier curves of patients with different FAIPTAT. Fat attenuation index (FAI) was calculated and grouped according to the median FAT value of
the FUSCC and TCGA cohorts. (A) Overall survival of the TCGA cohort, the 5-year median overall survival was 64 months for high FAIPTAT group and not reached
for low FAIPTAT group (HR = 2.24, p <0.001). (B) Overall survival of the FUSCC cohort, the 5-year median overall survival was not reached for both groups in FUSCC
cohort (HR = 2.28, p = 0.01). The 3-year survival rate was 88%/93% for high FAIPTAT and low FAIPTAT groups in FUSCC cohort (HR = 1.81) and 72%/93% in
TCGA cohort (HR = 5.65).
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RESULTS

The FAI cohort A from FUSCC included 181 consecutive
patients who had CT scans before surgery, adequate clinical–
pathological data, and overall survival data (Figure 1). After
excluding 47 non-ccRCC patients and 5 patients who had
extreme values of visceral fat area (VFA) (the bottom 2.5%, for
a VFA too low will make FAI difficult to measure), our final
cohort comprised 129 patients. The FAI cohort B from TCGA/
TCIA included 266 patients with CT/magnetic resonance
imaging (MRI) images. We excluded 42 patients who only had
MRI scans and 6 patients who had extreme values of VFA (the
bottom 2.5%). Our final cohort of cohort B comprised 218
patients. In the imaging genomics cohort for RNA sequencing,
we prospectively collected 29 pairs of tumor and peri-tumor
adipose tissue from 29 consecutive patients. After excluding 8
patients who were not clear cell RCC and 2 patients with
unqualified tissue samples, the final cohort included 19
patients (Supplementary Table S1). The treatment response
cohort included 32 patients, of which 17 patients had
metastasis and 15 patients had tumors that extended into the
vena cava or adjacent organs (Supplementary Table S2).

Higher FAIPTAT Indicates Worse T Stage,
M Stage, Tumor Grade, and Worse Overall
Survival Both in the FAI Cohorts A and B
Patients from the FAI cohort A (FUSCC) had fewer T3–4 stage
patients, fewer M stage patients, a lower FAIPTAT compared with
the FAI cohort B (TCGA) cohort, as well as a lower rate of
overweight and obese patients. FAIPTAT tends to be lower in
obese patients. However, no association with BMI was observed
in either cohort (p = 0.29/p = 0.056). Data showed that FAIPTAT
were significantly associated with T stage (p = 0.028/p = 0.00), M
stage (p = 0.01/p = 0.00), and tumor grade (p = 0.028/p = 0.00) in
both the FUSCC and TCGA cohorts (Table 1). Necrosis status
was available for the FUSCC cohort. Both necrosis (p = 0.01) and
SSIGN score (p = 0.001) were significantly associated with
FAIPTAT. We set the cutoff of FAIPTAT to be −93 hu (median
value, ranging from −33 to −113) for the FAI cohort A (FUSCC),
and −79 hu (median value, ranging from −31 to −108) for the
FAI cohort B (TCGA), and divided the cohorts into high
FAIPTAT and low FAIPTAT groups. Multivariate analysis
showed that FAIPTAT (p = 0.007; p = 0.027) and M stage
(p = 0.001; p = 0.006) were significantly associated with overall
survival (Table 2) both in the TCGA and FUSCC cohorts. When
Kaplan–Meier curves were made for the high FAIPTAT and low
FAIPTAT groups, the 5-year median overall survival was not
reached for both groups in the FUSCC cohort (HR = 2.28,
p =0.01), while the median overall survival was 64 months for
high FAIPTAT group and not reached for the low FAIPTAT group
in the TCGA cohort (HR = 2.24, p <0.001) (Figure 2). We then
calculated the 3-year survival rate. It was 88%/93% for high
FAIPTAT and low FAIPTAT groups in the FUSCC cohort
(HR =1.81) and 72%/93% for high FAIPTAT and low FAIPTAT
groups in the TCGA cohort (HR = 5.65). Those results showed
that FAIPTAT may be an independent factor for overall survival.
Frontiers in Oncology | www.frontiersin.org 5
Higher FAIPTAT Indicates Pathway
Alterations in the Tumor Tissue and the
Peri-Tumor Adipose Tissue
A) Neuroactive Ligand–Receptor Interaction Was
Altered in the Tumor Tissue Both in the Imaging
Genomics Cohort and FAI Cohort B (TCGA)
We then further explored the potential mechanism by
assessing transcriptomic differences in the tumor tissue using
the imaging genomics cohort and FAI cohort B (TCGA). In the
imaging genomics cohort, KEGG pathway analysis showed
that tumors of the high FAIPTAT group had significant
alterations in pathways such as neuroactive ligand–receptor
interaction, cytokine–cytokine receptor interaction,
complement and coagulation cascades, and pathways of
cancer (Figure 3A). The PPI networks were drawn using
Cytoscape and key genes from those pathways such as
TABLE 1 | Clinical Pathological Characteristics of FAI.

Characteristics TCGA (n = 218) FUSCC (n = 129)

No. (N) FAIPTAT p value No. (N) FAIPTAT p-value

Male 145 −76.9 0.78 87 −87.7 0.033
Female 73 −77.6 42 −94.3
Age
<64 142 −77.6 0.62 104 −90.4 0.44
>64 76 −76.3 25 −87.5

T stage
1–2 142 −82.5 <0.001 113 −91.1 0.028
3–4 76 −67.1 16 −81.4

N stage
0 213 −77.3 0.27 127 −90.1 0.27
1 5 −68.6 2 −77.1

M stage
0 188 −78.9 <0.001 127 −90.3 0.01
1 30 −66.3 2 −60.6

Necrosis
No NA 94 −92.1 0.01
Yes 35 −83.7

Grade
I–II 86 −83.6 <0.001 68 −91.1 0.028
III–IV 132 −72.9 61 −81.4

BMI
normal 36 −74.4 0.056 60 −88.3 0.29
overweight 61 −74.1 64 −90.5
obese 84 −80.3 5 −99.8

Hypertension
No 80 −77.9 0.56 88 −91.5 0.09
Yes 101 −76.4 41 −86.3

Diabetes
No NA 112 −90.2 0.61
Yes 17 −87.9

Smoking
No 92 −78.1 0.41 77 −90.8 0.44
Yes 89 −75.9 52 −88.5

SSIGN
0–2 NA 81 −94.6 0.001
3–4 20 −83.9
5–6 16 −82.9
7–9 10 −78.1
≥10 2 −70.1
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glucagon receptor (GCGR), Lysophosphatidic Acid Receptor 3
(LPAR3), Neuromedin U Receptor 2 (NMUR2), Epidermal
Growth Factor (EGF), Proto-oncogene c-KIT (KIT), Kirsten
rat sarcoma virus (KRAS), C-X-C Motif Chemokine Ligand 8
(CXCL8), IL-6, GCGR, Fibrinogen Alpha Chain (FGA), and
Fibrinogen Beta Chain (FGB) were observed (Figures 3B–E).
The pathway results were confirmed by the FAI cohort B from
the TCGA database, which also presented neuroactive ligand–
receptor interaction as the most significantly altered pathway
(Supplementary Figure 2).

B) Complement and Coagulation Cascades,
Cytokine–Cytokine Receptor Interaction and Multiple
Metabolic Pathways Were Altered in the Peri-Tumor
Adipose Tissue in the Imaging Genomics Cohort
Transcriptomic differences in the peri-tumor adipose tissues
were available using the imaging genomics cohort. Peri-
tumor adipose tissue with higher FAI values showed
significant alteration in pathways such as complement and
coagulation cascades, cytokine–cytokine receptor interaction
and multiple metabolic pathways (cholesterol metabolism,
retinol metabolism, glycine, serine and threonine metabolism,
arginine and proline metabolism, linoleic acid metabolism, etc.)
(Figure 3F). Strong alterations of Integrin Subunit Alpha M
(ITGAM), FGA, and kininogen 1 (KNG1) were observed for the
complement and coagulation cascades (Figure 3G), while
alterations of IL-6, Tumor Necrosis Factor (TNF), C-X-C
Motif Chemokine Ligand 8 (CXCL8), interleukin 19
(IL-19), C-X-C Motif Chemokine Ligand 2 (CXCL2),
interleukin 1 beta (IL-1B), etc. were observed for the cytokine
pathway (Figure 3H).
Frontiers in Oncology | www.frontiersin.org 6
Thus, FAIPTAT could not only represent the characteristics of
the tumor but also reveal the alterations of the peri-tumor
adipose tissue. In the imaging genomics cohort, it was
surprising that the cytokine–cytokine receptor interaction and
the complement and coagulation cascades were both altered in
the tumor and adipose tissues.

Higher FAIPTAT Indicates Diverse Immune
Micro-Environment in the Tumor Tissue
and the Peri-Tumor Adipose Tissue
A) Antigen Presenting and Angiogenesis may be
Enhanced in Tumors of High FAI Patients Both in
the Imaging Genomics Cohort and the TCGA
Validation Cohort
We then analyzed the immune micro-environment of tumor
tissue from the imaging genomics cohort (FUSCC) and the FAI
cohort B (TCGA) by using immune deconvolution. We found
good consistency between both the cohorts, tumors of high
FAIPTAT patients showed enhanced infiltration of regulatory T
cells (Treg), natural killer (NK), CD56 bright cells, effector
memory T cells (Tem), and macrophages. Additionally,
dendritic cells (DCs) were seen enhanced in the TCGA group,
and B cells were seen enhanced in the FUSCC group. Reduced
infiltration of central memory T cells (Tcms), T helper 17 cell
(Th17) cells, and mast cells (Figure 4A) and a lower angiogenesis
level were observed. We believe that antigen presentation was
enhanced as macrophage, DC cells, and B cells were the main
functional cells of antigen presentation. These results were then
confirmed by multiplex immunofluorescence (mIF) in ten
patients, that high FAIPTAT tumors may have more infiltrated
macrophages and T cells (Supplementary Figure 3).
TABLE 2 | Univariate and Multivariate analysis for overall survival in patients with ccRCC.

Characteristics Univariate analysis Multivariate analysis

HR 95% CI p-value HR 95% CI p-value

TCGA cohort
Gender 1.46 0.88–2.42 0.14 0.93 0.52–1.69 0.82
Age 1.04 1.02–1.06 0.000 1.04 1.018–1.068 0.001
BMI 0.49 0.35–0.70 0.000 0.55 0.38–0.79 0.001
T stage 1.97 1.5–2.57 0.000 1.31 0.92–1.88 0.13
N stage 4.00 1.25–12.84 0.02 0.40 0.09–1.84 0.24
M stage 4.53 2.71–7.56 0.000 2.44 1.35–4.43 0.003
Pathological Grade 1.63 0.93–2.84 0.09 0.61 0.32–1.19 0.15
△FAIPTAT 2.33 1.36–4.01 0.002 1.28 0.61–2.72 0.51
FAIPTAT 2.81 1.59–4.96 0.000 2.14 1.15–3.99 0.017
FUSCC cohort
Gender 1.57 0.66–3.73 0.31 2.49 0.97–6.16 0.056
Age, years 1.003 0.96–1.04 0.86 0.99 0.95–1.05 0.96
BMI 1.03 0.44–1.97 0.85 1.06 0.44–2.52 0.89
T stage 1.93 0.64–5.75 0.23 1.03 0.27–3.98 0.96
N stage 3.62 0.48–27.2 0.21 1.73 0.22–13.60 0.60
M stage 15.21 3.37–68.6 0.000 9.26 1.88–45.5 0.006
Pathological Grade 4.00 1.35–11.92 0.013 3.53 1.16–10.68 0.026
△FAIPTAT 2.42 0.94–6.23 0.068 1.18 0.34–4.11 0.79
FAIPTAT 3.31 1.21–9.05 0.019 3.14 1.11–8.88 0.031
Jun
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FIGURE 3 | Pathway alterations in the tumor tissue from the imaging genomics cohort. (A) KEGG enrichment analysis of annotated different expressed gene
was performed in the imaging genomics cohort. Pathway analysis showed that the neuroactive ligand–receptor interaction, cytokine–cytokine receptor
interaction, complement and coagulation cascades were altered in high FAIPTAT patients compared with low FAIPTAT patients. (B–E) The PPI networks were
drawn using Cytoscape and key genes from those pathways such as GCGR, LPAR3, NMUR2, EGF, KIT, KRAS, CXCL8, IL-6, GCGR, FGA, and FGB were
observed to be altered. (F) Pathway analysis showed that the complement and coagulation cascades, cytokine–cytokine receptor interaction, and multiple
metabolic pathways were altered in high FAIPTAT patients compared with low FAIPTAT patients. (G–H) The PPI networks were drawn using Cytoscape, key
genes such as ITGAM, FGA, and KNG1 were observed for the complement and coagulation cascades, while alterations of IL-6, TNF, CXCL8, IL-19, CXCL2,
IL-1B, etc. were observed for the cytokine pathway.
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FIGURE 4 | The immune microenvironment of tumor tissue of the imaging genomics cohort (FUSCC) and the FAI cohort B (TCGA). Immune deconvolution showed good
consistency between the both cohort. (A) Tumors of high FAIPTAT patients showed enhanced infiltration of Treg, NK, CD56bright cells, Tem cells, and macrophages, and a
reduced infiltration of pDC, Tcm cells, Th17 cells, and mast cells, as well as a lower angiogenesis level compared with low FAIPTAT patients. (B) Immune deconvolution
showed an enhanced infiltration of macrophages, pDC cells, Th1 cells, and DC cells, and a reduced infiltration of Th17 cells, Tcm cells, Treg cells, CD8+ T cells, and NK
cells, as well as a lower angiogenesis level in peri-tumor fat. (C) Hypoxia score and immune infiltration score were enhanced in fat of high FAIPTAT patients.
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B) High Hypoxia Score, Immune Infiltration Score
and Macrophage Infiltration Scores Were Observed
in Fat Tissues of High FAI Patients in the Imaging
Genomics Cohort
Fat tissues from the imaging genomics cohort were available.
Immune deconvolution showed enhanced infiltration of
macrophages, pDC, Th1, DC, and reduced infiltration of Th17,
Tcm, Treg, CD8+ T, and NK (Figure 4B), as well as a lower
angiogenesis level. Hypoxia score and immune infiltration score
were enhanced in the fat of high FAIPTAT patients compared
with low FAIPTAT patients (Figure 4C).

FAIPTAT Decreases After Effective
Targeted Therapy
Finally, using the treatment response cohort, we tried to observe
the dynamic changes of FAIPTAT after neo-adjuvant/palliative
targeted therapy in patients who subsequently underwent
nephrectomies and whether FAIPTAT could be altered by RCC
treatment. Scattergram showed that there was an association
between a decrease in FAIPTAT after targeted therapy and a
decrease in tumor size (Figure 5A). Waterfall plot showed that
patients with high FAIPTAT before targeted therapy will progress
sooner; however, due to the limited number of participants, no
significant statistics could be made (Figure 5B).
DISCUSSION

In this study, we introduced a fat attenuation index imaging
metric, which could quantify the degree of peri-tumor
inflammation in renal cell carcinoma. We used four distinct
cohorts to verify the outcome prediction ability of FAI in RCC
patients and tried to discover the transcriptomic features of
tumor tissues and adjacent adipocytes in high/low FAI groups.
Our observations suggest that a high FAIPTAT (which indicates
high inflammation status of peri-tumor fat) was significantly
Frontiers in Oncology | www.frontiersin.org 9
associated with a worse outcome in both the FUSCC and TCGA
cohorts, and it also indicated short PFS in patients who
undertook cyto-reductive surgeries after targeted therapies.
Molecular analysis of RNA expression of paired RCC tissue
and peri-tumor fat tissue showed synchronized alterations in
pathways such as cytokine–cytokine receptor interaction and
complement and coagulation cascades. RCC tissues from the
TCGA and FUSCC cohorts both showed significant
alterations in the neuroactive ligand–receptor interaction
pathway. Additionally, immunodeconvolution analysis
showed enhanced infiltration of macrophages in high
FAIPTAT tumor tissues with lower angiogenesis levels,
cons i s t en t w i th prev ious s tud ie s ind i ca t ing tha t
AngiolowMacrophagehigh patients had worse outcomes (6).
We also observed synchronous dynamic changes in FAIPTAT
and tumor size after targeted therapy, indicating that the tumor
micro-environment would change after effective anti-cancer
treatments. Whether the dynamic changes of FAIPTAT are the
cause or results of primary tumor response should be further
explored, but the strength of the link between FAIPTAT and
RCC progression has improved.

CT imaging measurement of peri-tumor fat has been widely
used in the assessment of adherent peri-nephric fat (APF), or
so-called “sticky fat”, which would make partial nephrectomy
difficult. The mayo adhesive probability (MAP) included
posterior peri-nephric fat thickness and stranding and
showed accuracy in predicting APF (12). Soon after, Thiel
et al. reported that MAP may represent visceral obesity/
inflammation and was associated with RCC prognosis (13).
However, the introduction of stranding was quite subjective,
and on the other hand, few had studied the relationship
between stranding and inflammation as well as its molecular
biological relationship with kidney tumors. FAI was initially
introduced by Antonopoulos and colleagues to quantify
vascular inflammation in peri-vascular adipose tissue by
using CT imaging (8). They believe that high FAI indicates
FIGURE 5 | Dynamic changes of FAIPTAT after targeted therapy. (A) Scattergram showed that FAIPTAT changes synchronously with tumor size after targeted
therapy. (B) Waterfall plot showed that patients with high FAIPTAT had short PFS during targeted therapy.
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immature adipocytes with smaller sizes and less lipid
accumulation, which is caused by inflammatory signals
released by the coronary artery (14). Oikonomou et al.
further indicated that high peri-vascular FAI values (cutoff
≥−70·1 HU) were an indicator of increased cardiac mortality
(15). Since FAI has been proven to be an objective,
reproducible, and quantifiable factor, we believe it could
demonstrate the peri-tumor fat stranding and inflammation
degree. We tried to investigate how FAI could reflect the
phenotypic character of peri-tumor adipose tissue and
whether it could somehow reflect the tumor characteristics.

Kidney tumors with high FAIPTAT showed alterations in
multiple pathways. The neuroactive ligand–receptor interaction
pathway was the most significantly altered pathway of tumors in
both the FUSCC and TCGA databases. After constructing the
PPI network using Cytoscape, we observed that GCGR, LPAR3,
and NMUR2 were the most significant modules in the pathway.
GCGR is a receptor for glucagon and plays a central role in the
regulation of blood glucose levels, glucose homeostasis, amino
acid metabolism, and lipid metabolism (16). Further
investigation is needed to determine whether glucagon
metabolism plays a certain role in RCC development. Other
key genes such as EGF, KIT, KRAS, CXCL8, and IL-6 were also
shown to be altered, all of which indicated worse outcomes and
could affect the effectiveness of TKIs (17–19). Research has
indicated that up-regulation of the pro-inflammatory cytokines
IL-6, TNF-a, and IFN-g secreted by cancer tissues could prevent
the differentiation of pre-adipocytes and cause-altered
phenotypes. Those so-called cancer-associated adipocytes could
then contribute to promoting tumor aggressiveness by over-
expression of pro-inflammatory cytokines [interleukin (IL)-6,
IL-1b] and vice versa (20). According to our results, we observed
an activated cytokine pathway both in the tumor tissue and the
paired fat tissue, promoting strong interaction between the
tumor and peri-tumor fat tissue. Thus, peri-tumor fat
morphology represented by FAIPTAT could present the tumor
characteristics such that inflammation enhancement both in the
tumor itself and the peri-tumor environment could be observed
in highly aggressive kidney tumors.

We then tried to evaluate the immune infiltration of kidney
tumors and peri-tumor fat in high FAIPTAT patients. We
observed high consistency of immune infiltration of tumor
tissue in the FUSCC and TCGA cohorts. For high FAIPTAT
patients in both cohorts, higher scores of Treg, NK, CD56bright
cells, Tem cells, macrophages, and antigen-presenting machinery
were observed in tumor tissue; and a lower number of pDC, Tcm
cells, Th17 cells, mast cells, and a lower angiogenesis status were
observed. Considering that high FAIPTAT patients had short PFS
after targeted therapy in the treatment response cohort, these
results were supported by the research done by Hakimi et al.,
which showed that AngiolowMacrophagehigh represented worse
survival and poor TKI sufficiency (6). Immune deconvolution of
peri-tumor fat tissue also showed higher scores of macrophages,
pDC cells, Th1 cells, and DC cells in high FAIPTAT patients, as
well as lower scores of Th17 cells, Tcm cells, Treg cells, CD8+ T
cells, NK cells, and angiogenesis. Macrophages are often the most
Frontiers in Oncology | www.frontiersin.org 10
abundant cell type in the tumor micro-environment, among
which tumor associated macrophages (TAM) support
angiogenesis, tissue remodeling, and immune suppression. It
was reported that RCC tumors with high-infiltration TAMs were
significantly associated with poor prognosis (18). One of the
possible theories was that TAMs may accumulate in regions of
hypoxia, and the initial hypoxic response may cause M2
polarization, which has pro-tumorigenic functions (21).
Another significantly altered immune cell were Treg cells,
which also suppress anti-tumor immune responses. There is
solid evidence that infiltration of Treg cells is often associated
with poor prognosis and poor immunotherapy effectiveness (22).
However, due to its high expression of CTLA-4, it is presumed an
anti-CTLA-4 antibody may reduce Treg cells and make
immunotherapy more effective. Thus, understanding the
relationship between FAIPTAT and the tumor micro-
environment may help decision-making. However, further
evaluations are needed.

This study had certain limitations. 1) The cohort size was
quite small for both clinical analysis and RNA sequencing.
However, the biological characteristics were validated and had
good consistency between different cohorts. 2) We only included
clear-cell RCC; further exploration should be made for non-clear
RCC. 3) The immune infiltration status of immune cells was
mainly calculated by immune deconvolution and immune
infiltration scores, IHC was done for 10 patients. However,
they were not validated by flow cytometry. 4) We also had
concerns about whether the outcome distinguished by FAIPTAT
was due to peri-nephric fat invasion. Landman and colleagues
indicated that peri-nephric soft-tissue stranding was a significant
factor for predicting peri-nephric fat invasion, especially in
tumors 4 cm or less (23). However, the data was so
controversial that Bradley et al. reported that the presence of
peri-nephric stranding and tumor necrosis were not reliable
signs for pT stage >T3a (24). On the other hand, the survival
differences between T3a and T2 tumors were not so significant
(25). We would rather believe that the survival differences
between high FAIPTAT and low FAIPTAT patients were due to
tumor transcriptomic characteristics or the micro-environments
represented by peri-tumor fat.

In summary, FAI could be used in RCC to reflect the
inflammation status of both the tumor and the peri-tumor
adipose. Additionally, FAI has the potential to predict tumor
biological characteristics and survival outcomes in various
cohorts. This study demonstrates that the crosstalk exists
between a tumor and its micro-environment and could be
reflected easily by imaging procedures and then facilitates
clinical decision making.
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