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Abstract: 2-deoxy-2-[18F]fluoro-D-glucose (FDG) uptake of the reticuloendothelial system, includ-
ing the bone marrow (BM) and spleen, on positron emission tomography/computed tomography
(PET/CT) has been shown to be a significant prognostic factor in diverse malignancies. However, the
relationship between FDG uptake of the BM and spleen and histopathological findings, including the
tumor immune microenvironment, has not been fully evaluated. This study aimed to investigate the
relationship of FDG uptake in the BM and spleen with histopathological findings and recurrence-free
survival (RFS) in patients with gastric cancer. Seventy patients with gastric cancer who underwent
pre-operative FDG PET/CT and subsequent curative surgery were retrospectively enrolled. On image
analysis, the BM-to-liver uptake ratio (BLR) and spleen-to-liver uptake ratio (SLR) were measured
from PET/CT images, and on immunohistochemical analysis, the densities of immune cell infiltration
in the tumor tissue were graded. The BLR and SLR showed significant positive correlations with
the grades of CD163 cell and CD8 cell infiltration in the tumor tissue, respectively (p < 0.05). In
multivariate survival analysis, both BLR and SLR were significant predictors of RFS (p < 0.05). FDG
uptake in the BM and spleen might be potential imaging biomarkers for evaluating tumor immune
microenvironment conditions and predicting RFS in patients with gastric cancer.

Keywords: bone marrow; F-18 fluorodeoxyglucose; positron emission tomography; prognosis; spleen;
stomach neoplasm

1. Introduction

Cancer has long been recognized as having an intimate relationship with inflam-
mation [1]. In recent decades, several studies have demonstrated that inflammation can
involve every process of tumor development, progression, metastasis, and treatment re-
sistance, suggesting that inflammation is one of the hallmarks of cancer [1–3]. Due to
of the notable association of gastric carcinogenesis with Helicobacter pylori infection and
Epstein–Barr virus infection, gastric cancer has been considered to be closely associated
with infection and chronic inflammation [4]. In clinical studies of gastric cancer patients,
serum inflammatory markers such as C-reactive protein, the neutrophil-to-lymphocyte
ratio (NLR), and platelet-to-lymphocyte ratio (PLR), which can reflect the degree of host
inflammatory response, were found to be significant predictors of cancer progression and
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survival [5,6]. Furthermore, recently, tumor immunotherapy using immune checkpoint
inhibitors targeting programmed cell death-1 (PD-1) or programmed cell death ligand-1
(PD-L1) has been developed; therefore, interactions between cancer cells and immune
cells in the tumor microenvironment have become a focus of attention in gastric cancer
research [2,7]. In previous studies, immune cell infiltration in tumor tissue and metabolites
and cytokines secreted by immune cells and cancer cells were found to critically affect
progression and treatment failure in patients with gastric cancer [7–9].

Currently, 2-deoxy-2-[18F]fluoro-D-glucose (FDG) positron emission tomography/
computed tomography (PET/CT) has shown clinical significance in detecting metastasis
and predicting prognosis in patients with various malignant diseases, including gastric
cancer [10–12]. As FDG is not a tumor-specific agent and can also be used to assess the
glucose metabolic activity of the organ, several previous studies attempted to estimate the
degree of systemic inflammatory response using FDG PET/CT images [13,14]. In a previous
study, patients with malignant disease showed significantly increased FDG uptake in the
bone marrow (BM) and spleen, which are the major organs of the reticuloendothelial system
that play a crucial role in the host inflammatory response to cancer cells [15–17]. Moreover,
a number of studies have demonstrated that FDG uptake in the BM and spleen showed
significant correlations with serum inflammatory markers, including NLR and PLR, and
patients with high FDG uptake in the BM and spleen had significantly worse clinical
outcomes than those with low uptake in various kinds of malignant diseases [14,18–20].
Therefore, FDG uptake in the BM and spleen has been suggested as an imaging biomarker
of PET/CT to estimate the host systemic inflammatory response to cancer cells [19,20].
However, until now, there are no studies that compared the relationship of FDG uptake of
both BM and spleen with the tumor immune microenvironment in a single study [14,21–23].
Furthermore, only a few studies have evaluated the clinical value of FDG uptake of the
reticuloendothelial system in patients with gastric cancer [24,25].

Thus, the present study aimed to investigate the relationship of FDG uptake in the BM
and spleen on staging FDG PET/CT with the tumor immune microenvironment based on
immunohistochemical analysis and recurrence-free survival (RFS) in patients with gastric
cancer who underwent curative surgical resection.

2. Materials and Methods
2.1. Patients

We performed a retrospective review of the medical records of patients who were
histopathologically diagnosed with gastric cancer and underwent FDG PET/CT for stag-
ing work-up between March 2014 and June 2022 at Soonchunhyang University Cheonan
Hospital. Among them, a total of 70 patients who met the following inclusion criteria
were enrolled in the present study: patients (1) who showed no distant metastasis on
staging work-up imaging studies or peritoneal metastases on surgical exploration, (2) in
whom staging PET/CT images and surgical specimens were available for analysis, and
(3) who underwent surgery with curative intent. Patients who met the following criteria
were excluded from the study: patients (1) who had a previous history of hematologic
diseases, chronic liver diseases, or other malignant diseases, (2) who received neoadjuvant
chemotherapy before the surgery or received palliative surgery, (3) who were diagnosed
with active inflammatory disease at the time of PET/CT scan, and (4) who had a follow-up
period of less than 12 months after the surgery. Along with FDG PET/CT, all enrolled
patients underwent physical examination, blood tests, esophagogastroduodenoscopy, and
contrast-enhanced abdominopelvic CT for staging work-up. Based on the results of these
examinations, gastrectomy with regional lymph node dissection was performed, and adju-
vant chemotherapy was recommended for patients with TNM stages II–III. The median
interval between FDG PET/CT and surgery was 4 days (interquartile range; 1–10 days).
After treatment, routine follow-up assessments, including blood tests, esophagogastroduo-
denoscopy, and contrast-enhanced abdominopelvic CT, were conducted every 6–8 months
for the first 3 years and every 10–12 months thereafter.
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2.2. FDG PET/CT Acquisition and Image Analysis

All enrolled patients were asked to fast for at least 6 h before the PET/CT scan.
After confirmation of blood glucose level of <200 mg/dL, FDG dose of approximately
4.07 MBq/kg was intravenously injected. After 60 min of uptake period, PET/CT scans
were performed using a hybrid PET/CT scanner (Biograph mCT128 scanner, Siemens
Healthineers, Knoxville, TN, USA) from the skull base to the proximal thigh. A CT scan
was first performed for attenuation correction using automatic dose modulation (100 mA
and 120 kVp, slice thickness of 5 mm, and slice increment of 2.5 mm) without contrast
enhancement. A PET scan was then performed for 1.5 min for the bed position in three-
dimensional mode. PET images were reconstructed using an ordered subset expectation
maximization reconstruction algorithm with attenuation correction, which involved 21 sub-
sets and two iterations. The matrix size and slice thickness of the PET images were
128 × 128 and 5 mm, respectively.

Two nuclear medicine physicians separately analyzed FDG PET/CT images of enrolled
patients using OsiriX MD 10.0 software (Pixmeo, Geneva, Switzerland). For the quantitative
PET/CT parameters, the average values of both reviewers’ measurements were recorded.
Both reviewers were able to refer to the findings of esophagogastroduodenoscopy and other
imaging studies but were unaware of other clinical information and follow-up results. To
measure FDG uptake in gastric cancer lesions, the volume of interest (VOI) was manually
drawn over the primary tumor lesion, and the highest value of FDG uptake, expressed as
the standardized uptake value (SUV), in the VOI was calculated (tumor SUV). In cases with
gastric cancer lesions that could not be distinguished from FDG uptake by the surrounding
gastric wall uptake, the VOI of the gastric cancer lesion was drawn in accordance with
the tumor location on esophagogastroduodenoscopy and contrast-enhanced CT images.
FDG uptake in the liver, BM, and spleen was measured using a methodology described in
previous studies [14,20,26]. A spherical 5 cm sized VOI and spherical 3 cm sized VOI were
drawn in the right lobe of the liver and spleen, respectively, and the mean SUV of each
VOI was defined as the liver SUV and spleen SUV, respectively. To measure FDG uptake
in the BM, six spherical VOIs were constructed over the T10-T12 spines and L1-3 spines.
Vertebrae that showed severe osteoarthritic change, compression fracture, or post-operative
change were excluded from the BM uptake measurement. Using the cut-off value of 75%
of the maximum SUV in each of the six VOIs, the mean SUV of the areas that had higher
values of SUV than the cut-off values within the six VOIs was defined as the BM SUV.
The spleen-to-liver uptake ratio (SLR) and BM-to-liver uptake ratio (BLR) were calculated
using the liver SUV, spleen SUV, and BM SUV. Therefore, four PET/CT parameters of the
BM and spleen, comprising the BM SUV, spleen SUV, BLR, and SLR, were measured for
each patient.

2.3. Immunohistochemical Analysis

Two experienced pathologists retrospectively conducted immunohistochemical anal-
yses of surgical specimens of gastric cancer from the enrolled patients. Discrepancies
between the two pathologists were resolved through consensus. Hematoxylin and eosin-
stained slides of surgical specimens were reviewed, and cancer tissue areas that showed
characteristic cellular morphology without necrotic areas were selected. The selected areas
of each tissue block were cored twice using a 2 mm diameter cylinder and assembled into
a recipient paraffin block using a tissue microarray instrument (Unitma, Seoul, Republic of
Korea). Individual 4 µm thick slide sections were obtained from tissue microarray blocks
and immunohistochemically stained using the Ventana Benchmark XT automated staining
system (Ventana Medical Systems, Tucson, AZ, USA) according to the manufacturer’s
protocol. Immunohistochemical staining for CD4, CD8, CD163, and interleukin-6 (IL-6)
was performed using monoclonal rabbit anti-human CD4 (clone SP35, catalog number
7904423; Ventana Medical Systems), monoclonal mouse anti-human CD8 (clone C8/144B,
catalog number IR623; Dako, Carpinteria, CA, USA), monoclonal mouse anti-human CD163
(clone OTI2G12, catalog number ab156769; Abcam, Cambridge, UK), and polyclonal rab-



Life 2023, 13, 771 4 of 15

bit anti-human IL-6 (catalog number ab6672; Abcam). Three representative areas were
reviewed from each tissue microarray core under a high-power optical microscope at
400× magnification. The degree of CD4 cell, CD8 cell, and CD163 cell infiltration in the
tumor tissue was graded according to the following criteria: grade 0, ≤10 cells; grade 1,
11–50 cells; grade 2, 51–100 cells; and grade 3, >100 cells. The degree of IL-6 expression in
the tumor tissue was graded according to the following criteria: grade 0, negative; grade 1,
focal light brown (weak); grade 2, light brown (moderate); and grade 3, brown (intense).

2.4. Statistical Analysis

The Mann–Whitney test was performed to compare FDG uptake in the BM and spleen
between papillary/tubular types and mucinous/signet ring cells and other poorly cohesive
types according to the World Health Organization (WHO) histopathological classification
and between intestinal type and diffuse/indeterminate types according to the Lauren
classification. The Kruskal–Wallis test was performed to assess the differences in the
four BM and spleen parameters according to TNM stage, CD4, CD8, and CD163 cells
infiltration grades, and IL-6 expression grade. A post hoc analysis using Dunn test was
performed for the BM and spleen parameters, which revealed statistical significance on
the Kruskal–Wallis test. Spearman correlation coefficients were calculated to evaluate the
correlations between FDG uptake of the primary tumor, BM, and spleen. The primary
outcome was RFS, defined as the time between the day of surgery and the detection of
gastric cancer recurrence or death. Patients without recurrence or death were censored
on the day of their last clinical follow-up. Univariate and multivariate Cox proportional
hazard regression analyses were performed to evaluate the association between variables,
including BM and spleen parameters and RFS, and hazard ratios with Wald 95% confidence
intervals were calculated for each variable. Continuous variables included in the survival
analysis were categorized into two groups according to the specific cut-off values, which
were determined using receiver operating characteristic (ROC) curve analysis. Kaplan–
Meier analysis was performed to estimate the cumulative RFS curves of BM and spleen
parameters, and the log rank test was performed to evaluate RFS differences between
patient groups. Statistical analyses were carried out using MedCalc Statistical Software
version 20.210 (MedCalc Software Ltd., Ostend, Belgium). Results with a p-value < 0.05
were considered statistically significant.

3. Results
3.1. Patient Characteristics

The characteristics of the 70 patients with gastric cancer enrolled in this study are
summarized in Table 1. On staging FDG PET/CT, 12 patients (17.1%) and 5 patients
(7.1%) had higher FDG uptake in the BM (BLR > 1.00) and spleen (SLR > 1.00) than in
the liver (Figures 1 and 2). Of the five patients with an SLR > 1.00, four also showed
a BLR > 1.00. On immunohistochemical analysis, 57.2% of the enrolled patients showed
grade 2 or 3 infiltration of CD8 T cells, whereas the proportions of patients with grade 2
or 3 CD4 T cells and CD163 macrophages infiltrations and IL-6 expression were all less
than 50.0%. The median RFS was 39.6 months (interquartile range, 16.2–70.7 months), and
during the follow-up, 26 patients (37.1%) experienced cancer recurrence or death.

3.2. Correlation Analysis

The results of the correlation analyses between FDG uptake of the BM and spleen
and the histopathological results of gastric cancer are shown in Table 2. None of the
four PET parameters of the BM and spleen revealed any significant relationship with the
WHO classification and Lauren classification of histopathology (p > 0.05). For TNM stages,
patients with advanced stages tended to show increased BLR and SLR with borderline
significance (p = 0.094 for BLR and p = 0.080 for SLR). The BLR and SLR were significantly
associated with the densities of CD163 cell infiltration and CD8 cell infiltration in the
tumor tissue, respectively (p = 0.032 for BLR and p = 0.016 for SLR). None of the four PET
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parameters were significantly associated with the density of CD4 cell infiltration and IL-6
expression (p > 0.05). In post hoc analysis using the Dunn test, patients with grade 2 and
3 CD163 cell infiltration showed significantly higher BLR values than those with grade 0,
and patients with grade 3 CD8 cell infiltration showed significantly higher SLR values than
those with grade 0 (p < 0.05; Figure 3).

Table 1. Characteristics of patients (n = 70).

Characteristic No. of Patients (%) Median
(Interquartile Range)

Age (years) 60 (52–72)
Sex Men 39 (55.7%)

Women 31 (44.3%)
Tumor location Upper 8 (11.4%)

Middle 28 (40.0%)
Lower 34 (48.6%)

WHO histopathological classification Papillary/tubular types 44 (62.9%)
Mucinous/signet ring cells and other

poorly cohesive types 26 (37.1%)

Lauren classification Intestinal type 30 (42.9%)
Diffuse/indeterminate types 40 (57.1%)

T stage T1–T2 stage 26 (37.1%)
T2–T4 stage 44 (62.9%)

N stage N0 stage 29 (41.4%)
N1–N3 stage 41 (58.6%)

TNM stage Stage I 18 (25.7%)
Stage II 19 (27.1%)
Stage III 33 (47.1%)

Adjuvant chemotherapy Yes 42 (60.0%)
No 28 (40.0%)

CD4 cell infiltration Grade 0 16 (22.9%)
Grade 1 25 (35.7%)
Grade 2 18 (25.7%)
Grade 3 11 (15.7%)

CD8 cell infiltration Grade 0 12 (17.1%)
Grade 1 18 (25.7%)
Grade 2 23 (32.9%)
Grade 3 17 (24.3%)

CD163 cell infiltration Grade 0 23 (32.9%)
Grade 1 22 (31.4%)
Grade 2 13 (18.6%)
Grade 3 12 (17.1%)

IL-6 expression Grade 0 26 (37.1%)
Grade 1 22 (31.4%)
Grade 2 17 (24.3%)
Grade 3 5 (7.1%)

FDG PET/CT parameters Tumor SUV 4.58 (3.32–7.57)
BM SUV 1.70 (1.48–2.00)

Spleen SUV 1.66 (1.44–1.81)
BLR 0.88 (0.75–0.98)
SLR 0.81 (0.77–0.87)

BLR, bone marrow-to-liver uptake ratio; BM, bone marrow; FDG, 2-deoxy-2-[18F]fluoro-D-glucose; IL-6,
interleukin-6; PET/CT, positron emission tomography/computed tomography; N stage, node stage; SLR, spleen-
to-liver uptake ratio; SUV, standardized uptake value; T stage, tumor stage; TNM stage, tumor, node, and
metastasis stage; WHO, World Health Organization.
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Figure 1. (a) Maximum intensity projection, (b) transaxial PET, and fused (c) transaxial and (d) sag-
ittal FDG PET/CT images and immunohistochemical findings of (e) CD8 cell and (f) CD163 cell in-
filtrations in the tumor tissue of a 75-year-old man with gastric cancer. Intensely increased FDG 
uptake was found in the gastric cancer lesion (arrows in (b,c)) with tumor SUV of 24.6, and diffusely 
increased FDG uptake was observed in the BM and spleen, showing BLR of 1.05 and SLR of 1.01. 
The patient underwent total gastrectomy and was diagnosed with pT4N0 stage (TNM stage III). On 
immunohistochemical analysis, grade 3 of CD8 and CD163 cell infiltrations was found. The cancer 
recurred 22.6 months after the surgery. 

Figure 1. (a) Maximum intensity projection, (b) transaxial PET, and fused (c) transaxial and (d) sagit-
tal FDG PET/CT images and immunohistochemical findings of (e) CD8 cell and (f) CD163 cell
infiltrations in the tumor tissue of a 75-year-old man with gastric cancer. Intensely increased FDG
uptake was found in the gastric cancer lesion (arrows in (b,c)) with tumor SUV of 24.6, and diffusely
increased FDG uptake was observed in the BM and spleen, showing BLR of 1.05 and SLR of 1.01.
The patient underwent total gastrectomy and was diagnosed with pT4N0 stage (TNM stage III). On
immunohistochemical analysis, grade 3 of CD8 and CD163 cell infiltrations was found. The cancer
recurred 22.6 months after the surgery.

The relationship between FDG uptake of the primary tumor, BM, and spleen is shown
in Table S1. All four PET parameters of the BM and spleen were significantly positively
correlated with tumor SUV (p < 0.05). Furthermore, except for the correlation between
spleen SUV and BLR, all four PET parameters of the BM and spleen revealed significant
positive correlations (p < 0.05).

3.3. Survival Analysis for RFS

The association of FDG PET/CT parameters of the BM and spleen with RFS was eval-
uated using the Cox proportional hazards regression model along with clinicopathological
factors and tumor SUV. For the survival analysis, continuous variables were categorized
into two groups based on the specific cut-off values on ROC curve analysis: age, 65 years;
tumor SUV, 7.53; BM SUV, 1.64; spleen SUV, 1.67; BLR, 0.88; and SLR, 0.84. On univariate
analysis, all four PET/CT parameters of the BM and spleen showed significant associations
with RFS, showing worse RFS in patients with high parameter values (p < 0.05 for all;
Table 3). In addition, T stage, N stage, TNM stage, adjuvant chemotherapy, CD163 cell
infiltration, IL-6 expression, and tumor SUV were significant prognostic factors for RFS
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(p < 0.05). Patients with grade 3 CD8 cell infiltration also showed worse RFS than those
with grade 0 infiltration, with borderline statistical significance (p = 0.087).

As all four PET/CT parameters of the BM and spleen demonstrated statistical signifi-
cance in univariate analysis, all of these parameters were further assessed using multivariate
analysis. Considering the number of patients with events, only age, sex, TNM stage, and
tumor SUV were included as covariates in the multivariate models. Moreover, because
of the significant correlations between the PET/CT parameters of the BM and spleen
(Table S1), the prognostic values of the BM SUV, spleen SUV, BLR, and SLR were assessed
using separate models. Among the four parameters, BLR (p = 0.022; hazard ratio, 3.55;
95% confidence interval, 1.20–10.54) and SLR (p = 0.049; hazard ratio, 2.27; 95% confidence
interval, 1.01–5.13) were significant predictors of RFS after adjusting for age, sex, TNM
stage, and tumor SUV (Table 4). Kaplan–Meier analysis with log rank test showed that
patients with high BLR and SLR showed significantly worse RFS than those with low BLR
(p = 0.011) and SLR (p = 0.039). The 3-year RFS rates were 52.7 and 49.4% for patients with
BLR ≥ 0.88 and SLR ≥ 0.84, respectively, whereas the 3-year RFS rates for patients with
BLR < 0.88 and SLR < 0.84 were 75.8 and 74.3%, respectively (Figure 4).
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Figure 2. (a) Maximum intensity projection, (b) transaxial PET, and fused (c) transaxial and (d) sagit-
tal FDG PET/CT images and immunohistochemical findings of (e) CD8 cell and (f) CD163 cell
infiltrations in the tumor tissue of a 69-year-old man with gastric cancer. Intensely increased FDG
uptake was found in the gastric cancer lesion (arrows in (b,c)) with tumor SUV of 15.7, and BLR and
SLR were 0.75 and 0.76, respectively. The patient underwent total gastrectomy and was diagnosed
with pT3N1 stage (TNM stage II). On immunohistochemical analysis, grade 0 of CD8 and CD163 cell
infiltrations was found. During the follow-up period of 70.6 months, there was no event of recurrence
or death in the patient.
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Table 2. Correlation analysis of FDG uptake of the BM and spleen with histopathological results.

Histopathological Factors BM SUV p-Value Spleen SUV p-Value BLR p-Value SLR p-Value

WHO histopathological
classification Papillary/tubular types 1.69 (1.52–1.97) 0.723 * 1.68 (1.44–1.83) 0.693 * 0.86 (0.75–0.97) 0.879 * 0.82 (0.77–0.87) 0.346 *

Mucinous/signet ring cells and
other poorly cohesive types 1.72 (1.46–2.07) 1.63 (1.52–1.77) 0.88 (0.76–0.98) 0.79 (0.76–0.86)

Lauren classification Intestinal type 1.67 (1.48–1.95) 0.618 * 1.55 (1.39–1.85) 0.639 * 0.84 (0.72–0.98) 0.614 * 0.81 (0.76–0.85) 0.753 *
Diffuse/indeterminate types 1.75 (1.51–2.00) 1.67 (1.52–1.80) 0.88 (0.76–0.97) 0.81 (0.77–0.90)

TNM stage Stage I 1.62 (1.48–1.95) 0.170 † 1.70 (1.43–1.81) 0.636 † 0.80 (0.71–0.95) 0.094 † 0.79 (0.75–0.83) 0.080 †
Stage II 1.68 (1.46–1.90) 1.61 (1.40–1.70) 0.88 (0.75–0.94) 0.81 (0.77–0.89)
Stage III 1.79 (1.56–2.02) 1.67 (1.50–1.82) 0.93 (0.77–1.01) 0.83 (0.77–0.91)

CD4 cell infiltration Grade 0 1.67 (1.47–1.90) 0.799 † 1.58 (1.42–1.72) 0.818 † 0.80 (0.74–0.91) 0.571 † 0.78 (0.74–0.83) 0.223 †
Grade 1 1.72 (1.49–2.10) 1.67 (1.49–1.80) 0.93 (0.75–0.98) 0.84 (0.78–0.91)
Grade 2 1.67 (1.52–2.07) 1.70 (1.36–88) 0.87 (0.76–0.98) 0.81 (0.77–0.91)
Grade 3 1.73 (1.49–1.90) 1.66 (1.53–1.75) 0.84 (0.74–1.01) 0.81 (0.77–0.86)

CD8 cell infiltration Grade 0 1.68 (1.53–1.90) 0.943 † 1.58 (1.45–1.64) 0.472 † 0.80 (0.68–0.94) 0.637 † 0.76 (0.71–0.80) 0.016 †
Grade 1 1.75 (1.46–1.99) 1.72 (1.46–1.88) 0.88 (0.75–0.95) 0.82 (0.78–0.88)
Grade 2 1.65 (1.48–2.07) 1.56 (1.43–1.75) 0.89 (0.73–0.98) 0.81 (0.75–0.85)
Grade 3 1.79 (1.51–1.96) 1.71 (1.44–1.85) 0.88 (0.79–1.02) 0.84 (0.80–0.94)

CD163 cell infiltration Grade 0 1.53 (1.38–1.81) 0.096 † 1.60 (1.44–1.76) 0.474 † 0.79 (0.73–0.92) 0.032 † 0.80 (0.75–0.85) 0.394 †
Grade 1 1.67 (1.48–1.90) 1.64 (1.35–1.73) 0.84 (0.71–0.94) 0.82 (0.77–0.88)
Grade 2 1.95 (1.58–2.18) 1.72 (1.52–1.89) 0.95 (0.76–1.06) 0.81 (0.75–0.86)
Grade 3 1.73 (1.58–2.20) 1.72 (1.58–1.78) 0.92 (0.84–1.05) 0.84 (0.79–0.95)

IL-6 expression Grade 0 1.66 (1.48–1.94) 0.878 † 1.61 (1.51–1.73) 0.813 † 0.81 (0.75–0.94) 0.743 † 0.80 (0.75–0.88) 0.794 †
Grade 1 1.75 (1.52–2.00) 1.66 (1.44–1.85) 0.90 (0.75–1.01) 0.82 (0.79–0.91)
Grade 2 1.63 (1.46–2.07) 1.69 (1.43–1.80) 0.87 (0.74–0.96) 0.81 (0.77–0.85)
Grade 3 1.73 (1.50–2.24) 1.81 (1.43–2.03) 0.89 (0.74–0.97) 0.81 (0.77–0.83)

All values are expressed in median (interquartile range). * p-value for the Mann–Whitney test. † p-value for the Kruskal–Wallis test. BLR, bone marrow-to-liver uptake ratio; BM, bone
marrow; FDG, 2-deoxy-2-[18F]fluoro-D-glucose; IL-6, interleukin-6; SLR, spleen-to-liver uptake ratio; SUV, standardized uptake value; TNM stage, tumor, node, and metastasis stage;
WHO, World Health Organization.
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Table 3. Prognostic significance of the variables for RFS on univariate analysis.

Variables p-Value * Hazard Ratio (95%
Confidence Interval)

Age (<65 years vs. ≥65 years) 0.951 0.99 (0.45–2.16)
Sex (women vs. men) 0.346 1.67 (0.57–4.84)

WHO histopathological classification (papillary/tubular vs.
mucinous/signet ring cells and other poorly cohesive types) 0.287 1.52 (0.70–3.29)

Lauren classification
(intestinal vs. diffuse/indeterminate) 0.426 1.38 (0.63–3.04)

T stage (T1–T2 vs. T3–T4) 0.003 22.02 (2.98–162.79)
N stage (N0 vs. N1–3) <0.001 12.92 (3.04–54.88)

TNM stage (stage I–II vs. stage III) <0.001 15.26 (4.54–51.25)
Adjuvant chemotherapy (yes vs. no) 0.004 4.85 (1.67–14.11)

CD4 cell infiltration (grade 0 vs.) Grade 1 0.526 1.41 (0.49–4.05)
Grade 2 0.381 1.63 (0.55–4.88)
Grade 3 0.206 1.25 (0.29–2.14)

CD8 cell infiltration (grade 0 vs.) Grade 1 0.848 1.15 (0.29–4.58)
Grade 2 0.209 2.27 (0.63–8.15)
Grade 3 0.087 1.90 (0.89–4.15)

CD163 cell infiltration (grade 0 vs.) Grade 1 0.842 0.90 (0.33–2.49)
Grade 2 0.146 1.24 (0.41–3.79)
Grade 3 0.047 2.19 (1.05–5.51)

IL-6 expression (grade 0 vs.) Grade 1 0.493 1.41 (0.53–3.79)
Grade 2 0.491 1.45 (0.51–4.12)
Grade 3 0.042 3.12 (1.07–10.81)

Tumor SUV (<7.53 vs. ≥7.53) <0.001 4.18 (1.91–9.13)
BM SUV (<1.64 vs. ≥1.64) 0.013 5.79 (1.99–16.88)

Spleen SUV (<1.67 vs. ≥1.67) 0.033 2.41 (1.07–5.42)
BLR (<0.88 vs. ≥0.88) 0.015 2.82 (1.22–6.50)
SLR (<0.84 vs. ≥0.84) 0.040 2.21 (1.02–4.79)

* p-value for Cox proportional hazard regression analysis. BLR, bone marrow-to-liver uptake ratio; BM, bone
marrow; IL-6, interleukin-6; N stage, node stage; RFS, recurrence-free survival; SLR, spleen-to-liver uptake ratio;
SUV, standardized uptake value; T stage, tumor stage; TNM stage, tumor, node, and metastasis stage; WHO,
World Health Organization.
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Table 4. Prognostic values of FDG PET/CT parameters of the BM and spleen for predicting RFS
using multivariate analysis with the addition of age, sex, TNM stage, and tumor SUV as covariates.

Variables p-Value * Hazard Ratio (95%
Confidence Interval)

BM SUV (<1.64 vs. ≥1.64) 0.301 3.58 (0.66–13.78)
Spleen SUV (<1.67 vs. ≥1.67) 0.159 1.75 (0.80–3.80)

BLR (<0.88 vs. ≥0.88) 0.022 3.55 (1.20–10.54)
SLR (<0.84 vs. ≥0.84) 0.049 2.27 (1.01–5.13)

* p-value for Cox proportional hazard regression analysis. BLR, bone marrow-to-liver uptake ratio; BM, bone
marrow; FDG, 2-deoxy-2-[18F]fluoro-D-glucose; PET/CT, positron emission tomography/computed tomography;
RFS, recurrence-free survival; SLR, spleen-to-liver uptake ratio; SUV, standardized uptake value.
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The combination of TNM stage and FDG uptake in the BM and spleen allowed further
stratification of the recurrence risk in the enrolled patients (Table 5). Among patients
with TNM stage I–II, there was no recurrence (0.0%) in patients with BLR < 0.88 and/or
SLR < 0.84, while 42.9% of patients with both BLR ≥ 0.88 and SLR ≥ 0.84 experienced
cancer recurrence. For patients with TNM stage III, up to 81.8% of patients with both
BLR ≥ 0.88 and SLR ≥ 0.84 experienced cancer recurrence during follow-up.

Table 5. Recurrence rates of the patient subgroups based on the combination of TNM stage and FDG
uptake of BM and spleen.

TNM Stage

Stage I–II Stage III

FDG uptake of BM
and spleen

BLR <0.88 and SLR <0.84 0/17
(0.0%)

6/10
(60.0%)

BLR ≥0.88 and SLR <0.84
Or

BLR <0.88 and SLR ≥0.84

0/13
(0.0%)

8/12
(66.7%)

BLR ≥0.88 and SLR ≥0.84 3/7
(42.9%)

9/11
(81.8%)

BLR, bone marrow-to-liver uptake ratio; BM, bone marrow; FDG, 2-deoxy-2-[18F]fluoro-D-glucose; SLR, spleen-
to-liver uptake ratio; TNM stage, tumor, node, and metastasis stage.
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4. Discussion

In previous studies, patients with malignant diseases showed significantly higher
FDG uptake of the reticuloendothelial system than normal subjects or those with benign
lung nodules [15,27]. This finding prompted several studies to investigate the underlying
reasons for increased FDG uptake in the BM and spleen of patients with malignant diseases.
For BM, the degree of FDG uptake is considered to be mainly correlated with hyperplasia
of myeloid cells in the BM [28,29]. In a recent study performed in patients with uterine
cervical cancer, patients with high FDG uptake in the BM revealed increased numbers of
myeloid-derived suppressor cells in the tumor tissue and blood when compared with those
with low uptake [23]. For the spleen, in another study of uterine cervical cancer patients,
the density of diverse immune cells, including CD3, CD4, CD8, CD20, CD68, and CD163
cells, was numerically higher in a patient group with high spleen FDG uptake than a patient
group with low uptake [14]. Moreover, a previous study of patients with hepatobiliary
cancers revealed that FDG uptake in the spleen was significantly positively correlated with
serum levels of pro-inflammatory cytokines, including IL-6 [30].

In the present study, we measured four imaging parameters of the reticuloendothelial
system on FDG PET/CT, comprising BM SUV, BLR, spleen SUV, and SLR, and evaluated
whether these parameters showed significant correlations with CD4, CD8, and CD163
cell infiltration and IL-6 expression in gastric cancer tissue. Along with FDG uptake of
the BM and spleen, BLR and SLR have also been proposed as imaging parameters of the
reticuloendothelial system on FDG PET/CT in previous studies [31–33]. As the liver has
been generally used as a reference organ in the interpretation of FDG PET/CT images, cor-
rection by FDG uptake of the liver was expected to reduce inter-individual variations when
compared with BM SUV and spleen SUV [33,34]. The results of our analysis revealed that
only the BLR and SLR were significantly associated with CD163 macrophage and CD8 T cell
infiltration in the tumor tissue, respectively. Macrophages in the tumor microenvironment,
called tumor-associated macrophages, are mostly M2 macrophages with high CD163 ex-
pression [9,16,35]. M2 macrophages are known to contribute significantly to the progression
and metastasis of gastric cancer, thereby affecting the clinical outcomes of patients [9,35].
Tumor-associated macrophages could be converted from BM-derived macrophages, and
the increased metabolic activity of BM-derived macrophages was suggested to be a possible
causative factor for increased FDG uptake of BM [20,36]. In a recent study, an increased
number of BM-derived tumor-associated macrophages at the tumor invasive margin of
hepatic metastasis was found to be significantly associated with worse prognosis in patients
with gastric cancer [37]. CD8 T cells are cytotoxic T lymphocytes that can be activated in
the spleen [38], which might explain the link between the metabolic activity of the spleen
and T lymphocyte infiltration in the tumor tissue. CD8 T lymphocytes are considered to
have the capability to destroy cancer cells, and several studies have shown that a high
density of CD8 T cell infiltration in tumor tissue was associated with better survival in
patients with gastric cancer [1,39]. In contrast, another study revealed that increased CD8 T
cell density in the tumor tissue was associated with increased PD-L1 expression in cancer
cells, and high intra-tumoral CD8 T cell density was associated with worse prognosis [8].
Therefore, the effects of CD8 T cell immunity in gastric cancer are controversial and might
depend on the tumor immune microenvironment [8,40,41]. Considering the significant
roles of CD163 macrophages and CD8 T cells in the tumor microenvironment, BLR and
SLR might be potential imaging parameters that could help identify the condition of the
tumor immune microenvironment in patients with gastric cancer.

In previous studies, both the BLR and SLR were found to have significant correla-
tions with serum inflammatory markers and were significant predictors of survival in
patients with head and neck cancer, non-small cell lung cancer, breast cancer, cholangio-
carcinoma, colorectal cancer, uterine cervical cancer, melanoma, and lymphoma, show-
ing consistent results of worse survival in patients with high BM and spleen FDG up-
take [14,18,21,26,27,29,31,32,42–45]. In patients with gastric cancer, only two studies have
investigated the prognostic significance of FDG uptake of the reticuloendothelial system
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in the literature [24,25]. Each study measured BLR [24] and SLR [25] and demonstrated
a significant association of BLR and SLR with RFS. Similarly, our results also showed that
the BLR and SLR were significant independent predictors of RFS after adjusting for age,
sex, TNM stage, and tumor SUV, whereas the BM SUV and spleen SUV failed to show
statistical significance. Considering the significant associations of BLR and SLR with both
the tumor immune microenvironment and RFS, BLR and SLR could be more appropriate
parameters for estimating host immune response to cancer tissue than BM SUV and spleen
SUV, respectively, in patients with gastric cancer. However, although both BLR and SLR
were significantly associated with RFS, they might reflect different aspects of the host
inflammatory response to cancer cells as both imaging parameters showed significant
relationships with different immune cell densities in the tumor tissue. In a recent study of
non-small cell lung cancer patients, SLR was significantly associated with progression-free
survival only in a patient cohort receiving immunotherapy targeting PD-1 [26]. In contrast,
BLR was significantly associated with progression-free survival only in a patient cohort
receiving chemotherapy [26]. Considering that activated CD8 T cells in the spleen also
expressed increased expression of PD-1, SLR might be a more suitable parameter for es-
timating prognosis in patients who received immunotherapy [38,45]. Further studies are
required to establish the proper clinical use of BLR and SLR according to the condition of
the tumor immune microenvironment and treatment modalities.

In the present study, the risk of recurrence after curative surgery could be further
predicted using a combination of TNM stage and FDG uptake in the BM and spleen.
None of the patients with TNM stage I–II and low metabolic activity of both the BM
and spleen experienced cancer recurrence, while cancer recurrence was found in 81.8%
of patients with TNM stage III and high metabolic activity of both the BM and spleen.
Therefore, in patients with advanced stage gastric cancer who show increased BLR and
SLR on staging PET/CT images, an aggressive management strategy would be needed
after curative surgery. Furthermore, these results indicate the crucial roles of the host
immune response in predicting recurrence risk in gastric cancer, as well as the biological
features of cancer cells [1,16,23]. As demonstrated in previous studies on pancreatic cancer
and non-small cell lung cancer, incorporating both tumor features and the host immune
response could improve the prediction of clinical outcomes when compared solely with the
tumor features [20,46].

The current study has several limitations. First, the study was retrospectively per-
formed at a single medical center; therefore, there might be some degree of selection bias.
Second, because the number of enrolled patients and patients with events was small, the
general application of our results might be limited, and further studies with a larger patient
cohort are needed to verify the results. Finally, further animal studies and flow cytometry
analysis are necessary to elucidate the underlying mechanisms between FDG uptake of the
reticuloendothelial system and immunohistochemical results.

5. Conclusions

FDG uptake of the reticuloendothelial system on PET/CT was significantly associated
with the tumor immune microenvironment and RFS in patients with gastric cancer. In
the correlation analysis, BLR and SLR showed significant positive correlations with the
degree of CD163 cell and CD8 cell infiltration in the tumor tissue, respectively, and both
BLR and SLR were significant predictors of RFS after adjusting for age, sex, TNM stage, and
tumor SUV. None of the TNM stage I–II patients with low BLR and SLR experienced cancer
recurrence, whereas recurrence was found in 81.8% of stage III patients with high BLR
and SLR. Both BLR and SLR might be potential imaging biomarkers that could provide
information regarding the tumor immune microenvironment and recurrence risk in patients
with gastric cancer.
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