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Background: To explore possible correlations between the tumor-stroma ratio (TSR) and different 
imaging features of fluorine-18-fluorodeoxyglucose positron emission tomography/magnetic resonance 
imaging (18F-FDG PET/MRI) in untreated rectal cancer patients.
Methods: A patients with rectal cancer were included in this study. All participants were examined 
preoperatively with whole-body 18F-FDG PET/MRI. Two pathologists evaluated the TSR of tumors 
together. Apparent diffusion coefficient (ADC) values and PET-related parameters of the primary lesions 
were measured and compared between the stroma-high and stroma-low groups. Pearson’s correlation or 
Spearman’s rank correlation were used to evaluate the correlation between the ADC values, PET-related 
parameters, and pathological indices. 
Results: Our results showed that in the untreated rectal cancer patients, the ADC mean values correlated 
with the TSR (r=0.327; P=0.007), and stroma-high (low TSR) rectal cancer corresponded to relatively 
lower ADC mean values (813.54±88.68 vs. 879.92±133.18; P=0.018). The ADC mean and ADC minimum 
(ADCmin) values were found to be negatively correlated with the pathological T stages (r=−0.384, P=0.001; 
r=−0.416, P=0.001, respectively) as well as the largest tumor diameters (r=−0.340, P=0.005; r=−0.314, 
P=0.010, respectively) of rectal cancer. In addition, the pathological T stages correlated with all PET-related 
metabolic parameters, including mean standard uptake value (SUV), maximum SUV (SUVmax), metabolic 
tumor volume (MTV), and total lesion glycolysis (TLG) (r=0.338, P=0.006; r=0.350, P=0.004; r=0.326, 
P=0.007; and r=0.472, P<0.001, respectively). Our results also identified associations between the ADCmin 
values and SUVmean, SUVmax, and TLG (r=−0.335, P=0.006; r=−0.343, P=0.005; and r=−0.343, P=0.005, 
respectively). However, there were no statistical correlations between the PET/MRI parameters and the 
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Introduction 

Colorectal cancer (CRC) is the third most frequently-
occurring cancer and the second most common cause of 
cancer-related deaths worldwide, and rectal cancer accounts 
for 30–40% of CRC (1). The mortality of CRC has 
decreased significantly due to the incredible improvements 
in treatment and diagnostic techniques (1). However, 
rectal cancer has a less favorable prognosis due to the high 
frequency of metastases and local recurrence (2). In rectal 
cancer, therapeutic decision making is primarily based 
on clinical tumor-node-metastasis (TNM) staging and 
pathological TNM staging can do is to judgment prognosis 
as well as to determine whether or not to administer 
adjuvant chemotherapy. Although the TNM staging system 
is still considered the most important factor in estimating 
patient prognosis (3), it seems insufficient for assessing the 
metastatic potential of rectal cancer, especially for patients 
with TNM stage II, which comprises heterogeneous 
subgroups with potentially different outcomes (4,5). Thus, 
there is a need for additional prognostic factors.

Tumor invasion and metastasis  is  considered a 
multifactorial process (6). The tumor microenvironment is 
composed of tumor cells and stroma, and the bidirectional 
communication between tumor cells and stroma plays 
an essential role in tumor growth, metabolism, and 
progression (7). Several studies have investigated the 
microenvironment of tumor cells by evaluating the tumor-
stroma ratio (TSR), which has an important role in tumor 
cell invasion and metastasis (8-10). The TSR represents 
the relative amounts of tumor and intratumoral stroma, 
and generally, a high content of intratumoral stroma is 
associated with a poor prognosis (11). Intratumoral stroma 
and consensus molecular subtypes can be determined with 
pretreatment biopsy. However, preoperative biopsy samples 
are relatively superficial and sometimes fail to reflect the 

exact characteristics of the tumor.
Diffusion-weighted imaging (DWI) represents functional 

magnetic resonance (MR) techniques that can reflect internal 
alteration of the microenvironment and cellular density in 
tissues, and it has been applied in numerous cancers (12,13). 
Apparent diffusion coefficient (ADC) values derived from 
DWI are quantified and, more recently, have been considered 
a potential imaging parameter of tumor aggressiveness in 
rectal cancer (14,15). Previous studies have shown that the 
intensity of fluorine-18-fluorodeoxyglucose (18F-FDG) 
uptake by malignant tumors is correlated with more 
aggressive tumor behavior, and high 18F-FDG uptake in the 
primary tumor indicates a less favorable outcome (16-18). 
Recently, positron emission tomography/magnetic resonance 
imaging (PET/MRI) has emerged as a novel imaging 
technology that combines the metabolic information of PET 
and the anatomic and functional information of MRI in a 
single examination. We speculated whether histopathological 
features, including the TSR, influence ADC values and PET-
related parameters in rectal cancer. Therefore, the purpose 
of this study was to explore possible correlations between 
the TSR and the different imaging parameters of 18F-FDG 
PET/MRI in untreated rectal cancer. We present the 
following article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-938/rc). 

Methods

Patients

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the Institutional Review Board of The 
First Medical Center of the Chinese People’s Liberation 
Army (PLA) General Hospital (No. S2017-083-01), 

immunohistochemical (IHC) results.
Conclusions: This study indicated that the intratumoral heterogeneity measured by PET/MRI may reflect 
characteristics of the tumor microenvironment. Hence, PET/MRI parameters might be helpful in predicting 
tumor aggressiveness and prognosis.
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and informed consent was provided by all participants. 
In this cohort study, we prospectively enrolled patients 
with pathologically confirmed, primary rectal cancer at 
The First Medical Center of the Chinese PLA General 
Hospital from December 2016 to March 2019 (Figure 1). 
The inclusion criteria were as follows: (I) rectal cancer 
pathologically confirmed by enteroscopic biopsy; (II) prior 
total mesorectal excision (TME) surgery and pathological 
examination of resected tissue; (III) no contraindications 
to PET-MRI examination and no internal metal implants; 
and (IV) full disclosure of the research plan, and provision 
of signed informed consent. The exclusion criteria were 
as follows: (I) intolerance of general anesthesia or severe 
heart, lung, liver, and other major organ dysfunction; (II) 
severe coagulation disorder; (III) pregnancy; (IV) abdominal 
cavity or pelvic metastasis; (V) tumor perforation or acute 
peritonitis; or (VI) preoperative chemotherapy or radiation 
therapy. All participants were examined preoperatively with 
whole-body 18F-FDG PET/MRI. Rectal cancer surgeries 
were performed according to TME principles.

PET/MRI protocol

All participants were examined in the supine position 
with a hybrid PET/MRI (Biograph mMR; Siemens 
Healthcare, Erlangen, Germany) scanner consisting of a 
3-Tesla MRI scanner and an inline PET system equipped 
with an 8-channel phased array body coil. Participants 
fasted for at least 6 h before the PET/MRI examination 
to ensure a blood glucose level of <200 mg/dL. Scanning 
was performed 60 min after FDG injection and extended 
from the mid-thigh to the vertex of the scalp for a duration 
of approximately 50 min. Participants were informed to 
receive no bowel preparation before the examination, and 
no spasmolytic agent was used in this study. The MRI 
protocol consisted of a standard T2-weighted fast spin-echo 
sequence [repetition time/echo time (TR/TE): 4,300/78 ms,  
flip angle: 150°, slice thickness: 3 mm, intersection gap: 
0.6 mm, field of view (FOV): 240×240 mm, matrix size: 

320×310, acquisition time: 2 min 28 s] in 3 orthogonal 
directions and an axial DWI single-shot echo-planar 
sequence (TR/TE: 9,715/72 ms, slice thickness: 3 mm, 
intersection gap: 0.6 mm, FOV: 360×216 mm, matrix size: 
110×110, acquisition time: 3 min 24 s), including b-values, 
b =50 and b =800 s/mm2. The ADC maps were generated 
automatically by fitting a mono-exponential decay function 
to the b =50 and b =800 s/mm2 images. 

Image analysis

All PET/MRI data sets were independently reviewed 
and analyzed on a workstation (Syngo.Via; Siemens 
Healthcare) by a radiologist (XL, with 6 years of experience 
in interpreting MRI) and a nuclear medicine physician 
(JJL, with 8 years of experience in interpreting hybrid 
PET/MRI), who were blinded to each other’s results and 
histopathological outcomes. The radiologist measured the 
parameters twice with a more than 2-week interval, and the 
nuclear medicine physician reanalyzed the measurements. 

The contouring margins of tumor lesions were 
automatically derived and manually adjusted on axial, 
coronal, and sagittal planes in PET images to ensure 
accurate inclusion of the primary tumor while excluding 
adjacent normal structures, especially the hypermetabolic 
bladder (Figure 2). The values of the mean and maximum 
standard uptake value (SUVmean and SUVmax) were 
automatically measured. The metabolic tumor volume 
(MTV) was defined as the hypermetabolic tissue volume 
with a threshold of 42% of the SUVmax (19). The total 
lesion glycolysis (TLG) was calculated according to the 
formula: TLG = SUVmean × MTV (20). For the ADC 
measurement, the region of interest (ROI) was drawn 
manually along the edge of the largest tumor area section 
on the DWI image with a b-value of 800 s/mm2. In 
addition, T2-weighted MRI and PET images were used 
as references to determine the border of the lesion on the 
corresponding section. Then, the ROI were copied to the 
corresponding ADC map (Figure 3). The values of mean 

Figure 1 Flowchart of patient selection. DWI, diffusion-weighted imaging.

Eligible patients (n=72)
Meet the inclusion and exclusion criteria

Excluded patients (n=6)
a) Died within 30 days after surgery (n=1)
b) Inferior quality of the DWI data sets (n=5)

Included patients (n=66)
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ADC (ADCmean) and minimum ADC (ADCmin) were 
automatically measured (using a single slide measurement). 
We usually referred to the ADC value as the ADCmean 
value. 

Histopathologic evaluation 

After surgery, the histopathological examination of 
resected specimens was performed by expert colorectal 
pathologists according to the American Joint Committee 
on Cancer (AJCC) TNM staging system (21), which 
incorporates tumor status, lymph node status, and status of 
present metastases. The expressions of molecular markers, 
including epidermal growth factor receptor (EGFR), 

post-meiotic segregation increased 2 (PMS2), mut L 
homologue 1 (MLH1), human epidermal growth factor 
receptor 2 (HER2), Ki-67, mut S homologue 6 (MSH6), 
and mut S homologue 2 (MSH2), were also analyzed. 
The molecular markers were routinely examined by the 
Department of Pathology. Surgical specimens were stained 
with hematoxylin and eosin (HE) according to standard 
histologic protocol. 

Two pathologists (JHL and WJ, with 5 and 10 years of 
experience, respectively) who were blinded to the results of 
the image analysis evaluated the TSR and dominant stromal 
cell type. The pathologists scored the TSR together, and 
they resolved any disagreement through discussion. The 
TSR was quantified as previously described (8). The largest 

Figure 2 The contouring margins of the tumor lesion were automatically derived and manually adjusted on axial (A), sagittal (B), and 
coronal (C) planes in the 18F-FDG PET/MRI image to ensure accurate inclusion of the primary tumor. PT, positron emission tomography; 
18F-FDG PET/MRI, fluorine-18-fluorodeoxyglucose-positron emission tomography/magnetic resonance imaging.

Figure 3 The b =800 s/mm2 DWI (A), ADC map (B), and fused axial T2-weighted and 18F-FDG PET image (C), all acquired by hybrid 
PET/MR. The ADC value was measured by drawing the ROI along the edge of the largest section of tumor area on the DWI image with a 
b-value of 800 s/mm2, and the ROIs were copied to the corresponding ADC map to calculate the ADCmean and ADCmin. ADC, apparent 
diffusion coefficient; DWI, diffusion-weighted imaging; 18F-FDG PET, fluorine-18-fluorodeoxyglucose-positron emission tomography; 
MR, magnetic resonance; ROI, region of interest.
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invasive tumor was identified using a ×4 objective. Then, 
using a ×10 objective, an area was selected where both 
tumor and stromal tissue were present and tumor cells 
were visible on all slides of the image field. The TSR was 
defined as TSR = 100% (intratumoral tumor area)/(tumor 
area + intratumoral stroma area), and was scored using 
10% increments (e.g., 10%, 20%, 30%). The tumors were 
defined as stroma high (50% TSR) and stroma low (>50% 
TSR), as suggested in previous studies (Figure 4) (8,22). 
Three stromal components, fibroblast, lymphocyte, and 
collagen, were also evaluated, as previously suggested (8).  
The dominant cell type was defined as fibroblast if the 
stroma comprised randomly oriented, immature collagen 
in a myxoid background. The dominant cell type was 
defined as lymphocyte if the stroma was predominantly 
composed of lymphocytes. The dominant cell type was 
defined as collagen if the stroma comprised broad bands of 
eosinophilic, hyalinized collagen.

Statistical analysis

Statistical analyses were performed using the software SPSS 
22.0 (IBM Corp., Armonk, NY, USA). All data distributions 
were evaluated using the Kolmogorov-Smirnov test to 
evaluate normality and the Levene’s test to evaluate the 
homogeneity of variance. Continuous variables were 
presented as mean ± standard deviation (SD). Student’s 
t-tests were used to compare the statistical difference of 
parameters between the stroma-rich and stroma-poor group 
of lesions in rectal cancer patients. To analyze parameters 
that did not conform to normality or show homogeneity 
of variance, non-parametric Mann-Whitney U tests were 
used to compare the statistical differences between the 

2 patient groups. Chi-square tests were used to test the 
statistical differences of counting data. A receiver operating 
characteristic (ROC) curve analysis was also performed 
to determine whether the cut-off values for ADCmean 
could be used to differentiate between high and low TSRs 
in patients. Pearson’s correlation or Spearman’s rank 
correlation were used to evaluate the correlations between 
ADC values (ADCmean and ADCmin), PET-related 
parameters (SUVmean, SUVmax, MTV, and TLG), and 
pathological indices. Intra-observer and inter-observer 
agreements were assessed with intraclass correlation 
coefficients (ICCs). Mean imputation method was applied 
for missing data. A P value <0.05 was considered statistically 
significant.

Results 

Patient characteristics

Between December 2016 and March 2019, 72 patients 
with pathologically confirmed primary rectal cancer were 
examined preoperatively with whole-body 18F-FDG-PET/
MRI. However, data from 6 patients had to be excluded: 
1 patient died within 30 days after surgery, and the DWI 
data sets of 5 patients were of inferior quality, preventing 
quantitative analysis. Thus, the final study cohort comprised 
66 patients (Figure 1). Based on the TSR, the rectal cancer 
patients were categorized as stroma-rich (proportion of 
males: 63.4%, mean age: 61.59±11.25 years; n=41) and 
stroma-poor (proportion of males: 60.0%, mean age: 
56.36±9.08 years; n=25). The clinicopathologic findings of 
the 2 patient groups are presented in Table 1. There were 
no statistical differences in the clinicopathologic parameters 

Figure 4 HE-stained sections of rectal cancer at ×100 magnification. (A) Section with TSR estimated as 90% (stroma poor). (B) Section 
with TSR estimated as 10% (stroma rich). HE, hematoxylin and eosin; TSR, tumor-stroma ratio.
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(including the largest diameter of the tumor, pathological 
tumor stage, pathological nodal stage, and differentiation 
grade) between the stroma-rich and stroma-poor groups. 

TSR in rectal cancer 

The ADC values and PET-related parameters according to 
TSR are summarized in Table 2. The ADCmean values were 
significantly lower in the stroma-high group than the stroma-
low group [(813.54±88.68) vs. (879.92±133.18)×10−3 mm2/s,  
P=0.018; Figure 5A]. The ROC analysis identified a cut-

off value of 776.5×10−3 mm2/s for the ADCmean for 
discriminating between the TSR of stroma-high patients 
and stroma-low patients (Figure 5B). The area under the 
ROC curve (AUC) was 0.629 [95% confidence interval 
(CI): 0.492–0.766], and the sensitivity and the specificity 
of the ADCmean used for the discrimination of the TSR 
in patients with high and low TSRs was 0.920 and 0.341, 
respectively. However, there were no statistical differences 
in the ADCmin, SUVmean, SUVmax, MTV, and TLG 
between the 2 groups of rectal cancer patients (all P>0.05).

Association between image parameters and 
clinicopathologic factors 

The corre la t ion  between image  parameters  and 
clinicopathological indices are summarized in Tables 3,4. 
Our results showed that the ADCmean values correlated 
with the TSR (r=0.327, P=0.007; Figure 5C). We found that 
the ADCmean and ADCmin values negatively correlated 
with the pathological T stages (r=−0.384, P=0.001; r=−0.416, 
P=0.001, respectively) as well as the largest diameters of the 
tumor (r=−0.340, P=0.005; r=−0.314, P=0.010, respectively) 
in rectal cancer patients. In addition, we found that the 
pathological T stages correlated with all PET-related 
metabolic parameters, including SUVmean, SUVmax, 
MTV, and TLG (r=0.338, P=0.006; r=0.350, P=0.004; 
r=0.326, P=0.007; and r=0.472, P<0.001, respectively). 
However, the image parameters were not correlated with 
the pathological N stages, the differentiation grades, the 

Table 1 Clinicopathologic findings of rectal cancer patients 
according to TSR 

Clinicopathological 
characteristics

TSR

P valueStroma high  
(n=41)

Stroma low  
(n=25)

Male gender, n (%) 26 (63.4) 15 (60.0) 0.781

Age (years) 61.59±11.25 56.36±9.08 0.054

TSR scores 69.51%±12.03% 26.00%±11.55%

Dominant cell type 0.304

Fibroblast 38 20

Lymphocyte 1 2

Collagen 2 3

LD (cm) 4.42±1.88 3.65±1.31 0.074

pT 0.110

T1 2 3

T2 12 10

T3 23 11

T4 4 1

pN 0.853

N0 26 16

N1 10 4

N2 5 5

Differentiation grade 0.405

Poorly 7 4

Moderately 33 18

Well 1 3

Data given as the mean ± SD. TSR, tumor-stroma ratio; LD, the 
largest diameter of the tumor; pT, pathological tumor stage; pN, 
pathological nodal stage; SD, standard deviation. 

Table 2 The ADC values and PET-related parameters according to 
TSR 

Image parameters

TSR

P valueStroma high 
(n=41)

Stroma low 
(n=25)

ADCmean (×10−3 mm2/s) 813.54±88.68 879.92±133.18 0.018

ADCmin (×10−3 mm2/s) 660.71±136.05 648.44±185.15 0.758

SUVmean 9.35±4.21 9.89±5.20 0.647

SUVmax 15.2±6.64 16.45±8.86 0.546

MTV 11.5±8.23 11.15±7.88 0.865

TLG 109.65±90.80 112.73±101.30 0.899

Data given as the mean ± SD. ADC, apparent diffusion 
coefficient; PET, positron emission tomography; TSR, tumor-
stroma ratio; SUV, standard uptake value; MTV, metabolic tumor 
volume; TLG, total lesion glycolysis; SD, standard deviation. 
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Figure 5 Quantitative analysis. Differences in ADCmean between stroma-rich patients and stroma-poor patients (A). ROC curve using 
the ADCmean (×10−3 mm2/s) to differentiate the TSR (%) between stroma-rich patients and stroma-poor patients (B). Scatterplot 
showing correlation between ADCmean (×10−3 mm2/s) and TSR (%) (C). ADC, apparent diffusion coefficient; ROC, receiver operating 
characteristic; AUC, area under the receiver operating characteristic curve; CI, confidence interval; TSR, tumor-stroma ratio.

dominant cell types, and all the molecular markers in rectal 
cancer patients (all P>0.05).

Association between ADC values and PET-related 
parameters

As shown in Table 5, the ADCmin values were correlated 
with SUVmean, SUVmax, and TLG (r=−0.335, P=0.006; 
r=−0.343, P=0.005; and r=−0.343, P=0.005, respectively; 
Figure 6) in rectal cancer patients. However, the ADCmean 
values were not correlated with any PET-related 
parameters, including the SUVmean, SUVmax, MTV, and 
TLG (all P>0.05).

Inter- and intra-observer variability

Table 6 summarizes the inter- and intra-observer variability 
for the ADC and PET analyses. As shown, the ICCs for 
intra- and inter-observer variability of the ADCmean 
values were 0.873 and 0.792; the ICCs for intra- and inter-
observer variability of the ADCmin values were 0.911 and 
0.935. Furthermore, the ICCs for the intra- and inter-
observer variability of PET-related parameters were (0.996–
1.000) and (0.999–1.000), respectively. The inter- and 
intra-observer agreements were considered excellent for all 
parameters.

Discussion

Emerging evidence indicates that tumor progression is 
a disease involving complex interactions within cancer 

tissue, and previous research has addressed the tumor 
microenvironment with regard to the stimulation of tumor 
progression and invasion (7). The tumor microenvironment 
is heterogeneous and composed of tumor cells and 
surrounding stroma, with the tumor stroma mainly 
composed of immune cells, fibroblasts, vascular endothelial 
cells, and extracellular matrix (7). Fibroblast is the major 
cellular component of stroma and plays an important role 
in tumor-stroma interactions which contribute to tumor 
progression and expansion (23). Several studies have 
evaluated the TSR in relation to the microenvironment 
of cancer, some of which have reported that the TSR is an 
independent prognostic factor in rectal cancer, and a greater 
proportion of stroma is associated with poorer patient 
outcomes (11,24). 

Several studies have concluded that a lower ADC might 
be manifested as more aggressive biologic behavior in rectal 
cancer (25,26). A recent study found that the ADCmean 
positively correlated with the TSR in patients with rectal 
cancer (27). However, another study indicated that there 
were no statistical differences in the ADCmin or ADCmean 
between the stroma-poor and stroma-rich patients with 
rectal cancer, and the ADC values did not correlate with 
the TSR (28). Our results showed that the ADCmean 
values correlated with the TSR, and patients with stroma-
rich rectal cancer had relatively lower ADCmean values. 
This result supports the hypothesis that the TSR influences 
the invasive behavior of rectal cancer. We assume that 
stroma-rich tumors produce more fibrotic, collagen-rich 
stroma, and the distribution of collagen increases interstitial 
fluid pressure and osmotic pressure, which inhibits water 
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Table 5 Correlations between the PET parameters and DWI parameters

PET parameters
ADCmean ADCmin

r (95% CI) P r (95% CI) P

SUVmean −0.184 (−0.373, 0.078) 0.139 −0.335 (−0.52, −0.109) 0.006

SUVmax −0.179 (−0.363, 0.079) 0.151 −0.343 (−0.530, −0.109) 0.005

MTV −0.091 (−0.321, 0.084) 0.465 −0.153 (−0.341, 0.019) 0.219

TLG −0.210 (−0.412, −0.022) 0.091 −0.343 (−0.496, −0.192) 0.005

PET, positron emission tomography; DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient; CI, confidence interval; SUV, 
standard uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis. 

Figure 6 Scatterplots showing correlation between ADCmin (×10−3 mm2/s) and SUVmean, SUVmax, and TLG. ADC, apparent diffusion 
coefficient; SUV, standard uptake value; TLG, total lesion glycolysis.

Table 6 Inter- and intra-observer variability of image parameters

Image parameters
Intra-observer (n=66) Inter-observer (n=66)

ICC 95% CI ICC 95% CI

ADCmean 0.873 (0.793, 0.922) 0.792 (0.609, 0.883)

ADCmin 0.935 (0.894, 0.960) 0.911 (0.855, 0.946)

SUVmean 0.999 (0.999, 1.000) 0.997 (0.995, 0.998)

SUVmax 1.000 (1.000, 1.000) 1.000 (1.000, 1.000)

MTV 0.999 (0.999, 1.000) 0.996 (0.993, 0.998)

TLG 1.000 (0.999, 1.000) 0.999 (0.998, 0.999)

All P<0.001. ICC, intraclass correlation coefficient; CI, confidence interval; ADC, apparent diffusion coefficient; SUV, standard uptake 
value; MTV, metabolic tumor volume; TLG, total lesion glycolysis. 

diffusion and causes a subsequent decrease in the ADCmean 
values (29,30). The invasiveness of rectal cancer is 
considered a multifactorial process, and there is still no gold 
standard that is universally accepted. Therefore, we argue 
that the TSR can be applied clinically as a supplementary 

pathological diagnostic investigation to optimize risk 
stratification in the evaluation of rectal cancer.

The TNM staging system is still regarded the most 
important factor for estimating patient prognosis, and many 
studies have focused on the T staging of rectal cancer using 
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DWI (3). In our study, we found that the ADCmean and 
ADCmin values negatively correlated with the pathological 
T stages as well as the largest diameters of the tumor in 
rectal cancer. This result could be explained by the influence 
of cellular density and other histological components in 
the tumor tissue microenvironment on the ADC values 
(12,31). The higher T stage and larger tumor diameter may 
result in a tumor microenvironment with greater tumor cell 
density and other histological components. Accordingly, 
the reduction of the ADC values was likely the result of the 
more restricted diffusion movement of the water molecules. 
In addition, we found that the pathological T stages 
correlated with all PET-related metabolic parameters, 
including SUVmean, SUVmax, MTV, and TLG. This 
result suggests that tumors with lower ADC values and 
higher SUV values might exhibit more aggressive biologic 
behavior in rectal cancer. 

Compared with microsatellite stability, microsatellite 
instability was less prone to metastasis (32). The expression 
of tumor tissue mismatch repair proteins, MLH1, MSH2, 
MSH6, and PMS2, could reflect microsatellite instability 
status. The Ki67 protein is a nuclear antigen, which can 
objectively reflect the state of tumor cell proliferation 
and indicate prognosis (33); EGFR is a transmembrane 
glycoprotein receptor which plays an important role in 
tumor occurrence and progression; moreover, anti-EGFR 
monoclonal antibody has been approved for a good response 
rate and possible secondary resection of advanced CRC (34).  
A previous study found that HER2 overexpression 
correlated with more aggressive CRC in a North African 
population (35). We found that the image parameters did 
not correlate with all the molecular markers in rectal cancer 
patients, which may relate to the limited sample size of 
patients in this study. 

The major  advantage of  PET/MRI is  that  the 
simultaneous acquisition of PET and MRI data can 
minimize the misregistration artifacts and biologic changes. 
The SUVmax is the most commonly used and the most 
reproducible parameter for estimating the metabolic activity 
of FDG uptake. The SUVmean represents the average of 
the intensity of uptake, while TLG reflects both tumor 
metabolic activity and metabolic volume, which can reflect 
the cellular proliferation of the tumor. A study by Jeong 
et al. (36) reported that the ADCmean values of hybrid 
PET/MR showed a significant negative correlation with 
the SUVmax and SUVmean assessed by PET/computed 
tomography. Our results showed no correlation between 
the ADCmean values with SUVmax or SUVmean, but 

identified associations between the ADCmin values with 
SUVmean, SUVmax, and TLG, which is consistent with 
previously reported results (37). This can be explained 
by the fact that the ADCmin value has been considered 
to reflect the most proliferative portion and the highest 
tumor cell density of the tumor (38). We interpreted that 
the correlation between SUVmax and ADCmin probably 
represents the biologic relation between the metabolic 
activity and tumor cellularity, indicating that these two 
categories of parameters can be applied to describe tumor 
characteristics and plan treatment in rectal cancer.

To our knowledge, there are very few published research 
studies evaluating rectal cancer patients using PET/MRI, 
and the relationship between TSR and metabolic and 
functional features using PET/MRI in rectal cancer has 
not been reported previously. However, there were several 
limitations to this study. First, the sample size of this study 
was relatively small, hence, the statistical power was limited. 
Further studies with larger sample sizes are required. The 
PET/MRI examination is expensive, which limited the 
number of patients that could be included in the study. 
Second, there is likely to have been selection bias in this 
study, as the patients included in this study were limited 
to those who had undergone surgery without preoperative 
chemotherapy or radiation therapy. Third, because only 
a few of the patients included in this study had a distant 
metastasis and the follow-up duration was too short to 
evaluate recurrence, metastasis, and mortality, we did not 
analyze the survival outcome or correlation with metastases. 
Instead, we will aim to accomplish this in our future 
research endeavors over a longer follow-up period. 

Conclusions

This hybrid PET/MRI study demonstrated a negative 
correlation between the ADCmin values with SUVmean, 
SUVmax, and TLG in rectal cancer. Additionally, our 
results showed that the ADCmean values correlated with 
the TSR, indicating that the intratumoral heterogeneity 
measured by PET/MRI may reflect characteristics of 
the tumor microenvironment. A better understanding of 
how tumor heterogeneity influences imaging parameters 
might be helpful for predicting tumor aggressiveness and 
prognosis. 
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