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Abstract
Purpose The study aimed to evaluate the relationship between intra-tumor metabolic heterogeneity parameters of 18F-FDG 
and KRAS mutation status in colorectal cancer (CRC) patients and which threshold heterogeneity parameters could better 
reflect the heterogeneity characteristics of colorectal cancer.
Methods Medical data of 101 CRC patients who underwent 18F-FDG PET/CT and KRAS mutation analysis were selected. 
On PET scans, 18F-FDG traditional indices maximum standardized uptake value (SUVmax), metabolic tumor volume (MTV), 
total lesion glycolysis (TLG), and heterogeneity parameters coefficient of variation with a threshold of 2.5  (CV2.5),  CV40%, 
heterogeneity index-1 (HI-1), and HI-2 of the primary lesions were obtained. We inferred correlations between these 18F-
FDG parameters and KRAS mutation status.
Results 41 patients (40.6%) had KRAS gene mutation. Assessment of FDG parameters showed that SUVmax (19.00 vs. 
13.16, p < 0.001), MTV (11.64 vs. 8.83, p = 0.001), and TLG (102.85 vs. 69.76, p < 0.001),  CV2.5 (0.55 vs. 0.46, p = 0.006), 
and HI-2 (14.03 vs. 7.59, p < 0.001) of KRAS mutation were higher compared to wild-type (WT) KRAS.  CV40% (0.22 vs. 
0.24, p = 0.001) was lower in the KRAS mutation group, while HI-1 had no significant difference between the two groups. 
Multivariate analysis showed that MTV (OR = 4.97, 1.04–23.83, p = 0.045) was the only significant predictor in KRAS muta-
tion, using a cut-off of 7.62 (AUC = 0.695), and MTV showed a sensitivity of 90.2% and specificity of 45.0%. However, the 
PET parameters were not independent predictors in KRAS mutation.
Conclusion KRAS gene mutant CRC patients had more 18F-FDG uptake (SUVmax, MTV, TLG) and heterogeneity  (CV2.5, 
HI-2) than WT KRAS. MTV was the only independent predictor of KRAS gene mutation in colorectal cancer patients.
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Introduction

Colorectal cancer (CRC) is one of the worlds within the 
scope of the third common malignant tumor in both men and 
women [1]. The disease has high morbidity and mortality 
in developed countries, mainly Europe, while the incidence 
is rising in developing countries [2]. The China Cancer Sta-
tistics Report 2018 showed that the incidence and mortality 
of colorectal cancer in our country ranked third and fifth 
among all malignant tumors, with 376,000 new cases and 
191,000 deaths [3]. Radical operation is currently the most 
valid way for colorectal cancer patients  (T1-4N0-2M0) with-
out distant metastasis. For locally advanced middle or lower 
rectal cancer, preoperative imaging studies suggest cT3—4 
and/or N + , advice before radical surgery for neoadjuvant 
chemoradiation or neoadjuvant chemotherapy. However, 
nearly 20% of CRC patients are already in the advanced 
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stage of the disease at the time of diagnosis, and radical 
surgery cannot be performed due to extensive metastasis 
[4]. In recent years, anti-epidermal growth factor recep-
tor (EGFR) monoclonal therapy has made breakthroughs 
in colorectal treatment. Still, studies have shown that 40% 
of colorectal cancer patients have v-Ki-ras2 Kirsten rat sar-
coma viral oncogene homolog (KRAS) mutations. KRAS 
gene mutation predicts a lack of response to EGFR-targeted 
therapy in patients with metastatic CRC [5]. KRAS protein 
is an important signal molecule in the EGFR signal trans-
duction pathway. The abnormal protein encoded by KRAS 
gene mutation is not regulated by the upstream EGFR signal. 
It can initiate and activate downstream signal transduction 
to stimulate tumor cell growth, proliferation, and metastasis. 
Therefore, KRAS gene status, as one of the heterogeneity 
characteristics of tumors is crucial for selecting treatment 
options for CRC patients. Prediction of KRAS mutation 
status by non-invasive imaging is necessary and valuable, 
especially for patients who cannot afford invasive testing.

18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) positron 
emission tomography-computed tomography (PET-CT), 
as a whole-body non-invasive examination, is increasingly 
widely used in tumors. The 18F-FDG PET/CT has been 
proven effective for diagnosing, staging, prognosis predic-
tion, and treatment response assessment in numerous can-
cers [6–8]. At the same time, 18F-FDG PET/CT metabolic 
heterogeneity evaluations can assess the heterogeneity char-
acteristics of tumors. Regarding CRC patients, although 
PET/CT is not a routine recommended inspection, it is an 
effective assistant examination method for patients whose 
condition is intricated, and regular tests cannot confirm the 
diagnosis. The preoperative assessment suggests that colo-
rectal cancer is stage III or higher. It can be recommended to 
understand whether there is distant metastasis and clarify the 
location and number of distant metastases. The traditional 
metabolic parameters of 18F-FDG PET/CT, such as standard-
ized uptake value (SUV), metabolic tumor volume (MTV), 
total lesion glycolysis (TLG), etc., have been proven efficient 
in predicting gene mutations in colorectal cancer patients 
[9–11]. In recent years, the concepts of 18F-FDG PET/CT 
intra-tumor metabolic heterogeneity parameters, such as 
variance coefficient and linear regression slope, have been 
proven to reflect the characteristics of intra-tumor heteroge-
neity to a certain extent and play a role in predicting prog-
nosis in some solid tumors [12–14]. However, a relationship 
between intra-tumor metabolic heterogeneity parameters and 
KRAS gene status in patients with colorectal cancer has not 
been studied yet. In addition, PET/CT can use different 
thresholds to measure intra-tumor metabolic heterogeneity 
indices, and which point can more truly reflect intra-tumor 
heterogeneity of CRC has not been studied.

We carried out retrospective research to evaluate the 
correlation between intra-tumor metabolic heterogeneity 

parameters of 18F-FDG and KRAS mutations in CRC and 
heterogeneity parameters under which threshold could 
reflect the heterogeneity qualities of colorectal cancer more 
appropriate.

Materials and methods

Study subjects

We reviewed the preoperation 18F-FDG PET/CT of 297 
consecutive CRC patients in the First Affiliated Hospital of 
USTC from January, 2015 to December, 2021. KRAS gene 
mutation detection was performed in 113 of these patients. 
Moreover, we excluded six patients who received other treat-
ment before PET/CT, four patients with the second primary 
tumor, one patient with squamous cell carcinoma; partial 
image data were missing in one patient. Ultimately, this 
study enrolled 101 patients. Inclusion criteria:(1) newly 
diagnosed patients who had not received radiotherapy or 
chemotherapy before PET/CT examination; (2) adenocarci-
noma or adenocarcinoma with partial mucinous adenocarci-
noma confirmed by colonoscopy or surgical pathology, and 
KRAS gene detection was performed; (3) patient detected 
serum carcinoembryonic antigen (CEA) and carbohydrate 
antigen 19–9 (CA19-9) levels within one week of PET/CT 
examination; (4) FDG uptake in the primary lesion was 
higher than the standard background. Exclusion criteria :(1) 
multiple primary cancers; (2) other pathological types (such 
as a neuroendocrine tumor, squamous cell carcinoma); and 
(3) incomplete case data. The staging was performed based 
on the Tumor-Node-Metastasis (TNM) staging system for 
colorectal cancer following the American Joint Committee 
on Cancer Guidelines (AJCC). The study was approved by 
the Medical Ethics Committee of the First Affiliated Hospi-
tal of USTC.(2021-RE-125).

18F‑FDG PET/CT examination

PET/CT scan has proceeded on the Siemens Biography 
Sensation 16 PET/CT imager (Knoxville, Tennessee, USA). 
18F-FDG was automatically synthesized by Siemens Eclipse 
RD cyclotron and positron radiopharmaceutical synthe-
sis module FDG 1 or ALL IN ONE, with radiochemical 
purity > 95%. Patients should be fasting for more than 6 h 
before the examination. Until the blood glucose level reached 
the normal range (< 11.1 mmol/L), 18F-FDG (3.7–7.4 MBq/
kg) was injected intravenously into the patients. First, a low-
dose CT scan was performed (DST: 100 mAs, 120 kV, pitch 
0.75, slice thickness 5 mm, automatic reconstruction 3 mm, 
interval 5 mm, and matrix size 512 × 512), ranging from the 
middle part of the eye to above the upper femur. According 
to the CT scanning field, the PET scan was conducted in 
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a three-dimensional model, 6–7 beds were generally col-
lected, and collection time was 2 min per bed. Attenuation 
correction of PET data was performed using CT data, and 
the ordered subset maximum expected iteration method was 
used for reconstruction. Finally, PET and CT pictures were 
automatically generated on the workstation.

Semi‑quantitative analysis of tumor PET/CT 
graphics

The PET/CT graphics of the primary lesion of colorectal 
cancer were measured by the Siemens Syngo Via work-
station (Knoxville, Tennessee, USA), which measured the 
maximum diameter of the tumor along the intestinal tract. 
The 40% SUVmax was used as a cut-off threshold to estab-
lish the volume of interest (VOI) to measure the lesion's 
traditional metabolic parameters and volume parameters, 
including maximum standardized uptake value (SUVmax), 
MTV, and TLG (Fig. 1a). In addition, coefficient of varia-
tion (CV) and heterogeneity index (HI) were calculated. CV 
is the ratio of the standard deviation of SUV to SUVmean 
[13]. We measured  CV2.5 with 2.5 of SUV as the thresh-
old and  CV40% with 40% of the SUVmax as the threshold. 
HI is the negative form of the linear regression slope of 

MTV calculated in accordance with different SUV points. 
30%–70% SUVmax thresholds were used to generate MTV-
based HI-1 [15]. A slight improvement of previous methods 
counted HI-2, different SUV points (2.5, 3.0, 3.5) were used 
to create MTV-based HI-2 (Fig. 1b) [16]. Two experienced 
nuclear medicine specialists separately reviewed images.

KRAS mutation analysis

The samples were paraffin-embedded tissue. We used ampli-
fication transformation systems (ARMS) to analyze the 
mutation of the KRAS gene. The detection kit for human 
KRAS gene seven mutations  (Wuhan Youzhiyou Medical 
Technology Co., LTD, China, YZYMT-001-A) was used to 
analysis KRAS mutation status, using the polymerase chain 
reaction (PCR) amplification KRAS codon 12 and 13, and 
the sensitivity was 1%. PCR was performed by PRISM 7500 
(Applied Biosystems, Inc. American) real-time fluorescence 
quantitative PCR, and experienced pathologists analyzed the 
final chromatograms.

Statistical analysis

Each variable used The Shapiro Wilk test to test the normal 
distribution. Continuous data were represented by medians 
(interquartile ranges) (Qr) or mean  ± standard deviation 
(SD), and categorical data were expressed as proportions. 
Chi-square test, t test, and Mann–Whitney U test were used 
to compare clinicopathological and PET indicators between 
KRAS mutant and KRAS wild type (WT). The optimal 
threshold of PET parameters that best predicted KRAS 
mutation status was obtained using the receiver operating 
characteristic (ROC) and the area under the curve (AUC) 
was calculated. The cut-off value for differentiating PET 
parameter groups was the optimal threshold of each vari-
able. Univariate and multivariate logistic regression was 
conducted to analyze the predictors of gene mutation. Data 
analysis was executed on SPSS (version 19.0).

Result

Demographics

Basic patients’ information are summarized in Table 1. 
Among 101 patients, there were 69 (68.3%) males and 32 
(31.7%) females. Median age was 60 years (quartile range, 
49–86 years). Patients’ primary lesion locations were rectum 
(n = 44, 43.6%), sigmoid colon (n = 29, 28.7%), and other 
colon site (n = 28, 27.7%). Tumor stages were mostly III 
(n = 21, 20.8%) or IV (n = 71, 70.3%), with three stages I and 

Fig. 1  Measured process of 18F-FDG PET/CT metabolic parameters. 
Fusion PET/CT image demonstrates an 18F-FDG-active tumor in 
the left colon. We drew a circle (pink) to include the whole tumor, 
and a volume of interest (VOI; pink) was automatically generated by 
using a 40% SUVmax cut-off (A). CV was defined as the coefficient 
of variance, calculated as the SD of the SUV divided by SUVmean. 
Metabolic tumor volume (MTV) was assessed according to different 
thresholds (30%–70% of SUVmax or SUV 2.5, 3.0, and 3.5, respec-
tively), and linear regression analysis was performed to find the slope, 
and heterogeneity index was the negative form of the hill (B)
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six stages II patients. Of these 101 colorectal cancers, KRAS 
mutations were detected in 41 (40.6%) patients.

Comparison between KRAS mutant and KRAS WT

There was no statistical significance in clinicopathological 
features in gender, age, primary tumor site, tumor length, 
pathological grade, clinical tumor stage, lymph node metas-
tasis, distant metastasis site, CEA, and CA-199 between the 
KRAS mutant patients and the KRAS wild-type patients. 
In the PET traditional parameters, SUVmax (19.00 vs. 
13.16, p < 0.001) (Fig. 2a), MTV (11.64 vs. 8.83, p = 0.001) 
(Fig. 2b), and TLG (102.85 vs. 69.76, p < 0.001) (Fig. 2c) in 
the KRAS mutant group were significantly higher than those 
in the KRAS wild-type group. Heterogeneity parameters 
 CV2.5 (0.55 vs. 0.46, p = 0.006) (Fig. 2d) and HI-2 (14.03 
vs. 7.59, p < 0.001) (Fig. 2e) in the KRAS mutant group 
were significantly higher than those in the wild group, while 
 CV40% (0.22 vs. 0.24, p = 0.001) (Fig. 2f) was significantly 
lower than that in the wild group. There was no significant 
difference in HI-1(p = 0.177) (Fig. 2g) between the two 
groups (detail in Table 2). 

Predictive value

The ROC curve and area under the curve (AUC) were used 
to infer the potential predictive value of PET parameters on 
KRAS mutation status. The optimum threshold of SUVmax 
was 17.24 (AUC = 0.722), with sensitivity and specificity of 
63.4% and 76.7% in predicting KRAS mutant (Fig. 3a). With 
a point of 7.62, the AUC of MTV was 0.695. MTV showed 
higher sensitivity of 90.2% but lower specificity of 45.0% 
(Fig. 3b). Using a cut-off of 68.66, the AUC of TLG was 
0.749 with a sensitivity of 94.9% and specificity of 50.0% 
(Fig. 3c). The optimum cut-off value of  CV2.5 was 0.51 
(AUC = 0.661), the sensitivity was 63.4%, and the specificity 
was 73.3% (Fig. 3d). The AUC of HI-2 was 0.746, the sensi-
tivity was 73.2%, and the specificity was 66.7% when using 
a threshold of 9.95 in predicting KRAS mutant (Fig. 3e).

With a cut-off of 0.24, the AUC of  CV40% was 0.694 with 
a sensitivity of 73.2% and specificity of 60.0% in predicting 
KRAS WT (Fig. 3f).

Univariate and multivariate analysis 
of the predictors of KRAS mutations

Since HI-1 was meaningless in inter-group comparisons and 
was the same type parameter as HI-2, while CV40% was 
shown to predict KRAS wild type and was the same type 
parameter as  CV2.5, these two factors were not included in 
the univariate and multivariate analysis for predicting KRAS 
mutations.

Univariate analysis demonstrated that SUVmax 
(OR = 5.20, 2.20–12.33, p < 0.001), MTV (OR = 7.57, 
2.40–23.91, p = 0.001), TLG (OR = 19.50, 4.31–88.13, 
p < 0.001),  CV2.5 (OR = 4.38, 1.88–10.24, p = 0.001), and 

Table 1  Baseline clinicopathological and PET information of sub-
jects

CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen 19–9, 
SUV standardized uptake value, MTV metabolic tumor volume, TLG 
total lesion glycolysis, CV coefficient of variation, HI heterogeneity 
index

Variables Values

Sex
 Male 69(68.3%)
 Female 32(31.7%)

Age, year(Median, Qr) 60(49–68)
Location
 Colon 28(27.7%)
 Sigmoid 29(28.7%)
 Rectum 44(43.6%)

Degree of differentiation
 Well differentiated 7(6.9%)
 Moderately differentiated 67(66.3%)
 Poorly differentiated 27(26.7%)

Measured tumor length (cm) (mean ± SD) 4.46 ± 1.37
LN metastasis
 None 26(25.7%)
 Regional 75(74.3%)
 Distant 12(11.9%)

Organ metastasis
 None 33(32.7%)
 Liver 55(54.5%)
 Lung 18(17.8%)
 Other 15(14.9%)

cTNM
 I–III 30(29.7%)
 IV 71(70.3%)

KRAS state
 Mutant 41(40.6%)
 Wild 60(59.4%)

Operation
 Yes 55(54.5%)
 No 46(48.5%)

CEA (ng/ml)(Median, Qr) 16.22(4.64–94.03)
CA19-9 (U/ml)(Median, Qr) 30.55(12.83–105.72)
Parameters of PET
 SUVmax(Median, Qr) 14.83 (11.58–20.32)
 MTV (ml)(Median, Qr) 10.08 (6.40–15.56)
 TLG (g)(Median, Qr) 91.19 (59.86–126.32)
  CV2.5(Median, Qr) 0.48 (0.41–0.57)
  CV40%(Median, Qr) 0.23 (0.22–0.25)
 HI-1(Median, Qr) 2.18 (1.34–3.87)
 HI-2(Median, Qr) 9.65 (5.99–14.61)
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HI-2 (OR = 5.46, 2.27–13.08, p < 0.001) were significantly 
related to KRAS mutation. On multivariate analysis, signifi-
cant independent predictors of KRAS mutation were only 
MTV (OR = 4.97, 1.04–23.83, p = 0.045) (Table 3).

Discussion

Detection of KRAS gene expression status in CRC patients 
is crucial for selecting treatment regimens [17]. Molecular 
detection is commonly used in clinical practice for tumor 
surgical specimens or biopsy specimens. However, it is not 
suitable for every CRC patient to obtain tumor tissue speci-
mens. A non-invasive indicator is needed to predict KRAS 
gene expression status in colorectal cancer to assist clinical 
decision making.

The current study found that MTV was an independent 
predictor of KRAS mutation in CRC. At the same time, 
PET/CT intra-tumor heterogeneity parameters failed to 
become independent predictors of KRAS gene mutation 
in multivariate analysis. We compared clinicopathological 
characteristics and several traditional and heterogeneity 
metabolic parameters of 18F-FDG PET/CT. We found that 
the probability of KRAS mutation in colorectal cancer 
was positively correlated with SUVmax, MTV, TLG, and 
 CV2.5, HI-2, inversely correlated with  CV40%, and had no 
significant correlation with clinicopathological parameters 
and HI-1. These findings suggest that KRAS mutant colo-
rectal cancers are biologically more active and heterogene-
ous, with higher potential glucose metabolism and intra-
tumor heterogeneity than wild-type colorectal cancers. In 
addition, the heterogeneity parameters  CV2.5 and HI-2 are 

better than  CV40% and HI-1 to reflect the intra-tumor het-
erogeneity of KRAS mutant colorectal cancer.

As far as we know, this is the first research to assess the 
relationship between 18F-FDG intra-tumor heterogeneity 
parameters and KRAS mutation status in colorectal cancer. 
This is also the first study to explore which PET intratu-
moral heterogeneity parameters at the different thresholds 
are more suitable to reflect colorectal cancer heterogeneity.

Our results are consistent with numerous previous 
studies that suggested KRAS mutation had enhanced 
18F-FDG uptake and the higher the MTV, the higher the 
TLG. Arslan et al. [18] showed that SUVmax of patients 
with KRAS mutation (24.0 ± 9.0) was significantly higher 
than that of patients with KRAS wild type (17.7 ± 8.2) 
(p = 0.001). LV Y et al. [19] reached the same conclusion 
in their study: both MTV and SUVmax were higher in 
KRAS mutant patients. Arthur Cho et al. [11] pointed out 
that KRAS mutant had higher SUVmax (14.0 vs. 11.2, 
p = 0.004), SUVmean (5.3 vs. 4.7, p = 0.005), and TLG 
(301.4 vs. 205.5, p = 0.023) than KRAS WT. Glucose 
transport Protein 1 (GLUT-1) and some Hypoxia-induci-
ble factor-1α (HIF1a) expressions are increased in KRAS 
mutant cells. Therefore, the increased uptake of FDG leads 
to an increase in SUV value [20]. MTV represents the 
volume of metabolically active tumors. The MTV in the 
KRAS mutant group is significantly higher than that in 
the KRAS WT group, which may be because the more 
prominent the tumor size, the more times of division and 
proliferation, and the greater the probability of random 
gene mutations in progeny cells [21]. TLG is the product 
of the entire tumor SUV and MTV, which can better reflect 
the burden of the whole tumor.

Fig. 2  Box plot of the relationship between PET parameters and KRAS mutation status. a SUVmax, b MTV, c TLG, d CV2.5, e HI-2, f CV40%, 
g HI-1
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18F-FDG PET/CT intra-tumor metabolic heterogeneity 
parameters have been demonstrated to predict tumor prog-
nosis in some solid tumors such as pancreatic cancer, gastric 
cancer, epithelial ovarian cancer, etc. [12–16], which mean 
that they can reflect tumor heterogeneity to a certain extent. 
However, no study has compared the correlation between 
metabolic heterogeneity parameters and KRAS mutation 

status so far. In our study, we found  CV2.5 (0.55 vs. 0.46, 
p = 0.006) and HI-2 (14.03 vs. 7.59, p < 0.001) were signifi-
cantly higher in the KRAS mutant patients,  CV40% (0.22 vs. 
0.24, p = 0.001) was significantly lower in the KRAS mutant 
patients, while HI-1 had no significant difference between 
the two groups. HI-1 use the percent threshold method. The 
percentage threshold method is forcefully dependent on 

Table 2  Comparison of 
clinicopathological and PET 
parameters between KRAS 
mutant and KRAS WT

Bold values indicate statistical significance (p values < 0.05)
CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen 19–9, SUV standardized uptake value, MTV 
metabolic tumor volume, TLG total lesion glycolysis, CV coefficient of variation, HI heterogeneity index
a: Kick out two extreme values

Characteristics KRAS mutant (n, %) KRAS wide type (n, %) p Value

Sex
 Male 26(63.4%) 43(%)
 Female 15(36.6%) 17(%) 0.381

Age, y
  < 60 18(43.9%) 31(%)
  ≥ 60 23(56.1%) 29(%) 0.443

Location
 Colon 14(34.1%) 14(%)
 Sigmoid 9(22.0%) 20(%)
 Rectum 18(43.9%) 26(%) 0.345

Degree of differentiation
 WD + MD 31(75.6%) 43(%)
 PD 10(24.3%) 17(%) 0.660

Measured tumor length (cm) 
(mean ± SD)

4.79 ± 1.52 4.24 ± 1.22 0.071

LN metastasis
 No 13(31.7%) 13(%)
 Yes 28(68.3%) 47(%) 0.257

Organ metastasis
 None 16(39.0%) 17(%)
 Yes 25(61.0%) 43(%) 0.261

cTNM
 I–III 14(34.1%) 16(%)
 IV 27(65.9%) 44(%) 0.429

CEA (ng/ml)
  < 5.0(normal) 15(36.6%) 13(%)
  ≥ 5.0(increased) 26(63.4%) 47(%) 0.100

CA19-9 (U/ml)
  < 37.00(normal) 24(58.5%) 34(%)
  ≥ 37.00(increased) 17(41.5%) 26(%) 0.852

Parameters of PET
 SUVmax(Median, Qr) 19.00 (14.42–21.96) 13.16 (10.55–17.11)  < 0.001
 MTV (ml) (Median, Qr) 11.64 (8.84–27.73) 8.83 (4.89–12.90) 0.001
 TLG (g) (Median, Qr) 102.85 (86.94–218.69)a 69.76 (41.07–100.86)  < 0.001
  CV2.5(Median, Qr) 0.55 (0.45–0.58) 0.46 (0.38–0.53) 0.006
  CV40% (Median, Qr) 0.22 (0.21–0.24) 0.24 (0.23–0.26) 0.001
 HI-1 ((Median, Qr) 2.58 (1.43–4.89) 2.09 (1.31–3.45) 0.177
 HI-2 ((Median, Qr) 14.03 (8.96–20.10) 7.59 (5.31–11.43)  < 0.001
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the SUVmax, resulting in significant differences between 
tumor lesions with high FDG uptake [16]. This method can-
not judge the heterogeneity of the lower part of the tumor's 
internal metabolism for tumors with higher SUVmax. HI-2 
just solves this problem. With 2.5, 3.0, and 3.5 as the thresh-
old, it can reflect the heterogeneity of the real metabolic 
part of the tumor with high FDG uptake. The metabolism 
of the masses in this group of CRC patients was high, so the 
percentage threshold method may not reflect the true het-
erogeneity. Our results are compatible with this theory. HI-2 
can reflect tumor heterogeneity better than HI-1 in colorectal 
cancer. Early research reports mostly used the SUV value of 
2.5 as a fixed threshold or a certain proportion of SUVmax, 
such as 40%, as a standard to outline VOI [22, 23]. We used 
the same thresholds to measure CV. The results of  CV2.5 
and  CV40% in comparing the KRAS mutant group and the 
wild-type group were opposite. At the same time, the ROC 
curve found that  CV2.5 had a certain value for predicting 
KRAS gene mutation while  CV40% had a certain value for 
predicting KRAS WT. The underlying cause may be related 
to the threshold. VOI under different SUV thresholds may 
produce different SDs and SUVmeans, and different types of 
cancer have different optimal depiction thresholds for VOI. 
The SD of  CV2.5 was larger, and the SUVmean was smaller, 
so the value obtained was more significant, while the SD, 
SUVmean, and the obtained value of  CV40% were opposite. 
From the comparison results between groups and the ROC 

curve, we know that  CV2.5 can better reflect tumor hetero-
geneity than  CV40% in colorectal cancer.

Univariate analysis for predicting KRAS gene mutation 
showed that all PET traditional parameters and heterogene-
ity parameters were correlated with KRAS gene mutation. 
However, in multivariate analysis, MTV was the only inde-
pendent predictor of KRAS gene mutation. With 7.62 as the 
cut-off value, the sensitivity, specificity, and accuracy were 
90.2%, 45.0%, and 63.3%, respectively. The results are par-
tially consistent with the outcomes reported in the literature 
[9, 19]. We failed to conclude that SUVmax and metabolic 
heterogeneity parameters  CV2.5 and HI-2, which could better 
reflect intra-tumor heterogeneity in colorectal cancer, could 
be used as independent predictors. The reason may be the 
small sample size, sample distribution differences, and sta-
tistical grouping differences.

Tumor heterogeneity refers to the fact that during the 
growth process of tumor tissue, after multiple divisions 
and proliferation, its progeny cells change in molecular 
biology or genetic, leading to differences in the tumor's 
increment percent, invasiveness, and migration capability, 
susceptibility to medications, and the prognosis. As one 
of the features of malignancy, which may be related to 
the tumor's aggressiveness, rapid progress, ineffectiveness 
to treatment, and poor prognosis [24, 25]. Intratumoral 
heterogeneity can be characterized by spatial heteroge-
neity. It describes the genetic diversity of tumor subsets 

Fig. 3  ROC curve of PET parameters in predicting KRAS mutation status. ROC curve of a SUVmax, b MTV, c TLG, d  CV2.5, e HI-2 in predict-
ing KRAS mutation. f ROC curve of  CV40% in prediction of KRAS WT
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Table 3  Univariate and 
multivariate logistic regression 
analyses of KRAS mutation

Bold values indicate statistical significance (p values < 0.05)
CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen 19–9, SUV standardized uptake value, MTV 
metabolic tumor volume, TLG total lesion glycolysis, CV coefficient of variation, HI heterogeneity index

Variables Univariate Multivariate

OR (95% CI) p value OR (95% CI) p value

Sex
 Male 1.00
 Female 1.46(0.63–3.41) 0.382

Age, y
  < 60 1.00
  ≥ 60 1.37(0.62–3.03) 0.444

Location
 Colon 1.00
 Sigmoid 0.45(0.15–1.33) 0.148
 Rectum 0.69(0.27–1.80) 0.450

Degree of differentiation
 WD + MD 1.00
 PD 0.82(0.33–2.02) 0.660

Measured tumor length (cm) 1.35(1.00–1.84) 0.052
LN metastasis
 No 1.00
 Yes 0.60(0.24–1.47) 0.259

Organ metastasis
 No 1.00
 Yes 0.62(0.27–1.43) 0.262

cTNM
 I–III 1.00
 IV 0.70(0.30–1.66) 0.420

CEA (ng/ml)
  < 5.0(normal) 1.00
  ≥ 5.0(increased) 0.48(0.20–1.16) 0.103

CA19-9 (U/ml)
  < 37.00(normal) 1.00
  ≥ 37.00(increased) 0.99(0.44–2.22) 0.984

Parameters of PET
SUVmax
  < 17.24 1.00 1.00
  ≥ 17.24 5.20(2.20–12.33)  < 0.001 1.95(0.41–9.31) 0.404

MTV (ml)
  < 7.62 1.00 1.00
  ≥ 7.62 7.57(2.40–23.91) 0.001 4.97(1.04–23.83) 0.045

TLG (g)
  < 68.66 1.00 1.00
  ≥ 68.66 19.50(4.31–88.13)  < 0.001 3.76(0.62–22.84) 0.150

CV2.5

  < 0.51 1.00 1.00
  ≥ 0.51 4.38(1.88–10.24) 0.001 2.70(0.55–13.17) 0.219

HI-2
  < 9.95 1.00 1.00
  ≥ 9.95 5.46(2.27–13.08)  < 0.001 2.00(0.69–5.69) 0.202
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in different disease sites or the individual site or uneven 
distribution within the tumor [26]. Tumor heterogeneity 
research improves people's comprehension of tumor biol-
ogy and promotes the development of tumor therapeutics. 
At the same time, quantification of tumor heterogeneity 
can add valuable information to imaging studies.

18F-FDG PET imaging mainly uses image-omics texture 
parameters (i.e., a series of parameters based on texture 
analysis) and traditional indicators such as SUV, MTV, 
and TLG to quantify intratumoral heterogeneity. Imag-
ing omics utilize advanced image processing techniques 
to extract a large number of quantitative features from 
high-quality imaging data and construct a complete tumor 
marker for disease prediction and analysis through high-
throughput analysis and feature selection [27]. The texture 
analysis method on PET images is based on the theory of 
radiomics, which believes that the quantitative parameters 
extract from medical images are related to tumor molecu-
lar phenotypes and genotypes, which can be found in more 
biological information. Nevertheless, texture analysis is 
not clinically available due to the software remaining inac-
cessible in most imaging viewing workstations, the lack 
of established evaluation criteria, and the characteristics 
of time consuming and complex.

Some studies pointed out that the traditional PET 
indicators SUV, MTV, TLG, etc. had a particular predic-
tive value for colorectal cancer gene mutations [9–11]. 
However, there are certain limitations. SUV reflects the 
metabolic activity of a part or point of the tumor tissue, 
but it cannot recall the overall metabolism of the tumor. 
Although MTV and TLG make up for this shortcoming, 
MTV reflect many tumor cells with abnormal metabolism. 
TLG can reflect both tumor metabolic activity and tumor 
metabolic volume. However, MTV and TLG cannot dis-
tinguish the heterogeneity of different regions within the 
tumor. Therefore, we hope to find a more convenient and 
clinically feasible way to reflect the intratumoral hetero-
geneity through PET parameters. Several heterogeneity 
indices are suggested using 18F-FDG PET/CT, such as 
coefficient of variance or linear regression slope. These 
heterogeneity parameters are easy to calculate and clini-
cally feasible and demonstrate a prognostic value in vari-
ous cancer types.

Some limitations of our study should be mentioned. 
First, due to the small number of cases, it is impossible 
to conduct a more detailed analysis of the relationship 
between the specific mutation sites of the KRAS gene and 
metabolic parameters. Second, our study does not evaluate 
the relationship between KRAS mutations, FDG uptake, 
and the clinical response to EGFR treatment effects. 
Finally, due to the short follow-up time of some patients, 
it is impossible to predict further the survival period of 

patients whose KRAS gene mutations are predicted by 
18F-FDG PET/CT metabolic parameters.

Conclusions

In summary, CRC patients with KRAS mutation had higher 
18F-FDG uptake (SUVmax, MTV, TLG) and heterogene-
ity  (CV2.5, HI-2) than WT KRAS.  CV2.5, HI-2 could reflect 
intratumoral heterogeneity better than  CV40%, HI-1 in CRC 
patients. MTV was the only independent predictor of KRAS 
gene mutation in colorectal cancer patients.
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