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Abstract

Purpose: To investigate the association between meta-
bolic parameters of dual time point '*F-FDG PET/CT
imaging and Kirsten rat sarcoma (KRAS) mutation
status in colorectal liver metastases (CRLM).

Methods: Forty-nine colorectal cancer patients with 87
liver metastatic lesions were included in this retrospective
study. KRAS gene mutation tests were also performed
for all the patients. The maximum standardized uptake
value (SUV,,.,) was measured for each hepatic meta-
static lesion on both early and delayed scans, and the
change of SUV ..« (ASUV,,.,) and retention index (RI)
were calculated. Uni-variate and multi-variate analyses
were employed to determine the relationship between
any PET/CT parameters and KRAS mutation status.
Results: Thirty-seven (42.5%) liver metastatic lesions
harboring KRAS mutations were identified. The SUV .,
of CRLM with KRAS mutation both on early and
delayed scans was significantly higher than those with
wild-type KRAS (10.7 £ 6.0 vs. 7.8 £ 3.3, P = 0.002;
15.5 £ 10.1 vs. 10.0 £ 4.2, P < 0.001, respectively).
Compared with wild-type KRAS CRLM, ASUV, .«
and RI (%) of CRLM with KRAS mutation were also
significantly higher than those with wild-type KRAS
(4.8 4.7 vs. 22 +2.0, P < 0.001; 453 £+ 28.2 wvs.
29.6 £ 2477, P = 0.003, respectively). Multi-variate
analyses showed that the SUV,., on both early and
delayed scans, ASUV,.., and RI (%) were the 4
independent factors to predict CRLM patients harboring
KRAS mutations.

Conclusion: The SUV,.x on both early and delayed
scans, ASUV,,.., and RI (%) may be the 4 independent
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factors to predict CRLM patients harboring KRAS
mutations.
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Colorectal cancer (CRC) is the third most common
cancer in the world [1]. Colorectal liver metastases
(CRLM) has a high incidence and mortality and is the
main factor affecting prognosis [2]. Surgery remains the
only potentially curative treatment for patients with
CRLM, with reported five-year survival rates approxi-
mately 50% [3-5]. However, only about 20% of patients
presenting with CRLM are candidates for surgery [6].
The anti-epidermal growth factor receptor (EGFR)
monoclonal antibodies, such as cetuximab and panitu-
mumab, can specifically bind to the EGFR and can in-
hibit cell proliferation by blocking ligand binding.
Kirsten rat sarcoma (KRAS) gene is well known as
predictive markers of resistance to anti-EGFR mono-
clonal antibodies. Poor response to the anti-EGFR
monoclonal antibodies has been revealed in metastatic
CRC patients harboring KRAS mutation in several
clinical trials [7, 8]. Recent clinical investigations and
ongoing studies indicate that immune checkpoint
blockade might have potential in the treatment of pa-
tients with CRC. Lal et al. showed that RAS mutant
tumors predict for a relatively poor immune infiltration
and low inhibitory molecule expression [9]. KRAS and
NRAS mutant CRC had significantly lowered levels of
CD4+ T cells. Thus, tumor micro-environment of RAS
mutant tumors stays in relatively immunologically qui-
escent status and checkpoint blockade may be less effi-
cacious. In addition, the mutants of KRAS have been
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indicated as negative prognostic factors in patients with
CRC [10]. Approximately 40% of CRC cases present
with KRAS mutation [11]. Consequently, identifying
KRAS mutation status is essential in the therapeutic
management of CRLM.

The current standard of KRAS mutational testing is
based on biopsy specimens or surgical resection by
invasive procedures. Furthermore, gene tests were usu-
ally performed on primary tumor tissue because of the
wide use of the endoscopic biopsy. However, there is
intra-tumoral heterogeneity within a tumor or discordant
between matched primary tumors and liver metastases. It
still remains unclear that the evaluation of KRAS
mutation status in the primary tumor tissue can precisely
reflects the mutation status of the corresponding liver
metastasis. Some studies have shown that there was
approximately 10%—20% rate of KRAS discordance be-
tween primary tumors and paired metastases in CRC [12,
13]. However, Knijn et al. demonstrated a high-level
concordance (96.4%) of KRAS mutations status between
primary tumors and liver metastases in 305 paired sam-
ples [14]. In addition, the KRAS mutation status of
biopsy specimens may not sufficiently represent the exact
macroscopic status of the entire tumor. To date, a slight
difference in the concordance between endoscopic biop-
sies and resection specimens of CRC was reported [15].
Genomic instability may be a major cause of tumor
heterogeneity at both inter- and intratumoral levels [16,
17].

Non-invasive "*F-FDG PET/CT scan is a useful tool
for the diagnosis or monitoring treatment response in
CRLM. Furthermore, the dual-time point FDG PET/CT
scan is more favorable for the detection of liver metas-
tases in patients with CRC [18, 19]. In vitro studies
indicated that the glucose transporter-1 (GLUTI1) and
glucose uptake were consistently upregulated in CRC
cells with KRAS mutations [20]. Subsequent in vivo
studies have also confirmed the relationship between the
glucose metabolism and KRAS mutations and the role of
BF.FDG PET/CT in predicting KRAS mutation status
including primary CRC and non-small-cell lung cancer
[21, 22]. To our knowledge, few studies were reported to
evaluate the usefulness of dual time point PET/CT
imaging in predicting KRAS gene mutation status. The
purpose of this study is to explore the relationship be-
tween PET/CT parameters and KRAS mutations in
CRLM. In addition, we further investigate whether the
dual time point PET/CT imaging could play a role in
predicting KRAS mutation status.

Methods and materials
Patients

We retrospectively reviewed all patients with suspected
CRLM underwent "*F-FDG PET/CT in our institution
between January 2015 and January 2018. Patients must
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meet the following inclusion criteria: (1) Patients under-
went a dual-time point '*F-FDG PET/CT scan before
surgery/biopsy; (2) The diagnosis of CRLM was proven
by pathologic examination; (3) Patients underwent
KRAS mutation analysis at the liver metastatic lesions
within 1 month after the PET/CT scan; and (4) Patients
did not receive any prior therapy, including chemother-
apy or radiation therapy, 6 months before PET/CT
scans. Moreover, patients with serum glucose level >
150 mg/dL were excluded in this study. Eventually, a
total of 49 CRC patients were included and 87 liver
metastatic lesions were identified in this retrospective
study. This study protocol was approved by the Ethical
Review Board of our hospital and the requirement for
informed consent was waived due to its retrospective
design.

Image acquisition

PET/CT imaging was obtained by following two PET/
CT devices: Discovery VCT (GE Healthcare, Milwaukee,
Wisconsin, USA) or uMI510 (United Imaging Health-
care, Shanghai, China). All patients fasted for at least 6 h
before the PET/CT scan, and blood glucose levels were
not greater than 150 mg/dL before the injection. Patients
received an intravenous injection approximately
5.1 MBq/kg body weight of '"*F-FDG. The PET/CT scan
was performed approximately 60 min after '*F-FDG
injection. The CT scan parameters were as follows:
Discovery VCT (120 mAs; 140 kV; pitch, 0.516; slice
thickness, 1.25) or uMIS510 (240 mA; 120 kV; pitch,
1.0625; slice thickness, 1.5). A whole-body scan was
performed from skull base to mid-thigh with an acqui-
sition time of 2 min per bed position in 3-dimensional
mode. The CT images were then reconstructed onto a
512 x 512 matrix. The PET images were corrected for
attenuation correction and reconstructed onto a
128 x 128 matrix. Delayed scanning only on the upper
abdominal cavity approximately 120 min after "*F-FDG
injection.

Image analysis

PET/CT results were separately analyzed by two expe-
rienced nuclear medicine physicians who were unaware
of the mutational status. The standardized uptake value
(SUV) was calculated as follows: SUV = (decayed cor-
rected activity/tissue  volume)/(injected  dose/body
weight). The maximum standardized uptake value
(SUV,ax) was measured for each hepatic metastatic le-
sion on early and delayed scans (SUVuy and SUVg,.
layed, respectively). SUVmean Of the normal liver was measured
by drawing 3.0 cm sized VOIs three times in the right
lobe of normal liver, and the mean value was calculated.
In addition, the change of SUV, ., (ASUV,,.,) was cal-
culated as SUVgelayed — SUVeary. Furthermore, reten-



W. Mao et al.: Relationship between KRAS mutations and dual time point '®F-FDG PET/CT imaging

tion index (RI) was calculated as follows: RI

(100%) = ASUVinax x 100/SUV iy

Histopathologic analysis

Tissue samples of CRC liver metastases were acquired
through biopsy or surgical resection. DNA was extracted
from tumor tissue paraffin-embedded sections using the
AmoyDx® KRAS Mutations Detection Kit (Amoy
Diagnostics Co., Ltd., Xiamen, China). KRAS exon 2 (at
codon 12 and 13), exon 3 (at codon 61), and exon 4 (at
codons 117 and 146) status were amplified by PCR and
KRAS mutation was analyzed.

Statistical analysis

All values are presented as mean + SD or proportion.
PET/CT parameters were compared with KRAS muta-
tion status through Mann—Whitney U test. Differences in
baseline characteristics between the groups were ana-
lyzed by the Chi square test or Mann—Whitney U test.
Multi-variate logistic regression analysis was performed
to analyze the independent predictors of KRAS, and
factors with a P value of less than 0.10 were included in
the model. ROC with calculation of area under the curve
(AUC) was used to evaluate their ability to predict
mutation status. The DeLong test was used to test for
differences in AUC of the ROC. Statistical analyses were
performed using SPSS software version 23.0 (IBM Corp.,
New York, NY, USA; formerly SPSS Inc., Chicago, IL,
USA), and ROC curve and the predictive values were
estimated using MedCalc Statistical Software version
15.2 (MedCalc Software bvba, Ostend, Belgium). All
P values are two-sided and values of less than 0.05 were
considered to indicate a statistically significant differ-
ence.

Results
Patients and tumor characteristics

The study consisted of 49 CRC patients with 87 liver
metastases. Seventy-eight (89.7%) tissue samples of li-
ver metastases were obtained from surgical resections,
and nine tissue samples (10.3%) were obtained from
biopsies. KRAS mutations were identified in 37
(42.5%) liver metastases (exon 2: 28, exon 3: 5, exon 4:
4), while 50 (57.5%) liver metastases were considered as
wild-type. SUV,.x on early and delayed scans of the
CRLM were 9.0 £49 and 12.3 4+ 7.8, respectively.
ASUV.x and RI (%) on dual-time point imaging of
CRLM were 3.3 + 3.6 and 36.2 £ 27.2, respectively.
The characteristics of patients and tumor are summa-
rized in Table 1.

2061

Table 1. Baseline characteristics of 49 patients with 87 liver metastases

Characteristic Patients Liver metastases
Age (years)

<60 18 30

> 60 31 57
Gender

Male 36 60

Female 13 27
Blood glucose (mmol/L) 5.5+£0.7 5.6 £0.9
CEA (ng/mL)

< 5.0 9 12

>50 40 75
Primary site of colorectal cancer

Colon 29 53

Rectum 20 34
Temporal relationship to primary

Synchronous 13 30

Metachronous 36 57
No. of CRLM

1 27

2 13

3 4

4 3

5 2
Size of CRLM (mm) 28.9 + 20.5
Histological grade of CRLM

Well differentiated 31

Moderately differentiated 44

Poorly differentiated 8

Unknown 4
KRAS status of CRLM

Wild type 50

Mutant 37

CEA, carcinoembryonic antigen

Correlation between metabolic parameters
and KRAS mutation status

Uni-variate analysis demonstrated that the SUV,,,, on
early and delayed scans were exhibited about a 1.37-fold
and 1.55-fold higher in CRLM with mutated KRAS than
those with wild-type KRAS (P = 0.002 and P < 0.001,
respectively; Fig. 1A, B). Compared with wild-type
KRAS CRLM, ASUV,,,.x and RI (%) on dual-time point
imaging were also showed about a 2.18-fold and 1.53-
fold higher in CRLM with KRAS mutation (P < 0.001
and P = 0.012, respectively; Fig. 1C, D). No significant
differences were found between KRAS mutation and
wild-type in terms of gender (P = 0.821), age
(P = 0.086), blood glucose level (P = 0.280), serum
carcinoembryonic antigen (CEA) level (P = 0.488), tu-
mor size (P = 0.372), histological grade of CRLM
(P = 0.672), SUV can of normal liver on early scan
(P = 0.409), and SUV, e, of normal liver in delayed
scan (P = 0.853). These results are presented in Table 2.
The dual-time point PET/CT images in a patient with
mutated KRAS and wild-type KRAS are presented in
Figs. 2 and 3 respectively. Multi-variate analysis indi-
cated that the SUVearlya SUVdelayeda ASUVmaX and RI
(%) were the 4 independent factors to predict CRLM
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Fig. 1. Distribution of SUVeany (A), SUVgeiayed (B), ASUVmax (C) and RI (D) according to the status of KRAS.
Table 2. Univariate analysis of factors associated with KRAS status
Factor Wild-type KRAS (n = 50) Mutated KRAS (n = 37) P value
Gender 0.821
Male 34 26
Female 16 11
Age (years) 0.086
<60 21 9
> 60 29 28
Blood glucose (mmol/L) 5.8+ 1.0 5.4 +0.9 0.280
CEA (ng/mL) 0.488
<5 8 4
>5 42 33
Tumor size (mm) 324 £ 25.1 272 + 14.2 0.372
Histological grade of CRLM 0.672
WD + MD 41 34
PD 5 3
SUV nean Of normal liver (early scan) 2.5+03 24402 0.409
SUVean Of normal liver (delayed scan) 1.9+ 0.3 1.8 +£0.2 0.853
SUVeary 7.8 £33 10.7 £ 6.0 0.002
SUV delayed 10.0 £ 4.2 15.5 £ 10.1 < 0.001
ASUV pax 22420 48 +4.7 < 0.001
RI (%) 29.6 + 24.7 453 +28.2 0.003

CEA, carcinoembryonic antigen; WD, well differentiated; MD, moderately differentiated; PD, poorly differentiated; SUVyy1y, SUV iy of early scan;
SUVelayed> SUVmax of delayed scan; ASUV,,,,., The change of SUV ,,,,; RI (%), Retention Index

patients harboring KRAS mutations. These results are
presented in Table 3.

Prediction of KRAS mutation status

ROC analysis showed that the AUC of SUVuy,
SUV4elayea Were 0.694 (P = 0.002, 95% CI 0.582-0.807)
and 0.760 (P < 0.001, 95% CI 0.658-0.862), respec-
tively. The AUC of ASUV,,,x and RI (%) were 0.757
(P < 0.001, 95% CI 0.654-0.861) and 0.684(P = 0.003,
95% CI 0.571-0.797), respectively. The results of the
ROC analysis are shown in Fig. 4. SUVgejayea Was the
parameter with the highest AUC among the 4 parameters
and presented a sensitivity, specificity, and accuracy of
73.0%, 76.0%, and 74.7%, respectively, for an optimal
cut-off of 11.8. The AUC of ASUV . and SUVggjayed

was very close. When the ASUV,,,, cut-off value was set
at 2.3, the sensitivity, specificity, and accuracy were
83.8%, 62.0% and 71.3% respectively. All the predictive
performances of PET/CT parameters results are pre-
sented in Table 4.

Pair-wise comparison of the ROC curves was per-
formed to compare the clinical significance of the 4
parameters in predicting KRAS mutation status. On
single-phase images, the diagnostic performance of
SUVax for the prediction of KRAS status on the de-
layed scan images was significantly better than that on
the early scan images (AUC: 0.760 vs. 0.694, P = 0.033).
On dual-phase images, the diagnostic performance of
ASUV ... for the prediction of KRAS status was sig-
nificantly better than RI (AUC: 0.757 vs. 0.684,
P = 0.008). There were no significant differences in
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Fig. 2. Representative cases of CRLM harboring wild-type
KRAS: A 70 years old woman had 1 liver metastasis (arrow;
diameter, 41.7 mm) with wild-type KRAS. The early FDG
PET/CT images (A-D) shows intense accumulation
(SUVinax = 8.25). The delayed FDG PET/CT images (E-

Table 3. Multivariate analysis of KRAS status in CRLM (n = 87)

Factor OR 95% CI1 P value
Age 1.57 0.58-4.28 0.377
SUVeany 1.18 1.02-1.36 0.024
Age 1.32 0.46-3.77 0.602
SUVgelayed 1.22 1.08-1.38 0.001
Age 1.82 0.66-5.00 0.246
ASUV ax 1.49 1.17-1.88 0.001
Age 2.29 0.86-6.08 0.097
RI 10.27 1.66-63.51 0.012

OR, odds ratio; CI, confidence interval; SUVeury, SUVpmuy of early
scan; SUVgelayeds SUVpmax of delayed scan; ASUV .., The change of
SUVnaxs RI (%), Retention Index

predicting KRAS status between the SUVgelayeq and
ASUV . (AUC: 0.760 vs. 0.757, P = 0.946).

Discussion

Recently, the American Society of Clinical Oncology
suggests that anti-EGFR monoclonal antibodies are
recommended only for metastatic CRC patients with
wild-type KRAS [23]. KRAS mutation evaluation is an
essential process in patients with CRLM. The current
standard of KRAS mutational testing is mainly based on
the histopathologic analysis. However, such histologic
examination is often limited by tumor heterogeneity,
discordance of KRAS mutational status, availability of
tumor tissue, and inadequate sampling. This study
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H) demonstrates more FDG uptake of the hepatic metastatic
lesion (SUVp.x = 10.64). The changes of SUV.x and
retention index on dual-time point imaging of CRLM were
2.39 and 29% respectively.

demonstrated that the 4 metabolic parameters (SUVeaiy,
SUVgelayed> ASUVpax, and RI) derived from dual-time
point FDG PET/CT imaging were strongly associated
with the KRAS mutation status and might be powerfully
predictive factors for identifying KRAS mutations in
CRLM.

Several studies have indicated a positive correlation
between the 'SF-FDG uptake and KRAS mutations in
primary CRC [21, 24-27]. However, the specimens of
primary CRC for KRAS mutational testing are always
readily available because of the wide use of the endo-
scopic biopsy. Prediction of mutational status of metas-
tasis is consequently a real practical relevance to tumor
precision treatment. Accordingly, we investigated the
relationship between '*F-FDG accumulation with
KRAS mutations in CRLM. Our study demonstrated
that '"SF-FDG uptake in CRLM harboring KRAS
mutations was significantly higher than that in wild-type
KRAS. Our study results were concordant with the re-
sults of Kawada et al. [28]. They showed that CRC me-
tastatic lesions harboring mutated KRAS exhibited
about a 1.45 fold increase in SUV ,,, in tumors larger
than 10 mm (P = 0.03). However, there was no signifi-
cant difference when the smaller lesions were included in
Kawada’s study. They interpreted that this bias may be
produced by partial volume effect. But this bias does not
appear in our study. One possible reason for this dis-
crepancy may be because almost all of the tumors
(97.7%) in our study are larger than 10 mm. When the
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Fig. 3. Representative cases of CRLM harboring mutated
KRAS: A 77 years old man had 1 liver metastasis (arrow;
diameter, 43.0 mm) with mutated KRAS. The early FDG PET/
CT images (A-D) shows intense accumulation (SUVax =
13.13). The delayed FDG PET/CT images (E—H) demonstrates
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Fig. 4. Receiver operating characteristic curves of SUVqpny,
SUVgelayeds ASUVmax, and RI for KRAS Mutation prediction.

optimal cut-off value of SUV ., was 6.0, KRAS status
of metastatic CRC could be predicted with an accuracy
of 71.4%. In contrast to our study, Krikelis et al. [29].
found that no significant association between SUV, ..
value and KRAS mutations in Caucasian metastatic
CRC. And there was also no relationship found between
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more FDG uptake of the hepatic metastatic lesion
(SUVhax = 19.7). The changes of SUV,,.x and retention
index on dual time point imaging of CRLM were 6.57 and 50%
respectively.

GLUTI levels and SUV,,... However, SUV., was
measured in metastatic lesions, whereas the KRAS status
and GLUT1 mRNA levels were tested in the corre-
sponding primary tumors. Consequently, the study
might be biased because of discordant KRAS status
between primary CRC and its paired metastases. In
addition, metastatic lesions were also not confirmed by
pathology.

To date, the clinical significance of ASUV .« and RI
derived from dual time point imaging still remains elu-
sive. Some studies have shown that high RI might reflect
the high biological aggressiveness of the tumor, and
might be related to poor prognosis [30-34]. Our results
showed that ASUV,,,, and RI on dual-time point '*F-
FDG PET/CT imaging were significantly higher in
CRLM with mutated KRAS than those with wild-type
KRAS. This is consistent with the finding that KRAS
mutation was associated with poorer prognosis in pa-
tients with CRC [10]. Unfortunately, in our study, the
relationship between KRAS mutation and the survival
was not investigated. There were few reports on the
relationship between RI and gene status or its expression
in primary CRC or CRLM. Lee et al. [35].showed that
the higher RI had a significant correlation with larger
tumor size, higher T staging, higher GLUT-1 expression,
and higher p53 expression in primary CRC. Our results
and previous investigations presumed that ASUV,,,,, and
RI might have the potential to be applied as a prognostic
marker in primary CRC and CRLM.
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Table 4. The predictive performances of PET/CT parameters in predicting KRAS status

Parameter AUC Cut-off value Sensitivity (%) Specificity (%) Accuracy (%) NPV (%) PPV (%)
SUVeary 0.694 9.2 59.5 82.0 72.4 71.0 73.2
SUVelayed 0.760 11.8 73.0 76.0 74.7 69.2 79.2
ASUV pax 0.757 23 83.8 62.0 71.3 62.0 83.8
RI (%) 0.684 29.0 53.3 86.4 72.3 74.4 71.4

AUC, area under the curve; SUV apy, SUV ax of early scan; SUVgeiayed, SUVmax of delayed scan; ASUV,,,x, The change of SUV,,a; RI (%),
Retention Index; NPV, negative predictive value; PPV, positive predictive value

In our study, PET parameters obtained from dual-
time point FDG PET/CT imaging may be a promising
imaging biomarker for non-invasively predicting KRAS
mutational status in CRLM with an optimal accuracy
74.7%. Prior studies have shown that the overall accu-
racy of SUV,,.x alone for the prediction of KRAS status
of primary CRC was ranging from 50% to 75% [21, 24—
26]. Thus, together with previous studies, the overall
accuracy of PET/CT parameters was not high enough to
be used as clinical index for the prediction of KRAS
status in primary CRC and CRLM. Currently, we think
BF.FDG PET/CT may complement rather than replace
molecular testing. Our results also suggested that there
was a trend to SUV4ejayeq and ASUV .« perform better
than SUV,,, and RI. The dual-time point scan might be
a feasible way to improve the diagnostic ability of KRAS
mutation prediction.

To the best of our knowledge, this is a novel study
evaluate the usefulness of dual time point PET/CT
imaging in predicting KRAS gene mutation status.
There were some limitations in our study. First, it was a
retrospective study, with a relatively small sample size.
Further a larger, prospective cohort studies will be re-
quired. Second, 10.3% of the tissue samples in our study
were obtained from biopsies. Therefore, the correlation
study might be biased because the KRAS mutation
status of biopsy specimens may not sufficiently repre-
sent the exact macroscopic status of the entire tumor.
Third, the relationship between dual time point '*F-
FDG PET/CT and survival was not evaluated in our
analysis. And the clinical impact of PET/CT parameters
and KRAS mutation in EGFR therapy response was
also not investigated in our analysis. Overall, the cur-
rent work is an initial attempt to provide a novel ap-
proach to KRAS identification and need further
exploring in the future.

Conclusion

In conclusion, SUVu1y, SUVgeayeds ASUViax, and RI
(%) may be the 4 imaging biomarkers to predict CRLM
patients harboring KRAS mutations. And SUVgeayed
and ASUV,,,,x may be of greater potential for the KARS
mutation prediction.
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