Published online: 4 February 2017

Abdominal

Radiology

© Springer Science+Business Media New York 2017

Abdom Radiol (2017) 42:1621-1626
DOI: 10.1007/s00261-017-1054-2

@ CrossMark

Correlation between KRAS mutation and
'8F_.FDG uptake in stage IV colorectal cancer

Arthur Cho," Kwanhyeong Jo,' Sang Hyun Hwang,' Narae Lee,! Minkyu Jung,?

Mijin Yun,! Hee Sung Hwang >

"Department of Nuclear Medicine, Yonsei University College of Medicine, Seoul, Republic of Korea

“Division of Medical Oncology, Yonsei Cancer Center, Yonsei University College of Medicine, Seoul, Republic of Korea
3Department of Nuclear Medicine, Hallym University Sacred Heart Hospital, Hallym University College of Medicine,

22 Gwanpyeong-ro 170 beon-gil, Dongan-Gu, Anyang 14068, Republic of Korea

Abstract

Purpose: The purpose of this study is to evaluate the
correlation between KRAS mutation, '*F-FDG uptake,
and metastatic pattern in advanced stage colorectal
cancer (CRC) patients.

Methods: Medical records of stage IV CRC patients who
underwent '*F-FDG PET/CT for staging and KRAS
mutation analysis were selected. On PET scans, a volume
of interest (VOI) was drawn on the primary lesion. '8F-
FDG indices (SUVmax, SUVmean, MTV, TLG) of the
primary lesions were obtained and correlated with
KRAS mutation of the primary lesion. Also, metastatic
sites were recorded. Association between metastatic
pattern and KRAS expression and FDG indices were
analyzed.

Results: KRAS mutation was positive in 40 (43%)
patients. Evaluation of FDG indices showed that higher
SUVmax (14.0 vs. 11.2, p = 0.004), higher SUVmean
(5.3 vs. 4.7, p = 0.005), and higher TLG (301.4 vs. 205.5,
p = 0.023) were predictive of KRAS mutation com-
pared to wild-type (WT) KRAS. Lung metastasis was
more frequently involved in patients with KRAS muta-
tion (50.0% vs. 22.6%, p = 0.006), and liver metastasis
was more frequently involved in patients with WT
KRAS (81.1% vs. 55.0%, p = 0.007). Multivariate
analysis showed that primary tumor location (OR
392, p =0.07) and KRAS mutation (OR 245,
p = 0.09) were significant factors in lung metastasis
model.

Conclusion: KRAS mutation patients had more frequent
lung metastasis and had higher '*F-FDG uptake com-
pared to WT KRAS in stage IV CRC.
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Colorectal cancer (CRC) is the third most frequently
diagnosed cancer in the world [1]. In many Asian coun-
tries, colorectal cancer incidence and mortality levels have
also increased due to the trends and availability of Western
diet. However, advances in target therapy have signifi-
cantly increased patient survival, and recently, Kirsten rat
sarcoma (KRAS) mutation status has become an impor-
tant factor in colorectal cancer treatment. Studies have
shown that colorectal cancer patients with KRAS muta-
tion have poorer therapeutic response to anti-epidermal
growth factor receptor (EGFR) monoclonal therapy [2-5].
As approximately 40% of CRC has KRAS mutation,
KRAS gene mutation evaluation has become an impor-
tant step in planning therapeutic strategies.

"F.FDG PET-CT scan is established modality in
many cancer types and has been shown to be useful in
cancer staging, therapy response, and prognosis. 'SF-
FDG, a radionuclide glucose analogue, is accumulated in
cancer cells with increased GLUTI1 and hexokinase II
expression. In colorectal cancer cell lines, in vitro studies
suggest that low-glucose environment drives KRAS and
BRAF mutations during tumorigenesis, which in turn,
increases of GLUTI1 expression and increases glucose
uptake [6]. Only a few clinical studies have evaluated '*F-
FDG uptake and KRAS mutation in CRC. Most studies
suggest a positive correlation between increased 'SF-
FDG with KRAS mutations [7, 8]. One study has re-
ported the lack of correlation between colorectal cancer
with KRAS mutation and '""F-FDG PET-CT in Cau-
casian patients [9].
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The most clinically useful role of "*F-FDG PET/CT
in CRC diagnosis is the detection of additional metas-
tasis in potentially surgically curable M1 disease [10,
11]. Additionally, a previous meta-analysis suggests that
BE.FDG PET/CT shows similar sensitivity as MRI in
detection of liver metastasis [12]. Clinical treatment of
metastatic CRC with wild-type (WT) KRAS is recom-
mended as first-line treatment with doublet therapy in
the ESMO practice guidelines, and second or third line
therapy in NCCN guidelines [11, 13]. Therefore, cor-
relation analysis of KRAS mutation with "*F-FDG
uptake in advanced stage CRC may be more clinically
relevant.

Due to the rising importance of KRAS mutation
profiling in patient treatment and prognosis, previous
studies have evaluated the clinical factors correlating
with KRAS mutation. Preclinical studies have shown
that KRAS mutation promotes tumor invasion and
metastasis, a basis to which a few clinical studies have
shown a correlation between metastatic dissemination
patterns with KRAS mutation [14], as CRC patients
with lung metastasis have more incidences of KRAS
mutation compared to patients without lung metastasis
[15]. Because FDG PET/CT is routinely used in
metastasis evaluation, we undertook this study to
evaluate metastatic patterns in advanced stage CRC as
well as evaluate FDG uptake in the primary lesion and
to evaluate for correlation with KRAS mutation sta-
tus.

Materials and methods
Patients

Between 2009 and 2014, medical charts were reviewed for
patients who underwent '*F-FDG PET/CT for colorec-
tal cancer staging. A total of 184 patients were selected,
and of those, 113 patients (61.4%) underwent KRAS
mutation analysis in the primary lesion. Of these 113
patients, 93 patients (82.3%) had synchronous metastasis
detected on MRI, CT, or PET/CT. The diagnosis of
colorectal cancer was confirmed by pathologic exami-
nation at the primary colorectal lesion.

SF_FDG PET|CT protocol and imaging analysis

All patients underwent routine "*F-FDG PET/CT either
with DSTe PET/CT (GE Healthcare) or with Biograph
TruePoint 40 PET/CT (Siemens Medical Systems, CTI,
Knoxville, TN, USA). All patients fasted for at least
6 h, and glucose levels in the peripheral blood in all
patients were confirmed to be 140 mg/dL or less before
the 'SF-FDG injection. '*F-FDG (approximately
5.5 MBq/kg (0.149 mCi/kg) of body weight) was
administered intravenously 1 h before image acquisi-
tion. After the initial low-dose CT (DSTe: 30 mAs, 130
kVp, Biograph TruePoint: 36 mAs, 120 kVp), a stan-
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dard PET imaging protocol from the neck to the
proximal thighs with an acquisition time of 3 min/bed
in a three-dimensional mode was undertaken. Images
were then reconstructed using the ordered subset
expectation maximization (2 iterations, 20 subsets).

Images were separately reviewed by two experienced
nuclear medicine specialists on a GE AW 4.0 worksta-
tion (GE Healthcare, Milwaukee, WI, USA). Identifi-
cation of the primary lesion was done by reviewing
contrast-enhanced CT or MR images. On PET scans, a
volume of interest (VOI) was drawn on the primary
lesion. An absolute SUV of 2.5 was used as a cut-off
threshold for VOI measurements. The maximum stan-
dard uptake value (SUVmax), mean SUV (SUVmean),
metabolic tumor volume (MTYV), and total lesion gly-
colysis (TLG) of the primary lesion were then obtained
and recorded. Maximum SUV of the VOI was calcu-
lated as (decayed corrected activity/tissue volume)/(in-
jected dose/body weight). TLG was calculated by the
multiplication of MTV with the SUVmean within the
VOI.

KRAS mutation analysis

KRAS mutations were determined by the following
methods. DNA was extracted from the primary tumor
tissue paraffin sections using the PNAClamp™ KRAS
Mutation Detection kits (Panagene, Inc., Daejeon,
Korea). KRAS codon 12 and 13 was amplified using
polymerase chain reaction and KRAS mutation was
analyzed.

Statistical analysis

All values are presented as mean + SD. The statistical
significance of differences in Table 2 was determined by
the % test or Mann—Whitney U test. All analyses were
2-sided, and a p value of less than 0.05 was considered
statistically significant. Receiver operation characteristic
(ROC) curve analysis was performed to evaluate SUV
cut-off values that best predicted KRAS mutation with
diagnostic accuracy. Differences in PET indices between
mutated and WT KRAS were tested by a Mann—
Whitney U test. Univariate logistic regression was per-
formed to evaluate clinically relevant factors associated
with KRAS mutation: age, gender, CEA level, histo-
logic grade, and PET-derived metabolic indices. Meta-
static pattern was also analyzed and correlated with
KRAS mutation. To determine the factors associated
with specific organ metastasis for liver and lung and
KRAS mutational status in Table 3, multivariate
logistic regression analysis was performed, and factors
with a p value of less than 0.10 was included in the
model. All statistical computations were performed
using SPSS 20.0 software (SPSS Inc., Chicago, IL,
USA).
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Fig. 1. Representative cases of metastatic patterns
according to KRAS status. A Multiple intensity projection
(MIP) of 61-year-old female with CRC with liver metastasis.
B FDG uptake is intense in the primary mass (SUVmax: 16.1;
SUVmean: 6.1, TLG: 682.5). C Patient had multiple huge liver
metastasis. Biopsy results showed adenocarcinoma, moder-
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Fig. 2. Correlation with KRAS mutation and distant metas-
tasis models (lung/liver). The KRAS mutation had higher OR
in lung metastatic model (2.446, p = 0.094). Patients harbor-

Results
Patient population

A total of 93 patients (46 female, mean age 60.0 £+ 12.6,
range 32-86 year old) were included in this study. Pri-
mary lesion was distributed to rectum (n = 25, 26.9%),
sigmoid colon (50, 53.8%), and other colon site (n = 18,
19.4%). KRAS mutations were identified in the primary
lesion in 40 patients (43.0%). CEA was performed in 84
patients (90.3%), with an overall median value of
34.9 ng/dl (range 0.6-20,000 ng/dl). The T-stage of pa-
tients were mostly either T-stage III (n = 67, 72%) or
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ately differentiated, and wild-type KRAS. D MIP of 47-year-old
female with primary sigmoid colon cancer with lung metas-
tasis. E Intense FDG uptake in the primary sigmoid colon
mass (SUVmax: 15.5, SUVmean: 5.4; TLG 356.0). F Multiple
lung metastasis is seen. Biopsy resulted in adenocarcinoma,
well differentiated, and KRAS mutation.

4 KRAS
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ing mutant KRAS tended to metastasis to lung rather than
liver. Wild-type KRAS tended to metastasis to the liver than to
lung.

T-stage IV (n = 24, 26%), with one T-stage I and one
T-stage II patients. The majority of pathologic subtype
was moderately differentiated (MD) (78%), well differ-
entiated (WD) (17%), and poorly differentiated (PD)
(4%). Twenty-three patients had no LN metastasis
(24%); 35 patients had regional LN metastasis (37.6%);
and 35 patients had distant LN metastasis (37.6%). All
the patients had synchronous metastasis at time of PET/
CT; 41 patients (44.1%) had single-organ metastasis
(AJCC 7th edition Mla); and 52 patients (55.9%) had
multiple organ metastasis (AJCC 7th edition M1b). Ta-
ble 1 shows the demographics of patients.
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Table 1. Patient demographics of study population (n = 93)

Characteristics Value

Age
Mean (range, years)
Gender, n (%)

60.03 (range 32-86)

Male 47 (51%)
Female 46 (49%)
CEA

Median (range, ng/dL)
Histologic grade

34.9 (range 0.6-20,000)

Well differentiated 16 (17%)

Moderately differentiated 73 (78%)

Poorly differentiated 4 (4%)
KRAS state

Mutant 40 (43%)

Wwild 53 (57%)
Location

Rectum 25 (54%)

Sigmoid 50 (27%)

Other 18 (19.4%)
LN metastasis

None 23 (25%)

Regional 70 (75%)

Distant
Metastasis stage®

MIla (single) 41 (44%)

MI1b (multiple) 52 (56%)
Metastatic sites

Liver 65 (69.9%)

Lung 32 (34.4%)

Non-liver, non-lung 18 (19.4%)
Operation

Yes 45 (48%)

No 48 (52%)

& AJCC 7th ed: M1a was defined as metastases in one organ (liver,
lung, ovary, and nonregional LN)

Analysis of metastatic site patterns showed that the
liver was the most frequently involved organ (n = 65,
69.9%), and besides distant LN metastasis, the lung was
the next most frequently involved organ (n = 32,
34.4%). Other frequent metastatic sites were peritoneum
(n = 23, 24.7%), bone (n = 13, 14.0%), and ovary
(n = 6, 6.5%). Operation was performed on 45 patients
(48%); of those, 17 patients underwent neoadjuvant
chemotherapy.

Factors associated with "*F-FDG parameters
and KRAS mutation

A cut-off level was determined by ROC curve analysis
for SUVmax, SUVmean, MTV, and TLG; the best dis-
criminative values between those tumors with WT and
mutated KRAS were calculated. Correlation with KRAS
with '"®F-FDG uptake showed that mutated KRAS CRC
was significantly more higher compared to WT KRAS
(Table 2). ROC analysis showed that SUVmax cut-off of
12.3 (area under the curve (AUC) 0.668 % 0.06,
p = 0.004) showed sensitivity of 62.5% (25/40), speci-
ficity of 69.8% (37/53), and accuracy of 66.7% (62/93) in
predicting KRAS mutation. Using a cut-off of 4.5
(AUC = 0.647 £ 0.06, p = 0.011), SUVmean showed
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Table 2. Univariate analysis of clinical factors and '*F-FDG indices in
predicting KRAS mutation

Factors Mutated Wild-type )4
KRAS n (%) KRAS n (%)

Age (years) 0.07
<65 23 (75.5) 40 (57.5)
>65 17 (24.5) 13 (42.5)

Gender 0.61
F 21 (52.5) 25 (47.2)

M 19 (47.5) 28 (52.8)

CEA (ng/ml) 0.16
<5.0 6 (15.8) 13 (28.3)
>5.0 32 (84.2) 33 (71.7)

T-stage 0.2
I-111 27 (67.5) 42 (79.2)

v 13 (32.5) 11 (20.8)

Histologic grade 0.46
WD + MD 39 (97.5) 50 (94.3)

PD 1(2.5) 3(5.7)

LN metastasis 0.59
Negative 11 (27.5) 12 (22.6)
Regional/distant 29 (72.5) 41 (77.4)

Metastatic stage 0.07
Single-organ metastasis 17 (42.5) 24 (45.3)

Multi-organ metastasis 23 (57.5) 29 (54.7)

Metastasis pattern 0.006
Lung 20 (50.0) 12 (22.6)

Non-lung 20 (50.0) 41 (77.4)

Metastasis pattern 0.006
Liver 22 (55.0) 43 (81.1)

Non-liver 18 (45.0) 10 (18.9)

SUVmax (mean + SD) 14.0 + 5.0 11.2 £ 4.1 0.004

SUVmean (mean + SD) 529 + 1.12 4.7 £0.88 0.005

MTV (mean £ SD) 55.6 £ 424 41.9 £ 28.1 0.064

TLG (mean + SD) 301.4 £242.8 205.5 4+ 155.0  0.023

Bold values are statistically significant (p < 0.05)

higher sensitivity of 80% (32/40), but lower specificity of
50.9% (27/53), and accuracy of 63.4% (59/93). A TLG
cut-off of 190.2 (AUC = 0.629 + 0.06, p = 0.03)
showed a sensitivity of 65% (26/40), specificity of 64.2%
(34/53), and accuracy of 64.5% (70/93) in predicting
KRAS mutation. MTV was not significantly different
between KRAS mutation and WT (55.6 & 42.4 vs.
41.9 £ 28.1, p = 0.064).

Correlation between KRAS mutation
with clinical factors

Chi-squared analysis was performed to evaluate KRAS
mutation with clinical findings. Univariate analysis
showed that age (<65, >65), gender, histologic grade
(WD, MD, and PD), T-stage (I-III, IV) and LN metas-
tasis (no LN metastasis, regional, and distant metastasis)
were not significant. CEA was not significant, but more
patients with KRAS mutations tended to have higher
CEA levels (32/38, 84.2%) than patients with WT KRAS
(33/46, 71.7%, p = 0.161).

Metastatic patterns were categorized according to
metastatic organ and number to evaluate for predilection
of metastatic site in KRAS-mutated CRC. There was no
significant difference in single or multi-organ metastasis
in KRAS mutation compared to WT KRAS (p = 0.07).
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Table 3. Multivariate analysis and estimation of odds ratios for predicting distant metastasis pattern
Model with lung metastasis Model with liver metastasis
OR (95% CI) p value B OR (95% CI) p value B

Primary tumor location (sigmoid) 3.924 (0.880-17.504) 0.073 1.367 0.155 (0.030-0.803) 0.026 —1.866
Multi-organ metastasis 4.966 (1.654-14.911) 0.004 1.603 0.356 (0.124-0.1.025) 0.056 —1.030
KRAS mutated 2.446 (0.859-6.968) 0.094 0.894 0.311 (0.107-0.904) 0.032 —1.169
SUV max (>12.3) 2.864 (0.607-13.507) 0.184 1.052 0.374 (0.078-1.797) 0.219 —0.985

Bold values are statistically significant (p < 0.10)

Patients with lung metastasis were more likely to have
mutated KRAS compared to WT KRAS (50% vs. 22.6%,
p = 0.006). Liver metastasis were more likely to harbor
WT KRAS compared to mutated KRAS (81.1% vs.
55.0%, respectively, p = 0.000).

Multivariate logistic regression was performed to
evaluate significant clinical and PET indices in predilec-
tion distant metastatic organ, lung/liver metastasis (Ta-
ble 3). Due to multicollinearity of metastasis involved
organ, two models were used to evaluate factors that
were correlated with KRAS mutation. In both models,
primary tumor location, multi-organ metastasis, and
KRAS mutation were significantly correlated with lung/
liver metastasis. The primary tumor location in sigmoid
colon had highest odds ratio (OR) in lung metastasis
(3.924, p < 0.07). The KRAS mutation had higher OR
in lung metastatic model (2.446, p = 0.094). The SUV-
max was not significantly correlated with predilection for
lung/liver metastasis. Considering distant metastatic
pattern, patients harboring mutant KRAS tended to
metastasis to lung rather than liver. In contrast, WT
KRAS tended to metastasis to the liver than to lung
(Figs. 1, 2).

Discussion

Determination of KRAS mutation has become an
important gene mutation in colorectal cancer treatment
determination. Previous studies have shown that patients
with WT KRAS showed good response to anti-EGFR
therapy in colorectal cancer. NCCN guidelines suggest
that EGFR monoclonal antibody is recommended only
in KRAS WT colorectal cancer patients [13]. Therefore,
KRAS mutation analysis will be most clinically useful in
patients with stage IV CRC.

Accordingly, we have evaluated the correlation be-
tween KRAS mutation and FDG uptake in stage IV
CRC patients and shown that patients with KRAS
mutation has higher "*F-FDG uptake compared to WT
KRAS. Our results were concordant with previous
studies that suggest KRAS mutation is associated with
increased '*F-FDG uptake. Chen et al. also reported that
patients with mutated KRAS had 1.23-fold higher
SUVmax compared to WT KRAS, with an accuracy of
71.4% [8]. Kawada et al. also reported significantly
higher FDG uptake in mutated KRAS, with an accuracy

of 75% when using SUVmax cut-off of 13 or 14 [7].
In vitro and in vivo studies have shown that CRC with
KRAS mutation increased '*F-FDG uptake by GLUTI
upregulation, and by partially up-regulating HIF1a. [16].
Higher '"®F-FDG uptake in the primary lesion suggests
more aggressive phenotype, with increased propensity
for LN or distant metastasis. We selected CRC metas-
tasis group to include a more homogenous group of
aggressive CRC, to evaluate whether KRAS mutation is
associated with increased '*F-FDG uptake in the similar
clinical setting.

We have also shown that metastatic pattern differs
according to KRAS mutation. All of our patients had
synchronous metastasis during PET/CT, and in our pa-
tient population, KRAS mutation patients had more
frequent lung metastasis, and WT KRAS had more fre-
quent liver metastasis. Our findings are in concordance
with two previous studies on CRC with KRAS mutation.
These studies have also shown that patients with KRAS
mutation have more frequent lung metastasis compared
to WT KRAS [14, 15]. Although the mechanisms for
organ predilection according to KRAS mutation were
not elucidated in these studies or in our studies, these
findings suggest that '*F-FDG PET/CT will be useful in
CRC staging and follow-up, as the whole body is eval-
uated during '®F-FDG PET/CT.

Our findings suggest that '*F-FDG PET/CT may be
especially useful in KRAS-mutated stage IV CRC, as
higher FDG uptake in KRAS mutation tumors will help
in better visibility of metastatic lesions. This may
potentially help in visualization of smaller lung metas-
tasis, as KRAS mutation is suggested to have more fre-
quent lung metastasis. Knowledge of KRAS mutation
and associated potential metastatic spread pattern may
help nuclear medicine physicians and radiologists during
reading PET/CT scans.

Our study has several limitations. First, although
SUVmax was significantly higher in KRAS mutation
group, the SUV overlap between the two groups is too
large for SUVmax to be used as clinical index for KRAS
mutation evaluation. Second, the clinical impact of
KRAS mutation and FDG uptake in EGFR therapy
response was not evaluated in our study. Future studies
evaluating the association between SUV and KRAS in
evaluation of therapy response to EGFR treatment may
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show a relationship between 'F-FDG avidity and
EGREF response within KRAS mutation positive CRCs.
Third, Evaluation of KRAS mutation in metastatic sites
was not performed, which may influence FDG uptake.
Further studies evaluating KRAS mutation in CRC
metastatic sites, correlated with *F-FDG uptake, is
needed to fully evaluate to potential of '*F-FDG PET/
CT in evaluation for KRAS mutation.

In conclusion, in stage [V CRC patients, patients with
KRAS mutation has higher '"*F-FDG uptake compared
to WT KRAS and had more frequent lung metastasis.
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