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 28 

Abstract 29 

Background: Deriving individual tumor genomic characteristics from patient imaging analysis 30 

is desirable. We explore the predictive value of 2-[18F]FDG uptake with regards to the KRAS 31 

mutational status of colorectal adenocarcinoma liver metastases (CLM).   32 

Methods:
 
2-[18F]FDG PET/CT images, surgical pathology and molecular diagnostic reports of 33 

37 patients who underwent PET/CT-guided biopsy of CLM were reviewed under an IRB-34 

approved retrospective research protocol.  Sixty CLM in 39 interventional PET scans of the 35 

37 patients were segmented using two different auto-segmentation tools implemented in 36 

different commercially available software packages.   PET standard uptake values (SUV) 37 

were corrected for: 1) partial volume effect (PVE) using cold wall-corrected contrast 38 

recovery coefficients derived from phantom spheres with variable diameter; and 2) 39 

variability of arterial tracer supply and variability of uptake time after injection until start of 40 

PET scan derived from the tumor-to-blood standard uptake ratio (SUR) approach. The 41 

correlations between the KRAS mutational status and the mean, peak, and maximum SUV 42 

were investigated using Student’s t-test, Wilcoxon rank sum test with continuity correction, 43 

logistic regression and receiver operation characteristic (ROC) analysis. These correlation 44 

analyses were also performed for the ratios of the mean, peak and maximum tumor uptake 45 

to the mean blood activity concentration at the time of scan: SURMEAN, SURPEAK, and SURMAX, 46 

respectively. 47 

Results:  Fifteen patients harbored KRAS missense mutations (KRAS+) while another 3 48 

harbored KRAS gene amplification. For 31 lesions the mutational status was derived from 49 

the PET/CT-guided biopsy. The Student’s-t p-values for separating KRAS mutant cases 50 
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decreased after applying PVE correction to all uptake metrics of each lesion and when 51 

applying correction for uptake time variability to the SUR metrics.  The observed 52 

correlations were strongest when both corrections were applied to SURMAX and when the 53 

patients harboring gene amplification were grouped with the wild type:  p ≤ 0.001; ROC area 54 

under the curve (AUC) = 0.77 and 0.75 for the two different segmentations respectively with 55 

a mean specificity of 0.69 and sensitivity of 0.85. 56 

Conclusions:  The correlations observed after applying the described corrections show 57 

potential for assigning probabilities for the KRAS missense mutation status in CLM using 2-58 

[18F]FDG PET images.  59 

Keywords: PET, colorectal adenocarcinoma, liver metastases, KRAS mutations  60 

 61 

Background 62 

The value of functional images for personalized therapy is limited by cancer histological and 63 

genomic heterogeneity [1, 2]. Gathering information from medical images regarding 64 

proliferation rate,  differentiation and  heterogeneity, or genomic profile of malignant 65 

tumors [3, 4], potentially improve selection of the appropriate treatment pathways for 66 

targeted therapies  while minimizing the need and risks of interventional procedures and 67 

maximizing patient comfort[5].   68 

Colorectal cancer (CRC) patients with Kristen rat sarcoma viral gene (KRAS)-mutant tumors 69 

are associated with lack of response to anti-epidermal growth factor receptor (anti-EGFR) 70 

antibody therapy[6-10]. It has been also shown that KRAS mutations are a significant 71 

predictor of overall survival in metastatic CRC and of recurrence after surgery or 72 
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radiofrequency ablation of colorectal cancer liver metastases (CLM)[11, 12]. KRAS mutation 73 

has been associated with relatively higher rates of local failure or positive resection margins 74 

after thermal ablation or resection of CLM[11, 12]. Recently others have found that the 75 

coexistence of KRAS mutation with increased 2-[18F]FDG uptake is a negative prognostic 76 

factor in primary CRC [13]. KRAS mutation status has a predictive value also for image 77 

guided ablation for lung adenocarcinoma[14]. 78 

While primary and metastatic CRC sites have a high concordance for KRAS mutations, meta-79 

analyses suggest the concordance may not be 100%. An initial high (100 %) KRAS genomic 80 

concordance has been observed between the primary tumor and secondary lesions in 81 

metastatic CRC[15, 16]. A  subsequent meta-analysis showed that the level of concordance 82 

may vary, reporting an over-all concordance of 94.1% between 986 pairs of primary and 83 

distant metastasis from 17 publications [16]. In a more recent review, Mao et al have 84 

observed a pooled concordance rate of 92%.  These data suggest that occasionally KRAS 85 

mutant primary tumors harbored KRAS wild-type metastasis and as such, could potentially 86 

benefit from anti-EGFR treatment[17].  Specifically for CLM, these authors found 8.0 % false 87 

positive (wild-type or normal expression in primary tumor but mutant or loss of expression 88 

in metastases) and 9.7% false negative (mutant or loss of expression in primary tumor but 89 

wild-type or normal expression in metastases) rates[17]. Additionally, patients treated with 90 

targeted therapies, including EGFR, HER2, and BRAF targeting combinations, have been 91 

reported to develop KRAS mutations at resistance, often in a heterogenous pattern involving 92 

some lesions [18, 19]. Deriving the genomic properties through metabolic imaging of 93 

individual lesions may optimize subsequent interventions (Fig. 1).   94 

 95 
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KRAS mutations appear to be related to the glucose metabolism[20]. Therefore, KRAS 96 

mutant lesions may be distinguishable using images of metabolic activity. The manifestation 97 

of KRAS mutations in PET images has been studied for non-small cell lung cancer (NSCLC) 98 

patients[21, 22] as well as for CRC[13, 23-30]. For NSCLC, one study showed that a 99 

multivariate model, including  2-[18F]FDG
 
 SUVMEAN may be used as a predictive marker for 100 

KRAS mutations[21]. However, others found that EGFR mutations correlate with NSCLC PET 101 

image features whereas KRAS mutations do not[22].  Similarly for CRC, one investigation of 102 

the effect of KRAS mutations on 2-[18F]FDG uptake of CRC lesions found no correlation[23], 103 

while others found statistically significant correlations for primary tumors[13, 24-26].  104 

Several SUV features including SUVMAX and SUVMEAN  were found to significantly correlate 105 

with the presence of  KRAS mutations for newly diagnosed rectal cancer[27], although 106 

predictive value of the 2-[18F]FDG uptake was low.  Other investigations showed statistically 107 

significant separation of the KRAS-mutated tumors by SUVMAX and SUVPEAK when a C-reactive 108 

protein (CRP) upper threshold of 6 mg/L was introduced[28], or when SUVMAX was used in a 109 

decision tree also utilizing CT texture and blood flow, derived from dynamic contrast-110 

enhanced CT [29]. For CRC metastases, SUVMAX was significantly associated with KRAS 111 

mutations when considering only tumors larger than 10 mm in diameter  in order to 112 

minimize bias due to the partial-volume effect (PVE)[30]. Primary tumor SUVMAX was found 113 

to be significantly higher in CRC subjects with KRAS mutation compared to wild type [13]. 114 

None of the above studies were specific to CRC liver metastases (CLM).   115 

We focus on evaluating KRAS effects on 2-[18F]FDG uptake specifically for CLM.  In addition, 116 

we apply corrections to the 2-[18F]FDG uptake for:  i) partial volume effect, and ii) for time 117 

of tracer uptake from injection to PET scan acquisition.  The latter is important for the 118 

investigated dataset which contains only PET/CT images obtained in the interventional 119 
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setting during PET/CT-guided ablations or biopsies for which the uptake time can vary.  120 

Biopsies and ablations performed under real-time  PET/CT guidance  are useful  to target 121 

tumors with poor conspicuity in non-functional/anatomic only imaging[31-35]. If the 122 

specimen from a biopsy during such a procedure is subjected to genomic profiling, the 123 

molecular and metabolic data are obtained simultaneously for the same lesion, thereby 124 

removing uncertainty for the molecular status of the imaged lesion. 125 

 126 

 

 

 127 
 128 

Fig. 1 Fused PET/CT images of multiple liver metastases in a colorectal cancer case. Only one 129 

of the lesions was biopsied (top left) and showed KRAS mutant status. Segmentation 130 

contours for four lesions are shown. SUVMAX before and after PVE correction is quoted for 131 
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each lesion.  The PVE correction reduces SUVMAX for the largest lesion due to the positive 132 

bias of maximum uptake values compared to the mean (see Fig. 3).   133 

Methods 134 

Patients 135 

The records of thirty seven (37) patients who underwent PET/CT guided biopsies of 136 

colorectal adenocarcinoma liver metastases (CLM) in the period between April 2011 and 137 

June 2019 with molecular pathology reports were reviewed under an Institutional Review 138 

Board-approved retrospective research protocol.  Thirty-nine PET/CT scans were analyzed 139 

since two patients underwent a second PET/CT guided biopsy for new liver lesions, which 140 

were also included in the analysis. Altogether 60 CLMs were segmented in these 39 141 

interventional PET scans using two different PET segmentation tools.  Twelve of the included 142 

lesions were in the vicinity of previously treated (ablated or resected) region of the liver.  143 

The KRAS mutational status for each case was extracted from the molecular pathology 144 

report of each case.  Thirty one (31) of the 60 lesions had mutational status assigned from 145 

the PET/CT guided procedure.  Other lesions in the same cases as well as cases for which the 146 

mutational status was known from another specimen were kept in since the probability for 147 

mislabeling is small.  The investigated dataset is a compromise between reducing the 148 

number of potentially mislabeled cases (from about 10 % to about 5 %) and having a 149 

sufficient number of cases for the analysis. 150 

PET/CT-guided biopsies  151 

In PET/CT-guided biopsy procedures, after the initial PET/CT scan, the interventional 152 

radiologist places the needle by targeting the PET-avid region of the lesion after which a 153 
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second CT scan with the needle in place is performed and fused with the pre-insertion PET, 154 

PETpre , for verification of the needle placement. [33] In cases where mis-registration with 155 

PETpre  is suspected due to motion, a second real-time PET with the needle in place may be 156 

obtained[36]. 157 

All PET/CT-guided biopsies were performed at the same interventional PET/CT scanner 158 

(Discovery 690, GE Healthcare, Waukesha, Wisconsin).  The average injected 2-[18F]FDG 159 

activity (mean  ±SD) was 152.0  ±52.4 MBq (4.1  ±1.4 mCi).  The post-injection residual 160 

activity in the syringe was measured only for 1 protocol case (6.2 MBq for case # 2) while a 161 

residual activity of 11.1 MBq (0.3 mCi) was assumed for all other cases based on our current 162 

clinical procedures. Uptake times varied from 40.7 to 205.7 min (mean 83.8 min, std 34 min) 163 

: due to interventional work specifics optimizing the flow of the interventions and patient 164 

safety and emergency procedures have a higher priority. 165 

PET scans were centered in the liver and obtained for one or two bed positions consisting of 166 

47 transverse slices, 3.27 mm thick with 11 slice overlap.  Transaxial field of view of 70 cm 167 

and 128 x 128 image matrix (5.47x5.47 mm pixels) were used for all cases.   The acquisition 168 

time typically varied from 3 to 5 min per bed for the pre-needle insertion PET scans included 169 

in this study.  PET scans with breath hold[33]  were excluded since their number was very 170 

small and breath hold affects the SUV. The reconstruction settings were the same for all 171 

scans (time-of-flight on, 2 iterations, 16 subsets, sharpIR system modeling, post filter:  6.4 172 

mm, axial filter: heavy).  173 

Molecular pathology 174 

Molecular pathology reports were obtained from the patients ’medical record and reviewed 175 

for all 37 patients.  If the patients had more than one pathology report, the report from the 176 
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PET/CT-guided biopsy of the targeted CLM or, if not available, the report closest in time to 177 

that biopsy was used.  KRAS mutation status was determined by clinically validated 178 

molecular assays including the mass spectrometry-based Sequenom technologies [37] test 179 

only (n= 5) and the next-generation targeted exome sequencing by Memorial Sloan 180 

Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT)[38] 181 

with or without Sequenom (n=32). In addition to KRAS missense mutations, MSK-IMPACT 182 

also detects KRAS copy number alterations such as whole-gene amplifications. The KRAS 183 

mutation status for each case was noted but was not provided to the operators performing 184 

tumor segmentation.  185 

PET image analysis 186 

Sixty CLM were segmented using the PET-edge tool of MIM (MIM Software, Inc., Cleveland, 187 

Ohio) and a fixed SUV threshold in Hermes Gold LX (Hermes Medical Solutions, Stockholm, 188 

Sweden). Two different researchers performed the segmentations using the two packages 189 

and were blinded to the patient mutational status and to each other’s results.  All 190 

automatically generated contours were visually inspected and small manual corrections 191 

were applied if needed. In Hermes, a threshold of SUV=4.0 or higher was used: the 192 

segmentation thresholds for three higher background cases was increased to avoid 193 

unrealistically large volumes. 194 

Mean and peak standard uptake values (SUV, normalized to patient weight) as obtained 195 

from the two segmentation methods and the maximum SUVs obtained in Hermes were 196 

recorded for all target CLM.  When SUVPEAK was not available due to a small CLM volume (37 197 

cases out of the 60 lesions in MIM) SUVMEAN was used as an approximation. 198 
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The tumor-to-blood SUV ratio approach developed by van den Hoff et al[39] that corrects 199 

for variable uptake time from the FDG injection to the  PET scan acquisition, variable tracer 200 

supply between subjects and technical uncertainty factors[40], was  implemented.  To 201 

determine the 2-[18F]FDG uptake in the blood we manually segmented the part of the 202 

descending aorta visible in the PET images using Hermes.  The contours were drawn at least 203 

5 mm away from the edge of the aorta to minimize PVE effect on SUV mean (Fig. 2).   204 

 205 

 206 

Fig.2 Cropped fused 2-[18F]FDG PET-CT coronal (left), sagittal (middle) and axial (right) 207 

images of the descending aorta with contours used for determining the mean blood SUV 208 

(case # 15: VOI 2.5 mL, SUVBLOOD, MEAN =1.9). 209 

Partial volume effect correction. The limited PET resolution causes a partial volume effect 210 

which results in loss of accuracy in recovering the true activity especially in small objects.  211 

Since at PET resolution most small liver tumors can be approximated by equal volume 212 

spheres, an approximate partial-volume effect correction can be applied by using the 213 

percent contrast (Q) for different-diameter higher-activity spheres placed in uniform 214 

background as measured according to the NEMA 2.0 protocol for PET scanner 215 

acceptance[41].  During PET acceptance the measurement is performed at a sphere-to-216 

background activity concentration ratio SBR=4:1. For our purpose we filled all spheres of the 217 
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same phantom with SBR = 2.19:1 (9.284 and 4.240 kBq/mL respectively) to approximate the 218 

mean tumor-to-normal liver ratio in the 39 patient scans.  The lung insert in the center of 219 

the phantom was also in place with no activity. The phantom was scanned on the same PET 220 

scanner where all patients were scanned with two bed positions for 15 min each to reduce 221 

image noise. Spherical VOIs with diameters matching those of the inner diameter of the 222 

phantom spheres (10, 13, 17, 22, 28, and 37 mm) were centered in the CT images of the 223 

phantom spheres and then copied to the same location in the registered PET images using 224 

the Hermes software.  Then, the mean, peak and maximum SUV for each sphere were 225 

recorded to calculate the respective recovery coefficients as described below. 226 

 227 

The equation for contrast recovery in NEMA 2 -2018[41] 228 

 𝑅𝐶𝑀𝐸𝐴𝑁𝐻,𝑗 = 𝐶𝑀𝐸𝐴𝑁𝐻,𝑗𝐶𝐵,𝑗 −1𝑎𝐻,𝑗𝑎𝐵,𝑗−1           (1) 229 

where 𝐶𝑀𝐸𝐴𝑁𝐻,𝑗
  and  𝑐𝐵,𝑗 are the average counts and  𝑎𝐻,𝑗  and  𝑎𝐵,𝑗 are the activity 230 

concentrations in hot sphere j and in the background respectively, was rewritten in terms of 231 

SUV by introducing the respective constants. Then, acknowledging that for the mean 232 

background SUV the recovery coefficient is RC=1.0, for the partial volume corrected mean 233 

SUV for sphere j, 𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝑃𝑉𝐸𝐶,𝑗
 , we obtain: 234 

𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝑃𝑉𝐸𝐶,𝑗 = 𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝐻,𝑗𝑅𝐶𝑀𝐸𝐴𝑁𝐻,𝑗 − 𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝐵,𝑗  1 𝑅𝐶𝑀𝐸𝐴𝑁𝐻,𝑗 − 1  ,     (2) 235 
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where 𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝐻,𝑗
 and 𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝐵,𝑗

 are the measured mean SUVs for hot sphere j and the 236 

background around it.   237 

In analogy to (1), recovery coefficients can be defined also for the maximum and for the 238 

peak measured activities: 239 

𝑅𝐶𝑀𝐴𝑋𝑜𝑟𝑃𝐸𝐴𝐾𝐻,𝑗 = 𝐶𝑀𝐴𝑋𝑜𝑟𝑃𝐸𝐴𝐾𝐻,𝑗 𝐶𝐵,𝑗 −1𝑎𝐻,𝑗𝑎𝐵,𝑗−1  ,       (3) 240 

which will allow to apply partial volume correction to SUVPEAK and SUVMAX
 
using: 241 

𝑆𝑈𝑉𝑀𝐴𝑋𝑜𝑟𝑃𝐸𝐴𝐾𝑃𝑉𝐸𝐶,𝑗 = 𝑆𝑈𝑉𝑀𝐴𝑋𝑜𝑟𝑃𝐸𝐴𝐾𝐻,𝑗𝑅𝐶𝑀𝐴𝑋𝑜𝑟𝑃𝐸𝐴𝐾𝐻,𝑗 − 𝑆𝑈𝑉𝑀𝐸𝐴𝑁𝐵,𝑗  1 𝑅𝐶𝑀𝐴𝑋𝑜𝑟𝑃𝐸𝐴𝐾𝐻,𝑗 − 1     (4) 242 

The measured recovery coefficients for SUVMEAN, SUVPEAK and SUVMAX (eq. 1 and 3) are 243 

plotted for each sphere in Fig. 3.  Corrections to these recovery coefficients were applied for 244 

the 1 mm thickness of the cold sphere walls using a RC model obtained by convolution of 245 

the resolution PSF with the spheres given the known sphere-to-background contrast (lines in 246 

Fig. 3)[42]. The cold wall correction was obtained from the ratio of the simulated recovery 247 

coefficients for the max, peak and mean SUVs for spheres with the same inner diameters 248 

with and without 1 mm walls respectively.  The sphere external diameters were confirmed 249 

by caliper measurements and the wall thickness was verified using a micro-CT scan for some 250 

of the spheres. In the simulations, we performed convolution of a symmetrical Gaussian 251 

point-spread function with each sphere and used a sphere-to-background ratio of 2.26, 252 

which is close to the midpoint between the ratios in the NEMA phantom and the patients. 253 

The cold wall corrections to the RC ranged up to ~ 11.1 % and 12.8% for 1 mL lesions for 254 

SUVMEAN and SUVMAX and were less than 5% and 0.2 % for volumes larger than 10 mL 255 
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respectively.  For extending the PVE corrections to the few lesions with volumes larger than 256 

the 37 mm diameter sphere (26.52 mL) we followed the RC trends provided by the 257 

convolution based model described above[42].  Note that according to our definition (eq. 3), 258 

the RC for SUVMAX and SUVPEAK are larger than 1.0 for large lesions due to statistical effects 259 

(positive bias of maximum relative to mean). 260 

The approximate SUVMEAN, SUVPEAK and SUVMAX PVE correction for each lesion with volume 261 

Vles, RCeff (Vles) was obtained by interpolation of the final RC curves obtained after cold wall 262 

correction (lines in Fig. 3). The mean background SUV for each lesion, 𝑆𝑈𝑉𝐵,𝑙𝑒𝑠𝑖𝑜𝑛 , was 263 

measured in two PET slices using doughnut shape ROIs manually drawn to avoid the visible 264 

spill out from the respective lesion.  The PVE corrected SUVMEAN, SUVPEAK and SUVMAX for 265 

each lesion are then obtained using 𝑆𝑈𝑉𝐵,𝑙𝑒𝑠𝑖𝑜𝑛 and equations (2) and (4).  For lesions close 266 

to the periphery of the liver,  𝑆𝑈𝑉𝐵,𝑙𝑒𝑠𝑖𝑜𝑛 was less than the mean normal liver SUV 267 𝑆𝑈𝑉𝐵,𝑚𝑒𝑎𝑛𝑙𝑖𝑣𝑒𝑟. The latter, 𝑆𝑈𝑉𝐵,𝑚𝑒𝑎𝑛𝑙𝑖𝑣𝑒𝑟,was obtained from large manually drawn ROIs in 268 

normal liver far from the lesions and was used for calculating the tumor-to-liver ratio, 269 

SUVTLR=SUVPVEC, lesion /SUVB, mean liver , for each lesion.     270 

 271 
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Fig.3.  Recovery coefficients (RC) used for applying PVE correction to the tracer uptake of 272 

each lesion.  The symbols represent the measured RCs for each NEMA NU-2 image quality 273 

phantom sphere. The final recovery coefficients used for PVE correction (lines) are obtained 274 

by applying a correction for the cold walls of the phantom spheres obtained by using a RC 275 

model[42]  to compute the recovery coefficient ratio for spheres with and without walls. 276 

Uptake time correction. We employed the uptake time correction method developed by van 277 

den Hoff et al, [39] for CRC liver metastases and validated also for other lesions.  For 278 

calculating the tumor-to-blood standard uptake ratios (SUR) employed by this method we 279 

derived the blood SUV from the 2-[18F]FDG activity in the descending aorta.  Since for liver 280 

interventions  the PET scan is limited to 2 bed positions (83 slices) providing an axial field of 281 

view (FOV) from the inferior to the superior border of the liver, and we extracted SUVblood 282 

mean from an aorta volume at least 0.5 cm away from the aorta surface to minimize PVE, the 283 

aorta ROI volumes were smaller (average analyzed volume 1.8 mL) than those previously 284 

used [39].  The average SUV values for the descending aorta were 2.2 +-0.6 mL/g.  The 285 

injection and scan times were automatically extracted from the image headers using an in-286 

house developed tool (DBbrowser). SURs were calculated as SURMEAN =SUVlesion mean/SUVblood 287 

mean, SURPEAK=SUVlesion peak/SUVblood mean, and SURMAX=SUVlesion max/SUVblood mean, using both MIM 288 

and Hermes segmentation contours of the lesions and Hermes contours for SUVblood mean. A 289 

correction for the difference between actual uptake time post-injection, T, to standard 290 

uptake time 𝑇0 = 60 min was applied to each lesion’s SURMEAN,  SURPEAK and SURMAX using the 291 

approximations to equations (8) and (10) proposed by van der Hoff et all [39]: 𝑆𝑈𝑅0 =292 

𝑇0𝑇  𝑆𝑈𝑅𝑇−𝑉𝑟 + 𝑉𝑟 ≈ 𝑆𝑈𝑅𝑇 𝑇0𝑇    and  𝑆𝑈𝑉0 = 𝑆𝑈𝑉𝑇 𝑆𝑈𝑅0𝑆𝑈𝑅𝑇  𝑇0𝑇  −𝑏 ≈ 𝑆𝑈𝑉𝑇  𝑇0𝑇  1−𝑏  with 293 

apparent volume of distribution, Vr=0.53 and parameter b=0.313 as determined previously 294 
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[39]. By reducing variance, this approach has led to improved correlations in several studies 295 

with similar and larger patient cohorts for different cancer types [43-47]. In one of these 296 

studies, which used 90 cases with dual time point 2-[18F]FDG PET,  the uptake time varied 297 

from 56.4 to 197 min [44].  298 

The lesion volume and the SUV mean, peak and max metrics were extracted immediately 299 

after segmentation.  Then PVE correction was applied to these values according to the 300 

lesion volume. SUVTLR and SUR were calculated using the PVE corrected mean, peak and 301 

max SUV, which was then followed by applying the uptake time correction prior to 302 

investigating the correlations. 303 

 304 

Results  305 

Patient demographics and KRAS mutations 306 

The patient demographics are given in Table 1. KRAS mutations were observed in 15 (37.8 307 

%) and copy number variations in 3 (8.1%) of the 37 patients respectively (Table 2). In 16 of 308 

the 18 patients with KRAS mutant tumors (except #9 and #23 in Table 2) and 15 of the 19 309 

patients with KRAS wild type tumors, sequencing was performed on the target CLM from 310 

the same PET/CT-guided biopsy.  Of the 15 missense mutations, 8 are in codon G12, 4 are in 311 

codon G13D, 2 in codon Q61H and 1 in codon A146T. 312 

Table 1. Patient demographics  313 

Number of patients 37 

Number of PET/CT 

images 

39 
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Age (Years) 56.3 ± 11.9 

Gender       Male 27 (73 %) 

                     Female 10 (27 %) 

Weight (kg) 90.3 ± 17.1 

Ablation with biopsy 27 

Biopsy only 12 

 314 
 315 

Table 2. KRAS mutations and copy number variations observed in 18 of the 37 patients. 316 

(FC=Fold Change, Inv. Panel = Investigational panel) 317 

Case # KRAS gene alteration and location 

2 G13D  (c.38G>A) exon 2 

5 G12D  (c.35G>A) exon 2 

6 A146T  (c.436G>A) exon 4 

7 G12A (c.35G>C) exon 2  

8 G12D  (c.35G>A) exon 2 

9 Whole gene amplification 12p12.1, FC:2.1 

11 Q61H  (c. 183A>C) exon 3 

14 G13D  (c.38G>A)  exon 2 

15 G12V  (c.35G>T)  exon 2 

16 G12D  (c.35G>A)  exon 2   

23 G12D  (c.35G>A)  exon 2 

24 G13D  (c.38G>A)  exon 2 

25 G12D  (c.35G>A)  exon 2 

28 Whole gene amplification 12p12.1, FC: 23.0 (Inv. 

Panel) 
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31 Q61H  (c.183A>T)  exon 3 

32 

35  

G13D  (c.38G>A)  exon 2 

 G12C  (c.34 G>T) exon 2 

37 Whole gene amplification 12p12.1, FC: 8.5 

 318 

 319 

In addition to patient #11(Table 2) two more patients have developed a KRAS mutation in 320 

codon Q61H after initial testing.  Case #1, had no KRAS mutation in the primary and later, at 321 

the time of CLM targeting PET/CT guided biopsy, but showed a Q61H exon 3 KRAS mutation 322 

in a different lesion in a remote section of the liver 2.5 years later during preparation for 323 

radioembolization. Similarly, case #31 had no KRAS mutation in an older sigmoid rectum 324 

specimen (primary) but exhibited also a codon Q61H exon 3 KRAS mutation in the targeted 325 

CLM at time of the PET/CT guided biopsy 5 years later. Altogether, both primary tumor and 326 

a metastasis were genotyped in 15 cases and the KRAS status was concordant in 13/15 327 

(87%) cases.  328 

PET image analysis 329 

The average tumor volumes obtained with the PET-edge algorithm in MIM and with the SUV 330 

threshold algorithm in Hermes are 5.3 mL (min. 0.3 , max. 31.3, std. 6.9 mL) and 6.1 mL 331 

(min. 0.2, max. 43.0,  std. 8.5 mL) respectively. The average lesion diameter from the two 332 

segmentations is 22 mm.  Before PVE correction the mean lesion SUV of all 60 lesions was 333 

6.2  ±2.2 (MIM) and 6.0  ±1.6 (Hermes) and the mean normal liver SUV is 2.7  ±0.6 resulting 334 

in mean tumor-to-liver ratio of 2.2 and 2.3 for Hermes and MIM lesion contours 335 

respectively.  The mean background liver SUV measured in the vicinity of the lesions, 336 𝑆𝑈𝑉𝐵,𝑙𝑒𝑠𝑖𝑜𝑛 , and used for the RC calculation (eq. (2) and (4)) is 2.4  ±0.7. The average SUV 337 
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values obtained for the descending aorta is 2.2  ±0.6. The values for the different uptake 338 

metrics corresponding to the two segmentation methods for each mutation status are given 339 

in Table 3.  340 

 341 

Table 3. Average 2-[18F]FDG SUV metrics ( ±1 STD) for KRAS wild and missense mutated 342 

CLM obtained with two independent volume segmentations (MIM and HERMES).  KRAS 343 

gene amplification cases (n=3) are grouped with wild type.  Average metrics values after PVE 344 

and uptake time correction are provided for the derivative metrics tumor-to-liver ratio 345 

(SUVTLR) and tumor-to-blood ratio (SUR) as well. 346 

 Mean uptake Peak uptake Max uptake 

 Wild KRAS + Wild KRAS + Wild KRAS + 

SUV 

(MIM) 

5.70 

±1.82 

6.91 

± 2.46 

6.56 

±2.61 

8.29 

±4.04 

8.63 

±3.74 

11.79 

±5.17 

SUV 

(HERMES) 

5.63 

±1.46 

6.65 

±1.68 

7.09 

±2.97 

9.21 

±4.33 

8.63 

±3.74 

11.79 

±5.17 

SUV MIM + 

PVEC 

7.13 

±2.62 

8.94 

±3.26 

7.63 

±2.92 

9.79 

±3.93 

9.44 

±3.89 

13.09 

±4.96 

SUV 

(HERMES) + 

PVEC 

7.00 

±2.12 

8.37 

±1.86 

8.18 

±3.17 

10.53 

±3.95 

9.33 

±3.66 

12.63 

±4.68 

SUV (MIM) 

+ PVEC + 

Time corr. 

5.98 

±2.39 

7.74 

±3.18 

6.42 

±2.74 

8.44 

±3.66 

7.92 

±3.57 

11.19 

±4.46 

SUV 

(HERMES) + 

PVEC + 

Time corr. 

5.87 

±2.14 

7.22 

±1.92 

6.88 

±3.04 

8.99 

±3.44 

7.83 

±3.45 

10.77 

±4.05 



 

19 

SUVTLR 

(MIM) 

+ PVEC 

2.64 

±1.11 

3.54 

±1.53 

2.81 

±1.20 

3.92 

±1.91 

3.51 

±1.66 

5.28 

±2.61 

SUVTLR 

(HERMES) 

+ PVEC 

2.62 

±1.08 

3.35 

±1.16 

3.06 

±1.43 

4.27 

±2.16 

3.49 

±1.63 

5.12 

±2.56 

SUR (MIM) 

Time Corr. 

2.10 

±0.89 

2.77 

±0.83 

2.43 

±1.24 

3.30 

±1.43 

3.20 

±1.74 

4.66 

±1.81 

SUR 

(HERMES) 

Time Corr 

2.06 

±0.81 

2.70 

±0.67 

2.63 

±1.40 

3.65 

±1.53 

3.20 

±1.74 

4.66 

±1.81 

SUR (MIM) 

+ PVEC + 

Time corr 

2.60 

±1.17 

3.59 

±1.15 

2.80 

±1.35 

3.93 

±1.43 

3.47 

±1.79 

5.23 

±1.79 

SUR 

(HERMES) + 

PVEC + 

Time corr. 

2.55 

±1.07 

3.42 

±0.85 

3.01 

±1.52 

4.23 

±1.46 

3.43 

±1.75 

5.06 

±1.72 

 347 
 348 

 349 

Correlations 350 

 351 

Since only KRAS missense mutations were reliably shown to affect the outcome of anti-EGFR 352 

therapy, below we present the results when KRAS gene amplification cases are grouped 353 

with wild type. The results when the three cases carrying KRAS gene amplification and no 354 

KRAS missense mutations are grouped with KRAS missense mutations are presented in the 355 

supplement.   356 

The correlations observed between the investigated SUV metrics and the KRAS mutational 357 

status are presented in Table 4 using Student’s t-test and Wilcoxon rank sum test with 358 
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continuity correction p-values, and area under the curve (AUC) of the receiver operating 359 

characteristic (ROC).   The metrics presented in Table 4 are ordered with decreasing p-values 360 

from top to bottom.  This correlates with the increase of the AUC values which are 361 

presented only for the bottom row and the rightmost column.   362 

The mean coefficient of variation of the AUC between the two segmentation methods for 363 

SURMEAN, SURPEAK, and SURMAX with both PVE and uptake time corrections is 4.3, 1.5 and 1.2 % 364 

(from the AUC values for SURPVE+time corr. in Table 4) respectively.  ROC curves and AUC for 365 

SURMAX for KRAS mutation prediction are shown in Fig. 4.  The sensitivities and specificities 366 

for predicting KRAS mutations by the SUR derived metrics are shown in Table 5.   367 

Logistic regression curves for SUVMAX with and without PVE and uptake time corrections and 368 

for SURMAX with both corrections are shown in Fig. 5.  We see some dependence of the 369 

logistics regression optimal cut-off values (Fig. 5), on the segmentation methods used. The 370 

optimal cut-of values for SUR after PVE and time correction for MIM versus Hermes 371 

segmentation are: 3.04 versus 3.11 for SURMEAN , 2.89 versus 3.11 for SURPEAK , and 4.09 372 

versus 3.78 for SURMAX.  The optimal cut-off however did not change between the two types 373 

of grouping for the KRAS gene amplification cases: with wild type as presented in Fig. 5 and 374 

with KRAS+ as resented in the Supplement (Fig. S. 2). 375 

Table 4. Statistics for the separation for KRAS missense mutations based on 2-[18F]FDG 376 

uptake when KRAS gene amplification is grouped with wild type for all 60 lesions in 39 377 

interventional PET/CT scans.   Student’s t-test p-values are given for all metrics, while 378 

Wilcoxon rank sum test with continuity correction p-values (abbreviated to Wilc. R. Sum) 379 

and AUC are given as a second and third line number only for PVE and SUR corrected SUR 380 
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(bottom row) and for the maximum values derived from the Hermes segmentation 381 

contours.  Values obtained after PVE and uptake time correction as well as for derivative 382 

metrics as tumor-to-liver ratio (SUVTLR) and tumor-to-blood ratio (SUR) are provided.  383 

Parameter Mean Peak Max  

MIM HERMES MIM HERMES MIM HERMES Statistic 

SUV  

No corr. 

0.05 0.02 0.07 0.04 0.01 0.01 

0.01 

0.692 

Stud. t-test 

Wilc. R. Sum 

AUC 

SUV 

PVE corr. 

0.03 0.01 0.03 0.02 0.004 0.006 

0.005 

0.715 

Stud. t-test 

Wilc. R. Sum 

AUC 

SUVTLR  

PVE corr 

0.02 0.02 0.02 0.02 0.006 0.009 

0.004 

0.722 

Stud. t-test 

Wilc. R. Sum 

AUC 

SUV  

PVE +  

time corr. 

0.03 0.01 0.03 0.02 0.005 0.006 

0.005 

0.714 

Stud. t-test 

Wilc. R. Sum 

AUC 

SUR  

time corr. 

0.004 0.002 0.02 0.01 0.003 0.003 

0.002 

0.733 

Stud. t-test 

Wilc. R. Sum 

AUC 

SUR  

PVE + time corr. 

0.002 

0.003 

0.725 

0.0009 

0.0004 

0.770 

0.004 

0.004 

0.723 

0.003 

0.002 

0.738 

0.0005 

0.0005 

0.766 

0.0008 

0.001 

0.753 

Stud. t-test 

Wilc. R. Sum 

AUC 

 384 

 385 

Table 5.  Specificities and sensitivities for predicting KRAS missense mutations based on all 386 

60 lesions using SUR metrics after PVE and uptake time correction.  The rounded values 387 
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obtained for contours drawn by different operators using different type of segmentation 388 

algorithms within different software platforms are listed. 389 

 

  

Specificity 

 

Sensitivity 

Sensitivity 

+ 

Specificity 

SURMEAN       

MIM 

Hermes 

 

0.72 

0.81 

 

0.79 

0.71 

 

1.51 

1.51 

SURPEAK      

MIM 

Hermes 

 

0.67 

0.67 

 

0.83 

0.88 

 

1.50 

1.54 

SURMAX       

MIM 

Hermes 

 

0.72 

0.67 

 

0.83 

0.88 

 

1.56 

1.54 

 390 

 391 

a) 

 

b) 

 

Fig. 4.  Receiver operating characteristic (ROC) curves and AUC values for predicting CLM 392 

KRAS missense mutations (KRAS gene amplification is grouped with wild type) based on all 393 

60 lesions and SURMAX with both corrections for Hermes (a, left) and MIM segmentations (b, 394 

right). 395 
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In 31/39 interventional PET/CT scans analyzed, the mutational status of the targeted lesion 396 

was determined from the specimen extracted from the same procedure. Applying the 397 

analysis for SUVMAX only to the 31 lesions with accurately known KRAS mutational status also 398 

showed separation of the two groups when 2 remaining amplification cases are grouped 399 

with the wild type (average Student’s t-test p-values between the two segmentations: 0.003 400 

for SUVMAX with no corrections, 0.020 after both corrections, and 0.011 for SURMAX after 401 

both corrections).   402 

If we remove the 12 lesions in the vicinity of previously treated parts of the liver and analyze 403 

the remaining 48 lesions, the Student’s t p-values for separating KRAS+ mutations from wild 404 

type and whole gene amplification based on maximum uptake are: 0.015 for SUV, 0.006 for 405 

SUVPVE, 0.008 for SUVTLR, 0.005 for SUVPVE+time cor., 0.005 for  SURtime cor., and 0.001 for 406 

SURPVE+time cor. In this case, the mean AUCs between the two segmentations are 0.74 for 407 

SUVMAX, PVE + Time corr and 0.77 for SURMAX,PVE+time cor . If within this group of 48 lesions KRAS 408 

whole-gene amplification cases are grouped with KRAS+, statistical significance is lost. 409 

a) b)

 

c) 

 

Fig. 5. Logistic regression curves based on all 60 lesions for SUVMAX without any corrections 410 

(a), with both PVE and uptake time corrections, (b), and for SURMAX with both corrections (c), 411 
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KRAS gene amplification is grouped with wild type mutations. Dark gray shaded areas 412 

represent the 95% confidence intervals around the probability values.  Individual data points 413 

are shown with dots at probability levels of 0.00 and 1.00.  414 

When the three KRAS gene amplification cases are grouped with KRAS missense mutations 415 

the p-values are higher and the specificity and sensitivity and the AUC values are lower (see 416 

Table S.1, S.2 and Fig. S.1 in Supplement). 417 

Discussion 418 

For the investigated patient cohort, applying PVE corrections to the SUV leads to better 419 

separation of the two KRAS mutational statuses for all three SUV- and SUR- based metrics: 420 

mean, peak and max (Tables 3 and 4 and figures 4 and 5).  Applying uptake time correction 421 

lead to noticeably better separation of the two groups only for the SUR metrics but not for 422 

the SUV metrics (Table 4). PVE-corrected tumor-to-liver ratios, SUVTLR, performed similarly 423 

to PVE-corrected SUV.  Using the uptake time-corrected tumor-to-blood ratio, SUR, both 424 

with and without PVEC results in better separation of the two groups than PVE- and uptake 425 

time-corrected SUV. This indicates that uptake time variability is not the only relevant factor 426 

affecting the correlation between the chosen uptake metric and the tumor’s metabolic rate. 427 

The removal of  inaccuracies related to injected activity due to the residual activity 428 

assumption, scanner calibration and body mass/weight as well as accounting for inter-429 

subject variability of the arterial tracer supply as achieved by the use of the SUR metric, is of 430 

key importance as well.
36

  In fact, the logistic regression analysis (Fig. 5) shows that for the 431 

current patient cohort only the PVE and uptake time corrected SURMAX provides sufficient 432 

separation of the two groups to make mutation predictions from the 2-[18F]FDG uptake in 433 

PET images.  434 
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 435 

Using SURMAX and applying the corrections described above seems to have allowed  for 436 

better separation of KRAS-mutated from wild type CRC liver lesions than that demonstrated 437 

previously[24-27, 30] (Table 4). When KRAS gene amplification is grouped with wild type the 438 

PVE and uptake time corrected SURMAX gives the highest predictive value: between the two 439 

segmentations the mean specificity is 0.694 and the mean sensitivity is 0.854 (sum 1.548, 440 

Table 5). For SURMEAN and SURPEAK the mean specificity + sensitivity is slightly lower: 1.51 and 441 

1.52.  442 

 443 

Another factor we consider helpful in achieving better separation of the KRAS mutated 444 

cases is an increased accuracy in labeling the mutational status.  In 31/39 interventional 445 

PET/CT scans analyzed, the mutational status of the targeted lesion was determined from 446 

the specimen extracted from the same procedure. According to previous publications, about 447 

6-10 % of the remaining 29 lesions may have mutational status different from that 448 

determined in other lesions of the same patient[17]. Assuming that the overall discordance 449 

rate is approximately 10%[17], and since the mutational status of  31/60  lesions is precisely 450 

known, only 5 % (0.1 *(60-31) =2.9) of the 60 lesions may be potentially mislabeled. This 451 

decreases in half the general discordance rate. Thus, including target tumors with a precisely 452 

known mutational status, (52% in this cohort) increases the accuracy of the dataset and may 453 

have contributed to better separation of the two mutations.  454 

 455 

In our data-set, the KRAS missense mutations seem better separated (lower p-values, higher 456 

AUC in Table 4 and Fig. 4) when the cases with KRAS gene amplification (3 of the 32 cases 457 

tested by MSK-IMPACT) are grouped with the wild type.  This is understandable since KRAS 458 
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mutated cells were shown to exhibit enhanced glucose uptake[20] and these missense 459 

mutations were also found to be mutually exclusive with KRAS whole-gene amplification in 460 

this as well as in other patient cohorts[48]. The optimal cutoff values in the logistic 461 

regression analysis were not affected by reassigning the KRAS gene amplification cases to 462 

the KRAS mutant group (Fig. 5 and Fig. S2 in Supplement) probably due to the small number 463 

of gene amplification cases.  The mean specificity and sensitivity between the two 464 

segmentations for PVE and time corrected SURMAX in this case are 0.69 and 0.77 respectively 465 

(Table S2 in Supplement), compared to 0.69 and 0.85 for grouping with the wild type (Table 466 

5).  467 

One study has shown association of KRAS gene amplification with lack of response to anti-468 

EGFR therapy in all 4 gene amplification cases of 53 non-responding cases, however 469 

according to the authors this was not statistically significant and for these cases it was 470 

mutually exclusive with KRAS missense mutations[48].  KRAS gene amplification was seen in 471 

0.7 % of cases with “de novo resistance to anti-EGFR treatment”[49].     However, while 472 

KRAS amplification is a recurrent event in CRC and designated as likely oncogenic by the 473 

OncoKB knowledge base[50], at present, KRAS amplification per se is not a contraindication 474 

for anti-EGFR therapy [51] and its clinical significance remains uncertain.  475 

 476 

In the investigated cohort, most of the observed KRAS missense mutations are in codon 12 477 

(n=8), but codons 13 (n=4), 61 (n=2) and 146 (n=1) were also represented.  While for 478 

mutations in codon 61 the reduction in response rate to cetuximab plus chemotherapy 479 

compared to wild type was found to be significant, that for mutations in codon 146 was not 480 

significant for a small number of cases[9].  Also KRAS G13D mutations were shown to have 481 
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potential positive effect on survival compared to other KRAS mutations in a retrospective 482 

study; however; further scrutiny of this effect is needed[52, 53].  Therefore, if the above 483 

findings of the effect of KRAS missense mutation location are confirmed, investigations of 484 

the effect of mutation location on 2-[18F]FDG uptake with larger patient cohorts harboring 485 

such mutations would be justified. 486 

The ROC and logistic regression curves (Fig. 4 and Fig.5) show that some of the 2-[18F]FDG 487 

uptake-based metrics presented have potential to predict KRAS missense mutations in CLM.  488 

From the investigated metrics, PVE and uptake time-corrected SURMAX results in the highest 489 

AUC, specificity and sensitivity and therefore seems most promising for mutational status 490 

characterization. Making such a prediction based on previous or on intraprocedural PET 491 

images can prompt the interventional radiologist to biopsy lesions which may harbor 492 

mutations potentially different from those previously established or among different 493 

lesions.  In this way, early predictions of CLM KRAS mutations, especially for cases with 494 

multiple lesions, would allow optimization of immediate interventions[11, 14] as well as of 495 

future treatments[6-10]. 496 

To further establish 2-[18F]FDG uptake as a biomarker of KRAS+ status in CLM  it is 497 

important to address the limitations of the presented investigation.  Several steps in that 498 

direction can be taken. One would be to reduce the uncertainty in SUV by requiring residual 499 

activity measurement for each patient injection. Another would be including more lesions 500 

with specifically known mutational status to further reduce the labeling error and improve 501 

statistics.  Use of SUR eliminates uncertainties related to injected activity and other 502 

technical and patient related factors.  While several studies have shown that using the SUR 503 

based uptake time correction leads to finding better defined correlations by reducing 504 
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variance in uptake, this work extends the applicability of this approach to larger uptake time 505 

differences.   506 

 507 

 Conclusion 508 

Reducing the number of potentially mislabeled cases by focusing predominantly on lesions 509 

with genomic profile obtained from 2-[18F]FDG PET/CT guided biopsies, applying partial 510 

volume effect and uptake time corrections, and using the ratio of maximum-tumor to mean-511 

blood uptake in PET/CT scans,  allowed for a highly statistically significant separation of 512 

colorectal adenocarcinoma liver lesions expressing KRAS missense mutations.  Future testing 513 

with a larger patient cohort and implementation of these algorithms in the clinic, may allow 514 

assigning probabilities for the KRAS mutation status of such lesions from the PET images. 515 

This may lead to further optimization of interventions and therapy for metastatic colorectal 516 

adenocarcinoma in the liver. 517 
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Figures

Figure 1

Fused PET/CT images of multiple liver metastases in a colorectal cancer case. Only one of the lesions
was biopsied (top left) and showed KRAS mutant status. Segmentation contours for four lesions are
shown. SUVMAX before and after PVE correction is quoted for each lesion.

Figure 2

Cropped fused 2-[18F]FDG PET-CT coronal (left), sagittal (middle) and axial (right) images of the
descending aorta with contours used for determining the mean blood SUV (case # 15: VOI 2.5 mL,
SUVBLOOD, MEAN =1.9).



Figure 3

Recovery coe�cients (RC) used for applying PVE correction to the tracer uptake of each lesion. The
symbols represent the measured RCs for each NEMA NU-2 image quality phantom sphere. The �nal
recovery coe�cients used for PVE correction (lines) are obtained by applying a correction for the cold
walls of the phantom spheres obtained by using a RC model[42] to compute the recovery coe�cient ratio
for spheres with and without walls.

Figure 4

Receiver operating characteristic (ROC) curves and AUC values for predicting CLM KRAS missense
mutations (KRAS gene ampli�cation is grouped with wild type) based on all 60 lesions and SURMAX with
both corrections for Hermes (a, left) and MIM segmentations (b, right).



Figure 5

Logistic regression curves based on all 60 lesions for SUVMAX without any corrections (a), with both PVE
and uptake time corrections, (b), and for SURMAX with both corrections (c), KRAS gene ampli�cation is
grouped with wild type mutations. Dark gray shaded areas represent the 95% con�dence intervals around
the probability values. Individual data points are shown with dots at probability levels of 0.00 and 1.00.
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