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Synchronous colorectal cancer liver metastasis (SCLM) remains
a clinical challenge, largely because of the limited availability of

tools that use reliable prognostic indicators to guide treatment. This

study assessed the prognostic ability of preoperative 18F-FDG PET/
CT in patients with SCLM who had undergone curative-intent co-

lorectal and liver surgery. Methods: All included patients had un-

dergone simultaneous colorectal and hepatic surgery to treat

SCLM. Cox regression for survival analysis was undertaken using
clinicopathologic variables and metabolic parameters (metabolic

tumor volume [MTV], total lesion glycolysis [TLG], and peak stan-

dardized uptake value [SUVpeak]) as covariates, with tumor recur-

rence and death used as endpoints. Results: One hundred twenty
patients (82 men, 38 women; mean age ± SD, 59.9 ± 10.1 y) met the

inclusion and exclusion criteria. Univariate analysis showed that

MTV, TLG, and the size of hepatic metastases were significant indi-
cators of both recurrence-free survival and overall survival, whereas

those of primary colorectal tumors were not. Multivariate analysis

revealed that the SUVpeak of primary tumors and hepatic metasta-

ses remained significant after adjusting for other clinicopathologic
variables, whereas the MTV and TLG of hepatic metastases became

insignificant after adjusting for differences in tumor size. The com-

bination of a high SUVpeak of hepatic metastases and a low SUVpeak

of primary tumors was related to poor prognosis under the multi-
variate model. Conclusion: In patients with SCLM who underwent

curative-intent colorectal and liver surgery, metabolic parameters of

hepatic metastases possess prognostic significance whereas those

of primary colorectal tumors do not. For hepatic metastases, the
SUVpeak is an independent prognostic factor, whereas MTV and

TLG are surrogate measures of tumor size. Reduced recurrence-

free survival rates are associated with higher SUVpeak for hepatic
metastases and lower SUVpeak for primary tumors. Further studies

are needed to elucidate the underlying mechanisms.
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Colorectal cancer (CRC) accounts for much of the global
morbidity and mortality associated with cancer, especially in de-

veloped countries. The liver is the single most common site of

distant metastasis; up to 50% of CRC patients develop liver metas-

tasis during the course of the disease, and 20%225% of patients

with newly diagnosed CRC present with synchronous liver metas-

tasis at the time of initial diagnosis (1–3).
Hepatic metastasectomy is the standard of care to treat liver

metastasis when curative surgery is feasible. However, the

prognosis after hepatectomy is poor, with the 5- and 10-y survival

rates after hepatectomy being approximately 40% and 25%,

respectively (4). The prognosis is even poorer for patients with

synchronous hepatic metastasis (a hepatic metastasis presented at

the same time of its primary colorectal tumor) than for those with

metachronous hepatic metastasis (a hepatic metastasis that has

developed after the resection of the primary colorectal tumor)

(5–7). Several previous investigators have developed prognostic

scoring systems to improve patient selection for hepatic metasta-

sectomy and as criteria for patient stratification in clinical trials

(8–10).
The unsatisfactory outcome reflects the absence of widely

accepted criteria to select patients for hepatectomy (4) and the

unsatisfactory and inconsistent results associated with previously

developed prognostic scoring systems that use clinicopathologic

variables (11). This underscores the need for a new prognostic

model that uses biologic and clinicopathologic factors to guide

treatment of the patients with SCLM (11,12).
18F-FDG PET/CT uses the increased rates of glucose metabo-

lism in tumors to characterize the biology of different cancers,

with several studies having reported that high rates of 18F-FDG

uptake in tumors are associated with increased aggressiveness and

poor survival (13,14). However, only a limited number of studies

have addressed the prognostic ability of 18F-FDG PET/CT in

patients with CRC liver metastasis (15–17). In particular, no pub-

lished article has dealt exclusively with SCLM, for which the

prognosis is worse than the prognosis for metachronous metastasis.

The greater severity of SCLM than metachronous metastasis

underscores the importance of aggressive chemotherapy and the

selection of patients for whom surgery is appropriate.
This study evaluated the prognostic ability of preoperative 18F-

FDG PET/CT in patients with SCLM who had undergone curative-

intent colorectal and liver surgery. Standardized uptake values

(SUVs) and the volumetric parameters, such as metabolic tumor
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volume (MTV) and total lesion glycolysis (TLG), were analyzed as
potential prognostic factors.

MATERIALS AND METHODS

Inclusion and Exclusion Criteria

Patients diagnosed as having colorectal adenocarcinoma with

synchronous liver metastasis and who had undergone curative-intent
(i.e., without macroscopic residual tumor) simultaneous colorectal and

hepatic surgery between January 2006 and June 2011 in our institution
and who did not receive neoadjuvant treatment were retrospectively

identified. Exclusion criteria included combined radiofrequency abla-
tion or ethanol ablation for treatment of liver metastases, distant

metastases other than liver metastases, overt double primary malig-
nancy, hereditary CRC, loss of follow-up immediately after surgery

(within 3 mo), and absence of data generated by preoperative PET/CT.
This retrospective cohort study was approved by the institutional

review board (2013-0403), and the requirement to obtain informed
consent was waived.

Clinicopathologic and Survival Data

Clinicopathologic data considered to be potentially relevant to

prognosis were collected from the patients’ medical records. Data in-
cluded age at surgery, sex, TNM stage, the preoperative serum carci-

noembryonic antigen level, the number and size of hepatic metastases
and their locations (lobes), the size of primary colorectal tumors, the

resection margin positivity of hepatic metastases, and differentiation
grade. The sizes of hepatic metastases and primary colorectal tumors

were defined as the longest diameters of the tumors. For patients with
multiple hepatic metastases, the diameter of the largest tumor was used.

Clinical risk scores developed by Fong et al. for predicting survival after
hepatic resection for metastatic CRC were also calculated (8).

Recurrence-free survival (RFS) was defined as the interval from the
day of surgery to the date of cross-sectional imaging (CT, PET/CT, or

MR imaging) when tumor recurrence was first identified. All tumor
recurrences were confirmed by pathology or at clinical follow-up.

Overall survival (OS) was defined as the interval from surgery to death.

Acquisition and Analysis of 18F-FDG PET Data

Patients underwent 18F-FDG PET/CTon 1 of the 3 scanners operated
in our hospital (Discovery ST [GE Healthcare] and Biograph 16 and

Biograph 40 [SiemensMedical Solutions]). All patients fasted for at least
6 h before the 18F-FDG PET/CT scan. After the venous blood glucose

level was confirmed to be below 150mg/dL, 18F-FDG (5.2MBq/kg body
weight) was injected intravenously, and PET/CT scanning commenced

50 min later. Images were reconstructed using a 3-dimensional ordered-

subset expectation maximization algorithm, and CT attenuation maps
were used for attenuation correction. The SUV was calculated according

to the standard formula, using lean body mass as the body weight.
Issues with interscanner difference had to be addressed before

semiquantitative image analysis could be performed, because the 3
scanners used in this study had different voxel sizes and reconstruction

parameters and because the widely used maximum SUV (SUVmax) is
sensitive to these configurations (18). We mitigated this problem in 2

ways. First, we used peak SUV (SUVpeak) instead of SUVmax. The
SUVpeak was defined as the average SUV within a 1.2-cm-diameter

spheric volume of interest (VOI) positioned around the voxel of highest
SUV. This voxel-averaging procedure reduces the effects of differences

in voxel sizes on the resultant SUVpeak (19). Second, we normalized the
tumor SUVpeak by dividing it by the mean SUV (SUVmean) within a 3-

cm-sized reference VOI positioned in the normal liver parenchyma.
This procedure was performed to address the problem of possible

cross-calibration error among the scanners. These normalized SUVpeak

(nSUVpeak) figures were used in the analysis.

The nSUVpeak, MTV, and TLG of both the primary colorectal tumor

and every hepatic metastasis were calculated. All PET/CT data in
DICOM format were transferred to a workstation and analyzed using

TrueD software (Siemens Medical Solutions). A 3-dimensional ellip-
soid isocontour tool implemented in TrueD was used to draw appro-

priate VOIs. We applied an isocontour threshold of 50% SUVpeak to
delineate the tumor boundaries. When 50% of the SUVpeak of a hepatic

metastasis was smaller than the SUVmean 1 4 SDs of the reference
liver VOI, the SUVmean 1 4 SDs was used as the threshold to prevent

inclusion of normal liver into the tumor VOI. MTV was defined as the
volume (cm3) within the tumor VOI. TLG was calculated as the prod-

uct of MTV and SUVmean within the VOI. The TLG was normalized
by dividing it by the SUVmean of the normal liver to produce the

normalized TLG (nTLG), which was used in the analysis. In the cases
of multiple hepatic metastases, MTVand nTLG values of each hepatic

metastasis were added, and the sums were used in the analysis. When
hepatic metastases could not be distinguished from the surrounding

normal liver tissue by PET, VOIs were drawn manually at the appro-
priate locations with the aid of contrast-enhanced CT or MR imaging.

In addition to these individual metabolic parameters, a set of

composite variables (M/P ratios) were calculated and used in the
survival analysis. The M/P ratio of SUVpeak was defined as the ratio of

the SUVpeak of the hepatic metastasis to that of the primary colorectal
tumor. M/P ratios of MTVand TLG were defined in the same manner.

Statistical Analysis

Survival analysis was undertaken using clinicopathologic and PET
parameters as covariates and tumor recurrence and death as endpoints.

The durations of RFS and OS were calculated using the Kaplan–Meier
method. Univariate Cox regression analysis was performed for each

potential prognostic variable. Variables with a P value of less than
0.25 by univariate analysis were included in the multivariate analysis.

Multivariate Cox regression was performed for selected combinations
of prognostic factors to determine the independent prognostic signif-

icance of each combination. Construction of the multivariate survival

models involved a 2-block design, with different entry methods used
for each block. In the first block, we entered variables without entry

and removal thresholds (i.e., fixed variables). In the second block, we
entered the remaining variables and applied backward elimination

(entry threshold, P , 0.05; removal threshold, P . 0.1). Using
b-coefficients in the multivariate models as weights, we calculated

prognostic scores for RFS (PSRFS) and OS (PSOS). The deciles of
PSRFS and PSOS that produced the lowest P values were chosen as

the optimal cutoff points for dichotomizing patients into good and poor
prognostic groups. Differences in the survival rates of these 2 groups

were demonstrated using Kaplan–Meier curves and the log-rank test.
The degree of correlation was shown using either the Pearson

correlation coefficient r or Spearman rank correlation coefficient r.
SPSS software (version 18.0; SPSS Inc.) was used for all statistical

analysis.

RESULTS

Patient and Tumor Characteristics

Screening of patients identified 198 who fulfilled the inclusion
criteria. Elimination from the study group of patients who met the
exclusion criteria left 120 patients who were included in the
analysis (Fig. 1). The 78 excluded patients (39%) did not signif-
icantly differ from the 120 included patients in terms of the clin-
icopathologic characteristics listed in Table 1, except for the
number of hepatic metastases and the proportion of bilobar hepatic
metastases, which were significantly higher in the excluded
patients (P 5 0.001 and ,0.001, respectively), probably because
the patients who underwent radiofrequency ablation tended to
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possess more disseminated hepatic metastases than the surgically
cured patients. Tables 1 and 2 summarize the demographics and
tumor characteristics of the 120 enrolled patients. There was no
early postoperative mortality (within 30 d of surgery). In 3
patients, both MTV and nTLG were calculated as zero because
the SUVmax of the hepatic metastases was below the threshold.
The level of plasma glucose determined at the time of the 18F-
FDG PET/CT scan was less than 150 mg/dL in all patients (range,
722148 mg/dL).

Survival Characteristics

Among the 120 patients analyzed, 77 (64%) experienced tumor
recurrenceduring follow-up.Themedian follow-updurationof the 43
recurrence-free patients was 39.4 mo (range, 17.0267.3 mo). One-
year and 17-mo RFS rates were 61% (73/120) and 49% (59/120),
respectively. The mean RFS for all 120 patients was 30.2 mo (95%
confidence interval [CI], 25.2235.1). Sites of tumor recurrencewere
liver only (44 patients, 57%), liver and other organs (5 patients, 6%),
lung (14 patients, 18%), the site of colorectal surgery (2 patients, 3%),
peritoneum (5 patients, 6%), or other sites (6 patients, 7%).
Forty patients (33%) died during follow-up. The median follow-

up duration of the 80 surviving patients was 43.9 mo (range,
23.0289.0 mo). The 1-y and 23-mo OS rates were 98% (117/120)
and 88% (105/120), respectively. The mean OS for all 120 patients
was 63.8 mo (95% CI, 57.8269.9).

Univariate and Multivariate Survival Analysis

Univariate Cox regression analysis was undertaken to evaluate
the prognostic potential of each variable (Tables 3 and 4). The M/P
ratio of SUVpeak and the number of hepatic metastases were sig-
nificantly associated with RFS (P , 0.05). The size, nSUVpeak,
MTV, and nTLG values of the hepatic metastases were of border-
line significance (0.05 , P , 0.10). Sex, nSUVpeak, and MTV of
the primary tumor; differentiation grade; and Fong’s clinical risk
score were weakly associated with RFS (0.10 , P , 0.25).
Similar results were found for OS, with some differences. The

nSUVpeak, nTLG, and size of the hepatic metastases and differen-
tiation grade were significantly associated with OS (P , 0.05).
The MTVof hepatic metastases and the M/P ratio of SUVpeak were
of borderline significance (0.05 , P , 0.10). Age, preoperative
serum carcinoembryonic antigen, and adjuvant chemotherapy
were weakly associated with OS (0.05 , P , 0.25).

Before undertaking the multivariate analysis, a correlation
coefficient matrix was calculated to address the problem of
multicolinearity (Supplemental Table 1; available at http://jnm.
snmjournals.org). The correlation coefficients between any pairs
of the size, MTV, and nTLG of hepatic metastasis were greater
than 0.8, suggesting possible complications caused by multicoli-
nearity. On the other hand, the nSUVpeak of hepatic metastases
was only weakly correlated with MTV, nTLG, or tumor size (r ,
0.5). The correlation coefficients between other potential prognos-
tic variables were all small (,0.4).
Multivariate Cox regression analysis generated 4 models for

RFS (Table 5) and another 4 for OS (Table 6). First models (mod-
els 1 and 5) included nSUVpeak and the size of hepatic metastases
as the fixed variables. Second models (models 2 and 6) included
the M/P ratio of SUVpeak and the size of hepatic metastases as the
fixed variables. Third models (models 3 and 7) included the MTV

FIGURE 1. Flow diagram outlining criteria used for patient inclusion

and exclusion.
TABLE 1

Demographics and Clinicopathologic Features of Primary
Colorectal Cancers and Liver Metastases

Characteristic n or mean ± SD

Age (y) 59.9 ± 10.1 (range, 35−80)
Sex
Male 82 (68%)
Female 38 (32%)

Preoperative

carcinoembryonic

antigen (ng/mL)

35.2 ± 99.8 (range, 0.32−812.8)

Pathologic stage
T
T2 1 (1%)

T3 107 (89%)

T4 12 (10%)
N
N0 29 (24%)

N1 47 (39%)

N2 44 (37%)

Location of primary tumor
Colon 74 (62%)
Rectum 46 (38%)

Bilobar hepatic metastasis
Yes 21 (17%)

No 99 (83%)
Hepatic resection margin
Positive 13 (11%)

Negative 107 (89%)

Differentiation grade
Well differentiated 4 (3%)

Moderately differentiated 110 (92%)
Poorly differentiated 6 (5%)

Number of hepatic

metastasis
1 70 (59%)

2 29 (24%)

3 10 (8%)

.3 11 (9%)
Size of primary tumor (cm) 5.5 ± 1.8 (range, 1.7−11.2)
Size of hepatic metastasis

(cm)

3.5 ± 2.4 (range, 0.4−14.0)

Adjuvant chemotherapy
No 4 (3%)
Yes 116 (97%)

Total 120 (100%)
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and the size of hepatic metastases as the fixed variables. Fourth
models (models 4 and 8) included the nTLG and the size of
hepatic metastases as the fixed variables. The remaining potential
prognostic variables underwent backward stepwise elimination in
each model construction.
Multivariate analysis revealed that the nSUVpeak of hepatic me-

tastases is a prognostic factor for RFS that is independent of the

size or number of hepatic metastases (Table 5, model 1). On the
other hand, MTV or TLG of hepatic metastases did not remain
significant when adjusted for the size of hepatic metastases (Table
5, models 3 and 4). Although the nSUVpeak of both the primary
tumors and the hepatic metastases were not significant in the
univariate analysis, they became significant by multivariate anal-
ysis (Table 5, model 1). In this model, a higher nSUVpeak of the
primary tumors was unexpectedly associated with better RFS.
Because of this result, the M/P ratio of SUVpeak was significantly
associated with the prognosis after adjusting for other clinicopath-
ologic variables (Table 5, model 2).
In multivariate analysis, the nSUVpeak of the hepatic metastases

remained significant for OS (P5 0.013) despite adjustment for the
sizes of hepatic metastases and the differentiation grade (Table 6,
model 5). On the other hand, MTV and nTLG again became in-
significant after adjusting for the sizes of hepatic metastases (Ta-
ble 6, models 7 and 8).
Using b coefficients in models 2 and 5 as weights, we calcu-

lated PSRFS and PSOS as follows:

PSRFS 5 0:508 · sex1 0:735 · MPRSUV 1 0:070 · SH 1 0:185 · NH

PSOS 5 0:035 · A 2 0:152 · SUVP 1 0:363 · SUVH

1 0:032 · SH 1 1:344 · DG;

TABLE 2
Metabolic Features of Primary Colorectal Cancers and Liver

Metastases

Metabolic parameter Mean ± SD

SUVmean of normal liver 1.8 ± 0.3 (1.2−2.9)
SUVpeak of primary tumor 8.7 ± 4.0 (2.1−29.9)
nSUVpeak of primary tumor 5.0 ± 2.3 (1.4−16.9)
SUVpeak of hepatic metastasis 5.4 ± 2.8 (1.8−20.6)
nSUVpeak of hepatic metastasis 3.1 ± 1.6 (0.9−11.6)
MTV of primary tumor (cm3) 20.6 ± 15.3 (3.0−124.7)
MTV of hepatic metastasis (cm3) 32.2 ± 61.9 (0.0−450.4)
nTLG of primary tumor (cm3) 79.5 ± 75.4 (6.0−555.0)
nTLG of hepatic metastasis (cm3) 91.6 ± 182.7 (0.0−1215.6)

Data in parentheses are ranges.

TABLE 3
Univariate Cox Regression Analysis for Clinicopathologic Risk Factors Associated with Survival

RFS OS

Variable n Hazard ratio 95% CI P Hazard ratio 95% CI P

Age (y) 120 1.009 0.987−1.032 0.428 1.034 1.000−1.069 0.052
Sex

Female 38 — — — — — —

Male 82 1.462 0.885−2.414 0.138 1.308 0.639−2.677 0.462

Size of primary tumor (cm) 120 1.034 0.908−1.176 0.617 0.982 0.826−1.168 0.838

Size of hepatic metastasis (cm) 120 1.088 0.998−1.187 0.055 1.131 1.016−1.259 0.025
Preoperative serum carcinoembryonic antigen (ng/mL) 120 1.001 0.999−1.003 0.298 1.002 0.999−1.004 0.179

T stage
T2, T3 108 — — — — — —

T4 12 1.194 0.595−2.396 0.617 1.019 0.361−2.876 0.972
N stage

N0 29 — — 0.822 — — 0.776

N1 47 0.881 0.494−1.571 0.667 1.281 0.557−2.947 0.560

N2 44 1.031 0.578−1.839 0.919 1.035 0.434−2.471 0.937

Positive hepatic resection margin
No 107 — — — — — —

Yes 13 1.315 0.656−2.639 0.440 1.518 0.637−3.620 0.346

No. of hepatic metastasis 120 1.200 1.009−1.427 0.039 1.058 0.858−1.304 0.596

Bilobar hepatic metastasis
No 99 — — — — — —

Yes 21 0.886 0.488−1.609 0.691 0.735 0.288−1.880 0.521

Differentiation grade
Well or moderately differentiated 114 — — — — — —

Poorly differentiated 6 1.934 0.703−5.324 0.202 5.234 1.803−15.196 0.002

Location of primary tumor
Colon 74 — — — — — —

Rectum 46 1.265 0.803−1.992 0.310 0.986 0.524−1.857 0.966

Adjuvant chemotherapy
No 4 — — — — — —

Yes 116 0.585 0.214−1.605 0.298 0.414 0.099−1.738 0.228
Fong’s clinical risk score 120 1.225 0.891−1.683 0.214 1.310 0.850−2.021 0.224
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where sex was male 5 1, female 5 0; MPRSUV, M/P ratio of
SUVpeak; SH, size of hepatic metastasis (cm); NH, number of
hepatic metastasis; A, age (y); SUVP, nSUVpeak of primary tumor;
SUVH, nSUVpeak of hepatic metastasis; and DG, poorly differen-
tiated 5 1, well or moderately differentiated 5 0.
The mean 6 SD values of PSRFS and PSOS were 1.425 6 0.495

(range, 0.43723.090) and 2.634 6 0.723 (range, 0.96524.633),
respectively. Univariate Cox regression analysis showed that 1-
unit increases of PSRFS and PSOS are associated with a 2.73-fold
increase in the risk of tumor recurrence (hazard ratio, 2.73; 95%
CI, 1.6724.46, P , 0.001) and with a 2.73-fold increase in the
risk of death (hazard ratio, 2.73; 95% CI, 1.7824.17, P , 0.001),
respectively. PSRFS and PSOS remained significant (P , 0.001)
after adjusting for the Fong’s score (Supplemental Table 3).
Kaplan–Meier survival curves were plotted for the optimal cut-

off values of PSRFS (Fig. 2A) and PSOS (Fig. 2B). The survival
differences between the dichotomized groups were statistically
significant (P 5 0.0018 for PSRFS; P , 0.0001 for PSOS).

DISCUSSION

The most important contribution of this study is the evaluation
of the prognostic significance of a complete set of metabolic

parameters (SUV, MTV, and TLG) for both primary colorectal
tumors and hepatic metastases in an important clinical setting—
that is, curative-intent simultaneous colorectal and hepatic surgery
for the treatment of SCLM. Several previous studies have inves-
tigated whether there is any prognostic role of 18F-FDG PET/CT
in cases of hepatic metastasis from a primary CRC. A study by De
Geus-Oei et al. reported that a high SUV of hepatic metastases is
significantly associated with poor survival, although the study in-
cluded both patients who underwent surgery and patients who
received chemotherapy (15). Riedl et al. demonstrated that the
SUVmax of hepatic metastases is associated with tissue markers of
poor prognosis (glucose transporter 1, Ki-67, and p53) and prognosis
itself, but there was no mention of whether the liver metastases were
synchronous or metachronous and whether the SUVmax was for the
primary tumor or the hepatic metastasis (16). Recently, Muralidharan
et al. have reported that the MTV and TLG, but not SUVmax, of
a hepatic metastasis is significantly associated with prognosis. How-
ever, the study included a relatively limited number of patients (n 5
30), and there was no mention of whether the liver metastases ana-
lyzed were synchronous or metachronous. Moreover, it included only
patients who underwent neoadjuvant chemotherapy.
In the current study, we show that the SUVpeak of the primary

tumor and hepatic metastasis possesses independent prognostic

TABLE 4
Univariate Cox Regression Analysis for Metabolic Risk Factors Associated with Survival

RFS OS

Variable n Hazard ratio 95% CI P Hazard ratio 95% CI P

nSUVpeak of primary tumor 120 0.932 0.837−1.038 0.202 0.984 0.860−1.127 0.820

nSUVpeak of hepatic metastasis 120 1.106 0.982−1.245 0.097 1.209 1.055−1.386 0.006
M/P ratio of nSUVpeak 120 2.351 1.308−4.226 0.004 1.849 0.891−3.837 0.099

MTV of primary tumor (cm3) 120 1.012 0.996−1.028 0.139 1.005 0.988−1.021 0.589

MTV of hepatic metastasis (cm3) 120 1.003 1.000−1.006 0.068 1.003 1.000−1.006 0.058
M/P ratio of MTV 120 1.036 0.983−1.092 0.184 1.051 0.989−1.117 0.108

nTLG of primary tumor (cm3) 120 1.001 0.997−1.005 0.702 1.000 0.996−1.004 0.949

nTLG of hepatic metastasis (cm3) 120 1.001 1.000−1.002 0.065 1.001 1.000−1.002 0.023

M/P ratio of nTLG 120 1.040 0.989−1.093 0.129 1.049 0.989−1.112 0.108

TABLE 5
Multivariate Cox Regression Models for RFS

Model Variable β Hazard ratio 95% CI P

1 Sex (male) 0.491 1.634 0.979−2.726 0.060

nSUVpeak of primary tumor −0.136 0.872 0.763−0.998 0.047

nSUVpeak of hepatic metastasis 0.218 1.244 1.002−1.543 0.048

Size of hepatic metastasis (cm) 0.050 1.051 0.937−1.180 0.393
No. of hepatic metastasis 0.169 1.184 0.994−1.410 0.058

2 Sex (male) 0.508 1.663 0.997−2.774 0.051

M/P ratio of SUVpeak 0.735 2.086 1.041−4.180 0.038
Size of hepatic metastasis (cm) 0.070 1.073 0.967−1.190 0.183

No. of hepatic metastasis 0.185 1.204 1.011−1.433 0.037

3 Sex (male) 0.492 1.635 0.979−2.730 0.060

MTV of hepatic metastasis (cm3) 0.000 1.000 0.994−1.005 0.887
Size of hepatic metastasis (cm) 0.127 1.136 0.964−1.338 0.129

No. of hepatic metastasis 0.213 1.237 1.040−1.472 0.016

4 Sex (male) 0.490 1.633 0.978−2.726 0.061

nTLG of hepatic metastasis (cm3) 0.000 1.000 0.998−1.002 0.937
Size of hepatic metastasis (cm) 0.123 1.131 0.955−1.338 0.153

No. of hepatic metastasis 0.212 1.237 1.039−1.472 0.017
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significance, even after adjusting for other clinicopathologic prog-
nostic variables. In contrast, volumetric parameters (MTV and
TLG) did not remain significant after adjusting for the size of
the hepatic metastases, suggesting that the prognostic performan-
ces of MTV and TLG can be attributed to their abilities to act as
surrogate measures of the sizes of hepatic metastases. This notion
is supported by the fact that, in our present data, the cubic root of
the MTV of the largest hepatic metastasis was highly correlated
with its size (r 5 0.929, P , 0.0001; Supplemental Fig. 1A). The
situation is similar for the TLG. Although the TLG is a composite
variable derived from SUVmean and MTV, a major proportion of
the variation in TLG values can be attributed to variation in the
MTV, and the contribution of SUVmean to the variation of TLG is
relatively small. Our data indicate that the coefficient of variation
(i.e., SD divided by the mean) of the SUVmean was 0.49, whereas
that of MTV was 2.14, indicating that MTV is 4 times more vari-
able than SUVmean. Hence, the variation in the TLG tends to
closely follow the variation in the MTV. For this reason, the cubic
root of the TLG of the largest hepatic metastasis was also highly
correlated with its size (r5 0.928, P, 0.0001; Supplemental Fig.
1B), as in the case of the MTV. This issue was not addressed in the
work of Muralidharan et al. (17).
The above arguments we have put forward regarding MTV and

TLG are not an assertion that these measures have no prognostic
usefulness. In the case of hepatic metastasis, most of the tumors
are nearly spheric in shape. Hence, the cubic root of the tumor
volume (e.g., MTV and CT volume) tends to be highly correlated
with the single-dimensional tumor size. However, in the case of
irregularly shaped tumors (such as those of head and neck cancers)
of which the patterns of spread are shaped by the complex
anatomy of multiple fascial planes, the cubic root of the tumor
volume is expected to be less correlated with the largest single-
dimensional tumor size than for spheric tumors. In this case, MTV
would not be a mere surrogate of the tumor size. This speculation
may partly explain why MTV has proved its prognostic usefulness
in several studies that have involved head and neck cancers (20–
22).
Our results also consistently demonstrate that clinicopathologic

and metabolic parameters of hepatic metastases are prognostically

more important than those of the primary tumors. Most of the
variables that pertain to the primary tumor were prognostically not
significant for the patient cohort included in the current study.
Primary colorectal tumor parameters are expected to be associated
with prognosis in cases of locoregional disease. However, it seems
that once a liver metastasis develops, the prognosis becomes
primarily dependent on the parameters associated with this hepatic
metastasis and not on the characteristics of the primary tumor. One
possible explanation would be that parameters for the hepatic
metastasis might represent the duration or proliferative rate of the
hepatic metastatic growth, which is associated with the develop-
ment of hidden metastasis. If this is true, a large tumor burden or
increased metabolic activity of known hepatic metastases would
be associated with an increased likelihood of a subclinical distant
metastasis.
An interesting result from the current study is the nature of the

relationship between the SUVpeak of primary colorectal tumors
and that of hepatic metastases in predicting RFS (Table 5, model
1). These 2 variables were not significant by univariate analysis,
although they became statistically significant in the multivariate
analysis. Whereas a high SUVpeak of hepatic metastases was found
to be associated with a poor prognosis, a high SUVpeak of primary
tumors was associated with a good prognosis, despite the fact that
these 2 parameters are positively correlated (Supplemental Table
1). These results partly explain why each of these parameters was
not significant in the univariate analysis—that is, opposing prog-
nostic effects might have caused each to cancel the effects of the
other. It remains to be established why high SUVpeak of primary
tumors indicate a good prognosis, but one of the possible mech-
anisms would be the inhibition of the hepatic metastasis by the
primary tumor. Peeters et al. have reported that the resection of
primary tumors in patients with SCLM resulted in metabolic flare
of hepatic metastasis, as visualized by 18F-FDG PET (23). The
same authors also reported that the resection of the primary tumor
is associated with decreased apoptosis and increased proliferation
of the hepatic metastasis and showed that this result was associ-
ated with endogenous antiangiogenic substances (angiostatin and
endostatin) in urine and plasma, which is thought to result from
the secretion of these substances from the primary colorectal

TABLE 6
Multivariate Cox Regression Models for OS

Model Variable β Hazard ratio 95% CI P

5 Age (y) 0.035 1.036 1.001−1.073 0.047
nSUVpeak of primary tumor −0.152 0.859 0.717−1.030 0.101

nSUVpeak of hepatic metastasis 0.363 1.438 1.080−1.916 0.013

Size of hepatic metastasis (cm) 0.032 1.033 0.895−1.191 0.660

Differentiation grade (poor) 1.344 3.836 1.255−11.724 0.018
6 Age (y) 0.032 1.032 0.997−1.069 0.070

M/P ratio of SUVpeak 0.233 1.263 0.497−3.207 0.624

Size of hepatic metastasis (cm) 0.112 1.118 0.986−1.269 0.082
Differentiation grade (poor) 1.546 4.694 1.515−14.515 0.007

7 Age (y) 0.031 1.031 0.997−1.067 0.077

MTV of hepatic metastasis (cm3) 0.000 1.000 0.993−1.007 0.914

Size of hepatic metastasis (cm) 0.138 1.148 0.915−1.440 0.234
Differentiation grade (poor) 1.635 5.127 1.756−14.975 0.003

8 Age (y) 0.031 1.031 0.997−1.067 0.077

nTLG of hepatic metastasis (cm3) 0.001 1.001 0.998−1.003 0.643

Size of hepatic metastasis (cm) 0.078 1.081 0.854−1.368 0.516
Differentiation grade (poor) 1.651 5.214 1.783−15.248 0.003
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tumor (24). These antiangiogenic substances could render the met-
astatic cells dormant (25). Therefore, it is tempting to speculate
that increased metabolic activity of the primary tumor might be
associated with increased inhibitory actions through the antiangio-
genic molecules, which renders hepatic metastatic cells dormant.
This speculation might also explain why the SUVpeak of primary
tumors was not found to be significant for the OS (antiangiogenic
substances do not kill metastatic cells; they inhibit only metastases
and render them dormant). Further studies will be needed to elu-
cidate whether this possibility is correct.
There are limitations to this study. First, its retrospective nature

potentially introduces the risk of selection bias. However, the
relatively large number of our subjects (n5 120) and well-defined
inclusion criteria may have mitigated this problem. Second, we
included cases in which 18F-FDG PET/CTwas undertaken using 3
different scanners. To address this problem, we used SUVpeak in-
stead of SUVmax and normalized it with liver SUVmean. The nor-
malization by liver SUVmean became necessary after the average
tumor SUVpeak and liver SUVmean turned out to differ significantly

among the scanners. These interscanner differences disappeared
after normalization (Supplemental Table 2). Through these mod-
ifications of the SUV, we contend that our main conclusions are
not hampered by the multiple-scanner issue, although there may
be minor deviations of coefficient figures in the presented prog-
nostic models when compared with the suppositional model that
would be derived from single-scanner data. Finally, our proposed
prognostic models and scoring systems were not validated in an
independent patient group. Prospective validation in an indepen-
dent population would be required for their widespread clinical
use.

CONCLUSION

In patients with SCLM who undergo curative-intent colorectal
and liver surgery, PET metabolic parameters associated with
hepatic metastasis have significant prognostic potential, whereas
those associated with the primary colorectal tumor do not. The
SUVpeak of hepatic metastasis possesses prognostic significance
independent of other clinicopathologic variables, whereas volu-
metric PET parameters (such as MTV and TLG) are surrogate
measures of tumor size. Higher SUVpeak for the hepatic metastases
and lower SUVpeak for the primary tumors are associated with
shorter RFS. Further studies are needed to elucidate the underlying
mechanism.
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