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Abstract

Background: This study sought to develop a clinical risk score (CRS) for resectable Colorectal
Liver Metastasis (CRLM) by combining clinicopathologic and clinically available biologic
indicators (i.e KRAS).

Methods: A cohort of patients that underwent resection for CRLM at the Johns Hopkins Hospital
(JHH) was analyzed to identify preoperatively assessable, independent predictors of overall
survival (OS); these factors were combined into the GAME (Genetic And Morphological
Evaluation) score. The score was compared to the current gold-standard (Fong score) and
validated in an external cohort of patients from the Memorial Sloan Kettering Cancer Center
(MSKCC).

Results: In the JHH cohort (n = 502), 6 preoperatively available predictors of worse OS were
identified on multivariable Cox regression. In turn, the GAME score was calculated by allocating
points to each patient according to the presence of these predictive factors: KRAS mutated
tumours: 1 point; carcinoembryonic antigen (CEA) = 20 ng/mL: 1 point; primary tumour lymph
node metastasis: 1 point; 3 < Tumour Burden Score (TBS) < 9: 1 point or TBS = 9: 2 points;
extrahepatic disease: 2 points. The highest risk group (= 6 points) in the JHH cohort had a 5-year
OS of 0% compared with 81.5% for low-risk patients (0 points). Importantly, in both the JHH and
MSKCC (n = 747) cohorts the discriminatory capacity of the GAME score was superior to that of
the Fong score, as demonstrated by the C-index and the Akaike Information Criterion (AIC).
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Conclusion: The GAME score is a preoperatively prognostic tool to inform treatment selection.

Introduction

Methods

Many studies have identified prognostic factors among patients undergoing hepatic resection
for colorectal liver metastasis (CRLM). Although this effort has identified many factors
associated with outcome, limited consensus exists regarding the relative importance of the
reported prognostic factors and the implications of factor-specific cut-off values.® In fact, it
is now known that prognostic factors vary significantly between different study cohorts and
may diverge over time in the same cohort.2 3 In an attempt to address these limitations,
previous studies have combined the power of the most consistently reported prognostic
factors into clinical risk scores (CRS).# CRS can still facilitate comparison of different
populations, provide individualized prognostic information and improve stratification of
patients in clinical trials.> However, in contrast to biomarkers developed in other areas of
medicine, most CRS for patients with CRLM have not undergone successful external
validation.®

The most commonly used CRS was developed in 1999 based on 1001 patients who
underwent resection of CRLM.® Although the Fong score remains by far the most popular
CRS due to the high quality and the large size of the cohort many additional risk scores have
been developed, most notably the Iwatsuki, Rees and Nordlinger scores.”9 However,
concerns regarding their prognostic accuracy and applicability to external patient cohorts
have limited their utility.%-11 In fact, Zakaria et al. recently demonstrated the limited
prognostic accuracy and clinical value of 4 scores, after performing an external validation.!
These suboptimal results suggest that a prognostic model developed in one institution at a
specific time period may not necessarily have wider applicability. For example, as most CRS
were developed before modern chemotherapy, the applicability of currently available CRS to
the contemporary clinical setting is limited, despite their original success. In turn, these
limitations prevent CRS from exerting a meaningful impact on patient management
preoperatively. This study was designed to develop a CRS including tumour morphology
and biology.

JHH and MSKCC study populations

All adult patients that underwent complete resection of CRLM between 01/01/2000-
12/31/2015 at either JHH or MSKCC and had available data on KRAS status were eligible
for inclusion in the respective patient cohorts. Patients who only underwent ablation or
palliative liver resection (R2 resection) were excluded. The Institutional Review Boards of
JHH and MSKCC approved this study.

Detailed information was extracted from electronic patient records on the following
clinicopathologic and demographic variables: patient sex, age, characteristics of the primary
colorectal tumour [American Joint Committee on Cancer T stage, primary tumour location
(colon vs rectum) and presence/absence of lymph node metastasis], preoperative factors [use
of preoperative chemotherapy, chemotherapy regimens and/or biologic factors employed,
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preoperative carcinoembryonic antigen (CEA) levels and disease-free interval between the
diagnosis of the primary tumour and CRLM], intraoperative factors [performance of major
resection (resection of 3 or more liver segments) vs minor resection]. Metachronous disease
was defined as the presentation of liver metastasis following a disease-free interval > 12
months after the diagnosis of primary CRC. CRLM characteristics [tumour size, number,
presence of unilobar or bilobar disease in the liver, margin status (RO, defined as no tumour
cells within 1 mm from the margin, vs R1)], KRAS mutation status and the receipt of
postoperative therapy.12

Calculation of the Tumour Burden Score and determination of prognostic cut-off levels

Instead of analyzing tumour size and number as separate variables, tumour burden was
assessed with the aid of a newly developed model, the “Tumour Burden Score” (TBS). TBS
is a prognostic indicator that captures the cumulative impact of tumour size and tumour
number on survival.13 TBS allows for discordant tumour size and number (patients with
large tumour size, but with a limited number of lesions or patients with multiple but small
tumours), as either may dominate the prognosis. It is calculated by assigning each patient a
set of coordinates on a Cartesian plane, according to maximum tumour size (x-axis) and
tumour number (y-axis)13 (Supplemental Figure 1). The Pythagorean theorem is then used
to calculate the distance (an absolute value) of any given point (which corresponds to a
patient with a specific tumour size and number) from the origin of the plane (0, 0) whereby
(TBS? = [Maximum tumour diameter]? + [number of liver lesions]?). TBS values fall into
three ‘zones’, associated with progressively worse overall survival (OS): 1) TBS < 3 (Zone
1), 2) 3< TBS <9 (Zone 2) and 3) TBS = 9 (Zone 3).13

Determination of KRAS mutation status and CEA cut-off

Genomic DNA was isolated from primary colorectal cancer (CRC) or CRLM tissue
specimens using standard phenol-chloroform extraction and ethanol precipitation
procedures. Subsequently, classical Sanger sequencing was performed in order to detect
KRAS mutations (codons 12, 13 and 61).14 Receiver operating characteristic (ROC) curve
analysis determined the most appropriate CEA cut-off value in the JHH cohort.

Primary outcome of the study, development of the GAME score and statistical analysis

The primary outcome of the study was OS calculated with the use of Kaplan Meier (KM)
survival analysis; differences in OS were assessed with the log-rank test. A Cox stepwise
regression analysis was performed to determine significant predictors of OS. Factors that can
be assessed preoperatively were combined into a simple weighted scoring system while
excluding those variables only assessed postoperatively (e.g. margin status).8:1® The Hazard
Ratio (HR) of each prognostic factor identified through the Cox model was then used to
determine the allocation of points in the scoring system (Supplemental Table 1). The sum of
these points constituted a GAME score for each patient. After the GAME score was
calculated, its discriminatory power compared with the Fong score was tested, in both the
derivation (JHH) and validation (MSKCC) cohorts. ROC analysis with Harrell’s C-statistic
and the Akaike Information Criterion (AIC) was used, as described.16 All statistical testing
was two-sided, with significance defined as P < 0.05. All analyses were carried out with
SPSS software ver. 23 (IBM SPSS, Chicago, IL, USA).
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A total of 502 adult patients were included in the JHH cohort with a median (interquartile
range; IQR) follow up of 30.5 (15.7-55.1) months. The 1-, 3-, and 5-year OS rates were
94.5%, 67.4%, and 49.5%, respectively. With respect to the MSKCC validation cohort, a
total of 747 adult patients were included with a median (IQR) follow up of 52.4 (29.7-76.6)
months. The 1-, 3-, and 5-year OS rates were 95.8%, 77.9%, and 60.2%, respectively. Tables
1 and 2 summarize the clinicopathologic characteristics of the JHH and MSKCC cohorts. Of
note, the CEA cut-off that displayed the maximum sensitivity and specificity in predicting
inferior OS was found to be 20 ng/ml and was subsequently employed during the calculation
of the GAME score. Table 3 illustrates the results of univariable and multivariable analysis
of OS in the JHH dataset. Tumour size and number were not included in the univariable
model, as they were collinear with TBS. Importantly, multivariable stepwise Cox regression
identified 6 independent predictors of poor OS: tumour lymph node status. CEA levels = 20
mg/mL, extrahepatic disease, presence of KRAS mutation, TBS 3-8 and TBS = 9. Although
margin status was a significant variable, it was not incorporated into the final score because
it is not preoperatively available.

Patients were assigned to low-risk (GAME: 0-1), medium-risk (GAME: 2-3) and high-risk
(GAME: = 4) categories. To facilitate comparison, patients were also assigned to different
risk categories according to Fong score, as previously described.1” In particular, each risk
category was defined as follows: low risk (Fong: 0-1), medium risk (Fong: 2-3) and high
risk (Fong: = 4), respectively. OS between the 3 GAME score risk groups was compared
using KM curves and log-rank testing, as demonstrated in Figure 1. The low-risk group
demonstrated a better 5-year OS compared to the medium-risk group (73.4% vs 50.6%; P =
0.001). In turn, the medium risk group demonstrated a higher 5-year OS compared to the
high-risk group (50.6% vs 11.3%; P < 0.001). It is also interesting to note, that although the
GAME score was not developed to predict recurrence-free survival (RFS), patients who
were assigned to higher GAME score risk categories demonstrated a higher risk of
recurrence (Figure 3).

On the other hand, when the Fong score was used to stratify patients, the low-risk group
demonstrated a higher 5-year OS of 67.4%, compared with 45.7% in the medium-risk group
(P =0.003). In contrast with the GAME score, however, no significant difference in 5-year
OS was detected between the medium-risk and high-risk groups (45.7% vs 37.7%; P =
0.087). The GAME score significantly outperformed the Fong score with a Harrell’s C-
index of 0.645 (0.598-0.692) vs 0.578 (0.530-0.625; P = 0.008), and an AIC of 2219 vs
2266 respectively.

The OS between the 3 GAME score risk groups was compared using KM curves and log-
rank testing (Figure 2). A significant difference in OS between the 3 risk groups was
detected, with the low-risk group demonstrating a significantly higher 5-year OS compared
to the medium-risk group (76.2% vs 63.7%; P = 0.024). In turn, the medium-risk group
demonstrated a significantly higher 5-year OS compared to the high-risk group (63.7% vs
36.5%; P < 0.001). Interestingly, patients classified in different GAME score risk categories
also demonstrated significant differences in RFS, as in the JHH cohort (Figure 3). On the
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other hand, when the Fong score was used to stratify patients, the low-risk group
demonstrated a 5-year OS of 68.8%, which was higher than the 5-year OS of 58.4% that was
observed in the medium-risk group (P = 0.008). In contrast with the GAME score, however,
no difference in 5-year OS could be detected between the medium-risk and high-risk groups
(58.4% vs 59.5%; P = 0.377). Importantly, the GAME score also outperformed the Fong
score with respect to discriminatory ability. Specifically, Harrell’s C-index for the GAME
score was 0.625 (0.584-0.662) vs. 0.584 (0.545-0.622) for the Fong score (P = 0.047).
Consistent with these results, the AIC was lower for the GAME score compared to the Fong
score, indicating better discriminatory ability (4169 vs 4197).

Discussion

The current study reports on the development of the GAME score in a cohort from JHH and
its external validation in a cohort from MSKCC. The study population included patients with
CRLM and available genetic data, considerably exceeding previous studies. Importantly, the
GAME score outperformed the Fong score in both cohorts. This is compatible with previous
studies that have challenged the prognostic power of existing CRS and suggests that GAME
may be a promising alternative.l: 4 5 18.19 The excellent performance of the GAME might
stem from its component variables, which are all powerful determinants of prognosis.
Importantly, GAME is the first CRS to incorporate clinically available genetic information
(KRAS status).29-23 Conversely, previous scores have been criticized for their reliance on
traditional clinicopathologic variables, at a time when the importance of tumour biology is
increasingly recognized.24 25 Although the prognostic impact of many genetic markers has
been evaluated, KRAS remains the most commonly utilized due to its wide availability and
robust association with outcomes.20-23. 26 An additional advantage is that KRAS status can
be safely inferred prior to CRLM resection, given the very high genetic concordance rate
(95%) between primary and metastatic lesions.2’-2? By contrast, other proposed markers
require direct genetic or immunologic analysis of the metastatic lesions, a limitation that
prevents their preoperative use.39 Furthermore, in contrast with KRAS mutational status,
some of these markers are not commonly employed for clinical purposes thus limiting their
potential applications.31: 32

Another advantage of the GAME score is that it incorporates a composite variable (TBS),
reflecting both tumour size and number, as a proxy of tumour morphology. As such, TBS
would be expected to capture more prognostic information than either tumour size or
number alone, which have demonstrated limited predictive power in recent studies.33 34
Building on this hypothesis, TBS was recently developed by our group and proved to be a
more powerful prognostic indicator than the traditional morphologic criteria (e.g tumour size
and number) used in previous CRS. Importantly, this result was confirmed in two external
cohorts from Europe and Asia.13 Consequently, just as KRAS is a practical surrogate of
tumour biology, TBS may serve as an accurate proxy of tumour morphology.

The primary tumour’s characteristics should also be considered during the development of
any CRS, given the biologic continuity between primary and metastatic lesions.3° In turn,
the presence of primary tumour lymph node metastasis remains the most consistent
prognostic factor related to the primary tumour and was included in eight out of twelve

BrJ Surg. Author manuscript; available in PMC 2021 March 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Margonis et al.

Page 6

previous CRS.% 36: 37 Multivariable analysis in the JHH cohort confirmed these
observations, resulting in the incorporation of primary lymph node status to the GAME
score.

Preoperative CEA was also predictive of OS. Indeed, while pre-hepatectomy CEA levels are
influenced by primary tumour characteristics and metastatic disease burden, CEA has long
been recognized as an independent prognostic factor. However, CEA cut-off levels have
been difficult to determine, a controversy reflected in previous CRS. For example, Schindl
used CEA as a continuous variable, Lee used a cut-off level > 5 ng/ml, Rees > 60 ng/ml, and
Fong and Konopke > 200 ng/ml.11 38,39 We determined a CEA cut off value of 20 ng/ml
with the aid of ROC analysis. Interestingly, this value approximated the weighted average of
the two cut-offs detected for the 2000-2007 and 2008-2015 periods, in a previous study of
our group, thus maintaining continuity with our previous results.

Lastly, extrahepatic disease was also included in the GAME score. Interestingly, only 3 out
of 12 previous CRC incorporated extrahepatic disease as a prognostic factor.® This is hardly
surprising, as most risk scores were developed during a time when the presence of
extrahepatic disease precluded curative-intent hepatectomy. Even though this is no longer
the case, few centers have accumulated significant experience in managing such patients.
Nonetheless, as CRLM resection in the presence of extrahepatic disease will become
increasingly common, a contemporary risk model should estimate its prognostic impact.40
To assess the applicability of the GAME score to centers that do not operate on patients with
extrahepatic involvement, we repeated all analyses after excluding such patients;
importantly, the results were essentially unchanged (results not shown).

Importantly, the GAME score was deliberately designed using only preoperative, rather than
postoperative variables such as margin status. Consequently, the potential exists for the
GAME score to be utilized preoperatively. This may have significant implications, as
GAME could then help determine treatment selection. Indeed, while historical cohorts
suggest that resection of CRLM benefits patients, no randomized trial has ever compared the
efficacy of surgery vs chemotherapy. As such, it has been argued that patients with very
aggressive disease may derive minimal benefit from surgery. Interestingly, previous risk
scores were generally unsuccessful in identifying patients with extremely adverse prognosis.
In fact, out of all available CRS, only the Grade C group of the Nagashima score reportedly
had zero survival; however, this result was based on a single center study of only 81 patients.
5 By contrast, the high-risk group of the Nordlinger score had an almost 50% OS rate, while
the Iwatsuki score’s high-risk group had a 5-year OS of 30%. Furthermore, the high-risk
group of the Fong score demonstrated an OS rate of 15%, while minimum survival rates
were even higher in other CRS.1 Importantly, the very high-risk group (= 6) of the present
model had an expected survival of 0% (Figure 1); in turn, it is possible that this group
received no benefit from surgery. However, the number of patients in that group was too
small to draw definite conclusions. As such, a case-control study, comparing the outcomes
of medically and surgically treated patients according to GAME score may help to identify
patients in whom medical management would be preferable to the costs and morbidity of
major surgery.
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The present prognostic model has several limitations. First of all, its development was based
on data from a single institution. Although external validation in a cohort from MSKCC was
conducted, this may not suffice given the considerable worldwide variation in patient
characteristics and treatment strategies. To this end, external validation in cohorts from
outside the US is currently underway. Of note, TBS was calculated using pathologic data,
rather than preoperative radiographic imaging. However, we recently demonstrated that TBS
values estimated through either imaging or pathology are equivalent in prognostic terms.4!
As such, although we used pathologic data to estimate TBS and consequently the GAME
score, it is probable that the GAME score can also be calculated with the aid of imaging thus
supporting our decision to classify TBS as a preoperatively available value. Of note, no
chemotherapy data were available in the MSKCC cohort. Lastly, although the aim of the
study was to develop a novel CRS applicable to all patients who undergo curative intent
resection for CRLM, future studies should separately assess the score’s performance among
patients treated with either preoperative chemotherapy or immediate resection. Although the
calculation of the GAME score is relatively straightforward compared to other risk models,
clinical surgeons may still find the necessary mathematical calculations cumbersome in
practice. The development of dedicated computer or mobile phone software capable of
calculating GAME and similar risk models in real time could facilitate the effective
utilization of these prognostic tools.

Collectively, the GAME score incorporated two novel (KRAS and TBS), one redefined
(CEA levels) and two previously established (primary lymph node metastases and
extrahepatic disease) prognostic factors and outperformed the most commonly used
contemporary CRS, namely the Fong score in both the JHH cohort and the MSKCC cohort
in which the latter originated. Importantly, GAME was not originally designed to guide
patient selection for surgery but as it can be easily adapted to preoperative use, its role may
eventually expand to encompass treatment selection. However, its prognostic value in
medically treated patients will need to be assessed before this can occur. Ultimately, the
inclusion of biomarkers of tumour biology (e.g KRAS status) in a clinical score for CRLM
may have an impact in cases where the presence of extensive disease casts doubt on the role
of aggressive surgical treatment.42

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Kaplan Meier analysis of overall survival (OS) for different values of the GAME score in

the Johns Hopkins Hospital (JHH) cohort
B. Kaplan Meier analysis of OS for different values of the Fong score in the JHH cohort

C. Kaplan Meier analysis of OS for different GAME score risk subgroups in the JHH cohort
D. Kaplan Meier analysis of OS for different Fong score risk subgroups in the JHH cohort
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Patient Demographic and Clinicopathologic Characteristics in the JHH cohort

Table 1.

Page 14

All patients (n = 502)

Characteristics

No. %

Demographics
Age, years
Sex
Primary CRC characteristics
Tumour site
T stage (n=454)
Nodal metastases
Preoperative factors

Disease-free interval
Chemotherapy for liver disease

Preoperative CEA, ng/mL

Median (IQR)

Male : Female

Colon : Rectum
Tlor T2 stage : T3 or T4 stage

Negative:Positive

< 12 months : > 12 months

Total : Combined cytotoxic regimen : Combined cytotoxic
regime and biologic agent

Median (IQR)

Extrahepatic disease at the time of operation

Tumour factors
No. of CRLM
Size of largest CRLM, cm
Tumour Burden Score
Bilobar disease
KRAS mutation status
Operative factors
Major resection
Resection margin, mm
R1
Postoper ative factors

Postoperative chemotherapy (n=451)

Median (IQR)
Median (IQR)
Median (IQR)

Wild-type : Mutated

Median (IQR)

Yes : No

58.4 (49.8-66.4)

296 : 206 59.0:41.0
396 : 106 78.9:21.1
82:372 18.1:81.9
163 : 339 325:675
370:132 73.7:26.3

335:306:201 66.7:91.37:60.0"

7.6 (3.5-21.3)
50 10.0
2.0 (1.0-4.0)
2.6 (1.6-4.1)
4.1(2.8-6.1)
214 426
320: 182 63.7:36.3
163 325
5.0 (1.0-10.0)
52 8.6
321:130 71.2:28.8

CEA, carcinoembryonic antigen; CRC, colorectal cancer; CRLM, colorectal liver metastases; IQR, interquartile range; R1, resection margin

exposure in pathology specimen

*

"proportion in total preoperative chemotherapy for liver disease
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Table 2.
Patient Characteristics in the two Cohorts
Institute No (%)
Characteristics JHH (n=502) MSKCC (n=747) P

Patient characteristics
Age, years, Median (IQR) 58.4 (49.8-66.4) 58.1(49.2-67.2)  0.816
CRC nodal metastases
Negative 163 (32.5) 272 (36.4) 0.164
Positive 339 (67.5) 475 (63.6)
Disease-free interval
< 12 months 369 (73.5) 583 (78.0) 0.067
> 12 months 133 (26.5) 164 (22.0)
Preoperative CEA, ng/mL
Median, (IQR) 7.6 (3.5-21.3) 7.0 (3.4-22.1) 097
Extrahepatic disease at the time of operation
Negative 452 (90.0) 684 (91.6) 0.367
Positive 50 (10.0) 63 (8.4)
No. of CRLM, Median (IQR) 2 (1-4) 2 (1-4) 0.853
Size of largest CRLM, cm, Median, (IQR) 2.6 (1.6-4.1) 25(1.6-4.2) 0.945
KRAS mutation status
Wild-type 320 (63.7) 463 (62.0) 0.551
Mutated 182 (36.3) 284 (38.0)

CEA, carcinoembryonic antigen; CRC, colorectal cancer; CRLM, colorectal liver metastases; IQR, interquartile range

BrJ Surg. Author manuscript; available in PMC 2021 March 24.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Margonis et al. Page 16

Table 3.

Univariable and Multivariable Analysis of Overall Survival in the JHH cohort

Univariable analysis Multivariable analysis
Factors
HR (95% Cl) P HR(B%Cl) P

Age

Age < 60 Ref

Age > 60 1.03 (0.79-1.34)  0.86
Gender

Male Ref

Female 1.14 (0.86-1.50) 0.36
Tumour site

Colon Ref

Rectum 0.81 (0.58-1.14)  0.223
CRC Nodal metastases

Negative Ref Ref

Positive 148 (1.10-1.99) 001  1.55(1.14-2.10) <0.01
Disease-free interval

2 12months Ref

< 12 months 1.18 (0.90-1.55) 0.243
Perioperative chemotherapy for CRLM

No Ref

Yes 0.96 (0.63-1.44) 0.831
Preoperative CEA

<20 Ref Ref

>20 1.86 (1.41-2.47) <0.01 1.90(1.43-2.53) <0.01
Extrahepatic disease

Negative Ref Ref

Positive 1.96 (1.28-3.00) <0.01 2.10(1.35-3.22) <0.01
Bilobar disease

Negative Ref

Positive 1.24 (0.95-1.62) 0.114
KRAS mutation status

Wild-type Ref Ref

Mutated 1.35(1.02-1.78) 004  1.50(1.13-2.00) <0.01
Resection margin width

21mm Ref Ref

<1mm 1.89 (1.39-2.56) <0.01 1.81(1.32-2.48) <0.01
Tumour burden score

<3 Ref Ref

23,<9 1.70 (1.17-2.48) <0.01  1.66 (1.14-2.44) <0.01

29 3.00(1.93-4.66) <001 3.23(2.01-5.07) <001
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CEA, carcinoembryonic antigen; CRC, colorectal cancer; CRLM, colorectal liver metastases; Cl, confidence interval; HR, hazard ratio; Ref,
reference
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