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Abstract

Background: Several existing scoring systems predict survival of patients with colorectal liver metastases. Many lack validation, rely
on old clinical data, and have been found to be less accurate since the introduction of chemotherapy. This study aimed to construct
and validate a clinically relevant preoperative prognostic model for patients with colorectal liver metastases.

Methods: A predictive model with data available before surgery was developed. Survival was analysed by Cox regression analysis,
and the quality of the model was assessed using discrimination and calibration. The model was validated using multifold cross-vali-
dation.

Results: The model included 1212 consecutive patients who underwent liver resection for colorectal liver metastases between 2005
and 2015. Prognostic factors for survival included advanced age, raised C-reactive protein level, hypoalbuminaemia, extended liver
resection, larger number of metastases, and midgut origin of the primary tumour. A Composite Score was developed based on the
prognostic variables. Patients were classified into those at low, medium, and high risk. Survival differences between the groups were
significant; median overall survival was 87.4 months in the low-risk group, 50.1 months in the medium-risk group, and 22.6 months
in the high-risk group. The discriminative performance, assessed by the concordance index, was 0.71, 0.67, and 0.67 respectively at 1,
3, and 5 years. Calibration, assessed graphically, was close to perfect. A multifold cross-validation of the model confirmed its internal
validity (C-index 0.63 versus 0.62).

Conclusion: The Composite Score categorizes patients into risk strata, and may help identify patients who have a poor prognosis, for
whom surgery is questionable.

Introduction the primary tumour®, which precludes their use in the preoperative
setting. Finally, few of the scoring systems have been validated ad-
equately.

A great deal of research has gone into identifying patient- and
tumour-specific variables associated with survival in patients
with CRLMs. Most studies agree on the importance of tumour
size (for example, 5cm or less, or 5cm and over) and number of
metastases (single or multiple)’®*. In a randomized study by
Nordlinger and colleagues***?, no overall survival difference was
seen in the chemotherapy group compared with surgery alone.

In the past two decades, several studies have shed light on the
interaction between inflammation and cancer. Epidemiological
data support the theory that systemic inflammation, as measured
by a raised C-reactive protein (CRP) level and hypoalbuminemia,
is associated with worse outcome in advanced cancers** 8. A
score based on CRP and albumin was developed by Forrest and
co-workers'®?°, called the Glasgow Prognostic Score. In recent
years, several studies have examined the role of molecular
markers®' % both as prognostic and predictive factors, as well as

Liver resection is the most effective treatment option for patients
with colorectal liver metastases (CRLMs). Unfortunately, only a
minority of patients have resectable metastases at the time of di-
agnosis. The prognosis for patients with untreated CRLMs is poor.
Synchronous CRLMs often signify worse cancer biology and
shorter expected overall survival. The prognosis for patients with
CRLMs has improved over recent decades. In a systematic review
and meta—analysie‘.1 from 2012, which included 35 studies, the 5-
year overall survival rate was approximately 40 per cent.

Several prognostic scoring systems exist in the field of CRLMs,
many of which use two to seven different clinical parameters to
calculate a risk score’”’. Limitations of these scoring systems are
manifold. First, as they were developed before the introduction of
neoadjuvant chemotherapy, their role as reliable predictive tools
is questionable®®. Second, several of these scoring systems are
cumbersome in their work-up, and rely on the pathology report
for information on lymph node status® and serosal invasion of
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their role in assessing chemosensitivity and toxicity?*?’. The aim
of the present study was to develop, and validate, a simple predic-
tive model for patients with resectable CRLMs, based on preopera-
tive variables.

Methods
Study population

This study used data from all consecutive patients who under-
went surgery with curative intent for CRLMs between 1 January
2005 and 31 December 2015 at Karolinska and Uppsala University
Hospitals. All patients had CRLMs verified radiologically or by bi-
opsy. Clinicopathological factors were collected retrospectively
from prospectively recorded databases. Data retrieved included:
age, sex, primary tumour site, embryonic origin of primary, BMI,
ASA physical status classification, timing of metastasis (synchro-
nous/metachronous), and preoperative albumin and CRP values.
All patients were discussed in a liver-specific multidisciplinary
meeting, with dedicated radiologists, oncologists, and liver sur-
geons present, and were considered candidates for liver surgery
with curative intent.

Patients treated with neoadjuvant chemotherapy were consid-
ered candidates for surgery if radiological evaluation after four or
six cycles of chemotherapy showed an objective response or sta-
ble disease. To keep the composite model simple, molecular
markers and chemotherapy treatment were not included in the
construction of the model. The study was approved by the re-
gional ethical review board.

Prognostic factors

Prognostic factors for patients with CRLMs in the literature were
considered. They included demographic information (age and
sex), tumour characteristics of the liver metastasis (tumour size
and number of metastases), primary location of tumour (colon,
rectum), embryonic origin, and systemic inflammatory markers,
such as serum albumin and CRP>*2572°,

Follow-up after surgery

All patients were followed up in the outpatient clinic 4-6 weeks
after surgery. Thereafter, patients were followed up according to
the national guidelines for colorectal cancer with liver metasta-
ses, which as a minimum entailed yearly contrast-enhanced CT
of abdomen and thorax. Patients were followed up routinely for
at least 5 years. In the present study, survival and follow-up was
calculated from the date of surgery for CRLMs. End of follow-up
was 13 July 2020; this was the date on which survival status was
obtained from the Total Population Register, which is updated
continuously and linked to each patient’s personal identity num-
ber in the electronic medical notes.

Statistical analysis

Categorical variables are presented as numbers with percentages,
and continuous data as median (i.q.r.). Categorical variables were
compared using the y? test, and the Kruskal-Wallis test was used
for continuous data. Overall survival was defined as the interval
between the date of surgery and death from any cause. Time was
censored at the last follow-up for patients who were still alive.
Survival curves were constructed using the Kaplan-Meier
method, and differences in survival assessed with the log rank
test. The median follow-up time was calculated using the re-
versed Kaplan-Meier method®. A Cox proportional hazards
model was used to assess the effect of the prognostic factors.
Prognostic factors were included in the multivariable model

based on clinical and statistical significance. As data were miss-
ing for some variables, multiple imputation was used to impute
missing values, according to established practice. The method of
imputation was set at the automatic setting in SPSS, which uses
a combination of the monotonic and Markov chain Monte Carlo
methods. To reduce sampling variability in the imputation pro-
cess, a total of 25 imputed data sets were generated®*>*,

In the Cox model, backward elimination was used to assess
the relationship between relevant clinicopathological variables
and overall survival. Variables with P <0.050 in the univariable
analysis were included in the multivariable analysis. The
Composite Score was created based on the multivariable analy-
sis, and included the B-coefficients of the significant variables.
Each patient was thereafter assigned an accumulated B-coeffi-
cient score (Fig. S1). Survival estimates were reported as hazard
ratios (HRs) with 95 per cent confidence intervals. The perfor-
mance of the model was assessed in terms of discrimination and
calibration. Discrimination reflects the model’s ability to discrim-
inate patients who have the outcome (in this case death) from
those without the outcome (alive). Calibration refers to the agree-
ment between the observed outcome (estimated overall survival)
and predicted overall survival®. The discrimination of the
Composite Score was assessed by receiver operating characteris-
tic curve (ROC) analysis, with overall survival as outcome. For a

Table 1 Baseline characteristics

No. of patients (n = 1212)*

Age (years)t 67 (59-73)
> 70 360 (29.7)
> 80 57 (4.7)
Sex
Men 748 (61.7)
Women 464 (38.3)
BMI (kg/m?)t 26 (23-28)
ASA fitness grade
I 109 (9.0)
1 739 (61.0)
I 352 (29.0)
v 12 (1.0)
Primary tumour location
Colon 705 (58.2)
Rectum 498 (41.1)
Both 9(0.7)
Embryonic origin
Midgut 254 (21.0)
Hindgut 947 (78.1)
Unclear 11(0.9)
Timing of metastasis
Synchronous 700 (57.8)
Metachronous 512 (42.2)
Tumour size (mm)t 25 (20-40)
No. of tumours
1-2 477 (39.4)
35 589 (48.6)
>5 146 (12.0)
Resection type (no. of liver segments)
Minor (< 3) 670 (55.3)
Major (3-4) 413 (34.1)
Extended (> 4) 129 (10.6)
Laboratory data
C-reactive protein (mg/l)
<10 876 (72.3)
10 to < 50 301 (24.8)
>50 35 (2.9)
Albumin < 35 g/l 410 (33.8)

*With percentages in parentheses unless indicated otherwise; fvalues are
median (i.q.r.).
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Table 2 Univariable and multivariable analyses of prognostic scores after imputation, and p-coefficient for each variable

Univariable analysis

Multivariable analysis B-coefficient

Hazard ratio Hazard ratio P
Men 1.08 (0.94, 1.25) 0.285
Age (years)
<70 1.00 (reference) 1.00 (reference)
> 70-80years 1.29(1.11, 1.51) 0.001 1.33(1.13,1.57) < 0.001 0.30
> 80years 2.58(1.94, 3.42) < 0.001 3.28 (2.47,4.39) < 0.001 1.16
Midgut location 1.22 (1.18,1.26) 0.019 1.20 (1.10, 1.54) 0.039 0.18
Synchronous 1.16 (1.01, 1.34) 0.039 1.06 (0.87, 1.30) 0.547
C-reactive protein (mg/l)
<10 1.00 (reference) 1.00 (reference)
10- <50 1.48 (1.15, 1.89) 0.002 1.17 (1.01, 1.36) 0.010 0.26
> 50 1.66 (1.04, 2.66) 0.033 1.75 (1.14, 2.69) 0.033 0.56
Albumin (g/1)
> 35 1.00 (reference) 1.00 (reference)
<35 1.33(1.13,1.58) 0.001 1.30 (1.04, 1.63) 0.022 0.14
Perioperative ablation 1.81(1.29,2.54) 0.001 1.12 (0.69, 1.83) 0.651
Two-stage resection 1.71(1.06,2.77) 0.028 0.91(0.51, 1.63) 0.757
Extended resection 1.60(1.33,1.92) < 0.001 1.54 (1.16, 2.05) 0.003 0.26
Portal vein embolization 1.19 (0.86, 1.66) 0.303
Liver metastasis > 50 mm 1.23(1.03,1.47) 0.020 1.06 (0.83, 1.35) 0.662
No. of metastases
1 1.00 (reference) 1.00 (reference)
2-5 1.27 (1.10, 1.49) 0.002 1.35(1.15, 1.59) < 0.001 0.30
>5 1.99 (1.59, 2.48) <0.001 2.17 (1.71, 2.74) <0.001 076

Values in parentheses are 95 per cent confidence intervals.

binary outcome, ROC analysis yields an identical result to concor-
dance statistic (C-statistic), which will be reported in the study®®.

Model fit was assessed by visual comparison of Kaplan-Meier
plots. Model calibration was assessed with calibration plots,
which depicted predicted versus observed 3-year overall survival.
Perfect predictions should lie along the 45° line. Validation of the
C-statistic of the model was performed using a multifold cross-
validation, which is an extension of split-sample validation. The
data set was split randomly into five k-subsets, each containing
20 per cent of the patients. The risk score was thereafter calcu-
lated for one of the subsets, and validated on the remaining sub-
sets (k—1). This procedure was repeated randomly for each of the
k-subsets. An average of all risk score estimates and measures of
model performance (C-statistic) was thereafter calculated. All
analyses were carried out with SPSS® version 27 (IBM, Armonk,
NY, USA) and R version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria).

Supplementary analyses

The performance of the Composite Score was assessed both on
the original data set (before imputation), and after imputation.
Visual illustrations of the risk score (Fig. S1), and the probabil-
ity to survive 1-, 3-, and 5-years (Fig. S2) are provided in the
supplementary material. Moreover, further information about
missing data (Table S1), Cox regression analyses, and discrimi-
nation and calibration before and after imputation can be
found in the supplementary material (Figs S3-S4, Tables S3-54,
and Figs S5-13).

Results

During the study interval, a total of 1212 consecutive patients
underwent liver resection. Baseline characteristics of the patients
are shown in Table 1. The median age at surgery was 67years, a
majority had an ASA fitness grade of II or III (1091, 90.0 per cent),

and most were men (748, 61.7 per cent). The location of the pri-
mary tumour was the colon in 58 per cent of patients, and the rec-
tum in 41 per cent. Nine patients had a synchronous tumour in
both the rectum and colon. The median follow-up time was 108
(l.g.r. 103-112) months. At the end of follow-up, 769 patients had
died (63.4 per cent), and 443 were censored. The fact that relatively
few patients were censored adds stability to the model. Table S1
shows the number and percentages of variables that were missing.
Of the six variables included in the model, four had less than 1 per
cent missing values. Values for preoperative CRP and albumin
were missing for more than 20 per cent of patients, and it seems
plausible to assume that these were missing at random.

Univariable and multivariable analyses

In univariable analyses, synchronous CRLMs, perioperative abla-
tion, two-stage resection, and liver metastasis larger than 50 mm
were identified as variables associated with worse overall sur-
vival (Table 2). In the multivariable analyses, however, these vari-
ables were not significant. The multivariable analyses identified
six factors associated with worse overall survival, including ad-
vanced age (over 70 to 80years, and more than 80years), albumin
level below 35 g/l, raised CRP level, midgut origin of primary, ex-
tended resection (more than 4 liver segments), and larger number
of metastases. Of these, especially age over 80years (HR 3.28, 95
per cent c.i. 2.47 to 4.39), CRP level over 50 mg/1 (HR 1.75, 1.14 to
2.69), and more than five metastases (HR 2.17, 1.71 to 2.74) were
strongly associated with worse overall survival (Table 2).

Stratification of patients according to Composite
Score

For each patient, a preoperative Composite Score was calculated
by summing their B-coefficients generated in the multivariable
analyses. The B-coefficient for each variable is shown in Table 2.
Baseline characteristics for the three risk groups are shown in
Table S2. The Composite Score was calculated for all patients
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Fig. 1 Overall survival according to risk group

Median overall survival was 87.4 (95 per cent c.i. 69.0 to 119.3) months in the
low-risk group, 50.1 (46.8 to 55.2) months in the medium-risk group, and 22.6
(17.8 to 34.0) months in the high-risk group. P < 0.001 (log rank test).
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Fig. 2 Receiver operating characteristic (ROC) curves for the model at 1,
3, and Syears

Area under the curve 0.71, 0.67, and 0.67 at 1, 3, and 5 years respectively.

included in the cohort, as missing values were imputed according
to established practice (Tables S3 and S4). A visual illustration of
the score is provided in Fig. S1. For clinical use, patients were
classified into three risk groups: those at low, medium, and high
risk. These risk groups were created based on each patient’s
probability of surviving for 3 years. Patients with an estimated
probability of surviving of below 40 per cent were classified as
high risk; those with an estimated probability of surviving of be-
tween 41 and 70 per cent were classified as medium risk; and
patients with an estimated probability of surviving of more than
group 70 per cent were classified as low risk. The cut-off p-coeffi-
cient values for the three risk groups were: over 1.24 (high risk),
0.27-1.24 (medium risk), and below 0.27 (low risk). The cut-off
values were based on the distribution of patients surviving for 3
years (Fig. S2), and the aim was to capture patients with both a
very short expected survival probability, and those with a con-
siderably better prognosis. More information on the distribu-
tion of patients according to the Composite Score, and their
probability of surviving at least 3 years, can be obtained from
Figs. S1 and S2. A Kaplan-Meier curve was constructed based
on these three risk groups (Fig. 1). Median overall survival
according to the Composite Score was 87.4months for the low-
risk group, 50.1months for the medium-risk group, and
22.6 months for the high-risk group.
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Fig. 3 Calibration plot showing observed survival compared with
survival predicted by composite model

Symbols represent the probability of surviving for 3 years according to the
three risk groups (low, medium, and high). Perfect calibration follows the
diagonal line.

Performance of Composite Score

The composite model showed slightly better discrimination at 1
year than at 3 and 5 years (Fig. 2). The Composite Score outper-
formed the Tumour Burden Score (TBS) in discrimination (C-sta-
tistic 0.67 versus 0.58). A comparison of the discrimination
between the present model and the TBS is provided in Figs. S6
and S7. Visual inspection of the Kaplan-Meier curves (Fig. 1) con-
firmed wide separation between them, which suggests good dis-
crimination®’. Because the Composite Score did not include
genetic information or details regarding the primary tumour,
such as primary lymph node status, a comparison could not be
made with scoring systems that include these variables. The cali-
bration of the model was assessed at 3 years, and was near to per-
fect (Fig. 3). Figures S3 and S4 show other ways of depicting
calibration, based on either equal sized groups (S4). A multifold
cross-validation of the model confirmed the model’s internal va-
lidity (C-index 0.63 versus 0.62).

Comparison of observed and imputed data

A comparison of the observed (original) and imputed data set is
provided in Figs. S5-S6, and S8-S13; the results were consistent
with those of the main analyses.

Discussion

In the management of cancer, an accurate predictive model can
be used in the provision of effective surveillance. Moreover, it can
guide the development of adjuvant strategies and in the planning
of future clinical trials, as well as being used in counselling of
patients®**!. In the era of personalized medicine, the need to de-
velop more accurate predictive tools is paramount.

In this large retrospective study, a predictive model was con-
structed for patients who underwent liver resection for CRLMs.
Liver resection is the only treatment modality that can offer long-
term survival for patients with CRLMs***>. The number of
patients with CRLM that is considered resectable is increasing.
This puts great pressure on clinicians to develop evidence-based
selection criteria that allow better discrimination of patients who
would benefit most from surgery. To meet this challenge, several
studies have been published with the aim of constructing prog-
nostic scores based on tumour morphological factors and
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patient-dependent factors. Unfortunately, many of these prog-
nostic scores rely on old patient data, and often lack adequate
validation. Moreover, given that treatment in the field of surgi-
cal oncology is constantly evolving, their reliability can be ques-
tioned****. Interestingly, Sasaki and colleagues®® recently
published a study concerning a new prognostic tool, the TBS.
This model uses a combination of tumour size and number of
liver metastases to predict overall survival. The discrimination
of the present model was, according to the C-statistic, 0.71 at 1
year, and 0.67 at 3 and 5 years. This is similar to (or marginally
better than) values reported by Sasaki et al.*®, but the present
model outperformed the TBS (C-statistic 0.58) in the present
study.

In the past few years, three different models for patients with
CRLMs have been developed that include RAS mutational sta-
tus??, KRAS mutational status®?, and alterations in the RAS-RAF
pathway or SMAD family®®. In the largest of these studies by
Brudvik and colleagues®, a modified clinical score for patients
with CRLMs was developed, which initially relied on node-
positive primary, disease-free survival, more than one liver me-
tastasis, largest liver tumour over 50 mm, carcinoembryonic anti-
gen (CEA) level, and RAS mutation. Only patients with data on all
six variables were included in the model. Commendably, the
authors decided to exclude three of these variables because they
did not add any prognostic value to the model, and ended up
with only three variables: primary tumour lymph node status,
size of largest CRLM, and RAS mutation (based on resected speci-
men). A limitation of this study was the lack of information on
the excluded patients, which raises a question of selection bias.
In addition, calibration and discrimination was not reported for
the whole model, and there was limited information with regard
to how validation was carried out.

Patients with data on CEA, primary tumour lymph node sta-
tus, TBS, extrahepatic disease, and KRAS mutational status
were included in the retrospective study by Margonis et al.?.
The authors reported discrimination (C-index 0.645), but did
not provide information on the excluded patients, calibration,
or how the external validation was performed. The short
follow-up of 30.5 months meant that many patients were cen-
sored, which potentially adds instability to the model. The
model provides three risk groups (low, moderate, and high), but
the Kaplan-Meier plot gives the visual impression that the
curves for low and moderate risk cross each other, suggesting
that there is no difference in survival between these groups.
Importantly, in a recent editorial, Margonis et al.*’ reflected on
the complexity of tumour biology, and the fact that there is a
risk of overestimating the importance of single gene-based bio-
markers.

In a smaller study by Lang and colleagues®®, cancer-related
genes were analysed retrospectively in 139 patients by next-gen-
eration sequencing. This study showed that alterations in the
RAS-RAF pathway, and in the SMAD family have prognostic sig-
nificance. Limitations of this study included the short follow-up
of 34.5months, and the lack of information regarding the selec-
tion of patients for inclusion in the study.

The ambition of these three retrospective studies to include
molecular profiling is commendable. However, what they all il-
lustrated is that routine advanced gene profiling is still not part
of the regular work-up for most patients with CRLMs. As ex-
tended molecular profiling becomes an integral part of daily clini-
cal routine, it may help in risk stratification in the future.
Moreover, these studies rely on data that are often not available
before operation, such as lymph node status.

Importantly, the Composite Score is the first clinical score
to incorporate CRP and albumin, in conjunction with strati-
fied advanced age, extended liver resection, and tumour char-
acteristics (number of tumours and embryonic origin of
primary). Oncological treatment is not included in the
Composite Score, because there is wide variation in the indi-
cations and timing between centres, and in the choice of on-
cological agents. In addition, it is difficult to include the
impact of number of cycles administered in a meaningful
way, and to include tumour response in a straightforward
way?8.

Previous risk scores have generally been cumbersome, and re-
lied on information regarding primary tumour lymph node sta-
tus, had short follow-up, and required advanced genetic
profiling which is still not common practice in routine settings.
Unlike many other published scoring systems, the aim of the
Composite Score was to detect individuals who would benefit
the least from surgery. The model was able to identify a group of
patients (high risk) with a median overall survival of
22.6 months, which is worse than reported for patients with
CRLMs receiving palliative care***°. This highlights the impor-
tance of recognizing that a patient with radiologically resectable
liver metastases may perhaps not benefit from surgery. By com-
bining number of tumours, preoperative albumin and CRP levels,
advanced age, embryonic origin of the primary, and extended
liver resection, a new prognostic tool was constructed. To main-
tain the simplicity of the model for the clinician to use, molecu-
lar markers were excluded, as well as the role of chemotherapy.
The long follow-up resulted in there being few censored patients,
which adds stability to the analysis.

Three distinct risk groups were created in the Composite
Score. To identify patients with more extreme prognoses and to
group together those with similar prognoses, the risk groups
were of unequal size. The aim was to minimize the loss of in-
formation that occurs in grouping. The Composite Score
showed a higher degree of discrimination in its estimate of sur-
vival after 1 year compared to 3and Syears. This is likely to be
explained by changes in conditional survival over time, and
competing risks that affect patients who live for a long time af-
ter initially being diagnosed with CRLMs. The calibration at 3
years was near to perfect, and the multifold cross-validation
confirmed the model’s internal validity. Importantly, for a new
prediction model to be generalizable and introduced into clini-
cal practice, it needs to be validated externally. This requires
that the model is evaluated in new patients in a different popu-
lation®°?,

Limitations of the present study include the fact that there
were missing values for important variables. If values are not
missing at random, there is a risk of introducing bias. To address
this, multiple imputation was used. A complete-case analysis
was performed, which compared the original data set (with com-
plete information regarding all variables) and the imputed data
sets. The results of these analyses were consistent. If the
Composite Score can be validated further, the aim is to create an
online risk calculator that may help clinicians in the selection of
surgical candidates.
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