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Preoperative probability model for predicting overall survival
after resection of pulmonary metastases from colorectal cancer
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Background: The aim of this study was identify readily available factors most helptul in predicting
suzvival and to develop a prognostic nomogram for patients with puliionaty metastases from colorectal
cancer who are candidates for thoracotomy.

Methods: Pretreatment data on 313 patients with metastases who underwent thoracotomy were analysed.
Fourteen preoperative clinical and pathological variables were used o develop a probability model, in
which their association with 3-year survival was tested, A nomogram to predict median, 1- and 3-year
survival was constructed and validated internally using the concordance index (c-index). The nomogram
was then validated with an external data set. '

Rosuits; Five variables were identified as independent predictors of 3-year survival: prethoracotomy
carcinoembryonic antigen level, number of pulmonary tumours, presence of hilar or mediastinal ramour-
infiltrated lymph nodes, histology of the primary tumour and presence of extrathoracic disease, The
nomogram was well calibrated for predicting 3-year overall survival. The internal validated c-index of
the nomograin was 0-72. Appliéd to another data set, the external validated c-index was 0-56.
Conclusion: This model has moderate predictive ability to discriminate between patients who are likely

to sutvive after thoracotomy for pulmonary metastases from colorectal cancer.

Paper accepted 3 July 2003
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Introduction

Thomford eral! reported criteria for resection of
pulmonary metastases jn 1965 that were widely accepted.
However, in recent years these indications have been
extended. Several studies have reported 5- and 10-year
survival after resection of solitary pulmonary metastases
arising from colorectal cancer?~8, However, resection
of multiple or bilateral metastases remains controversial,
The results of surgical resection cornpare favourably with
those of chemotherapy for pulmonary metastatic colorectal
cancer, and support the view that, in selected patients,
surgery is the most effective therapy as it offers the potential
for long-term survival. However, the number of reported
cases is small and analyses of prognostic factors have shown
important discrepancies, suggesting strict selection criteria
or selective reporting that may have introduced a serious
bias,

Patients with pulmonary metastases from colorectal
cancer have a narrow range of therapeutic alternatives,

Copyrighe € 2003 British Journal of Surgery Society Lid
Published by John Wiley & Sons Ltd

The decision of whether to yecommend surgery for 2
particular individual depends on the clinical presentation
and estimated treatment benefits, An appropriate treatment
policy should include an estimate of the baseline risk, This
can be achieved by use of 2 risk model that integrates
relevant prognostic features. The ability to assess the
prognosis before therapy is important when counselling
patients about their long-term outlook and in guiding
treatment decisions. Such a predictive model is not
currently available for patients with pulmonary metastases
from colorectal cancer. _
The present study is based on an analysis of the largest
known series of resections of colorectal cancer metastatic
to the lung. The aims were to identify readily available
preoperative factors most helpful in predicting survival of
patients with pulmonary metastases from colorectal cancer
and to develop a prognostic nomogram that could be used
rontinely to predict the probability of surgical treatment
failure in patients undergoing thoracotomy. '

British Journal of Surgery 2004; 91: 112-126
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Survival after thoracotomy for metastases from colorectal cancer

Patients and mathods
Study population

The study was based on summarized medical records
collected between 1980 and 1998 as part of a joint
study undertaken by active members of an organization
conducting government-supported cancer research and
working at 11 major medical centres throughout Japan.
Patients were eligible for surgical treatment of pulmonary
metastases if there was no extrapulmonary metastatic
disease at the time of thoracotomy, they were fit for
pulmonary resection with 2 prospect of good postoperative
quality of life, the primary tumour was controiled,
and complete resection of the metastatic tumour was
anticipated.

Three hundred and twenty-seven patients who under-
went pulmonary resection for metastatic colorectal cancer
were identified. Fourteen patients with missing follow-
up data were omitted from the analysis. ‘The remaining
313 patients were cligible for the study. All patients
had a pathologically proven primary adenocarcinom,
Pulmonary resections included lobectomy (137 patients),
partial resection (132), segmentectomy (38) and preu-
monectomy (six). Limited resection was the preferred
option in most institutions. Hilar or mediastinal lymph
nodes were dissected or sampled in 184 patients. Liver
metastases were found in 59 patients (18-8 per cent), and in
15 patients metastatic hepatic spread was identified at diag-
nosis of the primary tumour. All liver metastases detected
up to the time of diagnosis of lung metastases could be
resected with clear resection matgins. Including these
patients, but excluding those with other organs directly
invaded by pulmonary tumour, a total of 84 patients were
defined as having extrathoracic disease.

The endpoint of the study was survival time, Death
from any cause was considered an event. Theé rationale for
constructing a probability model was to identify patients
whose prognosis was so poor that, even with lung resection,
surgery was not appropriate. Patients who were stil! alive
at last follow-up (with or without disease) were censored.
Survival duration was measured from the date of first
resection of pulmonary metastases to death or to the date of

the last known follow-up evaluation. The median follow-up -

time was 29 (range 1-168) months,

The following data were retrieved from the patients’
case report forms: age at thoracotomy, sex, primary site,
histology of the primary tumour, tamour (T stage of the
primary cancer, node (N) stage of the primary cancer,
number and distribution of pulmonary metastases, size
of the largest pulmonary metastasis, presence of hilar or
mediastinal tumour-infiltrated lymph nodes, presence of

Copyright ® 2003 Bridsh Jouraal of Surgery Society Ltd
Published by John Wiley & Sons Luwd
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extrathoracic disease (including liver metastases) before or
at the time of pulmonary metastasectomy, prethoracotomy
carcinoembryonic antigen (CEA) level, interval between
resection of the colorectal primary tumour and pulmonary
resection (disease-free interval), and use of adjuvant
chemoradiotherapy. Selection of potential predictive
variables was based on a review of the literature, clinical
experience and discussion. Although all patients had lung
resection, some also received adjuvant chemotherapy or
radiotherapy. Adjuvantuse reflected the policy ofindividual
institations but was included as it represented a possible
major confounding variable. Pathological features of the
thoractomy specimen and data on surgical margins were
not included as this information was not available before
operation. All variables used to characterize pulmonary
metastases (distribution and number of metastases, size of
the largest metastasis and presence of extrathoracic disease)
are routinely measured during preoperative investigations.
Most CEA measurements were made using a sandwich
antigen—antibody technique. To keep the model as simple
and widely applicable as possible, recently developed
markers, and those with less well demonstrated predictive
value, not routinely measured in every patient, were not
included in the analysis.

Information from the same institutions on a farther 560
patients with pulmonary metastases from colorectal cancer,
who had been medically diagnosed as having inoperable
cancer and received any treatment except thoracotomy, was
also obtained. These results helped to build the prognostic
medel by estimating the survival benefits of surgical
treatment between 1 and 3 years after thoracotomy.

Statistical analysis

Univariable and multivariable Cox proportional hazards
regression analyses were used to evaluate the relationships
between baseline characteristics and death at 3 years
after thoracotomy. All variables were entered at the
multivariable stage, irrespective of the results of the
univariable analyses. Univariate screening, in which
only significant variables ate entered into a subsequent
multivariate regression model, is a forward stepwise
variable selection technique in which non-significant
variables from the first step are not reanalysed in later
steps®. This approach may be suboptimal for maximizing
predictive accuracy'®. Whether any of the factors retained
in the final model violated the assumption of proportional
hazards was assessed, and then the univariable relationship
of each factor with the outcome was determined by
using restricted cubic spline functions'® for continuous
variables that showed non-linear relationships. ‘The fipal

www.bjs.couk British Journal of Surgery 2004; 91: 112-120
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muitivatiable model was constructed by a backward
elimination method to determine the significant predictors
in the model (elimination criterion P > 0-050). Using the
coefficients of the multivariable model, 2 nomogram was
then developed to predict the probabilities of an individual
patient with pulmonary metastases from colorectal cancer
surviving at } and 3 years after thoracotomy. Al decisions
regarding the coding of the nomogram variables were
made before modelling, because raking these decisions
afterwards can have detrimental effects on the predictive
ability of the model®,

The amount of missing data varied from 1-3 per cent for
patient sex to 19-2 per cent for the prethoracotomy CEA
level. As the exclusion of patients with missing data might
lead to biased risk estimates'®, this was partly corrected
for by performing all regression analyses on a data set
that included imputed predictive variables, The iterative
imputation technique applied estimated the missing value
for a given predictor wsing a method for simultaneous
imputation and transformation of predictor variables based
on the concepts of maximum generalized variance and
canonical variables!!. However, for comparison, a data set
consisting of only complete records was also modelled.

The discriminatory accuracy of the multivariable models
was evaluated wsing Harrell's concordance ¢ statistics (c-
index) as an index of model performance!?. The c-index
estimates the probability of concordance between predicted

10
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Overall survival
©
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I | i ] 1 1 q ]

0 12 24 36 48 60 72 B4 96
Time after thoracotomy (months)
No. at risk 313 267 195 128 89 87 45 M 30

Fig. 1 Overall survival of patients in the derivation data set who
underwent thoracotomy. Dotted lines represent 95 per cent
confidence intervals

Copyright © 2003 British Journal of Surgery Society Ltd
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and observed outcornes in rank order, and is closely related
to the area under the receiver—operator characteristic
(ROC) curve'. It expresses how well the model is able
o discriminate between patients who survive and those
who do not. Higher values indicate better discrimination; a
value of 0-5 indicates no predictive discrimination, whereas
1-0 indicates perfect separation of patients with different
outcomes!Z,

Table 1 Description of the derivation date set (n = 313)

Values in parentheses are percentages unless otherwise indicated; *values
are median (range) (mean). CEA, carcinoembryonic antigen; CRC,
colorectal cancer,

www.bjs.co.uk British Journal of Surgery 2004; 91: 112-120
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Survival after thoracotomy for motastases from colorectal cancer

The models developed in the study population
were further evaluated with respect to calibration by
bootstrapping techniques: 200 bootstrap samples were
drawn, with replacement, to estimate the extent to which
the predictive accuracy of the models based on the
entire population was overoptimistic!*. A calibration graph
was obtained by plotting the observed versus predicted
probabilities. External validity of the nomogram was
assessed using an external data set contributed by a further
72 hospitals participating in the Japanese Research Society
for Cancer of the Colon and Rectum (RSCCR)!. Of
the 421 patients enrofled in the JRSCCR population,
64 were eliminated from this analysis because they had
missing follow-up data; this left a modelling sample of
357 patients. In this JRSCCR population, nomogram
predictions were assessed for discriminatory ability by

Tabte 2 Univariable predictors of death by 3 years after thoracovomy

118

quantifying the c-index, and predictions were assessed
for calibration accuracy by plotting actual survival against
predicted survival probabilities for patients smratified by
predicted risk.

All analyses were performed using S-Plus® software
version 2000 Professional Edition (Math Soft, Seattle,
Washington, USA), together with packages of §-Plus®
functions called Design and Hmisc!!. All P values were
obtained from two-sided statistical tests.

Results

Descriptive statistics for all predictor variables after
imputing are listed in Table 1. Actual overall survival rates
were 90-4 (95 per cent confidence interval (c.i) 87-F to
93-7) per cent at | year, 53-0 (95 per cent c.i, 47-0 to 59.0)

(009073, 1.88):

Values in parentheses are 95 per cent confidence intervals. Hazard ratios are not presented for continucus variables because the data are transformed by
restricted cubic spline function with dhree or four knots, CEA, carcinoembryonic andgen.
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per cent at 3 years and 38-3 (95 per cent c.i. 32-1 to 44-5)
per cent at 5 years (Fig. I). One hundred and seventy-nine
patients had died at the time of the last follow-up in
December 1998, giving a median survival of 38-4 months.
The 1-, 3- and 5-year survival rates of the 560 patients with
pulmonary metastases from colorectal cancer who did not
undergo thoracotory were 586 (95 per cant ci. 545 to
62-8),8:5 (95 per cent c.i. 6-1 to 11-0) and 1.9 {95 per cent
c.i. (-6 to 3-2) per cent respectively (46 patients censored),
and their median survival time was 14-4 months.

Univariable analyses

Table 2 shows the univariable relationships between
baseline characteristics and outcomes. Of the 14 variables
tested, eight were independently associated with outcome.

Y. Kanemitay, T. Kato, 7. Hiral and K. Yaaui

The number of pulmonary metastases and prethoracotomy
CEA level were strongly associated with death by 3 years.
Other important risk factors were histology of the primary
tumour, presence of extrathoracic disease, lymph node
metastasis of the primary tumour, presence of hilar or
mediastinal tumour-infilerated lymph nodes, distribution
of pulmonary lesions and adjuvant chemoradiotherapy.

Multivariable model

Five of the outcome predictors with significant associations
in the univariable analyses remained important in the
multivariable model (Table 3). After correction for other
determinants, prethoracotomy CEA level showed the
strongest relationship with death at 3 years; the number
of pulmonary metastases was the next strongest predictor.

Table 3 Multivariable predictors of death by 3 years after thoracotomy

5 R S N I R R

Values in parentheses are 95 per cent confidence intervals, Hazard ratios are not presented for continnous variables because the davs are mansformed by

SR B

restricted cubic spline functon with three or four knots. CEA, carcinoembryonic antigen.
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Survival after thoracotomy for metastases from cotoractal cancer
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Flg. 2 Preoperative nomogram for survival based on 313 patients with pulinonary metastases from colorectal cancer treated with
thoracotomy. *Well, moderately, or mucinous or poorly differentiated wumours, CEA, carcinoembryonic antigen
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Fig. 3 a Calibration of the nomogram in the derivation data set. Horizontal axis is nomogram-predicted probability of remaining alive.
Vertical axis is actual survival estimated at 3 years by Kaplan—Meier method. Dotted line indicates the reference line on which an ideal
nomogram would lie. Solid line indicates performance of the present nomogram. o, Subcohorts of database; s, bootstrap-corrected
estimate of nomogram’s performance with 200 resamples. Bars indicate 95 per cent confidence intervals. b Comparison of
nomogram-predicted and observed 3-year survival after thoracotomy in the validation data set
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Other important risk factors were presence of hilar or
mediastinal tumour-infilirated lymph nodes, histology of
the primary tamour and presence of extrathoracic disease.

A pomogram incorporating each of these five clinical
predictors was constructed according to the Cox model
(Fig. 2). No violation of the proportional hazards assump-
tion was evident (P = 0-060) and none of the ten two-way
interactions was statistically significant (P = 0-323). To
use the nomogram, determine the points assigned on the
0-100 scale for each predictor and add them together.
Locate this value on the ‘total points’ axis with a vertical
ruler and follow the ruler down to read off any predicted
values of interest. For example, for a patient with a total of
72 points, the nomogram predicts an 80 (95 per cent c.i.
70 to 90) per cent chance of avoiding death at | year and a
30 (95 per cent c.i. 20 to 40) per cent chance at 3 years,

The c-index for the nomogram was 0.72, reflecting
moderate predictive ability to discriminate between
patents who did and did not die after thoracotomy.
Analyses that included non-imputed values continued
to favour the derivadon data set (228 patients) for
prethoracotomy CEA level (P < 0-001), number of
pulmonary metastases (P < 0-001) and presence of
extrathoracic disease (P = 0.022), with a trend for hilar
or mediastinal lymph nodes (P = 0-075). When bootstrap
validation was performed, the non-imputed model also
achieved a c-index of (-72. The analyses were repeated
when missing variables were not imputed, and verified
that the results were virtually unchanged. Fig. 32 shows
the calibration graph for the nomogram, in which the 3-
year survival probabilities predicted by the nomogram are
plotted against the corresponding observed survival rates
obtained by the Kaplan—Meier method. This illustration
suggests good calibration of the nomogram.

External validation

The survival of JRSCCR patients was very similay to that
in the derivation ser as shown, Actual overall survival
rates were 89-8 (95 percent ci. 86-6 to 93.0) percent
at 1 year, 54-1 (95 per cent c.i. 48-7 to 59-5) per cent at
3 years and 399 (95 per cent ci. 34-4 to 45.3) per cent
at 5 years. The c-index for this validation cohort was
0-66. The nomogram also predicted better than chance for
the external data set. Calibration plots suggested that the
nomogram was welt calibrated for all predictions (Fig. 35).
Padent survival, stratified by quartiles of the nomogram-
predicted median survival times, is shown in Fig. 4. The
observed survival differed significantly between patients in
the different quartiles (P < 0.001). Table 4 shows details of
each quartile of median survival in the validadon data set.
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Flig. 4 Survival curves for pattents in the validation set stravified

by quartiles of the nomogram-predicted median survival time

Table 4 Risk group stratification based on nomogram predictions
of median survival

Values in parentheses are ranges. The 95% per cent confidence intervals
(cd.) for the median nomogram predictions were obtained by
bootstrapping.

Discussion

The intention of this study was to incorporate several
readily available factors into a prognostic nomogram,
with rigorons model validation. As in previcus smdies,
the number of pulmonary metastases!®!?, presence of
extrathoracic disease'®, presence of hilar or mediastinal
tumour-infiltrated lymph nodes® and CEA levell6-19
were established as independent predictors of death after
thoracotomny, A multivariable analysis of prognostic factors
was then undertaken with the aim of developing a
probability model for use at the tite of presentation to
assess the chance of survival.
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With regard to the number of pulmonary metastases,
which was established as one of the important prognostic
factors in this study, many authors have reported a
favourable survival rate for patients with a solitary
pulmonary metastasis>*”!7 and a poor prognosis for
those with two or more pulmonary metastases?. However,
McAfee ez al* observed a 5-year survival rate after surgery
of 25 per cent for patients with multiple metastases, In the
present study the S-year survival rate for 132 patients with
two or more pulmonary metastases was 32-4 (95 per cent
c.i. 223 to 42-4) per cent after thoractorny and 38 patients
have survived for more than 3 years. Therefore multiple
pulmonary metastases per s¢ should not be considered
a contraindication to operation if surgery is technically
feasible.

The prethoracotorny CEA level was the most important
independent prognostic factor in this study. Previous
studies have also shown that a raised serum level
of CEA before thoracotomy is associated with a
poor prognosis in patients with pulmonary metastases
from colorectal cancer'®-'%. In these studies the CEA
level was dichotomized according to an arbitrary cut-
off value of 5ng/ml According to their prognostic
criteria, thoracotomy seemned warranted for patients with
pulmonary metastases and a normal CEA level, but the
sitnation was less clear for patients with a raised CEA Jevel.
Ideally, the predictor should be a continuous variable to
maximize the amount of information that it can convey®,

The present model has some limitations. First, the
nomogram is not perfectly accurate. When subjected to
internal validation, the area under the ROC curve (c-
index) for the nomogram was 0-72, and internal calibration
showed that the predictions reasonably approximated
actual survival probabilities. In the external validation
analysis, the nomogram achieved a. c-index of 0-66,
suggesting adequate disctimination. Furthermore, this
model readily enabled patients with pulmonary metastases
to be stratified into four risk groups based on nomogram-
predicted median survival tmes, and is worth using in a
clinical setting. Second, the nomogram predicted death
after thoracotomy to a maximum of 3 years. It is possible
for a patient to die from cancer after 3 years, so the
nomogram does not provide a true probability of cure
after surgery. However, knowledge of the patient’s chance
of survival in the short to medium term is important to
both medical staff and to the individual facing a terminal
illness*!. A third limitation of this study is that the
nomogram was developed in a population of patients
who were subsequently treated by thoracotomy, so is
applicable only to potential candidates for surgery, rather
than all patients diagnosed with pulmonary metastases

Copyright © 2003 British Journal of Surgery Sociery Ltd
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from colorectal cancer. It would be most appropriate to
apply the nomogram as the last step in the decision-making
process, after the patient and physician have decided upon
thoracotomy as the treatment choice. Thoracotomy seems
warranted for patients with a high probability of survival at
3 years after operation. However, the risk of overtreating
patients with a low life expectancy of between 1 and 3 years
after thoractomy should be avoided as most patients who
did not become candidates for thoracotomy during this
period went on to die,

‘The unique aspects of the nomogram are that it produces
a point estimate indicating the probability of death for
each patient with 2 given combination of predictors.
Although this point estimate represents the best single-
number estimate, it does not provide any sense of the
degree of uncertainty surrounding it. A rough estimate of
that uncertainty is provided by the 95 per cent confidence
interval. The vertical bars in Fig. 3 indicate 95 per cent
confidence intervals based on the bootstrap analysis. In
general, the performance of the nomogram appears to
be within 10 percent of the actual outcome. Thus,
patients whose values fall within 10 percent of either
side of the percentage predicted from the nomogram
might be expected to be alive at 1 and 3 years after
thoracotomy.

This model may provide the most accurate preoperative
prediction of survival after thoracotomy for individual
patients with pulmonary metastases from colorectal cancer,
Although these predictons are not perfect, use of the
nomogram may contribute to treatment planning and
routine care of such patients,
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