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ORIGINAL ARTICLE
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Frank L. J. Visserenf, Cornelis J. A. Puntg and Miriam Koopmanh
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Medicine, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands; cDepartment of Epidemiology, Julius Center for
Health Sciences and Primary Care University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands; dDepartment of Medical
Oncology, The Leeds Teaching Hospitals, University of Leeds, Leeds, UK; eClinical Trials Unit at UCL, Institute of Clinical Trials and
Methodology, London, UK; fDepartment of Vascular Medicine, University Medical Center Utrecht, Utrecht University, Utrecht, The
Netherlands; gDepartment of Medical Oncology, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands; hDepartment of
Medical Oncology, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands

ABSTRACT
Background: Translating results from randomized trials to individual patients is challenging, since
treatment effects may vary due to heterogeneous prognostic characteristics. We aimed to demonstrate
model development for individualized treatment effect predictions in cancer patients. We used data
from two randomized trials that investigated sequential versus combination chemotherapy in unre-
sectable metastatic colorectal cancer (mCRC) patients.
Material and methods: We used data from 803 patients included in CAIRO for prediction model
development and internal validation, and data from 1423 patients included in FOCUS for external val-
idation. A Weibull model with pre-specified patient and tumour characteristics was developed for a
prediction of gain in median overall survival (OS) by upfront combination versus sequential chemo-
therapy. Decision curve analysis with net benefit was used. A nomogram was built using logistic
regression for estimating the probability of receiving second-line treatment after the first-line
monochemotherapy.
Results: Median-predicted gain in OS for the combination versus sequential chemotherapy was 2.3
months (IQR: �1.1 to 3.7 months). A predicted gain in favour of sequential chemotherapy was found
in 231 patients (29%) and a predicted gain of >3 months for combination chemotherapy in 294
patients (37%). Patients with benefit from sequential chemotherapy had metachronous metastatic dis-
ease and a left-sided primary tumour. Decision curve analyses showed improvement in a net benefit
for treating all patients according to prediction-based treatment compared to treating all patients with
combination chemotherapy. Multiple characteristics were identified as prognostic variables which iden-
tify patients at risk of never receiving second-line treatment if treated with initial monochemotherapy.
External validation showed good calibration with moderate discrimination in both models (C-index
0.66 and 0.65, respectively).
Conclusions: We successfully developed individualized prediction models including prognostic charac-
teristics derived from randomized trials to estimate treatment effects in mCRC patients. In times where
the heterogeneity of CRC becomes increasingly evident, such tools are an important step towards per-
sonalized treatment.
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Introduction

In recent years, a better understanding of prognostic and
predictive patient and tumour characteristics has significantly
influenced the selection of cancer treatments for individual
patients. Together with a growing number of effective and
target-specific drugs, cancer treatment becomes increasingly
personalized. Also, there is currently more focus on

treatment strategies rather than isolated treatment regimens.
Examples in metastatic colorectal cancer (mCRC) are the use
of sequential versus combination chemotherapy [1,2], and
the use of maintenance treatment with a reintroduction of
initial treatment upon progression [3,4]. For clinicians, it is
challenging to predict the treatment effects of such strat-
egies in an individual patient, with the availability of only
the average treatment effects as observed in randomized
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clinical trials. With a growing understanding of patient and
tumour heterogeneity, the development of individualized
prediction models to estimate absolute treatment effects
may be an important step towards personalized treatment.
Data from randomized phase III trials can be used to develop
multivariable prediction models that help to identify which
patients benefit from a specific treatment.

Such endeavours have been successfully undertaken in
vascular medicine and lung cancer [5,6]. For this purpose, we
aimed to demonstrate the development of individualized
prediction models that estimate the optimal treatment strat-
egy in patients with mCRC. As to the use of chemotherapy,
doublet or triplet regimens result in higher response rates
compared to monochemotherapy and are therefore preferred
in patients with potentially resectable metastases, symptom-
atic disease, and/or aggressive tumours such as those har-
bouring a BRAFV600E-mutation [7]. In other situations, upfront
treatment with fluoropyrimidine monotherapy is considered
a valid alternative. The CAIRO trial demonstrated that the
strategy of sequential capecitabine, irinotecan and oxaliplatin
did not compromise patients’ survival or quality of life com-
pared to upfront doublet chemotherapy [1]. This finding was
confirmed in the FOCUS trial [2]. However, in the CAIRO trial,
only 67% of patients in the sequential treatment arm
received second-line treatment. Therefore patients who are
treated with the first-line monochemotherapy are at risk not
to complete the full strategy, and thus not to benefit from
all available treatment options.

With the use of methodological frameworks [8,9], we
demonstrate the development of a prediction model with
patient and tumour characteristics for the individualized pre-
diction of survival time for two treatment strategies: upfront
combination versus sequential chemotherapy in patients
with asymptomatic and unresectable mCRC. For patients
without a clear predicted survival benefit for combination or
sequential chemotherapy, we built a model to estimate the
probability of receiving second-line treatment in patients
exposed to upfront monochemotherapy in order to further
guide clinical decision making. We aim to assess if individual-
ized treatment effect predictions can assist in the realization
of personalized treatment in mCRC.

Material and methods

Patients

A complete description of the methods is provided in
Supplementary Methods. In short, CAIRO data were used for
the development of the models. In the CAIRO trial, 803
patients with mCRC not amenable for curative surgery were
randomized to receive either (a) first-line treatment with
capecitabine monotherapy, second-line treatment with irino-
tecan and third-line treatment with capecitabine plus oxali-
platin (CAPOX) or (b) first-line treatment with capecitabine
plus irinotecan (CAPIRI) and second-line treatment with
CAPOX. Both arms were used for the model predicting sur-
vival times. For the development of a model predicting the
probability of receiving second-line treatment after the first-
line monochemotherapy, only patients in arm A with a

complete follow-up – i.e., until death or exposure to second-
line treatment – were included.

Data of the FOCUS trial were used for the external validation of
the models. In FOCUS, 2135 patients were randomized between
(a) first-line treatment 5-fluorouracil (5-FU) and second-line irino-
tecan, (b) first-line treatment 5-FU and second-line 5-FU plus irino-
tecan (FOLFIRI) or 5-FU plus oxaliplatin (FOLFOX), or (c) upfront
combination chemotherapy with FOLFIRI or FOLFOX. For the
model predicting survival times, arm A (sequential chemotherapy)
and arm C (combination chemotherapy) were included. For the
model predicting the probability of receiving second-line treat-
ment arm A and B were used.

Development of model estimating overall survival times

CAIRO data were used to build an accelerated failure time
model with a Weibull distribution for prediction of gain in
median overall survival (OS) for individual patients (i.e., time-
point from which onwards it is more likely that patient is
dead than alive). Pre-specified predictors of survival included
sex, WHO performance status (PS) (0, 1, or 2), body mass
index (BMI), number of metastatic sites (0, 1, 2 or �3), pres-
entation of metastatic disease (synchronous or metachro-
nous), resection of the primary tumour (yes or no), sidedness
of the primary tumour (right colon until splenic flexure, or
left colon/rectum from splenic flexure on), alkaline phosphat-
ase (ALP), and white blood cell (WBC) count [10–13]. Missing
values were imputed. Treatment arm was added to the
model as a predictor for survival, and WHO performance
score was added as treatment interaction since previous data
indicated that patients with poor performance may benefit
from intensified upfront therapy [2,14]. The presence of add-
itional treatment interactions was tested [15]. Data on
(K)RAS/BRAFV600E and serum lactate dehydrogenase (LDH)
were not included due to incompleteness.

Prior to obtaining predictions in the external validation
set, model coefficients were penalized in order to obtain reli-
able estimates by adjusting for optimism. Model performance
was measured using the C-index [16], and a calibration plot
was constructed to evaluate how close the predictions were
to the observed survival times.

Development of model estimating the probability of
receiving second-line treatment

A step-by-step protocol [9] was followed for the develop-
ment of this model: (1) potential prognostic variables were
identified and missing data were imputed; (2) predictors
were selected using logistic regression analysis with back-
ward stepwise selection; (3) the model was subjected to
1000 bootstrap resamples for internal validation and
appraised with Harrell’s C-index [17]; (4) model coefficients
were shrunk after which FOCUS data were used for external
validation and a nomogram was constructed.

Model outcomes

The first model was used to predict median OS upon
sequential treatment and combination treatment for every
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individual patient in the CAIRO trial. The predicted gain in
median OS was subsequently calculated as the difference
between these two survival estimates. The second model
was used to predict the probability of receiving second-line
treatment after the first-line monochemotherapy. Since
exposure to all available drugs is associated with improved
survival [18], this model would be particularly helpful for
patients without a clear predicted survival benefit for either
combination or sequential chemotherapy.

For the model predicting gain in median OS, decision curve
analysis was used to determine whether treatment decisions
based on the model predictions would result in better clinical
outcomes than treating patients based on group level results
(treating all or none with sequential chemotherapy) [19]. This
method includes calculation of net benefit. A detailed description
of net benefit calculations with an example is described in
Supplementary Methods. Positive net benefit indicates that the
treatment strategy is superior to treating all patients with sequen-
tial chemotherapy, which is the reference (net benefit equals
zero), whereas negative net benefit indicates the worse clinical
outcome. In both CAIRO and FOCUS, the net benefit in OS of the
following treatment strategies was compared: treat all patients
with sequential chemotherapy, treat all patients with upfront
combination chemotherapy, prediction-based treatment, and pre-
diction-based treatment treating only those with a predicted
treatment effect with p < .05. As the appropriate treatment
threshold is subjective, we calculated the net benefit for thresh-
olds ranging from 0 to 6 months gain in median OS. Analyses
were performed using SPSS version 24 and R version 3.3.3.

Results

Prediction model for estimation of overall
survival times

The baseline characteristics of eligible study patients
included for the development of the model predicting OS

times are shown in Table 1. One or more variables were
missing in 293 CAIRO (29.8%) and 534 FOCUS (37.5%)
patients, and mainly concerned WBC and ALP. Overall, the
CAIRO population included more females, had a better WHO
PS and lower ALP levels compared to the FOCUS population.
All other characteristics were comparable. There were no
major differences in baseline characteristics between study
arms [1,2]. In CAIRO, updated results with a follow-up until
June 2013 (median 16.6 months, range 0.3–115.0) and 785
deaths (98%) showed a median OS of 17.2 months in the
combination arm and 16.1 months in the sequential arm
(hazard ratio [HR]: 0.89, 95% CI: 0.78–1.03; p = .12). In FOCUS
(follow-up until October 2006, median 14.5 months
[0.0–65.3]), median OS with 1223 deaths (86%) was 15.9
months for combination treatment and 13.9 months for
sequential treatment (HR: 0.88, 95% CI: 0.78–0.98; p = .02).

Model coefficients accompanied with p values and unpen-
alized HR with corresponding 95% CIs are shown in Table 2.
ALP was log-transformed to optimize model fit. Primary
tumour location (p for interaction = .09) and synchronous
metastatic disease (p for interaction = .02) were identified
and added next to WHO PS as treatment interactions.

Calibration plots of predicted versus observed median OS
in the derivation set showed good internal calibration, with a
slight overestimation in patients with the highest predicted
probabilities (Supplementary Figure 1). More overestimation
was present in the calibration plot of the external dataset
(Supplementary Figure 2). The C-index in the derivation and
external validation set were 0.69 (95% CI: 0.67–0.72) and 0.66
(95% CI: 0.64–0.68), respectively.

The formula for the predicted gain in median OS for com-
bination chemotherapy versus sequential chemotherapy is
shown in Supplementary Figure 3. A wide range of predicted
gain was observed in CAIRO, with a median of 2.3 months
(IQR: �1.1 to 3.7; Supplementary Figure 4). A comparable dis-
tribution was found in FOCUS (Supplementary Figure 5).

Table 1. Patient characteristics.

CAIRO FOCUS
n¼ 803 Missings, no. (%) n¼ 1423 Missings, no. (%)

Age, median (IQR), years 63 (56–69) 0 64 (56–69) 1 (0.1)
Sex (%)
Male 507 (63) 0 981 (69) 0
Female 296 (37) 442 (31)

WHO performance status, no. (%)
0 501 (62) 0 589 (41) 0
1 268 (33) 713 (50)
2 34 (4) 121 (9)

Body mass index, median (IQR), kg/m2 25.0 (22.7–27.4) 39 (5) 25.1 (22.7–28.3) 7 (0.5)
Number of metastatic sites, no. (%)
0 0 10 (1) 30 (2) 0
1 354 (45) 582 (41)
2 287 (36) 563 (40)
�3 152 (19) 248 (17)

Presentation of metastases, no. (%)
Synchronous 517 (64) 0 897 (65) 44 (3)
Metachronous 286 (36) 482 (35)
Resection primary tumour, no. (%) 634 (79) 0 1071 (75) 0
Sidedness of primary tumour, no. (%)
Left 536 (74) 76 (9) 677 (73) 499 (35)
Right 191 (26) 247 (27)

White blood cell count, median (IQR), �109/L 8.0 (6.6–10.0) 145 (18) 8.2 (6.7–10.1) 11 (0.8)
Alkaline phosphatase, median (IQR), U/L 114 (86–188) 147 (18) 129 (88–231) 7 (0.5)

Data are based on unimputed values. SI conversion factor: to convert alkaline phosphatase to microkatal per liter, multiply by 0.0167.
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In CAIRO, 294 patients (36.6%) had a predicted median gain of
>3 months in favour of combination chemotherapy, 278
patients (34.6%) between 0 and 3 months in favour of combin-
ation chemotherapy, and 231 patients (28.8%) in favour of
sequential chemotherapy. A difference with a p value <.05 in
favour of sequential chemotherapy was observed in 142
patients (17.7%), compared to 150 patients (18.7%) for combin-
ation chemotherapy. Patients with a predicted benefit for com-
bination chemotherapy had a worse WHO PS, more often
synchronous metastatic disease and/or a right-sided primary
tumour (Table 3). Patients with a predicted benefit for sequen-
tial chemotherapy had a left-sided primary tumour location, a
primary tumour resection, and metachronous disease.

The decision curves are visualized in Figures 1 and 2. In
CAIRO data (Figure 1), these curves show that prediction-
based treatment is more favourable than treating all patients
with combination treatment regardless of the treatment
threshold. However, when the treatment threshold is >1.8
months, the net benefit for prediction-based treatment is
inferior to treating all patients with sequential chemotherapy.
Treating only patients with a predicted treatment effect with
a p value <.05 results in a higher net benefit compared to
treating all patients with prediction-based treatment regard-
less of statistical significance when the threshold is higher
than approximately 1.5 months (Figure 1), but is associated
with a negative net benefit when the threshold is >2.0
months. In FOCUS data, prediction-based treatment is more
favourable than treating all patients with combination
chemotherapy when the treatment threshold is >1.0 months,
and the net benefit of prediction-based treatment becomes
comparable to treating all patients with sequential chemo-
therapy when the treatment threshold is >2.2 months
(Figure 2). Supplementary Table 1 shows the clinical implica-
tions of treating patients according to the decision curve
analyses of CAIRO data.

Prediction model for estimating the probability of
receiving second-line treatment

A total of 5 patients in CAIRO (2.4%) and 89 patients in
FOCUS (6.3%) were excluded from the model for predicting
the probability of receiving second-line treatment in patients
treated with first-line monochemotherapy due to incomplete
follow-up, resulting in a training set of 396 patients and an
external validation set of 1333 patients. One or more varia-
bles were missing in 119 (30.1%) of CAIRO and 452 (33.9%)
of FOCUS patients. In CAIRO, 267 (67%) patients in the
sequential chemotherapy group received second-line treat-
ment, compared to 796 (60%) in FOCUS. Exposure to
second-line treatment was strongly associated with longer
OS in the CAIRO population (median OS: 19.4 [95% CI:
18.0–20.9] versus 7.9 months [6.5–9.3], respectively; HR 0.53
[0.43–0.65]; p < .01).

Age, WHO PS, BMI, WBC, resection of primary tumour and
primary tumour location were identified as predictive varia-
bles for receiving second-line treatment after the first-line
monochemotherapy. All continuous variables were linearly
associated with the endpoint and no interactions terms were
identified. Model coefficients accompanied with p-values and
unpenalized odds ratios with corresponding 95% CIs are
shown in Table 4 and visualized in the nomogram
(Supplementary Figure 6).

The median-predicted probability of receiving second-line
chemotherapy after the first-line monochemotherapy in the
overall population is 71% (range: 22–90%). In patients with a
predicted survival gain between �3.0 and 3.0 months, the
median-predicted probability is 70% (range: 26–87%). The
internal and external calibration plots illustrated a good val-
idation, with C-indices of 0.68 and 0.65, respectively
(Supplementary Figures 7 and 8). The calculator is illustrated
in Supplementary Figure 9.

Table 2. Model coefficients derived from CAIRO.

Predictor AFT coefficient (95% CI)a,b p-value Hazard ratio (95% CI)b

Sex (male vs. female) 0.07 (�0.04 to 0.18) .15 0.90 (0.77 to 1.04)
WHO performance statusc �0.10 (�0.24 to 0.04) .11 1.16 (0.96 to 1.40)
Body mass index (kg/m2)c 0.01 (0.00 to 0.02) .14 0.99 (0.97 to 1.00)
Number of metastatic sitec �0.22 (�0.29 to �0.15) <.01 1.39 (1.26 to 1.53)
Presentation of metastatic disease (metachronous vs. synchronous) �0.14 (�0.31 to 0.03) .07 1.24 (0.98 to 1.55)
Resection primary tumour (no vs. yes) 0.28 (0.14 to 0.42) <.01 0.66 (0.54 to 0.80)
Primary tumour location (right colon vs. left colon or rectum) 0.37 (0.21 to 0.54) <.01 0.57 (0.46 to 0.71)
White blood cell count (�109/L)c �0.02 (�0.04 to 0.00) .04 1.03 (1.00 to 1.07)
Logarithm of ALP (U/L)c �0.28 (�0.38 to �0.18) <.01 1.53 (1.33 to 1.75)
Sequential versus combination chemotherapyc 0.07 (�0.19 to 0.33) .57 0.90 (0.63 to 1.28)
Sequential versus Combination Chemotherapy�WHO

Performance Statusc,d
0.06 (�0.12 to 0.24) .50 0.92 (0.72 to 1.17)

Sequential versus Combination Chemotherapy� Presentation of
Metastatic Disease (metachronous vs. synchronous)

0.24 (0.02 to 0.47) .02 0.69 (0.51 to 0.94)

Sequential versus Combination Chemotherapy� Primary Tumour
Locationc (right colon vs. left colon or rectum)

�0.19 (�0.42 to 0.05) .09 1.32 (0.95 to 1.83)

AFT, accelerated failure time; CI, confidence interval; ALP, alkaline phosphatase.
SI conversion factor: to convert alkaline phosphatase to microkatal per liter, multiply by 0.0167.
aA negative AFT coefficient indicates a negative effect on predicted survival time, whereas a positive AFT coefficient indicaties a positive effect.
bUniform shrinkage was applied to the AFT coefficients, but not the hazard ratios, because penalizing increases external validity of the model overall, yet leads
to underestimation of the importance of the predictors.
cValues per unit increase.
dTo interpret the coefficients and hazard ratios of the main effects of WHO performance status, primary tumour location and combination chemotherapy, the
interaction effects need to be taken into account. For example, the AFT coefficient of combination versus sequential chemotherapy for a patient with WHO per-
formance status 2, synchronous disease, and right-sided primary tumour is: 1� 0.07þ 2� 0.06þ 1� 0.24þ 0��0.19¼ 0.43. The hazard ratio is:
exp(1� ln(0.90)þ 2� ln(0.92)þ1� ln(0.69)þ 0� ln(1.32))¼ 0.53.
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Discussion

In this study, we demonstrate the development of two com-
plementary individualized prediction models based on data
from randomized trials. Our models show good graphical cal-
ibrations, proper internal and external validity, and substan-
tial discriminative abilities, which are key aspects of such
models [8]. Our results indicate that a substantial heterogen-
eity exists in survival times for upfront combination chemo-
therapy compared to sequential chemotherapy starting with
single-agent fluoropyrimidine monotherapy in mCRC
patients, and that treatment effects can be predicted using a
combination of easily obtainable patient characteristics.

These models may contribute to the ultimate promise of per-
sonalized treatment in mCRC, where therapy can be accur-
ately tailored for each individual patient.

Randomized phase III trials in mCRC generally represent a
heterogeneous study population, which is evidenced by a
large amount of clinical and molecular prognostic parame-
ters that have been identified in recent years [20]. To date,
our ability to predict the clinical treatment effects of specific
therapeutic approaches in individual patients remains lim-
ited. The presented models represent evidence-based tools
to guide treatment decisions in clinical practice. Our models
provide individualized absolute treatment effects, include a

Table 3. Baseline characteristics of CAIRO patients according to predicted overall survival by sequential chemotherapy versus combination chemotherapy.

Predicted benefit in favour of
sequential chemotherapy,

n¼ 231 (29%)

Predicted benefit of >0 and �3
months in favour of combination
chemotherapy, n¼ 278 (35%)

Predicted benefit of >3 months in
favour of combination chemotherapy,

n¼ 294 (37%)

Age, median (IQR), years 65 (58–71 ) 61 (54–68) 63 (56–69)
Male sex, no. (%) 144 (62) 194 (70) 169 (57)
WHO performance status, no. (%)
0 164 (71) 175 (63) 162 (55)
1 60 (26) 92 (33) 116 (40)
2 7 (3) 11 (4) 16 (5)

BMI, median (IQR), kg/m2 26.0 (23.9–28.4) 24.2 (22.1–26.7) 24.9 (23.0–27.7)
Number of metastatic sites, no. (%)
1 95 (41) 86 (31) 179 (61)
2 89 (39) 111 (40) 90 (31)
�3 47 (20) 81 (29) 25 (9)

Presentation of metastatic disease, no. (%)
Synchronous 0 223 (80) 100
Metachronous 231 (100) 55 (20) 0

Primary tumour resected, no. (%) 231 (100) 161 (58) 241 (82)
Primary tumour location, no. (%)
Left colon and rectum 231 (100) 206 (74) 153 (52)
Right colon 0 72 (26) 141 (48)
WBC, median (IQR), �109/L 7.5 (6.3–8.9) 8.9 (7.5–11.3) 7.7 (6.4–9.5)
ALP, median (IQR), U/L 97 (82–131) 170 (111–297) 105 (81–152)

OS: overall survival; BMI: body mass index; WBC: white blood cell count; ALP: alkaline phosphatase. SI conversion factor: to convert alkaline phosphatase to
microkatal per liter, multiply by 0.0167.

Figure 1. Decision curves for net benefit assessment regarding overall survival of various decision strategies as present in CAIRO data. Reading the net benefit plot
starts with choosing a treatment-threshold, which is the gain in median overall survival at which one would opt for combination chemotherapy instead of sequen-
tial chemotherapy (i.e., from that point onwards, the benefits are considered to outweigh the harms, e.g., toxicity). Positive net benefit means that the treatment
strategy led to a more favourable trade-off between benefits and harms.
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combination of patient and tumour characteristics, and allow
for the evaluation of multiple potential treatment interac-
tions. This systematic approach of model development and
validation has primarily been used in cardiovascular diseases
and has led to the implementation of calculators for individ-
ualized treatment effect predictions in clinical practice [5,21].
Van Kruijsdijk and colleagues demonstrated that the method-
ology is also suitable for survival time predictions in non-
small-cell lung cancer patients [6]. This indicates that the
design may be suitable for any well-specified clinical ques-
tion in the presence of an extensive database, preferably
randomized trial data.

Primary tumour location and synchronous metastatic dis-
ease were the main discriminatory predictors for a survival
benefit from a combination or sequential chemotherapy.
Previous subgroup analyses of chemotherapy trials sug-
gested that upfront intensified treatment would be beneficial
for patients with a poor PS [2,14]. Therefore, we added WHO
PS as a treatment interaction, but the relative effect of this
variable on treatment outcome was low. This supports that
treatment outcomes are dependent upon multiple rather
than a single characteristic.

We identified several different predictive factors for esti-
mating the probability of receiving second-line treatment as

Figure 2. Decision curves for net benefit assessment regarding overall survival of various decision strategies as present in FOCUS data. Reading the net benefit
plot starts with choosing a treatment-threshold, which is the gain in median overall survival at which one would opt for combination chemotherapy instead of
sequential chemotherapy (i.e., from that point onwards, the benefits are considered to outweigh the harms, e.g., toxicity). Positive net benefit means that the treat-
ment strategy led to a more favourable trade-off between benefits and harms.

Table 4. Variables associated with exposure to second-line treatment after first-line treatment with monochemotherapy.

Distributiona bb ORb 95% CI p-value

Age, median, yearsc 64
56 0.00 Ref.
70 �0.23 0.75 0.54 to 1.05 .09

WHO performance status, no. (%)
0 253 (64%) 0.00 Ref.
1 125 (32%) �0.23 0.75 0.46 to 1.22 .24
2 18 (5%) �0.42 0.33 0.11 to 0.98 .05

BMI, median, kg/m2c 24.9
22.8 0.00 Ref.
27.0 0.22 1.28 0.97 to 1.68 .08

Resection primary tumour, no. (%)
No 89 (23%) 0.00 Ref.
Yes 307 (78%) 0.53 1.85 1.08 to 3.17 .02

Sidedness of primary tumour, no. (%)
Right 101 (28%) 0.00 Ref.
Left or rectum 259 (72%) 0.81 2.62 1.62 to 4.21 <.01

WBC, median, �109/Lc 8.1
6.6 0.00 Ref
9.3 �0.32 0.74 0.55 to 0.99 .05

b: parameter estimate; OR: odds ratio; CI: confidence interval; WBC: white blood cell count; LDH: lactate dehydrogenase.
aDistribution of variables is based on unimputed values.
bPenalized maximum likelihood was applied to the AFT coefficients, but not the hazard ratios, because penalizing increases
the external validity of the model overall, yet leads to underestimation of the importance of the predictors.
cThe lowest and highest interquartiles are used as reference and comparator, respectively.
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compared to predicting survival time. Also, a wide range of
estimated probabilities was observed, indicating that the
models can be used complementarily. For example, a 45-
year-old male patient with metastases at three sites and an
ALP level of 100U/L has a limited predicted benefit for com-
bination chemotherapy of 2.5 months and an estimated
probability of receiving second-line treatment after mono-
chemotherapy of 82% when he has a left-sided, unresected
primary tumour, synchronous metastatic disease, WHO PS 0,
WBC count 4.5� 109/L, and BMI 28. The same patient has a
predicted survival benefit of 2.3 months for combination
chemotherapy and an estimated probability of receiving
second-line treatment of 33% when he has right-sided and
resected primary tumour, metachronous metastatic disease,
WHO PS 2, WBC count 15.0� 109/L, and BMI 18. In the latter
situation, upfront combination chemotherapy may be more
appropriate due to the low probability of receiving second-
line treatment after the first-line monochemotherapy.

In order to objectify the benefit of prediction-based treat-
ment for survival, we constructed decision curve analyses
with a net benefit. Net benefit aims to determine whether
predictions from a model can be used to apply the results of
randomized trials to individual patients, as opposed to using
group-level results [19]. Treatment thresholds are hereto
implemented as a measure of weighing harms and benefits.
Our results show that the net benefit for treating patients
according to prediction-based treatment is superior to treat-
ing all patients with upfront combination chemotherapy
regardless of the treatment threshold, but that the net bene-
fit is lower compared to treating all patients with sequential
chemotherapy when the threshold is >1.8 months.
Importantly, setting a treatment threshold is subjective in
nature for both physicians and patients and requires a care-
ful balance between potential toxicities/effect on quality of
life and expected survival gain. The value of statistical signifi-
cance or confidence intervals in individualized prediction
models is questionable since we are prone to select the
treatment strategy that is likely to result in the best out-
come, regardless of whether we believe it will be superior
most of the time [22].

Our study has a few major limitations. Prognostic parame-
ters as serum LDH values and BRAF/RAS-mutation status
were not included due to missing data [10,23,24]. Since
patients with BRAFV600E-mutated tumours have a poor life
expectancy and are less likely to be exposed to second-line
treatment [23,25], triplet chemotherapy in combination with
an anti-VEGF antibody is currently recommended as first-line
treatment [7]. Also, after the publication of the CAIRO and
FOCUS trials, the introduction of anti-VEGF antibodies, anti-
EGFR monoclonal antibodies, regorafenib, and trifluridine/
tipiracil have further improved the life expectancy of mCRC
patients. Hence, the predicted survival times of our model
are an underestimation of the current survival times.
Nonetheless, chemotherapy used in CAIRO and FOCUS
remains the backbone of first- and second-line treatments,
and – with the addition of a targeted drug – are still valid
first-line treatment options. When molecular characteristics
are added as prognostic characteristics and the

discriminative abilities of our models are validated in a
patient population treated according to the latest guidelines,
we believe that our models can be implemented in
daily practice.

In conclusion, we demonstrate that absolute treatment
effects in mCRC can be estimated with systematically devel-
oped personalized prediction models derived from random-
ized trial data. With the use of readily available patient and
tumour characteristics, the optimal treatment strategy for
individual patients with mCRC can be selected. Such tools
can be used to facilitate shared decision making and enable
us to further tailor treatment decisions.
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