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Background: Bone metastases (BM) from colorectal cancer (CRC) are often accompanied by extraosseous
metastases, resulting in a dismal prognosis. The present study aimed to determine the risk factors for BM in
metastatic CRC (mCRC) and the prognostic factors for CRC patients with BM.

Methods: The study was based on a training cohort of 214 mCRC patients (of which, 101 patients had
BM) from our center, and a validation cohort of 511 mCRC patients (of which, 173 patients had BM) from
another institute. Risk and prognostic nomograms for BM were developed using univariate and multivariate
analyses. The goodness of fit, discrimination, and calibration performance of the nomograms were assessed
by R?, concordance statistics (C-statistics), and the calibration curve. The results were internally validated
using bootstrap resampling in the training cohort, and externally validated in the validation cohort.
Results: The novel BM risk nomogram comprised seven variables [degree of tumor differentiation, N-stage,
serum alkaline phosphatase (ALP), lactate dehydrogenase (LDH), carcinoembryonic antigen (CEA), liver
metastasis, and lung metastasis]. It showed good performance, with an R? of 0.447 and a C-statistic of 0.846
[95% confidence interval (CI), 0.793 to 0.898] in the training cohort, and an R? of 0.325 and a C-statistic of
0.792 (95% CI, 0.750 to 0.834) in the validation cohort. The optimal cutoff value to identify individuals at
low or high risk was 56% probability, with a sensitivity of 71.3% and a specificity of 89.4%. The prognostic
nomogram included five factors (tumor differentiation, number of extra-BM organs, number of BM lesions,
ALP, and LDH), and had an R? of 0.284 and a C-statistic of 0.723 (95% CI, 0.657 to 0.789) in the training
set. This nomogram was externally validated in the validation cohort, with an R? of 0.182 and a C-statistic of
0.682 (95% ClI, 0.638 to 0.726).

Conclusions: The developed and validated risk and prognostic nomograms showed good performance
for predicting the occurrence of BM in mCRC as well as the prognosis of CRC patients with BM. The risk

nomogram can be used as a cost-effective preliminary screening tool prior to bone scanning.
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Introduction

Colorectal cancer (CRC) is the third most common
malignancy worldwide, and is responsible for nearly
2,000,000 new cases and 900,000 deaths every year (1).
Distant metastases are the leading causes of CRC-related
mortality, which occur in approximately 50% of patients
after aggressive surgery. The most frequent metastatic
organs are the liver and lungs, followed by lymph nodes,
peritoneum, or brain (2-4).

Bone metastases (BM), often secondary from breast,
prostate, and lung cancers, are not common in CRC
patients (5,6). The incidence of BM from CRC is 3-7%
in clinic but 10.7-23.7% in autopsy, indicating that a
considerable number of occult BM are misdiagnosed
during therapy (7,8). Until now, the diagnosis of BM has
been entirely dependent on imaging techniques, partially
inclusive of bone scintigraphy (BS), magnetic resonance
imaging (MRI), and positron emission tomography/
computed tomography (PET/CT). However, due to the low
incidence of BM among CRC patients, high-cost imaging
examination for BM is not recommended for routine
follow-up until obvious symptoms of skeletal-related events
(SREs) occur (9). SREs include (but are not limited to)
disturbance of homeostasis, pathological fracture, and spinal
cord compression, which could lead to a significantly poor
quality of life and increased costs of nursing care (10). In
addition, distant metastasis involving the skeletal system
definitely predicts a remarkably worse prognosis than that
confined to the liver or lungs in CRC partly due to a lack
of effective treatment, as median overall survival (OS) after
diagnosis of BM ranges from 5 to 21 months and the 1-year
survival rate is only approximately 30% (7,11,12). To sum
up, the main clinical characteristics of CRC patients with
BM include low incidence, missed or delayed diagnosis,
limited treatment methods, poor prognosis and poor quality
of life, which make BM a big problem and challenge in
clinical practice.

Several studies have identified the risk and prognostic
factors associated with BM. The most well-established risk
factors for BM are location of cancer, lymph node invasion
and lung metastases (7). However, most studies also
included patients with CRC who did not develop metastases
(13-15), therefore the association found in the analysis most
likely reflected the increased risk of all metastases. The
incidence of BM is higher when only including metastatic
CRC (mCRC) patients, accounting for nearly 10% (7), and
BM is often complicated by extraosseous metastases, which
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tend to be overlooked by some arresting manifestations
resulting from other organ metastases. We believe it is
more clinically beneficial to identify people at a high risk
for BM in mCRC. To date, there is no risk model has
been developed for predicting BM only including mCRC
patients. Thus, the purpose of this study was to establish
and validate a clinical risk model to predict the occurrence
of BM in mCRC and a prognostic model for CRC patients
with BM. We present the following article in accordance
with the TRIPOD reporting checklist (available at http://
dx.doi.org/10.21037/atm-21-2250).

Methods
Patients and study design

This retrospective study was conducted on a training cohort
of 214 CRC patients with distant metastases treated in
Ruijin Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine between January 2005 and May 2019.
The inclusion criteria were as follows: (I) patients with
histopathologically-confirmed colorectal adenocarcinoma
through biopsy or surgery; (II) patients with metastatic
disease; (III) patients with known status of bone metastasis;
(IV) patients with no history of other malignancies; (V)
patients with complete medical history and follow-up
information. Patients who died of operative complications
or non-neoplastic diseases were excluded. The selected
patients were categorized into two groups: one group with
BM (BM group, 101 cases), and the other group without
BM from onset to death (NBM group, 113 cases).

From June 2006 to February 2018, an independent
cohort of 511 CRC patients with distant metastases from
Fudan University Shanghai Cancer Center was studied,
using the same inclusion and exclusion criteria. There were
173 patients in the BM group and 318 patients in the NBM
group. These patients formed the validation cohort of this
study.

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by the Ruijin Hospital Ethics Committee of
Shanghai Jiao Tong University School of Medicine (No.:
2020-318). The requirement for individual consent for this
retrospective analysis was waived.

Data collection

Patients’ demographics and tumor variables, including
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age at diagnosis of CRC, gender, metastatic sites,
treatment for primary tumor, primary tumor site, degree
of tumor differentiation, T-stage, N-stage, and several
serum biochemical indices, were collected via reviewing
medical records or telephone follow-up. Pathological stage
was not available in patients who did not undergo surgery,
and clinical stage was recorded instead. Serum biochemical
indices were recorded at first diagnosis of BM in the BM
group and at first diagnosis of metastases in the NBM
group. According to the standards developed by the clinical
laboratory of Ruijin Hospital, serum biomarkers including
alkaline phosphatase (ALP), lactate dehydrogenase (LDH),
carcinoembryonic antigen (CEA), and carbohydrate antigen
19-9 (CA19-9) were determined, with upper normal
limits of 126 IU/L, 192 TU/L, 5 ng/mL, and 35 U/mL,
respectively. In the validation cohort, the upper normal
limits were 125 U/L, 250 U/L, 5.2 ng/mL, and 25.2 U/mL,
respectively.

In the BM group, we also collected some BM-related
information, including treatment for BM (surgery,
radiotherapy, chemotherapy, and bisphosphonate
treatment), location of BM (pelvis, vertebrae, bones of the
extremities, thoracic bones, or skull), number of BM lesions
(based on the above five locations of BM), number of extra-
BM organs (number of metastatic organs other than BM),
BM-free survival (BMFS, defined as the time from the
diagnosis of CRC to bone metastasis), and OS (overall
survival). The BM group was sub-grouped into ‘synchronous
BM’, which was defined as BMFS of less than 1 month, and
‘metachronous BM’, which was defined as BMFS of more
than 1 month.

The outcomes of the prediction models were overall
survival (OS) and the occurrence of BM from onset to
death. OS was defined as the time from the date of first
diagnosis of BM to death or the date of the last known
follow-up. The cutoff date for data analysis was the last
follow-up on December 31, 2019 in the training cohort and
on October 11, 2019 in the validation cohort. To ensure
the blind assessment of the outcomes and predictors, the
authors performed data entry and analysis independently
from each other, and code names were used to replace each
variable in the analysis.

Diagnosis and Follow-up

The clinical diagnosis of BM was identified using imaging
examinations, including BS, MRI, CT, or PET/CT. Follow-
up consisted of blood tests, as well as physical and imaging
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examinations (chest, abdomen, and pelvic CT or MRI scan
with contrast) every 2 months; BM lesions were primarily
observed by MRI.

Statistical analysis

Descriptive data were presented as medians with ranges
(minimum to maximum) for continuous variables, and
as frequencies and percentages for categorical variables.
In the training cohort, univariate analyses were used to
identify risk factors of BM by logistic regression models
and prognostic factors in BM patients by Cox proportional
hazard models. To obtain the optimal risk and prognostic
models, a new multivariate logistic regression model and
new multivariate Cox proportional hazard model were
developed by entering a different set of variables, which
were meaningful (P<0.05 or clinically significant) in the
univariate analyses, one at a time. Two nomograms were
formulated based on the results of the best prediction
set. The optimal cutoff value was obtained through
receiver operating characteristic (ROC) analysis to create
risk groups. The goodness of fit of the nomograms was
assessed by R’, and its discrimination was evaluated using
the area under the curve (AUC) or concordance statistics
(C-statistics). Calibration performance was assessed based
on agreement between predicted and actual rates in the
calibration curve. In the training cohort, the two models
were internally validated by bootstrap resampling based on
1,000 resamples. External validation was performed in the
validation cohort to analyze the same performance metrics,
including R’, C-statistics, and calibration curve. SPSS
version 24.0 (IBM Corp., Chicago, USA) and R version 3.6.1
(R Foundation for Statistical Computing, Vienna, Austria,
http://www.r-project. org) were used for all statistical
analyses. A two-sided P value <0.05 was considered
statistically significant.

Results
Patients’ demographics and clinicopathologic characteristics

In the training cohort, a total of 214 CRC patients with
distant metastases were ultimately included in the final
analysis, of whom, 101 (47.2%) patients were diagnosed
with BM. The median age at diagnosis of CRC was
59 years (range, 25-79 years) in the BM group, and 58 years
(range, 24-79 years) in the NBM group, and the majority
of patients were male (62.4% in BM, 73.5% in NBM).
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Among the 113 patients without BM, the most common
metastatic organ was the liver (63.7%), followed by the
lungs (38.9%). Fifty-nine (52.2%) patients were primary
stage IV, while the remaining patients were postoperative
recurrent or metastasis. In the BM group, 25 (24.8%)
patients had synchronous metastasis and 76 (75.2%)
patients had metachronous metastasis. The average time
from initial CRC diagnosis to detection of BM was 22.01
months (range, 0-123.6 months). Among whom 11 (10.9%)
patients were bone metastasis alone. The vertebrae were the
most common metastatic site (75, 74.3%), followed by the
pelvis (50, 49.5%). Only seven (6.9%) patients underwent
surgery for BM, including stabilization of pathological
fractures, segmental resection of tumors, arthroplasty for
replacing joints, and spinal decompression surgery. Most of
the patients had non-surgical palliative treatment including
chemotherapy, bisphosphonate, or radiotherapy.

In the validation cohort, 511 mCRC patients from
another medical center were enrolled in this study according
to the same inclusion criteria, among whom, 173 (33.9%)
patients were in the BM group and 338 (66.1%) patients
were in the NBM group. The detailed demographics and
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clinicopathologic characteristics of patients in the training
and validation cohorts are listed in 7able 1. The differences
in metastasis patterns between colon and rectal cancer
in the training cohort are shown in Table S1. Among all
groups, liver and lung were the most common metastatic
sites. And colon cancer was more prone to peritoneal
metastasis than rectal cancer. In BM group, we found that
lung was the most common metastatic site in rectal cancer.
The characteristics related to skeletal metastasis are shown
in Table 2.

Univariate analysis of risk factors for BM in the training
cobort

The results of the univariate analysis of risk factors for
BM in the training cohort are listed in Table 3. We found
that tumor differentiation degree of G3, N2 stage, and
elevated serum ALP/LDH/CEA were risk factors for BM,
and lung metastasis (P=0.09) was clinically significant.
Liver metastasis was a protective factor for BM (P<0.05).
Among these, the serological indicators were included in
the analysis as categorical variables according to the normal

Table 1 Demographics and clinicopathologic characteristics of CRC patients with and without BM

Training cohort (N=214)

Validation cohort (N=511)

Patients characteristics
BM group (N=101)

NBM group (N=113)

BM group (N=173) NBM group (N=338)

Gender
Male 63 (62.4%)
Female 38 (37.6%)
Age at CRC diagnosed (yr)
Median [range] 59 [25-79]
<60 56 (565.4%)
>60 45 (44.6%)
Primary tumor site
Rectum 56 (55.4%)
Left colon 29 (28.7%)
Right colon 16 (15.8%)

Degree of tumor differentiation
G1-2 46 (45.5%)

G3 55 (54.5%)

24 (21.2%)
28 (24.8%)

70 (61.9%)
43 (38.1%)

83 (73.5%) 113 (65.3%) 205 (60.7%)
30 (26.5%) 60 (34.7%) 133 (39.3%)
58 [24-79] 59 [29-90] 56 [22-79]

66 (58.4%) 90 (52.0%) 217 (64.2%)
47 (41.6%) 83 (48.0%) 121 (35.8%)
61 (54.0%) 110 (63.6%) 154 (45.6%)

40 (23.1%) 87 (25.7%)

23 (13.3%) 97 (28.7%)
102 (59.0%) 225 (66.6%)

71 (41.0%) 113 (33.4%)

Table 1 (continued)
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Patients characteristics

Training cohort (N=214)

Validation cohort (N=511)

BM group (N=101)

NBM group (N=113)

BM group (N=173)

NBM group (N=338)

T-stage
T1-3
T4

N-stage
NO
N1
N2

Treatment for primary tumor
Surgery
Chemotherapy
Radiotherapy

ALP (IU/L)
Median (range)
Normal
High

LDH (IU/L)
Median (range)
Normal
High

CEA (ng/mL)
Median (range)
Normal
High

CA19-9 (U/mL)
Median (range)
Normal
High

Metastatic sites (other than BM)
Liver
Lung
Peritoneum
Distant lymph node
Others

27 (26.7%)
74 (73.3%)

16 (15.8%)
28 (27.7%)
57 (56.4%)

79 (78.2%)
98 (97.0%)
16 (15.8%)

135 (39-1,018)
42 (41.6%)
59 (58.4%)

220 (68-4,863)
38 (37.6%)
63 (62.4%)

46.61 (1.4->15,000)
11 (10.9%)
90 (89.1%)

56.5 (<0.8-2,627.1)
43 (42.6%)
58 (57.4%)

48 (47.5%)
51 (50.5%)
14 (13.9%)
42 (41.6%)
25 (24.8%)

30 (26.5%)
83 (73.5%)

37 (32.7%)
47 (41.6%)
29 (25.7%)

101 (89.4%)
106 (93.8%)
9 (8.0%)

84 (47-307)
93 (82.3%)
20 (17.7%)

166 (90-6,496)
83 (73.5%)
30 (26.5%)

11.05 (<0.8-788.28)
37 (32.7%)
76 (67.3%)

56.5 (<0.8->20,400)
60 (53.1%)
53 (46.9%)

72 (63.7%)
44 (38.9%)
17 (15.0%)
15 (13.3%)
16 (14.2%)

61 (35.3%)
112 (64.7%)

31 (17.9%)
61 (35.3%)
81 (46.8%)

153 (88.4%)
164 (94.8%)
44 (25.4%)

121 (30-946)
92 (53.2%)
81 (46.8%)

222 (103-2,748)
106 (61.3%)
67 (38.7%)

41.2 (0.64-1,036)
38 (22.0%)
135 (78.0%)

44.25 (0.6-2,111)
71 (41.0%)
102 (59.0%)

79 (45.7%)
88 (50.9%)
29 (16.8%)
39 (22.5%)
47 (27.2%)

61 (18.0%)
277 (82.0%)

74 (21.9%)
146 (43.2%)
118 (34.9%)

250 (74.0%)
294 (87.0%)
75 (22.2%)

77.6 (24.2-754.1)
302 (89.3%)
36 (10.7%)

169 (93-2,111)
285 (84.3%)
53 (15.7%)

10.8 (0.56-1,041)
115 (34.0%)
223 (66.0%)

24.55 (0.6-2,085)
177 (52.4%)
161 (47.6%)

231 (68.3%)
94 (27.8%)
50 (14.8%)
13 (3.8%)
25 (7.4%)

BM, bone metastases; NBM, without bone metastases; CRC, colorectal cancer; ALP, alkaline phosphatase; LDH, lactate dehydrogenase;
CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9.
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Table 2 Characteristics related to bone metastases
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Characteristics

Training cohort (N=101), n (%)

Validation cohort (N=173), n (%)

Timing of BM
Synchronous 25 (24.8) 28 (16.2)
Metachronous 76 (75.2) 145 (83.8)
Location of BM
Pelvis 50 (49.5) 102 (59.0)
Vertebrae 75 (74.3) 116 (67.1)
Bones of the extremities 27 (26.7) 57 (32.9)
Thoracic bones 35 (34.7) 52 (30.1)
Skull 12 (6.9)
No. of BM lesions'
1o0r2 76 (75.2) 116 (67.1)
>2 25 (24.8) 57 (32.9)
Treatment for BM
Surgery 1(0.6)
Chemotherapy 89 (88.1) 131 (75.7)
Radiotherapy 28 (27.7) 125 (72.3)
Bisphosphonate 75 (74.3) 86 (49.7)
No. of extra-BM organs*
Oor1 37 (36.6) 87 (50.3)
>2 64 (63.4) 86 (49.7)

T, based on the five locations of BM; ¥, number of metastatic organs other than BM. BM, bone metastases.

value of clinical standards.

Univariate analysis of prognostic factors in CRC patients
with BM in the training cobort

In the survival analysis, the median follow-up time was
26.5 months (range, 0.9-138.2 months). The median OS
was 8.6 months (range, 0.5-49.9 months), and the 6-month,
1-year, and 2-year OS rates were 63.4%, 32.7%, and 8.9%,
respectively. The results of the univariate analysis are
listed in Table 4. For prognostic factors of BM patients,
the serological indicators were included in the analysis
both as categorical and continuous variables. The results
demonstrated that degree of tumor differentiation, number
of extra-BM organs, number of BM lesions, ALP (categorical
and continuous), and LDH/CEA/CA19-9 (categorical) were
significantly meaningful for the prognosis of BM patients.

© Annals of Translational Medicine. All rights reserved.

Development of the risk nomogram for BM

The risk nomogram that integrated the predictors (P<0.05
or clinically significant) of BM in the univariate analysis
is shown in Figure 1. The characteristics of the predictors
in the multivariate logistic regression model are listed in
Table 5 (P<0.001). Among them, N-stage, serum ALP and
LDH, liver metastasis, and lung metastasis were identified
as independent predictors in the model (P value: 0.019,
<0.001, 0.017, <0.001, and 0.014 respectively). The risk
nomogram exhibited adequate goodness-of-fit, with an R?
of 0.447, and showed good discrimination, with a C-statistic
of 0.846 [95% confidence interval (CI), 0.793 to 0.898]. As
the total points increased, the risk of BM also increased.
When a 56% risk probability was applied as the optimal
cutoff value through receiver operating characteristic
(ROC) analysis to identify individuals at low or high risk,
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Univariate analysis

Variable
OR (95% Cl) P value

Sex (female vs. male) 1.669 (0.934-2.981) 0.084
Age 0.995 (0.972-1.019) 0.699
Primary tumor site

Left colon vs. rectum 1.316 (0.686-2.524) 0.408

Right colon vs. rectum 0.622 (0.305-1.270) 0.193
Degree of tumor differentiation (G3 vs. G1-2) 1.946 (1.128-3.358) 0.017
T-stage (T4 vs. T1-3) 0.991 (0.540-1.818) 0.976
N-stage

N1 vs. NO 1.378 (0.651-2.917) 0.403

N2 vs. NO 4.545 (2.174-9.502) <0.001
Liver metastasis (yes vs. no) 0.516 (0.298-0.891) 0.018
Lung metastasis (yes vs. no) 1.600 (0.929-2.754) 0.090
ALP (high vs. normal) 6.532 (3.498-12.197) <0.001
LDH (high vs. normal) 4.587 (2.568-8.192) <0.001
CEA (high vs. normal) 3.983 (1.902-8.341) <0.001
CA19-9 (high vs. normal) 1.527 (0.889-2.621) 0.125

BM, bone metastases; CRC, colorectal cancer; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; CEA, carcinoembryonic antigen;

CA19-9, carbohydrate antigen 19-9; OR, odds ratio; Cl, confidence interval.

the sensitivity, specificity, and Youden index were 71.3%,
89.4%, and 60.7%, respectively.

Development of the prognostic nomogram for BM

For the prognostic nomogram of BM patients, a different set
of meaningful prognostic factors in the univariate analysis
were entered to the multivariate Cox regression model
to obtain an optimal prediction set. Among them, serum
CEA and CA19-9 (categorical) were eliminated because
their contribution to the model was insignificant (i.e., little
difference between C-statistics with or without them).
Serum ALP (continuous) was included as it provided more
information than ALP (categorical). Finally, the prognostic
nomogram comprised tumor differentiation, number of extra-
BM organs, number of BM lesions, serum ALP (continuous),
and LDH (as shown in Figure 2). The characteristics of the
predictors are listed in Table 5 (P<0.001). The model showed
the good performance with an R? of 0.284 and a C-statistic of
0.723 (95% CI, 0.657 to 0.789).

© Annals of Translational Medicine. All rights reserved.

Comparison of predictive accuracy between the nomograms
and single independent factor

As shown in Tible 5, the odds ratio and hazard ratio of ALP
(high vs. normal) and number of extra-BM organs (>2 vs. 0
or 1) for BM risk and survival were higher than the other
factors, and they were significantly independent risk as well
as prognostic factors. The predictive power between the
two nomograms and these two factors was compared. The
C-statistic for BM risk prediction by ALP (high vs. normal)
was 0.704, which was significantly lower than the C-statistic
for BM risk prediction by the risk nomogram (0.846;
P<0.001). Furthermore, the C-statistic for OS prediction of
BM patients by number of extra-BM organs (>2 vs. 0 or 1)
was 0.646, which was also lower than the C-statistic by the
prognostic nomogram (0.723; P=0.066).

Internal and external validation of the two models

The risk model was internally validated through bootstrap
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Table 4 Univariate analysis of prognostic factors in CRC patients with BM in the training cohort

Variable

Univariate analysis

Sex (female vs. male)
Age
Primary tumor site
Left colon vs. rectum
Right colon vs. rectum
Degree of tumor differentiation (G3 vs. G1-2)
T-stage (T4 vs. T1-3)
N-stage
N1 vs. NO
N2 vs. NO
Timing of BM (metachronous vs. synchronous)
Liver metastasis (yes vs. no)
Lung metastasis (yes vs. no)
No. of extra-BM organs (=2 vs. 0 or 1)
No. of BM lesions (>2 vs. 1 or 2)
ALP'
High vs. normal
LDH
High vs. normal
CEA
High vs. normal
CA19-9

High vs. normal

HR (95% ClI) P value
0.783 (0.466-1.315) 0.355
0.993 (0.969-1.017) 0.544
0.918 (0.533-1.580) 0.757
1.435 (0.719-2.866) 0.306
1.675 (1.019-2.755) 0.042
1.478 (0.796-2.742) 0.216
0.686 (0.302-1.558) 0.368
1.246 (0.604-2.573) 0.552
1.189 (0.683-2.069) 0.541
1.363 (0.844-2.201) 0.206
1.151 (0.714-1.855) 0.563
2.612 (1.556-4.384) <0.001
2.209 (1.271-3.840) 0.005
1.003 (1.001-1.004) <0.001
1.816 (1.089-3.027) 0.022
1.000 (1.000-1.001) 0.128
2.993 (1.731-5.175) <0.001
1.000 (1.000-1.000) 0.278
2.184 (1.023-4.666) 0.044
1.000 (1.000-1.000) 0.215
1.701 (1.027-2.817) 0.039

T, for continuous variable, same as LDH, CEA, CA19-9. BM, bone metastases; CRC, colorectal cancer; ALP, alkaline phosphatase; LDH,
lactate dehydrogenase; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; HR, hazard ratio; Cl, confidence interval.

resampling (B=1,000), with a corrected R? of 0.387 and
a corrected C-statistic of 0.822, which was similar to
the original performance. External validation of the
validation cohort from another hospital also showed great
performance, with an R? of 0.325 and a C-statistic of 0.792
(95% CI, 0.75 to 0.834). Also, the model was well calibrated
in both the training and validation cohorts, as shown in the
calibration curve (method = ‘boot’, B =1,000) (Figure 34,B).

For the prognostic model, the corrected R? was 0.224
and the corrected C-statistic was 0.705 in the training
cohort (method = ‘boot’, B =1,000). In the validation

© Annals of Translational Medicine. All rights reserved.

cohort, the median follow-up time was 35.2 months (range,
0.8-175.0 months). The median OS was 10.9 months (range,
0.8-134.7 months), and the 6-month, 1-year, and 2-year
OS rates were 74.6%, 45.1%, and 21.4%, respectively.
The performance metrics in the validation cohort (external
validation) showed good generalization ability, with an
R2 of 0.182 and a C-statistic of 0.682 (95% CI, 0.638 to
0.726). The calibration plot for the probability of survival at
1 year after diagnosis of BM showed an optimal agreement
between the nomogram prediction and actual observation
both in the training and validation cohorts (method = ‘boot’,
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Figure 1 Nomogram model for predicting individual risk of BM in mCRC (risk nomogram). BM, bone metastases; mCRC, metastatic

colorectal cancer; N-stage, regional lymph node metastasis of primary tumor; ALP, alkaline phosphatase; LDH, lactate dehydrogenase;

CEA, carcinoembryonic antigen.

Table 5 Predictors in the risk and prognostic nomograms for BM using multivariate logistic/Cox regression

Adjusted OR/HR (95% ClI) P value
Predictors in risk model
Differentiation (G3 vs. G1-2) 1.715 (0.834-3.529) 0.143
N-stage 0.019
N1 vs. NO 1.527 (0.625-3.731) 0.353
N2 vs. NO 3.449 (1.387-8.580) 0.008
ALP (high vs. normal) 6.89 (3.119-5.219) <0.001
LDH (high vs. normal) 2.429 (1.174-5.026) 0.017
CEA (high vs. normal) 2.368 (0.941-5.959) 0.067
Liver metastasis (yes vs. no) 0.258 (0.122-0.546) <0.001
Lung metastasis (yes vs. no) 2.559 (1.212-5.401) 0.014
Predictors in prognosis model
Differentiation (G3 vs. G1-2) 1.340 (0.777-2.313) 0.293
No. of extra-BM organs (=2 vs. 0 or 1) 2.357 (1.355-4.098) 0.002
No. of BM lesions (>2 vs. 1 or 2) 1.452 (0.786-2.684) 0.233
LDH (high vs. normal) 1.961 (1.060-3.632) 0.032
ALP' 1.191 (0.964-1.472) 0.105

T, continuous variable. BM, bone metastases; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; CEA, carcinoembryonic antigen;

HR, hazard ratio; OR, odds ratio; Cl, confidence interval.

© Annals of Translational Medicine. All rights reserved.
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Figure 2 Nomogram model for predicting the 1- or 2-year survival probability in CRC patients with BM (prognostic nomogram). BM,

bone metastases; CRC, colorectal cancer; ALP, alkaline phosphatase; LDH, lactate dehydrogenase.

B = 1,000, m=25/40) (Figure 3C,D).

Discussion

In the present study, a novel risk nomogram comprising the
degree of tumor differentiation, N-stage, liver metastasis,
lung metastasis, as well as serum ALP, LDH, and CEA,
and a new prognostic nomogram comprising tumor
differentiation, number of extra-BM organs, number of
BM lesions, ALP (continuous), and LDH, were developed
and validated to provide more accurate risk and prognosis
prediction for BM. The two models had good performance
both in the training and validation cohorts, supported by
the C-statistics (0.846 and 0.792 for the risk model; 0.723
and 0.682 for the prognostic model, respectively) and
calibration curves. In addition, individuals were divided
into low- and high-risk groups based on the optimal cutoft
value (56% risk probability) in the risk nomogram. We
recommended that patients at high risk should be further
examined by either BS, MRI, or PET-CT to evaluate the
BM status during follow-up.

In recent decades, survival rates of mCRC have been
improved due to multidisciplinary discussion, individualized
and comprehensive therapy, in particular, molecular
targeted therapy and biological immunotherapy. Molecular
biomarkers like RAS/BRAF/PIK3CA [the key driver genes
mutations of CRC (16)], microsatellite instability (MSI)
status and etc., guiding targeted and immuno-therapy, have

© Annals of Translational Medicine. All rights reserved.

been successfully applied in clinical practice. However, the
treatment of mCRC still has great challenges, more than
85% of mCRC has no specific driver genes (17). Especially
for CRC patients with BM, at present, effective treatments
for BM are quite limited, include bisphosphonate to
alleviate SREs, systemic chemotherapy to control
tumor, radiotherapy or surgery to relieve symptoms, and
medications to relieve pain (18). Unfortunately, there are
no active chemotherapy drugs target BM lesions, whether
local treatment can prolong survival is still unclear (7). The
prerequisite is early detection of BM, before the lesions
spread.

In clinical practice, CAP (chest/abdominal/pelvic) CT
scans are routinely recommended for mCRC patients
during follow-up; however, when and which patients need
to perform bone scans remains uncertain, causing delayed
or missed diagnosis. Due to delayed diagnosis and absence
of effective therapies, BM patients achieved a severely
short survival time with only 8.6 months (in the training
cohort) and 10.9 months (in the validation cohort) in our
study. Thus, a thorough understanding of the risk and
prognostic predictors for BM is important to identify
individuals at high risk who may need further accurate
examination, particularly for patients who already harbor
other metastases, and to better improve the judgment of
prognosis of BM patients.

A good screening tool needs to be low cost, provide
clinical utility, and exhibit relatively high accuracy. We
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Figure 3 Calibration curves of the risk and prognostic nomogram. Calibration curves of the risk nomogram for predicting individual

risk of BM in the training cohort (A) and the validation cohort (B). Calibration curves of the prognostic nomogram for predicting the
1-year survival probability of CRC patients with BM in the training cohort (C) and the validation cohort (D). BM, bone metastases; CRC,

colorectal cancer.

developed the first risk nomogram as a prescreening tool
to predict the risk probability of BM in mCRC patients.
Our nomogram included only seven variables, and all of
them were routinely examined items during the follow-
up. Consistent with previous studies (9,13,14), G3 tumor
differentiation and lymph node involvement of the
primary tumor were included in our risk model, which
may demonstrate that a high degree of malignancy of the
primary tumor is associated with the risk of BM. A positive
CEA result may indicate the presence of residual tumor
after radical surgery or a higher tumor burden, leading
to a greater likelihood of bone infiltration and metastasis.
In addition, several studies have demonstrated that lung
metastasis is a potential risk factor for developing BM
(9,13,15). For liver metastasis, the results were inconclusive

© Annals of Translational Medicine. All rights reserved.

and controversial, possibly due to ethnic differences
and different research objects (9,19). In our study, liver
metastasis was found to be a protective factor for BM
in the mCRC patient cohort. A possible explanation for
this phenomenon may be that the intrinsic biological
characteristics of the tumor might lead to the heterogeneity
and mutual exclusivity of metastatic organs. For example,
Cristescu ez /. (20) found that in gastric cancer, there were
a higher percentage of subjects with peritoneal seeding in
the microsatellite stable (MSS)/epithelial-mesenchymal
transition (EMT) subtype; but in this subtype, few patients
developed liver metastasis.

Our study also found that elevated levels of ALP and
LDH significantly increased the risk of BM and resulted in
a poor prognosis. ALP is viewed as an indirect reflection of
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bone turnover and has been widely applied for the diagnosis
and evaluation of bone diseases (21,22). Several studies have
reported that increased ALP levels are an independent risk
factor for BM in many tumor types, including CRC, leading
to high sensitivity and positive predictive values for BM, as
well as poor clinical outcomes (23-27). When cancer cells
infiltrate into the bones, they can stimulate osteoclasts to
induce bone destruction and activate osteoblasts, resulting
in increased serum ALP (28). Therefore, the elevation of
ALP, to some extent, indicates the formation of metastatic
bone lesions. Serum ALP also increases with the tumor load
of BM, leading to a worse prognosis. Furthermore, bone
ALP (bALP) is preferable for predicting BM owing to its
higher specificity. Lim ez /. (29) found that bALP might
be a surrogate marker of bone metastasis in gastric cancer
patients, with a sensitivity of 76.7 % and a specificity of
59.4 %.

The essence of elevated ALP is the change of
bone microenvironment, which plays a critical role
in the formation of BM. Cells and cytokines in bone
marrow and bone matrix together constitute the bone
microenvironment (30). It remains not fully understood
how CRC cells interact with bone microenvironment.
Cancer cells can disrupt the delicate balance between
the functional cells in the bone microenvironment (i.e.,
osteoblasts and osteoclasts) to create structural defects
and change the bone “soil” leading to a more favorable
environment for metastasis and growth of cancer cells. In
this process, chemokines also play a key role. Different
chemokines like CXCL12, CXCR4, CCL3, etc. participate
in the chemoattraction of CRC cells to bone tissue and
promote cancer cell metastasis (31).

In addition, LDH is another cytoplasmic enzyme
expressed throughout tissues in the whole body. Elevated
LDH levels seem to imply an underlying tumor burden
or an aggressive phenotype. Under intracellular hypoxia
(resulting from cancerous excessive metabolism), LDH
predominantly facilitates the tumor-specific Warburg
effect, producing adequate energy via aerobic glycolysis and
secreting lactate as a waste product, which likely dominates
the tricarboxylic acid cycle (T'CA) cycle as a carbon source
after re-uptake by cancer cells (32,33). Kang er al. (34)
demonstrated that higher serum LDH was correlated with
the occurrence of SREs, and several studies also found that
LDH served as a predictive factor for BM development and
prognosis of BM patients in some tumor types (33,35,36).
In our study, serum LDH contributed to both the risk and
prognostic models.

© Annals of Translational Medicine. All rights reserved.
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In our prognostic nomogram, besides ALP and LDH,
‘number of BM lesions’ was also a prognosis factor. In recent
years, multiple BMs have come to the foreground due to
their strong correlation with poor prognosis in BM-prone
cancers. Multiple BMs, especially metastases involving both
axial and extremital skeletons, were identified as strong
factors related to poorer survival in patients with advanced
breast cancer (37). Moreover, a previous study focused on
the close association between multiple BM and increased
incidence of SREs (34). As an illustration, multiple BMs,
especially those involving weight-bearing skeletons, were
inclined toward spinal cord compression, and bone pain was
commonly magnified by multiple osteolytic lesions, which
continuously undermined the quality of life of patients. It
is worth noting that ‘number of BM lesions’, which was a
prognostic factor in our study, was classified as >2 and 1 or 2,
based on the five locations of BM (pelvis, vertebrae, bones
of the extremities, thoracic bones, or skull). Furthermore,
the majority of patients (89.1% in training cohort) in the
BM group were complicated by extraosseous metastases in
our study, often in the lung and/or liver, which is consistent
with previous reports. Liu er /. (27) found that CRC
patients with BM alone seemed to form a distinct group
with a better prognosis. Our study showed that ‘>2 extra-
BM organs’ was a strong independent factor correlated with
prognosis, similar to a recent study from Japan (11). An
explanation for this may be that excessive organ metastases
with a high tumor burden tend to lead to multiple organ
failures, and thus influence survival. Clinicians should pay
more attention to these patients during follow-up.

There were several potential limitations in the present
study that should be noted. Firstly, although the models
were internally and externally validated, both the training
and validation cohorts involved retrospective data, and there
is a lack of prospective cohorts to verify the accuracy and
stability. Secondly, some novel bone resorption markers,
such as tartrate-resistant acid phosphatase, which is more
specific for bone metabolism, and some known prognostic
factors, like the occurrence of SREs, were not available in
this study due to insufficient data. What’s more, the data
of genes for most patients in this study were not available,
partly because genetic testing was not a routine program
in early years. Recent data suggest that gene mutation may
related to specific metastatic organs in CRC. For example,
some studies have found that BRAF mutation is associated
with peritoneal spread (38,39). However, there are few
studies on genes of specific bone metastasis, and it is worthy
of further investigation. In future research, we will add
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prognostic-related genes and conduct in-depth research
on the functions and pathways of genes of specific bone
metastasis in CRC patients.

Conclusions

In conclusion, the risk and prognostic nomograms
developed and validated in the present study showed a
good performance in identifying individuals at higher risk
of BM among mCRC patients and BM patients with worse
outcomes. The risk nomogram can be used as a convenient
and cost-effective preliminary screening tool prior to bone
scanning. In the future, large prospective studies are needed
to validate the efficacy and feasibility of our nomograms.
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Supplementary

Table S1 Differences in metastasis patterns between colon cancer and rectal cancer in the training cohort

Metastatic sites (other BM Group (N=101) NBM Group (N=113)
than BM)
Rectal cancer (n=56) Colon cancer (n= 45) Rectal cancer (n=61) Colon cancer (n=52)

Liver 22 (39.3%) 26 (57.8%) 39 (63.9%) 33 (63.5%)
Lung 33 (58.9%) 18 (40%) 25 (41%) 19 (36.5%)
Peritoneum 3 (5.4%) 11 (24.4%) 7 (11.5%) 10 (19.2%)
Distant lymph node 23 (41.1%) 19 (42.2%) 6 (9.8%) 9(17.3%)
Others 11 (19.6%) 14 (31.1%) 7 (11.5%) 9(17.3%)

BM, bone metastases; NBM, without bone metastases.
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