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ABSTRACT
Objectives  Investigating the effect of prognostic factors in 
a multistate framework on survival in a large population of 
patients with osteosarcoma. Of interest is how prognostic 
factors affect different disease stages after surgery, with 
stages of local recurrence (LR), new metastatic disease 
(NM), LR+NM, secondary malignancy, a second NM, and 
death.
Design  An open-label, international, phase 3 randomised 
controlled trial.
Setting  325 sites in 17 countries.
Participants  The subset of 1631 metastases-free 
patients from 1965 patients with high-grade resectable 
osteosarcoma, from the European and American 
Osteosarcoma Study.
Main outcome measures  The effect of prognostic factors 
on different disease stages, expressed as HRs; predictions 
of disease progression on an individual patient basis, 
according to patient-specific characteristics and history of 
intermediate events.
Results  Of 1631 patients, 526 experienced an 
intermediate event, and 305 died by the end of follow-up. 
An axial tumour site substantially increased the risk of 
LR after surgery (HR=10.84, 95% CI 8.46 to 13.86) and 
death after LR (HR=11.54, 95% CI 6.11 to 21.8). A poor 
histological increased the risk of NM (HR=5.81, 95% 
CI 5.31 to 6.36), which sharply declined after 3 years 
since surgery. Young patients (<12 years) had a lower 
intermediate event risk (eg, for LR: HR=0.66, 95% CI 0.51 
to 0.86), when compared with adolescents (12–18 years), 
but had an increased risk of subsequent death, while 
patients aged >18 had a decreased risk of death after 
event (eg, for death after LR: HR=2.40, 95% CI 1.52 to 
3.90; HR=0.35, 95% CI 0.21 to 0.56, respectively).
Conclusions  Our findings suggest that patients with axial 
tumours should be monitored for LR and patients with poor 
histological response for NM, and that for young patients 
(<12) with an LR additional treatment options should be 
investigated.
Trial registration number  NCT00134030.

INTRODUCTION
Osteosarcoma is the most common primary 
bone sarcoma, with a primary peak inci-
dence in adolescents and young adults and a 

second peak in patients of 50 years and older, 
often due to underlying conditions.1 Current 
management strategies include neoadjuvant 
chemotherapy and surgical removal of the 
primary tumour and, if resectable, all meta-
static disease.2

The European and American Osteosarcoma 
Study (EURAMOS-1) study (NCT00134030) 
was headed by the EURAMOS collaboration 
and recruited a total of 2260 patients from 
2005 to 2011.3 The relationship between 
various predictors and event-free and overall 
survival (OS) has been investigated previ-
ously.4–6 Such analyses, however, only consider 
one (composite) outcome at the same time, 
and cannot take into account disease evolu-
tion, and how patient history affects the final 
prognosis.

Here, we reanalyse the EURAMOS-1 data 
using a multistate model.7 A conventional 
Cox proportional hazards regression defines 
a single starting state (eg, study entry) and 
final state (eg, death). A multistate model 
extends this by introducing intermediate 
states a patient may transition to (eg, the 
development of local recurrence or metastatic 
disease). The aim of this study is to investigate 

Strengths and limitations of this study

	► A multistate model takes into account patient history 
and estimates the effect of prognostic factors on the 
hazard of transitioning to and from specific events 
over the course of disease progression.

	► A multistate model can be used to quantify the risk 
of experiencing specific disease stages, conditional 
on prior events and patient characteristics.

	► A multistate model can be used to calculate indi-
vidual, patient-specific probabilities of occupying a 
given disease stage.

	► Multistate model estimation is limited to transitions 
with sufficient events per predictor category.
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the effect of prognostic factors on different disease stages, 
and predict disease progression on an individual patient 
basis, estimating the probability of occupying a given 
disease stage according to patient-specific characteristics 
and history of intermediate events.

PATIENTS AND METHODS
Patients
The EURAMOS-1 trial data, per November 2014, contain 
information on 2260 patients, and include predictor measure-
ments and records of intermediate events observed during 
follow-up.3 Resection of the primary tumour was performed 
post neoadjuvant chemotherapy. Following surgery, 1136 
of 2260 patients were randomised to treatment, subject to 
the histological response as assessed in the resected spec-
imen. Patients with a poor response (≥10% viable tumour) 
were allocated MAP (methotrexate, doxorubicin, cisplatin) 
or MAP with ifosfamide and etoposide, while patients with 
a good response (<10%) received MAP or MAP followed by 
pegylated interferon. The primary analysis found no benefi-
cial effect of experimental treatment in either group.4 5 There-
fore, we included both randomised and non-randomised 
patients in our analysis. To ensure valid inference, we selected 
a homogeneous subset of the data, excluding patients with 
a non-resectable primary tumour and patients with clinically 
detectable metastatic disease prior to surgery, as the latter 
comprise a biologically distinct population with a much 
poorer prognosis. A total of 1631 patients were considered 
to be eligible for analysis (figure 1). Follow-up was defined 
from surgery, with a maximum follow-up time of 9 years 
and a median of 5 years. Six variables were selected, which 
have previously been examined in the context of overall and 
event-free survival (EFS).6 Table 1 shows the distribution of 
patients across predictor categories. No major differences 
were observed between randomised and non-randomised 
patients.

Statistical analysis
Multistate model
In the EURAMOS data, information on various postsur-
gical events was recorded, with up to two intermediate 
events reported per patient. Online supplemental figure 1 
(Appendix A) gives an overview of all events and transitions 
recorded in the data. We selected all intermediate states and 
transitions that had sufficient events to ensure reliable estima-
tion. We distinguish the following intermediate events: local 
recurrence (LR), new metastatic disease (NM), the combina-
tion of both (LR +NM) and secondary malignancy (SM). NM 
includes new pulmonary metastases (60%), bone metastases 
(7%), metastases at other sites (19%) and any combination 
of the three (14%).

In our model, surgical resection of the primary tumour 
was chosen as a starting state, with 1631 patients. Of these, 
526 experienced an intermediate event, moving to the states 
of either LR (n=61), NM (n=407), LR +NM (n=35), or SM 
(n=23), with 280 patients transitioning to death afterwards. 
An additional 25 patients died without experiencing an 

intermediate event. Of the 407 patients experiencing an 
NM, 55 experienced a second metastatic disease (NM2) after 
remission, with 33 patients dying subsequently.

Figure 2 shows a schematic representation of the fitted 
multistate model, which consists of seven states and 10 
transitions. Appendix A, with online supplemental figures 
1–3, provides additional detail on model choice and the 
definition of states and transitions.

Time varying effect
The model was stratified on transition, allowing a sepa-
rate baseline for each of the seven transitions. Histological 
response violated the proportional hazards assumption for 
the transitions from surgery to NM and from NM to death, 
indicating that the hazard did not remain constant over time. 

Figure 1  Consolidated Standards of Reporting Trials 
diagram of patients included in the analysis. In the boxes, we 
list the six exclusion criteria with the total number of patients 
per category. Above the arrows, we give the additional 
number of patients excluded on considering each criterion, 
in order of appearance. (a) To ensure a homogeneous study 
population, we excluded patients with metastases prior 
to surgery. For 357 patients, metastases were recorded 
at registration, while for 170 patients, progression of new 
metastatic disease was found after surgery, while no 
metastases were recorded at registration. These patients 
were retrospectively reclassified as having metastatic disease 
prior to surgery and excluded from the analysis; (b) 22 
randomised patients were later found to be ineligible due to 
progression of metastatic disease or new metastatic disease 
(n=11), or primary and/or metastatic unresectable disease 
(n=11).
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To account for the time-varying effect, an interaction term of 
histological response with the exponent of time was included.

Missing data
Of the 1631 patients, 1264 patients were complete cases, 
with the greatest missingness observed for absolute 
tumour volume (19%). To make full use of the available 

data, missing values were imputed in a 10-fold imputa-
tion approach. Pooled estimates of the coefficients and 
SD were obtained using Rubin’s rule.8 For the predictor 
surgical excision, an ‘unknown’ excision was reported for 
16 patients. A sensitivity analysis was conducted by evalu-
ating estimate consistency across three different models, 

Table 1  Patient demographics and disease characteristics

Predictor

Treatment randomisation

Randomised Not randomised Total

N % N % N %

Age

 � 12–18 627 38 275 17 902 55

 � <12 276 17 117 7 393 24

 � >18 219 13 117 7 336 21

 � Missing 0 0 0 0 0 0

Histological response*

 � Good
 � (<10% tumour) *

614 38 231 14 845 52

 � Poor
 � (≥10% tumour)

505 31 240 15 745 46

 � Missing 3 0 38 2 41 3

Excision

 � Wide/radical 923 57 404 25 1327 81

 � Marginal 149 9 55 3 204 13

 � Intralesional
 � Other

15 1 7 0 22 1

 � Unknown† 11 1 5 0 16 1

 � Missing 24 1 38 2 62 4

Volume‡

 � <200 633 39 303 19 936 57

 � ≥200 265 16 126 8 391 24

 � Missing 224 14 80 5 304 19

Sex

 � Female 470 29 220 13 690 42

 � Male 652 40 289 18 941 58

 � Missing 0 0 0 0 0 0

Tumour location§

 � Other 956 59 413 25 1369 84

 � Proximal femur/
humerus

133 8 74 5 207 13

 � Axial 33 2 22 1 55 3

 � Missing 0 0 0 0 0 0

*A good and poor histological response are defined by the amount of tumour remaining after resection, with <10% and ≥10% constituting a 
good and poor response, respectively.
†A subset of patients had an excision marked as ‘unknown’. In the analysis, this category is treated as missing data and imputed.
‡Absolute volume is measured in cm × cm × cm × 0.54 (spheric T vol), or 0.785 for cylindric T vol).
§Tumour location was defined in accordance with the definition used in the Smeland et al. (2019) analysis of survival and prognosis in the 
EURAMOS-1 trial. Information was pooled from study variables ‘site’ (eg, femur, pelvis, spine, etc) and ‘location’ (eg, proximal, axial, etc). 
Observed axial tumour locations included rib (14) and pelvis/sacrum (41).
EURAMOS-1, European and American Osteosarcoma Study.
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with unknown excision patients excluded from the data, 
with unknown excision modelled as a separate predictor 
category, and with unknown excisions treated as missing 
data and imputed. In the absence of substantial differ-
ences in model estimates, the latter option was selected.

The statistical analysis was performed in the R-software 
environment (R V.3.4.2),9 with the mstate10 and Amelia11 
libraries.

Patient and public involvement
Patients or the public were not involved in the design, 
conduct, reporting or dissemination plans of our research 
(a reanalysis of the EURAMOS-1 trial using a multistate 
modelling approach).

RESULTS
Transition-specific HRs
The multistate model is illustrated in figure 2, along with 
the number of events. HRs with 95% CIs were estimated 
with a multivariate Cox proportional hazard regression 
model, modelling all transitions with sufficient events 
(online supplemental table 1, Appendix A). Tables 2 and 
3 show the estimates for all transitions from surgery to 
intermediate event, and for all transitions terminating in 
death, respectively.

An axial tumour site, compared to any other limb site 
except proximal, was associated with a highly increased 
risk of LR after surgery (HR=10.84, 95% CI 8.46 to 13.86, 
table 2), death after LR (HR=11.54, 95% CI 6.11 to 21.78, 
table 3), and event-free death, that is, patients who move 
directly from surgery to death (HR=6.92, 95% CI 4.50 
to 10.65, table 3), and with a moderate increased risk of 
death after NM (HR=1.34, 95% CI 1.02 to 1.76, table 3). 
Patients with an axial tumour were comparatively less 

likely to experience an NM after surgery (HR=0.70, 95% 
CI 0.56 to 0.87, table 2).

Proximal tumour location was associated with moder-
ately increased risks of LR (HR=1.60, 95% CI 1.21 to 
2.12), NM (HR=1.41, 95% CI 1.28 to 1.56), event-free 
death (HR=2.30, 95% CI 1.59 to 3.34), death after LR 
(HR=2.72, 95% CI 1.70 to 4.35), and death after NM 
(HR=1.33, 95% CI 1.15 to 1.53) .

A poor histological response was associated with an 
increased risk of NM (HR=5.81, 95% CI 5.31 to 6.36), 
LR +NM (HR=3.82, 95% CI 2.86 to 5.10), SM (HR=2.07, 
95% CI 1.48 to 2.90) and LR (HR=1.76, 95% CI 1.44 to 
2.13). Poor histological response was also associated with 
an increased risk of event-free death (HR=1.55, 95% CI 
1.15 to 2.10), and an increased risk of death in patients 
who had experienced LR  +NM (HR=2.45, 95% CI 1.56 
to 3.86), only LR (HR=1.75, 95% CI 1.24 to 2.47), or NM 
(HR=1.47, 95% CI 1.29 to 1.70).

An intralesional surgical excision, compared with a wide 
or radical one, was strongly associated with an increased 
risk of a second NM (HR=4.10, 95% CI 2.61 to 6.43), 
death after experiencing a second NM (HR=5.30, 95% 
CI 2.86 to 9.29), and more modestly with LR after surgery 
(HR=2.08, 95% CI 1.32 to 3.29). Patients with either an 
intralesional or marginal surgical excision were less likely 
to progress from LR to death (HR=0.33, 95% CI 0.16 to 
0.67; HR=0.38, 95% CI 0.22 to 0.75, respectively).

Younger patients aged <12, compared with adolescents 
aged 12–18, had a decreased risk of LR (HR=0.66, 95% 
CI 0.51 to 0.86), NM (HR=0.80, 95% CI 0.72 to 0.88), 
SM (HR=0.61, 95% CI 0.42 to 0.89), and event-free 
death (HR=0.56, 95% CI 0.37 to 0.84). However, younger 
patients had an increased risk of death after LR (HR=2.40, 
95% CI 1.52 to 3.90), LR+NM (HR=2.84, 95% CI 1.83 to 
4.41), and NM2 (HR=2.34, 95% CI 1.69 to 3.22). Patients 

Figure 2  Disease progression of osteosarcoma represented in a multistate model. Seven possible states and 10 transitions 
are defined. For each transition, the number of patients progressing from one state to another is shown. A total of 1631 patients 
are present in the starting stage, Surgery. After surgery, a patient may experience a local recurrence (LR), an LR+new metastatic 
disease (LR +NM), an NM, a secondary malignancy (SM) or death. After any such intermediate event, a patient may progress to 
death. Patients with NM may experience a second new metastatic disease after remission (NM2).
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>18 years experienced a decreased risk of SM (HR=0.58, 
95% CI 0.36 to 0.91), NM2 (HR=0.67, 95% CI 0.52 to 
0.87), death after LR (HR=0.35, 95% CI 0.21 to 0.56), 
death after LR+NM (HR=0.47, 95% CI 0.31 to 0.71), and 
death after NM2 (HR=0.53, 95% CI 0.34 to 0.83).

Male sex was associated with an increased risk of 
LR+NM (HR=1.40, 95% CI 1.08 to 1.82), NM2 (HR=1.34, 
95% CI 1.09 to 1.65), death after NM (HR=1.59, 95% CI 
1.42 to 1.79), and death after LR+NM (HR=1.82, 95% CI 
1.30 to 2.55), but a decreased risk of SM (HR=0.72, 95% 
CI 0.53 to 0.98).

A tumour volume of >200 was associated with a modest 
increase in risk of NM (HR=1.51, 95% CI 1.40 to 1.64) and 
LR+NM (HR=1.50, 95% CI 1.15 to 1.95), and a decrease 
in risk of NM2 (HR=0.76, 95% CI 0.59 to 0.98).

Time-varying effect
Histological response violated the proportional hazards 
assumption for the transition surgery to NM and NM to 
death. Therefore, the effect of histological response is 
modelled as function of time. The HR of transitioning to 
NM decreased with time, initially slowly, and more quickly 
around the 3-year mark (figure  3A). For the transition 
from NM to death, the decrease was less pronounced 
(figure 3B). The time-varying HR can be computed for 
any given timepoint using the formula shown below. For 
example, the HR for the transition from surgery to NM 
is given by:

HR=constant × time-varying-effectexp(t) .
Here, constant is the surgery to NM HR of 5.81, the time-

varying effect is 0.986 (table 2), and t is time in years. At 1 
year, the HR is: HR=5.81 × 0.985exp(1)=5.76. At 3 years, the 
HR has decreased to 5.81×0.985exp(3)=4.36.

State-occupation probability plots
Figure 4 illustrates, for a set of example patients, osteo-
sarcoma disease progression through state occupation 
probability plots, where the probability of being in a 
given state is plotted against time, in years since surgery. 
Whereas HRs only inform on the relative change in risk, 
state occupation probabilities show the absolute proba-
bility of being in a given state (ie, having experienced an 
intermediate event) over a period of time. Panels 1A–1C 

illustrate the effect of age category, with in panel 1A the 
state occupation probabilities of a patient aged 12–18, 
with all other characteristics reference categories (good 
histological response, wide/radical excision, tumour 
volume  <200 cm3, female, tumour location of category 
‘other’), and in panels 1B and 1C the state occupation 
probabilities of patients aged <12 and ≥18, respectively. 
Patients aged 12–18 were least likely to remain event free 
in the state of surgery (green) and had a moderately 
higher probability of death (purple). Patients aged <12 
were most likely to remain event free with a lower prob-
ability of an intermediate event or death. Patients aged 
>18 were at greater risk of NM (blue) than both other 
age groups.

When compared with the reference patient (1A), 
patients with an axial osteosarcoma (2A) were at lower risk 
of NM, higher risk of death, and a much-increased risk of 
LR (yellow), and were most likely to experience the latter 
event 1–3 years after surgery. An intralesional surgical 
excision (2B), in contrast, resulted an in increased risk of 
LR that remained relatively constant over time. Patients 
with a poor histological response (2C) were more likely 
to experience NM, or an SM (red). Panels 3A–3C and 
4A–4C show the state occupation probabilities for patients 
who experienced an NM or LR, respectively, at 1, 2 and 
4 years after surgery. The later the event occurred, the 
lower the probability of the disease progressing to death. 
For example, for LRs 1 year and 4 years after surgery, the 
4-year survival probabilities were approximately 0.65 (4A) 
and 0.8 (4C), respectively.

DISCUSSION
This study is unique in estimating the hazard of transi-
tions to and from different intermediate events, allowing 
for a better insight into the prognosis of specific patient 
groups than conventional analyses that consider only the 
overall effect of prognostic factors. Using a metastasis-free 
subset of the EURAMOS-1 data,6 we interpreted the effect 
of six prognostic factors on osteosarcoma disease progres-
sion after surgery in a multi-staged way. Multistate model 
estimation is in practice limited to transitions with a 

Figure 3  Time-varying hazard for histological response. (A) Hazard for transitioning from surgery to new metastatic disease 
(NM). (B) Hazard for transitioning from NM to death. Blue: poor histological response; black: good histological response; dashed 
line: pointwise CI for the HR of poor histological response.
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Figure 4  Stacked state occupation probabilities for patients with different characteristics. Patient characteristics are defined 
with respect to the reference patient, shown in 1A: patient with reference characteristics: age 12–18 years, good histological 
response, wide/radical excision, tumour volume <200 cm3, female, tumour location of category ‘other’. 1B: patient aged <12 
years. 1C: patient aged >18 years. 2A: patient with axial tumour location. 2B: patient with poor histological response. 2C: 
patient with intralesional excision. 3A–3C: patient with reference characteristics experiencing a new metastatic disease (NM) at 
1 year (3A), at 2 years (3B), and at 4 years (3C). 4A–4C: patient with reference characteristics experiencing local recurrence (LR) 
at 1 year (3A), at 2 years (3B), and at 4 years (3C). SM, secondary malignancy.
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sufficient number of events per predictor category. Cate-
gories with few patients (eg, axial tumour location and 
intralesional surgical excision), when combined with rare 
intermediate events (eg, NM+LR and SM), will preclude 
statistical inference. Specifically, we were unable to esti-
mate the effect of prognostic factors surgical excision and 
tumour location for four and five out of a total of 10 tran-
sitions, respectively.

The most notable adverse risk factor was an axial loca-
tion of the osteosarcoma. A previous analysis of the EURA-
MOS-1 data found moderate HRs of 1.74 (95% CI 1.06 to 
2.85) and 1.29 (95% CI 0.86 to 1.95) for OS and EFS, 
respectively.6 In our results, an axial location was chiefly 
relevant to the transition from surgery to LR and LR to 
death, yielding substantially higher transition-specific 
HRs of 10.84 (95% CI 8.45 to 13.86) and 11.54 (95% CI 
6.11 to 21.77), respectively. In contrast, the occurrence of 
an NM was less common (HR=0.70, 95% CI 0.56 to 0.87). 
Clinically, this may have implications for additional treat-
ment and follow-up for osteosarcomas at this site.

A poor histological response has widely been shown to 
adversely affect OS.6 12–14 The previous EURAMOS-1 anal-
ysis found HRs of 2.14 (95% CI 1.76 to 2.58) and 2.45 
(95% CI 1.88 to 3.20) for EFS and OS, respectively.6 In 
our study, a poor histological response increased the risk 
of NM nearly 6× (HR 5.81, 95% CI 5.31 to 6.36) and the 
risk of LR+NM nearly 4× (HR 3.81, 95% CI 2.86 to 5.10), 
was generally predictive of death after an immediate 
event, but only modestly affected the risk of an event-
free death. In particular, the risk of NM was substantially 
increased during the first 2.5 years, but the predictive 
strength steeply decreased after 3 years since surgery, with 
the HR nearly halved at 4 years of follow-up.

For an intralesional excision, compared to a wide/
radical excision, HRs of 2.73 (95% CI 1.15 to 6.47) and 
1.98 (95% CI 0.91 to 4.30) were previously found for 
OS and EFS, respectively.6 Our results confirm a higher 
probability of an LR after intralesional surgery (HR 2.08, 
95% CI 1.32 to 3.29), with this risk remaining compar-
atively constant during follow-up. Our study shows that 
developing recurrent NM is a risk factor of intralesional 
surgery (HR 4.10, 95% CI 2.61 to 6.43), with the risk of a 
subsequent poor outcome increased more than 5× (HR 
5.30, 95% CI 2.86 to 9.82), which is substantially higher 
than the previously reported HR for OS.

The remaining variables in our model had more modest 
HRs, which varied less across transitions. Previously, male 
sex was found to have only a modest adverse effect on 
EFS and OS.6 15 We observed an increased risk of LR+NM 
and NM2, and subsequent death, but a decreased risk of 
SM. For greater tumour volume, an EFS HR of 1.24 (95% 
CI 1.00 to 1.52) was previously found.6 We observed an 
increased risk for the events NM and LR+NM, with no 
significant effect for any transition to death, which is in 
line with previous results for OS (HR=1.19, 95% CI 0.92 
to 1.55).6

Young age was found to be protective for OS and EFS in 
the previous EURAMOS-1 analysis6 and other studies.15 16 

However, in Collins’ study,15 the hazard lost its signifi-
cance for survival at 2 years post surgery, and our study 
did not confirm increased risk of event. We found that 
both the youngest patients (<12 years) and those aged >18 
years were protected from experiencing an event. Given 
the occurrence of LR, LR+NM or NM2, the probability 
of poor outcome was highest in the young age group, 
whereas patients aged >18 years had a remarkably better 
outcome. This may have implications for the treatment 
of LR in younger versus older patients, suggesting that 
older patients could be treated by local treatment only, 
whereas for younger patients, a more intensified treat-
ment regimen with additional systemic treatment should 
be considered.

CONCLUSION
Using data of more than 1600 patients from the EURA-
MOS-1 trial, we estimated a multistate model with inter-
mediate events. This study shows the added value of 
considering prognostic factors specific to transition and 
in light of event history. Our findings indicate that young 
patients with an LR have a poor prognosis, suggesting that 
it may be beneficial to investigate additional treatment 
options for this subgroup. Additionally, our results stress 
the necessity of increased monitoring of patients with axial 
tumours for LRs, and patients with a poor histological 
response for NM, while noting for the latter that predic-
tive power decreases over time. We show that a multistate 
model yields additional clinical knowledge for specific 
osteosarcoma patient groups, when compared to conven-
tional OS and EFS analyses. Previously, multistate models 
have been used to model disease progression in soft-tissue 
sarcoma,17 18 Ewing sarcoma19 and breast cancer.20 Rean-
alysing data from other large randomised studies, using 
the multistate approach, may also yield valuable insights 
for patients with other oncological conditions.
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