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ABSTRACT
Objectives  This study aims at exploring and quantifying 
multiple types of adverse events (AEs) experienced by 
patients during cancer treatment. A novel longitudinal 
score to evaluate the Multiple Overall Toxicity (MOTox) 
burden is proposed. The MOTox approach investigates the 
personalised evolution of high overall toxicity (high-MOTox) 
during the treatment.
Design  Retrospective analysis of the MRC-BO06/
EORTC-80931 randomised controlled trial for 
osteosarcoma.
Setting  International multicentre population-based study.
Participants  A total of 377 patients with resectable high-
grade osteosarcoma, who completed treatment within 
180 days after randomisation without abnormal dosages 
(+25% higher than planned).
Interventions  Patients were randomised to six cycles of 
conventional versus dose-intense regimens of doxorubicin 
and cisplatin. Non-haematological toxicity data were 
collected prospectively and graded according to the 
Common Terminology Criteria for Adverse Events (CTCAE).
Main outcome measures  The MOTox score described 
the overall toxicity burden in terms of multiple toxic AEs, 
maximum-severity episode and cycle time-dimension. 
Evolution of high-MOTox was assessed through 
multivariable models, that investigated the impact of 
personalised characteristics (eg, achieved chemotherapy 
dose, previous AEs or biochemical factors) cycle-by-cycle.
Results  A cycle-by-cycle analysis identifies different 
evolutions of MOTox levels during treatment, detecting 
differences in patients’ health. Mean MOTox values and 
percentages of patients with high-MOTox decreased cycle-
by-cycle from 2.626 to 1.953 and from 57.8% to 36.6%, 
respectively. High-MOTox conditions during previous cycles 
were prognostic risk factors for a new occurrence (ORs 
range from 1.522 to 4.439), showing that patient’s history 
of toxicities played an important role in the evolution 
of overall toxicity burden during therapy. Conventional 
regimen may be preferred to dose-intense in terms of AEs 
at cycles 2–3 (p<0.05).

Conclusions  The novel longitudinal method developed 
can be applied to any cancer studies with CTCAE-graded 
toxicity data. After validation in other studies, the MOTox 
approach may lead to improvements in healthcare 
assessment and treatment planning.
Trial registration number  ISRCTN86294690; Post-
results.

INTRODUCTION
In cancer trials, the relationship between 
chemotherapy dose and clinical effi-
cacy outcomes is problematic to analyse 
due to the presence of negative feedback 
between exposure to cytotoxic drugs and 
other aspects, such as latent accumulation 
of chemotherapy-induced toxicity. Toxic 
adverse events (AEs), developed by patients 

Strengths and limitations of this study

	► The Multiple Overall Toxicity (MOTox) score de-
scribes the overall toxicity burden in terms of multi-
ple toxic adverse events, maximum-severity episode 
and cycle time-dimension.

	► Cycle-by-cycle multivariable models are used to 
assess the evolution of high MOTox over therapy, 
based on patients’ characteristics.

	► The MOTox approach can be applied to any can-
cer studies with Common Terminology Criteria for 
Adverse Events-graded toxicity data.

	► The study retrospectively analysed MRC BO06 os-
teosarcoma trial data, limited to a young population 
with a rare tumour.

	► External validations are needed to evaluate the 
application of the novel score to guide treatment 
decisions, both for osteosarcoma and other cancer 
types.
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through a chemotherapy cycle, affect subsequent expo-
sure by delaying the next cycle or reducing its dosage, 
representing one of the principal reasons for treatment 
discontinuation.1 The introduction of the Common 
Terminology Criteria for Adverse Events (CTCAE)2 
multimodality grading system greatly facilitated the 
standardised reporting of AEs and the comparison of 
outcomes between trials and institutions.3 4 According to 
CTCAE, AEs range in severity from minor, asymptomatic 
changes to life-threatening injuries or death.3 Character-
isation of toxicity is of interest to patients and clinicians 
engaged in shared decision making about a treatment 
strategy.5 Toxicities are at the same time risk factors for 
mortality and predictors of future exposure levels, repre-
senting time-dependent confounders for the effect of 
chemotherapy on patient’s status.6 Incorporating time 
into analysis of toxicity is important for the compar-
ison between different chemotherapy regimens or even 
multiple toxicities from the same regimen.7 Therefore, it 
is crucial to provide an effective tool to assess the evolu-
tion of overall toxicity over chemotherapy treatment to 
guide the therapy strategy.

Since patients might have different types and number 
of AEs, to summarise toxicity during treatment and 
investigate the true extent of toxic burden represent 
challenging problems in cancer research. Due to the 
complexity of longitudinal chemotherapy data, no stan-
dard method is available for summarising AEs data into 
a concise score of overall risk. Toxicity data are usually 
analysed in cancer prediction models by looking at the 
maximum toxicity over time (max-time) or maximum 
grade among events (max-grade).3 4 7–10 Although both 
methods can summarise data over time, a lot of infor-
mation are not used. The max-time method summarises 
longitudinal data into a single AE profile by using the 
worst (maximum-severity) grade over treatment for each 
toxic event, without distinguish between isolated and 
repeated episodes. The max-grade method summarises 
all the toxic AEs through the maximum grade among 
all types of events, without discerning between single or 
multiple episodes. Other methods, that is, weighted sums 
of individual toxic effects,10–14 have also been proposed 
to consider longer-lasting lower-grade chronic toxici-
ties, which may have impact on patient’s quality of life. 
However, these approaches do not provide informa-
tion about AEs timing or severity at a given cycle during 
treatment. The inclusion of time-related information 
could provide insights on AEs and their evolution over 
time.5 This information could give new insights in cancer 
treatment.

In this framework, alternative methods of longitudinal 
toxic event evaluation have been proposed5 10 15–17 but 
none of them is focused on analysing the evolution of 
high overall toxicity (high-MOTox) over treatment using a 
cycle-by-cycle approach. To quantify risk for each patient, 
a new longitudinal Multiple Overall Toxicity (MOTox) 
score is proposed. At each cycle, this score summarises 
multiple CTCAE-graded AEs, and describe the overall 

toxic status along with the most severe risk event. The 
evolution of high MOTox scores over cycles is studied 
using logistic regression models to predict high-MOTox 
at the end of the cycle using achieved chemotherapy 
dose, previous toxicities, biochemical and haematological 
factors over time. A new method to summarise multiple 
toxic AEs including time-dimension, that is, the longitu-
dinal MOTox score, and a cycle-by-cycle analysis of high-
MOTox over treatment using personalised characteristics 
are proposed.

To illustrate the use of the longitudinal MOTox proce-
dure to quantify how chemotherapy-induced toxicities 
may evolve in cancer patients, a retrospective analysis was 
conducted on MRC BO06/EORTC 80931 randomised 
controlled trial18 (RCT) for the treatment of osteosar-
coma, a malignant bone tumour mainly affecting chil-
dren and young adults with an annual incidence of 
3–4 patients per million.19 20 Patients were treated with 
cisplatin (CDDP) and doxorubicin (DOX), two cyto-
toxic drugs commonly used in the treatment of various 
types of human cancers and are characterised by various 
toxic AEs: apart from nausea, specific renal and neuro-
toxicity21 22 for CDDP or cardiotoxicity23 24 for DOX. 
Longitudinal MOTox scores over therapy were computed 
considering non-haematological toxicity. Demographics, 
treatment-related and biochemical characteristics were 
used to examine high-MOTox over cycles.

MRC BO06 trial was chosen due to the accessibility 
of the data by the authors. Provided that longitudinal 
CTCAE-graded toxicity data are available, the novel 
MOTox scores can be applied to analyse data from any 
cancer treatment.

METHODS
Patients and data
Data from the MRC BO06/EORTC 80931 RCT for 
patients with non-metastatic high-grade osteosarcoma 
recruited between 1993 and 2002 were analysed.18 Patients 
were randomised between conventional (Reg-C) and 
dose-intense (Reg-DI) regimens. Both arms had six cycles 
of the same course of doxorubicin and cisplatin with 
different time schedule (3-weekly vs 2-weekly, supported 
by granulocyte colony stimulating factor, see figure  1). 
Details concerning the trial protocol are provided in 
online supplemental appendix A.

The dataset included 497 eligible patients; 19 patients 
who did not start chemotherapy (13) or reported an 
abnormal dosage (ie,+25% higher than planned) of one 
or both agents (6) were excluded. Patients who did not 
complete all six cycles of chemotherapy (93) and did not 
terminate the last cycle within 180 days after randomisa-
tion (8) were excluded. The final cohort of 377 patients 
included in the analyses (75.9% of the initial sample) is 
shown in the consort diagram in figure 2.

Patients baseline characteristics (age, sex, allocated 
chemotherapy regimen, site and location of the tumour) 
were registered at randomisation. Treatment-related 
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factors (administered dose of chemotherapy, cycles 
delays, haematological and biochemical parameters, 
chemotherapy-induced toxicity and histological response 
to preoperative chemotherapy) were collected prospec-
tively at each cycle of chemotherapy.18 Levels of renal 
clearance, alkaline phosphatase (ALP), lactate dehydro-
genase, calcium (Ca) and magnesium were measured at 
the beginning of each cycle (ie, before the drugs adminis-
tration) according to local practice. Blood counts (white 

cell count (WCC), neutrophils (N), platelets (PLT)) were 
obtained before each cycle and at the expected nadir of 
the course (day 10 of the cycle in Reg-C, day 8 in Reg-DI). 
Non-haematological chemotherapy-induced toxicity for 
nausea/vomiting, mucositis, neurological toxicity, cardiac 
toxicity, ototoxicity and infection were graded according 
to the CTCAE V.3.0,2 with grades ranging from 0 (none) 
to 4 (life-threatening) (see table 1). For each patient and 
cycle, chemotherapy dose was analysed as percentage of 

Figure 1  Patients are randomised at baseline to one of the two regimens, with the same anticipated cumulative dose 
(doxorubicin DOX 25 mg/m2/day for 3 days+cisplatin CDDP 100 mg/m2 as a continuous 24 hours infusion on day 1) but different 
duration (3-weekly vs 2-weekly cycles). CDDP, cisplatin; DOX, doxorubicin.

Figure 2  Flow chart of cohort selection.
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achieved chemotherapy dose up to cycle ﻿‍ k‍, that is, the 
percentage of the cumulative drugs administrated up to 
cycle ﻿‍k‍ divided by the cumulative drugs planned up to ﻿‍k‍ as 
explained in online supplemental appendix B.

Patient and public involvement
There was no patient or public involvement in the original 
RCT, which was run before this was recognised as good 
practice, nor in this study; patient and public involvement 
is not common in methodological studies.

Longitudinal MOTox scores and outcomes
The longitudinal chemotherapy-induced MOTox score 
is a cycle-dependent longitudinal mean-max index that 
quantifies multiple types of AEs experienced by a patient 
during treatment. For each subject, multiple AEs are 
recorded along the cycles according to CTCAE scale, with 
values from 0 to 4. At each cycle ﻿‍k‍, the longitudinal MOTox 
score for a patient ‍i‍ is defined as

	﻿‍ MOToxk
i = average toxic levelki + worst gradek

i ,‍�

where the average toxic level is the arithmetic mean of 
the grades related to all the toxic AEs registered for the 
patient at cycle ﻿‍ k‍, and the worst grade is the maximum 
CTCAE-grade among all the toxic AEs experienced by 
the patient at the cycle under analysis (see online supple-
mental appendix C).

As a mean-max index of CTCAE-graded toxicity levels 
ranging from 0 to 4 each, the longitudinal MOTox score 
‍MOTox

k
i ‍ ranges from 0 to 8. A MOTox value equal to 0 

reflects a patient with all toxicities equal to CTCAE-grade 
0, that is, a patient that did not experience any kind of 
toxicity for the cycle under analysis. A MOTox value of 
8 represents a subject with all toxicities equal to CTCAE-
grade 4, that is, a subject that experienced the highest 
level of toxicity burden for each type of toxic AE. This 
novel score only requires that the different types of 
toxicity necessary for the computation, are recorded 

according to the CTCAE grading system. In this way, this 
definition can be applied to different groups of CTCAE-
graded toxicities and applied to any cancer treatment.

The choice of a longitudinal mean-max index was made 
to include the cycle-time component in the analysis and to 
take into account several aspects: (1) multiple lower-grade 
chronic toxicities, which may have impact on patient’s 
quality of life; (2) huge level in a specific toxicity, which 
can cause severe effects and permanent consequences for 
the patient (delayed interval or reduced chemotherapy 
dose, resulting in overall lower dose intensity). Consid-
ering all these aspects, the MOTox score can detect differ-
ences in health status among patients, providing more 
informative compare than traditional methods.

The median value of MOTox scores over all the patients 
in all the cycles was defined as global median MOTox 
value (﻿‍τ ‍) and it was used as a threshold to define the 
cycle-dependent longitudinal binary score for high-
MOTox, named longitudinal high-MOTox score (see 
online supplemental appendix C). In particular, binary 
variable ‍high−MOToxki ‍ indicates if patient ‍i‍ experienced 
high MOTox with respect to the global median MOTox 
value ﻿‍τ ‍ at cycle ﻿‍k‍, that is, it distinguishes patients with low 
(high MOTox equal to 0) or high (high MOTox equal to 1) 
overall toxicity burden over therapy. Binary high-MOTox 
scores over cycles represent the clinical endpoints used as 
outcome measures for high-MOTox over treatment.

Statistical analysis
A retrospective analysis to examine prognostic factors for 
binary high-MOTox scores over cycles was conducted. Base-
line and treatment-related characteristics were examined. 
A two-sided significance level of 5% was adopted. R soft-
ware was used for the analyses.25

Data on non-haematological toxicity were not avail-
able for 1.25% of measurements, which were consid-
ered as CTCAE 0-grade according to clinical indication. 

Table 1  Toxicity coding based on Common Terminology Criteria for Adverse Events grade V.3.02 for non-haematological 
chemotherapy-induced toxicity related to nausea/vomiting, mucositis, neurological toxicity, cardiac toxicity, ototoxicity and 
infection

Toxicity Grade 0 Grade 1 Grade 2 Grade 3 Grade 4

Nausea/Vomiting None Nausea Transient vomiting Continuative 
vomiting

Intractable vomiting

Oral Mucositis No change Soreness/erythema Ulcers: can eat solid Ulcers: liquid diet 
only

Alimentation not 
possible

Infection None Minor infection Moderate infection Major infection Major infection with 
hypotension

Cardiac toxicity No change Sinus tachycardia Unifocal PVC 
arrhythmia

Multifocal PVC Ventricular 
tachycardia

Ototoxicity No change Slight hearing loss Moderate hearing 
loss

Major hearing loss Complete hearing 
loss

Neurological toxicity None Paraesthesia Severe paraesthesia Intolerable 
paraesthesia

Paralysis

PVC, premature ventricular contraction.
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For treatment-related missing values (ie, histological 
response, biochemical and haematological markers), 
missing values were imputed using multiple imputations 
by chained equations algorithm.26

At each cycle, the impact of factors on binary high-
MOTox was examined using multivariable logistic regres-
sion models and expressed by ORs.27 An OR>1.0 indicates 
a greater risk of achieving a high-MOTox in case of a 
1-unit increase for numerical characteristics or compared 
with the baseline category for categorical ones. Covariates 
with more than 15% of missing values in the original data 
were not included in the multivariable models. A stepwise 
backward selection procedure was applied to select the 
best set of covariates at each cycle based on Akaike infor-
mation criterion (AIC). Variance inflation factor (VIF) was 
also used to remove non-significant and highly collinear 
covariates. Predictive capacities of models were assessed 
by sensitivity and specificity metrics and area under the 
receiver operating characteristic curve (AUC).28

RESULTS
Patient and treatment-related characteristics
Patient characteristics at randomisation are shown in 
table  2. Among 377 patients, 229 (60.7%) were males 
and Reg-DI was allocated in 52.3% of the patients (197). 
Median age was 15 years (IQR 11–18) with 30.2% of adults29 
(114). A summary of the biochemical and haematological 
values measured over the entire dataset is shown in table 3. 
Grades of chemotherapy-induced non-haematological 
toxicity over cycles are reported in figure  3. Nausea/
vomiting was reported at least once over cycles in 97.3% 
of patients (367/377), with a percentage that decreased 
over cycles from 84.9% in cycle 1% to 52.5% in cycle 6. 
The percentages of patients who reported oral mucositis 
or infections were more stable over cycles: 30.5%–43.3% 
for mucositis, with 78% (294/377) reporting mucositis 
at least once, and 23.8%–31.3% for infection, with 69% 
(260/377) reporting an infection at least once. Ototox-
icity was reported at least once in 21.5% (81/377), cardiac 
toxicity in 14.1% (53/377) and neurological toxicity in 
11.7% (44/377).

Non-haematological longitudinal Overall Toxicity scores
For each patient, non-haematological chemotherapy-
induced toxicity related to nausea/vomiting, mucositis, 
neurological toxicity, cardiac toxicity, ototoxicity and 
infection were considered to compute the longitudinal 
MOTox score over cycles. MOTox scores (figure 4 —left 
panel) ranged between 0 and 6 and the mean values (blue 
points) decreased over cycles from 2.626 (cycle 1) to 
1.953 (cycle 6). The global median MOTox value ﻿‍τ ‍, that 
is, the median value of overall toxicity over all the patients 
in all the cycles, was 2.333 (dashed red line). An example 
of longitudinal MOTox scores over cycles for five random 
patients from the study cohort is shown in figure 5. The 
global mean MOTox value ﻿‍τ ‍ is reported as solid black line. 
Different evolution patterns of longitudinal MOTox score 

over cycles are presented: increasing pattern (orange: 
patient A), decreasing pattern (light blue: patient B), 
isolated severe status (violet: patient C), low-values (blue: 
patient D) and high-values (red: patient E) over cycles.

To evaluate which regimens is characterised by high 
toxicity over cycles, table 4 reports the means of MOTox 
scores at each cycle ﻿‍k‍ for patients allocated in Reg-DI and 

Reg-C, ‍
−

MOToxkDI‍ and ‍
−

MOToxkC‍, respectively. In cycles 2–3, 

Table 2  Patients’ characteristics at randomisation and 
histological responses

Baseline characteristic

Patients 377

Age* (years)

 � Median (IQR) 15 (11–18)

 � Minimum/maximum 3/40

 � Child* 109 (28.9%)

 � Adolescent* 154 (40.9%)

 � Adult* 114 (30.2%)

Sex

 � Female 148 (39.3%)

 � Male 229 (60.7%)

Allocated treatment

 � Regimen-C 180 (47.7%)

 � Regimen-DI 197 (52.3%)

Site of tumour

 � Femur 227 (60.2%)

 � Fibula 22 (5.8%)

 � Humerus 37 (9.8%)

 � Radius 3 (0.8%)

 � Tibia 87 (23.1%)

 � Ulna 1 (0.3%)

Location of tumour

 � Distal 217 (57.6%)

 � Mid-shaft 11 (2.9%)

 � Proximal 148 (39.2%)

 � Missing (NA) 1 (0.3%)

Histological response†

 � Poor 186 (49.3%)

 � Good 144 (38.2%)

 � Missing (NA) 47 (12.5%)

*Age groups were defined according to Collins et al29: child (male: 
0–12 years; female: 0–11 years), adolescent (male: 13–17 years; 
female: 12–16 years) and adult (male: 18 or older; female: age 17 
years or older).
†The resected specimen was examined histologically to assess 
response to preoperative chemotherapy.18 Good histological 
response was defined as ≥90% necrosis in the tumour resected; 
10% or more viable tumour after preoperative chemotherapy was 
defined poor.18

NA, not available.
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mean overall toxicity for patients in Reg-DI was higher 
than for those in Reg-C (p<0.05), whereas from cycle 4 
the difference was not statistically significant. Figure  6 
shows the mean values of each non-haematological 
toxicity along with 95% Bonferroni’s CIs over cycles, strat-
ified by regimens. Each panel refers to a different type 
of toxicity: nausea/vomiting, mucositis, infection, cardiac 
toxicity, ototoxicity and neurological toxicity. The biggest 
contribution to the difference in the mean MOTox scores 
by regimes was given by mucositis, significantly higher in 
Reg-DI than in Reg-C at cycles 2 and 3.

The global median MOTox value ﻿‍ τ ‍ was then used to 
compute the longitudinal dichotomous high-MOTox 
scores over cycles. Right panel in figure  4 shows the 
percentages of patients with high-MOTox, which decrease 
from 57.8% (218/377) at cycle 1% to 36.6% (138/377) at 
cycle 6. Association between chemotherapy regimens and 
high-MOTox at cycles 2–3 (p<0.05) was found, supporting 
results shown in table 4. At each cycle, high-MOTox was 

strongly associated with low/high MOTox at previous 
cycles.

Multivariable logistic regression models for high-MOTox over 
cycles
The evolution of longitudinal binary high-MOTox score 
over cycles defined was analysed through multivariable 
logistic regression models, using a cycle-by-cycle approach. 
Starting from the second cycle, each logistic regression 
modelled the binary dependent variable high-MOTox at 
the of the cycle in terms of patient’s characteristics and 
previous toxicity levels. Baseline and treatment-related 
information with less than 15% of missing values in the 
original dataset were considered as possible prognostic 
factors for toxicity. In particular, among haematological 
and biochemical factors, measurements of WCC, N, PLT, 
ALP and Ca were considered before the beginning of 
each cycle (ie, the administration of the course). Only 
WCC values were considered at the planned nadir of 

Table 3  Descriptive of biochemical and haematological values over the entire dataset

Biomarkers Mean (SD) Median (IQR) Min/Max

White cell count (×109/L) 7.36 (8.25) 5.00 (3.10–8.20) 0.10/117

Neutrophils (×109/L) 4.74 (6.93) 2.60 (1.12–5.30) 0/83.38

Platelets (×109/L) 219.8 (157.5) 190 (99–311) 2/999

Renal clearance (mL/min/1.73 m2) 112.3 (34.9) 110 (90–132) 8/396

Alkaline Phosphatase (IU/L) 238.5 (279.1) 162.5 (98.0–267.2) 14/3680

Lactate ddehydrogenase (IU/L) 447.0 (264.2) 394.0 (298.8–531.0) 4/4310

Calcium (mmol/l) 2.34 (0.36) 2.35 (2.25–2.45) 0.21/9.70

Magnesium (mmol/l) 0.71 (0.24) 0.69 (0.57–0.80) 0.07/3.06

Figure 3  Bar plots of chemotherapy-induced toxicity CTCAE grades over cycles (wheat: 0; light-orange: 1; orange: 2; red: 
3; dark-red: 4). Each panel refers to a different type of toxicity: nausea/vomiting (top-left), mucositis (top-centre), infection 
(top-right), cardiac toxicity (bottom-left), ototoxicity (bottom-centre) and neurological toxicity (bottom-right). CTCAE, Common 
Terminology Criteria for Adverse Events.
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each cycle, due to the high percentage of missing values 
(>15%) for other blood counts. Due to the skewed nature 
of biomarkers distributions, haematological and biochem-
ical factors were included in the models as difference 
between the logarithmic measure and the logarithmic 
value measured at randomisation. Neutrophils-Platelets 
Score, a three-level systemic inflammation-based score 
(good: N≤7.5×109 /L and PLT ≤400×109 /L; intermediate: 
n>7.5×109 /L or PLT >400×109/L; poor: n>7.5×109/L and 
PLT >400×109 /L),30 and N-WCC Ratio (NWR, ie, the N 

count dived by the WCC) were also considered. For each 
model, multicollinear variables with VIF greater than 5 
were removed. Then, stepwise backward procedures were 
used to select covariates according to AIC. The selected 
models were fitted on the whole dataset.

Table 5 shows estimated ORs along with 95% CIs and 
overall performances (ie, specificity, sensitivity and 
AUC) of each logistic regression model. All the models 
have similar overall performances: sensitivity and spec-
ificity values ranged between 0.66 and 0.77; AUCs were 

Figure 4  Left panel: Boxplots of longitudinal MOTox scores over cycles. Blue points refers to the mean MOTox values per 
cycle. Dashed red line refers to the global median MOTox value ﻿‍τ ‍=2.333. Right panel: Bar plots of longitudinal high-MOTox 
scores over cycles (grey: 0 or low; magenta: 1 or high). MOTox, Multiple Overall Toxicity.

Figure 5  Example of evolution of longitudinal MOTox scores over cycles for five patients from the study cohort. solid black line 
refers to the global median MOTox value ﻿‍τ ‍=2.333. MOTox, Multiple Overall Toxicity.
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between 0.72 and 0.79. No sex effect was found. In cycle 
2 and 3, higher percentage of achieved chemotherapy 
dose is associated to the risk of high toxicity, espe-
cially for patient in Reg-DI (cycle 2). Haematological 
factors were selected in each model. Both PLT before 
the administration of the course and WCC at nadir had 
a protective role on the risk of having high-MOTox 
(OR  <1). In particular, an increase in the dynamic 
difference between the logarithmic levels decreased the 
risk of high toxicity. Patients with previous high-MOTox 
had higher risk to experience again high-MOTox with 
respect to patients with previous high-MOTox (OR >1), 
showing that high-MOTox conditions during previous 
cycles were risk factors for the occurrence of high-
MOTox at the current cycle. In particular, toxicity 
information related to different previous cycles were 
selected and statistically significant in the final models, 
meaning that patient’s global history—and not only the 
last condition—had impact on his/her current low/
high-MOTox burden.

The performed analyses were finally used to develop 
a demo webapp (http://​osteowebapp.​prod.​s3-​website.​

eu-​central-​1.​amazonaws.​com/). The demo shows how the 
multivariable models developed to predict high-MOTox 
index at each cycle could be used as a support tool for 
clinical decision making. The webapp is presented in 
online supplemental appendix D.

DISCUSSION
Due to the presence of multiple types of AEs with 
different levels of toxicity burden, to study the overall 
toxicity progression during chemotherapy is a difficult 
problem in cancer research. The development of statis-
tical methods able to deal with the complexity of longitu-
dinal chemotherapy data and to provide a methodology 
to use the information of AEs data into a score of overall 
risk is necessary and of clinical relevance.

Principal findings
This paper explored the evolution of chemotherapy-
induced toxicity over treatment in patients with osteo-
sarcoma. First, a novel approach to analyse longitudinal 
chemotherapy data was discussed, the cycle-dependent 

Table 4  Overall toxicity differences between dose-intense (DI) and conventional (C) regimens

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6

‍MOTox
k
DI ‍

2.552 2.653 2.488 2.240 2.261 1.920

‍MOTox
k
C ‍

2.782 2.229 2.150 2.359 2.309 1.989

P value of test 0.045 0.003 0.018 0.437 0.737 0.657

‍MOToxk
DI ‍and ‍MOToxk

C ‍ are the means of MOTox scores at cycle ‍k ‍ for patients allocated in Reg-DI and Reg-C, respectively.
MOTox, Multiple Overall Toxicity.

Figure 6  Mean value of chemotherapy-induced toxicity during cycles along with 95% Bonferroni CIs, stratified by the 
regimens (purple: Reg-C; pink: Reg-C). Each panel refers to a different type of toxicity: nausea/vomiting (top-left), mucositis 
(top-centre), infection (top-right), cardiac toxicity (bottom-left), ototoxicity (bottom-centre) and neurological toxicity (bottom-
right).
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longitudinal mean-MOTox score over therapy. Starting 
from recorded CTCAE grades, the MOTox score 
summarised the occurrence of repeated AEs allowing 
to (1) describe the overall toxicity burden, (2) consider 
the most severe collateral effect and (3) incorporate the 
time-component of treatment cycles. Results showed 
that the inclusion of worst-graded events, multiple lower-
grade chronic toxicities, and time-dimension related to 
chemotherapy cycles allowed to consider different evolu-
tions of overall toxic levels over treatment. This approach 
investigates in more details the effect of AEs on patients’ 
life compared with traditional methods (ie, max-grade 
or max-time). The cycle-by-cycle longitudinal evolution 
of high-MOTox was analysed using multivariable logistic 
regression models to predict binary high-MOTox at the 
end of the cycle in terms of previous toxicity levels and 
patient’s characteristics. At each cycle, previous toxicity 
levels were selected: high-MOTox during previous cycles 
were risk factors for the occurrence of high-MOTox at the 
next cycle. The highest impact on the risk was observed 
for the last available toxic condition. Patient’s history of 
toxicity played a fundamental role in the risk of high-
MOTox burden during cycles and, consequently, on 
patient’s health status during the therapy. This analysis 
also suggested that the conventional regimen might be 
preferred to the dose-intense in terms of life conditions 
during the first half of the therapy (ie, up to the third 
cycle): mean MOTox values in Reg-DI were statistically 
higher than in Reg-C during cycles 2–3 and Reg-DI was a 
risk factor for the occurrence of high-MOTox at the end 
of the second cycle. However, in terms of survival, a bene-
ficial effect of low level (grade 1–2) platelet and nausea/
vomiting toxicity and more severe (grade 3–4) mucositis 
on survival in osteosarcomas was previously shown.12 
Appraisal of the experienced toxicity against survival 
encourages the genetic exploration of the individual 
sensitivity to both adverse effects as well as the sensitivity 
of the tumour to chemotherapy.

Different statistical and machine learning methods for 
high/low binary classification were considered, among 
others support vector machines or ensemble methods 
(eg, random forests or XGBoost). More complex 
methods showed no significant improvements in terms 
of predictive performances with respect to logistic regres-
sion models. Therefore, the choice was driven by the clin-
ical interpretability offered by the cycle-by-cycle logistic 
regression approach.

Strengths and limitations
The results of this study present several strengths and 
limitations. The presented MOTox and binary high-
MOTox scores represent new indices to summarise and 
quantify patient’s overall toxic risk in oncology. These 
indices can be used to (1) describe patient’s response 
to therapy over cycles, (2) predict the upcoming overall 
toxicity level given patient’s history and (3) support clin-
ical decisions, trying to reduce the impact of therapies in 
terms of toxic AEs. This study also shows the importance 

of collecting well-documented data on chemotherapy-
induced AEs during treatment. Provided that toxicities 
are recorded according to the CTCAE scale, the devel-
oped procedure can be applied to any cancer treatment 
and can be tailored according to a specific study. The 
longitudinal MOTox score represents a flexible method 
to quantify the personalised evolutions of the overall 
toxicity burden in cancer patients.

This retrospective exploratory analysis comes with some 
challenges and limitations. Although the toxicity data 
were recorded using the standardised CTCAE grading 
system, heterogeneity in assessing non-haematological 
toxicity is present in the data, especially considering that 
MRC BO06 RCT is limited to a young population with a 
rare tumour. The analysis was performed on a single RCT 
in osteosarcoma, where only non-haematological toxic-
ities were recorded according to CTCAE. Other factors 
such as nephrotoxicity, lymphocytes count, tumour size, 
CTCAE-graded haematological toxicities or quality of 
life (QOL) were not collected. Although over the last 20 
years the main chemotherapy protocol has been used, 
some aspects of osteosarcoma treatment and supportive 
care have changed from current measures,9 such as the 
prophylaxis of nausea and vomiting. Such changes are 
not always easily identifiable and are difficult to account 
for in retrospective analyses.9 Finally, this work focused 
on the quantification and evolution of overall toxicity in 
patients who completed all 6 cycles of chemotherapy treat-
ment. This choice was due to a specific research question. 
However, this may lead to bias selection due to the exclu-
sion of patients who may have had high toxicity levels as 
the reason for treatment discontinuation. Since the defi-
nition of the MOTox score is general, it can be computed 
also for those excluded patients, but alternative statistical 
methods to multivariable logistic models must be devel-
oped to also take into account therapy discontinuation. 
In fact, subsequent analyses should include patients who 
have discontinued treatment to better understand if 
MOTox is a potential measure of treatment tolerability 
and if it may be associated with treatment discontinuation.

External validation is needed to evaluate the applica-
tion of the novel score in order to guide prospective treat-
ment decisions in clinical practice, both for osteosarcoma 
and for other types of cancer. On one hand, integration 
with data from other osteosarcoma studies could help in 
further investigating the performance of the models and 
in examining whether the analysis should be integrated 
with more information on toxicity or other potential 
predictors. On the other hand, to apply the developed 
procedure to the clinical decision-making process in 
different treatment regimen/cancer types, the multi-
variate methods need to be tailored according to each 
specific study.

The novel MOTox approach can become a useful tool 
for healthcare assessment and cancer treatment plan-
ning. As shown in the demo webapp presented in online 
supplemental appendix D, once validated, the multivari-
able models could be used to set up a support tool to 
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predict high-MOTox at the end of each cycle. This would 
allow to monitor patient’s toxic burden during treatment 
and to inform dose reductions or dose delays to make 
treatment more tolerable. Added to a cooperation with 
medical staff, this could lead to new insights for cancer 
treatment.

Future research
This work opens doors to many further developments, 
both in the field of statistical methodology and in cancer 
research. From a clinical point of view, the interest may lie 
in identifying patients with extremely high or extremely 
low overall toxicity with respect to intermediate toxic 
conditions. As consequences multiple MOTox categories 
related to different levels of overall toxicity (eg, extremely-
high/high/intermediate/low/extremely-low MOTox) 
are defined. Thresholds to establish the MOTox ranges 
for the different categories needs to be created. This is 
not a trivial task which requires a proper external valida-
tion. Furthermore, the comparison between the MOTox 
score and QOL represents a challenging area of investiga-
tion in clinical research. MRC BO06 trial did not collect 
QOL data, but it would be of interest to evaluate MOTox 
in the context of rigorously collected heath-related QOL 
or patient-reported outcome data to investigate the role 
of the developed tool in better understanding treatment 
tolerability. Therefore, future analyses must focus on data 
where QOL is properly measured and reported. The 
complexity of the problem requires development of new 
methodologies able to deal with the dynamic nature of 
the data and all aspects of chemotherapy treatment, such 
as therapy discontinuation. This is not a trivial task, but 
it could lead to new improvements for subject-specific 
predictions and personalised treatment.

CONCLUSIONS
The manuscript introduces a novel longitudinal method 
to explore and quantify AEs experienced by patients 
during cancer treatment. Preliminary results from the 
retrospective analysis of MRC BO06 RCT showed that 
longitudinal methods should be considered in future 
analyses of cancer trials, since they could lead to new 
insights into chemotherapy-induced toxicity compared 
with traditional approaches. External validations are 
needed to evaluate the application of the score in order 
to guide clinical decisions on treatments prospectively. 
Provided that longitudinal CTCAE-graded toxicity 
data are available from drug administrations, the new 
approach is a flexible procedure that can be adapted and 
applied to other cancer studies. The possible generalisa-
tion to many different settings, added to a cooperation 
with medical staff, could lead to improvements in the 
definition of useful tools for healthcare assessment and 
treatment planning.
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