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Assessing the impact of organ-specific lesion dynamics on survival in
patients with recurrent urothelial carcinoma treated with atezolizumab or
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Background: Tumor dynamics typically rely on the sum of the longest diameters (SLD) of target lesions, and ignore
heterogeneity in individual lesion dynamics located in different organs.
Patients and methods: Here we evaluated the benefit of analyzing lesion dynamics in different organs to predict survival
in 900 patients with metastatic urothelial carcinoma treated with atezolizumab or chemotherapy (IMvigor211 trial).
Results: Lesion dynamics varied largely across organs, with lymph nodes and lung lesions showing on average a better
response to both treatments than those located in the liver and locoregionally. A benefit of atezolizumab was observed
on lung and liver lesion dynamics that was attributed to a longer duration of treatment effect as compared to
chemotherapy (P value ¼ 0.043 and 0.001, respectively). The impact of lesion dynamics on survival, assessed by a
joint model, varied greatly across organs, irrespective of treatment. Liver and locoregional lesion dynamics had a
large impact on survival, with an increase of 10 mm of the lesion size increasing the instantaneous risk of death by
12% and 10%, respectively. In comparison, lymph nodes and lung lesions had a lower impact, with a 10-mm
increase in the lesion size increasing the instantaneous risk of death by 7% and 5%, respectively. Using our model,
we could anticipate the benefit of atezolizumab over chemotherapy as early as 6 months before the end of the
study, which is 3 months earlier than a similar model only relying on SLD.
Conclusion: We showed the interest of organ-level tumor follow-up to better understand and anticipate the treatment
effect on survival.
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INTRODUCTION

Urothelial carcinoma is the ninth most common cancer in
the world with a 5-year survival of 77% all stages combined,
but this rate drops to 5% for metastatic diseases.1 Immu-
notherapy treatments have shown impressive results in the
past few years in several cancers including urothelial car-
cinoma.2-6 However, a number of analyses have also
emphasized the large variability in the response observed,
which may complicate the assessment of immunotherapy
efficacy.7 This may in particular be due to the intra-patient
variability, with some lesions responding and some pro-
gressing within one patient.8,9 More generally, the lesion
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location could also affect the overall tumor burden10 and
the risk of death.11

This questions the limitations of the sum of the longest
diameters (SLD) to evaluate the response to treatment.
Indeed, this marker, which is key to calculate RECIST crite-
rion (Response Evaluation Criteria In Solid Tumors),12 lumps
together the dynamics of the target lesions and potentially
masks the heterogeneity in individual lesions.13

In order to analyze complex relationship between target
lesion dynamics, organ location and survival,14 one
approach is joint models, which simultaneously handles
longitudinal and time-to-event data.15,16 This approach can
provide a precise estimation of the association between
nonlinear SLD dynamics and survival17 and help in early
identification of most at-risk patients.18,19 Another
approach is the Cox regression model, but it is not appro-
priate for a time-dependent covariate, as it assumes a
piecewise linear trajectory of the biomarker, neglects the
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Table 1. Baseline characteristics of patients

Chemotherapy Atezolizumab

Data description
Analysis population (patients) 443 457
Death (proportion %) 343 (77) 317 (69)
Number of target lesions 1064 1069
Total SLD measurements 1317 1662
Number of SLD assessments
per patient (median,
min-max)

2 (1-12) 3 (1-11)

Categorical covariates Proportion, % (count)
Female sex 22 (97) 23 (107)
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measurement error and might lead to a biased estimation
of the association parameter.16

Here, we aimed to extend this approach to analyze target
lesion dynamics in each organ and their specific effect on
survival. Applied to data from a phase III clinical trial
(IMvigor21120) comparing the efficacy of atezolizumab and
chemotherapy on overall survival (OS) in patients with
platinum-treated advanced or metastatic urothelial carci-
noma, we evaluated whether individual organ tumor dy-
namics could improve survival prediction and enable a
better anticipation of the treatment efficacy.
Baseline ECOG Score ¼ 1 56 (246) 53 (242)
�5% of PD-L1 positive
immune cells

25 (112) 25 (113)

Previous therapy with
platinum-based regimen
Cisplatin-based 56 (247) 56 (255)
Carboplatin-based 44 (195) 42 (192)
Other platinum
combination

<1 (1) 2 (9)

Continuous covariates Median (min-max)
Age (years) 67 (31-84) 67 (33-88)
Baseline albumin
concentration (g/l)

39.1 (3.1-66.7) 40.0 (20.1-49.0)

Baseline alkaline
phosphatase (U/l)

96 (40-623) 92 (36-571)

Baseline lactate
dehydrogenase value (U/l)

214.0 (98.0-3000.0) 208.0 (0.8-1500.0)

Baseline neutrophil-to-
lymphocyte ratio

3.70 (0.56-58.53) 3.48 (1.06-59.72)

Baseline C-reactive protein
(mg/l)

14.40 (0.31-314.0) 14.50 (0.40-178.0)

Baseline hemoglobin
concentration (g/l)

119.0 (84.0-163.0) 121.0 (82.2-162.0)

Organ-specific data
Patients having at least one
target lesion in the
Lymph nodes 218 209
Lung 154 156
Liver 125 130
Locoregional area 94 87
Other 111 115

Death in patient having at
least one target lesion in
the (%)
Lymph nodes 76 62
Lung 77 72
Liver 90 83
Locoregional area 86 70
Other 84 79

Total number of SLD
measurements in the
Lymph nodes 709 835
Lung 432 567
Liver 307 384
Locoregional area 238 321
Other 312 384

ECOG, Eastern Cooperative Oncology Group; PD-L1, programmed death ligand-1;
SLD, sum of the longest diameters.
METHODS

Data

The phase III clinical trial IMvigor21120 included 931 pa-
tients with advanced or metastatic urothelial carcinoma,
randomized to two treatment arms; 464 patients were
assigned to the control chemotherapy arm and 467 patients
were assigned to the atezolizumab immunotherapy arm.
Among patients in the chemotherapy arm, 242 (52%)
received vinflunine, 148 (32%) received paclitaxel and 53
(11%) patients received docetaxel. Patients who did not
receive treatment were excluded from our analysis (21
patients in the control arm and 8 in the atezolizumab arm),
as well as those who did not have any target lesion mea-
surement (2 patients in the atezolizumab arm). Thus, a total
of N¼ 900 patients were included in our analysisd443 in
the chemotherapy arm and 457 in the atezolizumab arm
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.esmoop.2021.100346).

According to RECIST, there was a maximum of five target
lesions followed in each individual with a maximum of two
per organ. Assessment of target lesions was done at study
inclusion, every 9 weeks during the first year and every 12
weeks afterward, with a limit of quantification of 2.5 mm.
Disease progression, following RECIST, led to clinical follow-
up discontinuation but the survival status continued to be
collected. However, trial protocol permitted patients
demonstrating clinical benefit from atezolizumab to
continue treatment beyond disease progression.

Before the analysis and given the quantity of data avail-
able in the different organs, four locations were considered:
lymph nodes, lung or pleura (called ‘lung’ in the following),
liver and bladder or pelvis or peritoneum (called ‘locore-
gional’ in the following). All other lesions were lumped
together (called ‘other’ in the following). For each organ,
the sum of the longest diameters (SLD) was computed, and
we referred to these quantities as organ-specific SLD.

Baseline covariates are summarized in Table 1.
Longitudinal model for organ-specific SLD kinetics

Structural model. We used the simplified tumor growth
inhibition (sTGI) model21 to describe organ-specific tumor
dynamics in each location m˛ L, with L ¼ {lymph nodes,
2 https://doi.org/10.1016/j.esmoop.2021.100346
lung, liver, locoregional, other}. At patient inclusion at
time t ¼ 0, the model assumes an exponential growth gm of
tumor size in the absence of treatment. At treatment initi-
ation (t ¼ tx), the model assumes a tumor growth inhibition
with rate εm, and the treatment effect decreases over time
(e.g. due to treatment resistance) with rate cm, as followed:
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1� e�cmðt�txÞ

��
t � tx

(1)

where SLDm is the function of the SLD of the target lesions in
organ m at time, and BSLDm is the baseline SLD (i.e. at t ¼ 0)
in organ m.

Nonlinear mixed-effects model. We denoted yijm the jth

measurement of SLD at time tijm in organ m of individual
i and the model was defined as:

yijm ¼ SLDmðtijm; JmiÞ
þ ð sinterm þ sslopemSLDmðtijm; JmiÞÞeijm

(2)

where SLDm is the function of the sTGI structural model
defined in equation (1), eijm a Gaussian residual error term,
and the parameters sinterm and sslopem are the additive and
multiplicative components of the error model for organ m.
The individual parameters vector Jmi of patient i in the
organ m depends on a fixed population effect vector mm ¼
fmBSLDm

; mgm ; mεm
;mcmg representing a median effect in

organ m and a patient random effect hmiwN(0, Um). The
varianceecovariance matrix Um with the diagonal compo-
nents u2

qm
describes the inter-patient variability for

parameter q ˛{BSLD, g,ε,c} in the organ m. The global
varianceecovariance matrix U is a block-diagonal matrix
and its main-diagonal blocks are the diagonal matrix Um.
The four parameters being positive by definition, we
assumed a log-normal distribution on all parameters:

log
�
Jqmi

� ¼ log
�
mqm

�þ hqmi þ aqmXl;i

Jqmi ¼ exp
�
log
�
mqm

�þ hqmi þaqmXl;i
�

(3)

with aqm the impact of longitudinal covariate Xl on param-
eter q in organ m. Following previous definitions, the total
SLD model that describes the total SLD of the target lesions,
regardless of tumor location, was defined as:

yij ¼ SLDðtij; JiÞ þ ð sinter þ sslopeSLDðtij; JiÞÞeij (4)

Impact of organ-specific tumor dynamics on survival

The joint model assumed a current SLD link function (i.e.
the SLD at time t impacts the hazard at time t) in the in-
dividual hazard function h(t,Ji):

hðt; JiÞ ¼ h0ðtÞexp
 X

mεL

bmSLDm

�
t; Ji;m

�!
(5)

whereJi is the individual vector of organ-specific individual
parameters of patient i and h0 is a baseline parametric
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hazard function. The link parameters bm capture the
strength of the association between the tumor dynamics in
organ m and the instantaneous risk of death. A null link
parameter bm ¼ 0 refers to a ‘no link model’ that assumes
no association between the tumor size in organ m and OS.
Of note, if an individual i has no target lesion in organ m,
then SLDm ¼ 0 with no impact on its survival probability.
Tumor dynamics model selection

For the sake of calculation, the covariates selection model,
including type of treatment received, was built on the total
SLD model defined in equation (4). Continuous covariates
were centered to their respective mean value and were
imputed to the median value in case of missing data. A first
screening of baseline covariates was done using a correla-
tion test between the empirical Bayes estimates of the in-
dividual parameters and the vector of covariates at level
0.10 (Pearson/Spearman correlation test for continuous/
categorical covariates). Then, a forward selection was used
in baseline covariates previously selected in the screening,
until the improvement in Bayesian information criteria (BIC)
was less than two points (corresponding here to a likelihood
ratio test at level 0.003). Finally, an effect of atezolizumab
was tested on the treatment-related parameters, ε and c,
and was retained in case of BIC improvement.

The covariates model identified using the total SLD dy-
namics was then used as a baseline model for each organ-
specific model. Then, we investigated whether parameters
were correlated across organs, introducing non-null
covariance terms uqmqm0 between the q parameters of two
different organs m and m0. A first screening was done based
on a Pearson correlation test at level 0.10 in the model
without any correlation. Finally, a forward procedure based
on BIC was carried out consistent with the covariates se-
lection strategy described earlier.
Joint model selection

OS was modelled using a proportional hazard model with a
Weibull baseline hazard function, of shape k and scale l.19

Baseline covariates were first included in the baseline haz-
ard function [h0 in equation (5)] in a multiplicative expo-
nential term, as follows:

h0;iðtÞ ¼ k

l

�t
l

�k�1

exp

 XS
s¼ 1

gsXs;i

!
(6)

with gs the coefficient associated to covariate Xs, for all the
S survival covariates. In line with the longitudinal submodel,
baseline covariates were selected in a forward procedure on
BIC. Then, we included the tumor dynamics specific to each
organs in the hazard function (5) in a forward procedure
until the BIC improvement was less than two points. Finally,
atezolizumab effects were tested in a forward procedure on
the shape survival parameters k, and as a baseline covariate
in the h0 function in equation (6) (Wald test). In the final
https://doi.org/10.1016/j.esmoop.2021.100346 3
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joint model, baseline covariates, atezolizumab effects and
correlations whose P value was greater than 0.05, were
removed in a backward procedure (Wald Test).
Parameters estimation and model evaluation

Joint models population parameters were estimated with
the Stochastic Approximation of Expectation-Maximization
(SAEM) algorithm22 implemented in the Monolix software
(2018 R2, Lixoft http://www.lixoft.eu/). Diagnostic plots23

were carried out using R software (version 3.6.0).

Derived metrics. We defined the tumor-size progression-
free survival metrics to describe the individual behavior of
the disease under treatment. It was computed as the time
for the model-predicted organ-specific SLD to reach 120%
of its nadir value (1.2 � NADIR), or the observed time of
death, whichever comes first. The nadir measurement is
defined as the minimal value reached by the organ-specific
SLD, and might be equal to the baseline measurement in
the absence of tumor decrease under treatment. This
metric is largely inspired from the progression-free sur-
vival, which is widely used in oncology clinical trials, but
differs from it by relying on the organ-specific SLD and not
accounting for any other markers of disease progression
such as appearance of new lesions. However, it gives an
idea of the duration of time during which patients respond
to treatment or at least remain stable, at the organ level.
Prediction of treatment efficacy on overall survival

We aimed to assess the benefit of organ-specific tumor
dynamics to predict early the effect of atezolizumab.24 We
relied on the hazard ratio (HR) based on observed OS data
using a Cox regression model to assess the treatment effect
significance (see Supplementary Material, available at
https://doi.org/10.1016/j.esmoop.2021.100346).

To investigate this question, we re-estimated joint model
parameters assuming that data (SLD measurements and
survival events) were available only until a given cut-off
time. Since the last patient inclusion was on 15 February
2016, we considered a cut-off time of (i) 15 May 2016 (i.e. 3
months after the last patient inclusion), (ii) 13 August 2016
(i.e. 6 months after last patient inclusion), (iii) 11 November
2016 (i.e. 9 months after last patient inclusion) and (iv) 17
March 2017 (i.e. the entire dataset used in the principal
analysis, 13 months after last patient inclusion). At each cut-
off time, parameter estimates were used to simulate 1000
clinical datasets up to 13 months after last patient inclusion
(i.e. final cut-off in the principal analysis). Individual pa-
rameters were drawn in their population distribution, using
baseline characteristics from the original dataset. For each
simulated clinical trial, SLD measurements and time-to-
death were sampled from individual distributions derived
from the simulated individual parameters.

The simulated survival data thus generated were
analyzed using a Cox regression model and we calculated
the HR associated with atezolizumab compared to chemo-
therapy. We used the same approach as the one used in the
4 https://doi.org/10.1016/j.esmoop.2021.100346
primary clinical trial data analysis,20 with stratification
factors being the presence of liver metastases and pro-
grammed death ligand-1 (PD-L1) expression (<5% of tumor-
infiltrating immune cells). This procedure was repeated on
the 1000 simulated datasets to calculate the median HR and
the 95% prediction interval (PI), for each cut-off date.

The same procedure was used to generate median HR
and 95% PI based on the joint model relying on the total
SLD defined in equation (4). Finally, at each cut-off time, the
observed HR and its 95% confidence interval (CI) obtained
in an interim analysis using only the survival data available
in a Cox regression model were compared to the median HR
and their 95% PI obtained using longitudinal and survival
data available.

RESULTS

Exploratory results

Less than 4% of the total baseline covariates were missing,
and were imputed to their median values. Baseline char-
acteristic distributions were similar in both treatment arms
(Table 1).

A total of 2133 target lesions were followed over time,
including 1064 in the chemotherapy arm and 1069 in the
atezolizumab arm. Overall, 2979 measurements of total SLD
were available, with 1317 being measured in the chemo-
therapy control arm, and 1662 in the atezolizumab arm,
with a median (min-max) of 2 (1-12) measurements per
patient in the chemotherapy control arm, as compared to 3
(1-11) measurements in the atezolizumab arm. A total of
4489 organ-specific measurements were available, including
1544 measurements in the lymph, 999 in the lung, 691 in
the liver, 559 in the locoregional area and 696 in other
location.

Overall, 427 patients had at least one lymph node target
lesion (47%), 310 patients had at least one lesion near or in
the lung (34%), 255 patients had at least one liver lesion
(28%) and 181 patients had a locoregional recurrence
(20%), with no differences between the two treatment
arms. Of note, 43% of the intent-to-treat population un-
derwent a cystectomy before inclusion.20

More than half patients had only one target lesion
location (57%), 283 (31%) had two target lesion locations
and only 102 patients (11%) had three target lesion loca-
tions or more. The most frequent combination was lymph
node and lung, with 98 patients having target lesions in
both organs (Supplementary Figure S2, available at https://
doi.org/10.1016/j.esmoop.2021.100346).

At the end of the study, 343 patients (77%) had died in
the chemotherapy arm and 317 patients (69%) in the ate-
zolizumab arm (Table 1). Using a Cox regression model, the
HR (95% CI) in the analysis population was 0.82 (0.71-0.96)
in favor of atezolizumab (Figure 1A), similar to the intent-
to-treat population [0.85, (0.73-0.99), Supplementary
Figure S1, available at https://doi.org/10.1016/j.esmoop.
2021.100346].20

The median OS was 257 days in the chemotherapy arm
and 280 days in the atezolizumab arm. It was much shorter
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in patients having liver target lesions, with 171 days in the
chemotherapy arm and 136 days in the atezolizumab arm.
In contrast, patients having lymph nodes target lesions had
a better survival prognosis, with a median OS up to 357
days in the atezolizumab arm. Regardless of location, a
faster drop in the OS was observed in the early treatment
times in patients receiving atezolizumab compared to
chemotherapy, while OS was higher in the atezolizumab
arm at later times (Figure 1).
Organ-specific tumor dynamics

The organ-specific SLD joint model captured well the indi-
vidual tumor dynamics in all organs (Supplementary Figure
S6, available at https://doi.org/10.1016/j.esmoop.2021.
100346) despite the high diversity of patients’ profiles
(Supplementary Figures S3, S7-S10, available at https://doi.
org/10.1016/j.esmoop.2021.100346). The model could also
capture the diversity of lesion dynamics within each patient,
with some responding and some being resistant to treat-
ment (Supplementary Figure S4, available at https://doi.
org/10.1016/j.esmoop.2021.100346).

Tumor characteristics varied across organs, with a larger
baseline size in the liver and locoregionally (population
median BSLD ¼ 40.4 mm and 46.7 mm respectively), than in
the lymph or the lung (population median BSLD ¼ 31.9 mm
and 33.2 mm, respectively).

The treatment effect strength and durability also varied
across organs. Indeed, the shrinkage of the tumor size was
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nearly twice as fast in the lymph and the lung (population
median up to ε ¼ 0.0050 day�1 in the lymph nodes) than in
the liver and locoregionally (ε ¼ 0.0020 day�1 and
ε ¼ 0.0017 day�1, respectively). In addition, resistance
appearance was at least three times faster in the lung, liver
and locoregional tumors than in the lymph nodes (popu-
lation median c ¼ 0.0011 day�1 in the lymph, and up to c ¼
0.020 day�1 in the lung). Thus, the model-predicted median
profiles showed a more stable dynamics of the lymph tumor
and, to a lesser extent, in the lung and locoregionally
(Supplementary Figure S5, available at https://doi.org/10.
1016/j.esmoop.2021.100346).

When a tumor escaped treatment, the model assumed it
followed its pre-treatment growth rate. This natural growth
rate was higher in the liver (population median g ¼ 0.0052
day�1), about five times larger than in the lymph, the lung
or locoregionally (g ¼ 0.0009 day�1 , 0.0014 day�1 or
0.0011 day�1, respectively). Hence, the liver tumor median
profiles showed an exponential growth in the tumor size,
with a substantial impact of atezolizumab treatment due to
the longer duration of effect (Supplementary Figure S5,
available at https://doi.org/10.1016/j.esmoop.2021.100346).
Indeed, treatment effect was more durable under atezoli-
zumab in the lung and in the liver, with a c parameter
(resistance appearance rate) decreased by 57% (P value ¼
0.043) and by 90% (P value ¼ 0.001) compared to
chemotherapy, respectively (Table 2).

Consequently, the predicted tumor-size progression-free
survival dropped very rapidly in patients having target
C
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lesions in the liver (71 days to reach 50%), compared to the
lung or locoregionally (between 120 and 180 days
depending on treatment to reach 50%) (Figure 2). In
contrast, lymph nodes tumor showed a longer tumor-size
progression-free survival (221 days to reach 50%).

Overall, survival was initially larger in patients treated
with chemotherapy who experienced a benefit early during
the treatment period. Later in the study, as non-responding
and relapsing patients dropped out, we observed a more
beneficial and durable treatment effect in patients treated
with atezolizumab (Figure 2). As an illustration, in the lung,
at 100 days after treatment initiation, the tumor-size pro-
gression-free survival was about 79% in the chemotherapy
arm versus 71% in the atezolizumab arm. However, at 400
days, it dropped to 21% in the chemotherapy arm versus
27% in the atezolizumab arm.
Overall survival model

After adjusting on baseline covariates and atezolizumab
effects, we calculated the association, noted bm, between
the tumor size in organ m and the instantaneous risk of
death (hazard function). The tumor size in lymph nodes,
lung, liver and locoregionally were all significantly associ-
ated with the hazard function (all P values <0.05,Walt test),
meaning that an increase in the tumor size in any of these
locations was associated with an increased risk of death.
Table 2. Estimates (relative standard errors) of organ-specific SLD joint model p

Models Total SLD Organ-specifi

Lymph nodes

Longitudinal submodel
Fixed-effects parameters
mBSLD (mm) 55.03 (2) 31.9 (3)
Albumin concentration (g/l) �0.016 (27)* d
C-reactive protein concentration (mg/l) 0.0038 (14)* 0.0015 (40)*
Lactate dehydrogenase value (U/l) 0.00044 (24)* d

mg (day
�1) 0.0023 (6) 0.0009 (28)

Hemoglobin concentration (g/l) �0.023 (14)* �0.016 (50)*
m
ε
(day�1) 0.0067 (10) 0.0050 (15)
Immunotherapy effect �0.88 (15)* d

mc (day
�1) 0.023 (15) 0.0011 (17)

Immunotherapy effect �1.44 (14)* d
Inter-patient variability
uBSLD 0.64 (3) 0.54 (4)
ug 1.10 (5) 1.21 (15)
u
ε

0.93 (5) 1.06 (10)
uc 1.23 (8) 0.80 (20)

Survival submodel
Baseline hazard function parameters
K 1.45 (7)
Immunotherapy effect �0.28 (26)*

l (day�1) 627 (7)
Baseline survival covariates
Immunotherapy effect �0.50 (18)*
ECOG score ¼ 1 0.41 (16)*
Alkaline phosphatase concentration (U/L) 0.0016 (20)*
Neutrophil-to-lymphocyte ratio 0.042 (16)*
Hemoglobin concentration (g$L�1) �0.015 (18)*

Link parameter for SLD dynamics
b (mm�1) 0.0076 (8)* 0.0069 (21)*

Wald test: *P value < 0.005; **P value < 0.05.
BSLD, baseline sum of longest diameter; ECOG, Eastern Cooperative Oncology Group; SLD,
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However, the impact of the tumor dynamics depended
on the tumor location, with values of bm varying from
0.0049 mm�1 in the lung to as much as 0.011 mm�1 in the
liver (Table 2). Another way at looking at these results is to
calculate the relative increase in the instantaneous risk of
death caused by an increase of 10 mm in tumor size, given
by exp(10 � bm). All things being equal otherwise, the
relative increase in the instantaneous risk of death caused
by an increase of 10 mm of the tumor was equal to 12%
(95% CI: 10% to 14%) and 10% (95% CI: 7.6% to 12.4%) for
a lesion located in the liver and locoregionally, respec-
tively. However, it was only 7% (95% CI: 4.6% to 9.4%) and
5% (95% CI: 3.3% to 6.7%) when the lesion is located in the
lymph and the lung, respectively, showing that the impact
of tumor dynamics greatly depends on the tumor location.

The importance of organ location to predict survival was
also confirmed by comparing the adequation to the data of
our model with the total SLD model, which assumes a
similar level of association, b, between tumor dynamics and
survival, irrespective of their location (b ¼ blymph ¼ blung¼
bliver ¼ blocoregional). Our model had significantly improved
the fit of survival data, with a decrease of 49.96 in BIC
assuming organ-weighted associations compared to a single
association (corresponding here to a P value <10�14 in a
likelihood ratio test, see Supplementary Table S1 in Sup-
plementary Material, available at https://doi.org/10.1016/j.
esmoop.2021.100346). The model showed good fit to the
opulation parameters

c SLD

Lung Liver Locoregional Other

33.2 (4) 40.4 (4) 46.7 (4) 41.8 (4)
�0.024 (30)* d �0.0016 (49)** d

d 0.0029 (27)* 0.0023 (41)* d
d 0.00035 (35)* d d

0.0014 (24) 0.0052 (12) 0.0011 (26) 0.0011 (46)
* �0.020 (39)** d d d

0.0039 (37) 0.0020 (46) 0.0017 (112) 0.00047 (86)
�0.72 (49)** d d d
0.020 (34) 0.0068 (43) 0.037 (148) 0.0072 (108)
�0.85 (50)** �2.27 (31)* d d

0.65 (4) 0.58 (5) 0.51 (7) 0.61 (5)
0.96 (14) 0.56 (16) 0.64 (38) 1.01 (36)
1.57 (14) 1.74 (19) 2.4 (31) 2.71 (19)
0.85 (22) 1.24 (27) 3.53 (24) 2.49 (24)

1.48 (4)
�0.25 (22)*

573 (6)

�0.41 (21)*
0.41 (20)*

0.0013 (22)*
0.036 (22)*
�0.019 (16)*

0.0049 (14)* 0.011 (10)* 0.0099 (14)* d

sum of the longest diameters.
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Figure 2. KaplaneMeier curves of model-predicted tumor-size (TS) progression-free survival in each location versus total in the atezolizumab arm (solid lines) and
in the chemotherapy arm (dashed lines); the event is defined as a 20% increase above the nadir measurement or death, whichever comes first.
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data with satisfying goodness-of-fit assessment graphs for
both longitudinal and survival data (Supplementary
Figures S7-S10, available at https://doi.org/10.1016/j.
esmoop.2021.100346).

Organ-specific tumor size for survival outcome prediction

Joint model parameters were re-estimated successively
using only data available at 3 months, 6 months and 9
months after the last patient inclusion, and survival data
were simulated from those parameters estimates (see
methods). Then, the simulated survival data were analyzed
using a Cox regression model to evaluate the benefit of
tumor size follow-up in the prediction of the survival trial
outcome at 13 months after last patient inclusion. In the
observed truncated data, the proportion of deaths was
similar in both arms in the 3-month cut-off data with about
49% of death and the 95% confidence interval of the HR
containing 1 [HR ¼ 0.96 95% CI (0.80-1.16)] using a Cox
regression model. The survival curves were slightly different
in the 6-month cut-off data with about 62% of death in the
chemotherapy arm and 56% in the atezolizumab arm, but
no significant difference in survival was found between
treatments yet at that time [HR ¼ 0.89, 95% CI (0.75-1.05)].
At 9 months cut-off, the Cox HR was close to exclude 1 from
its CI [HR ¼ 0.86, 95% CI (0.73-1.01)].

Interestingly, using survival data simulated from the
organ-specific SLD model, we predicted the significance of
treatment effect at 6 months cut-off. On the contrary, no
significant treatment effect was observed in the survival
data simulated from the total SLD model. Using 9 months
cut-off, both simulated data predicted a significant treat-
ment effect using the Cox regression model; while applied
to the 9 months truncated data, it showed no significant
difference in survival between treatments (Figure 3).
Volume 7 - Issue 1 - 2022
DISCUSSION

In oncology clinical trials, patient follow-up for treatment
efficacy is commonly based on RECIST which consists of
following over time the SLD of the different target lesions.
Recently, several studies have suggested the existence of
dissociated responses in target lesions, suggesting that
relying on SLD could mask discrepancies in the response to
treatment.13,25 This might be particularly visible during
immunotherapy, where the intra-patient variability could be
exacerbated.8,9 In parallel, the presence of metastasis in
some organs, such as liver, has long been established as a
factor of negative prognosis.26,27 Here, relying on an
exceptionally rich dataset of 900 patients with advanced or
metastatic bladder cancer, we aimed to analyze in detail the
heterogeneity in lesion dynamics across organs, as well as
their marginal effects on survival.

The sTGI model proposed by Claret et al.21 was preferred
over alternative tumor growth models28 for the sake of
interpretability and estimate stability. We showed that the
dynamics were very different across organs, irrespective of
treatment received, and hold for all parameters character-
izing the tumor dynamics, including the natural tumor
growth rate (g parameter). In general, lesions in the lymph
nodes and the lung were durably affected by treatment,
while the majority of lesions in the liver poorly responded
to treatment. Consistent with observations made on the
SLD level,24 a higher proportion of patients showed an
initial response to chemotherapy than to immunotherapy at
the organ level (Figure 2). However, over time, the pro-
portion of patients that maintained a response was larger in
individuals treated with atezolizumab. This feature was
captured in our model by a greater durability of treatment
efficacy (c parameter) in atezolizumab-treated patients,
especially in the lung and the liver (P values ¼ 0.043 and
https://doi.org/10.1016/j.esmoop.2021.100346 7
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Figure 3. Hazard ratio and its 95% confidence interval using Cox model on the full or truncated data compared to replicated hazard ratios and its 95% predictive
interval based on total sum of the longest diameters (SLD) and organ-specific SLD joint model (JM) estimates.
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0.001, respectively). Of note, we did not test any interaction
between baseline covariates and atezolizumab effects in
our model, which might be investigated in future work. As
immunotherapy currently revolutionizes the treatment of
cancer patients, this new approach might help better un-
derstand the phenomenon of hyperprogression, whereby
some patients experience an exacerbated tumor growth
under immunotherapy. Indeed, recent study showed a sig-
nificant association between liver metastases and hyper-
progession,29 suggesting a potential impact of the lesion
location on the occurrence of such a phenomenon. This
investigation will require both pre-treatment and post-
treatment tumor size assessments,8,30 which were not
available in this study.

In addition to lesion dynamics being strongly organ
dependent, our analysis revealed that the marginal impact of
these lesions on survival was different. The association be-
tween lesion size in organ m and the instantaneous rate of
death, as measured by the parameter bm, could vary in a
onefold-to-twofold range, with the impact of lesions in the
liver being twice as much detrimental than lesions located in
the lung (Table 2). Of note, these results were not sensitive to
the choice of structural model (see Supplementary Table S2
in Supplementary Material, available at https://doi.org/10.
1016/j.esmoop.2021.100346). This importance of lesion
location was confirmed by the comparison of data fitting
between this model and a model assuming a similar impact
of all lesions on survival (i.e. all bm being equal), which led to
a highly significant deterioration of the likelihood function
(P value <10�14).
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Finally, we evaluated the model in a prospective manner
to anticipate study outcome. Following an approach
developed by Claret et al.,24 we showed that the outcome
could be predicted 6 months after last patient, i.e. as early
as 6 months before the final cut-off date used for data
analysis.20 This is better than what could be obtained by a
similar model relying on SLD, where treatment outcome
could only be predicted 9 months after inclusion of the last
patient. Although this internal validation should not be over
interpreted, it suggests that the analysis of all available
information, including tumor location, provides more sta-
tistical power to detect a benefit of treatment effect on
tumor dynamics, which will eventually translate into a
sensible benefit on survival.

Of note, our model did not show any benefit to identify
most at-risk patients during follow-up over a model relying
on SLD,19 which suggests that individual lesions may be
more informative at the population level than at the indi-
vidual level. This may illustrate the limitations of relying
only on target lesion dynamics, while important sources of
information were not accounted for, such as the appearance
of new lesions, the dynamics of non-target lesions31 or the
drug pharmacokinetics.32 Incorporating these information
will be particularly challenging, and will require to develop
more complex models of drug response that address more
efficiently the correlation between the lesion dynamics. This
can be done, for instance, by adding an additional level of
random effects to better delineate the between-patient
variability from the intra-patient variability, as was
recently proposed in the context of linear models.33
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