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ABSTRACT

Introduction: Traditional statistical techniques
for extrapolating short-term survival data for
anticancer therapies assume the same mortality
rate for noncured and ‘‘cured’’ patients, which is
appropriate for projecting survival of non-cu-
rative therapies but may lead to an underesti-
mation of the treatment effectiveness for
potentially curative therapies. Our objective was
to ascertain research trends in survival extrap-
olation techniques used to project the survival
benefits of chimeric antigen receptor T cell
(CAR-T) therapies.
Methods: A global systematic literature search
produced a review of survival analyses of CAR-T
therapies, published between January 1, 2015
and December 14, 2020, based on publications
sourced from MEDLINE, scientific conferences,
and health technology assessment agencies.
Trends in survival extrapolation techniques
used, and the rationale for selecting advanced
techniques, are discussed.

Results: Twenty publications were included,
the majority of which (65%, N = 13) accounted
for curative intent of CAR-T therapies through
the use of advanced extrapolation techniques,
i.e., mixture cure models [MCMs] (N = 10) or
spline-based models (N = 3). The authors’
rationale for using the MCM approach included
(a) better statistical fits to the observed
Kaplan–Meier curves (KMs) and (b) visual
inspection of the KMs indicated that a propor-
tion of patients experienced long-term remis-
sion and survival which is not inherently
captured in standard parametric distributions.
Discussion: Our findings suggest that an
advanced extrapolation technique should be
considered in base case survival analyses of
CAR-T therapies when extrapolating short-term
survival data to long-term horizons extending
beyond the clinical trial duration.
Conclusion: Advanced extrapolation tech-
niques allow researchers to account for the
proportion of patients with an observed plateau
in survival from clinical trial data; by only using
standard-partitioned modeling, researchers may
risk underestimating the survival benefits for
the subset of patients with long-term remission.
Sensitivity analysis with an alternative
advanced extrapolation technique should be
implemented and re-assessment using clinical
trial extension data and/or real-world data
should be conducted as longer-term data
become available.
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Key Summary Points

Why carry out this study?

Partitioned-survival modeling, via
standard parametric survival functions,
has been historically common in survival
analyses of anticancer therapies; however,
several advanced extrapolation
techniques (e.g., mixture cure models,
spline-based models) have been
established and implemented to account
for the potentially curative nature of
novel treatments, including chimeric
antigen receptor T cell (CAR-T) therapies.

Given the different statistical methods
available to researchers, the goal of this
research was to conduct a global
systematic literature review to identify
trends and rationale in survival
extrapolation techniques used when
projecting the survival benefits of CAR-T
therapies over time.

What was learned from this study?

Our findings suggest that nearly two-
thirds of cost-effectiveness (CE) models
(65%) used advanced extrapolation
techniques in base case analyses to
account for the potentially curative nature
of CAR-T therapies for a proportion of
treated patients.

On the basis of this observation, it is our
position that future survival analyses of
CAR-T therapies should consider
incorporating these advanced techniques
in base case analyses when extrapolating
short-term survival data from clinical
trials to long-term horizons that extend
well beyond the clinical trial duration.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14823333.

INTRODUCTION

Five chimeric antigen receptor (CAR) T cell
therapies have been approved by the United
States (US) Food and Drug Administration
(FDA) for relapsed or refractory (R/R) diffuse
large B cell lymphoma (DLBCL) (axicabtagene
ciloleucel [‘‘axi-cel’’; Yescarta] [1], tisagenle-
cleucel [‘‘tis-cel’’; Kymriah] [2], lisocabtagene
maraleucel [Breyanzi] [3]), B cell precursor acute
lymphoblastic leukemia (ALL) (tis-cel) [2], R/R
mantle cell lymphoma (brexucabtagene auto-
leucel [Tecartus] [4]), and most recently ide-
cabtagene vicleucel (Abecma) for R/R multiple
myeloma [5]. Additionally, one further CAR-T
therapy is in development for R/R multiple
myeloma (ciltacabtagene autoleucel [‘‘cilta-
cel’’]) [6, 7], while several others are in earlier
stage development for hematologic cancers and
solid tumors [8]. The approved CAR-T therapies
as well as those therapies in development have
the potential to cure a proportion of patients
receiving these novel agents, with ‘‘cure’’ sta-
tistically defined as the observed plateauing of
survival data (i.e., progression-free survival
[PFS], overall survival [OS]) some years after
diagnosis [9–11].

Industry stakeholders including public and
private payers, manufacturers, academics,
health service researchers, and health technol-
ogy assessment (HTA) agencies have a vested
interest in monitoring the value of new CAR-T
therapies over time. For anticancer therapies,
clinical value is often measured in terms of
survival benefits defined by incremental gains
in life expectancy (i.e., life years [LYs]) com-
pared to alternative sources of care. To estimate
clinical value, industry researchers rely on the
best available clinical data (i.e., PFS, OS,
response rates) at the time of analysis. Mature
clinical data with years of follow-up duration,
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obtained either through clinical trial extensions
or real-world data following product launch and
uptake, offer a robust method for estimating
survival benefits given the observational nature
of the long-term data. In particular, findings
from phase 3 clinical trials are important for
confidently confirming the survival benefit
identified in short-term and/or single cohort
phase 2 clinical trials. However, in the absence
of mature or confirmatory clinical data, indus-
try researchers project survival benefits beyond
the clinical trial duration by using various sta-
tistical methods to extrapolate short-term sur-
vival data to longer periods including the
patient’s lifetime.

Partitioned-survival modeling, via standard
parametric survival functions, has often been
used to extrapolate short-term survival data
(PFS, OS) of anticancer therapies [12]. Tradi-
tional techniques for estimating survival
assume the same mortality rate for all patients,
which is appropriate for anticancer therapies
that extend life but do not necessarily offer the
potential for cure. However, assuming one
shared value for mortality across ‘‘cured’’ and
noncured patients may lead to an underesti-
mation of the effectiveness of treatment for
potentially curative therapies [13]. In response
to this potential limitation to standard para-
metric survival estimation, researchers have
explored several advanced extrapolation tech-
niques to account for the potentially curative
nature of novel treatments, including CAR-T
therapies. For instance, cure fraction models,
including the mixture cure fraction model (or
mixture cure model [MCM]) and the non-mix-
ture cure fraction model (or non-mixture cure
model [NMCM], have been used as an alterna-
tive approach to modeling the heterogeneity
between long-term survivors (i.e., cured
patients) and those who are not (i.e., non-cured
patients) [14, 15]. MCMs assume that a pro-
portion of patients are cured (i.e., long-term
survivors) and thus are not at risk of experi-
encing the event of interest (e.g., progression or
death), while assuming that the remaining
proportion of non-cured patients will eventu-
ally experience the event of interest [9, 10]. In
this regard, cured patients are assigned back-
ground mortality rates similar or equal to the

general population while non-cured patients are
assigned an additional disease-specific mortality
risk. NMCMs are based on the assumption that,
following anticancer therapy, cancer cells may
remain in the body and may slowly grow over
time producing a relapse of disease; techniques
of this type allow the researcher to scale the
survival curve until the plateau (e.g., cure frac-
tion) is reached [16]. Another example of an
advanced extrapolation technique includes
flexible parametric or spline models which do
not explicitly introduce a cure fraction in the
way that a cure approach would; instead,
patients who are still alive after a particular
point in time (e.g., 5 years) are assumed to be
effectively cured and have a similar or equiva-
lent mortality to the general population for the
remainder of the model horizon [17, 18]. The
point at which patients are deemed to be cured
are termed ‘‘knots.’’ Goodness-of-fit statistics
(i.e., Akaike information criterion [AIC], Baye-
sian information criterion [BIC]) indicate how
many knots, and at which time point, fit best to
the primary intervention’s OS and PFS data.

Depending on the extrapolation technique
used, an intervention’s survival benefit may
substantially vary. In an analysis of long-term
survival and cost-effectiveness (CE) associated
with axi-cel for the treatment of B cell lym-
phoma, Whittington et al. used five different
survival extrapolation techniques, including
standard parametric, flexible parametric, two
mixture cure, and flexible parametric mixture
extrapolation techniques, to project short-term
survival data from clinical trials to a lifetime
horizon [19]. The authors found that incre-
mental LYs ranged from 1.89 to 5.82; the
smallest difference in LYs was found using the
standard parametric approach while the largest
difference in LYs was found using an MCM
approach, suggesting an underestimation of
incremental LYs using traditional techniques.
Similarly, Bansal et al. compared survival out-
comes using standard parametric techniques to
an MCM approach among patients treated with
axi-cel for R/R large B cell lymphoma [20]. The
authors determined that the use of standard
survival models yielded overall survival esti-
mates of 2.0 years (Weibull distribution) and
3.0 years (generalized gamma distribution)
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compared to 15.7 years using MCMs, providing
further evidence that traditional extrapolation
techniques have the potential to underestimate
projections on long-term survival.

In addition to the availability of different
statistical options for researchers, there appears
to be little consensus in the literature, along
with a lack of statistical guidelines from pro-
fessional societies, regarding which statistical
method should be used to extrapolate survival
of potentially curative therapies. As a result, it is
important to ascertain research trends in sur-
vival extrapolation methods for the purpose of
advancing the field of comparative effectiveness
research of CAR-T therapies. Doing so will aid in
creating a consistent model framework for use
and interpretation by industry stakeholders
when evaluating a CAR-T therapy’s long-term
value. Consistency in statistical analytics is a
critical consideration since different extrapola-
tion techniques yield different model results
and different product valuations, which could
have downstream impacts on payer formulary
decisions and patient access to care. While some
publications have reviewed and compared sur-
vival extrapolation techniques for immuno-
oncologic therapies [13, 21–31], none have
evaluated survival extrapolation trends across
the full range of publications (i.e., peer-re-
viewed or conference proceedings) nor global
HTA agencies specifically for CAR-T therapies.
To this end, the goal of this research was to
conduct a systematic literature review of anal-
yses projecting the survival benefits of CAR-T
therapies over time, in an effort to ascertain
research trends in survival extrapolation tech-
niques used and the rationale for selecting
advanced techniques.

METHODS

A global systematic literature search was con-
ducted to identify trends in survival extrapola-
tion techniques associated with estimating the
survival benefits of CAR-T therapies. The review
was conducted in accordance with PRISMA and
CHEERS guidelines for systematic literature
reviews [32, 33]. Publications were sourced from
MEDLINE (PubMed), scientific conference

databases and publications, and health tech-
nology assessment (HTA) agencies. A compre-
hensive description of the full set of search
terms used for this study can be found in
Tables 1–3 in the supplementary material.

PubMed was searched from January 1, 2015
to December 14, 2020; the start date of Jan-
uary 1, 2015 was selected to allow for inclusion
of all relevant survival extrapolation-based
analyses published in support of CAR-T thera-
pies as the first CAR-T therapy was approved in
the USA in 2017. The search terms implemented
in PubMed included a combination of keywords
and MeSH terms related to CAR-T therapies and
analyses that predominantly utilize survival
extrapolation techniques; for this reason, focus
was given to comparative effectiveness research
relating to CE analyses. Included studies were
limited to those written in the English language
(or with an available English translation) and
with the availability of full text via PubMed
filters. Overall inclusion criteria required studies
to evaluate CAR-T therapies in a human popu-
lation, incorporate a modeling component such
as Markov cycles or survival curve extrapola-
tion, be an economic evaluation and/or use LYs
or QALYs as part of the primary outcome (e.g.,
incremental cost per LY gained). Additionally,
CE analyses that do not extrapolate clinical trial
data beyond the maximum follow-up duration
were deemed inapplicable to this qualitative
evaluation of extrapolation techniques used.

In addition, hematologic and health eco-
nomic and outcomes research conferences were
searched from 2018 to 2020. Conferences
included the American Society of Hematology
(ASH) Annual Meeting, European Hematology
Association (EHA) Annual Meeting, American
Society of Clinical Oncology (ASCO) Annual
Meeting and Virtual Scientific Meetings, and all
International Society of Pharmacoeconomics
and Outcomes Research (ISPOR) meetings.
Abstracts and posters were included in our
detailed review provided that information con-
cerning the survival extrapolation technique
(e.g., MCM, spline-based, standard parametric)
was specified.

Finally, targeted searches of the HTAs were
conducted to identify the most prominent and
relevant CE models from agencies such as the
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National Institute for Health and Care Excel-
lence (NICE) (UK), Canadian Agency for Drugs
and Technologies in Health (CADTH) (Canada),
Medical Services Advisory Committee (MSAC)
(Australia), Independent Institute for Quality
and Efficiency in Health Care (IQWIG) (Ger-
many), and Institute for Clinical and Economic
Review (ICER) (US), as well as any other CE
models that were recommended by industry
experts. Global HTA bodies are often at the
forefront of methodological techniques for the
purpose of comparative effectiveness, and CE,
analyses since reimbursement decisions often
rely on their guidance. Evaluating the methods
employed and/or endorsed by global HTA bod-
ies is critical to identifying methodological
trends in this area. Assessments were included if
they evaluated a CAR-T therapy, regardless of
publication date. Key search terms included
‘‘chimeric antigen’’, ‘‘tisagenlecleucel’’, ‘‘axicab-
tagene’’, ‘‘lisocabtagene’’, and ‘‘brexucabtagene’’;
ongoing assessments of these therapies were
excluded since the extrapolation tech-
nique(s) applied in the analyses have not yet
been described. To avoid the risk of including
studies twice, peer-reviewed publications were
excluded if an HTA was available.

Detailed data were extracted regarding the
survival extrapolation approach (e.g., MCM,
spline-based), OS parametric distribution (e.g.,
Weibull, exponential, log-normal), clinical trial
used for extrapolation and the corresponding
follow-up duration, model time horizon, inter-
ventions, comparators, and how treatment
efficacy translates to clinical measures (i.e.,
incremental LYs). These findings were orga-
nized and assessed to determine commonalities
in methodological choices and innovations;
results are presented across the compilation of
peer-reviewed (i.e., publications, conference
proceedings) and non-peer-reviewed studies
(i.e., HTA evaluations) as well as separately for
each.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors; the article therefore did
not require ethics committee approval or
patient consent.

RESULTS

Overview

A total of 78 titles were returned using the
search terms, of which 65 were identified as
fulfilling the relevant search criteria (e.g., full
text, English, within the search time horizon)
and 17 were identified as having relevant titles
and abstracts. After a comprehensive review of
each peer-reviewed publication, seven studies
were identified as meeting our inclusion crite-
ria. From the HTA review, 65 HTAs were
returned using the search terms and 15 HTAs
were identified as relevant on the basis of a
review of titles. After a full review of each HTA,
nine were identified as meeting our search cri-
teria. From the conference abstract review, 916
posters were returned using the search terms.
After a full review of each abstract and/or pos-
ter, four were identified as meeting our search
criteria and having extractable data (e.g., sur-
vival extrapolation approach, OS survival func-
tion). An additional four conference abstracts
were identified as meeting our search criteria;
however, these abstracts did not contain
extractable data. Twenty publications were
included in this literature review. Figure 1 pro-
vides an attrition flowchart of the study selec-
tion methodology.

One study, Lin 2019 [adult], evaluated both
axi-cel and tis-cel in separate models within the
same publication [34]. Similarly, the ICER
evaluation of B cell cancers consisted of separate
evaluations of tis-cel for pediatric B-ALL and
axi-cel for adult DLBCL [35]. The authors of
ICER’s HTA evaluation also published their
methods and results as two standalone publi-
cations in peer-reviewed journals which were
excluded from this review [19, 36]. For the
purposes of this analysis, ICER’s assessment was
counted among the HTA evaluations. A total of
22 CE analyses were evaluated in 20
publications.

Of the 20 published CE models reviewed, six
were conducted from the US perspective (Lin
et al. [pediatric] [37], Lin et al. [adult] [34], Roth
et al. [38], Sarkar et al. [39], Liu et al. [40], ICER
[35]), three each from the UK (NICE [ALL] [41],
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NICE [Axi] [42], NICE [Tis] [43]), Canadian
(Furzer et al. [44], CADTH [Axi] [45], CADTH
[Tis] [46]), and Australian perspectives (MSAC
[ALL] [47], MSAC [Axi] [48], MSAC [Tis] [49]),
two from the Spanish perspective (Ribera San-
tasusana et al. [50], Sierra et al. [51]), and one
each from the Dutch (Thielen et al. [52]), Italian
(Marchetti et al. [53]), Swedish, Nordic, Finnish,
and Denmark perspectives (Karampampa et al.
[54]).

All publications were studied in pediatric
B-ALL or adult DLBCL. Table 1 summarizes the
key modeling techniques, clinical trials, inter-
ventions, comparators, and incremental clinical
outcomes (i.e., incremental LYs) for each
model.

Survival Modeling Techniques

The majority of CE models (80%, N = 16/20)
estimated the proportion of patients per health
state from partitioned-survival models, in
which model selection was based on the best-

fitting parametric model for each PFS and OS
dataset [35, 38, 40–43, 45–54]. Of the 20 CE
models, 13 (65%, N = 13/20) accounted for
curative intent of the primary CAR-T interven-
tion through the use of advanced extrapolation
techniques, including mixture cure or spline-
based models, in base case analyses. Of the
remaining seven models, three employed a
standard partitioned-survival modeling
approach in base case analyses [35, 47, 52] and
four employed alternative methods for esti-
mating the proportion of patients per health
state (i.e., microsimulation, optimization)
[34, 37, 39, 44]. When stratifying the results
according to peer-reviewed and non-peer-re-
viewed status, our findings indicate a higher
proportion of non-peer-reviewed studies used
advanced techniques (78%, N = 7/9) compared
to peer-reviewed studies (55%, N = 6/11).

CE models assessing axi-cel generally used
ZUMA-1 data with a median follow-up time of
27.1 months [55], except for Karampampa et al.
[54], which used ZUMA-1 data with a median
follow-up time of 39.1 months. CE models

Fig. 1 Literature review attrition flowchart of CAR-T CE models
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assessing tis-cel in pediatric B-ALL based
extrapolations on the ELIANA and ENSIGN
clinical trials; ELIANA reported median follow-
up times of 13.1 months and ENSIGN did not
report a median follow-up time [56, 57]. CE
models assessing tis-cel in adult DLBCL based
extrapolations on the JULIET trial, which did
not report a median follow-up time, and the
UPenn trial, which reported a median follow-up
time of 28.6 months [58].

Mixture Cure or Spline-Based Models
Ten CE models utilized a mixture cure
approach, while three CE models utilized a
spline-based approach. Only four of the mixture
cure models reported the OS parametric distri-
bution (exponential, Weibull, log-normal,
Gompertz) [38, 41–43]; the majority of CE
models had the parametric distribution redac-
ted or did not report one. In CE models for
pediatric B-ALL, tis-cel was compared to clo-
farabine monotherapy, clofarabine combina-
tion therapy, blinatumomab, and salvage
chemotherapy. In CE models for adult DLBCL,
axi-cel and tis-cel were compared to standard of
care (SOC) (e.g., salvage chemotherapy, best
supportive care, best available therapy); Liu
et al. compared axi-cel and tis-cel head-to-head.

In justifying the mixture cure modeling
approach, authors of the aforementioned CE
models noted that the mixture cure approach
provided better statistical fits to the observed
Kaplan–Meier curves compared to traditional
parametric fits based on AIC and BIC criteria
[38, 41–43]. In addition, the authors noted that
visual inspection of the observed Kaplan–Meier
curves for PFS and OS indicated plateaus of PFS
and OS, providing rationale that a proportion of
patients experienced long-term (e.g., ‘‘durable’’)
remission and survival, which is not inherently
captured in standard parametric distributions
[38, 41–43, 45].

HTAs noted that there were a number of
caveats to the application of mixture cure
approaches in survival extrapolations. First,
they noted that the robust estimates of MCMs
require two key elements: (1) data from studies
with long follow-up times that far exceed the
anticipated point of cure time, and (2) sufficient
numbers of patients at risk at the end of follow-

up in order to robustly estimate a cure fraction.
Second, they noted two key risks: (1) extrapo-
lation methods may overestimate the benefits
of the CAR-T therapy and underestimate the
benefits of the comparator therapy, and (2) the
short follow-up may preclude the possibility of
late relapses that could not have been captured
in the extrapolation of OS data.

Ribera Santasusana et al., the authors of
CADTH’s evaluation of tis-cel in adult DLBCL,
and the authors of MSAC’s evaluation of tis-cel
all employed survival techniques in which a
spline model was employed, or a weighted
average of parametric distributions and spline
models was taken instead of using one para-
metric distribution over another. In Ribera
Santasusana et al., the authors explained that
no curve precisely matched the observed
Kaplan–Meier curves from the respective clini-
cal trials based on AIC and BIC criteria; thus, the
authors applied methods from Jackson et al., in
which a weighted average of parametric models
and splines is taken on the basis of the AIC
criteria [59]. The authors of the MSAC assess-
ment explained that the spline extrapolation
provided a better statistical fit to the observed
Kaplan–Meier data than the log-normal extrap-
olation method, which was considered to be
overly conservative and to underestimate the
survival benefit of tis-cel.

Standard Partitioned-Survival Models or Other
Modeling Techniques
Of the 20 CE models reviewed, three employed
standard partitioned-survival modeling approa-
ches and four employed alternative methods
(i.e., microsimulation, optimization)
[34, 35, 37, 47, 52]. In CE models applying
standard approaches, authors stated that the
parametric distributions were based on good-
ness-of-fit statistics (e.g., AIC, BIC) and a visual
comparison of the extrapolations to the
observed Kaplan–Meier curves, which were
confirmed by a clinical expert [35, 52]. In CE
models which employed a microsimulation
approach, authors argued that the microsimu-
lation framework allowed for a more complex
model design, including the ability to track
individual patient’s history, compared to tradi-
tional Markov CE models and partitioned-
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survival models [39]. In the two optimization
CE models included in the review, Lin et al.
argued that standard partitioned-survival mod-
els may not be entirely appropriate for model-
ing multiple lines of therapy; instead, Lin et al.
explained that they adopted a Markov CE
model framework in which they implemented
an optimization approach to estimating PFS and
OS; under this optimization approach, the
authors were able to parameterize the separate
rates of progression, pre-progression mortality,
and post-progression mortality, and incorporate
differential outcomes according to initial
response and/or transplantation recipient, as
well as time-varying costs and utilities [34, 37].

In addition, there were four conference
abstracts which applied standard partitioned-
survival modeling techniques to evaluations of
CAR-T therapies; however, these studies did not
provide information on the OS parametric dis-
tribution utilized, clinical trial used for extrap-
olation, or median trial follow-up duration,
yielding them unfit for profiling in our analysis
[60–63].

DISCUSSION

Implications for Future Survival Modeling
of CAR-T Therapies

There is a lack of consensus in the literature,
along with a lack of statistical guidelines from
professional societies, regarding which statisti-
cal method should be used to extrapolate sur-
vival of potentially curative therapies. As a
result, this study sought to elicit trends in sur-
vival extrapolation techniques used in analyses
of CAR-T therapies, in particular, through a
systematic review of CE models that apply this
type of statistical methodology. Contrary to
other reviews and syntheses, this qualitative
assessment was unique in its evaluation of a
wider body of evidence with a broader focus on
publications in peer-reviewed journals, health
technology appraisals for regional HTA agen-
cies, and conference proceedings. Moreover,
this review focused exclusively on CAR-T ther-
apies given the abundance of these novel agents
in early-phase development for both

hematologic cancers and solid tumors. This
study involved a review of which statistical
techniques were chosen for implementation,
and while our analysis did not involve a com-
parison of how or when to select a specific
technique, our evidence synthesis should pro-
vide guidance and direction for future survival
analyses of CAR-T therapies in development.

Our findings suggest that nearly two-thirds
of CE models (65%) used advanced extrapola-
tion techniques in base case analyses to account
for the potentially curative nature of CAR-T
therapies for a proportion of treated patients.
Moreover, a higher proportion of non-peer-re-
viewed (i.e., HTA evaluations; 78%) used
advanced techniques compared to peer-re-
viewed publications (55%). Although sample
sizes were small, this is an important finding
since global HTA bodies are responsible for
reimbursement guidance and inaccurate esti-
mation of the survival benefit of new therapies
could lead to inappropriate HTA guidance. On
the basis of the overall and stratified observa-
tions, it is our position that future survival
analyses of CAR-T therapies should consider
incorporating these techniques when extrapo-
lating short-term survival data from clinical
trials to long-term horizons that extend well
beyond the clinical trial duration. Although
partitioned-survival modeling, via standard
parametric survival functions, has been histori-
cally common in survival analyses of anticancer
therapies, the curative intent of novel CAR-T
treatments has pushed researchers to re-evalu-
ate the most appropriate extrapolation tech-
niques. Advanced extrapolation techniques,
such as MCMs and flexible parametric/spline-
based models, provide greater flexibility to
account for the proportion of patients with an
observed plateau in PFS and/or OS from clinical
trial data than standard partitioned-survival
modeling [9]; by only using standard-parti-
tioned modeling, researchers risk underesti-
mating the survival benefits for the subset of
patients with long-term remission
[13, 20, 30, 64].
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Extrapolation Techniques for Other
Immuno–Oncology Therapies

Several publications investigated the applica-
bility of standard partitioned-survival and
advanced extrapolation techniques for
immuno–oncology therapies, other than CAR-
Ts, by comparing modeled survival projections
from early extracts of clinical trial data to actual
survival from more mature clinical trial data.
Estimates of survival and goodness-of-fit statis-
tics were compared across the alternative
approaches. The identified studies indicated
that survival estimates derived from advanced
extrapolation techniques better aligned with
clinical expectations and provided better fits to
the more mature, observed clinical trial data.

For instance, Bullement et al. compared dif-
ferent predicted estimates of OS based on stan-
dard and spline-based parametric approaches
using four different data extracts from the
JAVELIN Merkel 200 (JM200) trial of avelumab
for patients with metastatic Merkel cell carci-
noma; each extract varied according to the
minimum follow-up available for all patients in
the trial. The authors found that spline-based
models provided the best statistical goodness-
of-fit scores as well as a more accurate estimate
of OS using longer-term trial data [29]. Simi-
larly, Bullement et al. compared projections
from the piecewise survival approach used in
NICE’s evaluation of ipilimumab for melanoma
(TA319) and from advanced extrapolation
techniques (i.e., spline-based models, mixture
models, MCMs) to actual survival from a longer-
term clinical trial extract (i.e., 5-year follow-up)
[65]. The authors found that the MCM, along
with the survival approach used in TA319, more
accurately predicted the observed 5-year sur-
vival data than standard parametric, spline, and
non-curative mixture models which underesti-
mated 5-year survival. Also, Ouwens et al.
applied several extrapolation techniques (i.e.,
standard parametric, flexible parametric, cure,
parametric mixture, response-based landmark
models) to an early data extract from the
ATLANTIC clinical trial of durvalumab for pre-
viously treated, advanced non-small cell lung
cancer; the projections were compared to an
updated extract from the ATLANTIC clinical

trial [30]. The authors found that standard
parametric models tended to underestimate
long-term OS, and that cure, parametric mix-
ture, and landmark models provided a better fit
for the observed plateau in longer-term survival
data. Moreover, Gibson et al. evaluated the
applicability of standard parametric models and
restricted cubic spline models among patients
with metastatic melanoma; extrapolated data
from the CheckMate 067 trial of nivolumab plus
ipilimumab were validated using external PFS
data for 5-year survival with ipilimumab
monotherapy [64]. Similar to other analyses and
comparisons, the authors found that standard
parametric survival underestimated PFS and
that restricted cubic spline models with one
knot provided a better fit to the trial data
especially at the plateau phase of the survival
curve. While it is unclear whether the findings
from these examples can be generalized to all
cancer types including future indications of
CAR-T therapies in development, these publi-
cations strengthen the argument that advanced
extrapolation techniques should be considered
when projecting survival data of immuno-on-
cology, and specifically CAR-T, therapies.

Opportunities for Future Research

The publications cited in the previous section
provide examples of validating extrapolated
survival data for immuno-oncology therapies,
other than CAR-Ts, by comparing predicted
estimates from shorter duration clinical trials to
actual observations from longer-term clinical
trials. Few such validation exercises have been
conducted in support of CAR-T therapies,
specifically. One validation of extrapolated
survival data from the ZUMA-1 clinical trial of
axi-cel (median follow-up of 15.4 months) was
compared to a newer cut of ZUMA-1 trial data
(median follow-up of 27.1 months) [21]. The
authors concluded that MCMs better predicted
Kaplan–Meier data available from the updated
ZUMA-1 trial published in 2018 [55]. Following
the presentation of this validation exercise,
more recent ZUMA-1 trial data, with median
follow-up of 39.1 months and with a median OS
of 25.8 months, were presented at ASH 2020
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[66]. Continuing to re-evaluate the appropri-
ateness of survival extrapolation techniques
using the most recent clinical trial extension
data will serve to strengthen survival analyses
and its outputs. As a result, follow-on analyses
to our qualitative assessment could compare
extrapolated survival data from early clinical
trial reports for axi-cel and tis-cel to observed
survival from longer follow-up clinical trial
reports [66, 67]. In addition to extended clinical
trial data, real-world observational data could
also be used to confirm extrapolation tech-
niques. However, despite the approvals of both
axi-cel and tis-cel in the USA in 2017, publica-
tions of real-world evidence (RWE) evaluating
long-term survival of these therapies are lack-
ing. Among the RWE publications of axi-cel and
tis-cel, follow-up duration was not long enough
(median follow-up duration ranged from 4 to
24 months across publications) to compare
extrapolated survival data from shorter duration
clinical trials to RWE observations [68–75].
Moreover, repeated validations of extrapolated
techniques using real-world data should be
considered as those databases are updated over
time [76].

CONCLUSIONS

On the basis of the CAR-T survival extrapolation
trends identified in this systematic literature
review, coupled with the validation exercises of
survival extrapolation techniques of immuno-
oncology therapies more broadly, we would
recommend an advanced extrapolation tech-
nique be considered in base case analyses of
future survival analyses of CAR-T therapies.
Sensitivity analysis with an alternative
advanced extrapolation technique should be
implemented and re-assessment using clinical
trial extension data and/or real-world data
should be conducted as longer-term data
become available.
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