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ABSTRACT

Introduction: Cabozantinib and ramucirumab
are approved for the treatment of adults with
hepatocellular carcinoma (HCC) following prior
sorafenib treatment; ramucirumab is restricted
to use in patients with serum alpha-fetoprotein
(AFP) C 400 ng/mL. This matching-adjusted
indirect comparison evaluated the efficacy and

safety of both drugs after sorafenib in patients
with HCC and AFP C 400 ng/mL.
Methods: Individual patient data (IPD) from
the CELESTIAL trial (cabozantinib) and popu-
lation-level data from the REACH-2 trial (ra-
mucirumab) were used. To align with REACH-2,
the CELESTIAL population was limited to
patients who received first-line sorafenib only
and had baseline serum AFP C 400 ng/mL. The
IPD from CELESTIAL were weighted to balance
the distribution of 11 effect-modifying baseline
characteristics with those of REACH-2. Overall
survival (OS; primary endpoint) and progres-
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sion-free survival (PFS) were compared for the
CELESTIAL (matching-adjusted) and REACH-2
populations using weighted Kaplan-Meier (KM)
curves and parametric (OS, Weibull; PFS, log-
logistic) modeling. Rates of treatment-related
adverse events (TRAEs) and TRAE-related dis-
continuations were also compared.
Results: After matching and weighting, base-
line characteristics were balanced between
populations (REACH-2, N = 292; CELESTIAL,
effective sample size = 105). Weighted KM esti-
mates for OS (median [95% CI]) were not sig-
nificantly different between cabozantinib and
ramucirumab (10.6 [9.5–17.3] months versus
8.7 [7.3–10.8] months; p = 0.104), but PFS was
significantly longer for cabozantinib than for
ramucirumab (5.5 [4.6–7.4] months versus 2.8
[2.7–4.1] months; p = 0.016). Parametric mod-

eling results were consistent with the weighted
KM analysis. Rates of some grade 3 or 4 TRAEs
were lower with ramucirumab than with
cabozantinib; however, TRAE-related discon-
tinuation rates were similar (p = 0.271).
Conclusion: In this MAIC, cabozantinib signif-
icantly prolonged median PFS compared with
ramucirumab after prior sorafenib treatment in
patients with HCC and AFP C 400 ng/mL; rates
of some grade 3 or 4 TRAEs were lower with
ramucirumab than cabozantinib but related
discontinuation rates were not significantly
different between treatments.
Trial Registration: Clinical trials.gov identi-
fiers: CELESTIAL trial (NCT01908426) and
REACH-2 trial (NCT02435433).
Graphic abstract: These slides can be retrieved
under Electronic Supplementary Material.

Adv Ther



Keywords: Alpha-fetoprotein (AFP); Cabozan-
tinib; Hepatocellular carcinoma (HCC); Indirect
treatment comparison (ITC); Matching-adjusted
indirect comparison (MAIC); Monoclonal
antibody (mAb); Ramucirumab; second-line
treatment / 2L treatment; Tyrosine kinase
inhibitor (TKI); Vascular endothelial growth
factor (VEGF)

Key Summary Points

Why carry out this study?

Cabozantinib (a once-daily oral tyrosine
kinase inhibitor with targets including
MET, AXL and vascular endothelial
growth factor [VEGF] receptors) and
ramucirumab (a monoclonal antibody
specific for VEGF receptor-2, administered
every 2 weeks by intravenous infusion) are
approved for the second-line (2L)
treatment of hepatocellular carcinoma
(HCC) after sorafenib; however,
ramucirumab is restricted to use in
patients with serum alpha-fetoprotein
(AFP) levels of 400 ng/mL or above.

No clinical trials have compared
cabozantinib and ramucirumab directly in
patients with HCC and elevated serum
AFP. This analysis compared 2L
cabozantinib and ramucirumab in
patients with HCC and serum AFP of
400 ng/mL or above using a matching-
adjusted indirect comparison (MAIC)
approach.

What was learned from this study?

In 2L HCC populations matched for prior
therapy and clinically relevant baseline
characteristics, cabozantinib significantly
prolonged median (95% CI) progression-
free survival compared with ramucirumab
(5.5 [4.6–7.4] months vs. 2.8 [2.7–4.1]
months; p = 0.016); overall survival
(median [95% CI]) was not significantly
different for cabozantinib (10.6 [9.5–17.3]
months) and ramucirumab (8.7 [7.3–10.8]
months) (p = 0.104).

Discontinuation rates resulting from
treatment-related adverse events were not
significantly different for the matching-
adjusted cabozantinib population and the
ramucirumab population (log odds ratio
[95% CI] for cabozantinib vs.
ramucirumab, 1.16 [-0.89, 3.20];
p = 0.271).

In the absence of direct comparative trial
data, this MAIC analysis may help to
inform individualized clinical decision-
making with respect to 2L treatment for
patients with HCC and elevated serum
AFP who have received prior sorafenib.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, graphical plain
language summary, infographic, author video,
and animation video to facilitate understanding
of the article. To view digital features for this
article, go to https://doi.org/10.6084/m9.
figshare.14141435.

INTRODUCTION

As many as one-third of patients treated for
advanced hepatocellular carcinoma (aHCC) are
eligible for second-line (2L) treatment [1]. The
recent approval of a number of 2L vascular
endothelial growth factor (VEGF)-targeted
therapies with proven benefit over placebo
holds the potential to preserve and to prolong
the life of a substantial number of patients with
HCC [2–7]. Yet, there is limited comparative
evidence to inform the selection of VEGF-
targeting agents and to guide optimum treat-
ment sequencing for patients with HCC.

The range of VEGF-targeted therapies
approved for 2L use after prior sorafenib treat-
ment in patients with HCC includes the tyr-
osine kinase inhibitors (TKIs) cabozantinib and
regorafenib and the monoclonal antibody
(mAb) ramucirumab, which is limited to use in
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patients with serum alpha-fetoprotein (AFP) of
400 ng/mL or above [2–7]. All three agents tar-
get VEGF-related angiogenesis and tumor neo-
vascularization, but there are clinically relevant
differences in their mechanisms of action,
modes of administration and indications.
Cabozantinib and regorafenib are both oral TKIs
(administered daily) with activity against mul-
tiple receptor kinases [2–5]. Cabozantinib has
activity against a broader range of receptor
kinases than regorafenib, including MET (hep-
atocyte growth factor receptor protein), AXL
(GAS6 receptor), RET, ROS1, TYRO3, MER, KIT
(stem-cell-factor receptor), TRKB, Fms-like tyr-
osine kinase-3 and TIE-2 as well as VEGF
receptors [2–5]. It is noteworthy that overex-
pression of MET and AXL has a negative impact
on HCC prognosis and that elevated MET
expression is associated with sorafenib resis-
tance [8]. Based on the results of the phase 3
CELESTIAL trial (NCT01908426), which
involved patients with HCC receiving 2L or
third-line (3L) treatment, cabozantinib is
approved in the USA and Europe for use in
patients with HCC who have been previously
treated with sorafenib [2, 3, 9].

Ramucirumab, in contrast, is a recombinant
monoclonal human immunoglobulin G1 anti-
body that is specific for VEGF receptor-2 and is
administered as an intravenous (IV) infusion
once every 2 weeks [6, 7]. The agent is approved
as a 2L treatment for patients with HCC after
prior sorafenib treatment based on the results of
the phase 3 REACH-2 trial (NCT02435433), but
only in the subgroup of patients with serum AFP
levels of 400 ng/mL or above [6, 7, 10].
Approximately 50% of HCC tumors secrete AFP,
and a plasma AFP level[400 ng/mL is generally
considered to support a diagnosis of HCC; ele-
vated levels are associated with poor prognosis
[11, 12].

International management guidelines for
HCC broadly align with the approved indica-
tions for these VEGF-targeting agents, endors-
ing their use in the 2L setting but with agent-
specific caveats reflecting their respective phase
3 trial designs and resultant labels [13–15]. In

the USA, guidance from the National Compre-
hensive Cancer Network also now features
checkpoint inhibitor regimens, approved by the
US Food and Drug Administration (pem-
brolizumab or nivolumab with/without ipili-
mumab) as additional 2L options following
prior sorafenib treatment [13]. No HCC ran-
domized controlled trials (RCTs) have compared
the available 2L treatment options directly,
resulting in limited evidence to inform opti-
mum treatment sequencing in patients with
progressive disease.

A recent matching-adjusted indirect com-
parison (MAIC), using data from the CELESTIAL
trial (cabozantinib; NCT01908426) and the
RESORCE trial (regorafenib; NCT01774344)
provided indirect comparative data for the effi-
cacy and safety of cabozantinib and regorafenib
[16]. The MAIC method is a recognized means
of addressing comparative evidence gaps that
often exist around new treatments and licensed
alternatives [17, 18]. Initially used to inform
critical reimbursement decisions, the MAIC
method of treatment comparison is increasingly
being used to guide clinical decision-making
[19, 20]. No MAIC data are currently available
for cabozantinib and ramucirumab.

An exploratory analysis of CELESTIAL
showed that cabozantinib improved overall
survival (OS) and progression-free survival (PFS)
compared with placebo across a range of serum
AFP levels in a mixed 2L and 3L population [21].
Outcomes were stratified by baseline serum AFP
level bifurcated at 400 ng/mL. For OS with
cabozantinib, the hazard ratio (HR) (95% con-
fidence interval [CI]) was 0.81 (0.62–1.04) for
patients with baseline serum AFP \ 400 ng/mL
and 0.71 (0.54–0.94) for patients with levels of
400 ng/mL or above. HRs for PFS were consis-
tent with those for OS [21].

Building on these data, here we used the
MAIC method to compare the efficacy and
safety of cabozantinib and ramucirumab using
data from the CELESTIAL and REACH-2 pivotal
trials in populations matched in terms of their
prior therapy and baseline characteristics
[9, 10].
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METHODS

Data Source and Analysis Approach

The phase 3 CELESTIAL and REACH-2 trial
populations were selected for this comparative
study based on the similarity of their trial
designs and evaluated outcomes (Table S1)
[9, 10]. Individual patient data (IPD) were
available from the CELESTIAL trial, and the
published aggregate population-level statistics
were available from REACH-2.

To align with the (post-sorafenib) 2L popu-
lation of patients with serum AFP levels of
400 ng/mL or above who were eligible for
REACH-2, the subgroup of patients from
CELESTIAL with baseline serum AFP levels of
400 ng/mL or above and who had received prior
sorafenib only was identified. The baseline
characteristics of this CELESTIAL subpopulation
(N = 178) were compared with those of the
REACH-2 population (N = 292) to assess the
feasibility of a meaningful standard indirect
treatment comparison (ITC) (Table S2). The
presence of residual differences in potentially
effect-modifying baseline characteristics (e.g.,
in race, region, duration of prior sorafenib
treatment and HCC etiology) indicated that a
standard ITC would be subject to potential
confounding. Instead, a MAIC method was
selected to reduce the risk of bias that would be
associated with a standard ITC [17, 18, 20].

The MAIC method requires IPD to be avail-
able for one trial (here CELESTIAL) so that each
patient’s contribution to the analysis can be
weighted based on their similarity to the com-
parator trial population (here, REACH-2) at
baseline. The aim of this patient-level weight-
ing/adjusting was to match the clinically rele-
vant baseline characteristics of the CELESTIAL
population to those of the REACH-2 popula-
tion, thereby minimizing potential effect mod-
ifying differences and sources of outcome bias.

Population Matching

Primary Analysis
A panel of clinical experts met (April 17, 2020)
to review the baseline characteristics of the
aligned CELESTIAL subpopulation and the
REACH-2 population. They identified 11
potential effect modifiers of OS between the
populations that were deemed clinically rele-
vant for matching: age, sex, duration of prior
sorafenib treatment, baseline HCC (extrahep-
atic spread, macrovascular invasion), etiology of
HCC (hepatitis B, hepatitis C, non-viral), AFP
level (median of log10(AFP)), Barcelona Clinic
Liver Cancer stage B and albumin-bilirubin
(ALBI) grade 1.

Sensitivity Analysis
As a sensitivity analysis, effect modifiers of OS
were also identified empirically using statisti-
cal modeling. This was done by adding or
eliminating potential effect-modifying base-
line characteristics to/from a regression model
using a stepwise approach (forwards, back-
wards, both directions). In all model direc-
tions, the following seven variables were
identified as having the lowest Akaike infor-
mation criterion (AIC) values and therefore as
being the most predictive of treatment effect
[22, 23] on OS: age, sex, etiology of alcohol
use, macrovascular invasion, duration of prior
sorafenib treatment, ALBI grade and AFP
value.

Validation Analysis
Despite population alignment by subgroup
selection, median (interquartile range) baseline
AFP level remained substantially higher for the
subgroup of 2L CELESTIAL patients with AFP of
400 ng/mL or higher than for the REACH-2
population (8813 [1648–30,751] ng/mL vs. 3394
[1177–16,812] ng/mL, respectively). To aid
matching, AFP measurements were therefore
log transformed and median log10(AFP) used as
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the matching criterion in the primary analysis.
Minor residual differences in median log10(AFP)
persisted, in part because of the method used to
calculate weights (centering moments based on
mean rather than median population values)
and because baseline AFP values for the eligible
CELESTIAL subpopulation did not follow a
Normal distribution. To assess the implications
of this residual difference, a validation analysis
was conducted that repeated the primary anal-
ysis but with AFP excluded as a matching cri-
terion. By removing AFP as a matching
criterion, it was possible to investigate the
extent to which differences in baseline serum
AFP level for the comparator populations may
have influenced the outcome analysis. If any
outcome differences seen in the primary analy-
sis were driven by minor residual differences in
baseline AFP level, the impact of much larger
baseline AFP differences would be clearly evi-
dent in the results of the validation analysis.

Survival Outcomes

Survival outcomes (OS [primary outcome from
the trials] and PFS) were evaluated for the
matching-adjusted CELESTIAL population and
compared with those for the REACH-2 popula-
tion. Median OS and PFS estimates for the
CELESTIAL arms were derived from weighted
Kaplan-Meier (KM) curves fitted to the survival
data and compared with those fitted to simu-
lated IPD for the REACH-2 population. CIs were
generated for the weighted KM analysis using
Woodruff’s method [24].

Active Treatment Arms
The validity of comparing the survival out-
comes for cabozantinib and ramucirumab using
an anchored analysis was assessed by testing the
proportional hazards (PH) assumption for the
OS and PFS outcomes. An anchored analysis
derives relative survival estimates for the active
treatment arms anchored via a common com-
parator (here, placebo) and generates a HR for
relative effect comparison. For an anchored
analysis to be meaningful, however, the PH
assumption must hold true (i.e., the ratio of the
hazards for any two individuals must be

constant over time). In the present analysis,
three methods were used to test the PH
assumption: (1) visual inspection of the log-
cumulative hazard plots for cabozantinib and
ramucirumab (a pattern of non-parallelism
indicates PH violation); (2) visual inspection of
the scaled Schoenfeld residuals over time (sys-
tematic departure from the horizontal indicates
PH violation); (3) the Grambsch-Therneau sta-
tistical test of the scaled Schoenfeld residuals
(the test evaluates whether there is a non-zero
slope in a generalized linear regression of the
scaled residuals as functions of time; non-zero
values indicate PH violation) [20, 25, 26].

If the PH assumption does not hold true,
best-practice guidance for MAIC analyses advi-
ses use of an unanchored analysis and genera-
tion of absolute outcomes for each treatment
arm (not relative to a common [placebo] com-
parator) [20]. This approach involves fitting
individual parametric survival curves to each
treatment arm with best-fit models identified by
AIC/Bayesian information criterion (BIC) anal-
ysis. Potential models are ranked (based on AIC
and BIC) for each treatment arm. The sum of
the model rankings for the two treatment arms
is used to identify the best-fit model with the
superior model for the analysis indicated by the
lowest sum rank. Where more than one model
is potentially eligible, the sum of the AIC/BIC
values is also taken into consideration (the
superior model having the lowest sum value)
and the choice of model is validated by visual
assessment of its fit to weighted KM and log-
cumulative hazard curves [20].

Placebo Comparison
To assess the effectiveness of the MAIC
weighting method for matching the baseline
characteristics of the trial populations, negative
outcome controls (i.e., outcomes for the
weighted-CELESTIAL and REACH-2 placebo
arms) were evaluated. Similarity of outcomes for
the matching-adjusted and comparator placebo
arms indicates that any differences between the
original trial populations at baseline have been
reduced, so the potential for bias in the active
treatment arm comparison has also been
reduced, thus validating the MAIC approach.
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For the matching-adjusted CELESTIAL and
REACH-2 placebo arms, median (95% CI) esti-
mates were computed for OS and PFS and HR
(95% CI) estimates using weighted Cox PH
regression models.

Safety Outcomes

The primary publication from the CELESTIAL
trial reported all-cause AEs [9], but treatment-
related AEs were published for REACH-2 [10].
Using the CELESTIAL IPD, the incidences of
treatment-related AEs (TRAEs) of interest (any
grade, and grade 3 or 4) were identified for the
matching-adjusted cabozantinib population
and compared with those for the ramucirumab
population. Events of interest were TRAEs
reported in both CELESTIAL and REACH-2 that
affected at least 5% of patients in any of the trial
arms. Rates of treatment discontinuation due to
TRAEs were also compared for the matching-
adjusted cabozantinib population and the
ramucirumab population.

In an anchored analysis, TRAE estimates (log
odds ratios [ORs]) were generated for the
matching-adjusted CELESTIAL population and
compared with log ORs for ramucirumab versus
placebo, computed from the published REACH-
2 data. Anchored estimates were not feasible for
AEs that did not occur in one of the trial arms.
In such instances, unanchored estimates of the
log ORs were calculated, with the number of
TRAEs occurring in CELESTIAL being used to
compute a weighted estimate [22]. This method
multiplied the weighted mean of the TRAE
occurrences by the number of patients in the
corresponding trial arm. The delta method was
then used to compute variances, and 95% CIs
and p values were estimated for the log OR of
each TRAE.

Safety outcomes were not evaluated for the
matching-adjusted CELESTIAL placebo popula-
tion and the REACH-2 placebo population
because of their low rates of AEs.

Analyses

The analyses were performed using R version
4.0.2 (R Core Team, 2020). The package ‘survey’

version 4.0 was used to fit weighted survival
models with weights computed from the MAIC
that were used as sampling weights.

Compliance with Ethics Guidelines

The results presented in this article are based on
published studies. All procedures performed in
those studies involving human participants
were conducted in accordance with the ethical
standards of the local Institutional Review
Boards for each site and with the 1964 Decla-
ration of Helsinki and its later amendments or
comparable ethical standards. Informed con-
sent was obtained from all individual partici-
pants included in the CELESTIAL and REACH-2
trials.

RESULTS

Patient Characteristics

In total, 292 REACH-2 patients were included in
the analysis, of whom 197 received ramu-
cirumab and 95 received placebo. Of the 707
patients randomized in CELESTIAL, 202 had
received prior sorafenib treatment only and had
a serum AFP level of 400 ng/mL or above. Of
these patients, 178 had complete baseline data
and were eligible for matching, of whom 114
received cabozantinib and 64 received placebo.
Following baseline weighting and adjustments,
the effective sample sizes (ESSs) from CELES-
TIAL were 63 patients allocated to cabozantinib
and 44 to placebo (Table 1).

Application of MAIC weighting to the base-
line IPD from CELESTIAL was effective in
aligning the potentially effect-modifying base-
line characteristics of the 2L CELESTIAL popu-
lation with serum AFP of 400 ng/mL or above
with those of the REACH-2 population (Table 2;
Fig. S1).

Survival Outcomes

KM-Derived Estimates
There was no significant difference in the OS
estimates (median [95% CI]) derived from the
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weighted KM analysis for the matching-
adjusted cabozantinib population (10.6 [9.5,
17.3] months) and for the ramucirumab popu-
lation (8.7 [7.3, 10.8] months) (p = 0.104, log-
rank test) (Table 3; Fig. 1a). Median (95% CI)
PFS estimates, however, were significantly
longer for the matching-adjusted cabozantinib
population than for the ramucirumab popula-
tion: 5.5 (4.6, 7.4) months versus 2.8 (2.7, 4.1)
months (p = 0.016, log-rank test) (Table 3;
Fig. 1b).

Parametric Modeling Estimates
Tests of the PH assumption indicated that an
anchored analysis (including hazard ratio esti-
mates) was not supported and that an unan-
chored parametric modeling analysis would
provide more meaningful survival estimates. This
assessment was based on visual inspection of the
log of cumulative hazard versus time plots, which
displayed patterns of non-parallelism for both OS
and (more distinctly) PFS, suggesting a violation
of the PH assumption. This assessment was con-
firmed by plots of scaled Schoenfeld residuals
versus time for both outcomes, which showed a
systematic departure from the horizontal for both
outcomes, as did the non-zero slopes (at the 5%
significance level) given by the Grambsch–Th-
erneau test (Fig. S2 and 3). Accordingly, and in
agreement with recommended practice [20], an
unanchored analysis was conducted by fitting
individual parametric survival curves to each
treatment arm.

The results of the parametric modeling
analysis mirrored those of the weighted KM
analysis (Table 3). For OS, the Weibull model
had the lowest sum rank and AIC/BIC values
and, following validation of model choice by
visual inspection, was selected as the best-fit
model (Table S3). Estimated median (95% CI)
OS was 12.0 (9.6, 14.5) months for the match-
ing-adjusted cabozantinib population versus 9.6
(8.4, 10.8) months for the ramucirumab popu-
lation (Table 3). For PFS, the log-logistic model
was selected as the best-fit model, generating
median (95% CI) PFS estimates of 5.2 (4.1, 6.4)
months for the matching-adjusted cabozantinib
population versus 3.2 (2.8, 3.6) months for the
ramucirumab population (Tables 3 and S4).

Negative Control Estimates
There were no significant differences in OS or
PFS estimates for the matching-adjusted
CELESTIAL and the REACH-2 placebo groups.
Estimated median (95%) OS was 5.3 (4.8–8.2)
months for the matched-adjusted CELESTIAL
placebo population, and 7.4 (5.8–9.4) months
for the REACH-2 placebo population. For PFS,
median (95% CI) estimates were 1.9 (1.8–2.1)
months for the matching-adjusted CELESTIAL
placebo population and 1.6 (1.4–2.6) months
for the REACH-2 placebo population (Table S5).
Similarly, the results of the parametric model-
ing analysis showed no significant difference in
either OS or PFS survival estimates for the

Table 1 MAIC population sizes

CELESTIAL population REACH-2
populationUnmatched Matched

(primary
analysis)

Matched
(sensitivity
analysis)

Matched
(validation
analysis)

N
(overall)

N (2L and AFP
‡ 400 ng/mL)

ESS ESS ESS N (published)

Active treatment 470 114 63 73 80 197

Placebo 237 64 44 46 49 95

Total 707 178 105a 119a 128a 292

2L second line, AFP alpha-fetoprotein, ESS effective sample size, MAIC matching-adjusted indirect comparison
a Total ESS is nonadditive with respect to each treatment arm, calculated as the squared sum of the weights divided by the
sum of the squared weights, for each arm
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matching-adjusted CELESTIAL placebo popula-
tion and the REACH-2 placebo population
(Table S5; Fig. S4).

Safety Outcomes

TRAEs of interest (reported in both trials and
occurring in at least 5% of patients in any trial

arm) were: increased aspartate aminotransferase
(AST; any grade and grade 3 or 4); diarrhea (any
grade); fatigue (any grade and grade 3 or 4);
decreased appetite (any grade); vomiting (any
grade); hypertension (any grade and grade 3 or
4); nausea (any grade) and proteinuria (any
grade).

Anchored log OR TRAE estimates found sig-
nificantly lower rates of any grade diarrhea and

Table 2 Baseline matching characteristics used in the primary MAIC analysis, before and after matchinga

Baseline characteristics CELESTIAL 2L population with AFP ‡ 400 ng/mL REACH-2
population

Unmatched
(N = 202)

Matching-adjusted
(N = 105)

Unmatched
(N = 292)

Age under 65 years, % 57.87 51.71 51.71

Female, % 21.91 20.21 20.21

Duration of prior sorafenib treatment

\ 5 months, %b

44.94 57.19 57.19

Extrahepatic disease, % 76.40 72.26 72.26

Macrovascular invasion, % 34.83 35.27 35.27

Etiology, %

Hepatitis B 44.38 36.64 36.64

Hepatitis C 22.47 26.03 26.03

Nonviralc 30.34 31.51 31.51

AFP, median log10(AFP)
d,e 3.94 3.00 3.53

ALBI grade 1, % 34.83 48.97 48.97

BCLC stage B, % 8.99 18.49 18.49

2L second line, AFP alpha-fetoprotein, ALBI, albumin–bilirubin, BCLC Barcelona Clinic Liver Cancer, HCC hepato-
cellular carcinoma, IQR interquartile range, MAIC matching-adjusted indirect comparison
a Matching variables selected as potential effect modifiers by expert clinical panel
b Categorization of prior sorafenib treatment use in (and published for) the REACH-2 trial
c HCC of nonviral etiology was not recorded directly in the REACH-2 trial. Estimate is derived from the sum of patients
with etiology of alcohol use plus nonalcoholic steatohepatitis fatty liver, using the total REACH-2 population size as the
denominator. There might be overlap in patients between these two etiology categories
d Reported as median of log10(AFP) because of the magnitude of difference in median (IQR) AFP for the pre-matched
CELESTIAL and REACH-2 populations: median (IQR) values of 8813 (1648, 30,751) ng/mL for the 2L CELESTIAL
population with AFP C 400 ng/mL versus 3394 (1177, 16,812) ng/mL for REACH-2
e Median baseline serum AFP level was available from the REACH-2 publication but, owing to the way that weights are
calculated (using centering moments based on mean rather than median values) and because baseline AFP values for the
eligible CELESTIAL subpopulation did not follow a Normal distribution, median log10(AFP) values for the REACH-2
population and for the 2L CELESTIAL subgroup with AFP C 400 ng/mL could not be exactly matched
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hypertension and grade 3 or 4 hypertension in
the ramucirumab population than in the
matching-adjusted cabozantinib population.
Unanchored log OR estimates also found sig-
nificantly lower rates of grade 3 or 4 fatigue and
increased AST with ramucirumab than with
cabozantinib. Frequency of any grade protein-
uria (unanchored) was lower in the matching-
adjusted cabozantinib population than in the
ramucirumab population (Table 4; Fig. S5).

Rates of treatment discontinuation due to
TRAEs were not significantly different for the
matching-adjusted cabozantinib population
and the ramucirumab population (Table 4).

Sensitivity and Validation Analyses

Weighting the baseline IPD of patients in the 2L
CELESTIAL population with serum AFP levels of
400 ng/mL or above based on seven empirically-

Table 3 Efficacy estimates for the matching-adjusted cabozantinib and the ramucirumab populations

Weighted KM survival estimate,
months, median (95% CI)

p valuea Parametric modeling survival estimate,
months, b median (95% CI)

Primary analysis

OS

Cabozantinib (ESS = 63) 10.6 (9.5, 17.3) 0.104 12.0 (9.6, 14.5)

Ramucirumab (N = 197) 8.7 (7.3, 10.8) 9.6 (8.4, 10.8)

PFS

Cabozantinib (ESS = 63) 5.5 (4.6, 7.4) 0.016 5.2 (4.1, 6.4)

Ramucirumab (N = 197) 2.8 (2.7, 4.1) 3.2 (2.8, 3.6)

Sensitivity analysis

OS

Cabozantinib (ESS = 73) 10.6 (9.5, 17.3) 0.133 11.7 (9.2, 14.2)

Ramucirumab (N = 197) 8.7 (7.3, 10.8) 9.6 (8.4, 10.8)

PFS

Cabozantinib (ESS = 73) 5.5 (4.6, 7.4) 0.023 5.2 (4.1, 6.4)

Ramucirumab (N = 197) 2.8 (2.7, 4.1) 3.2 (2.8, 3.6)

Validation analysis

OS

Cabozantinib (ESS = 80) 9.7 (8.1, 12.4) 0.409 10.6 (8.6, 12.4)

Ramucirumab (N = 197) 8.7 (7.3, 10.7) 9.6 (8.4, 10.8)

PFS

Cabozantinib (ESS = 80) 5.4 (4.0, 6. 9) 0.031 4.9 (4.0, 5.8)

Ramucirumab (N = 197) 2.8 (2.7, 4.1) 3.2 (2.8, 3.6)

CI confidence interval, ESS effective sample size, KM Kaplan-Meier, OS overall survival, PFS progression-free survival
a Log-rank test
b Best-fit models: OS, Weibull (for primary, sensitivity and validation analyses); PFS, log-logistic (for primary, sensitivity
and validation analyses)
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identified matching criteria was effective in
aligning the potentially effect-modifying base-
line characteristics with those of the REACH-2
population (Table S6). Following matching and
adjustments for these seven characteristics, the
ESSs from CELESTIAL were 73 patients for
cabozantinib and 46 for placebo. As was used for
the primary analysis, the REACH-2 population
included 197 patients randomly allocated to
ramucirumab and 95 randomly allocated to
placebo (Table 1).

Median (95% CI) survival estimates for the
sensitivity analysis mirrored those of the pri-
mary analysis, for both the weighted KM anal-
ysis (Table 3; Fig. S6) and (following
confirmation of PH assumption violation
[Tables S3, S4, and S7; Figs. S7 and S8]) for the
parametric modeling analysis (Tables S7).
Results of the safety sensitivity analysis were
also consistent with those of the primary anal-
ysis (Table S8; Fig. S5).

The validation analysis, which repeated the
primary analysis but with baseline AFP level
excluded from the 11 matching criteria, further
supported the findings of the primary analysis.
Excluding the baseline AFP criterion from the

weighting and adjustment steps resulted in
slightly larger ESSs from CELESTIAL than were
available for the primary analysis (80 patients
allocated to cabozantinib and 49 to placebo,
Table 1). At baseline, the 2L CELESTIAL popu-
lation with serum AFP levels of 400 ng/mL and
the REACH-2 population were closely matched
(Table S9). Compared with the primary analy-
sis, exclusion of the baseline AFP matching
criterion had little impact on the comparative
PFS and safety outcomes, but did reduce the
magnitude of difference in median OS esti-
mates for the matching-adjusted CELESTIAL
population and the REACH-2 populations,
although the difference was already non-
significant (Tables 3, S3, S4, and S10; Fig. S9,
S10 and S11).

DISCUSSION

Main Findings

In the absence of head-to-head trials directly
comparing cabozantinib and ramucirumab, we
conducted a MAIC using data from the pivotal

Fig. 1 Kaplan-Meier curves for a OS and b PFS of the matching-adjusted CELESTIAL population and the REACH-2
populations. a OS, b PFS. 2L second line, CI confidence interval, OS overall survival, PFS progression-free survival
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phase 3 CELESTIAL and REACH-2 trials to
compare these two VEGF-targeting agents in
HCC populations matched in terms of prior
therapy and key baseline characteristics. The
MAIC method is a recognized means of evalu-
ating comparative outcomes from trials with
similar endpoints, but heterogenous popula-
tions [19].

In the primary analysis, the baseline data of
individual CELESTIAL patients were weighted
so that the overall characteristics of the 2L
CELESTIAL population with elevated AFP mat-
ched those of the REACH-2 population. The
assigned weights were intended to minimize
residual differences in 11 potentially effect-
modifying baseline characteristics selected by a
panel of clinical experts. Weighted KM analysis
indicated that daily oral administration of

cabozantinib was associated with significantly
longer PFS than IV administration of ramu-
cirumab every 2 weeks. OS was not significantly
different for cabozantinib and ramucirumab.
The parametric modeling analysis (undertaken
in line with recommendations for MAIC anal-
yses published by the National Institute for
Health and Care Excellence’s [NICE] Decision
Support Unit [20]) mirrored the results of the
weighted KM analysis: significantly prolonged
PFS, but no significant difference in OS. A sen-
sitivity analysis (using seven effect modifiers
selected using stepwise AIC regression) and a
validation analysis (examining the impact of
removing baseline AFP from the primary anal-
ysis’ matching criteria) also reinforced these
findings, further strengthening confidence in
the results.

Table 4 Log OR (95% CI) and p values for TRAEs reported in at least 5% of patients in any arm of CELESTIAL or
REACH-2 (cabozantinib vs. ramucirumab)

TRAE Unmatched analysis Matched-adjusted analysis

Log OR (95% CI) p value Log OR (95% CI) p value

Any grade

Increased AST -0.50 (-2.32, 1.32) 0.6019 -0.58 (-2.59, 1.42) 0.5799

Diarrhea 1.61 (0.23, 2.99) 0.0220 1.53 (0.00, 3.05) 0.0499

Fatigue -0.05 (-1.29, 1.18) 0.9377 0.44 (-0.89, 1.76) 0.5288

Decreased appetite 0.66 (-0.72, 2.05) 0.3519 1.10 (-0.46, 2.66) 0.1691

Vomiting 1.05 (-1.58, 3.69) 0.4430 -0.90 (-3.06, 1.27) 0.4247

Hypertension 1.92 (-0.33, 4.16) 0.0942 2.52 (0.23, 4.81) 0.0305

Nausea -0.33 (-2.17, 1.52) 0.7413 -0.15 (-2.27, 1.97) 0.8968

Proteinuriaa -2.11 (-3.52, -0.70) 0.0034 -1.78 (-2.99, -0.56) 0.0043

Grade 3/4

Increased ASTa 2.28 (1.02, 3.55) 0.0004 1.79 (0.47, 3.11) 0.0078

Fatiguea 2.24 (0.70, 3.77) 0.0044 2.72 (1.23, 4.22) 0.0004

Hypertension 16.34 (14.73, 17.94) \ 0.0010 16.92 (15.20, 18.65) \ 0.0010

Leading to discontinuation

Any TRAE 0.40 (-1.57, 2.36) 0.7509 1.16 (-0.89, 3.20) 0.2709

AST aspartate aminotransferase, CI confidence interval, OR odds ratio, TRAE treatment-related adverse event
a Unanchored analysis because no AEs occurred in at least one of the placebo arms of the trials
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In terms of TRAEs, the odds of experiencing
any grade diarrhea (anchored) or hypertension
(anchored), or grade 3 or 4 hypertension (an-
chored), fatigue (unanchored), or increased AST
(unanchored) were significantly lower for
ramucirumab than for cabozantinib; however,
rates of treatment-related proteinuria (unan-
chored) were significantly lower for cabozan-
tinib than for ramucirumab, and treatment
discontinuation rates due to TRAEs were not
significantly different between populations.

When considering the results of the analysis,
it should be noted that it was only possible to
generate comparative rate estimates for TRAEs
that occurred in both trials. The most common
adverse event (AE) reported for patients treated
with cabozantinib in the CELESTIAL trial, for
example, was palmar-plantar erythrodysesthesia
(PPE; any grade/grade 3 or 4 in 46%/17% of
patients), but this was not reported in REACH-2
and so was not evaluable in the current analysis.
Similarly, in REACH-2, treatment infusion-
related reactions and bleeding or hemorrhage
events occurred in 7 and 10% of patients treated
with ramucirumab, respectively, but neither
were relevant/reported in CELESTIAL, so they
did not feature in the present analysis. The dif-
ference in treatment-related TRAEs reported in
the CELESTIAL and REACH-2 trials reflects the
differing mechanisms of action of the two
drugs, with cabozantinib being a TKI with
activity against a range of receptor kinases,
including VEGF receptors-1, -2 and -3, AXL and
MET, and ramucirumab being a mAb that binds
specifically to VEGF receptor-2 [2, 3, 6, 7]. Fur-
thermore, when considering the respective
efficacy-safety profiles of the two therapies, it is
also relevant to note that the occurrence of
some TRAEs may be positively correlated with
treatment outcomes, as reported for the sub-
group of cabozantinib patients from CELESTIAL
who experienced any grade PPE or grade 3 or
higher hypertension [27].

Strengths of the Approach

Although network meta-analyses (NMAs) or
traditional ITCs are perhaps more familiar
methods of generating comparative data than

MAIC analyses, they are not able to produce
meaningful comparisons in all scenarios. The
reliability of such methods is compromised, for
example, when a common trial comparator is
not available or when there is distinct hetero-
geneity between comparator studies [28]. A
review of nearly 181 technology appraisals
conducted by NICE found that more than half
(54%) of all related assessments did not include
a mixed/indirect treatment comparison; trial
design heterogeneity was cited as the most
common reason for their absence [29]. MAIC
analyses can overcome some of the challenges
of between-trial population heterogeneity.
While NMAs rely on published data, MAIC
analyses require patient-level data to be avail-
able for at least one of the studies in order to
permit adjustments for between-trial popula-
tion differences and to minimize the potential
for outcome bias [28]. Increasing recognition of
the MAIC method is reflected in the growing
number of related publications apparent within
the peer-reviewed medical and cancer-related
literature over the past 10 years (Fig. S12).

In the current analysis, weighting of the
baseline IPD of the 2L CELESTIAL subgroup
with elevated AFP was broadly effective in bal-
ancing the distribution of potentially effect-
modifying differences between the two trial
populations. Although a difference in baseline
serum AFP levels persisted between the match-
ing-adjusted 2L CELESTIAL population with
serum AFP of 400 ng/mL or higher and the
REACH-2 population despite the matching and
weighting procedures, the validation analysis
provides confidence that this residual difference
had minimal impact on the evaluated out-
comes. In addition, the similarity of the esti-
mates for the matching-adjusted CELESTIAL
placebo arm and REACH-2 placebo arm suggests
that the weighting process was successful in
reducing clinically relevant baseline differences
between the populations and, accordingly, in
reducing the potential for associated con-
founding in the active treatment arm analysis.

It is also relevant and appropriate that the
present analysis used published data from the
pivotal REACH-2 trial rather than from the
earlier REACH trial [10, 30]. In REACH, patients
with HCC were randomly allocated to 2L

Adv Ther



ramucirumab or placebo after 1L sorafenib
treatment; patients with a baseline serum AFP of
400 ng/mL or above constituted a pre-specified
subpopulation (n = 250). Overall, the REACH
trial was negative: ramucirumab did not signif-
icantly improve OS compared with placebo, but
the subgroup analyses suggested a possible OS
benefit with ramucirumab over placebo in
patients with baseline serum AFP of 400 ng/mL
or above (vs.\400 ng/mL) [30]. This signal
from the REACH trial was explicitly investigated
and validated by the subsequent pivotal
REACH-2 trial, which led to the regulatory
approval of ramucirumab for patients with HCC
and serum AFP of 400 ng/mL following prior
sorafenib treatment [4, 5, 10].

Limitations of the Approach

Despite their strengths, MAIC analyses cannot
offer the quality of evidence generated by a
head-to-head RCT and cannot adjust for all
potential differences in trial populations and
designs. The tumor assessment schedules, for
instance, were different for the CELESTIAL trial
(every 8 weeks) and the REACH-2 trial (every
6 weeks during the first 6 months; every 9 weeks
thereafter). The PFS estimates in the current
analysis may, therefore, be subject to resulting
bias, although the direction of any such bias is
primarily discernable at the individual patient
level and depends on the relative timing of
tumor growth and scheduled assessment. For
instance, any tumor growth that occurred at
week 5 would have been detected at week 6 in
REACH-2 but not until week 8 in CELESTIAL,
favoring cabozantinib. Yet, tumor growth
occurring just after the first assessment in
REACH-2 (e.g., during week 7) would have been
assessed at week 8 in CELESTIAL but not until
week 12 in REACH-2, favoring ramucirumab.
The overall impact of the difference in assess-
ment schedules remains unclear, but may favor
cabozantinib because of the lower frequency of
tumor assessments conducted in CELESTIAL
(versus REACH-2) in the initial 6 months of
follow-up.

For OS, the median estimates may have been
influenced by subsequent treatment use,

something that is particularly relevant when
comparing therapies within a rapidly evolving
treatment landscape, like that of HCC. It is
plausible that temporal changes in the avail-
ability of therapies may have favored the
ramucirumab population over the cabozantinib
population because of the later start date of the
REACH-2 trial (vs. the CELESTIAL trial).

Although it is possible that residual differ-
ences persisted between the trial populations
despite the matching and weighting proce-
dures, the consistent results of the primary,
sensitivity and validation analyses provides
reassurance that factors predictive of treatment
effect were generally well balanced. In terms of
prognostic factors, in an anchored analysis, any
variables that are prognostic of disease course
do not inhibit interpretation of the results
because randomization should ensure equal
distribution of any such factors between the
active and placebo arms of each trial; between-
trial comparison of results relative to the com-
mon placebo arm are therefore unaffected.
Unanchored analyses that use parametric mod-
eling (as in the present analysis) are open to
greater potential bias because they compare
absolute rather than relative estimates. Never-
theless, the similarity of the placebo arm anal-
ysis in the present study provides reassurance
that the matching and adjustment steps suc-
cessfully minimized clinically relevant differ-
ences between the comparator populations.

It is also relevant to note that MAIC analyses
can only compare similar outcomes reported in
both trials, prohibiting the evaluation of some
TRAEs of potential relevance or the comparison
of quality-of-life outcomes, which were evalu-
ated differently for the two trials and so was
beyond the scope of the current analysis
[31, 32]. Finally, selection of the 2L CELESTIAL
subpopulation with serum AFP of 400 ng/mL or
above, and the subsequent weighting and
adjustment procedures, unavoidably reduced
the number of patients eligible for inclusion in
the analysis. These steps were necessary to
compare ‘like with like,’ but reduced the size of
the original CELESTIAL trial population (pow-
ered to demonstrate treatment effect versus
placebo) from 707 individuals to an ESS of 199
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individuals (73 in the cabozantinib arm), lim-
iting the overall statistical power of the analysis.

Interpretation

This MAIC analysis provides further insights
into the therapeutic options available for
patients with HCC who have progressed despite
prior sorafenib therapy, particularly those with
elevated serum AFP and potentially poor prog-
nosis [12].

The results reinforce and build on those of a
recent ITC that reported clinical equivalence of
cabozantinib, ramucirumab and regorafenib
with respect to OS in patients with serum AFP
levels of 400 ng/mL or above [33] and of an
NMA of available phase 3 trials of 2L agents for
advanced HCC [34]. The NMA subgroup analy-
sis of patients with AFP[ 400 ng/mL suggested
that cabozantinib may significantly prolong PFS
compared with ramucirumab (HR [95% CI],
0.59 [0.40, 0.88]), but it found no significant
differences in OS estimates for cabozantinib,
ramucirumab or regorafenib for patients with
AFP [ 400 ng/mL. AEs were not explicitly
reported in the NMA for AFP subgroups, but any
grade diarrhea, fatigue, nausea and decreased
appetite were reported in at least 10% of
patients receiving cabozantinib or ramucirumab
in the included trials. Diarrhea was the most
common AE reported for cabozantinib (54% of
patients compared with 18% for ramucirumab),
and peripheral edema was the most common
for ramucirumab (36% of patients compared
with 0% for cabozantinib). Overall, the authors
considered the AEs in patients treated with
ramucirumab to be relatively mild, with 36% of
patients experiencing grade 3 or 4 AE rates
compared with 68% of those treated with
cabozantinib [34].

A recent MAIC analysis of 2L cabozantinib
and regorafenib in patients with HCC who had
received sorafenib therapy has provided some
indirect comparative data for the two VEGF-
targeting TKIs [16]. Using data from the phase 3
CELESTIAL and RESORCE trials, the authors
found no significant difference in OS estimates
(median [95% CI]) for cabozantinib and rego-
rafenib (11.4 [8.9–17.0] vs. 10.6 [9.1–12.1]

months; p = 0.3474), but significantly pro-
longed PFS (median [95% CI]) with cabozan-
tinib compared with regorafenib (5.6 [4.9–7.3]
months vs. 3.1 [2.8–4.2] months; p = 0.0005)
[16]. Perhaps unsurprisingly, given its focus on
patients with elevated serum AFP levels (known
to be associated with poor prognosis [12]),
median survival estimates were numerically
shorter for the current analysis than for the
MAIC of cabozantinib and regorafenib, but
absolute differences were similar: a median PFS
benefit of 2.7 months with cabozantinib (vs.
ramucirumab) in the present analysis compared
with a 2.5-month benefit for cabozantinib ver-
sus regorafenib [16]. In terms of AEs, the MAIC
of the two TKIs reported a trend for lower rates
of treatment-emergent grade 3 or 4 hyperten-
sion with regorafenib than with cabozantinib,
but only differences in rates of grade 3 or 4
diarrhea reached statistical significance. The
authors noted that the observed differences in
treatment-emergent AEs may, at least in part,
reflect that the MAIC methods were not able to
adjust for the fact that sorafenib-intolerant
patients were excluded from the RESORCE trial,
but not from CELESTIAL [16].

The present analysis builds on these data,
addressing the evidence gap with respect to the
scant availability of comparative data for
cabozantinib and ramucirumab and utilizing
the MAIC analysis method to minimize poten-
tial sources of confounding by matching and
weighting the baseline data for individual
CELESTIAL patients to those of the REACH-2
population. It offers insights into the efficacy
and tolerability of cabozantinib in patients with
serum AFP levels of 400 ng/mL or above and
focuses the analysis on the pure 2L CELESTIAL
population rather than on the mixed 2L and 3L
population used in previous indirect
comparisons.

The results suggest that cabozantinib may
offer an efficacious and tolerable alternative to
2L ramucirumab in patients with serum AFP
levels of 400 ng/mL or above. In addition to
informing efficacy-safety considerations when
treating patients with elevated serum AFP, the
findings may also provide insights for clinicians
seeking to optimize treatment options within
the context of local healthcare resourcing, given
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the potential implications of administering daily
oral therapy (cabozantinib) versus fortnightly IV
therapy (ramucirumab). Similarly, the findings
may be of interest to clinicians seeking to indi-
vidualize care decisions for patients with clear
attitudes and preferences for particular treatment
regimens and methods of administration (e.g.,
high frequency [daily] oral versus lower-frequency
[fortnightly] IV therapy).

CONCLUSION

In this MAIC analysis of 2L cabozantinib and
ramucirumab after prior sorafenib therapy in
patients with HCC and elevated serum AFP, the
alignment and weighting processes effectively
balanced the distribution of effect-modifying
baseline characteristics between the matching-
adjusted CELESTIAL population and REACH-2
population. The similarity of the placebo arm
survival analysis reinforces the assertion that
clinically relevant baseline characteristics were
largely balanced for the comparator popula-
tions. OS estimates were not significantly dif-
ferent for the cabozantinib and ramucirumab
treatment arms, but PFS was significantly longer
in the cabozantinib group (by an additional
2.7 months), almost double that of the ramu-
cirumab group. These findings were consistent
for the primary analysis and the sensitivity
analysis. Rates of some grade 3 or 4 TRAEs were
lower with ramucirumab than with cabozan-
tinib, likely reflecting the different mechanisms
of action of the two drugs, but there was no
significant difference in discontinuation rates
resulting from TRAEs. These MAIC results do
not replace those of a head-to-head RCT, but, in
the absence of RCT evidence, they contribute
indirect comparative efficacy-tolerability data to
inform clinical decision-making around opti-
mum 2L treatment for patients with elevated
AFP who have received prior sorafenib.
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