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Abstract

Ramucirumab is an IgG1 monoclonal antibody specific for the
vascular endothelial growth factor receptor-2. Ramucirumab,
8mg/kg every 2 weeks, administered as monotherapy (REGARD)
or in combination with paclitaxel (RAINBOW), was safe and
effective in patients with previously treated advanced gastric or
gastroesophageal junction (GEJ) cancer. We evaluated exposure–
efficacy and exposure–safety relationships of ramucirumab from
two randomized, placebo-controlled phase III trials. Sparse phar-
macokinetic samples were collected, and a population pharma-
cokinetic analysis was conducted to predict ramucirumab mini-
mum trough concentration at steady state (Cmin,ss). Kaplan–Meier
methods and Cox proportional hazards models were used to
evaluate the ramucirumab exposure (Cmin,ss)–efficacy relation-
ship to overall survival (OS) and progression-free survival (PFS).
Logistic regression analyseswere used to evaluate exposure–safety
relationships. Analyses included 321 ramucirumab þ paclitaxel

and 335 placebo þ paclitaxel patients from RAINBOW and
72 ramucirumab and 35 placebo patients from REGARD. Expo-
sure–efficacy analysis showed ramucirumab Cmin,ss was a signif-
icant predictor of OS and PFS in both trials. Higher ramucirumab
exposure was associated with longer OS and PFS. In RAINBOW,
grade �3 hypertension, leukopenia, and neutropenia, but
not febrile neutropenia, significantly correlated with Cmin,ss,
with increased exposure leading to increased incidence.
Exploratory exposure–response analyses suggest a positive rela-
tionship between efficacy and ramucirumab exposure with man-
ageable toxicities at exposures generated from a dose of 8 mg/kg
ramucirumab given every 2 weeks for patients with advanced
gastric/GEJ cancer. These findings suggest an opportunity to
further optimize benefit versus risk profiles of ramucirumab
treatment in patients with gastric/GEJ cancer. Mol Cancer Ther;
16(10); 2215–22. �2017 AACR.

Introduction
Ramucirumab is a recombinant human IgG1-neutralizing

monoclonal antibody (mAb) with a 50 pmol/L Kd specific for
the ectodomain of the vascular endothelial growth factor recep-
tor-2 (VEGFR-2; ref. 1). The maximum tolerated dose of single-
agent ramucirumab determined in a phase I trial was 13 mg/kg/
week (1). Safety and efficacy of ramucirumab in patients with
previously treated advanced gastric or gastroesophageal junction
(GEJ) cancer were evaluated in two randomized, double-blind
phase III trials (REGARD and RAINBOW; refs. 2, 3). In both the
REGARD (ramucirumab 8 mg/kg versus placebo every 2 weeks)
and RAINBOW (ramucirumab 8 mg/kg or placebo every 2 weeks
in combination with weekly paclitaxel 80mg/m2) studies, overall
survival (OS) and progression-free survival (PFS) were signifi-
cantly improved in the ramucirumab arm. The most common
grade �3 adverse events (AE) in patients treated with ramucir-
umab included neutropenia, leukopenia, hypertension, fatigue,
abdominal pain, and anemia (2, 3). Based on the outcomes of
these trials, ramucirumab has been approved for use as mono-
therapy or in combination with paclitaxel for the treatment of
patients with previously treated advanced gastric/GEJ cancer (4).

Exposure–response analyses are the foundation for determin-
ing safety and efficacy of mAbs used for cancer treatments.
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Assessing the pharmacokinetics (PK) of mAbs is challenging.
Often the maximum tolerated dose is not determined in phase
I trials, and measuring target occupancy in cancer tissues is not
easily achieved; indeed many tumors show inhomogeneous
antibody penetration (5, 6). Several studies on mAbs used to
treat various types of cancer have demonstrated that the relation-
ship of efficacy and AEs with a defined drug exposure is critical to
determining if a treatment is considered safe and effective and if
changes to dose or schedule could possibly improve the benefit
versus risk profile (7–11).

Although the REGARD and RAINBOW studies showed
improved OS and PFS for ramucirumab 8 mg/kg alone or in
combination with paclitaxel versus placebo, exploratory expo-
sure–response analyses were conducted to determine if increased
exposure to ramucirumab could maximize the potential thera-
peutic benefit in patients with advanced gastric/GEJ cancer. We
conducted separate exposure–response analyses of efficacy
and safety from patients on ramucirumab in the REGARD and
RAINBOW trials. The objectives of these analyses were to evaluate
the relationships between predicted ramucirumab exposure and
survival, as well as commonly reported AEs in previously treated
patients with advanced gastric/GEJ cancer.

Materials and Methods
The details of the REGARD and RAINBOW trials, including

informed consent, trial design, and clinical definitions of OS,
PFS, and objective response rate (ORR), were previously
described (2, 3). Each center's institutional review board or
independent ethics committee approved the study. The trial
followed the principles of the Declaration of Helsinki and the
Good Clinical Practice Guidelines of the International Confer-
ence on Harmonization. All patients provided written informed
consent.

Briefly, patients in the RAINBOW trial with advanced gastric/
GEJ cancer who had progressed on or within 4months of first-line
chemotherapy (platinum plus fluoropyrimidine with or without
an anthracycline) were randomized (1:1) to receive ramucirumab
8mg/kg or placebo ondays 1 and 15, plus paclitaxel 80mg/m2 on
days 1, 8, and 15 of a 28-day cycle. In the REGARD trial, patients
with advanced gastric/GEJ cancer who had progressed on or
within 4 months of the last dose of first-line platinum- or
fluoropyrimidine-containing chemotherapy were randomized
(2:1) to receive ramucirumab (8 mg/kg) plus best supportive
care or placebo plus best supportive care every 2 weeks. The
primary endpoint for both trials was OS, defined as the time
from randomization to death from any cause. Key secondary
endpoints included PFS (defined as time from randomization to
progressive disease or death, whichever occurred first), ramucir-
umab PK parameters, and safety. Samples for PK analysis from
patients in the RAINBOW trial were collected prior to and 1 hour
after infusions 1, 4, and 7 and at the end of the trial; samples from
patients in REGARD were collected prior to cycles 1, 4, and 7
infusions and at the 30-day follow-up.

Population PK (popPK) analyses were conducted as previously
described, using a nonlinear mixed-effect modeling approach
(12). Population PK-predicted minimum concentrations at
steady-state [Cmin,ss] were then determined for ramucirumab-
treated patients using the developed model (Supplementary Fig.
S1). Analyses were conducted in accordance with the FDA Guid-
ance for Industry on Population Pharmacokinetics (13).

Exposure–efficacy analyses
Univariate and multivariable Cox regression analyses were

utilized to determine whether there was a significant relationship
between Cmin,ss and survival for each of the phase III trials. Only
patients with nonmissing ramucirumab concentration data were
included in each of the exposure populations. For the multivar-
iable analyses, hazard ratios (HR) were adjusted for significant
baseline covariates. A stepwise Cox regression model was used to
select baseline covariates at an entry P value of 0.05 and exit P
value of 0.1. The list of factors evaluated for potential prognostic
significance included geographical region, disease measurability,
time to progression on first-line therapy, gender, age, race, Eastern
Cooperative Oncology Group performance status (ECOG PS),
weight loss in the 3 months prior to randomization, primary
tumor location, prior first-line chemotherapy, histologic subtype,
number ofmetastatic sites, peritoneal metastasis, liver metastasis,
presence of ascites, tumor differentiation, number of previous
treatment lines including neoadjuvant and adjuvant, and prior
gastrectomy.

To evaluate the exposure–response relationship comparedwith
the control groups for both studies, patients in the exposure
populations were stratified into exposure groups by defined
Cmin,ss quartiles (Q) (RAINBOW) or by the Cmin,ss median
(REGARD). The quartiles for the patients from the RAINBOW
study were defined as: Q1¼Cmin,ss 20.1 to�42.0 mg/mL (<25%);
Q2 ¼ Cmin,ss >42.0 to �53.8 mg/mL (25 to <50%); Q3 ¼ Cmin,ss

>53.8 to �72.2 mg/mL (50 to <75%); and Q4 ¼ Cmin,ss >72.2 to
227 mg/mL (�75%). The REGARD exposure population was
divided by the median Cmin,ss of 65.35 mg/mL. The Kaplan–Meier
method was used to evaluate OS and PFS for each of the indi-
vidual exposure groups versus the control groups. TheHR for each
exposure group versus the control arm was estimated using a Cox
proportional hazards model. All HRs for the multivariable anal-
yses were adjusted for the significant baseline covariates.

For REGARD, the first post-baseline PK sample was collected
before the cycle 4 infusion; thus, only the subset of placebo
patients who had at least 3 cycles of treatment were included in
the analyses to have an unbiased comparison.

All statistical analyses were undertaken using SAS version 9.2
(SAS Institute; ref. 2).

Exposure–safety analyses
The three most common grade �3 consolidated treatment-

emergent AEs (TEAE) occurring in �10% of patients in the
RAINBOW intent-to-treat (ITT) population and at a higher rate
in the ramucirumab plus paclitaxel armwere selected as the safety
endpoints for all exposure–safety analyses. These TEAEs were
neutropenia (including febrile neutropenia), leukopenia, and
hypertension and were graded per the National Cancer Institute
Common Terminology Criteria for Adverse Events version 4.02
(14). A Cmin,ss value was calculated for each patient receiving
ramucirumab using the popPK model, while patients in the
control groups were assigned a value of zero. The relationship
between TEAE incidence and ramucirumab Cmin,ss was evaluated
using logistic regression.

Results
Exposure–response populations
RAINBOW. In the phase III RAINBOW trial that established the
efficacy and safety of ramucirumab plus paclitaxel versus placebo
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plus paclitaxel for patients with advanced gastric/GEJ cancer, 330
patientswere randomized to receive ramucirumabplus paclitaxel,
327 of whom were treated (3). Among those treated, ramucir-
umab concentration data were available for 321 patients (98.2%)
who were included in the exposure–response population. Thus,
the baseline characteristics from the ramucirumab exposure–
response population were very similar to those of the RAINBOW
ITT population (Table 1).

REGARD. In the phase III REGARD trial that established the
efficacy of ramucirumab plus best supportive care versus placebo
plus best supportive care for patients with advanced gastric/GEJ
cancer, 238 patients were randomized to receive ramucirumab
plus best supportive care, 236 of whomwere treated (2). The first
post-baseline PK sample was collected before the cycle 4 infusion;
therefore, only the placebo patients who had at least 3 cycles of
treatment (n¼ 35) were included in exposure–response analyses
to facilitate an unbiased comparison. Of the ramucirumab
patients who were treated, 72 (30.5%) had ramucirumab con-
centration data and were included in the exposure–response
population. Although the REGARD exposure–response popula-
tion was notably smaller than the ITT population, the baseline
demographics and disease characteristics were mostly similar
(Table 2).

Exposure–efficacy analyses
RAINBOW. An exploratory univariate analysis evaluating ramu-
cirumab exposure as a continuous variable identified a significant
association between ramucirumab Cmin,ss and OS (P < 0.0001) as
well as PFS (P ¼ 0.0003). Stepwise Cox regression identified
prognostic factors that were significant independent predictors
for improved OS, including geographical region 3 (Japan, South
Korea, Hong Kong, Singapore, and Taiwan), ECOG PS 0, weight
loss less than 10%, up to 2metastatic sites, absence of ascites, well
or moderately differentiated tumor, and prior gastrectomy. After
accounting for these factors in a multivariable analysis, the
association between OS and Cmin,ss remained statistically signif-
icant (P ¼ 0.0008). Improved PFS was significantly associated
with gender (male), weight loss <10%, up to 2 metastatic sites,
and absence of liver metastasis. After adjusting for these factors,
the association between PFS andCmin,ss also remained statistically
significant (P ¼ 0.0004).

Ramucirumab exposure was also evaluated as a categorical
variable in order to facilitate comparisons with the control group.
Kaplan–Meier plots of OS and PFS stratified by ramucirumab
Cmin,ss quartiles demonstrated clear separation (Fig. 1A and B).
Median OS for each quartile and the placebo group was 6.6
months (Q1), 9.6months (Q2), 11.1 months (Q3), 12.6 months
(Q4), and 7.4 months (placebo). Median PFS for each quartile

Table 1. RAINBOW ITT and exposure–response population baseline demographics and disease characteristics

ITT population, n (%) Exposure–response population, n (%)

RAMþPAC PBOþPAC
RAMþPAC
overall

RAMþPAC
Cmin,ss Q1

RAMþPAC
Cmin,ss Q2

RAMþPAC
Cmin,ss Q3

RAMþPAC
Cmin,ss Q4

Characteristics N ¼ 330 N ¼ 335 N ¼ 321 N ¼ 80 N ¼ 80 N ¼ 80 N ¼ 81

Gender, male 229 (69) 243 (73) 220 (69) 52 (65) 57 (71) 58 (73) 53 (65)
Age <65 years 204 (62) 212 (63) 202 (63) 56 (70) 47 (59) 56 (70) 43 (53)
Race White 208 (63) 199 (59) 201 (63) 47 (59) 54 (68) 54 (68) 46 (57)

Asian 110 (33) 121 (36) 109 (34) 26 (33) 23 (29) 25 (31) 35 (43)
Other 12 (4) 15 (4) 11 (3) 7 (9) 3 (4) 1 (1) 0 (0)

Baseline body weight (kg) Mean (SD) 64 (15) 63 (15) 64 (15) 58 (13) 63 (13) 67 (18) 67 (16)
Median (range) 61 (32–134) 62 (30–135) 61 (32–134) 55 (40–96) 60 (32–96) 66 (38–134) 64 (44–131)

ECOG PS 0 117 (35) 144 (43) 116 (36) 19 (24) 22 (28) 31 (39) 44 (54)
1 213 (65) 191 (57) 205 (64) 61 (76) 58 (73) 49 (61) 37 (46)

Histological subtype Diffuse 115 (35) 133 (40) 114 (36) 34 (43) 33 (41) 29 (36) 18 (22)
Intestinal 145 (44) 135 (40) 140 (44) 33 (41) 34 (43) 31 (39) 42 (52)
Mixed/Missing/Unknown 70 (21) 67 (20) 67 (21) 13 (16) 13 (16) 20 (25) 21 (26)

Primary tumor location GEJ 66 (20) 71 (21) 62 (19) 11 (14) 12 (15) 22 (28) 17 (21)
Gastric 264 (80) 264 (79) 259 (81) 69 (86) 68 (85) 58 (73) 64 (79)

Primary tumor present 209 (63) 209 (62) 200 (62) 52 (65) 50 (63) 50 (63) 48 (59)
Number of metastatic sites 0–2 209 (63) 232 (69) 203 (63) 46 (58) 50 (63) 53 (66) 54 (67)

�3 121 (37) 103 (31) 118 (37) 34 (43) 30 (38) 27 (34) 27 (33)
Presence of ascites 130 (39) 107 (32) 128 (40) 38 (48) 33 (41) 27 (34) 30 (37)
Most common metastases Lymph nodes 215 (65) 205 (61) 209 (65) 56 (70) 50 (63) 47 (59) 56 (69)

Peritoneal 163 (49) 152 (45) 158 (49) 48 (60) 42 (53) 32 (40) 36 (44)
Liver 150 (45) 138 (41) 144 (45) 28 (35) 32 (40) 40 (50) 44 (54)
Lung 77 (23) 70 (21) 76 (24) 19 (24) 18 (23) 20 (25) 19 (23)

Tumor grade Well differentiated 28 (8) 22 (7) 26 (8) 9 (11) 4 (5) 4 (5) 9 (11)
Moderately differentiated 96 (29) 106 (32) 93 (29) 22 (28) 24 (30) 21 (26) 26 (32)
Poorly differentiated 186 (56) 186 (56) 183 (57) 46 (58) 44 (55) 50 (63) 43 (53)
Unknown 20 (6) 21 (6) 19 (6) 3 (4) 8 (10) 5 (6) 3 (4)

Prior gastrectomy 132 (40) 124 (37) 132 (41) 27 (34) 36 (45) 31 (39) 38 (47)
Weight loss, prior 3 monthsa <10% 277 (84) 286 (85) 269 (84) 65 (81) 64 (80) 64 (80) 76 (94)

�10% 53 (16) 47 (14) 52 (16) 15 (19) 16 (20) 16 (20) 5 (6)
Disease progression During first-line therapy 227 (69) 217 (65) 222 (69) 63 (79) 53 (66) 51 (64) 55 (68)

�4 months after first-line
therapy

94 (28) 108 (32) 90 (28) 17 (21) 24 (30) 25 (31) 24 (30)

Missing 9 (3) 10 (3) 9 (3) 0 (0) 3 (4) 4 (5) 2 (2)

Abbreviations: N, total number of patients; n, number of patients in group; PAC, paclitaxel; PBO, placebo; Q, quartile; RAM, ramucirumab.
aTwo patients in the placebo plus paclitaxel arm were missing data.
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and the placebo group was 2.9 months (Q1), 4.3 months (Q2),
5.2 months (Q3), 5.7 months (Q4), and 2.9 months
(placebo; Table 3). When each Cmin,ss quartile was compared
with the placebo plus paclitaxel arm, the HRs for OS and PFS
decreased with increasing ramucirumab exposure. This effect was
consistent after adjusting HRs for significant prognostic factors
(Table 3).

REGARD. In a univariate analysis utilizing ramucirumab expo-
sure as a continuous variable, a significant positive association
was observed between ramucirumab Cmin,ss and efficacy for the
REGARD exposure–response population (OS: P ¼ 0.0005 and
PFS: P ¼ 0.0134). Baseline factors that were significantly associ-
ated with reduced OS and PFS were the presence of peritoneal
metastasis, ECOG PS of 1 or greater, and location of primary
tumor (GEJ), which were used in all subsequent multivariable
analyses. The association between survival and Cmin,ss remained
significant after adjusting for these factors (OS: P ¼ 0.0002 and
PFS: P ¼ 0.0030).

In addition, ramucirumab exposure was reevaluated categori-
cally in order to facilitate comparison with the placebo arm.
The Kaplan–Meier plots of OS and PFS dichotomized by median
Cmin,ss in Fig. 1C and D demonstrate clear separation between
the two exposure groups. Median OS was 6.2 months in the

placebo group, 6.6months in the ramucirumabgroupwithCmin,ss <
median, and 10.7months in the ramucirumab groupwith Cmin,ss�
median (Table 4). The OS and PFS are higher in the exposure–
response population than in the REGARD ITT population because
the first PK sample was taken prior to cycle 4 at 8 weeks; thus, the
patients with early progression were not included, and thematched
placebo patients had the same consideration for the analysis.
Median PFS was 2.8 months in the placebo group and in the
ramucirumab group with Cmin,ss < median and 5.2 months in the
ramucirumab group with Cmin,ss � median (Table 4).

In summary, evaluating ramucirumab exposure as a continu-
ous variable or as a categorical variable showed the same trend
that increased ramucirumab exposure is associated with longer
survival and smaller HRs (Table 4).

Exposure–safety analyses
RAINBOW. The observed incidences of each safety endpoint by
Cmin,ss quartile are shown in Fig. 2. Logistic regression analyses
were performed to evaluate the relationship between predicted
Cmin,ss and the incidences of grade�3 hypertension, neutropenia,
and leukopenia. A statistically significant relationship (P < 0.001)
was identified between the incidence of grade �3 hypertension,
leukopenia, and neutropenia andmodel-predicted ramucirumab
Cmin,ss. The febrile neutropenia rate in the RAINBOW study was

Table 2. REGARD ITT and exposure–response population baseline demographics and disease characteristics

ITT population, n (%) Exposure–response population, n (%)

RAMþBSC PBOþBSC
RAMþBSC RAMþBSC,

Cmin,ss <Median
RAMþBSC,
Cmin,ss �Median PBOþBSC

Characteristic N ¼ 238 N ¼ 117
Overall,
N ¼ 72 N ¼ 36 N ¼ 36 N ¼ 35

Gender, male 169 (71) 79 (68) 49 (68) 27 (75) 22 (61) 22 (63)
Age <65 years 156 (66) 71 (61) 43 (60) 25 (69) 18 (50) 22 (63)
Race White 181 (76) 91 (78) 61 (85) 27 (75) 34 (94) 26 (74)

Asian 39 (16) 17 (15) 7 (10) 6 (17) 1 (3) 6 (17)
Other 18 (8) 9 (8) 4 (6) 3 (8) 1 (3) 3 (9)

Baseline body weight (kg) Mean (SD) 65 (15) 66 (17) 67 (16) 63 (13) 72 (17) 62 (15)
Median (range) 63 (36–113) 64 (31–118) 66 (45–113) 62 (45–110) 70 (50–113) 59 (31–94)

ECOG PSa 0 67 (28) 31 (26) 23 (32) 12 (33) 11 (31) 18 (51)
1 171 (72) 85 (73) 49 (68) 24 (67) 25 (69) 17 (49)

Histological subtype Diffuse 96 (40) 44 (38) 34 (47) 18 (50) 16 (44) 16 (46)
Intestinal 52 (22) 35 (30) 13 (18) 10 (28) 3 (8) 7 (20)
Undetermined/Not
available/Other

90 (38) 38 (32) 25 (35) 8 (22) 17 (47) 12 (34)

Primary tumor location GEJ 60 (25) 30 (26) 20 (28) 7 (19) 13 (36) 8 (23)
Gastric 178 (75) 87 (74) 52 (72) 29 (81) 23 (64) 27 (77)

Primary tumor present 174 (73) 86 (74) 50 (69) 27 (75) 23 (64) 23 (66)
Most common metastases Lymph nodes 154 (65) 74 (63) 43 (60) 24 (67) 19 (53) 19 (54)

Peritoneal 64 (27) 45 (38) 13 (18) 8 (22) 5 (14) 13 (37)
Liver 104 (44) 56 (48) 29 (40) 13 (36) 16 (44) 19 (54)
Lung 56 (24) 28 (24) 19 (26) 9 (25) 10 (28) 10 (29)

Number of metastatic sites 0–2 163 (68) 71 (61) 54 (75) 27 (75) 27 (75) 22 (63)
�3 75 (32) 46 (39) 18 (25) 9 (25) 9 (25) 13 (37)

Tumor grade Well differentiated 18 (8) 3 (3) 4 (6) 2 (6) 2 (6) 0
Moderately differentiated 75 (32) 29 (25) 27 (38) 15 (42) 12 (33) 11 (31)
Poorly differentiated 90 (38) 66 (56) 23 (32) 11 (31) 12 (33) 19 (54)
Undifferentiated 8 (3) 4 (3) 3 (4) 1 (3) 2 (6) 1 (3)
Unknown 47 (20) 15 (13) 15 (21) 7 (19) 8 (22) 4 (11)

Weight loss, prior 3 months <10% 197 (83) 97 (83) 63 (88) 32 (89) 31 (86) 30 (86)
�10% 41 (17) 20 (17) 9 (13) 4 (11) 5 (14) 5 (14)

Disease progression <6 months 154 (65) 83 (71) 47 (65) 29 (81) 18 (50) 24 (69)
�6 monthsb 81 (34) 34 (29) 25 (35) 7 (19) 18 (50) 11 (31)

Abbreviations: BSC, best supportive care; N, total number of patients; n, number in group; RAM, ramucirumab.
aOne patient in the placebo plus best supportive care arm had an ECOG PS of 2.
bThree patients missing in the ramucirumab plus best supportive care arm.
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low, at 2.4% for the placebo plus paclitaxel group, and increased
to only 3.1%with the addition of ramucirumab to paclitaxel; due
to the low incidence rate, logistic regressionwas not performed for
febrile neutropenia.

Covariates from the RAINBOW trial were evaluated for
significant (P < 0.001) relationships with the incidences of
hypertension, neutropenia, and leukopenia. Regardless of treat-
ment arm, patients with a previous history of hypertension may
have an increased risk of hypertension, older patients may have
an increased risk of neutropenia, and Asian patients may have
an increased risk of both neutropenia and leukopenia. The
relationships between ramucirumab Cmin,ss and the three safety

endpoints remained significant (P < 0.001) after adjusting for
the covariates.

REGARD. The number of patients with hypertension in the
REGARD exposure population was limited (n ¼ 10 with grade
�3 hypertension) among the 72 ramucirumab-treated patients
who provided PK exposure data. The incidence of grade �3
neutropenia was also low (n ¼ 5 in the ramucirumab group);
therefore, exposure–safety analyses were not conducted on these
toxicity outcomes. Although it appears that higher exposure may
increase the incidence of hypertension, with an odds ratio of 1.60
(95% CI, 0.34–8.45; Supplementary Table S1), data were too

Figure 1.

Kaplan–Meier analysis of RAINBOW (A and B) and REGARD (C and D). Efficacy outcomes in exposure–response populations by RAM Cmin,ss Group.
RAINBOW overall survival (OS) and progression-free survival (PFS) (A and B) are stratified by Cmin,ss quartile and each compared with paclitaxel plus
placebo patients. REGARDOS and PFS (C and D) are dichotomized by Cmin,ss median and each compared with patients in the placebo armwho had at least 3 cycles
of treatment. Abbreviations: PAC, paclitaxel; PBO, placebo; Q, quartile; RAM, ramucirumab. Quartiles: Q1 ¼ <25%; Q2 ¼ 25%–<50%; Q3 ¼ 50%–<75%;
Q4 ¼ �75%; RAM, ramucirumab; RAM Cmin,ss low, ramucirumab patients with median Cmin,ss <65.35 mg/mL; RAM Cmin,ss high, ramucirumab patients with
median Cmin,ss �65.35 mg/mL.
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limited to draw a firm conclusion regarding the relationship
between exposure and hypertension incidence.

Discussion
RAINBOW and REGARD were two phase III clinical trials that

established the efficacy and safety of ramucirumab plus paclitaxel
or ramucirumab alone in patients with previously treated
advanced gastric/GEJ cancer (2, 3). Exploratory analyses identified
associations between model-predicted exposure parameters and
survival and safety outcomes.

These exposure–response analyses suggest a positive relation-
ship between ramucirumab exposure and survival, with an
increased risk of toxicities that were manageable in the original
phase III trials (2, 3). When the ramucirumab exposure–efficacy
populationswere stratifiedby exposure quartiles or dichotomized
by the exposure median, there was clear separation between the
OS curves, suggesting that higher ramucirumab exposure ranges
may result in longer survival over the range of exposures achieved
by a dose of 8 mg/kg given once every 2 weeks as a single agent or
in combination with paclitaxel.

The safety profile of ramucirumab alone or in combination
with paclitaxel is largely consistent with the safety profiles of the

individual treatment components, and the combination has
revealed no unexpected safety findings (2, 3). In the RAINBOW
trial, grade�3 TEAEs occurring in at least 10%of patients and at a
higher rate in the ramucirumab plus paclitaxel arm were neutro-
penia, leukopenia, and hypertension. Independent of the treat-
ment arm, neutropenia was the most frequently reported AE;
however, the incidence of febrile neutropenia was low and similar
between treatment arms (3). The exposure–safety results pre-
sented here demonstrate that the incidence of grade �3 hyper-
tension, neutropenia, and leukopenia significantly correlated
with ramucirumab exposure, with increased exposure leading to
increased incidence. AE data from the REGARD exposure–safety
population were sparse, precluding any firm conclusions from
this population. However, it is noteworthy that in the RAINBOW
ITT population, grade�3 neutropenia was deemed as a clinically
manageable safety event (3). Similarly, grade �3 hypertension
was controlled with antihypertensive medication; additionally,
there were no reports of grade 4 or 5 hypertension in the RAIN-
BOWor the REGARD study (2, 3). Although patients in the lowest
ramucirumab exposure groups may benefit from an increase in
dose normalized by body weight, the risk for significant AEs
would potentially increase in the patient population as a whole.

The intersubject variability for mAb exposure is likely depen-
dent on a complex interaction of multiple factors, including
disease types, age, sex, race, ethnicity, body size, genetic poly-
morphisms, concomitant medication, comorbidities, immune
status, duration of therapy, and dose. In a previous pooled popPK
meta-analysis of 11 ramucirumab studies, the PK profile of
ramucirumab was well characterized by a 2-compartment model
with interpatient variability estimated on all parameters. How-
ever, the analysis did not identify any significant variables that
accounted for the differences in ramucirumab exposure (12). In
that same analysis, although body weight did not meet the
prespecified significance criteria for covariate selection, results
did indicate a relationship between body weight and ramucir-
umab PK. Thus, although we were not able to identify patients
who would be more likely to have higher or lower ramucirumab
exposure, the previous PK meta-analysis confirmed the appropri-
ateness of weight-based dosing (12). Likewise, biomarker anal-
yses from the RAINBOW study have not identified a predictive
biomarker for ramucirumab treatment, but did reveal several

Table 3. RAINBOW exposure–efficacy outcomes by Cmin,ss quartile

Efficacy parameter n/#events
Median (months)

(95% CI)
Unadjusted HR

(95% CI)
Adjusted HRa,b

(95% CI)

OS
PACþPBO 335/260 7.4 (6.3–8.4)
RAMþPAC Q1 80/71 6.6 (5.3–7.5) 1.32 (1.02–1.72) 1.08 (0.82–1.41)
RAMþPAC Q2 80/62 9.6 (6.9–11.4) 0.87 (0.66–1.15) 0.78 (0.58–1.03)
RAMþPAC Q3 80/59 11.1 (8.2–12.6) 0.74 (0.55–0.98) 0.65 (0.49–0.87)
RAMþPAC Q4 81/58 12.6 (11.0–15.5) 0.57 (0.43–0.75) 0.59 (0.44–0.78)

PFS
PACþPBO 335/296 2.9 (2.8–3.0)
RAMþPAC Q1 80/71 2.9 (2.8–4.2) 0.90 (0.70–1.17) 0.87 (0.67–1.14)
RAMþPAC Q2 80/70 4.3 (3.0–5.6) 0.72 (0.55–0.93) 0.68 (0.52–0.89)
RAMþPAC Q3 80/68 5.2 (4.2–5.7) 0.60 (0.46–0.78) 0.54 (0.41–0.71)
RAMþPAC Q4 81/65 5.7 (4.6–7.2) 0.49 (0.37–0.64) 0.43 (0.33–0.57)

Abbreviations: CI, confidence interval; n, number of patients in group; PAC, paclitaxel; PBO, placebo; Q, quartile; RAM, ramucirumab.
Quartiles: Q1¼ <25%; Q2 ¼ 25%–<50%; Q3 ¼ 50%–<75%; Q4 ¼ �75%.
aOS: Hazard ratios were adjusted for Eastern Cooperative Oncology Group performance status, weight loss, number of metastatic sites, presence of ascites, tumor
differentiation, prior gastrectomy, and geographic region.
bPFS: Hazard ratios were adjusted for gender, weight loss, number of metastatic sites, and liver metastasis.

Table 4. REGARD exposure-efficacy outcomes by Cmin,ss group

Efficacy parameter n/#events
Median
(months)

Adjusted
HRa

(95% CI)

OS
PBO 35/27 6.2
RAM Cmin,ss low vs. PBO 36/23 6.6 0.87 (0.49–1.58)
RAM Cmin,ss high vs. PBO 36/18 10.7 0.38 (0.19–0.73)

PFS
PBO 35/30 2.8
RAM Cmin,ss low vs. PBO 36/25 2.8 0.70 (0.40–1.24)
RAM Cmin,ss high vs. PBO 36/27 5.2 0.38 (0.20–0.71)

Abbreviations: CI, confidence interval; N, total number of patients; PBO, patients
in placebo armwho had at least 3 cycles of treatment; RAM, ramucirumab; RAM
Cmin,ss low, ramucirumab patientswithmedian Cmin,ss <65.35 mg/mL; RAMCmin,ss

high, ramucirumab patients with median Cmin,ss �65.35 mg/mL.
aMultivariable analysis of OS and PFS hazard ratios were adjusted for peritoneal
metastasis, Eastern Cooperative Oncology Group performance status, and
location of primary tumor.
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pharmacodynamic trends and potential markers for prognostic
effects (15). Levels of the proangiogenic cytokines VEGF-D and
placental growth factor increased, and levels of angiopoietin 2, a
key regulator of angiogenesis, decreased in the ramucirumab
treatment arm following initiation of treatment. Additionally,
low baseline levels of several potential prognostic markers corre-
sponded with longer OS and PFS across treatment arms. Further
exploration of these biomarkers is warranted.

Exposure–response relationships similar to those described
here for ramucirumab have been reported for several other mAbs
being used to treat various types of cancer. The ToGA trial
established the efficacy of the addition of trastuzumab to che-
motherapy for patients with HER2-positive metastatic gastric or
GEJ cancer. The analysis of the PK of trastuzumab in this popu-
lation showed that some patients with gastric cancer had a higher
clearance of trastuzumab than that seen in metastatic breast
cancer patients (7, 16). These data suggest that a higher dose of
trastuzumab may be required in at least some patients with
advanced gastric cancer (16). A similar phenomenon was seen
with bevacizumab in patients from the AVAGAST study with
advanced gastric cancer and with pertuzumab from the JOSHUA
study (9, 10). These PK and safety studies in patients with
advanced gastric cancer determined that a higher dose of treat-
ment is more likely to achieve the target exposure in a higher
percentage of patients and have been used to establish the dosing
regimen for additional trials (7, 10). Additionally, patients with
HER2-positive metastatic breast cancer treated with ado-trastu-
zumab emtansine (T-DM1) who had trough concentrations
below the median value had OS and PFS times comparable to
those in the control arm; higher T-DM1 exposures were associated
with improved OS and PFS (11). The popPK analysis of T-DM1
determined body weight, tumor burden, HER2 extracellular
domain concentrations, aspartate aminotransferase levels, serum
albumin levels, and baseline trastuzumab concentrations as the
most statistically significant covariates for T-DM1 exposure, but
themagnitudeof the effect of eachof these covariateswas less than
10%and did not result in dosemodifications (11).Higher steady-
state trough concentrations of ipilimumab used to treat patients
with advanced melanoma were also associated with improved
survival (8). Exposure–response relationships of ramucirumab in

patients with metastatic non–small cell lung cancer and in
patients with advanced second-line colorectal cancer also showed
associations between higher exposure to ramucirumab and longer
OS and PFS, with increased incidence of grade �3 AEs (17, 18).

The exposure data from RAINBOW were recently analyzed by
the FDA and, using a matched case–control approach, the same
conclusions were reached (19). The exposure–response relation-
ship seen inREGARDandRAINBOWled the FDA to request a Post
Marketing Commitment trial to test the hypothesis that higher
doses of ramucirumab could be beneficial with a manageable
toxicity profile (20). This phase II trial will treat patients with
paclitaxel in combination with alternative dosing schedules of
ramucirumab (ClinicalTrials.gov identifier NCT02514551). In
Europe, the EMA requested amonotherapy study of ramucirumab
in a four-arm trial testing different doses and schedules (Clin-
icalTrials.gov identifier NCT02443883). These trials have efficacy
or PK and safety as primary endpoints, respectively. These explor-
atory exposure–responsefindingshave also informed thedecision
to increase the ramucirumab dose in RAINFALL, a first-line trial in
gastric/GEJ cancer investigating ramucirumab 8mg/kg or placebo
given on days 1 and 8 of a 21-day cycle in combination with
chemotherapy (21).

In conclusion, exposure–response results presented here sug-
gest a positive relationship between efficacy and ramucirumab
exposures generated from a dose of 8 mg/kg administered every
2weeks asmonotherapy or in combinationwithweekly paclitaxel
with manageable toxicities. The hypothesis generated from these
results, that increasing exposure to ramucirumab may increase
efficacy, is currently being tested in randomized clinical trials.
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