
Vol.:(0123456789)1 3

Cancer Chemotherapy and Pharmacology (2018) 82:77–86 
https://doi.org/10.1007/s00280-018-3560-5

ORIGINAL ARTICLE

Exposure–response relationship for ramucirumab 
from the randomized, double-blind, phase 3 REVEL trial (docetaxel 
versus docetaxel plus ramucirumab) in second-line treatment 
of metastatic non-small cell lung cancer

Egbert F. Smit1,10 · Edward B. Garon2 · Martin Reck3 · Federico Cappuzzo4 · Paolo Bidoli5 · Roger B. Cohen6 · 
Ling Gao7 · Lisa M. O’Brien8 · Pablo Lee7 · Annamaria Zimmermann8 · David R. Ferry8 · Allen S. Melemed8 · 
Maurice Pérol9

Received: 1 September 2017 / Accepted: 3 March 2018 / Published online: 2 May 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Purpose Ramucirumab plus docetaxel improved survival in REVEL, a randomized phase 3 trial for patients with Stage IV 
non-small cell lung cancer after standard platinum-based chemotherapy. This exploratory analysis evaluated the exposure–
response relationship of ramucirumab from REVEL.
Methods Patients received ramucirumab (10 mg/kg) or placebo plus docetaxel (75 mg/m2) every 3 weeks. Pharmacokinetic 
samples were collected. A population pharmacokinetic analysis predicted ramucirumab minimum concentration after first-
dose administration (Cmin,1) and average concentration at steady state (Cave,ss). Predicted Cmin,1 and Cave,ss were used to evalu-
ate the relationship between ramucirumab exposure and efficacy and safety, respectively. Exposure–efficacy was assessed by 
Kaplan–Meier and Cox regression analyses; exposure–safety was assessed by ordered categorical analyses.
Results Analyses included 376 patients treated with ramucirumab plus docetaxel and 366 patients treated with placebo 
plus docetaxel (364 for safety population). After adjusting for corresponding prognostic factors, the association between 
overall survival (OS) and Cmin,1 was statistically significant (p = 0.0110), although progression-free survival (PFS) showed 
a marginal association (p = 0.0515). At high ramucirumab exposures (Cmin,1), greater improvements (smaller hazard ratios) 
were seen for OS and PFS when stratified by Cmin,1 exposure quartiles. A statistically significant correlation was observed 
between ramucirumab Cave,ss and grade ≥ 3 febrile neutropenia and hypertension.
Conclusions An association was observed between ramucirumab exposure and efficacy. Higher ramucirumab exposure was 
associated with improved clinical outcomes and increased toxicity in this analysis. Two exposure–response prospective ran-
domized trials are being conducted to address causation (NCT02443883 and NCT02514551), with encouraging preliminary 
results (Ajani et al. in Ann Oncol 28:abstr 698P, 2017).
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Introduction

Ramucirumab is a recombinant human immunoglobu-
lin G subclass 1  (IgG1) neutralizing monoclonal antibody 
(mAb) specific for vascular endothelial growth factor 
receptor-2 (VEGFR-2) [1]. The maximum tolerated dose 
of ramucirumab as a single agent is 13 mg/kg per week 
[2]. Safety and efficacy of ramucirumab in patients with 
previously treated Stage IV non-small cell lung cancer 
(NSCLC) were evaluated in a randomized, double-blind 
phase 3 trial (REVEL) comparing ramucirumab or placebo 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0028 0-018-3560-5) contains 
supplementary material, which is available to authorized users.

 * Egbert F. Smit 
 ef.smit@vumc.nl

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-018-3560-5&domain=pdf
https://doi.org/10.1007/s00280-018-3560-5


78 Cancer Chemotherapy and Pharmacology (2018) 82:77–86

1 3

in combination with docetaxel [3]. Overall survival and 
progression-free survival significantly improved in the 
ramucirumab arm. The four most common grade ≥ 3 treat-
ment-emergent adverse events (TEAEs) occurring in ≥ 5% 
of patients treated with ramucirumab plus docetaxel with 
a > 2% difference in the incidence rate between the ramu-
cirumab arm and placebo arm were neutropenia, febrile 
neutropenia, hypertension, and fatigue [3]. Based on the 
outcome of this clinical trial, ramucirumab was approved 
for use in combination with docetaxel for the treatment of 
patients with previously treated advanced NSCLC [4].

Exposure–response analyses are at the core of any deter-
mination of the safety and effectiveness of drugs [5]. Mono-
clonal antibodies (mAbs) have been shown to be effective 
anticancer agents, but assessing the pharmacokinetics (PK) 
of mAbs is challenging [5, 6]. Often, the maximum tolerated 
dose is not determined in phase 1 trials, and measuring tar-
get occupancy in cancer tissues is not easily accomplished. 
Indeed, the heterogeneous distribution of systemically 
administered antibodies in tumor tissue is a well-known con-
cern with the use of mAbs [6]. The variable PK of several 
mAbs used to treat different tumor types has provided data 
for potentially improving their individual dosing strategies 
[7–10]. The exposure–response analyses of ramucirumab in 
patients with gastric cancer and in patients with advanced 
colorectal cancer have shown an association between higher 
exposure to ramucirumab and longer overall survival and 
progression-free survival, as well as an increased risk of 
adverse events [11, 12]. Similarly, a study of four ramu-
cirumab dosing regimens in patients with advanced gastric/
gastroesophageal junction adenocarcinoma showed some 
trends towards improved progression-free survival and over-
all survival with the higher doses of ramucirumab versus 
the standard regimen, with safety profiles comparable to the 
standard regimen [13].

We conducted exposure–efficacy and exposure–safety 
analyses on data from patients treated with ramucirumab 
plus docetaxel from the REVEL trial. The objectives of 
these analyses were to evaluate the relationships between 
ramucirumab exposure and overall survival, progression-
free survival, and commonly reported TEAEs in patients 
with previously treated Stage IV NSCLC.

Materials and methods

Patients and samples

REVEL was a randomized, placebo-controlled, phase 3 clin-
ical trial that included patients with Stage IV NSCLC whose 
disease had progressed during or after one prior first-line 
platinum-based chemotherapy regimen (with or without bev-
acizumab or maintenance therapy) for advanced/metastatic 

disease. Patients were randomized (1:1) to receive ramu-
cirumab (10 mg/kg) or placebo in combination with doc-
etaxel (75 mg/m2) on day 1 of a 21-day (3-week) cycle, as 
previously described [3]. The primary endpoint was overall 
survival, and key secondary endpoints included progression-
free survival, analysis of ramucirumab PK parameters, and 
safety. The blood collection for PK analysis ranged from lim-
ited to extensive sampling, and the samples were collected at 
baseline, pre-infusion, and 1-h post-infusion at cycles 3, 5, 9, 
and 13, and at the 30-day safety follow-up. The details of the 
REVEL trial, including informed consent, trial design, and 
clinical definitions of overall survival and progression-free 
survival, have been previously described [3].

A population PK model was developed as previously 
described [14]. Predicted ramucirumab exposure parame-
ters [minimum concentration after first-dose administration 
(Cmin,1) and average concentration at steady state (Cave,ss)] 
were determined for ramucirumab-treated patients using a 
nonlinear mixed-effects modeling approach [NONMEM VI 
(ICON, Ellicott City, MD)]. Analyses were conducted in 
accordance with the United States Food and Drug Admin-
istration (FDA) Guidance for Industry on Population Phar-
macokinetics [5].

The first post-baseline PK sample was collected before 
the cycle three infusion. Therefore, only patients who 
received ≥ 3 doses of treatment (both arms) and had evalu-
able PK data were included in exposure–response analyses. 
Patients who discontinued before dose 3 of placebo were 
excluded from the placebo group.

Exposure–efficacy analyses

The exposure–efficacy analyses were performed using Cmin,1 
as both continuous and categorical (quartiles) values. Uni-
variate and multivariable Cox regression analyses were 
performed to evaluate the exposure–efficacy relationship 
between ramucirumab Cmin,1 and efficacy outcomes (overall 
survival and progression-free survival). Imbalances in prog-
nostic factors associated with progression-free survival or 
overall survival were adjusted in a multivariable Cox regres-
sion analysis. Factors with potential prognostic significance 
were identified using a stepwise Cox regression with an 
entry p value of 0.05 and an exit p value of 0.1 and were 
Eastern Cooperative Oncology Group performance status 
(ECOG PS; 0 versus 1); sex (females versus males); prior 
maintenance therapy (yes versus no); geographic region 
[region 1: Korea and Taiwan versus region 2: rest of the 
world (North America, South America, European Union, 
India, and Australia)]; smoking history (never versus ever); 
histology (nonsquamous versus squamous); best response 
to platinum-based chemotherapy [complete response (CR)/
partial response (PR)/stable disease (SD) versus progressive 
disease (PD)]; prior taxane treatment (no versus yes); prior 
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bevacizumab treatment (no versus yes); epithelial growth 
factor receptor (EGFR) status (wild type versus mutation 
versus unknown); age (< 65 years versus age ≥ 65 years); 
race (white versus black versus other); and time since prior 
therapy (< 9 versus ≥ 9 months).

To evaluate the exposure–response relationship com-
pared with the control group, patients in the exposed 
population were stratified into defined Cmin,1 exposure 
quartiles (Q): Q1, Cmin,1 6.26–≤ 15.7  µg/mL (< 25%); 
Q2, Cmin,1 > 15.7–≤20.7  µg/mL (25–< 50%); Q3, 
Cmin,1 > 20.7–≤ 27.9  µg/mL (50–< 75%); Q4, Cmin,1 
> 27.9–56.4 µg/mL (≥ 75%) (Supplemental Fig. 1). Overall 
survival and progression-free survival were assessed with 
the Kaplan–Meier method comparing each ramucirumab 
Cmin,1 quartile with data from the placebo plus docetaxel 
patients. The hazard ratios (HRs) for each quartile versus the 
control arm were estimated using a Cox proportional hazard 
model adjusted for baseline covariates.

Additional matched case–control analyses for overall 
survival were explored to adjust for potential imbalances 
in important prognostic factors between the treatment 
arms within each exposure quartile group as previously 
described [15]. In this analysis, the case groups are the four 
ramucirumab Cmin,1 exposure quartiles. For every patient 
in each exposure quartile group, a matched control patient 
was identified from all patients receiving placebo plus doc-
etaxel through a matching scheme based on the significant 
potential prognostic factors identified in the stepwise Cox 
regression analysis. The Mahalanobis metric matching tech-
nique was employed [16]. The balance of the prognostic 
factors between the two treatment arms was assessed in 
each case–control group, before and after matching, using 
Fisher’s exact test. Missing values in any of the matching 
factors excluded the patients from the matched case–control 
study. Kaplan–Meier survival analysis and Cox models were 
performed to compare the two treatment arms in each of the 
four matched case–control groups.

The statistical analyses were conducted with SAS soft-
ware (Version 9.1.2 or higher; SAS Institute, Cary, NC) or 
comparable software.

Exposure–safety analyses

The safety endpoints for the exposure–safety analysis were 
febrile neutropenia, neutropenia, fatigue, and hyperten-
sion. These were the four most common grade ≥ 3 TEAEs 
from the REVEL study occurring in ≥ 5% of patients in 
the ramucirumab plus docetaxel arm and with a > 2% dif-
ference in incidence rate between the ramucirumab arm 
and placebo arm. All TEAEs were graded according to the 
National Cancer Institute Common Terminology Criteria 
for Adverse Events version 4.0, as previously described [3]. 
Ordered categorical models were developed to explore the 

relationship between the predicted average concentration of 
ramucirumab at steady state (Cave,ss) and TEAEs.

Results

Exposure–response population

Of the 625 patients randomized to the placebo plus docetaxel 
(placebo) arm in the phase 3 REVEL trial, 366 patients 
(59%) received at least three cycles of treatment. However, 
two of these patients received one dose of ramucirumab in 
error instead of placebo. These two patients were included 
in the placebo arm for the exposure–efficacy population 
and excluded from the placebo arm for the exposure–safety 
population (n = 364; 58%) [3]. Among the 628 patients ran-
domized to the ramucirumab plus docetaxel (ramucirumab) 
arm, 376 (60%) patients received at least three cycles of 
ramucirumab and had available ramucirumab concentration 
data; the rest either discontinued before the third dose of 
ramucirumab was administered (210 patients), or the PK 
data were not available (42 patients) [3]. The baseline char-
acteristics of the factors evaluated for potential prognostic 
significance (ECOG PS, sex, prior maintenance therapy, 
geographic region, smoking history, histology, best response 
to platinum therapy, prior taxane, prior bevacizumab, EGFR 
status, age, race, and time since start of prior therapy) 
were similar between the treatment and placebo arms in 
the exposure–response population and consistent with the 
intent-to-treat (ITT) population, suggesting that the expo-
sure–response population is reflective of the ITT population 
enrolled in REVEL (Table 1).

Exposure–efficacy

A univariate Cox regression analysis with Cmin,1 as the con-
tinuous covariate with data from the treatment arm showed 
significant association between Cmin,1 and overall survival 
(p = 0.0004). A stepwise Cox regression identified factors 
significantly associated with overall survival of ECOG PS, 
sex, geographic region, histology, best response to platinum-
based therapy, and time since prior therapy. After adjusting 
for these factors, the association between overall survival 
and Cmin,1 remained statistically significant (p = 0.0110). 
Cmin,1 was also significantly associated with progression-
free survival (p = 0.0057). After adjusting for covariates sig-
nificantly associated with progression-free survival (ECOG 
PS, sex, and time since prior therapy), a similar association 
between Cmin,1 and progression-free survival was observed, 
although the association was marginal (p = 0.0515).

For comparison with the control group, Cmin,1 was dis-
tributed into quartiles to examine the relationship between 
exposure and efficacy. Kaplan–Meier plots demonstrated 
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Table 1  Baseline characteristics 
in REVEL ITT and exposure–
response populations

CR complete response, DOC docetaxel, ECOG PS Eastern Cooperative Oncology Group performance sta-
tus, EGFR epithelial growth factor receptor, ITT intention-to-treat, N total population size, n number of 
patients in group, PBO placebo, PD progressive disease, PR partial response, RAM ramucirumab, ROW 
rest of world, SD stable disease

Characteristics ITT population, N (%) Exposure–response population, N (%)

RAM + DOC 
N = 628

PBO + DOC N = 625 RAM + DOC 
N = 376

PBO + DOC N = 366

Age group
 18–< 65 391 (62) 407 (65) 254 (68) 222 (61)
 ≥ 65 237 (38) 218 (35) 122 (32) 144 (39)

Sex
 Female 209 (33) 210 (34) 143 (38) 126 (34)
 Male 419 (67) 415 (66) 233 (62) 240 (66)

Geographic region
 East Asia 43 (7) 46 (7) 28 (7) 22 (6)
 ROW 585 (93) 579 (93) 348 (93) 344 (94)

Prior maintenance therapy
 No 493 (79) 482 (77) 289 (77) 272 (74)
 Yes 135 (21) 143 (23) 87 (23) 94 (26)

ECOG PS at baseline
 0 207 (33) 199 (32) 143 (38) 128 (35)
 1 420 (67) 425 (68) 233 (62) 237 (65)
 Missing 1 (0.2) 1 (0.2) 0 (0) 1 (0.3)

Race
 Black 17 (3) 16 (3) 15 (4) 13 (4)
 White 526 (84) 503 (80) 305 (81) 299 (82)
 Other 84 (13) 106 (17) 55 (15) 54 (15)
 Missing 1 (0.2) 0 (0) 1 (0.3) 0 (0)

Smoking history
 Ever 518 (82) 483 (77) 306 (81) 280 (77)
 Never 109 (17) 141 (23) 70 (19) 85 (23)
 Missing 1 (0.2) 1 (0.2) 0 (0) 1 (0.3)

Best response to platinum-based chemotherapy
 CR/PR/SD 420 (67) 417 (67) 263 (70) 259 (71)
 PD 178 (28) 182 (29) 94 (25) 93 (25)
 Missing 30 (5) 26 (4) 19 (5) 14 (4)

Prior taxane treatment flag
 No 475 (76) 476 (76) 289 (77) 273 (75)
 Yes 153 (24) 149 (24) 87 (23) 93 (25)

Prior bevacizumab treatment
 No 540 (86) 533 (85) 326 (87) 311 (85)
 Yes 88 (14) 92 (15) 50 (13) 55 (15)

EGFR at baseline
 Mutant 15 (2) 18 (3) 10 (3) 9 (2)
 Unknown 402 (64) 406 (65) 236 (63) 240 (66)
 Wild type 207 (33) 197 (32) 128 (34) 114 (31)
 Missing 4 (0.6) 4 (0.6) 2 (0.5) 3 (0.8)

Histology
 Nonsquamous 465 (74) 447 (72) 286 (76) 269 (73)
 Squamous 157 (25) 171 (27) 89 (24) 91 (25)
 Missing 6 (1) 7 (1) 1 (0.3) 6 (2)

Time since prior therapy
 < 9 months 400 (64) 374 (60) 238 (63) 186 (51)
 ≥ 9 months 226 (36) 251 (40) 138 (37) 180 (49)
 Missing 2 (0.3) 0 (0) 0 (0) 0 (0)
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separation between the overall survival curves for the Cmin,1 
quartiles (Fig. 1a). Median overall survival was 11.1, 14.6, 
12.6, 17.1, and 13.3 months for Cmin,1 Q1, Q2, Q3, Q4, and 
placebo, respectively. Median progression-free survival was 
5.6, 7.0, 5.7, 7.0, and 5.5 months for Cmin,1 Q1, Q2, Q3, Q4, 
and placebo, respectively (Table 2). Longer overall survival 
favoring ramucirumab was observed in Q2 and Q4 compared 
to placebo. The Kaplan–Meier plots for progression-free sur-
vival also showed a similar trend (Fig. 1b). For progression-
free survival, ramucirumab was favored in Q2 and Q4 (HR 
0.71 for each) as compared to placebo. By contrast, patients 

in the lowest exposure quartile had the largest HRs for both 
overall survival (HR 1.19, 95% CI 0.89, 1.59) and progres-
sion-free survival (HR 0.92, 95% CI 0.72, 1.18).

Several baseline characteristics were slightly different 
among the quartiles (Supplemental Table 1). Therefore, we 
adjusted for the potential impact of imbalances in baseline 
characteristics and important prognostic factors between the 
treatment arms within each exposure group using a matched 
case–control analysis for overall survival. Seven matching 
factors with prognostic significance associated with over-
all survival were identified using a stepwise Cox regres-
sion with entry p value of 0.05 and exit p value of 0.1 and 
adjusted for sex (female versus male), ECOG PS at base-
line (0 versus 1), geographic region (Japan/East Asia versus 
rest of world), histology (nonsquamous versus squamous), 
best response to platinum-based chemotherapy (CR/PR/SD 
versus PD), best response to platinum-based chemotherapy 
(missing versus PD), and time since prior therapy (< 9 ver-
sus ≥ 9 months). The matching was performed separately 
within each of the four Cmin,1 exposure quartiles in the ramu-
cirumab plus docetaxel arm (Supplemental Table 2). The 
two treatment arms in each of the four matched case–con-
trol groups were compared using Kaplan–Meier method-
ology for overall survival (Fig. 2). Overall, there was a 
trend for overall survival HRs to decrease with increasing 
ramucirumab exposure. The analysis demonstrated clinical 
benefits in Q2, Q3, and Q4 compared to matched control, 
although Q1 showed results similar to the control (Fig. 2). 
Among the four quartile groups, the higher exposure quar-
tile groups (Q2–Q4) were generally associated with longer 
survival and HR < 1 (Fig. 2). Overall, our findings suggest (i) 
that there is a significant association between exposure and 
efficacy when exposure was treated as continuous covari-
ate and (ii) that there may be a greater extent of clinical 
benefit in patients with higher exposures when compared 
to the control group. In addition, Kaplan–Meier univariate 
analysis showed inferior survival for Q1 compared to con-
trol (Table 2), likely due to unbalanced prognostic factors, 
since no adjustments were made for prognostic factors in 
the Kaplan–Meier univariate analysis. After adjusting for 
prognostic factors in a multivariable analysis, there was lit-
tle or no detrimental effect (Table 2) at Q1 exposure ver-
sus the control group for both overall survival (HR 1.19, 
95% CI 0.89, 1.59) and progression-free survival (HR 0.92, 
95% CI 0.72, 1.18). However, the adjusted hazard ratios for 
progression-free survival in Table 2 are not consistent with 
a clear, ordered monotonic exposure–response.

Exposure–safety

Observed incidences of grade ≥ 3 hypertension, neutropenia, 
febrile neutropenia, and fatigue for the ramucirumab and 

Fig. 1  Kaplan–Meier analysis of overall survival and progression-free 
survival in REVEL exposure–response population by ramucirumab 
Cmin,1 quartile. Overall survival (a) and progression-free survival 
(b) in the REVEL exposure–response population stratified by Cmin,1 
quartile and each compared with patients treated with docetaxel plus 
placebo who had at least three cycles of treatment. Cmin,1 minimum 
concentration following the first dose, DOC docetaxel, PBO pla-
cebo, Q quartile, Q1, Cmin,1 6.26–≤ 15.7  µg/mL (< 25%), Q2, Cmin,1 
> 15.7–≤ 20.7  µg/mL (25–< 50%), Q3, Cmin,1 > 20.7–≤ 27.9  µg/mL 
(50–< 75%), Q4, Cmin,1 > 27.9–56.4  µg/mL (≥ 75%), RAM ramu-
cirumab
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placebo arms were similar between the REVEL ITT safety 
population and the exposure–safety population (Table 3).

The observed incidences of each safety endpoint by 
Cave,ss quartile are shown in Fig. 3. Ordered categorical 
analyses were further performed to evaluate the relationship 
between predicted measures of exposure and the incidences 
of grade ≥ 3 febrile neutropenia, neutropenia, fatigue, and 
hypertension. Based on this analysis, a statistically signifi-
cant relationship (p < 0.001) was identified between Cave,ss 
and the incidence of grade ≥ 3 febrile neutropenia and 
hypertension.

There was no apparent relationship between Cave,ss and 
incidence of neutropenia or fatigue (Fig. 3).

Discussion

REVEL was a positive phase 3 clinical trial that established 
the efficacy and safety of ramucirumab plus docetaxel 
for patients with previously treated Stage IV NSCLC [3]. 
An exploratory analysis identified a relationship between 
ramucirumab exposure and survival outcomes. The results 
described here provide evidence for a positive expo-
sure–response relationship between ramucirumab exposure 
and survival and toxicity in patients with previously treated 
Stage IV NSCLC. Separation between the Kaplan–Meier 
overall survival curves was observed among Cmin,1 expo-
sure groups stratified by quartile (Fig. 1a), indicating that 
the higher exposure groups were generally associated with 
improved survival over the range of exposures achieved by a 

10-mg/kg dose of ramucirumab given once every 3 weeks in 
combination with docetaxel. After adjusting for prognostic 
factors in a multivariable analysis (Table 2), the HRs for 
overall survival in Q2, Q3, and Q4 were below 1, indicating 
a trend towards treatment benefit in these quartiles. When 
the imbalances in prognostic factors were controlled for in 
the matched case–control analysis (Fig. 2), the HRs for over-
all survival in each quartile were very similar to the adjusted 
HRs from the multivariable analysis (Table 2). The trend 
for improvement in progression-free survival in the Cmin,1 
exposure quartiles was not as linear as the results for over-
all survival, indicating that there may still be imbalances in 
unknown prognostic factors among quartiles.

One limitation of this study is that the first measurable PK 
samples were taken immediately before cycle 3. Therefore, 
patients in the ramucirumab plus docetaxel arm who dis-
continued before this third dose did not have ramucirumab 
PK data and no exposure–response relationship could be 
evaluated. To perform an appropriate comparison, patients 
in the placebo arm who discontinued before cycle 3 were 
also excluded from the exposure–efficacy analyses. Thus, 
the analysis was biased in both treatment arms for those 
patients who remained on treatment for at least three cycles, 
which may have impacted assessment of the true expo-
sure–response effect. Thus, the observed relationship in the 
exposure–response population may be different from that in 
the ITT population. A better study design would be to meas-
ure cycle-1 levels of ramucirumab exposure to minimize 
this potential bias. As a result of only including patients 
who remained on treatment for at least three cycles, median 

Table 2  Exposure–efficacy outcomes by Cmin,1 quartile

Cmin,1 minimum concentration following the first dose, CI confidence interval, DOC docetaxel, ECOG PS Eastern Cooperative Oncology Group 
performance status, HR hazard ratio, n number of patients in group, PBO placebo, Q quartile, Q1, Cmin,1 6.26–≤ 15.7 µg/mL (< 25%), Q2, Cmin,1 
> 15.7–≤ 20.7 µg/mL (25–< 50%), Q3, Cmin,1 > 20.7–≤ 27.9 µg/mL (50–< 75%), Q4, Cmin,1 > 27.9–56.4 µg/mL (≥ 75%), RAM ramucirumab
a Overall survival HRs by RAM + DOC quartile for multivariable analysis were adjusted for ECOG PS, sex, geographic region, histology, best 
response to platinum-based chemotherapy, and time since prior therapy
b Progression-free survival HRs by RAM + DOC quartile for multivariable analysis were adjusted for ECOG PS, sex, and time since prior therapy

Efficacy parameter RAM + DOC 
n/#events

PBO + DOC 
n/#events

Median 
(months)

Unadjusted HR (95% CI) Adjusted  HRa,b (95% CI)

Overall survival
 PBO + DOC 13.3
 RAM + DOC Cmin,1 Q1 94/69 366/230 11.1 1.36 (1.04, 1.78) 1.19 (0.89, 1.59)
 RAM + DOC Cmin,1 Q2 94/55 366/230 14.6 0.87 (0.65, 1.17) 0.79 (0.58, 1.08)
 RAM + DOC Cmin,1 Q3 94/58 366/230 12.6 0.93 (0.69, 1.23) 0.85 (0.63, 1.14)
 RAM + DOC Cmin,1 Q4 94/49 366/230 17.1 0.69 (0.51, 0.94) 0.67 (0.48, 0.93)

Progression-free survival
 PBO + DOC 5.5
 RAM + DOC Cmin,1 Q1 94/84 366/339 5.6 1.07 (0.84, 1.36) 0.92 (0.72, 1.18)
 RAM + DOC Cmin,1 Q2 94/84 366/339 7.0 0.77 (0.61, 0.98) 0.71 (0.55, 0.90)
 RAM + DOC Cmin,1 Q3 94/87 366/339 5.7 0.91 (0.72, 1.15) 0.84 (0.67, 1.07)
 RAM + DOC Cmin,1 Q4 94/85 366/339 7.0 0.69 (0.54, 0.87) 0.71 (0.55, 0.90)
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Fig. 2  Overall survival Kaplan–Meier curves in each matched case–
control Cmin,1 quartile. Kaplan–Meier curves of overall survival for 
each ramucirumab plus docetaxel case–control Cmin,1 quartile com-
pared with patients treated with placebo plus docetaxel who had at 
least three cycles of treatment. Cmin,1 minimum concentration fol-

lowing the first dose, DOC docetaxel, PBO placebo, Q quartile, Q1, 
Cmin,1 6.26–≤ 15.7  µg/mL (< 25%), Q2, Cmin,1 > 15.7–≤ 20.7  µg/mL 
(25–<50%), Q3, Cmin,1 > 20.7–≤ 27.9 µg/mL (50–< 75%), Q4, Cmin,1 
> 27.9–56.4 µg/mL (≥ 75%), RAM ramucirumab

Table 3  Summary of observed grade ≥ 3 adverse events in REVEL ITT and exposure–safety populations

There were no grade 5 febrile neutropenia or neutropenia events, one reported grade 4 hypertension event, and no grade 4 fatigue events
Cave,ss average concentration at steady state, DOC docetaxel, ITT intention-to-treat, N total population size, n number of patients in group, PBO 
placebo, Q quartile, RAM ramucirumab
a Predicted Cave,ss exposure quartiles: Q1 = 37.9–≤ 79.3 µg/mL; Q2 = > 79.3–≤ 97.4 µg/mL; Q3 = > 97.4–≤ 118 µg/mL; Q4 = > 118–207 µg/mL
b Consolidated adverse events

Grade ≥ 3 
adverse events

ITT safety population Exposure–safety  populationa

n (%) n (%) %

RAM + DOC 
N = 627

PBO + DOC 
N = 618

RAM + DOC 
N = 376

PBO + DOC 
N = 364

RAM Q1 
n = 94

RAM Q2 
n = 94

RAM Q3 
n = 94

RAM Q4 
n = 94

Febrile neutro-
penia

100 (15.9) 62 (10.0) 66 (17.6) 43 (11.8) 7.5 19.1 22.3 21.3

Neutropeniab 306 (48.8) 246 (39.8) 212 (56.4) 174 (47.8) 56.4 54.3 60.6 54.3
Fatigueb 88 (14.0) 65 (10.5) 61 (16.2) 40 (11.0) 13.8 19.1 18.1 13.8
Hypertension 34 (5.4) 12 (1.9) 28 (7.4) 10 (2.7) 4.3 5.3 13.8 6.4
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progression-free survival (5.5 months) and overall survival 
(13.3 months) in the placebo plus docetaxel arm (N = 366) 
of the exposure–response population were longer than those 
reported in the control arm of the REVEL ITT population 
(median progression-free survival = 3.0 months, median 
overall survival = 9.1 months) [3]. This report showed an 
overall survival benefit of 1.4 months and a progression-
free survival benefit of 1.5 months for ramucirumab as 
compared to placebo in the ITT population. In the current 
analysis, the highest quartile showed 3.8-month overall 
survival benefit and 1.5-month progression-free survival 
benefit for ramucirumab as compared to placebo; these out-
comes are similar to the 5.2-month overall survival ben-
efit and 2.8-month progression-free survival benefit in the 
highest ramucirumab exposure quartiles compared to the 
placebo arm in the RAINBOW exposure–response analysis 
that included patients with gastric cancer treated with 8 mg/
kg ramucirumab plus paclitaxel [11]. These results suggest 
that a higher exposure to ramucirumab may improve efficacy 
outcomes.

In the REVEL ITT population, ramucirumab in combina-
tion with docetaxel was well tolerated with manageable side 
effects. The safety profile was consistent with that observed 
for ramucirumab established in previous studies in gastric 
cancer, NSCLC, and urothelial carcinoma as well as the 
established safety profile for docetaxel [3, 17–19]. In the 
REVEL trial, grade ≥ 3 TEAEs occurring in at least 5% of 
patients and at a > 2% higher incidence in the ramucirumab 
arm versus the control arm were neutropenia (49 versus 
40%), febrile neutropenia (16 versus 10%), fatigue (14 ver-
sus 11%), and hypertension (5 versus 2%) [3]. Independent 
of the treatment arm, neutropenia was the most frequently 

reported grade ≥ 3 adverse event [3]. Our exploratory expo-
sure–safety analysis demonstrated that the incidence of 
grade ≥ 3 hypertension and febrile neutropenia correlated 
with predicted ramucirumab concentration and increased 
exposure. A statistically significant association with expo-
sure was only found for hypertension and febrile neutrope-
nia. No covariates were found that altered the relationship 
between ramucirumab exposure and either hypertension or 
febrile neutropenia. The lack of association between expo-
sure and neutropenia is presumably due to the high incidence 
of neutropenia (47.8%) in the control arm due to docetaxel.

A population PK meta-analysis of 11 ramucirumab trials 
that included different indications identified a modest rela-
tionship between body weight and ramucirumab disposition, 
which confirms that a weight-normalized dosing regimen is 
appropriate for therapy with ramucirumab. No other covari-
ates were shown to have a clinically significant influence on 
the disposition of ramucirumab [14]. In the current study, 
we were not able to identify patients who would be more 
likely to have higher or lower ramucirumab exposure. Thus, 
therapeutic drug monitoring to measure the ramucirumab 
concentrations may be one option to help optimize the ben-
efit for patients with advanced NSCLC.

Another limitation of this study is the loss of the effect 
of randomization when patients in the ramucirumab arm 
are stratified by estimated exposure quartiles. We addressed 
the resulting imbalance among patient factors by two 
approaches in the exposure–efficacy analysis. First, the same 
control group consisting of patients in the placebo arm who 
received ≥ 3 cycles of treatment was used as the compara-
tor for each exposure group and prognostic factors were 
adjusted by multivariable analysis. Second, we identified a 
matched control group for each exposure quartile group, so 
that each case–control group had a similar distribution of 
patient characteristics. A similar strategy based on exposure 
subgroups, prognostic factors, and matched placebo controls 
was utilized by the FDA to analyze the exposure–response 
data for ramucirumab in advanced gastric cancer from the 
RAINBOW study [20]. Similar exposure–response rela-
tionships for ramucirumab were observed in the analyses 
used by the FDA to account for unbalanced patient fac-
tors in advanced gastric cancer, in the analysis performed 
on patients with different types of cancer in other studies 
(REGARD: NCT00917384, RAISE: NCT01183780), and in 
the current analysis of NSCLC [11, 12]. Very similar expo-
sure–response outcomes have been reported for other mAbs 
being used to treat various types of cancer [8–10].

The similarity between the exposure–response analyses 
of ramucirumab in patients with gastric cancer (REGARD 
and RAINBOW trials) and the current REVEL expo-
sure–response findings raises the possibility that higher 
exposure to ramucirumab may be beneficial with respect 
to the overall survival and progression-free survival in 

Fig. 3  Incidence of grade ≥ 3 adverse events by Cave,ss quartile. The 
observed incidence of select grade ≥ 3 adverse events by ramu-
cirumab plus docetaxel Cave,ss quartile. Predicted Cave,ss exposure 
quartiles: Q1 = 37.9–≤79.3  µg/mL; Q2 = > 79.3–≤97.4  µg/mL; 
Q3 = > 97.4–≤118  µg/mL; Q4 = > 118–207  µg/mL. aIncidence of 
grade 3 fatigue. Cave,ss average concentration at steady state, DOC 
docetaxel, PBO placebo, Q quartile, RAM ramucirumab
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these patients. In fact, the findings presented here from 
REVEL have informed the decision to increase the ramu-
cirumab dose in a randomized, phase 3 study of first-line 
ramucirumab (10 mg/kg given every 2 weeks) plus erlo-
tinib to treat patients with EGFR mutation-positive meta-
static NSCLC (RELAY; NCT02411448). In addition, the 
exposure–response relationship seen in REGARD and 
RAINBOW led the FDA to request a Post Marketing Com-
mitment trial to test the hypothesis that higher doses of 
ramucirumab might be beneficial [21]. In this postmarket-
ing phase 2 trial, advanced gastric/GEJ patients were treated 
with paclitaxel 80 mg/m2 on days 1, 8, and 15 of a 28-day 
cycle and randomized to the standard dose of ramucirumab 
of 8 mg/kg every 2 weeks versus 12 mg/kg every 2 weeks 
(NCT02514551). In Europe, the European Medicines 
Agency requested a monotherapy study of ramucirumab in 
a 4-arm phase 2 trial testing different doses and schedules 
(NCT02443883). The three experimental arms of the trial 
included ramucirumab regimens of 8 mg/kg every 2 weeks, 
12 mg/kg every 2 weeks, and 6 mg/kg weekly versus the 
standard monotherapy regimen of 8 mg/kg on days 1 and 8 
every 3 weeks. Pharmacokinetic analyses showed that the 
trough concentrations of the experimental regimens were 
greater than the standard regimen. Trends towards improved 
progression-free survival and overall survival were observed 
in the experimental regimens versus the standard regimen, 
with safety profiles similar to the standard regimen [13].

In conclusion, this exploratory analysis of population PK 
data in the REVEL study suggests a positive association 
between efficacy and ramucirumab exposure using a ramu-
cirumab dose of 10 mg/kg every 3 weeks in combination 
with docetaxel. This regimen is effective and safe and offers 
a favorable benefit-to-risk profile in patients with previously 
treated Stage IV NSCLC. Patients may benefit from a ramu-
cirumab dosing regimen that could produce higher ramu-
cirumab exposure. Further prospective validation of these 
findings is currently underway.
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