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Abstract
Purpose These exposure–response (E–R) analyses integrated lurbinectedin effects on key efficacy and safety variables in 
relapsed SCLC to determine the adequacy of the dose regimen of 3.2 mg/m2 1-h intravenous infusion every 3 weeks (q3wk).
Methods Logistic models and Cox regression analyses were applied to correlate lurbinectedin exposure metrics (AUC tot  
and AUC u) with efficacy and safety endpoints: objective response rate (ORR) and overall survival (OS) in SCLC patients 
(n = 99) treated in study B-005 with 3.2 mg/m2 q3wk, and incidence of grade 4 (G4) neutropenia and grade 3–4 (G ≥ 3) 
thrombocytopenia in a pool of cancer patients from single-agent phase I to III studies (n = 692) treated at a wide range of 
doses. A clinical utility index was used to assess the appropriateness of the selected dose.
Results Effect of lurbinectedin AUC u on ORR best fitted to a sigmoid-maximal response (Emax) logistic model, where Emax 
was dependent on chemotherapy-free interval (CTFI). Cox regression analysis with OS found relationships with both CTFI 
and AUC u. An Emax logistic model for G4 neutropenia and a linear logistic model for G ≥ 3 thrombocytopenia, which retained 
platelets and albumin at baseline and body surface area, best fitted to AUC tot and AUC u. AUC u between approximately 1000 
and 1700 ng·h/L provided the best benefit/risk ratio, and the dose of 3.2 mg/m2 provided median AUC u of 1400 ng·h/L, thus 
maximizing the proportion of patients within that lurbinectedin target exposure range.
Conclusions The relationships evidenced in this integrated E–R analysis support a favorable benefit-risk profile for lurbi-
nectedin 3.2 mg/m2 q3wk.
Trial registration Clinicaltrials.gov: NCT02454972; registered May 27, 2015.
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Introduction

Lung cancer is the leading cause of cancer deaths world-
wide. Small-cell lung cancer (SCLC) accounts for about 
15% of lung cancers overall and is a particularly aggressive 
neoplasm with a 5-year survival rate of < 5%. Little progress 
has been made in improving the outcome for patients with 
this malignancy over the past 30 years. When patients with 
SCLC relapse, few therapeutic options are available. Until 
recently, topotecan was the only approved drug for second-
line treatment of patients with a chemotherapy-free interval 
(CTFI) longer than 60 days. However, topotecan use is chal-
lenging because of its associated hematological toxicities 

and relatively modest clinical benefit (response in around 
16% of patients and median overall survival of 6–8 months) 
[1–6].

Lurbinectedin is a selective inhibitor of oncogenic tran-
scription that binds preferentially to guanines located in the 
GC-rich regulatory areas of DNA gene promoters [7, 8]. 
The drug, thus, prevents binding of transcription factors to 
their recognition sequences, thereby inhibiting oncogenic 
transcription and leading to cell cycle arrest and tumor cell 
apoptosis [9]. Lurbinectedin has a direct effect on the tumor 
microenvironment by modifying the immune-regulatory 
properties of tumor associated macrophages, where it sig-
nificantly inhibits the transcription of CCL2, CXCL8, and 
VEGF [10].

Lurbinectedin is highly protein-bound, and metabolism 
by cytochrome P450 (CYP) 3A is the major clearance mech-
anism [11]. Main metabolites of lurbinectedin did not show 
a significant contribution to the overall active moiety [12]. A 
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population pharmacokinetic (PopPK) analysis [13] with data 
from 443 cancer patients suggested that an open three-com-
partment model with linear disposition described the time 
course of total plasma lurbinectedin concentrations. The 
estimate for the total body clearance of drug from plasma 
 (CLtot) was 11.2 L/h, corresponding to a blood CL of ~ 17 
L/h, thus reflecting a low extraction ratio of 0.19. Appar-
ent volume at steady state was 438 L. High α-1-acid glyco-
protein (AAG), C-reactive protein (CRP), and low albumin 
reduced clearance by 28%, 20%, and 20%, respectively. Co-
administration of CYP3A inhibitors reduced clearance by 
30%.

The first-in-human dose-finding study of lurbinectedin in 
patients with advanced solid tumors (A-001) [14] defined the 
recommended dose (RD) at 7.0 mg flat dose (FD) (equiva-
lent to 4.0 mg/m2) as a 1-h infusion every 3 weeks (q3wk), 
since pharmacokinetic analyses showed no relationship 
between CL and body surface area (BSA). Mild and moder-
ate reversible myelosuppression was the most relevant tox-
icity. A second dose-finding study (A-005) [15] exploring 
an alternative regimen (days 1 and 8 q3wk) found a higher 
incidence of dose-limiting toxicities (21% vs. 7%) at the RD 
(5 mg FD), more cycle delays, and poorer treatment com-
pliance than the A-001 study. After using the 7.0 mg FD 
q3wk regimen in early phase II studies, semi-mechanistic 
pharmacokinetic-pharmacodynamic analyses were devel-
oped to model the time course of neutrophils and platelets 
and to explore alternative dose regimes [16]. Simulations 
showed that BSA-based dosed 3.2 mg/m2 q3wk reduced the 
incidence of G4 neutropenia and thrombocytopenia by 20% 
and 80%, respectively, compared to 7.0 mg FD q3wk. There-
fore, 3.2 mg/m2 q3wk was selected as the starting dose for 
further studies.

Clinical efficacy and safety of lurbinectedin in patients 
with relapsed SCLC (n = 105) as well as other aggressive 
malignancies (n = 230) were evaluated in phase II, single-
arm basket study B-005 [17]. Patients received lurbinectedin 
3.2 mg/m2 q3wk, with support of secondary prophylaxis 
with granulocyte colony-stimulating factor (G-CSF) when 
needed. In the overall population (n = 335), the incidences of 
G4 neutropenia (< 0.5 ×  109/L) and G ≥ 3 thrombocytopenia 
(< 50 ×  109/L) in cycle 1 were 16.2% and 6.0%, respectively. 
In the SCLC cohort, lurbinectedin was efficacious in increas-
ing the median objective response rate (ORR) in patients 
with resistant (22% [95% CI 11.2–37.1] and sensitive disease 
45.0% [95% CI 32.1–58.4], by Independent Review Com-
mittee [IRC]) (n = 96), and in extending the overall survival 
(OS) in patients with resistant (5.0 months [95% CI 4.1–6.3]) 
and sensitive disease (11.9 months [95% CI 9.7–16.2]). In 
the responders, median duration of response was 5.1 months 
(95% CI 4.9–6.4 months). Based on these results, on June 
15, 2020, the US Food and Drug Administration (FDA) 
granted accelerated approval to lurbinectedin monotherapy 

in SCLC that has relapsed from platinum compound-based 
first-line chemotherapy [11].

For the new drug application, the FDA requested justifi-
cation of the 3.2 mg/m2 q3wk dose regimen with integrated 
exposure–response (E–R) analysis for efficacy and safety, 
which is presented herein.

Therefore, the purpose of this study was to characterize 
the relationships between lurbinectedin plasma exposure 
and both efficacy and safety endpoints, and to evaluate the 
potential influences of risk factors associated with these 
outcomes. A clinical utility index (CUI) was developed to 
manage safety and efficacy as a single measure, with the aim 
of determining the adequacy of the selected dose regimen.

Methods

Patients

The database from a previous PopPK analysis [13] was 
updated with late phase II and III studies and restricted to 
patients given lurbinectedin as a single agent (n = 755), as 
summarized in Online Resource Supplementary Table S1. 
Exposure-efficacy analyses were based on available expo-
sure and efficacy data from SCLC patients treated with 
single-agent lurbinectedin from study B-005 (n = 99), and 
exposure-safety analyses were based on all single-agent lur-
binectedin studies in non-hematological malignancies when 
the agent was given q3wk (n = 644) (see Online Resource 
Supplementary Table S1). All studies were carried out in 
accordance with principles for human experimentation as 
defined in the Declaration of Helsinki and were approved 
by the human investigational review board/ethics committee 
of each trial center, as required by International Council for 
Harmonisation of Technical Requirements for Pharmaceu-
ticals for Human Use Guidelines for Good Clinical Practice. 
Informed consent was obtained from each patient after each 
was informed of the potential risks and benefits, as well as 
the investigational nature of each trial.

Lurbinectedin plasma concentration measurement, 
ORR and OS definition, and neutrophil and platelet 
count determination

Total plasma concentrations of lurbinectedin were measured 
using a high-performance liquid chromatography tandem 
mass spectroscopy assay (in preparation). The lower limit of 
quantitation for the assay was set to 0.1 ng/mL. The within- 
and between-day precision ranged from 2.7 to 12.9% and 
from 5.1 to 10.7%, respectively. The within- and between-
day accuracy (bias) ranged from − 10 to 12% and from − 5 
to 6%, respectively. Additional details are provided in Sup-
plementary Methods.
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ORR was defined as the percentage of patients with com-
plete or partial response defined per Investigator’s Assess-
ment and confirmed by Independent Radiology review 
Committee, using RECIST v.1.1 [18]. Radiological tumor 
assessments were done at baseline, and every two cycles 
from the onset of the study treatment until cycle 6 or evi-
dence of disease progression. After cycle 6, tumor assess-
ment was performed every three cycles until evidence of 
disease progression. If an objective response was observed, 
according to the RECIST v.1.1, it had to be confirmed by 
the same method at least 4 weeks after the date of the first 
documentation of response. OS was defined as the time from 
the date of treatment to the date of death or last contact.

Total neutrophil and platelet counts were assessed using 
routine complete blood counts according to local site labo-
ratories. NCI-CTCAE v.4. was used for the definition of G4 
neutropenia and G ≥ 3 thrombocytopenia.

Computer software

Datasets were prepared using SAS Enterprise Guide v.7.11 
HF3 (SAS Institute Inc., Cary, NC, USA). Population PK 
assessment and exposure–response (ORR and myelosup-
pression) modeling were conducted using NONMEM 
v.7.3.0, SAEM with interaction, and IMP estimation meth-
ods (GloboMax LLC, Hanover, MD, USA). Compilations 
were achieved using gfortran v.4.8.5 (Free Software Founda-
tion, Inc., Boston, MA, USA). Graphical and all other statis-
tical analyses, including evaluation of NONMEM outputs, 
were performed with Perl speaks NONMEM v.4.6.0 [19], 
R v.3.2.5 (R Foundation for Statistical Computing, Vienna, 
Austria), and packages Xpose v.4.5.3 [20] and ggplot2 
v.2.2.0 [21]. For OS, Cox proportional-hazards models and 
Kaplan–Meier plots were performed with SAS Enterprise 
Guide v.7.11 HF3.

Pharmacokinetic analysis and exposure metrics

Lurbinectedin exposure during cycle 1 was selected for these 
exposure–response analyses because hematological toxici-
ties were mostly observed in cycle 1 [16], and pharmacoki-
netics of lurbinectedin is not time-dependent [13]. Due to the 
low hepatic extraction ratio and high plasma protein binding 
of lurbinectedin, it was anticipated that unbound fraction of 
lurbinectedin was dependent on AAG and albumin levels 
and the AUC tot). Consequently, AUC tot and AUC u during 
cycle 1 were selected as exposure metrics.

AUC tot was computed as dose/total clearance  (CLtot), 
where empirical Bayesian estimates of individual  CLtot 
were obtained from the updated PopPK model. AUC u was 
derived for individual patients from AUC tot, AAG and albu-
min concentrations, and respective dissociation rate con-
stants (Eq. 1, [22]); where the dissociation constants for 

AAG (Kd1 = 83.0 nM) and albumin (Kd2 = 45,650 nM) were 
estimated in vitro by equilibrium dialysis,

where L1 and L2 are the scaling factors between lurbinect-
edin (MW 784.881) and both AAG (MW 68,000) and 
albumin (MW 42,000). L1 and L2 were fixed to 0.01869 
 (MWlurbinectedin/MWAAG ) and 0.01154  (MWlurbinectedin/
MWAlbumin), respectively, assuming a 1:1 molar binding ratio 
for both proteins. Finally, AUC u values were transformed 
from μg·h/L to ng·h/L to increase the magnitude of the odds 
ratio estimates.

Exposure–response analyses

The primary efficacy endpoint of study B-005 was ORR by 
IRC. Radiological tumor assessments were done at baseline 
and every two cycles. CTFI (resistant disease [< 90 days] vs. 
sensitive disease [≥ 90 days]) was included as a prognostic 
factor, and OS was a secondary endpoint.

The E–R analysis of safety included G4 neutropenia as 
a primary endpoint since it is the main dose-limiting tox-
icity associated with lurbinectedin. G4 neutropenia events 
generally involve the administration of G-CSF and eventu-
ally evolve to febrile neutropenia, a life-threatening adverse 
event. G ≥ 3 thrombocytopenia was included as a secondary 
endpoint; although occurrences are less frequent than G4 
neutropenia, thrombocytopenia may lead to bleeding events 
and involve the administration of platelet transfusions.

Multivariate analyses were performed to simultaneously 
incorporate into the models the relationship between AUC 
and the significant prognostic factor (i.e., CTFI), as well as 
describe the predictive factors (i.e., AAG, albumin and BSA) 
identified in previous exploratory and univariate analyses, 
which showed a better correlation of AUC u than AUC tot. 
For E–R analysis of efficacy (ORR and OS), patients ini-
tially were classified into four equal-size groups based on 
the quartiles of AUC u. For ORR and safety outcomes, sev-
eral mathematical models relating lurbinectedin AUC u to the 
probability of response, G4 neutropenia and G ≥ 3 thrombo-
cytopenia, were fitted in NONMEM. Initially, continuous 
AUC u was assumed to be linearly related to the ORR logit 
and, if deemed appropriate, additional non-linear functions 
were used, including maximum lurbinectedin effect (Emax) 
and sigmoid-Emax logistic regression models. Odds ratios for 
either event were calculated. The final E–R models of safety 
(G4 neutropenia and G ≥ 3 thrombocytopenia) were used 
to run simulations (N = 100 replicates) to predict the effect 
of dose regimen modifications. For OS, Cox proportional-
hazards models relating AUC u to the hazard of death were 
developed.

(1)

AUCu =
AUCtot × Kd1 × Kd2

L1 × AAG × Kd2 + L2 × Albumin × Kd1 + Kd1 × Kd2

,
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Clinical utility index

The relationship between the probability of ORR and the 
probability of G4 neutropenia was estimated by means of 
a CUI [23], a quantitative method to determine the optimal 
trade-offs between key drug efficacy and safety profile, by 
bringing them into the same scale. Considering that thera-
peutic options are scarce for second-line SCLC with low 
probability of response and that G4 neutropenia is clini-
cally manageable with secondary prophylaxis of G-CSF 
and dose reductions as needed, a 2:1 weighting scheme 
was used for ORR and incidence of G4 neutropenia, for a 
more realistic clinical benefit assessment.

Results

Pharmacokinetic analysis

The final model, using 9176 total plasma concentrations 
from 755 patients treated at a wide range of lurbinectedin 
doses (0.02–6.9 mg/m2) with two dose regimens (day 1 
q3wk and days 1 and 8 q3wk), is described in Eqs. 2–6. 
The parameter estimates and bootstrap of the PopPK 
model, including the statistically significant covariate 
effects on model parameters, are presented in Online 
Resource Supplementary Table S2.

An open three-compartment model with linear elimina-
tion was able to describe the time course of total plasma 
concentration and its variability. An initial rapid distribu-
tion half-life (t1/2) of about 8–9 min is followed by a slower 
t1/2 of about 1.9 h and a terminal t1/2 of about 51 h, with the 
latter phase constituting a substantial portion of the overall 

(2)

V1,i = V1

(

AAGi

121

)V1,AAG
(

1 + V1,AAG ×
(

BSAi − 1.76
))

e�V1 ,

(3)

CLi = CL

(

AAGi

121

)CLAAG
(

ALBi

4

)CLALB
(

1 + CLINH × INH
)

e�CL,

(4)

V3,i = V3

(

AAGi

121

)V3,AAG
(

BSAi

1.76

)V3,AAG
(

1 + V3,SEXF × SEXF
)

e�V3 ,

(5)

Q3,i = Q3

(

AAGi

121

)Q3,AAG
(

BSAi

1.76

)Q3,BSA
(

1 + Q3,SEXF × SEXF
)

e�Q3 ,

(6)

V2,i = V2

(

AAGi

121

)V2,AAG
(

1 + V2,BSA ×
(

BSAi − 1.76
))

e�V2 .

AUC. In study B-005, the median (range) of estimated lur-
binectedin AUC tot and AUC u at 3.2 mg/m2 in study B-005 
were 493 (176–1083) μg·h/L and 1400 (433–3136) ng·h/L, 
respectively.

Exposure–response analysis

Objective response rate

Among several linear and non-linear models examined, a 
sigmoid-Emax model for AUC u, where CTFI modified the 
Emax parameter (Eq. 7), was found to best describe ORR 
data.

where  EC50 was the AUC u that provided half Emax on ORR. 
Parameter estimates with relative standard errors (RSEs) in 
the final model are shown in Table 1. Observed and model-
predicted ORRs by IRC, stratified by CTFI, are depicted 
in Fig. 1. Figure 1 Relationship between ORR by IRC and 
AUCu stratified by CTFI; the maximum ORRs for patients 
with sensitive and resistant SCLC were 69.1% (95% CI 
49.3–83.8) and 18.1% (95% CI 7.7–37.1), respectively, 
reaching its 95% CI with AUC u above 1337 and 1433 ng·h/L.

Overall survival

Based on the differences between first quartile and upper 
quartiles of AUC u and differences in OS between sensitive 
and resistant disease, upper quartiles (second to fourth) 
were pooled and compared against the lowest quartile and 
stratified by CTFI (Fig. 2). In patients with resistant and 
sensitive disease, pooled AUC u (first vs. second to fourth 
quartiles) showed statistically significant differences. 
Median overall survival in patients with resistant disease 
were 3.81 months (95% CI 0.92–4.37) and 6.24 months 
(95% CI 4.27–8.08) for first and upper quartiles, respec-
tively, after the start of lurbinectedin treatment, while in 
patients with sensitive disease were 7.26 months (95% 
CI 3.22–7.79) and 15.90 months (95% CI 10.87–19.29), 
respectively (Fig. 2). Additionally, in a multivariate Cox 
regression analysis including CTFI and AUC u as a con-
tinuous variable, relationships were found for both CTFI 
and AUC u, with hazard ratios of 0.22 (95% CI 0.12–0.39) 
and 0.41 (95% CI 0.23–0.72), respectively (Table 2). This 
translates to a 4.6-fold higher risk of death, and a 2.5-fold 
lower risk of death per unit increase in AUC u (μg·h/L), in 
patients with resistant disease than in patients with sensi-
tive disease.

(7)logit(ORR) = − 10 +
Emax × AUC10

u

EC10

50
+ AUC10

u

,
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G4 neutropenia

Several covariates were explored to assess their impact on 
G4 neutropenia: dose, neutrophils at baseline, albumin, 
AAG, and BSA. After a number of models were tested 
using continuous metrics for exposure, an Emax model 
based on changes of AUC u, where the base parameter 
was fixed to a low value (− 10), was finally selected. An 
equivalent model with AUC tot presented higher objective 
function value (ofv), although this improved when AAG 
was included.

Figure 3 shows the probability of G4 neutropenia pre-
dicted by the model for AUC u. Parameter estimates with 
RSE in the final models based on AUC u and AUC tot are 
shown in Table 1.

(8)logit(neutropeniagrade4) = Base +
Emax × AUC

EC50 + AUC

AUC u from study B-005 was bootstrapped to predict the 
incidence of G4 neutropenia at doses of 3.2, 2.6, and 2.0 mg/
m2, which correspond to the recommended dose, the first and 
second 20% dose reductions, as recommended in the label. 
The resulting decreases in lurbinectedin exposure follow-
ing the first and second 20% dose reductions are expected 
to lower the incidence of G4 neutropenia from the 16.5% 
(95% CI 16.4–16.6) incidence at 3.2 mg/m2 to 11.3% (95% 
CI 11.2–11.4), and 7.5% (7.4–7.7), at 2.6, and 2.0 mg/m2.

G ≥ 3 thrombocytopenia

Several models for G ≥ 3 thrombocytopenia exploring a 
number of covariates (i.e., dose, platelets at baseline, albu-
min, AAG, BSA) were examined. A linear logistic model 
based on AUC u showed the best fit, where higher values 
of retained covariates reduced the likelihood of G ≥ 3 
thrombocytopenia.

where AUCui
 , Plateletsi, BSAi, and Albumini correspond to 

the individual values for AUC u, platelets, BSA, and albumin 
at baseline, respectively, for the ith individual. An equiva-
lent model based on AUC tot showed a higher ofv, which 
improved when AAG was added (see Table 1).

Since BSA was not associated to CL in the PopPK 
model, although it did to V1, V2, V3, and Q3, confounding 
factors causing the effect of BSA on thrombocytopenia 
were explored. In this sense, factors included in a previously 
developed semi-mechanistic PKPD model of lurbinectedin 
on platelets [16] were analyzed. Apart from BSA (affecting 
 EC50), baseline platelets (as part of the structural model) and 
tumor type (affecting  EC50), with pancreas and ovarian as 
more sensitive tumors, were the detected covariates. BSA 
was neither related with baseline platelets nor with tumor 
type, so confounders affecting the relationship between BSA 
and thrombocytopenia are unlikely.

As described above for neutropenia, AUC u from study 
B-005 was bootstrapped to predict the incidence of G ≥ 3 
thrombocytopenia at doses of 3.2, 2.6, and 2.0 mg/m2. The 
resulting decreases in lurbinectedin exposure following the 
first and second 20% dose reductions are expected to lower 
the incidence of G4 neutropenia from the 4.8% (95% CI 
4.7–4.9) incidence at 3.2 mg/m2 to 3.5% (95% CI 3.4–3.5), 
and 2.75% (2.6–2.7), at 2.6, and 2.0 mg/m2.

(9)

logit(thrombocytopeniagrade ≥ 3)

= Baseline + SlopeAUCu

× AUCui
+ SlopePlatelets

×
(

Plateletsi − 243
)

+ SlopeBSA

×
(

BSAi − 1.75
)

+ SlopeAlbumin

×
(

Albumini − 4.0
)

,

Table 1  Parameter estimates and their uncertainty for the final ORR, 
G4 neutropenia and G ≥ 3 thrombocytopenia logistic regression mod-
els

AAG  α-1-acid glycoprotein, AUC tot total plasma area under the con-
centration–time curve, AUC u unbound plasma area under the concen-
tration–time curve, BSA body surface area, Emax maximal response, 
EC50 half maximal effective concentration, G grade, ORR objective 
response rate, SE relative standard error

Parameter Estimate (RSE%)

ORR model
 Emax resistant 8.49 (5.88)
 Emax sensitive 10.81 (3.94)
  EC50 (ng·h/L) 877 (7.73)

G4 neutropenia model based on AUC u
 Emax 9.28 (3.23)
  EC50 (ng·h/L) 65.4 (35.0)

G4 neutropenia model based on AUC tot

 Emax 11.4 (4.18)
  EC50 (μg·h/L) 561 (17.6)

G ≥ 3 thrombocytopenia model based on AUC u
 Baseline − 4.61 (8.32)
  SlopeAUCu (ng·h/L) 0.000873 (19.9)
  SlopePlatelets − 0.01 (41.9)
  SlopeBSA − 2.58 (31.9)
  SlopeAlbumin − 1.04 (36.9)

G ≥ 3 thrombocytopenia model based on AUC tot

 Baseline − 3.96 (10.1)
  SlopeAUCu (μg·h/L) 0.00136 (34.2)
  SlopePlatelets − 0.00635 (45.5)
  SlopeBSA − 2.31 (32.9)
  SlopeAlbumin − 1.23 (35.8)
  SlopeAAG − 0.00911 (45.5)
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Fig. 1  Relationship between ORR by IRC and AUCu stratified 
by CTFI. Solid black dots represent the proportion of responders 
grouped by quartiles of AUC u and plotted at the median AUC u for 
each quartile in resistant (a) and sensitive (b) patients. Bars represent 
the 95% CI for the proportion of each quartile. Curve and blue shaded 
area represent predicted values and 95% CI of model-predicted 

ORR, respectively. The vertical point lines and the gray shaded area 
represent the 95% prediction interval of the observed AUC u. AUC 
u unbound plasma area under the concentration–time curve, CI con-
fidence interval, CTFI chemotherapy-free interval, IRC independent 
review committee, ORR objective response rate
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Q1 AUC u: first quartile of AUC u; Q2–4 AUC u: second to fourth quar-

tiles of AUC u. AUC u unbound plasma area under the concentration–
time curve, CTFI chemotherapy-free interval, OS overall survival
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As BSA was retained in the model, the incidence of G ≥ 3 
thrombocytopenia at a fixed dose of 5.6 mg (equivalent to 
3.2 mg/m2 for a BSA of 1.75  m2) increased a 16% in patients 
lower BSA. Less variation in the incidence of G ≥ 3 thrombo-
cytopenia was observed with BSA-based dosing: 6.4% (95% 
CI 5.3–8.1) in patients with lower BSA (< 1.64  m2) and 3.1% 
(95% CI 1.9–4.8) in patients with larger BSA; with FD, the 
incidences were 7.6% (95% CI 6.2–9.5) and 2.5% (95% CI 
1.6–4.0), respectively.

Clinical utility index

To depict the adequacy of the dose regimen of 3.2 mg/m2 
q3wk in terms of the relationship between the probability of 
ORR and the probability of G4 neutropenia, a CUI was esti-
mated (Fig. 4). The best benefit/risk ratio appeared at lurbi-
nectedin AUC u between approximately 1000 and 1700 ng·h/L.

Discussion

This integrated E-R analysis indicates that lurbinectedin 
exposure was significantly associated with efficacy and 
safety outcomes. Maximal ORR and OS were found in 
patients with AUC u from approximately 1400 ng·h/L and 
1000 ng·h/L, respectively, which may reveal that ORR is a 
more treatment directly linked outcome and, therefore, more 
AUC u dependent, while OS may be more affected by other 
factors after treatment with lurbinectedin. The magnitude 
of lurbinectedin exposure effect on ORR (see Fig. 1) and 
OS see (Fig. 2) was dependent on CTFI. For patients with 
sensitive disease, the maximal ORR and the median survival 
were estimated to be 69.1% and 15.9 months for lurbinect-
edin AUC u above 1337 ng·h/L and 1052 ng·h/L, respectively. 
However, for patients with resistant disease, the ORR and 

Table 2  Cox regression analysis 
with OS by CTFI and AUC u

AUC u, unbound plasma area under the concentration–time curve, ChiSq Chi-square, CTFI chemotherapy-
free interval, DF degrees of freedom, OS overall survival, Pr > ChiSq associated p value

Parameter DF Parameter 
estimate

Standard error Chi-square Pr > ChiSq Hazard ratio 95% CI

CTFI 2 1 − 1.52 0.29 26.74  < 0.0001 0.22 (0.12–0.39)
AUC u 1 − 0.90 0.29 9.52 0.002 0.41 (0.23–0.72)
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Fig. 3  Relationship between AUC u and G4 neutropenia (a) and G ≥ 3 
thrombocytopenia (b). Solid black dots represent the G4 neutropenia 
or G ≥ 3 thrombocytopenia incidence grouped by quartiles of AUC 
u and plotted at the median AUC u for each quartile. The bars repre-
sent the 95% confidence interval for the proportion of each quartile. 
Curve and blue shaded area represent predicted values and 95% con-

fidence intervals of model-predicted risk of G4 neutropenia or G ≥ 3 
thrombocytopenia, respectively. The vertical point lines and the gray 
shaded area represent the 95% prediction interval of the observed 
AUC u in patients treated at doses from 0.02 to 6.9  mg/m2. AUC u 
unbound plasma area under the concentration–time curve, G grade
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the median OS were estimated to be 18.1% and 6.2 months 
for AUC u above 1433 ng·h/L and 1007 ng·h/L, respectively.

Historical efficacy data from seven published clinical tri-
als with topotecan in second-line SCLC (Online Resource 
Supplementary Table S3) suggest mean ORRs of 7.5% 
(95% CI 4.8–10.9, n = 322) and 19.3% (95% CI 15.1–24.0, 
n = 327) for resistant and sensitive SCLC patients, respec-
tively. Therefore, based on these point estimates, lurbinect-
edin AUC u above 1072 ng·h/L and 1003 ng·h/L, which are 
similar to  EC50 of ORR (Table 1), would improve the topote-
can ORR, up to 18.1% and 69.1%, for resistant and sensitive 
patients, respectively (see Fig. 4).

In terms of safety outcomes, the present analysis provides 
a robust relationship between lurbinectedin exposure and 
the probability of myelosuppression (see Fig. 3). Lurbinect-
edin AUC u above 1714 ng·h/L increased the incidence of 
G4 neutropenia beyond 20%. One or two sequential 20% 
dose reductions during the course of treatment with lurbi-
nectedin are recommended in the label to manage severe 
episodes of neutropenia or thrombocytopenia and improve 
lurbinectedin tolerability in patients who develop these tox-
icities after lurbinectedin treatment. The first dose reduction 
resulted in a G4 neutropenia and G ≥ 3 thrombocytopenia 
incidence relative decrease of 32% and 27%, respectively. A 
second 20% dose reduction produced an additional decrease 
of 34% and 21%.

Moreover, the BSA-based dosing at 3.2 mg/m2 provides a 
16% reduction in the incidence of severe thrombocytopenia 
in patients with BSA < 1.65  m2, thus favoring the use of 
BSA-based dosing over flat dosing.

Consequently, AUC u between approximately 1000 and 
1700 ng·h/L provided the best benefit/risk ratio for lurbinect-
edin, and the recommended dosing regimen of 3.2 mg/m2 
provided a median AUC u of 1400 ng·h/L, which maximizes 
the proportion of patients within this lurbinectedin target 
exposure range. Lowering the dose resulted in a dramatic 
drop in efficacy, whereas increasing the dose increased the 
incidence of severe hematological toxicity without apparent 
improvement in efficacy (see Fig. 4).

The main limitation of this study is that the exposure–effi-
cacy analysis relies on a unique dose level. Nevertheless, 
a clear relationship between AUC u and ORR was charac-
terized, which was further endorsed by the relationship 
between the same exposure metric and OS. Another poten-
tial limitation is the lack of direct in vivo quantification of 
unbound lurbinectedin plasma concentrations, and, there-
fore, the estimation of individual AUC u was based on the 
AUC tot, AAG, and albumin from each patient. In a published 
PopPK model, a reduction in total plasma CL associated 
with increased AAG and CRP and reduced albumin was 
detected [13]. Additional experiments were planned to elu-
cidate the underlying reason of such an inflammatory pattern 
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leading to a decreased CL. An in vitro plasma protein-bind-
ing study shed light in revealing the preferential affinity of 
lurbinectedin to AAG, and dissociation constants for AAG 
and albumin could be calculated to allow AUC u estimation. 
Unbound lurbinectedin plasma concentrations are being 
measured with a validated method in ongoing drug-drug 
interaction and organ impairment studies, so that a com-
parison between model-based estimated AUC u and observed 
AUC u can be made.

In this sense, the safety models presented herein established 
E–R relationships with both AUC u and AUC tot, by virtue of 
a large database of patients (n = 755) treated at a wide range 
of lurbinectedin doses, although model diagnostics showed a 
better fit of AUC u over AUC tot. However, the efficacy model 
could not be fitted to AUC tot, but only to AUC u. Given the low 
extraction ratio, lurbinectedin AUC tot and unbound fraction 
were interfered by plasma protein levels, which vary substan-
tially among cancer patients, while AUC u remained unaffected 
[24]. AUC u is more representative of active lurbinectedin 
AUC, thus exposing existing relationships with efficacy out-
comes, regardless of the smaller efficacy database of patients 
(n = 99) treated at a single dose level.

Conclusion

The relationships evidenced in this integrated E–R analysis, 
with efficacy variables at a single dose level and safety vari-
ables at a wide range of doses, support a favorable benefit-risk 
profile for the approved lurbinectedin dose regimen of 3.2 mg/
m2 q3wk. One or two sequential 20% dose reductions during 
the course of lurbinectedin treatment are adequate to manage 
patients who develop severe episodes of myelosuppression.
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