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1 EXECUTIVE SUMMARY 
This is an original NDA submitted by Theravance Biopharma Ireland Limited on November 10th, 
2017, seeking marketing approval for revefenacin (Yupelri) Inhalation Solution for  

 maintenance treatment of  patients with chronic obstructive 
pulmonary disease (COPD)
 
Revefenacin is a long-acting muscarinic receptor antagonist (LAMA) developed as an inhalation 
solution for administration via a standard jet nebulizer at a proposed dose of 175 µg once daily 
(QD).  While revefenacin has high affinity for all five human muscarinic receptor subtypes, its 
binding is slowly reversible at recombinant human M3 receptors.  
 
The clinical pharmacology program for revefenacin solution for inhalation included a first-in-
human, single ascending dose study (AC5108696), a mass-balance study (0130), a hepatic 
impairment study (0134; reduced study design), a renal impairment study (0135; reduced study 
design), and a thorough QT study (0136) in healthy subjects. The pharmacokinetic (PK) profile of 
revefenacin was also evaluated in randomized, double-blind, crossover, single-dose (0059) and 
repeat-dose (0091) studies in COPD patients, and a randomized, double-blind, parallel-group, 
repeat-dose study in COPD patients (0117). Sparse sampling PK data was collected in two 
randomized, double-blind, placebo-controlled, multiple-dose, parallel-group replicate 3-month 
studies (0126 and 0127) in COPD patients. The program was also supported by results from 19 in 
vitro human biomaterial studies. The major findings for this application are summarized in the 
section 2 below. 
 

1.1 Recommendations 

The Office of Clinical Pharmacology/Division of Clinical Pharmacology 2 (OCP/DCP-2) and 
Pharmacometrics (OCP/DPM) has reviewed the clinical pharmacology data submitted in support 
of NDA 210598 for revefenacin, and found the application acceptable to support approval from a 
clinical pharmacology perspective. OCP has the following recommendations and comments: 
 

Review Issue Recommendations and Comments 

Pivotal or supportive evidence 
of effectiveness 

The proposed dose of 175 µg QD by nebulization in patients 
with moderate-to-very severe COPD demonstrated statistically 
significant and clinically meaningful (>100 mL) increase in the 
primary efficacy endpoint of least square (LS) mean change 
from baseline in trough forced expiratory volume at 1 second 
(FEV1) when compared to placebo at Day 85 in two pivotal 
Phase 3 efficacy studies 0126 and 0127.  

General dosing instructions 

The proposed dose of revefenacin inhalation solution is one 
175 µg unit-dose vial administered QD by nebulizer using a 
mouthpiece. No dose-response for safety was observed in 
pivotal Phase 3 studies 0126 and 0127 where two doses (88 µg 
and 175 µg QD) were evaluated. The pivotal Phase 3 studies 
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demonstrated a numerically greater efficacy benefit for 175 µg 
QD dose over 88 µg QD with no apparent difference in safety 
concerns for the higher dose and hence the benefit-risk profile 
of revefenacin supports the 175 µg QD dose. Refer to clinical 
and biostatistics review by Dr. Khalid Puthawala and Dr. Dong-
Hyun Ahn, regarding the final risk/benefit assessment for the 
proposed dose of revefenacin inhalation solution based on the 
efficacy and safety analyses of Phase 3 studies. 

Dosing in patient subgroups 
(intrinsic and extrinsic 
factors) 

No dosage adjustment is needed in COPD patients with mild, 
moderate or severe renal impairment. The drug is not 
recommended for use in patients with hepatic impairment (refer 
to Section 3.3.4 for details regarding hepatic impairment).  
Based on in vitro studies, revefenacin is a substrate of P-gp and 
BCRP, and its active metabolite (THRX-195518) is a substrate 
of OATP1B1 and OATP1B3. The applicant addressed the in 
vivo drug interaction potential for revefenacin through PK data 
collected in two Phase 3 studies (0126 and 0127). The PK data 
from Phase 3 trials were considered compromised and not 
considered for decision-making. Refer to section 3.2.3 and 3.3.5 
for further details. Drug interaction potential of revefenacin is 
proposed to be addressed through appropriate labeling. 

Labeling Labeling negotiations are ongoing. 
Bridge between the to-be-
marketed and clinical trial 
formulations 
 

The applicant utilized the to-be-marketed formulation and 
510(K) cleared general-use nebulizer and compressor in the 
pivotal clinical studies.  

 

1.2 Post-Marketing Requirements and Commitments 

None 

2 SUMMARY OF CLINICAL PHARMACOLOGY ASSESSMENT 
 

2.1 Pharmacology and Clinical Pharmacokinetics 
The PK attributes of revefenacin are below: 
 
Absorption 
Following administration of revefenacin inhalation solution by nebulization in healthy subjects or 
COPD patients, Cmax of revefenacin and THRX-195518 occurred between 14 to 31 minutes after 
start of nebulization. The absolute bioavailability following administration of an oral dose of 
revefenacin is relatively low (<3%). Following repeat dosing of inhaled revefenacin, steady state 
was achieved within 7 days with <1.6-fold accumulation. Revefenacin systemic exposure 
increased in a slightly greater than dose proportional manner with increasing revefenacin dose. 
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After inhaled revefenacin dosing, AUC and Cmax of revefenacin and THRX-195518 increased by 
approximately 11-fold and 5-fold over the 88 to 700 mcg (8-fold) and 175 to 700 mcg (4-fold) 
dose range, respectively. 
 
Distribution 
Revefenacin exhibited a high volume of distribution (mean apparent Vss, 218 L) following 
intravenous (IV) administration of a single radiolabeled dose to healthy male subjects (Study 
0130). Following inhalation of revefenacin, the apparent volume of distribution of central 
compartment was 313 L in healthy subjects suggesting extensive distribution to tissues. In vitro 
protein binding of revefenacin and its active metabolite (THRX-195518) to human plasma proteins 
was 71% and 58%, respectively. 
 
Elimination 
The terminal plasma elimination half-life of revefenacin and active metabolite (THRX-195518) 
following once-daily dosing in COPD patients is 23 to 58 hours. 
 
Metabolism 
Revefenacin is primarily metabolized via hydrolysis of the primary amide to a carboxylic acid 
forming its active metabolite, THRX-195518. Following inhaled administration of revefenacin in 
COPD patients, conversion to this metabolite occurred rapidly, with time to achieve peak plasma 
concentrations (tmax) coinciding with that of revefenacin. Systemic exposures of THRX-195518 
exceeded those of revefenacin by approximately 4- to 6-fold (based on AUC). THRX-195518 
possessed activity at target muscarinic receptors that was slightly lower (approximately one-third 
to one-tenth; in vitro) relative to revefenacin. Refer to pharmacology/toxicology review by Dr. 
Eleni Salicru for details on the pharmacological activity of the metabolite THRX-195518 relative 
to revefenacin. 
 
Excretion 
Following administration of a single IV dose of radiolabeled revefenacin to healthy male subjects, 
approximately 54% of total radioactivity was recovered in the feces and 27% was excreted in the 
urine. Following administration of a single radiolabeled oral dose of revefenacin, 88% of total 
radioactivity was recovered in the feces and < 5% was present in the urine, suggesting low oral 
absorption. THRX-195518 was also excreted in feces (~18.8% of the administered dose). There is 
minimal renal excretion (<1%) of revefenacin and THRX-195518 following inhaled 
administration of revefenacin. These results indicate extensive hepatobiliary elimination of 
revefenacin and THRX-195518.  
 
Impact of Disease Status on Pharmacokinetics 
Comparison of revefenacin PK parameters between healthy subjects and COPD patients following 
single-dose inhaled administration of 175 µg revefenacin (cross-study comparison) showed that 
mean revefenacin Cmax and AUC6 values were approximately 66% and 56% lower, respectively, 
in COPD patients (Study 0091) as compared to healthy subjects (Studies 0134, 0135, 0136). The 
mean THRX-195518 Cmax and AUC6 values were approximately 2.4- and 2.2-fold higher, 
respectively, in COPD patients as compared to healthy subjects. The exact reason for this 
observation of increased exposure to the metabolite THRX-195518 in COPD patients relative to 
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healthy subjects remains unclear, but is speculated to be due to a difference in elimination and/or 
possibly formation of THRX-195518 in COPD patients.  
 
Dose-Ranging Studies  
The revefenacin development program included multiple studies to determine dose-response. 
However, the selection of phase 3 doses was based primarily on the following studies:  

1. Study 0091 was a Phase 2, randomized, double-blind, multiple-dose, five-period, 
incomplete-block, crossover study to examine the PD, safety and tolerability, and PK of 
multiple doses of revefenacin for 7 days in subjects with moderate-to-severe COPD. Study 
treatments were administered QD for 7 days in each of 5 treatment periods, with each 
subject receiving 4 of 6 possible doses of revefenacin (22 to 700 μg) and placebo. The 
mean change from baseline in trough FEV1 as compared to placebo (95%CI) was 53.5 mL 
(16.5, 90.5), 55.0 mL (15.9, 94.1), 75.4 mL (37.7, 113.0), 114.2 mL (75.7, 152.6), 94.4 mL 
(57.7, 131.1), 81.6 mL (43.8, 119.5) for doses of 22, 44, 88, 175, 350, and 700 μg, 
respectively. The 175 μg dose produced the greatest improvement in trough FEV1 and 
weighted mean FEV1. The proportion of subjects achieving either 100 mL or 150 mL 
change in FEV1 from baseline was greater for 350 μg than 175 μg. 

 
2. Study 117 was a Phase 2b, randomized, double-blind, placebo-controlled, parallel group, 

multicenter study in moderate-to-severe COPD patients. Each subject received revefenacin 
44 μg, 88 μg, 175 μg, 350 μg, or matching placebo QD. All doses of revefenacin, except 
44 μg dose, produced clinically meaningful (>100 mL) improvements in trough FEV1. 
Statistically significant differences (all multiplicity-adjusted p < 0.001) of 187.4 mL (88 
μg dose), 166.6 mL (175 μg dose), and 170.6 mL (350 μg dose) compared to placebo were 
observed after 28 days of dosing. Serial trough FEV1s over the duration of the study 
showed reasonable dose separation, and supported use of 88 and 175 μg QD dose in Phase 
3 studies.  

 
Dosing Regimen  
Two dosing regimens for revefenacin [QD vs twice daily (BID)] were evaluated in Study 116. 
This was a Phase 2, randomized, double-blind, placebo-controlled, multiple-dose, three-period 
crossover, multicenter study in moderate-to-severe COPD patients to evaluate the dosing regimen 
by comparing 44 µg BID to 175 µg QD daily dose of revefenacin. Approximately 60 subjects were 
studied over 7 days per period (3 periods) and the primary endpoint was the change from baseline 
in the weighted mean FEV1 (0-24 hours) on day 7. Statistically significant difference in primary 
endpoint compared to placebo was noted for both 44 µg BID and 175 µg QD. The frequency of 
adverse events was broadly comparable across both QD and BID regimens. These results 
supported the QD dosing regimen. 
 

Population Pharmacokinetic Analysis 
Population PK models were developed to identify sources of inter-individual variability and 
clinically meaningful covariates impacting systemic exposure of revefenacin and THRX-195518 
in COPD patients. No clinically relevant differences in exposure (e.g. subgroup estimates were 
within 75-125%) were determined for sex, age, body weight, or creatinine clearance. Refer to 
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• No significant CYP-mediated inhibition of CYP1A2, CYP2B6, CYP2D6, CYP2C8, 
CYP2C9, CYP2C19, or CYP3A4 or induction of CYP1A2, CYP2B6, or CYP3A4/5 was 
observed for revefenacin or THRX-195518. Additionally, neither revefenacin nor THRX-
195518 is a time-dependent inhibitor of CYP2D6 or CYP3A4. No CYP-mediated drug 
interactions are anticipated for revefenacin in humans given the low circulating systemic 
plasma levels of revefenacin and THRX-195518 following inhaled administration of 175 
µg revefenacin. 
 

Drug interaction information collected in Phase 3 studies was not reviewed since the PK data 
collected in Phase 3 studies 0126 and 0127 had several issues (sample switching, contamination 
due to ventilation issues, etc.). Refer to section 3.2.3 and 3.3.5 for further details. Pertinent labeling 
will be reflected to mitigate the drug interaction potential of revefenacin. 

2.3 Outstanding Issues 
None 

2.4 Summary of Labeling Recommendations 
Labeling negotiations are ongoing at the time of review. 

3 COMPREHENSIVE CLINICAL PHARMACOLOGY REVIEW 
 

3.1 Overview of the Product and Regulatory Background 
Revefenacin (also known as TD-4208, THRX-134853, GSK1160724,  is a LAMA 
being developed as an inhalation solution for administration via standard jet nebulizer for the long-
term, once-daily, maintenance treatment of airflow obstruction in patients with COPD, including 
chronic bronchitis and/or emphysema. While revefenacin has high affinity for all five human 
muscarinic receptor subtypes, its binding is slowly reversible at recombinant human M3 receptors 
and it behaves as a slowly reversible functional muscarinic antagonist in human isolated bronchial 
tissues. Revefenacin is proposed to be administered via oral inhalation using a standard jet 
nebulizer connected to an air compressor and dosed once a day, generally in the morning, at a 
proposed dose of 175 µg. A summary of key clinical pharmacology-related discussions and 
correspondence with the applicant are listed in Table 1 below. 
 
Table 1: Summary of Key Clinical Pharmacology-related and Communication/Meetings 
with the Applicant  

PIND 
(Dec 2013) 

 Comment on adding a lower than 88 µg QD dose in Study 0117 
 Comment on adding BID dosing regimen in Study 0116 

EOP1/2  
(Dec 2014) 

 Agreement to carry 88 and 175 µg QD doses in pivotal Phase 3 
studies 

PNDA 
(Mar 2017) 
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3.2.1 Single Dose Pharmacokinetics 
Healthy subjects 

AC5108696 was the first-in-human study in healthy subjects (n = 21) investigating the safety, 
tolerability, PK, and PD of single inhaled doses of revefenacin (10, 30, 50, 150, 300, and 500 µg) 
administered using a dry powder inhaler (DPI) device. Limited PK information was available due 
to a large number of non-quantifiable [<0.100 ng/mL and <0.500 ng/mL, respectively] 
concentrations. Healthy subjects were also enrolled in the dedicated hepatic and renal impairment 
studies (0134 and 0136, respectively), and the thorough QT (TQT) study (0136). Refer to 
Pharmacometrics review by Justin Penzenstadler (Appendix 4.3) for further details on population 
PK for healthy subjects. A summary of the Cmax and AUC values in healthy subjects is summarized 
in Table 7 below. 
 
COPD patients 
Study 0059 was a single-dose, randomized, double-blind, active- and placebo-controlled, four-
period crossover study to examine the PD effects (bronchodilation) of two dose levels (350 and 
700 µg) of revefenacin inhalation solution administered by nebulization in patients with moderate-
to-severe COPD (n=32). 
 
At both studied doses, revefenacin was measurable in the systemic circulation at the first post-dose 
sampling time (20 minutes). Plasma concentrations of revefenacin were low and decreased in a 
biexponential fashion with an initial rapid decline followed by a slower terminal elimination Phase. 
Metabolism of revefenacin to THRX-195518 occurred rapidly and maximal concentrations were 
achieved in plasma within 20 minutes following dosing. A rapid, biexponential decline of THRX-
195518 plasma concentrations was observed after formation of the metabolite. The Cmax for 
revefenacin appeared to increase in a dose proportional manner, with a trend for a greater than 
dose proportional increase in revefenacin AUC. THRX-195518 plasma exposures exceeded those 
of revefenacin by approximately 3-fold (based on Cmax) and 4- to 6-fold (based on AUC), 
suggesting rapid and extensive conversion of revefenacin to THRX-195518 (Table 3). Renal 
excretion of revefenacin and THRX-195518 was negligible, averaging <0.2% and <0.3% of the 
administered revefenacin dose, respectively, at the 350 and 700 µg dose level. 
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Table 3: Arithmetic Mean (SD) Single-Dose Plasma Pharmacokinetic Parameters for 
Revefenacin and THRX-195518 in COPD Patients (Study 0059) 

 
AUCt = AUC from time zero to the time of the last detectable concentration; AUC24 = AUC from time zero to 24 hours postdose; NA = not 
applicable; NE = not estimable; M:P = metabolite to parent. aMedian (range). bn=31. cn=9. dn=4. en=7. 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Page 21 

3.2.2 Multiple Dose Pharmacokinetics  
COPD patients 

Study 0091 was a double-blind, five-period incomplete block, crossover study in which six dose 
levels of revefenacin inhalation solution (22, 44, 88, 175, 350, and 700 µg) and placebo 
administered QD by nebulization were evaluated in a population with moderate-to-severe COPD 
(n=62) to characterize the dose -response relationship of revefenacin after 7 days of dosing. 
 
Plasma revefenacin concentrations over the first 6 hours on Day 1 (first dose) and Day 7 are shown 
in Figure 1. Revefenacin was rapidly absorbed with median tmax at the first post-dose sampling 
time (14 to 15 minutes) following daily inhaled dosing for all dose levels on Day 1 and Day 7. 
Plasma revefenacin concentrations on Day 7 declined rapidly in a bi-exponential fashion after 
reaching Cmax. After the last dose on Day 7, a slow apparent terminal elimination Phase was evident 
with low plasma revefenacin concentrations during the terminal Phase. Mean t½ values were 25.1 
and 23.0 hours at the 350 and 700 µg dose levels, respectively (Table 4).  
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Figure 1: Arithmetic Mean (SD) Plasma Revefenacin Concentrations in COPD Patients 
(Day 1-top, Day 7- bottom)  

 

 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Pages 23-27 

Plasma THRX-195518 concentrations over the first 6 hours on Day 1 (first dose) and Day 7 post-
dose are shown in Figure 2. Revefenacin was rapidly converted to THRX-195518 (active 
metabolite) based on measurable levels in plasma at a median tmax of 29 minutes for all dose levels 
on Days 1 and 7. Plasma concentrations of THRX-195518 on Day 7 declined rapidly in a bi-
exponential fashion (Figure 2 bottom plot). Following administration of the last dose on Day 7, a 
slow apparent terminal elimination Phase was evident with low plasma THRX-195518 
concentrations present during the terminal, and mean t½ values ranging from 22.3 to 25.3 hours 
across the 88- through 700 µg dose levels. Plasma THRX-195518 exposures exceeded revefenacin 
exposures by approximately 3- to 4-fold (based on AUC6) on Day 7 (Table 4). 
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Figure 2: Arithmetic Mean (SD) Plasma THRX-195518 Concentrations in COPD Patients 
after a Single Dose of Revefenacin (Day 1-top, Day 7- bottom) 

 

 

Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Pages 23- 27 
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Table 4: Arithmetic Mean (SD) Steady-state (Day 7) Plasma PK parameters of Revefenacin 
and THRX-195518 in COPD Patients (Study 0091) 

 
AR = accumulation ratio; AUC6 = AUC from time zero to 6 hours postdose; AUC24 = AUC from time zero  
to 24 hours postdose; M:P = metabolite to parent; NA = not applicable; NE = not estimable; QD = daily; SD = 
standard deviation. a Median (range). bn=3. cn=2; no SD reported. dn=36. en=9. fn=35.gn=30. hn=22. in=34. jn=33. 
kn=31. ln=39. mn=26. nn=37. on=32. pn=21. qn=27. 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Page 28 

3.2.3 Assessment of Pharmacokinetics for Revefenacin and THRX-195518 in Pivotal Phase 
3 Studies 

In the pivotal Phase 3 studies 0126 and 0127, sparse PK sampling was collected at multiple time 
points throughout the study. Along with samples post-dose, samples were collected prior to study 
treatment on day 1 (Visit 3) from all subjects and were assayed for revefenacin and THRX-195518. 
A significant (~22% of total revefenacin samples) proportion of the pre-dose samples had 
detectable concentration of revefenacin before Day 1 dosing at Visit 3 (Table 5, Figure 3).  A total 
of 126 samples (75%) of the pre-dose positive samples had measurable concentrations of 
revefenacin between 1- and 10-fold of LLOQ, with the remaining 43 (25%) samples with 
revefenacin concentration greater than 10-fold of LLOQ. A small proportion (3.5%) of pre-dose 
samples had measurable concentration of THRX-195518, which potentially indicated sample 
switching between pre-dose and post-dose samples. 
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Table 5:Pre-dose Plasma Samples with Quantifiable Revefenacin and THRX-195518 
Concentrations 
 
 
 
 
 
 
 
 
 
Source: Module 5.3.3.5. Deviation report DR-17-008, Page 2 

Figure 3: Revefenacin and THRX-195518 Plasma Concentration on Day 1 From Phase 3 
(Studies 0126 and 0127) Data 

 

Study Dose (µg) Revefenacin THRX-195518 
0126 175 49/191 (25.7%) 5/191 (2.6%) 
 88 39/205 (19%) 9/205 (4.4%) 
0127 175 44/194 (22.7%) 4/193 (2.1%) 
 88 37/192 (19.3%) 10/201 (5%) 
Total  169/782 

(21.6%) 
28/790 (3.5%) 

Reference ID: 4291551



19 
 

Source: Module 5.3.3.5. Report 17-4208-PK-40, Page 134 

The applicant conducted an internal investigation to evaluate the following potential factors that 
could have contributed to the pre-treatment positive concentrations observed in Studies 0126 and 
0127: 

• assay validation and instrumentation  
• sample preparation and testing 
• sample handling - delivery from clinical sites to testing site 
• sample collection and preparation at the clinical site data handling and analysis 

 
The investigation results are reported in detail in the deviation report DR-17-008 (Module 5.3.3.5). 
A summary of the factors that could have led to pre-dose positive concentrations as stated in the 
applicant’s audit report are as follows: 

• Sample switching was confirmed in ~ 1.5% samples as pre-treatment positive samples were 
followed by absence of detectable drug in the post-treatment samples and suspected in 
~3.3% samples as pre-treatment samples had a lower concentration at post-dose. 
Quantitation of THRX-195518 in some of these samples also confirmed sample switching. 

• Ventilation, cleanability and timing of cleaning of surfaces and contamination from 
personnel [same personnel were doing study visit procedures (i.e. nebulization) and lab 
draws potentially leading to pre-treatment positives if trace amounts of drug is retained on 
the clothing and transferred to tubes]. 

• Large number of subjects (790), clinical sites (111), and the variability in sample 
acquisition, handling and facility controls between sites 
 

The reviewer further noted that while sample switching was evident at pre-dose samples from Visit 
3, there was also a high likelihood of sample switching at later time points. Additionally, since 
both dosing (via nebulization) and PK sampling (pre- and post-dose) were performed at the clinic 
for Visits 4, 5, 6, and 7, the PK samples collected at these visits could also be potentially impacted 
by the factors like ventilation etc. that led to pre-dose positive concentrations at Visit 3.  As a result 
of these observations, OSIS inspection for the bioanalytical site was requested and on March 30th, 
2018, the following IR was sent to the applicant: 
 
‘As per the deviation report DR-17-008 (module 5.3.3.5), one of the reasons for the observed pre-
dose positive concentrations for revefenacin and metabolite (THRX-195518) in Studies 0126 and 
0127 was “sample switching” accounting for ~5 % (1.5% confirmed and 3.3% suspected) of the 
pre-dose positive samples. Provide data/reasoning to support that “sample switching” did not 
affect the PK samples collected throughout the 12-week duration of the two Phase 3 studies 
(Studies 0126 and 0127). In addition, the deviation report also mentions ventilation, cleanability 
and timing of cleaning of surfaces and contamination from personnel as potential factors leading 
to pre-dose positive concentrations. We note that PK samples collected on Visit 4, 5, 6, and 7 could 
have potentially been impacted by these aforementioned reasons as study drug was administered 
in the clinic on study visit days. Provide data/rationale to support that these reasons were isolated 
to pre-dose PK samples at Visit 3 only, and did not impact all PK samples from Studies 0126 and 
0127. In addition, submit any placebo PK data (if available) from Studies 0126 and 0127. While 
pre-dose positive concentrations were observed in Phase 3 studies and not Phase 1 and 2 studies, 

Reference ID: 4291551



20 
 

provide rationale that the nature and extent of the error is sufficiently characterized to support 
that factors leading to pre-dose positive concentrations are isolated to Phase 3 studies only.’ 
 
The applicant responded by acknowledging that a review of the PK samples collected during the 
Phase 3 studies across all visits revealed that suspected sample switching may have impacted not 
only the Visit 3 (pre-treatment) PK samples, but also pre-dose samples collected at Visits 4, 5, 6, 
and 7. This inference was based on similar incidences of higher pre-dose concentrations, as 
compared to post-dose concentrations, for  revefenacin and or THRX-195518 across study visits 
and treatment groups (Table 6).  
 
Table 6: Incidence of Suspected Sample Switching in Studies 0126 and 0127 

 
Source: Module 1.11.3 Clinical Information Amendment-2018-04-08, Page 3 

The applicant conducted PopPK modeling to assess the impact of sample switching on PK 
predictions. The modeling suggested that inclusion of the pre-treatment positive values reduced 
the mean predicted steady-state revefenacin AUC24 estimates by 8% for the 88 µg QD revefenacin 
treatment arm (0.170 to 0.157 ng*hr/mL), and by 3% at the 175 µg QD revefenacin treatment arm 
(0.329 to 0.319 ng*hr/mL), and the THRX-195518 AUC24 estimates were reduced by 7% for the 
88 µg QD revefenacin treatment arm (0.426 to 0.396 ng*hr/mL) and by 1% at the 175 µg QD 
revefenacin treatment arm (0.859 to 0.849 ng*hr/mL). 
 
The applicant provided the following additional details in response to the information request: 
‘……..   Bioanalysis of PK samples from the Phase 1 studies 0134, 0135, and 0136 and Phase 3 
studies 0126 and 0127 was performed using the same highly sensitive assay with a revefenacin 
LLOQ of 0.0005 ng/mL. With the exception of one pretreatment PK sample in Study 0136 (Subject 

 that had a quantifiable value just above the assay LLOQ, there were no 
pretreatment detectable revefenacin concentrations in the Phase 1 studies in subjects who either 
received only one dose of revefenacin (Study 0134 and Study 0135) or subjects who had not been 
dosed with revefenacin in a prior treatment period (Study 0136). 
 
The Phase 1 studies were conducted at specialized clinical research units (CRUs) at which PK 
sample collection procedures were detailed in the pharmacy manual, controlled, and monitored 
to minimize the potential for environmental contamination of PK samples. In the cases where 
multiple subjects were dosed at the same time, subjects were typically separated during dosing. 
Furthermore, distinct CRU staff prepared the drug product for dosing versus those who collected 
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PK samples, and measures were taken to avoid or minimize exposure of PK sample collection 
tubes to the dosing environment by keeping them in a different location and collecting samples in 
areas separate from dosing at most collection times. Such measures were not in place at the Phase 
3 study sites, and as indicated in the Quality Deviation Report (DR17-008), several potential 
sources of contamination were identified during post-study interviews at selected Phase 3 study 
sites. However, it is noteworthy that PK samples collected at one of the high-enrolling Phase 3 
study sites where more controlled procedures were in place, such as separate dosing and PK 
sample collection personnel, did not have pretreatment positive concentrations (DR17-008).’ 
 
Based on the lack of pre-dose positive concentrations in Phase 1 studies (except 1), applicant’s 
reasoning that these studies were done in a more controlled clinical setting and reviewer’s analysis 
of PK profile, it seems reasonable to conclude that the factors that led to pre-dose positive 
concentrations in Phase 3 studies were likely absent in Phase 1 studies. 
 
The applicant provided the following regarding Phase 2 studies: 
‘No pretreatment quantifiable concentrations were observed in the Phase 2 trials. However, the 
10-fold higher revefenacin assay sensitivity (LLOQ = 0.005 ng/mL) as compared to the LLOQ in 
the Phase 1 and 3 trials does not rule out the possibility that there may have been detectable drug 
levels in the Phase 2 pretreatment samples.’  
 
Furthermore, an IR sent on April 25th revealed more details on the conduct of Phase 2 studies. The 
applicant provided the following information on May 12th, 2018:  
‘Study 0091 was conducted under more carefully controlled conditions with regard to dosing and 
PK sample collection, considering the repeated dosing and intensive PK sampling. The majority 
(approximately 76%) of the Phase 2 PK data came from Study 0091 which had additional 
measures in place to minimize potential contamination or switching/mislabeling of PK samples, 
as demonstrated by site procedures and a single incidence of suspected sample switching.’ 
 
Based on this information and the reviewer’s assessment, it appears reasonable to conclude that 
Phase 2 PK data is unlikely to be significantly impacted by the factors that led to pre-dose positive 
concentrations in Phase 3 studies.  
 
During clinical inspection, it was reported that one of the sites used in the Phase 3 Study 0127 
(Site 38705) had no documentation of date/time when the PK samples were stored in the freezer 
or when they were removed for processing/shipping to the laboratory for analysis (Refer to clinical 
inspection report by Dr. Min Lu dated 06/01/2018 in DARRTS for details). Due of the several 
factors discussed above, the reviewer concludes that the data integrity for PK samples has been 
compromised and conclusions derived from Phase 3 PK data are not reliable because the nature 
and extent of error was not fully characterized. Note that Phase 3 data was utilized in population 
PK (PopPK) modeling to derive the impact of covariates on revefenacin and THRX-195518 
exposure in patients with COPD, and for supporting drug interaction labeling claims. Based on the 
lack of reliability of Phase 3 PK data, the applicant was requested to submit a separate PopPK 
modeling utilizing only Phase 2 PK data to derive impact of covariates on exposure of revefenacin 
and THRX-195518 in patients with COPD. In addition, the drug interaction potential for 
revefenacin and THRX-195518 will be based on the in vitro data generated by the applicant (Refer 
to section 3.3.4). 
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3.2.4 Effect of Disease State on Pharmacokinetics 
Comparison of revefenacin PK parameters between healthy subjects and COPD patients after 
single-dose inhaled administration of 175 µg revefenacin by nebulization showed that the mean 
revefenacin Cmax and AUC6 were approximately 66% and 56% lower, respectively, in COPD 
patients (Study 0091) as compared to healthy subjects (Studies 0134, 0135, 0136). The mean 
THRX-195518 Cmax and AUC6 were approximately 2.4- and 2.2-fold higher, respectively, in 
COPD patients as compared to healthy subjects (Table 7). This observation of increased exposure 
to the metabolite THRX-195518 in COPD patients relative to healthy subjects may be due to 
differences in elimination and/or possibly formation of THRX-195518.  
 

Table 7: Arithmetic Mean (SD) Plasma PK parameters of Revefenacin and THRX-195518 
after a Single 175 µg Inhaled Dose 

 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Page 58 

3.2.5 Pharmacokinetic Variability 
Plasma revefenacin PK parameters following inhaled administration by nebulization exhibited a 
moderate-to-high degree of variability (CV%) for the exposure parameters AUCt or AUCinf 
(single-dose) and AUC24 (multiple-dose), ranging from approximately 42% to 97% in healthy 
subjects, and from 31% to 118% in COPD patients (Table 4). A similar degree of variability was 
observed for THRX-195518 PK parameters, with CV% ranging from approximately 47% to 116% 
in healthy subjects, and from 41% to 99% in COPD patients. The observed revefenacin PK 
variability is consistent with other orally inhaled drugs and may be due to factors including, but 
not limited to, patient-related factors (lung function), variability in regional lung deposition 
patterns and absorption. Consistent with observations from non-compartmental analysis of clinical 
PK data, moderate between-subject variability was estimated for revefenacin and THRX-195518 
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PK parameters in the PopPK analysis. Refer to Pharmacometrics review by Dr. Justin 
Penzenstadler (Appendix 4.3) for further details on PopPK modeling. 
 

3.2.6 PK Characteristics of Revefenacin and THRX-195518 
Absorption: 
Following inhaled administration by nebulization, revefenacin was rapidly absorbed, with median 
time to maximum concentration (tmax) observed at the first post-dose sampling time, which ranged 
from 14 to 31 minutes. Absolute bioavailability estimated after oral and IV administration of [14C] 
revefenacin to healthy subjects (n=3) was low, averaging <3% in the ADME study (0130). Based 
on total urinary recovery and metabolite recovery in feces, the fraction of revefenacin absorbed 
following oral administration is estimated to be <20%. 
 
Permeability: 
In an in vitro study in Caco-2 cell monolayers, both revefenacin (10 µM, equivalent to 5978 
ng/mL) and THRX-195518 (10 µM, equivalent to 5987 ng/mL) had low passive permeability in 
the apical-to-basolateral direction (≤1.7 × 10-6 and ≤4.3 × 10-6 cm/sec, respectively) (Report 05-
134853-PK-14).  
 
Distribution: 
Revefenacin exhibited a high volume of distribution (mean apparent Vss, 218 L) following IV 
administration of a single radiolabeled dose to healthy male subjects, indicating that the drug is 
extensively distributed to tissues (Study 0130). Following inhalation of revefenacin in healthy 
subjects, the apparent volume of distribution from central compartment of revefenacin was 313 L. 
 
The in vitro plasma protein binding of [3H]revefenacin at 1, 10, 100, and 1000 ng/mL was 
investigated in guinea pig, dog, and human plasma by ultrafiltration (Report 05-134853-PK-10). 
[3H]Revefenacin was moderately protein bound and exhibited concentration-independent binding 
of 42%, 59%, and 71%, on average, in guinea pig, dog, and human plasma, respectively (Table 8). 
The in vitro plasma protein binding of THRX-195518 was evaluated at 0.6 and 6 ng/mL in mouse, 
rat, rabbit, dog, and human plasma by equilibrium dialysis (Report 12-4208-PK-20). THRX-
195518 was moderately protein bound and exhibited concentration-independent binding of 55% 
(mouse), 49% (rat), 67% (rabbit), 58% (dog), and 58% (human) to plasma proteins (Table 9). 
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Table 8: Revefenacin Protein Binding in Human, Dog and Guinea Pig Plasma 

 
Source: Module 4.2.2.3, Report 05-134853-PK-10, Page 4 

Table 9: THRX-195518 Percentage Unbound in Plasma 

 
*n= 5, data presented as Mean ± SD 
Source: Module 4.2.2.3, Report 12-4208-PK-20, Page 4 
 
Metabolism and Elimination 
The intrinsic clearance of revefenacin in rat, dog, and human lung microsome and lung S9 (human 
lung subcellular fractions) incubations was low across all species tested (<1 μL/min/mg) over the 
substrate concentration range of 0.1 to 1 μM, with no detectable turnover of revefenacin (>95% 
parent remaining across all species) (Report 14-4208-PK-28). Refer to pharmacology/toxicology 
review by Dr. Eleni Salicru for details. 
 
The metabolism of revefenacin was investigated in male mouse, rat, dog and human hepatocytes, 
and female rabbit hepatocytes. [14C]revefenacin diphosphate trihydrate salt was incubated at 
concentrations of 10 and 50 µM in the presence of hepatocytes for up to 5 hours. The major route 
of metabolism of revefenacin was hydrolysis of the primary amide to a carboxylic acid forming 
the active metabolite THRX-195518, which was also observed in hepatocytes from rat, dog, and 
rabbit (Report 07DMW050) (Table 10). Other less prevalent routes of metabolism included 
oxidative deamination, oxygenation, carbamate hydrolysis, N-demethylation, N, N dealkylation, 
oxygenation and dehydrogenation on the amide piperidine. The major route of metabolism in 
humans (hydrolysis of the primary amide to acid) was also the major in rat, dog and rabbit 
hepatocytes. The extent of metabolic turnover in human and rabbit hepatocytes was lower than in 
all other nonclinical species. 
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The active metabolite THRX-195518 is further converted to THRX-193305 (Refer to metabolite 
profiling described in section 3.2.7). To determine the human cytochrome P450 (CYP) enzymes 
that catalyze the metabolism of THRX-195518 to form the metabolite, THRX-193305, human 
liver microsomes (HLM) and cDNA-expressed enzymes (CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 
2D6, 2E1, 3A4 and 3A5) were utilized (Report 17-4208-PK-35). HLM concentrations of 0.1, 0.25, 
0.5 and 1 mg/ml and THRX-195518 concentrations of 3 μM and 10 μM were utilized. Percent of 
parent remaining and formation of the metabolite was determined following 0, 20, 30, 45 and 60 
min of incubation. The formation of THRX-193305 was linear up to 60 min with HLM at 0.1, 
0.25, 0.5 and 1 mg/ml. The rate of formation was relatively limited with approximately 0.45% of 
THRX- 193305 formed at the highest protein concentration (1 mg/mL) and longest incubation 
time (60 min). 
 
The incubations of THRX-195518 at 3 μM and 10 μM with cDNA-expressed enzymes (CYP1A2, 
2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5) for a period of 60 min suggested that CYP3A 
is a major mediator of the metabolism of THRX-195518 to THRX-193305. The formation of 
THRX-193305 is shown in Figure 4 below. 
 

Figure 4: Average THRX-193305 Formation following a 60 min Incubation with THRX-
195518 at 3 μM and 10 μM in cDNA-expressed CYP Enzymes. 

 
Source: Module 4.2.2.4, Report 17-4208-PK-35, Page 26 
 
Therefore, the data suggests a significant involvement of CYP3A4 in the metabolism of THRX- 
195518 to THRX-193305, and relatively lower contribution from CYP3A5. The contribution of 
CYP3A isoform in the metabolism of THRX-195518 was further determined via the use of 
azamulin as a specific CYP3A inhibitor in human liver microsomes. The metabolism of THRX-
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195518 (10 µM) to THRX-193305 in human liver microsomes was inhibited by 97% in the 
presence of azamulin (5 µM) relative to vehicle control. 
 

3.2.7 Mass Balance Study 
Study 0130 was an open-label, fixed-sequence, 2-period study in healthy male subjects, where 
each subject received one or both of the following treatments: 

• Treatment A (Period 1): Single 20-µg IV infusion of approximately 1-mcCi [14C]-labeled 
revefenacin administered in a fasted state over 30 minutes 

• Treatment B (Period 2): Single 200-µg oral solution of approximately 10-mcCi [14C]-
labeled revefenacin administered in a fasted state 

 
Blood, urine, feces, and vomitus (if applicable) were collected until the subject was released during 
Periods 1 and 2. In Periods 1 and 2, subjects were discharged from the clinical research unit (CRU) 
if one of the following release criteria were met: 

• ≥90% of the administered radioactive dose was recovered in excreta collected to date on 
Day 8; or 

• The maximal stay in the CRU was reached (Day 15). 
 
The major metabolic pathway following IV or oral administration of [14C] revefenacin was 
conversion to THRX-195518 via hydrolysis of revefenacin. No metabolites unique to human were 
identified. The major circulating species in plasma after IV administration was unchanged 
revefenacin at 52.1% of the total radioactivity in the plasma extract, followed by THRX-195518 
(14.3%) (Figure 5). No other metabolite was observed at greater than 10% of the total radioactivity 
in the plasma extract after IV administration. 
 
The major circulating species in plasma following oral administration were unchanged revefenacin 
(13.1% of the total radioactivity in the plasma extract), M10 (12.5%), and THRX-195518 (12.5%) 
(Figure 6). The major route of excretion of revefenacin was via the feces. Renal excretion of 
revefenacin was minimal, with 6.2% and 0.1% of the [14C]revefenacin dose recovered in urine 
after IV and oral administration, respectively, suggesting that renal clearance (CLr) was a minor 
route of elimination. This was further supported by a mean CLr of 3.0 L/hr after IV administration, 
which was approximately 7.5% of the overall plasma clearance of revefenacin (mean, 39.7 L/hr). 
Overall, the excretion profile of revefenacin was consistent with elimination via the hepatic-biliary 
and fecal route. THRX-195518 was generally not quantifiable in urine following 
both IV and oral administration. These results indicate extensive hepatobiliary elimination of 
revefenacin in humans, similar to rats and dogs. Following oral administration, mean (n=3) 
revefenacin absolute bioavailability was low (<3%), suggestive of poor absorption. 
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Figure 5: Mean (±SD) Cumulative Percent of [14C]Revefenacin Dose Excreted after IV 
Dose of [14C]Revefenacin 

  
Source: Module 5.3.3.1, 0130 Clinical Study Report, Page 63 

 

Figure 6: Mean (±SD) Cumulative Percent of [14C]Revefenacin Dose Excreted after Oral 
Dose of [14C]Revefenacin 

 

Source: Module 5.3.3.1, 0130 Clinical Study Report, Page 64 
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Metabolite profiling: 

Metabolite profiles were determined in plasma, urine and feces collected in Study 0130. Plasma 
samples collected through 72 hrs post-dose, urine samples collected during intervals through 168 
hours post-dose, and fecal homogenate samples obtained through 216 hours post-dose were pooled 
across subjects and analyzed by HPLC with detection by accelerator mass spectrometry (AMS). 
As mentioned above, the major circulating species in pooled plasma following IV administration 
was unchanged revefenacin at 52.1% of the total radioactivity in the plasma extract. THRX-
195518 was found at 14.3% of total radioactivity in the plasma extract. No other metabolite was 
observed at greater than 10% of the total radioactivity in the plasma extract following IV 
administration. In pooled feces, THRX-195518 was excreted at 18.8% of the administered dose, 
and unchanged revefenacin was excreted at 15.4% of the administered dose following IV 
administration. No other metabolite was excreted at more than 5% of the dose in feces. Notably, 
the CYP3A-mediated metabolite of THRX-195518, THRX-193305 (M9), was excreted at <0.1% 
of the administered dose in feces. In pooled urine, unchanged revefenacin corresponded to 11.8% 
of the administered dose. No other metabolite was excreted at more than 5% of the dose in urine.  
 
The major circulating species in pooled plasma following oral administration were unchanged 
revefenacin (13.1% of the total radioactivity in the plasma extract), THRX-697795 (M10, 12.5%), 
and THRX-195518 (12.5%). No other metabolite was observed at greater than 10% of the total 
radioactivity. The remaining radioactivity (approximately 60%) in pooled plasma was comprised 
of many minor unidentified metabolites. In pooled feces, THRX-195518 was excreted at 
approximately 9.4% of the administered dose, and unchanged revefenacin was excreted at 66.8% 
of the administered dose following oral administration. No other metabolites were observed at 
more than 5% of the administered oral dose in feces. The CYP3A-mediated metabolite of THRX-
195518, THRX-193305 (M9), was excreted at <0.4% of the oral dose in feces. In pooled urine, 
neither revefenacin nor its metabolites were observed at more than 1% of the administered dose. 
 
The study observations indicated that the major metabolic pathway following IV or oral 
administration of revefenacin was the conversion of revefenacin to THRX-195518 via hydrolysis. 
Additional metabolic pathways of revefenacin included conversion to THRX-609075 (M1) by 
hydrolysis, formation of THRX-697795 (M10) via oxidative deamination and its subsequent 
oxidation to THRX-177860 (M8), and the formation of THRX-193305 (M9) following oxidative 
deamination of THRX-195518 (Figure 7). 
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Figure 7: Metabolic Pathways for Revefenacin in Humans 

 
Source: Module 5.3.3.1, 0130 Clinical Study Report, Page 82 

3.3 Clinical Pharmacology Review Questions 
 

3.3.1  Does the exposure-response or dose-response provide evidence of effectiveness? 
The dose-response provides evidence of effectiveness of revefenacin. However, for inhaled 
revefenacin, the systemic exposure is not directly related to clinical response (FEV1).   

Dose-response: 
Dose-ranging was conducted in Study 0091 - A Phase 2, randomized, double-blind, multiple-dose, 
five-period, incomplete-block, crossover study to examine the PD, safety and tolerability, and PK 
of multiple doses of revefenacin for 7 days in subjects diagnosed with moderate to severe COPD. 
Study treatments were administered QD for 7 days in each of 5 treatment periods, with each subject 
receiving 4 of 6 possible doses of revefenacin (22 μg, 44 μg, 88 μg, 175 μg, 350 μg, or 700 μg) 
and placebo. There were 5 study periods lasting 7 days each and a 10- to 16-day washout between 
periods. The primary PD endpoint was trough FEV1 after the 7th dose of each treatment period.  
 
The change from baseline and placebo in trough FEV1 (95% CI) was 53.5 mL (16.5, 90.5), 55.0 
mL (15.9, 94.1), 75.4 mL (37.7, 113.0), 114.2 mL (75.7, 152.6), 94.4 mL (57.7, 131.1), 81.6 mL 
(43.8, 119.5) for doses of 22, 44, 88, 175, 350, and 700 μg, respectively (Figure 8). Doses of 22 
μg and 44 μg did not produce clinically meaningful improvements in trough FEV1 or weighted 
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mean FEV1. The 175 μg dose produced the greatest improvement in trough FEV1 and weighted 
mean FEV1. The proportion of subjects achieving either 100 mL or 150 mL change in FEV1 from 
baseline was greater for 350 μg than 175 μg. The overall results on lung function suggest that the 
likely therapeutic dose could lie in the range of 88 μg to 350 µg. 
 
Figure 8: LS Mean Change from Baseline in Serial FEV1 Over 24 hrs on Days 7/8 (Study 
0091) 

 
Source: Module 5.3.4.2, 0091 Clinical Study Report, Page 64 

An additional study to confirm the dose-response was conducted. Study 0117 was a Phase 2b, 
randomized, double-blind, placebo-controlled, parallel group, multicenter study in moderate-to-
severe COPD patients (N=350). Each subject received revefenacin 44 μg, 88 μg, 175 μg, 350 μg, 
or matching placebo QD.  
 
The primary efficacy endpoint was the change from baseline in trough FEV1 (mean of 23.25-hour 
and 23.75-hour post-dose measurements) on Day 29. The primary efficacy endpoint was met for 
revefenacin doses of 88 μg QD and higher. Statistically significant and clinically meaningful 
differences (all multiplicity-adjusted p < 0.001) of 187.4 mL (88 μg dose), 166.6 mL (175 μg 
dose), and 170.6 mL (350 μg dose) compared to placebo were observed after 28 days of dosing 
(Figure 9). A numerical difference was noted for the 44 μg dose group (51.8 mL); however, this 
difference from placebo was not statistically significant (p = 0.141). The results of this study along 
with Study 0091 supported the choice of doses 88 μg and 175 μg for the Phase 3 studies. 
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Figure 9: LS Mean Change from Baseline in Serial FEV1 (Trough) over Days 1 through 29 

 
Source: Module 5.3.5.1, 0117 Clinical Study Report, Page 62 
 

3.3.2 Is there exposure/dose-response for safety? 
No, dose-response for safety was not evident from TQT study (0136) and pivotal Phase 3 studies 
0126 and 0127. Relationship between exposures of revefenacin and safety measures were not 
explored for Phase 3 trials because of lack of dose-response for safety and the unreliability of PK 
data collected in the two pivotal Phase 3 studies, as discussed in Section 3.2.3 of this review. 
 
QTc Risk 
A low potential for cardiovascular effects was demonstrated based on in vitro assessment of hERG 
potassium channel inhibition. The hERG half-maximal inhibitory concentrations (IC50) of 
revefenacin and THRX-195518 were 11.4 µM (6820 ng/mL) and 564.1 µM (337,700 ng/mL), 
respectively; considerably higher than the estimated mean maximum unbound plasma revefenacin 
and THRX-195518 concentrations (Cmax) of 0.035 ng/mL and 0.147 ng/mL, respectively, in COPD 
patients receiving 175 µg/day inhaled revefenacin. Inhaled revefenacin at doses of 175 µg and 700 
µg (supra-therapeutic dose) did not have a clinically meaningful effect on cardiac repolarization 
(the QTc interval) or cardiac conduction (PR and QRS interval) in healthy subjects in the TQT 
study (Study 0136). The largest upper bounds of the 2-sided 90% CI for the mean difference 
between revefenacin (175 µg and 700 µg) and placebo were below 10 ms, the threshold for 
regulatory concern as described in ICH E14 guidelines (Figure 10). See QT-IRT review by Dr. 
Janell Chen dated 03/28/2018 in DARRTS for details. 
 
The relationship between change in heart rate immediately following administration of revefenacin 
versus the observed (or estimated) revefenacin and THRX-195518 Cmax is shown in Figure 11. The 
heart rate data was derived from vital sign data collected at 10-15 minutes post-dose in Studies 
0091, 0117, 0126 and 0127. The corresponding concentration data in the plots were the 
observed/predicted Cmax values.  No apparent trends were observed between the change in heart 
rate and Cmax. The slopes of the relationship between revefenacin and THRX-195518 Cmax and the 
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change in heart rate were not significantly different from 0 (p=0.124 and p=0.191 for revefenacin 
and THRX-195518, respectively). 
 
Figure 10: Mean and 90% CI ΔΔQTcF Time course 

 
Source: Review by Dr. Janell Chen (dated 03/28/2018 in DARRTS) 
  
Figure 11: Relationship between Change in Heart Rate and Revefenacin or THRX-195518 
Concentration at First Post-dose Time Point 

 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Page 64 

Reference ID: 4291551







36 
 

3.3.3 Is the proposed dose and dosing regimen appropriate for the general patient population 
for which the indication is being sought? 

Yes, the proposed dose and dosing regimen are appropriate for the general COPD patient 
population. 
 
Dosing Regimen: 
Once daily and twice daily dosing regimens were evaluated in Study 0116 - A randomized, double-
blind, placebo-controlled, multiple-dose, three-period crossover study designed to evaluate 
revefenacin in subjects with moderate-to-severe COPD. Each subject was randomized to receive 
each of the 3 treatments (revefenacin 44 μg BID, 175 μg QD, and matching placebo BID). These 
doses and dosing regimens were selected upon agreement with the Agency during PIND meeting 
(December 12th, 2013). A total of 64 subjects with moderate-to-severe COPD were enrolled. Each 
of the 3 treatment periods consisted of 7 dosing days, with two, 14- to 21-day washout periods. 
The primary efficacy endpoint in this study was change from baseline in weighted mean FEV1 (0 
to 24 hours) after the AM dose on Day 7. Revefenacin 44 μg BID and 175 μg QD demonstrated 
statistically significant (p<0.001) increases in FEV1 versus placebo of 105 mL and 113 mL, 
respectively, as measured on Day 7 weighted mean FEV1 over 24 hours (Figure 12 and 13). Once-
daily dosing of revefenacin 175 μg was numerically greater than twice-daily dosing of revefenacin 
44 μg, thereby demonstrating that the lower daily dose in divided intervals did not provide greater 
efficacy in terms of lung function than a higher once-daily dose. Revefenacin 44 μg BID and 175 
μg QD demonstrated nominally statistically significant (p<0.001) increases versus placebo in the 
Day 7 trough FEV1 of 109 mL and 116 mL, respectively. Revefenacin was generally well tolerated 
and the frequency of adverse events was broadly comparable across both once-daily and twice-
daily regimens and placebo. While the duration of the study was short (7 days) and the number of 
subjects enrolled in the study were low, the incidence of adverse events was low and consistent 
across all 3 treatment periods.  Overall, similar efficacy and safety observed between the QD and 
BID dosing regimens supported a QD dosing for revefenacin. 
 

Figure 12: Change from Baseline Weighted Mean 0-24 hr LS Means FEV1 (mL) on Day 7 

 
Source: Module 5.3.4.2, 0116 Clinical Study Report, Page 44 
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Figure 13: LS Mean Change from Baseline in Serial FEV1 (mL) Over 24 hrs on Day 7 

 
Source: Module 5.3.4.2, 0116 Clinical Study Report, Page 48 

 
 
Efficacy from Pivotal Phase 3 Clinical Studies 
Efficacy of nebulized revefenacin was assessed in two confirmatory Phase 3 studies (0126 and 
0127). Both studies were randomized placebo-controlled double-blind parallel group studies in 
subjects with moderate-to-very severe COPD comparing two QD doses (88 µg and 175 µg) of 
revefenacin inhalation solution and placebo (~200 subjects in each arm) over 12 weeks. The two 
revefenacin dose groups resulted in a statistically significant increase in the primary endpoint of 
least square (LS) mean change from baseline in trough FEV1 when compared to placebo in both 
studies (Table 13). While the change from baseline in trough FEV1 at Week 12 with 175 µg dose 
was numerically greater than 88 µg dose in Study 126, both doses showed similar treatment effect 
in Study 127 (Figures 14 and 15).  
 
The proposed dose of revefenacin is 175 µg QD administered via oral inhalation using a standard 
jet nebulizer connected to an air compressor. Justification for the 175 µg daily dose is primarily 
based upon revefenacin safety and efficacy data in COPD patients in the two pivotal Phase 3 
studies (Studies 0126 and 0127), and long-term safety data in COPD patients in the Phase 3 Study 
0128. From an efficacy standpoint, these studies demonstrated numerically greater therapeutic 
benefit for the 175 µg QD dose than the 88 µg dose across a broad range of COPD patients (i.e., 
moderate-to-very severe COPD patient population), with no evidence of incremental risk for the 
175 µg QD dose compared to the 88 µg QD dose in terms of safety. Refer to clinical review by 
Dr. Khalid Puthawala and biostatistics review by Dr. Dong-Hyun Ahn regarding the final 
risk/benefit assessment for the proposed dose of revefenacin inhalation solution based on the 
efficacy and safety analyses. 
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Figure 15: LS Mean Change from Baseline in Trough FEV1 (mL) Day 1 to Day 85 – Study 
0127 

 

Source: Module 2.7.3. Summary of Clinical efficacy, Page 47 

 

3.3.4 Is an alternative dosing regimen and/or management strategy required for 
subpopulations based on intrinsic factors? 

No dose adjustment is recommended for revefenacin at the proposed dose in COPD patients with 
mild, moderate or severe renal impairment. Use of revefenacin at the proposed dose is not 
recommended in COPD patients with hepatic impairment. In addition, no dose adjustment based 
on other covariates (body weight, sex, age) is recommended. 
 
Renal impairment:  
The effect of severe renal impairment following single-dose inhaled administration of 175 µg 
revefenacin was investigated in Study 0135 using a reduced PK study design to compare 
revefenacin PK between subjects with severe (estimated glomerular filtration rate [eGFR] <30 
mL/min/1.73 m2) renal impairment (n=8) and subjects with normal renal function (n=8).  This was 
a multi-center, non-randomized, open-label, parallel-group study. The normal renal function group 
was comparable to the severe renal impairment group in terms of weight (± 15%), sex, race, and 
age (± 10 years).  
 
The concentration-time profiles were characterized by a rapid absorption Phase with median tmax 
of 15 minutes, rapid decline of plasma concentrations after Cmax, and a relatively slow distribution 
Phase, and a long terminal elimination Phase. Mean t½ values were 29.7 and 35.3 hrs in subjects 
with normal and severely impaired renal function, respectively.  
 
Two subjects in the normal renal function group (Subjects 

) had very low concentrations measurable to only 4 hrs and 1 hr post-dose, respectively 
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(597 L/hr and 773 L/hr, respectively). Revefenacin was converted to its metabolite THRX-195518 
with mean metabolite-to-parent AUC ratios of 1.82 and 0.502 for the moderately impaired and 
normal hepatic function groups, respectively. Similar to revefenacin, urinary excretion appeared 
to be a minor elimination pathway for THRX-195518.  
 
Overall, a significant AUC increase (2.8 to 4.7-fold) in metabolite THRX-195518 was observed 
in moderate hepatic impaired subjects. Note that although the observed exposure increase in 
moderate hepatic impairment study was adequately covered by the non-clinical safety margin, the 
pharmacology/toxicology reviewer concludes that THRX-195518 possessed activity at target 
muscarinic receptors that was slightly lower (approximately one-third to one-tenth) relative to 
revefenacin, and it could contribute to potential systemic antimuscarinic effects at therapeutic 
doses. Refer to pharmacology/toxicology review by Dr. Eleni Salicru regarding the 
pharmacological activity and potency of the active metabolite THRX-195518 relative to 
revefenacin. Following additional factors were considered for dosing recommendations in COPD 
patients with hepatic impairment: 

• COPD patients with underlying liver diseases were not enrolled in the Phase 2 and Phase 
3 trials. Therefore, the long-term safety of revefenacin in patients with underlying liver 
diseases is unknown.  

• While a dose of 700 µg (4 x above 175 µg) was evaluated in Phase 2 studies and concluded 
to be generally safe, the study duration was relatively short (7 Day), and the number of 
subjects exposed to 700 µg dose was limited (N = 37) to provide support for 2.8 to 4.7-fold 
higher exposure of THRX-195518. 

• Based on the information provided by the applicant on the THRX-195518 elimination, the 
hepatobiliary route appears to be the most prominent pathway for elimination, and hence 
implications of hepatic impairment are expected to be important. 

 
Considering the above factors and lack of safety information for such high exposure for metabolite 
THRX-195518 in COPD patients with underlying hepatic impairment, use of revefenacin at the 
proposed dose is not recommended in COPD patients with any degree of hepatic impairment.   
 
Covariates (age, body weight, sex): 
A population PK model with Phase 2 subjects (n=127) was utilized for covariate analysis.  The 
Phase 2 demographics were of acceptable range to allow resolution of subgroup differences.  The 
only covariate that was identified as being statistically significant was body weight on the fraction 
of parent converted to metabolite THRX-195518 (Fmet).  No clinically relevant differences in 
exposure (e.g. subgroup estimates were within 75-125%) were determined for sex, age, or weight 
(Figure 17).  Refer to Pharmacometrics review by Dr. Justin Penzenstadler (Appendix 4.3) for 
further details. 
 

 

 

 

Reference ID: 4291551



47 
 

Figure 17: Effect of Intrinsic Factors on Dose-Normalized Exposure Using the Phase 2 
Model Revefenacin (right) and THRX-195518 (left). 

 

Source: Module 1.11.3 Clinical Information Amendment-201-05-12, Page 6-7 

 

3.3.5 Are there clinically relevant drug-drug interactions and what is the appropriate 
management strategy? 
Revefenacin is a substrate of P-gp and BCRP based on the in vitro studies. THRX-195518 was 
demonstrated to be a substrate of OATP1B1 and OATP1B3. In vitro studies also suggest that 
revefenacin and THRX-195518 have very low potential to inhibit or induce cytochrome P450 
enzymes, and to inhibit drug transporters.  
 
 
Revefenacin/ THRX-195518 as a Perpetrator of Metabolism-Based Interaction 
CYP P450 Inhibition: 
Inhibition of multiple Cytochrome P450 was evaluated using a pool of five standard probe 
substrates (modified Greenford-Ware cocktail:18.8 μM phenacetin, 120 μM tolbutamide, 100 μM 
S-mephenytoin, 10 μM bufuralol, and 5 μM midazolam). Human liver microsomes were incubated 
withrevefenacin (0.10 μM, equivalent to 60 ng/mL) or THRX-195518 (0.18 μM, equivalent to 108 
ng/mL) for 30 minutes (Report 05-134853-PK-09). In human liver microsomes, revefenacin 
exhibited <10% inhibition of five CYP enzymes: CYP1A2, 2C9, 2C19, 2D6, and 3A4 (Table 18 
and 19). THRX-195518 exhibited <20% inhibition of CYP1A2, 2C19, and 3A4 and <40% 
inhibition of CYP2C9 and 2D6 in human liver microsomes. Further, to assess metabolism-
dependent inhibition, revefenacin (1 and 10 μM, equivalent to 598 and 5978 ng/mL) and THRX-
195518 (1 and 10 μM, equivalent to 599 and 5987 ng/mL, respectively) were pre-incubated with 
human liver prior to the addition of dextromethorphan (to assess CYP2D6 activity), or testosterone 
(to assess CYP3A4 activity) (Report 05-134853-PK-09). Neither revefenacin nor THRX-195518 
was a metabolism-dependent inhibitor of CYP2D6 or CYP3A4. 
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Table 18: The Effect of Revefenacin and THRX-195518 on Metabolism-Dependent 
Inactivation of CYP2D6 and CYP3A4 in Human Liver Microsomes  

 
Source: Module 4.2.2.4, Report 05-134853-PK-09, Page 8 

 
 
Table 19: The Inhibitory Effect of Revefenacin and THRX-195518 on the Activities of 
CYP1A2, 2C9, 2C19, 2D6 and CYP3A4 in Human Liver Microsomes  

 
Source: Module 4.2.2.4, Report 05-134853-PK-09, Page 8 
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Additional studies evaluating the ability of revefenacin and THRX-195518 to serve as inhibitors 
of CYP2B6 and CYP2C8 were conducted in human liver microsomes (Report 14-4208-PK-29). 
No inhibition of CYP2B6 or CYP2C8 was observed (IC50 >0.10 μM, equivalent to >59 ng/mL). 
Revefenacin and THRX-195518 were incubated with human liver microsomes and NADPH in the 
presence of several cytochrome P450 isoform-specific probe substrates. Metabolite formation was 
monitored by LC/MS/MS. The probe substrates and positive controls for the assay are listed below 
in Table 20: 
 
Table 20: Standard Probe Substrates and Positive Controls for the CYP IC50 Assay 

 
Source: Module 4.2.2.6, Report 14-4208-PK-29, Page 6 

 
Revefenacin and THRX-195518 did not inhibit CYP2B6 or CYP2C9 over the test concentration 
range (0.1 nM – 100 nM) with IC50 values reported as >0.1 μM (Table 21). 
 
Table 21: Effect of Revefenacin and THRX-195518 on Cytochrome P450 Marker Enzyme 
Activities in Pooled Human Liver Microsomes (Reversible Inhibition) 

 
Source: Module 4.2.2.6, Report 14-4208-PK-29, Page 5 

 
Cytochrome P450 Induction: 
The effect of revefenacin (0.03 to 30 nM, equivalent to 0.018 to 18 ng/mL) and THRX-195518 
(0.03 to 30 nM, equivalent to 0.018 to 18 ng/mL) on the expression of CYP enzymes was assessed 
relative to a positive control and a negative control CYP inducer in 3 preparations of cultured 
cryopreserved human hepatocytes (Report 17-4208-PK-32). The positive controls utilized in the 
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study were omeprazole (an AhR activator and CYP1A2 inducer at 50 μM), phenobarbital (a CAR 
activator and CYP2B6 inducer at 750 μM) and rifampin (a PXR agonist and inducer of CYP3A4 
at 20 μM)) and the negative control was flumazenil. 
 
Human hepatocyte cultures treated with revefenacin (up to 30 nM) or THRX-195518 (up to 30 
nM) had little to no effect on CYP1A2 (<1.5 fold) and CYP2B6 (<1.8 fold) enzyme activities and 
mRNA levels. Similarly, there was little to no change (<2-fold) in CYP3A4/5 activities and 
CYP3A4 mRNA levels following treatment with either revefenacin or THRX-195518, with a 
single exception. Treatment with the highest concentration of revefenacin (30 nM) caused a 3.26-
fold increase in CYP3A4 mRNA expression in one of three cultures of human hepatocytes (HC10-
8). However, the observed increase was only 7.8% as effective as the positive control, rifampin. 
There was no observed change in CYP3A4/5 activity (<1.3-fold) for this culture. 
 
In vitro data indicate that neither revefenacin nor its major metabolite THRX-195518 is likely to 
cause drug interactions in humans at proposed inhalation doses which are associated with low 
circulating systemic levels of revefenacin and THRX-195518 (mean Cmax = 0.12 ng/mL and 0.25 
ng/mL, respectively, after 175 µg revefenacin). The IC50 values for CYP1A2, 2B6, 2C8, 2C9, 
2C19, 2D6, and 3A4 were >59 ng/mL for both revefenacin and THRX-195518, which is 
considerably higher than the observed mean peak concentrations after a 175 µg revefenacin dose 
(approximately 490- and 240-fold for revefenacin and THRX-195518, respectively).  
 
The applicant concluded that neither revefenacin nor THRX-195518 affected CYP enzyme 
activities or mRNA levels in human hepatocyte cultures and the reviewer agrees with the 
conclusion. 
 
Revefenacin as a Victim of Metabolism-Based Interaction 
The primary metabolic pathway for revefenacin is via hydrolysis, with a minor contribution of 
CYP enzymes, based on the minimal conversion of revefenacin via oxidation to form metabolites 
M8, M9, and M10. Each of these metabolites were <5% of total plasma radioactivity following IV 
dosing; M8 and M9 were <4% each, and M10 was <13% of total plasma radioactivity following 
oral dosing.  Additionally, CYP3A-mediated conversion of THRX-195518 to M9 was limited, as 
shown by the in vitro study and the low fecal excretion of M9 (<0.4%) relative to direct excretion 
of THRX-195518 (approximately 19% and 9% for IV and oral dosing, respectively). The applicant 
concludes that given the low oral bioavailability of revefenacin (approximately 3%), minimal 
elimination of the CYP-mediated metabolites (<3%), and low systemic exposure after inhalation, 
it is unlikely that any alterations in revefenacin exposure due to a CYP-mediated drug interaction 
would be of clinical relevance. The reviewer agrees with the applicant’s conclusion. 
 
 
Transporter-Based Interactions for Revefenacin and THRX-195518 
Uptake Transporters: 
Uptake experiments were performed using CHO or HEK293 cells (Report 17-4208-PK-34). For 
the interaction of revefenacin and THRX-195518 with the human SLC (uptake) transporters: 
OAT1, OAT3, OATP1B1, OATP1B3 and OCT2, the substrate assay used a concentration range 
of 0.1 to 1 µM and inhibition assays used a range of 0.3 to 30 nM for both revefenacin (TD-4208) 
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and metabolite (THRX-195518). Parameters of the uptake transporter assays are presented in 
Table 22.  
 
Table 22: Parameters of Uptake Transporter Assays 

 
Source: Module 4.2.2.6, Report 17-4208-PK-34, Page 16 

Accumulation of revefenacin was similar in OATP1B1-, OATP1B3-expressing and control cells 
(transporter-specific fold accumulations were <2), indicating no transporter-mediated 
accumulation of revefenacin under the conditions tested. 
 
THRX-195518 accumulated in both HEK293FT-OATP1B1 and HEK293FT-OATP1B3 cells at a 
higher level compared to control cells. The highest fold accumulation values were 12.79 
(OATP1B1: Figure 18) and 5.83 (OAT1B3: Figure 19). In the follow-up inhibition assays, the fold 
accumulations >2 for THRX-195518 were reproducible. The presence of inhibitor (rifampicin) 
decreased the transporter-specific accumulation of THRX-195518 for both transporters, 
confirming that the interactions were mediated by OATP1B1 and OATP1B3.  
 
Figure 18: Accumulation of THRX-195518 in Transporter-Expressing and Control Cells in 
the Uptake Transporter Substrate Feasibility Assay 

 
Source: Module 4.2.2.6, Report 17-4208-PK-34, Page 28 
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Figure 19: Accumulation of THRX-195518 in Transporter-Expressing and Control Cells in 
the Uptake Transporter Substrate Feasibility Assay 

 
Source: Module 4.2.2.6, Report 17-4208-PK-34, Page 29 

 
Neither revefenacin nor THRX-195518 is an inhibitor of the uptake transporters OATP1B1, 
OATP1B3, OAT1, OAT3, or OCT2. Revefenacin and THRX-195518 did not influence any of the 
uptake transporter-mediated probe substrate accumulations in the applied concentration ranges. 
No IC50 values were calculated. A summary of the results of uptake transporters is shown in Table 
23 and 24. 
 

Table 23: Summary of the Uptake Transporter Results of Revefenacin 

 
Source: Module 4.2.2.6, Report 17-4208-PK-34, Page 12 
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Table 24: Summary of the Uptake Transporter Results of THRX-195518 

 
Source: Module 4.2.2.6, Report 17-4208-PK-34, Page 12 

 
Efflux Transporters: 
Bidirectional transport of revefenacin and THRX-195518 was determined through MDCKII -
mock and MDCKII-BCRP cell monolayers using LC-MS/MS (Report 17-4208-PK-33). The 
prazosin (1µM) efflux ratio was determined as a positive control for BCRP function and the efflux 
ratio of digoxin (5uM) as positive control for MDR1-mediated active efflux. The substrate assay 
used a concentration range of 0.1 to 10 uM and inhibition assays used a range of 0.3 to 30 nM for 
both revefenacin (TD-4208) and metabolite (THRX-195518). In inhibitory assay, the reference 
inhibitor (10 μM PSC833 or 1 μM Ko134) or the test compound was added to both chambers of 
the wells. Assay parameters and treatment groups are summarized in Table 25. 
 
 
Table 25: Monolayer Assay Parameters; MDCKII-BCRP and MDCKII-mock Cells 
Bidirectional Permeability Measurements 

 
Source: Module 4.2.2.6, Report 17-4208-PK-33, Page 14 
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In the bidirectional permeability measurement, revefenacin showed higher permeability in the B-
A direction than in the A-B direction, indicating that there was active transport of this compound 
in the MDCKII-BCRP cells. The highest observed net efflux ratio (net ER = ERBCRP-
ERMDCKII) was 17.51 at 10 μM (Table 26). THRX-195518 did not show significant permeability 
(neither in B-A nor in A-B direction) in the bidirectional permeability experiment, indicating that 
this compound does not have active transport in the MDCKII-BCRP cells. 
 
The inhibitory effect of revefenacin/THRX-195518 on the BCRP-mediated prazosin and the 
MDR1-mediated digoxin transport was determined at seven concentrations of revefenacin (0.03–
30 nM) and THRX-195518 (0.03–30 nM). Revefenacin/THRX-195518 inhibited neither the 
prazosin transport across the MDCKII-BCRP monolayer, nor the digoxin transport across the 
MDCKII-MDR1 monolayer. No IC50 values were calculated.  
 
Table 26: Bidirectional Permeability and Efflux Ratio Values for Revefenacin across 
MDCKII-BCRP Monolayers 

 
*LY= Lucifer yellow, TA= test article 
Source: Module 4.2.2.6, Report 17-4208-PK-33, Page 28 
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The possibility of revefenacin (THRX-134853) and THRX-195518 as a substrate of the efflux 
transporter, P-glycoprotein (P-gp), was evaluated in the Caco-2 cells (Report 05-134853-PK-14). 
Vinblastine (20 μM) was used as the positive control as a substrate for P-gp efflux transport. The 
P-gp inhibitor, verapamil, was added to both mucosal and serosal before and during the transport 
studies at a concentration of 100 μM for P-gp inhibition studies. Samples were taken at 0, 30 and 
60 min and samples were used for HPLC analysis and scintillation counting. 
 
Revefenacin (THRX-134853) and its metabolite THRX-195518 showed low membrane 
permeability with Kp values of ≤1.7x10-6 and ≤4.3x10-6 cm/sec from apical (A) to basolateral 
(B) direction at 10 and 100 μM, respectively. THRX-134853 is a substrate of the P-gp efflux pump 
with the ratio (B to A/A to B) of 18 (Table 27). Verapamil, the P-gp inhibitor, was able to abolish 
the P-gp efflux transport of revefenacin (THRX-134853) in the Caco-2 cell with the ratio (B to 
A/A to B) of 1.2. The active metabolite THRX-195518 also showed low membrane permeability 
at 10 and 100 μM with no detectable THRX-195518 on the basolateral side at the end of 1-hour 
experimental period. 
 
Table 27: In Vitro Permeability and P-gp Interaction Study of Revefenacin and THRX-
195518 in Caco-2 Cells 

 
*Ratio = Kp (permeation coefficient) of Basolateral to Apical/ Kp of Apical to Basolateral 
an=2, bn=1, cn=3, NC: Not Calculated, ND: Not Determined 
Source: Module 4.2.2.6, Report 05-134853-PK-14, Page 4 

In vitro studies suggest that revefenacin is a substrate of P-gp and BCRP. The results from in vitro 
studies are indicative of further in vivo evaluation. Available information from DDI studies 
conducted for digoxin (P-gp substrates) suggest that the increase in exposure (AUC and Cmax) in 
the presence of P-gp inhibitors is expected to be generally less than 2-fold (Refer to prescribing 
information for digoxin).  The available clinical data (total N= 115) at 350 µg dose (2 times above 
175 µg) from studies 0091 and 0117 suggest that a 2-fold exposure increase was generally safe. 
Considering these factors, the expected increase in the systemic of revefenacin with P-gp or BCRP 
inhibition is unlikely to have a clinically meaningful impact on safety of the proposed dose.      
  
In vitro studies suggest that THRX-195518 is a substrate of OATP1B1 and OATP1B3. In the case 
of OATP1B1/OATP1B3 substrates like pitavastatin and rosuvastatin, several fold increase in 
exposure (AUC) has been observed in the presence of OATP1B1/OATP1B3 inhibitors (Refer to 
prescribing information for pitavastatin and rosuvastatin). Mass-balance study (0130) showed that 
~19% of the administered dose was excreted as intact THRX-195518 in feces. Additionally, as 
discussed previously in the review, THRX-195518 has low permeability. Given these factors the 
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Monitoring. As shown in Table 28, this assay was utilized for single ascending dose study 
AC5108696. 
 
The second validated LC-MS/MS method (110281VCWB_TSC), developed by  
utilized a solid-Phase extraction (strong cation exchange). Human K2EDTA plasma samples 
containing revefenacin/THRX-195518 were analyzed using a 100 mcL aliquot volume. 
Revefenacin concentrations were calculated with the use of a standard curve with a 1/x2 linear 
regression over a concentration range of 0.005 to 2.50 ng/mL with THRX-785132 (stable-isotope 
labeled revefenacin-d5) as the internal standard. THRX-195518 concentrations were calculated 
with the use of a standard curve with a 1/x2 linear regression over a concentration range of 0.005 
to 2.50 ng/mL with THRX-740324 (stable-isotope labeled THRX-195518-d5) as the internal 
standard. The mass spectrometer (AB Sciex API-5000) was operated under optimized conditions 
for the detection of revefenacin/THRX-195518 in Turbo Ion Spray, Positive Ionization, and 
Selected Reaction Monitoring. As shown in Table 28, this assay was utilized for studies 0059, 
0091, 0117 and 0130. 
 
A more sensitive, third validated LC-MS/MS method (150722VCWB_TSC), developed by  

, also utilized a solid Phase extraction (strong cation exchange). Human K2EDTA plasma 
samples containing revefenacin/THRX-195518 were analyzed using a 200 mcL aliquot volume. 
Revefenacin concentrations were calculated with the use of a standard curve with a 1/x2 linear 
regression over a concentration range of 0.0005 to 0.250 ng/mL, with THRX-785132 (stable-
isotope labeled revefenacin-d5) as the internal standard. THRX-195518 concentrations were 
calculated with the use of a standard curve with a 1/x2 linear regression over a concentration range 
of 0.005 to 2.50 ng/mL with THRX-740324 (stable-isotope labeled THRX-195518-d5) as the 
internal standard. The mass spectrometer (AB Sciex API-6500) was operated under optimized 
conditions for the detection of revefenacin in Turbo Ion Spray, Positive Ionization, and Selected 
Reaction Monitoring. As shown in Table 28, this assay was utilized for studies 0126, 0127, 0130, 
0134, 0135 and 0136. 
 
The intra-assay summary of revefenacin in plasma are shown in Tables 29. The intra-assay 
summary of THRX-195518 in plasma are shown in Tables 30. 
 
Note that the third validated LC-MS/MS method (150722VCWB_TSC_R1) was previously 
validated over a calibration range of 0.005 to 2.50 ng/mL (5 to 2500 pg/mL) for both analytes 
using an AB SCIEX API 5000 mass spectrometer. This validation was originally intended to lower 
the calibration range for revefenacin and to change the mass spectrometer for the assay to an AB 
SCIEX API 6500. These changes were fully validated; however, method performance degraded 
during sample analysis and further method modifications were required. A partial validation was 
subsequently performed to adjust the LC/MS/MS parameters. The partial validation passed the 
accuracy and precision criteria for revefenacin and THRX-195518 and their 10-fold dilutions. 
 
A summary of the accuracy, precision, carryover effect, internal standard recovery, analyte 
recovery, dilution linearity range, freeze-thaw stability, long-term and bench top stability are 
provided below in Table 31. For study sample analysis ISR met acceptance criteria. Samples were 
analyzed within the established freezer stability limit of 329 days at −70 °C (few exceptions were 
noted but handled appropriately). In all bioanalytical reports, the inter-assay accuracy and 
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precision of QC samples and calibration standards were within the acceptance criterion: accuracy 
within ±15% of the nominal concentration (±20% at the LLOQ) and precision of ≤15% (≤20% at 
the LLOQ).  
 
 
Table 29: Intra-Assay Summary of Revefenacin in Human Plasma 

 
Source: Module 2.7.1, Summary of Biopharmaceutic Studies and Associated Analytical Methods, Page 6 
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Table 30: Intra-Assay Summary of THRX-195518 in Human Plasma 

 
Module 2.7.1, Summary of Biopharmaceutic Studies and Associated Analytical Methods, Page 8 
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Source: Module 2.7.1, Summary of Biopharmaceutic Studies and Associated Analytical Methods, Page 15 
 
Revefenacin /THRX-195518 in Urine 
At , urine revefenacin concentration was determined by a validated LC-MS/MS 
method (110286VCWB_TSC) which utilized a solid Phase extraction (strong cation exchange). 
Human urine samples containing revefenacin were analyzed using a 20 mcL aliquot volume. 
Revefenacin concentrations were calculated using a standard curve with a 1/x2 linear regression 
over a concentration range of 0.100 to 100 ng/mL with THRX-785132 (stable-isotope labeled 
revefenacin-d5) as the internal standard. The mass spectrometer (AB Sciex API-5000) was 
operated under optimized conditions for the detection of revefenacin in Turbo Ion Spray, Positive 
Ionization, and Selected Reaction Monitoring. THRX-195518 concentrations were calculated 
using a standard curve with a 1/x2 linear regression over a concentration range of 0.100 to 100 
ng/mL with THRX-740324 (stable-isotope labeled THRX-195518-d5) as the internal standard. 
The intra-assay summary of revefenacin and THRX-195518 in urine are shown in Tables 32 and 
33. A summary of the accuracy, precision, carryover effect, freeze-thaw stability, bench top and 
long-term stability are provided below in Table 34. In all bioanalytical reports, the inter-assay 
accuracy and precision of QC samples and calibration standards were within the acceptance 
criterion: accuracy within ±15% of the nominal concentration (±20% at the LLOQ) and precision 
of ≤15% (≤20% at the LLOQ). 
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Table 32: Intra-Assay Summary of Revefenacin in Human Urine 

 
Source: Module 2.7.1, Summary of Biopharmaceutic Studies and Associated Analytical Methods, Page 9 

Table 33: Intra-Assay Summary of THRX-195518 in Human Urine 

 
Source: Module 2.7.1, Summary of Biopharmaceutic Studies and Associated Analytical Methods, Page 10 
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and AUC6 (Day 1) and Cmax, AUC6, and AUC24 (Day 7) was conducted for dose levels with a 
sufficient number of observations (≥ 9) for each parameter in Study 0091. Results are shown in 
Table 35 (revefenacin) and Table 36 (THRX-195518). Revefenacin and THRX-195518 exposure 
increased in a slightly greater than dose proportional manner with increasing revefenacin dose with 
estimated slope generally between 1 to 1.3. Following inhaled revefenacin dosing, AUC and Cmax 

of revefenacin and THRX-195518 increased by approximately 11-fold and 5-fold over the 88 to 
700 µg (8-fold) and 175 to 700 µg (4-fold) dose range, respectively.  
 

Table 35: Revefenacin Dose Proportionality Assessment after a Single Revefenacin Dose 
(Day 1) and Daily Dosing (Day 7) (Study 0091) 

 

 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Page 30 
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Table 36: THRX-195518 Dose Proportionality Assessment after a Single Revefenacin Dose 
(Day 1) and Daily Dosing (Day 7) (Study 0091) 

 

 
Source: Module 2.7.2. Summary of Clinical Pharmacology Studies, Page 32 

4.3 Population PK Analyses 

4.1.1 Sponsor’s Analysis: Effect of Renal and Hepatic Impairment on the Pharmacokinetics 
of Revefenacin and Metabolite 

 
4.1.1.1 Objectives  
 
Due to the sparsity of detectable plasma concentrations in the elimination Phase, particularly for 
THRX-195518, non-compartmental analysis resulted in large extrapolations of exposure.  Per 
FDA guidance, a population pharmacokinetic model was employed to more robustly determine 
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the effect of moderate hepatic impairment and severe renal impairment on revefenacin and THRX-
195518 exposure in healthy subjects. 
 
4.1.1.2 Data 
 
This analysis pooled pharmacokinetic data from two dedicated organ impairment studies and one 
thorough QT study in subjects without COPD.  The two dedicated organ impairment studies were 
open label, parallel-group, single dose studies in male and female subjects.  Following a 175-mcg 
dose of revefenacin, subjects underwent blood sampling 5, 15, 30 minutes after dosing, and 1, 2, 
3, 4,6 7, 12, 24, 36, 48, 72, and 96 hrs after dosing for determination of plasma revefenacin and 
THRX-195518 concentrations.  Study 0134 enrolled subjects with normal hepatic function, and 
those with Child-Pugh class B liver impairment.  Study 0135 enrolled subjects with normal renal 
function and with severe renal impairment.  For both studies, control subjects were chosen to be 
comparable by matching subjects for weight (±15%), sex, race, and age (±10 years).  Because 
healthy subjects were enrolled based on creatinine clearance, while severe renal impairment 
subjects were enrolled based on eGFR, a discordance between renal impairment staging of subjects 
was observed between estimation methods (Cockcroft-Gault and MDRD).  In staging all subjects 
by eGFR (calculated by MDRD), two subjects in the normal renal function group have an eGFR 
below the < 60 mL/min threshold. Study 0136 was a randomized, double-blind, placebo and 
positive controlled 4 period crossover thorough QT study.  48 healthy subjects were enrolled and 
received placebo, moxifloxacin, 175mcg Revefenacin, and 700 mcg revefenacin with a 14 day 
washout between treatments.  Blood samples were collected richly at 15 and 30 minutes, and 
1,2,3,4,6,8,12, and 24 hrs post dose.   
 
Plasma samples from all three studies were analyzed by  using LC-MS/MS methods.  
The LLOQ for revefenacin and THRX-195518 were 0.0005 and 0.005 ng/mL, respectively.  The 
final bioanalysis data set contained 1479 (12% BLQ) revefenacin and 1480 (32% BLQ) THRX-
195518 plasma concentrations.  Plasma concentration results below the LLOQ were removed from 
the dataset as per the M1 method.   
 
4.1.1.3 Methods 
 
The base structural model from the population PK analysis of revefenacin and THRX-195518 in 
subjects with COPD was used to characterize the PK in healthy subjects, subjects with moderate 
hepatic impairment and subjects with severe renal impairment.  As such, it was assumed that the 
model structure describing the PK of revefenacin and THRX-195518 in Phase II/Phase III subjects 
with COPD and sparse sampling, is similar enough for valid analysis.  The model was adapted to 
estimate parent and metabolite parameters simultaneously, rather than sequentially.  Hepatic 
function and renal function were the only covariates tested in the analysis.   
 
Individual post-hoc PK parameters were obtained and then used to simulate plasma revefenacin 
and metabolite concentrations at 5, 15, and 30 minutes, 1, 2, 3, 4, 6, 8, 12, 24, 36, 48, 72 and 96 
hrs after dosing.  Cmax and AUCinf were calculated from the simulated plasma drug concentration-
time profiles from time zero to 96 hrs using noncompartmental analysis in Phoenix WinNonLin 
version 6.4   The resulting NCA parameters were log 
transformed and statistically tested in an ANOVA model using Phoenix WinNonLin version 6.4.  
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Organ impairment was included as the only covariate.  Resulting point estimates and 90% 
confidence intervals of the geometric mean ratios were reported for AUCinf and Cmax. 
 
4.1.1.4 Results  
 
No heteroscedasticity with respect to time or concentration was noted in the goodness of fit plots.  
The model fit individual concentration-time profiles well, and could obtain plausible parameter 
estimates within reasonable levels of uncertainty (table 4.1.1.4.1).  In the renal impairment study, 
two healthy subjects were identified as outliers and excluded from analysis.  The excluded subjects 
had exposures that were the among the lowest of all studied healthy subjects receiving a 175-mcg 
dose (n=64), and subjects with confirmed dosing noncompliance.    
 
Based on fixed effect estimates of CL/F, the model predicts revefenacin AUC in both hepatic and 
renal impaired subjects to be within 20% of healthy subjects.  The model predicts THRX-195518 
AUC to be within 20% of healthy subjects for renal impairment, and predicts a 143% increase of 
the metabolite AUCinf in moderate hepatic impairment.   
 
Based on subsequent NCA and ANOVA analysis of model predicted concentrations from post-
hoc simulations, greater than 200% increases in parent and metabolite AUCs were predicted in 
renal impairment.  However, after removal of the outliers, exposure ratios as predicted by 
NCA/ANOVA analysis (table 4.1.1.4.2, figure 4.1.1.4.1) were approximate to the predictions 
based on the population PK model.  The model predicted a 184% increase in AUC of the metabolite 
in hepatic impairment. Otherwise, all organ impairment effects on were estimated to be less than 
twice the exposure of healthy subjects.  

 
Table 4.1.1.4.1: Population PK Parameters for Final Sponsor Model 
 
 
Pharmacokinetic Parameter1 

Typical Value 
in Normal 
Hepatic 
Function (RSE) 

Ratio Between 
Moderate 
Hepatic 
Impairment and 
Healthy (RSE) 

Ratio Between 
Severe Renal 
Impairment 
and Healthy 
(RSE) 

Between-
Subject 
Variance 

Revefenacin Clearance (L/hr) 575 (6.23%) 1.03 (23.6%) 0.900 (14.2%) 24.8% 

Revefenacin Vd (L) 313 (8.80%) 1.19 (28.9%) 1.29 (19.8%) Not 
estimated 

Revefenacin 
Intercompartmental Clearance 
(L/hr) 
 

918 (9.47%) 1.15 (37.4%) 1.17 (17.7%) Not 
estimated 

Revefenacin Peripheral Vd (L) 6327 (7.40%) 1.45 (30.8%) 1.13 (13.0%) Not 
estimated 
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Absorption Rate  200 (fixed) Not estimated Not estimated Not 
estimated 

Metabolite Clearance (L/hr) 158 (5.95%) 0.355 (22.3%) 0.801 (22.8%) 24.1% 

Metabolite Vd (L) 73.4 (8.14%) Not estimated Not estimated 28.2% 

Metabolite Intercompartmental 
Clearance (L/hr) 
 

86.1 (7.49%) 1.07 (18.6%) 0.853 (19.4%) Not 
estimated 

Metabolite Volume of 
Peripheral Compartment 

135 (20.4%) 1.44 (23.3%) 0.670 (33.6%) 25.8% 

Fraction of Parent clearance to 
Metabolite  

0.210 (fixed) 0.863 (19.9%) 0.868 (24.9%) Not 
estimated 

Bioavailability (Fraction) 1 (fixed) Not estimated Not estimated 67.3% 

1All parameters are reported as apparent (e.g. divided by bioavailability of revefenacin) 
Source: 17-4208-PK-43 Study Report, table 3 
 
Table 3.1.4.2: Model-Predicted Mean Exposure Ratios in Healthy, Renal Impairment, and 
Hepatic Impairment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2The applicant reported Cmax exposure estimates after exclusion of healthy subject outliers.  Additional analysis can be found in 
section 4.  
Source: Adapted from 17-4208-PK-43 Study Report, table 4-5 
 

 

 

 

DRUG Measurement Point Estimate 90% Confidence 
interval 

Renal Impairment2 
METABOLITE Cmax 1.98 91 - 432 
METABOLITE AUCinf 1.59  88 – 286 
PARENT Cmax 1.65 77 – 353 
PARENT AUCinf 1.23 63 – 238 
Hepatic Impairment 
METABOLITE Cmax 1.56 99 – 246 
METABOLITE AUCinf 2.84 198 - 408 
PARENT Cmax 0.96 68 – 135  
PARENT AUCinf 1.18 72 – 191  
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Figure 3.1.4.1:  Result Summary of Sponsor’s Model Predicted GMR (90% CI) Estimates 
for Hepatic and Renal Impairment Studies 

Source: Adapted from 17-4208-PK-43 Study Report, table 4-5.  Range denotes point estimate and 90% confidence interval after 
removing two healthy subject outliers in the renal study.  Adjusted ratios for Cmax were not reported by the applicant.   

Reviewer’s Comments:  
 
Since it is known that revefenacin and THRX-195518 follows different PK in healthy subjects and 
COPD subjects, it is problematic to assume the population PK model built using Phase II/III COPD 
data will reasonably describe healthy subjects.  However, based on goodness of fit plots and close 
inspection of semi-logarithmic individual predicted vs observed plots, the model fits the data 
reasonably well.   
 
There is no physiological explanation for the two healthy subjects with unusually low exposures.  
Appropriateness of exclusion is supported by two facts, firstly, model predicted exposure ratios 
via NCA/ANOVA results are concordant with population parameter estimates only after removal 
of the potential outliers.  Secondly, among all subjects in the analysis, the outlier subjects have 
exposures among the lowest of the entire studied healthy population, and similar in magnitude to 
a documented non-adherent subject.   
 
Based on a drug’s therapeutic range, the draft guidance for renal impairment study allows for 
inclusion of subjects with estimated eGFR > 60 as “relatively normal” controls for a renal 
impairment study.  In staging all subjects by eGFR (calculated by MDRD), two subjects in the 
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normal renal function group have eGFR 56 - 60 mL/min. However, one subject with eGFR 
estimated below the threshold had a measured CrCL through 24 hour urine test and was found to 
be healthy.  The other subject was negative for urine protein, indicative of absence of CKD. The 
healthy population was chosen to have comparable demographics to those in the severe renal 
impairment cohort, and tend to be older and have lower baseline kidney function than standard 18-
45 year old healthy controls.    
 
Overall, this analysis is limited given the small sample size.  However, the model estimated key 
parameters driving exposure (e.g. CL/F) for both parent and metabolite, for all subgroups, with 
reasonable certainty.  The confidence intervals provided by ANOVA provide a conservative 
estimate for exposure ratios.   
 

4.1.2 Sponsor’s Analysis: Population PK Analysis for Revefenacin and THRX-195518 in 
Subjects with COPD 

 
4.1.2.1 Objectives  
 
Identify sources of inter-individual variability and clinically meaningful covariates of revefenacin 
and THRX-195518 exposure in COPD patients. 
 
4.1.2.2 Data  

 
Data from three Phase II studies (0059, 0091, 0117), and two Phase III studies (126, 127) were 
utilized for the analyses. The PK sampling scheme for each study is outlined in Table 4.1.2.2.1.  
All subjects included in the analysis were COPD patients.   
 
Table 4.1.2.2.1: Summary of Plasma Samples included in the Population PK Analysis of 
Revefenacin and THRX-195518. 
 

Study 
Type/ID 

N  Duration of 
treatment 

Doses (mcg) PK sampling (hours post nebulization) 

Phase 
2/0059 

32 Single dose 350, 700 pre-dose, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 
10, 12, 22, 24 

Phase 
2/0091 

61 Multiple dose 22, 44,88, 175, 
350, 700 

Day 1: pre-dose, 0.25, 0.5, 1, 2, 3, 4, 6  
 
Day 7: pre-dose, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 
12, 24 

Phase 
2/0117 

34 Multiple dose 44, 88, 175, 350 Day 28: pre-dose, 0.25, 0.5, 1, 2, 4, 6, 8, 
12, 24, 48, 72, 96 
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Source: Adapted from 17-4208-PK-40 Study Report, table 3 
 
Plasma samples for the Phase II studies were analyzed at  

 using validated liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) methods. The lower limit of quantification (LLOQ) for revefenacin 
and THRX-195518 in plasma was 0.005 ng/mL.  Plasma samples from Phase III studies were 
analyzed by  using the same methods.  
However, assay sensitivity to revefenacin was improved to a LLOQ of 0.0005 ng/mL, representing 
a 10-fold increase in the sensitivity for revefenacin and identical sensitivity for THRX-195518. 
 
Demographic and Baseline Characteristics 
 
The study included 90% Caucasian, 52.2% male, and 46% smokers.  Relevant continuous 
covariates are described below. 
 
Table 4.1.2.2.2: Demographics of Subjects in Pooled Pharmacometric analysis  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: Adapted from 17-4208-PK-40 Study Report, table 5 
 
 
 

Phase 
3/0126 

406 Multiple dose 88, 175 Day 1, 15, 29, 57: pre-dose, 1-30 mins 
postdose 
 
Day 84: pre-dose, 1-30 mins postdose, 1-4 
hrs postdose 

Phase 
3/0127 

402 Multiple dose 88, 175 Day 1, 15, 29, 57: pre-dose, 1-30 mins 
postdose 
 
Day 84: pre-dose, 1-30 mins postdose,1-4 
hrs postdose 

Descriptor (units)      N Mean Deviation Median Minimum Maximum 

Weight (kg) 935 83.3 21.8 81.2 38.5 192 

CrCL (mL/min) 935 71.7 20.7 70.2 22.0 151 

Age (years) 935 63.5 8.72 64.0 41.0 88.0 

BMI (kg/m2) 935 29.0 6.97 28.0 14.5 64.0 

ALT (IU/L) 935 20.3 11.5 17.0 4.00 138 

AST (IU/L) 935 21.4 9.38 19.0 8.00 141 

Total Bilirubin (µmol/L) 935 6.57 3.83 5.00 2.00 32.0 

FEV1 (mL) 935 1330 487 1262 444 2962 
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BQL 
 
Approximately 20-25% of the post-treatment data was below quantification limit (BQL).  
 
Table 4.1.2.2.3: BQL prevalence for parent and metabolite for each study included in 
analysis 
 

Study Revefenacin THRX-195518 
0059 222/832 (26.7%) 40/832 (4.8%) 
0091 1734/4055 (42.8%) 617/4055 (15.2%) 
0117 162/396 (40.9%) 62/396 (15.7%) 
0126 135/3506 (3.9%) 429/3507 (12.2%) 
0127 162/3480 (4.7%) 511/3501 (14.6%) 
Total 2415/12269 (19.7%) 1659/12291 (13.5%) 

Source: 17-4208-PK-40 Study Report, table 7 
 
Pre-dose Positive Samples:   
 
In Phase 3 studies, 782, and 790 plasma samples were collected prior to study treatment that were 
assayed for revefenacin and THRX-195518, respectively.   169 (21.6%) of the samples had 
quantifiable revefenacin concentrations, while 28 (3.5%) had quantifiable THRX-195518 
concentration (table 4.1.2.2.4).  126 (75%) of the pre-dose positive revefenacin samples had 
concentration levels between 1- and 10-fold of LLOQ, with the remaining 43 (25%, 5% of total) 
samples with concentration levels greater than 10-fold of LLOQ (>0.005 ng/mL) (figure 4.2.2.2.1 
– 4.2.2.2.2).  
 
Further, across all office visits, approximately 4-5% of PK samples (for 23-24 h post-dose trough) 
had unexpectedly high concentration values. In some cases, these were higher than the 0-15 min 
post dose sample in the same subject (figure 4.2.2.2.3-4.2.2.2.2.4), suggesting sample mislabeling.  
This phenomenon was observed across both studies and most clinical sites, but was isolated to 
Phase 3 studies.   These quantifiable pre-dose revefenacin and metabolite samples are listed in the 
population PK report in the original submission.   
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Table 4.2.2.2.4: Pre-dose plasma samples with quantifiable revefenacin and THRX-195518 
Concentrations 
 
 
 
 
 
 
 
 
 
 
 
 
Source: 17-4208-PK-40 Study Report, table 4 
 
Figure 4.1.2.2.1: Histogram of Pre-Dose Positive Revefenacin Samples 

Source: 04/08/2018 Response to Information Request, figure 2 
 
  

Study Dose 
(mcg) 

Revefenacin THRX-195518 

0126 175 49/191 (25.7%) 5/191 (2.6%) 

 88 39/205 (19%) 9/205 (4.4%) 

0127 175 44/194 (22.7%) 4/193 (2.1%) 

 88 37/192 (19.3%) 10/201 (5%) 

Total  169/782 
(21.6%) 

28/790 (3.5%) 
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Figure 4.1.2.2.2.: Pre-dose revefenacin observations relative to the first administered dose 
 

 
Source: 17-4208-PK-40 Study Report, figure 6 
 

Figure 4.2.2.2.3: Pre-dose revefenacin observations relative to all visits 

 

 
Source: 17-4208-PK-40 Study Report, figure 7 
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Figure 4.1.2.2.4: Pre-dose THRX-195518 observations relative to all visits 
 

 
Source: 17-4208-PK-40 Study Report, figure 7 
 
4.1.2.3 Methods  
 
A sequential parent-metabolite model was built whereby post-hoc parameter estimates of 
revefenacin were used to separately model metabolite data.  Since the rate of metabolite formation 
is unidentifiable, it was fixed to 21% of the parent clearance, which was determined in a 
radiolabeled mass-balance study.  Otherwise, the applicant followed standard iterative 
pharmacometric model building technique, whereby a base model is identified, followed by 
residual error model, followed by between subject variability model, followed by correlations, and 
finally covariates were modeled.  
 
Covariates of age, weight, gender, race, smoking status, CrCL, BMI, AST, ALT, total bilirubin 
and baseline FEV1 were tested on all PK parameters.  A stepwise covariate selection approach 
was used with forward inclusion criteria as significant at p <0.01, and stepwise elimination as 
significant at p <0 .001. 
 
A quality investigation was conducted to determine a cause of these unexpected data (detectable 
concentrations in pre-treatment samples). The investigation scope included review of assay 
validation, sample collection and preparation (clinical sites), sample handling, sample preparation 
and testing (analytical), data handling and analysis including visits to multiple clinical sites and a 
vendor to evaluate site operations, sample handling, preparation and storage conditions.   
 
To determine the effect of the unexpected data on the population PK analysis, three relevant 
sensitivity analyses were performed: 
 

• Inclusion of the pretreatment positive values and an additional term to estimate a residual 
additive error for the Phase 3 studies 

• Exclusion of observation records with concentrations that were greater than the mean + 3 
x SD  
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• Exclusion of the entire Phase III program  
 
For each sensitivity analysis, the final model developed by including all the data was used.  
 
4.1.2.4 Results 
 
One-, two- and three-compartment models with first-order elimination were fit to the revefenacin 
data.  Inter-individual variability terms were used for all PK parameters except Ka due to model 
identifiability issues (observed Tmax at the first postdose sampling time in ~99% of the plasma 
profiles).  As such, performance of a zero-order absorption rate was also assessed.  Overall, a fixed 
value first order absorption rate was chosen. Covariance between random effects was allowed (e.g. 
a block ETA matrix) for all parameters.  Linear, log-linear, and exponential dose-on-bioavailability 
relationships were tested.  An exponential dose-on bioavailability model resulted in the lowest 
drop in OFV.  A separate term to account for the study effect (lower exposures) of Study 0059 on 
bioavailability was tested in the structural model resulting in a significant improvement in the fit.  
There are no explanations for this finding, however, a potential explanation is use of a different 
nebulizer. 
 
One and two-compartment dispositional models with first order elimination were fit to THRX-
195518 THRX-195518 data.  The two-compartment model fit the data substantially better than the 
one-compartment model based on OFV.  Inter-individual variability terms were used for all PK 
parameters.  Inclusion of covariance between random effects was tested and resulted in a 
significant drop in OFV, however this was mainly driven by a high correlation between CLmet 
and V3. The final model included an additional THETA term to represent this correlation.  ETA 
shrinkage was within reasonable limits.  
 
A combined additive plus proportional residual error model for Phase 2 data with a separate 
proportional error for Phase 3 data was found to best describe the residual variability for both 
parent and metabolite.   
 
Table 4.1.2.4.1: Full Model Parameter estimates  

Parameter FOCE 200 Bootstrap Replicates 
Structural Model Estimate Mean SD 95% PI 
Revefenacin Apparent Clearance 668 672 17.4 636 – 704 
Revefenacin Apparent Central Vd 867 898 66.6 789 – 1033 
Revefenacin Intercompartmental Clearance 2607 2608 96.8 2435 – 2766 
Revefenacin Apparent Peripheral Vd 15495 15925 758 14553 – 17876 
Metabolite Apparent Clearance 53.2 53.1 0.959 51.1 – 54.8 
Metabolite Apparent Central Vd 20.4 20.5 0.802 19.0 – 22.0 
Metabolite Intercompartmental Clearance 36.3 36.6 1.76 33.2 – 39.9 
Metabolite Apparent Vd 35.8 36.7 2.44 32.7 – 41.2 
Fraction of Parent Metabolized to Metabolite 0.21  FIXED   
Effect of Study 0059 on Bioavailability 0.553 0.568 0.0524 0.474 – 0.684 
Effect of dose on Bioavailability 0.0987 0.0894 0.0211 0.048 – 0.125 
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Covariate Model  
Effect of Age on Revefenacin Clearance -0.559 -0.558 0.146 -0.862 – -0.278 
Effect of Age on Metabolite Clearance -0.777 -0.771 0.0961 -0.953 – -0.587 
Effect of Weight on Fraction Metabolized into 
Metabolite 

-0.406 -0.407 0.0768 -0.552 – -0.271 

Effect of Weight on Revefenacin 
Intercompartmental Clearance 

0.485 0.498 0.0842 0.331 – 0.634 

Random Effects Model  
Revefenacin Apparent Clearance Variance 0.316  0.326 0.054067 0.242 – 0.442 
Revefenacin Apparent Central Vd Variance  0.0722  0.14 0.097014 0.033 – 0.371 
Revefenacin Intercompartmental Clearance 
Variance 

0.0962 0.125 0.053259 0.054 – 0.272 

Revefenacin Apparent Peripheral Vd Variance 0.272 0.266 0.09633 0.083 – 0.445 
Metabolite Apparent Clearance Variance 0.13  0.128861 0.0164 0.103 – 0.165 
Revefenacin Bioavailability Variance 0.114  0.102 0.029762 0.037 – 0.144 
Correlation between Metabolite Clearance and 
Metabolite Central Vd 

1.45 1.46 0.116 1.26 – 1.70 

Source: Adapted from 17-4208-PK-40 Study Report, table 20 and table 29 
 
A standard full array of residual goodness of fit plots were supplied in the report.  For both 
revefenacin and THRX-195518, no residual heteroscedasticity was observed with respect to 
observation magnitude.  Slight tendency of the model to under predict revefenacin concentrations 
after 24 hrs is noted, but is likely due to an unmodeled third disposition compartment and produces 
clinically insignificant prediction error. 
 
The CWRES vs ID plot showed a tendency of the model under predict revefenacin and THRX-
195518 concentrations in Phase II subjects (e.g. those with a numerical ID below 127, figure 
4.1.2.4.1 – 4.1.2.4.2).  This finding is not due to longer sampling duration in Phase II, as later 
samples tend to be over predicted (see above paragraph).  This finding indicates the model 
systemically overpredicted exposures in Phase II, however, the significance of this is unclear.   
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Figure 4.1.2.4.1: CWRES vs ID and TIME for Parent 
 

 
Source: 17-4208-pk-40 Figure 16 
 
Figure 4.1.2.4.2: CWRES vs ID and TIME for Metabolite 

 
Source: 17-4208-pk-40 Figure 25 
 
The findings in the CWRES vs ID plot are corroborated with the VPC (Figure 4.1.2.4.3).  For 
every dose level, the model over predicts mean concentration, especially at times greater than six 
hrs.  It appears the Cmax was well captured.   
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Figure 4.1.2.4.4: Visual Predictive Check of Revefenacin and Metabolite  
 

 
Source: 17-4208-pk-40 Figure 28-29 
Solid red line and grey shaded area indicate the model predicted median concentration and 90% 
interval. Dashed lines indicate the observed median concentration and 90% interval. 
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Sensitivity Analysis  
 
The internal audit conducted by the applicant did not reveal conclusive evidence of the source or 
extent of the sample issues.  Possible explanations were provided, such as contamination due to 
environmental traces of nebulized product, sample switching, mislabeling, inaccurate sampling 
time and/or sampling very close to or immediately after inhalation of test drug.  Of importance, 
the applicant was unable to exclude that the PK samples collected on Visit 4, 5, 6, and 7 were not 
also impacted by sampling issues.  Parameter estimates for the sensitivity analysis were provided 
by the applicant for Phase III exclusion and for outlier exclusion. No parameter estimates were 
supplied for pre-dose concentration inclusion.  
 
Table 4.1.2.4.2: Base model parameter estimates for each sensitivity analysis  
 

 Phase II Only Outliers excluded 
(Mean + 3 S.D.)   

All data included 
 

CL/F (L/hr) 977 (7.58%) 717 (2.0%) 672 (2.5%) 
V1/F (L) 897 (7.64%) 976 (5.5%) 856 (6.9%) 
Q/F (L/hr) 1961 (7.09%) 2630 (2.7%) 2580 (3.4%) 
V2/F (L) 12906 (7.81%) 16226 (3.6%) 15508 (4.5%) 
Ka (1/hr) 200 (fixed) 200 (fixed) 200 (fixed) 
CLmet/F (L/hr) 76.6 (4.56%) 54.7 (1.7%) 53.6 (1.9%) 
V3/F (L) 28.2 (7.66%) 22.2 (3.3%) 20.3 (3.7%) 
Fmet (fraction) 0.210 (fixed) 0.21 (fixed) 0.21 (fixed) 
Qmet/F (L/hr) 53.3 (6.84%) 32.6 (4.7%) 36.3 (4.2%) 
V4/F (L) 41.6 (7.38%) 31.7 (6.3%) 35.6 (5.4%) 

 
Covariate Analysis   
 
Two covariates were identified as being statistically significant in the original revefenacin 
population PK model (Phase 2 and 3 data): age on clearance (CL/F) and weight on 
intercompartmental clearance (Q/F). Two covariates were identified in the original THRX-195518 
population PK model as being statistically significant: age on metabolite clearance (CLmet/F) and 
weight on the fraction of revefenacin metabolism that is the formation of THRX-195518 (Fmet).  
No covariate was identified as statistically significant in the pooled model. 
 
As discussed above, the covariate analysis for the pooled data is unreliable; as it is possible that 
the error in the Phase III data caused invalid base model or covariate selection to be done, which 
would propagate to the covariate effects for the pooled estimates.  However, the applicant 
conducted a sensitivity analysis with Phase II data only.  The covariate effects reported using only 
Phase II subjects support the results of the pooled analysis (figures 4.1.2.4.5 – 4.1.2.4.8).  The 
reported covariate effects in Phase 2 subjects suggest no clinically relevant difference in exposure 
with respect to age, sex, and weight (all point estimates were within 75-125% for Cmax and AUC).   
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Figures 4.1.2.4.5 – 4.1.2.4.8: Post-Hoc Covariate Effect Estimates  

 
Source: 05/02/2018 Response to Information Request, figures 1-2 
 
Reviewer’s Comments 

Pre-dose positive concentrations may be attributed to contamination of the drug product, however, 
many samples had values near Cmax and with metabolite present – suggesting sample mislabeling 
or switching.  The applicant’s internal audit did not produce tangible evidence to determine a root 
cause or extent of the issue.  
 
Since the root cause and extent of the issue is unknown, it is impossible to isolate acceptable 
samples or estimate the magnitude of effect.  Nonetheless, the applicant attempted to determine 
the effect of sampling issues on the model through a series of sensitivity analyses.   
 
Inclusion of an additive error element for contamination and switching assumes that the pre-dose 
error is normally distributed. However, since sample switching likely occurred, the error 
distribution due to these issues would be discontinuous and non-random.  Most importantly, this 
method does not address sample concerns of other visits. For these reasons, inclusion of pre-dose 
positive data and an additional additive error term is insufficient.   
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The second sensitivity analysis is the exclusion of values larger than 3 standard deviations above 
the mean for each time point.  This method will not filter unusually low concentrations (as would 
be expected from sample mislabeling or switching).  Further, this method will not address only 
modestly increased concentrations from aerosol contamination.  Finally, this method may 
inadvertently exclude pre-dose troughs for poor metabolizers.  The overall expected effect is 
downwardly biased population clearance estimates.    For these reasons, exclusion based sensitivity 
analysis is insufficient.   
 
It is expected that the exclusion of Phase III data would not significantly bias the population 
parameter estimates.  It was observed that the population PK parameter estimates obtained from 
the model that excluded these subjects/centers from the dataset were significantly different to 
results obtained by including all such data.   A result of the sensitivity analysis shows the data with 
sample handling issues injects significant bias in the typical value population estimates.  This 
provides further evidence that the Phase III data cannot be relied upon.   
 
Because of discussions above, the quality of Phase III data is deemed insufficient to inform the 
model, as significant bias was injected.   However, since the sample handling issues appear to be 
systemic, i.e., equally distributed amongst subjects, covariate relationships may still be identified 
in Phase III data, but with unreliable magnitude and certainty estimates.  The combined model 
cannot be relied upon for typical values, variability, and covariate effects, however, it may be used 
to corroborate modeling results from subjects with more reliable plasma sampling (e.g, Phase II 
subjects).  The Phase II only data is of sufficient size (n = 127) to adequately characterize the base 
model for revefenacin and metabolite and identify covariate relationships.  The adequacy of the 
smaller model to determine the magnitude of these relationships are captured in the confidence 
intervals.  The resulting covariate effects determined by the Phase II only model and Phase II/III 
combined model agree.  Both models indicate no significant covariates. 
 

4.1.3 Reviewer’s Analysis: Phase II only covariate effect and Model building  
 

4.1.3.1 Introduction 
Because the Phase III pharmacokinetic samples are unacceptable, only Phase II data may be used 
to support any claims from modeling.  The applicant submitted an abridged report of Phase II 
only samples, however, the analysis utilized a model that was built using faulty (e.g. Phase III) 
data.   
 

4.1.3.2 Objectives 
Thorough reanalysis of Phase II data to confirm the applicant’s claims from original Phase II / 
Phase III analysis. 
 

4.1.3.3 Methods 
 
The Phase II/ Phase III dataset and control file from the original submission was utilized for this 
analysis.  All analyses were conducted using NONMEM 7.4 with Pirana.  All ancillary analysis 
(e.g. goodness of fit plots) was conducted in R version 3.4.3, and using Xpose4.  An IGNORE 
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statement in $DATA subroutine was added to remove Phase III data from analysis.  The control 
file was also modified to output XPOSE4 tables, and calculate CWRESI and TAD variables, and 
to simultaneously estimate parent and metabolite data using ADVAN5.  
 
Study Number Name Link to EDR  
17-4208-PK-40 TD-4208-QA.xpt \\cdsesub1\evsprod\nda210598\0000\

m5\datasets\poppk\analysis\legacy\dat
asets\td4208-qa.xpt 

 
The population model was stepwise built using standard iterative pharmacometric modeling 
techniques.  The selection of the structural model was informed by population pharmacokinetic 
analysis of earlier studies.  As a first run, the existing model was fitted to the current data by fixing 
all the model parameters to the previously obtained parameter values. Alternate structural models 
were attempted, and changes in OFV and visual inspection of goodness of fit plots were used to 
guide selection.  A full covariate model was attempted, whereby, after building a base model, all 
covariate relationships were added to the model simultaneously.  Random effects at the individual 
level were included as exponential terms, reflecting log-normal distributions of the individual 
model parameters. An additive residual error model for the natural log-transformed data was 
assumed. 
 

Continuous covariate effects were modeled in a normalized exponential model.  Sex was modeled 
as a multiplicative effect.  Resulting parameter estimates and confidence intervals were 
transformed into proportional changes by applying a clinically relevant change in the parameter 
(e.g. CrCL decreasing 50%).  The resulting proportional change intervals were inspected for 
clinical and statistical significance.  To control type I error (e.g. multiple comparisons fallacy), a 
reduced parameter set (related to total exposure) and only physiologically plausible relationships 
were tested.   
 
4.1.3.4 Model Results  
The Phase II study cohort included 127 subjects, 59% male, 42% smokers and majority Caucasian.  
Although the sample size is much smaller of the Phase II subjects, there is adequate range of 
demographics for Phase II subjects to draw conclusions.  
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Table 4.1.3.4.1 Demographic information for the Phase II individuals  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A thorough ensemble of alternative bioavailability, absorption, and disposition models were tested.  
Linear, logarithmic, and exponential dose-bioavailability relationships were tested; as suggested 
by the applicant, an exponential model produced the lowest drop in OFV.  Estimation of absorption 
rate caused model instability for the reviewer, and therefore was fixed to 200.  One, two, and three 
compartment models were tested for both parent and metabolite.  A two-compartment parent, two 
compartment metabolite disposition model fit the data reasonably well.  There was a tendency for 
the model to under predict concentrations past 24 hrs, indicating the presence of a slowly 
equilibrating third compartment. However, the absolute impact (e.g. bias in AUCinf) of this 
underestimation is comparatively small in magnitude.  The fixed effect covariance matrix was 
diagonalized, and included terms for F, CL, V1, Q, V2 for the parent, and CL, Q, V1, V2 for the 
metabolite. Adding IIV on other PK parameters improved the model fit significantly, as judged by 
the ∆OFV, but caused high η-shrinkage and centering problems.  
 
Covariate modeling identified one statistically significant covariate (weight on fraction of parent 
converted to metabolite).  No clinically significant covariate effect signals were detected (figure 
4.1.3.4.1). 
 
 
  

Descriptor (units)  Mean  Median Minimum Maximum 
Weight (kg)  81.3  80 46 155 
CrCL (mL/min)  74.5  73 34 114 
Age (years)  62.4  62 44 79 

BMI (kg/m2)   28.3  27.5 16.1 59.8 
ALT (IU/L)  20.3  17.0 4.00 138 
AST (IU/L)  21.4  19.0 8.00 141 
Total Bilirubin (µmol/L)  7.6  6.9 2 29 
FEV1 (mL)  1388  1319 615 2500 
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Figure 4.1.3.4.1:  Forest Plot of Covariate Effects on Key Revefenacin and Metabolite 
Parameters 
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4.1.4 Reviewer’s Analysis: Model Predicted Organ Impairment Effect on Revefenacin and 
THRX-195518 Pharmacokinetics  

4.1.4.1 Introduction  
 
Following an information request, the applicant submitted a model to estimate effects of organ 
impairment in healthy subjects.  However, the base model used was originally fit using a 
combination of rich Phase II data and sparse Phase III data.  An independent analysis was 
conducted to explore the impact of a more sophisticated compartmental model, fit with data from 
healthy subjects under rich PK sampling.   
 
This model was directly adapted, rather than stepwise build and evaluated using the healthy 
dataset.  As such, there are uncertainties of the model’s ability to optimally describe the data and 
make predictions. Based on the goodness of fit plot, CWERES vs TIME, there is a tendency for 
the model to under predict plasma concentrations past 24 hrs.  The significance of this 
underestimation is uncertain, however, it is plausible, given the small elimination rate in the third 
exponential, that it may contribute substantially to AUCinf, and thus in daily chronic dosing.  This 
deficiency was observed in the Phase II/III model, but a more parsimonious model was chosen 
because inclusion added little benefit in a sparse model, and exclusion greatly reduced 
computational complexity. 
 
4.1.4.2 Objectives 
 
This analysis was conducted to evaluate the impact of alternative models on exposure estimates, 
and the effect of alternative adjustment methods for outliers. 
 
4.1.4.3 Methods 
 
A pharmacometric model was built using standard iterative techniques in Phoenix NLME 8.1.  A 
pooled dataset, supplied in the applicant’s submission, was used.  PK samples following 700 mcg 
doses were removed from the data to avoid modeling dose-nonlinearity.   
 
Data 
 
Study 
Number 

Name Link to EDR  

17-4208-PK-
43 

TD4208_Healthy.xpt \\cdsesub1\evsprod\nda210598\0026\m5\datasets\17-
4208-pk-43\analysis\legacy\datasets\td4208-
healthy.xpt 

 
4.1.4.4 Modeling Results 
 
A three-compartment disposition model for revefenacin, and a two-compartment model for 
metabolite best fit the data.  No bioavailability model was needed, as only one dose level (175mcg) 
was included in the analysis.  Typical values for all parameters were estimated.  BSV was included 
on F, CL, and V1 for revefenacin, and all parameters for the metabolite.  Inclusion of BSV on 
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other parameters either did not improve the model fit or caused instability.  An additive-
multiplicative error model was assumed.   
 
Different healthy populations for the study were tested.   

• pooled approach - healthy subjects from all studies (134, 135, 136) were utilized as a 
reference population 

• exclusion approach - two outliers from the renal study were removed from analysis, and 
the six remainders were used as a reference population (e.g.  applicant’s method) 

• no adjustment, were only within-study subjects were compared 
 
Overall, using applicant and the reviewer’s model did not produce clinically significant results, as 
differences in the point estimate and 90% confidence intervals were small between the applicant’s 
analysis and the reviewer’s (figure 4.1.4.4.1).  In general, the two outliers observed in the renal 
impairment study resulted in a large point estimate for both molecules and exposure indices.  Either 
adjustment method, pooled or exclusion, resulted in a similar exposure estimates.  The applicant’s 
conclusions are reasonable given the data. 
 
Figure 4.1.4.4.1: Forest Plot Comparing Different Population Models and Outlier 
Exclusion Methods on Model Predicted Exposure Ratios in Organ Impairment 
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