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Abstract
Background An extended-release formulation of amantadine (Osmolex ER™, Osmotica Pharmaceutical US LLC) was 
approved in February 2018 to treat Parkinson’s disease and drug-induced extrapyramidal reactions in adults.
Objectives To determine the pharmacokinetic profile of extended-release amantadine in subjects with varying degrees of 
renal impairment.
Methods Adults with normal renal function (creatinine clearance > 89 mL/min/1.73 m2), moderate renal impairment 
(creatinine clearance 30–59 mL/min/1.73 m2), or severe renal impairment (estimated glomerular filtration rate < 30 mL/
min/1.73 m2) received a single 129-mg dose (160 mg amantadine hydrochloride) of extended-release amantadine. Blood and 
urine samples for pharmacokinetic analysis were taken at scheduled intervals. A two-compartment pharmacokinetic popula-
tion model was employed to determine optimum extended-release amantadine dosing in subjects with renal impairment.
Results Following a single oral dose of the 129-mg extended-release amantadine tablet, amantadine plasma concentra-
tion increased slowly, reaching a peak at approximately 11 h. Amantadine elimination was reduced in subjects with renal 
impairment. Renal clearance decreased from 10,965 to 2618 mL/h in subjects with severe renal impairment compared to 
those with normal renal function. Pharmacokinetic modeling and simulation methods were used to recommend the oral 
administration of 129-mg extended-release amantadine tablets at intervals of 24, 48, 72, 96, 120, or 168 h depending on the 
degree of renal function.
Conclusions Renal impairment was associated with reduced amantadine clearance. Based on pharmacokinetic modeling and 
simulations, dose regimens were recommended for subjects with impaired renal function to provide systemic amantadine 
exposure similar to subjects with normal renal function taking a once-daily extended-release amantadine tablet.
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Key Points 

Amantadine absorption is not affected by renal impair-
ment

Increased renal impairment is associated with decreased 
amantadine clearance

It is recommended that individuals with renal impair-
ment taking 129 mg amantadine ER adhere to the pro-
posed dosing schedule

1 Introduction

Amantadine is a noncompetitive N-methyl-d-aspartate 
receptor antagonist that is available as an immediate-release 
(IR) treatment approved for use in idiopathic Parkinson’s 
disease (PD), drug-induced extrapyramidal reactions (also 

known as extrapyramidal symptoms), and various strains 
of influenza [1]. The pharmacodynamics of amantadine IR 
were studied extensively following its introduction in the 
1970s, with more recent work focusing on specialized popu-
lations, including PD patients, the elderly, and children with 
impaired consciousness [2–5]. In February 2018, the US 
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Food and Drug Administration approved a new, once-daily, 
extended-release (ER) formulation of amantadine (OS320) 
for use in adult subjects to treat PD and drug-induced extrap-
yramidal reactions. Once-daily oral administration of aman-
tadine ER in the morning delivers an immediate-release 
amantadine dose followed by slow release of the remaining 
dose throughout the day [amantadine ER time to maximum 
plasma concentration (Tmax) is a median of 7.5 h] [6, 7]. 
Amantadine ER is available in tablets containing 129, 193, 
or 258 mg amantadine, providing a total dose of 160, 240, 
or 320 mg amantadine hydrochloride (HCl), respectively.

When administered orally, amantadine is readily absorbed 
and widely distributed throughout the body, with 67% of 
amantadine bound to plasma proteins over a concentration 
range of 0.1–2.0 µg/mL [8]. It is recommended that subjects 
with normal renal function begin treatment by taking a once-
daily oral dose of 129 mg amantadine and increase the dose 
in weekly intervals up to 322 mg maximum [6]. Amanta-
dine elimination is primarily through renal clearance by both 
glomerular filtration and tubular secretion; thus, in subjects 
with impaired renal function, amantadine can accumulate 
in the bloodstream and lead to an increase in adverse events 
(AEs) and amantadine toxicity [2, 9, 10].

The primary objective of this phase 1 pharmacokinetic 
(PK) study was to determine the PK profile following a 
single 129-mg oral dose of amantadine ER in subjects with 
moderate and severe renal impairment relative to subjects 
with normal renal function. In addition, population PK 
modeling and simulations were performed to identify the 
recommended amantadine ER tablet dose regimens for 
subjects with moderate to severe renal impairment.

2  Methods

2.1  Study Design

This open-label, parallel-group, single-dose, phase 1 PK 
study was approved by institutional review boards and con-
ducted in compliance with Good Clinical Practice regula-
tions and guidelines as defined by the International Con-
ference of Harmonization. This work complies with ethical 
principles outlined in the US Code of Federal Regulations, 
Title 21, Part 50 (21CFR50), and European Union Direc-
tive 2001/20/EC. A letter of nonobjection (control num-
ber 184363) was obtained from Canadian authorities. All 
subjects signed informed consent forms after voluntarily 
agreeing to participate in the study.

Enrolled subjects were divided into two groups of eight 
based on renal function: group 1, severe renal impairment 
[estimated glomerular filtration rate (eGFR) < 30 mL/
min/1.73 m2 calculated using the modification of diet in 

renal disease (MDRD) equation]; group 2, normal renal 
function [creatinine clearance (CrCl) > 89 mL/min cal-
culated using the Cockcroft–Gault equation] [11]. For all 
subjects, renal function was determined using both MDRD 
and Cockcroft–Gault equations, but renal insufficiency was 
identified from only the MDRD calculation, while normal 
renal function was identified from only the Cockcroft–Gault 
equation. Despite this utilization of two formulas, no clini-
cally relevant disparities were noted in age or body mass 
index (BMI) that may have influenced any potential biases. 
Subjects with renal impairment were not receiving hemo-
dialysis at the time of study participation. Subjects were 
enrolled in group 2 to match the pooled means for age (± 
10 years), gender, and BMI (± 20%) of those enrolled in 
group 1. Following a review of PK and safety data from 
subjects in groups 1 and 2, subjects with moderate renal 
impairment (eGFR 30–59 mL/min/1.73 m2; MDRD equa-
tion) were also enrolled (group 3; n = 8).

The study design is shown in Fig. S1 of the Electronic 
supplementary material (ESM). A single dose of 129 mg 
amantadine ER was administered following a 10-h fast at 
the clinical site on the morning of day 1. Subjects refrained 
from drinking for 1 h predose to 1 h postdose and continued 
fasting for 2 h postdose. Serial blood samples were collected 
for PK analysis through 96 h postdose for subjects with nor-
mal renal function and through 648 h postdose for subjects 
with renal impairment. Serial urine samples were collected 
at intervals up to 96 h postdose. Including the screening 
period, the study lasted up to 56 days for renally impaired 
subjects and up to 34 days for subjects with normal renal 
function.

2.2  Study Materials

Amantadine ER tablets, 129 mg (Osmotica Pharmaceutical 
US LLC, batch number C1408001).

2.3  Study Population

Eligible subjects were males or females (aged 18–80 years) 
with a BMI of 18–42 kg/m2 who had not smoked in the pre-
ceding 6 months and had a pulse rate of 40–110 beats/min 
(bpm; groups 1 and 3) or 50–100 bpm (group 2). Subjects 
were required to test negative for hepatitis B, hepatitis C, 
and human immunodeficiency virus. Admission of renally 
impaired subjects with hepatitis C was allowed at the inves-
tigators’ discretion if liver enzyme parameters were not con-
sidered clinically significant by the investigator.

Subjects were excluded if they had a clinically significant 
history of hallucinations, depression, or suicidal ideation; 
displayed clinically significant disease or had abnormalities 
in medical history, physical examination, serum chemistry, 
hematology, or urinalysis that might compromise subject 
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safety or data quality (with renal impairment groups given 
consideration for the degree of impairment and presence of 
comorbidities); were pregnant or nursing; showed evidence 
of an active infection; had a history of heavy alcohol use (> 
3 units per day); were enrolled in another clinical trial; were 
recent recipients of live attenuated influenza virus vaccine 
(2 weeks prior to day − 1 or within 48 h of dosing); donated 
blood (56 weeks prior to study day − 1) or platelets (14 days 
prior to study day − 1); performed rigorous exercise from 
48 h prior to day − 1 to completion of the study; or used 
medications known to interfere with creatinine elimination 
or tubular secretion.

Subjects with renal impairment were also excluded if they 
had systolic blood pressure (BP) > 180 or < 90 mmHg at 
screening; diastolic BP > 110 or < 50 mmHg at screening; 
were currently receiving hemodialysis or peritoneal dialy-
sis; or had abnormal electrocardiogram (ECG) results [sinus 
bradycardia (< 40 bpm)] or a prolonged QT interval [Fri-
dericia’s correction formula (QTcF) ≥ 500 ms)] at screening 
or before dosing on day 1. Subjects with normal renal func-
tion were also excluded if they had a systolic BP > 140 or 
< 90 mmHg at screening; diastolic BP > 90 or < 40 mmHg 
at screening; abnormal ECG results [sinus bradycardia (< 
40 bpm) or prolonged QT interval (QTcF males ≥ 450 ms, 
females ≥ 460 ms)] at screening or before dosing on day 1; 
or CrCl < 90 mL/min.

2.4  Pharmacokinetic Analysis

Study endpoint plasma PK parameters included maximum 
plasma concentration (Cmax), area under the plasma con-
centration–time curve (AUC) from time 0 to the last meas-
urable observation (AUC 0–T), Tmax, AUC to infinity (AUC 
inf), elimination half-life (T1/2), eGFR, CrCl, and apparent 
oral clearance (CL/F). Pharmacokinetic parameters for urine 
included renal clearance (CLr), cumulative amantadine 
recovery in urine  (Ae(0–t)), and fraction of dose recovered 
in urine  (fe(0–96)).

Assays for amantadine were performed at Lambda Ther-
apeutic Research, Inc. (Scarborough, ON, Canada) using 
high-performance liquid chromatography with tandem mass 
spectrometry detection with deuterium-labeled amantadine 
(amantadine-d6) as the internal standard.

The lower and upper limits of the assay were 2.076 and 
1498.833 ng/mL for plasma and 19.854 and 2999.613 ng/
mL for urine, respectively. Concentration values below the 
limit of detection were reported as 0.

2.5  Planned Sample Size and Statistical Analysis

This was an exploratory PK study with sufficient enrollment 
to allow the detection of PK differences across different 

levels of renal functioning. This study was not powered 
for inferential statistical analysis. It was determined that 
an 8-subject control group and 8 subjects each in both test 
groups for renal impairment (moderate or severe) was suf-
ficient to detect large enough PK differences to warrant dos-
age adjustment.

All PK parameters were calculated using the PK analysis 
set, which included all subjects who received the study drug. 
All statistical inferences were performed using the natural 
logarithmic transformation of Cmax, AUC 0–T and AUC inf, the 
observed T1/2, CLr,  Ae(0–t), and the rank transformation of 
Tmax. Statistical analyses were performed using both eGFR 
and Cockcroft–Gault estimates of CrCl, with eGFR being 
used as the primary metric. All PK parameters were ana-
lyzed by regression analysis and, if found to be significant, 
were subject to analysis of variance (ANOVA).

2.6  Pharmacokinetic Modeling

A two-compartment PK population model was developed 
using NONMEM 7 with PDx-Pop5.2. It contained a depot 
and a central compartment with first-order and zero-order 
(duration) input processes followed by first-order elimina-
tion. This base model was enhanced with a covariate model 
that incorporated the effect of CrCl on the elimination rate 
constant (k). Goodness-of-fit was evaluated by diagnostic 
plots.

Amantadine plasma concentration–time profiles were 
simulated using various administration intervals (24, 48, 
72, 96, 120, and 168 h) out to 960 h (1008 h for the weekly 
administration) with various CrCl values and dose regimens. 
Simulations were performed with the estimated pharmacoki-
netic model parameters.

Target amantadine plasma exposure was established 
by simulating a daily dose regimen of a 129-mg aman-
tadine ER tablet to a subject with normal CrCl values. 
Simulations of various dose regimens were carried out 
for subjects with varying levels of renal impairment. 
Recommended dose regimens were considered those that 
produced a plasma exposure profile similar to the target 
amantadine plasma profile.

3  Results

3.1  Subject Baseline Characteristics

The PK and safety population included 24 subjects (8 
with normal renal function, 8 with moderate renal impair-
ment, and 8 with severe renal impairment). All subjects 
completed the study, and none discontinued due to AEs. 
Demographic characteristics were similar across all three 
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study groups (Table 1). Mean CrCl (mL/min) and eGFR 
(mL/min/1.73 m2), respectively, were 114.25 and 89.25 for 
subjects with normal renal function, 56.00 and 40.63 for 
subjects with moderate renal impairment, and 32.25 and 
21.13 for subjects with severe renal impairment.

3.2  Pharmacokinetic Results

Plasma amantadine concentrations slowly increased over 
time following administration of the study drug (median 
Tmax was 11.5 h for moderate renal impairment and 11 h 
for normal renal function and severe renal impairment) 
(Fig. 1). Predose amantadine plasma and urine concen-
trations were below the limit of detection in all samples. 
Table 2 shows the mean and coefficient of variation (CV) 
for relevant plasma PK parameters (Cmax, AUC 0–T and 
AUC inf, Tmax, T1/2, CL/F, CLr). All study groups had simi-
lar median Tmax values. Renal impairment was associated 
with higher Cmax and AUC values and lower CL/F and CLr 
values compared with their values in patients with normal 
renal function. When using either eGFR or CrCl as the 
main variable, regression analysis indicates that as renal 
impairment severity increases, Cmax and AUC increase 
and CLr,  Ae(0–t), and CL/F decrease (Table 3). Regres-
sion analyses investigating the relationship between renal 
amantadine ER clearance and eGFR are shown in Fig. S2 
of the ESM.

The amantadine renal clearance rate was 2618 mL/h 
for subjects with severe impairment and 10,965 mL/h 
in subjects with normal renal function. Within the first 
4 days postdose, the fraction of amantadine dose excreted 
 (fe(0–96)) was 33% in subjects with severe renal impair-
ment compared with 60.9% in subjects with normal renal 
function.

Table 1  Summary of demographics

Data presented as mean (SD)
BMI body mass index, CrCl creatinine clearance, eGFR estimated glomerular filtration rate, SD standard deviation
a n (%)

Parameter Severe renal impairment 
(n = 8)

Moderate renal impairment 
(n = 8)

Healthy (n = 8) Overall (n = 24)

Age (years) 57 (11) 63 (12) 51 (7) 57 (11)
Sexa

 Male 6 (75.0) 6 (75.0) 6 (75.0) 18 (75.0)
 Female 2 (25.0) 2 (25.0) 2 (25.0) 6 (25.0)

BMI (kg/m2) 30.6 (6.4) 31.6 (4.9) 29.3 (4.0) 30.5 (5.1)
CrCl (mL/min) 32.3 (17.7) 56.0 (20.2) 114.3 (26.1) –
eGFR (mL/min/1.73 m2) 21.1 (5.9) 40.6 (8.2) 89.3 (10.6) –
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Fig. 1  Mean plasma amantadine concentration–time profile following 
a single oral dose of a 129-mg amantadine extended-release tablet in 
subjects with moderate and severe renal impairment and normal renal 
function: a linear scale; b semilogarithmic scale
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3.3  Pharmacokinetic Modeling/simulation

Parameters for simulated steady-state PK models are shown 
in Table 1 of the ESM. The identified target exposure ranges 
as determined from subjects with normal renal function for 
Cmax, plasma concentration at the end of a dose interval 
(Cmin), and average steady-state plasma concentration dur-
ing a dose interval (Cavg) were 385–610 ng/mL, 183–401 ng/
mL, and 300–526 ng/mL, respectively. Final dosage recom-
mendations based on the modeling of subjects with moder-
ate to severe renal impairment are outlined in Table 4. It is 
recommended that for subjects with moderate to severe renal 
impairment, amantadine ER 129 mg should be taken every 
48–168 h, depending on the degree of renal impairment.

4  Discussion

Subjects with moderate or severe renal impairment had sig-
nificantly increased plasma levels of amantadine following 
administration of a single dose of 129 mg amantadine ER. In 
this study, all study groups had similar median Tmax values, 
indicating that renal impairment did not influence amanta-
dine absorption. However, reduced clearance rates in sub-
jects with moderate to severe renal impairment resulted in a 
three- to fourfold increase in overall amantadine exposure. 
Reductions in amantadine clearance directly corresponded 
to the degree of renal impairment. The PK modeling under-
taken in this work provides temporal variation guidelines 

Table 2  Summary of pharmacokinetic parameters of amantadine following a single oral dose of a 129-mg amantadine extended-release tablet in 
subjects with moderate or severe renal impairment and normal renal function

Data presented as mean (coefficient of variation)
AUC inf area under the concentration–time curve (AUC) from time 0 to infinity, Cmax maximum plasma concentration, Tmax time to maximum 
concentration
a Median (range)

Parameter (units) Severe renal impairment (n 
= 8)

Moderate renal impairment 
(n = 8)

Healthy (n = 8)

Cmax (ng/mL) 344.94 (22.8%) 380.01 (21.4%) 281.29 (26.4%)
Tmax (h)a 11.00 (6.0–14.0) 11.50 (9.0–24.0) 11.00 (8.0–12.2)
AUC inf (ng·h/mL) 39,031.65 (39.9%) 33,066.14 (31.6%) 10,108.66 (26.9%)
Oral clearance (L/h) 4.56 (29.9%) 5.48 (45.2%) 17.37 (40.3%)
Elimination half-life (h) 116.27 (46.6%) 47.19 (31.4%) 18.47 (13.2%)
Cumulative amantadine recovered in urine (mg) 52.93 (24.8%) 72.57 (20.5%) 97.46 (3.7%)
Renal clearance (mL/h) 2618.22 (34.5%) 3498.27 (47.0%) 10,965.10 (41.3%)
Fraction of dose recovered in urine (%) 33.08 (24.8%) 45.35 (20.5%) 60.91 (3.7%)

Table 3  Summary of statistical analysis of amantadine pharmacokinetic parameters following a single oral dose of a 129-mg amantadine 
extended-release tablet in subjects with moderate and severe renal impairment and normal renal function

AUC inf area under the plasma concentration–time curve to infinity, CI confidence interval, Cmax maximum plasma concentration, LS least 
squares, max maximum, min minimum

Parameter Group Geometric LS mean Comparison Adjusted p value Ratio 90% CI (min, max)

Cmax Severe 336.772 Severe vs moderate 0.6250 90.42 (70.75, 115.56)
Moderate 372.449 Severe vs normal 0.2441 123.51 (93.71, 162.80)
Healthy 272.664 Moderate vs normal 0.0468 136.60 (104.78, 178.07)

AUC inf Severe 36,796.005 Severe vs moderate 0.6544 117.49 (79.19, 174.33)
Moderate 31,317.010 Severe vs normal < 0.0001 378.90 (262.52, 546.87)
Healthy 9711.364 Moderate vs normal < 0.0001 322.48 (220.42, 471.80)

Cumulative amantadine 
recovered in urine

Severe 51.403 Severe vs moderate 0.0270 72.08 (55.98, 92.79)
Moderate 71.319 Severe vs normal < 0.0001 52.77 (43.01, 64.76)
Healthy 97.402 Moderate vs normal 0.0007 73.22 (62.80, 85.38)

Renal clearance Severe 2445.165 Severe vs moderate 0.4282 76.20 (47.86, 121.33)
Moderate 3208.907 Severe vs normal < 0.0001 23.56 (15.61, 35.55)
Healthy 10,379.461 Moderate vs normal < 0.0001 30.92 (20.36, 46.95)
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when dosing renally impaired subjects such that subject 
exposure remains consistent with that of a subject with nor-
mal renal function taking once-daily amantadine ER.

Amantadine ER is approved for the treatment of PD and 
drug-induced extrapyramidal reactions in adults. In subjects 
with normal renal function, the steady-state amantadine IR 
plasma concentration peaks at 0.63 µg/mL after 2.1 h fol-
lowing 5 days of a twice-daily oral 81-mg dose (100 mg 
amantadine HCl) [7]. Here, we report that subjects with 
normal renal function receiving a single 129-mg dose of 
the ER formulation reached a peak plasma concentration 
of 0.28 (CV 26.4%) µg/mL at a median time of 11.0 (range 
8.0–12.2) h postdose.

Amantadine plasma concentration has been correlated 
with clinical efficacy in nonhuman primates [12]. However, 
increased amantadine exposure can also lead to increases in 
AEs. The incidence of amantadine toxicity in subjects with 
renal impairment is well documented and includes symp-
toms such as ataxia, dizziness, depression, aggression, con-
fusion, slurred speech, convulsions, or blurred vision [10, 
13–16]. Amantadine IR clearance is known to be slower in 
individuals with renal impairment, with a CrCl < 40 mL/
min/1.73 m2 resulting in an at least two- to threefold increase 
in plasma half-life [2]. This study shows that subjects with 
moderate renal impairment (30–59 mL/min/1.73 m2) receiv-
ing a single 129-mg oral dose of amantadine ER have a 
roughly 2.5-fold increase in  T1/2 relative to subjects with 
normal renal function.

This study is limited by the exclusion of subjects on 
hemodialysis. Previous work has shown that amantadine 
removal by hemodialysis is negligible, with a 4-h hemodi-
alysis session removing less than 5% of the amantadine [10, 
17]. Subjects with renal impairment who are taking aman-
tadine ER should be closely monitored for AEs.

5  Conclusions

Overall, results from this single-dose study indicate that sub-
jects with impaired renal function exhibit significant deficits 
in amantadine clearance. If a typical dosing regimen is fol-
lowed, it could lead to an accumulation of amantadine in the 
bloodstream, thus increasing the risk of AEs and amantadine 
toxicity. It is recommended that subjects with normal renal 
function initiate treatment by taking 129 mg amantadine 
ER once daily in the morning and then increase dosing in 
weekly intervals as needed [6]. Amantadine ER is contrain-
dicated for subjects with CrCl < 15 mL/min [6]. The results 
of this study indicate that subjects with renal impairment 
should initiate and maintain treatment with 129 mg taken at 
the dose frequency that corresponds to their degree of renal 
impairment. Subjects with mild renal impairment (CrCl 
60–89 mL/min) should take 129 mg amantadine ER every 
48 h, subjects with moderate impairment should take it every 
72 (CrCl 45–59 mL/min) to 96 (CrCl 30–44 mL/min) h, and 
subjects with severe renal impairment should take it every 
120 (CrCl 22–29 mL/min) to 168 (CrCl 15–21 mL/min) h.
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