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Foslevodopa/Foscarbidopa: A New
Subcutaneous Treatment
for Parkinson’s Disease
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Objective: The aim was to demonstrate that continuous s.c. infusion of a soluble levodopa (LD)/carbidopa
(CD) phosphate prodrug combination effectively delivers stable LD exposure via a minimally invasive and convenient
mode and has the potential to treat Parkinson’s disease (PD) patients who are not well controlled on oral medication.
Methods: Foslevodopa and foscarbidopa were prepared and the equilibrium solubility and chemical stability examined
in aqueous media with different values of pH. Solutions of foslevodopa/foscarbidopa (ratios ranging from 4:1 to 20:1)
were prepared by dissolving pH-adjusted lyophilized materials in water and infused s.c. in healthy volunteers for
≤72 hours. Frequent blood samples were collected to measure LD and CD exposure, and safety was monitored
throughout the study.
Results: Foslevodopa/foscarbidopa (ABBV-951) demonstrates high water solubility and excellent chemical stability near
physiological pH, enabling continuous s.c. infusion therapy. After s.c. infusion, a stable LD pharmacokinetic (PK) profile
was maintained for ≤72 hours, and the infusion was well tolerated.
Interpretation: Preparation of foslevodopa and foscarbidopa enables preclinical and clinical PK, safety, and tolerability
studies in support of their advancement for the treatment of PD. In phase 1 clinical trials, foslevodopa/foscarbidopa
demonstrates consistent and stable LD plasma exposure, supporting further studies of this treatment as a potentially
transformational option for those suffering from PD.
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Globally, Parkinson’s disease (PD) affects >6,000,000
people and has the fastest rate of growth among neuro-

logical disorders, the leading source of worldwide disability.1

Our understanding of the complex interplay of genetic and
environmental factors involved in the development of PD2

has advanced substantially3 over the 2 centuries since James
Parkinson’s Essay on the Shaking Palsy4; however, the primary

pathological hallmark of the disease is still dopamine
(DA) deficiency within the basal ganglia, leading to death of
dopaminergic neurons in the substantia nigra pars compacta.5

Despite significant efforts to fulfill the substantial clinical need
to identify disease-modifying agents,6 chronic DA replace-
ment therapy remains the most effective method to treat the
tremor, bradykinesia, and rigidity motor symptoms of PD.7
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Levodopa (LD) remains the gold standard in DA
replacement therapy.7–9 The mechanism of action for LD
as DA replacement therapy in the central nervous system
involves the enzymatic decarboxylation of LD (a DA
prodrug) by central dopa decarboxylase (Fig 1A). Without
a peripheral dopa decarboxylase inhibitor, minimal LD
crosses the blood–brain barrier owing to premature decar-
boxylation; thus, high LD doses are required for PD ther-
apy, leading to side effects. The development of the dopa
decarboxylase inhibitor, carbidopa (CD),10 was a key
breakthrough in LD treatment and led to the approval of
oral LD/CD combination therapy in 1975. In early stage
PD, oral LD/CD is effective at managing symptoms (see
Fig 1B) when there is tolerance of fluctuating brain DA
concentrations.7 Later in disease progression, higher and
more frequent doses are required, eventually leading to
dyskinesias (involuntary exaggerated movements) at high
DA concentrations and increased “off” time at low DA
concentrations. Efforts to remove the peaks and troughs
from oral LD/CD therapy and deliver a consistent and
optimal DA level led to the development of levodopa/car-
bidopa intestinal gel (Duodopa). Levodopa/carbidopa
intestinal gel decreases the “off” time of advanced PD
patients by an average of 1.9 hours per day11 but requires
surgery for administration. Nevertheless, clinical experi-
ence with levodopa/carbidopa intestinal gel demonstrated
that sustained LD concentrations of ≤5μg/ml should be
effective in treating the vast majority of patients with
advanced PD,12,13 an important observation guiding our
efforts to develop improved LD therapeutic approaches.

Despite >50 years of patient experience with LD, a
product that sustains high and personalized LD plasma
exposure via a minimally invasive and convenient mode of

delivery to treat PD does not exist.9 To enable potential
continuous s.c. infusion therapy with a highly concentrated
liquid formulation of LD/CD near physiological pH, the
phosphate prodrugs foslevodopa and foscarbidopa were con-
sidered (Fig 1C). No selective LD monophosphate synthesis
has been reported previously, and there was no precedent
for CD phosphates; therefore, synthetic routes to access
foslevodopa and foscarbidopa were developed.14

This work describes preclinical solubility, stability, and
pharmacokinetic (PK) data and the results of a phase 1 first-
in-human clinical study in healthy volunteers to support
advancement of foslevodopa and foscarbidopa into PD
patient clinical trials. There are several ongoing and com-
pleted phase 1 and phase 3 clinical trials in PD patients to
evaluate the PK, safety, and efficacy of foslevodopa and
foscarbidopa. Details of the additional clinical trials can be
found at clinicaltrials.gov (NCT03033498, NCT03374917,
NCT03781167, NCT04379050, and NCT04380142).

Methods
Solubility Methods for Prodrugs
Approximately 2g of solids was added to 5ml of aqueous
solution in a 20ml scintillation vial. The suspension was kept
in a 25�C water bath while stirring for 2 hours after pH sta-
bilization. The suspension was filtered (Acrodisc 4mm syringe
filter, 0.45μm polytetrafluoroethylene membrane; Pall Life
Sciences, Cortland, NY, USA). The filtrate was diluted appro-
priately and analyzed by high-performance liquid chromatog-
raphy (HPLC). The solid residue was examined by powder
X-ray diffractometry to ensure no phase change. Water, aque-
ous solutions with different concentrations of acid or base
were used to achieve different values of pH.

FIGURE 1: Foslevodopa and foscarbidopa are designed and prepared as highly water-soluble prodrugs to enable continuous
s.c. infusion therapy. (A) Mechanism of action for foslevodopa/foscarbidopa leading to increased brain DA levels. (B) Stages of
PD, with representation of ideal DA level to achieve optimal therapeutic benefit. (C) Structures of DA, LD, CD, foslevodopa, and
foscarbidopa. CD = carbidopa; DA = dopamine; LD = levodopa; PD = Parkinson’s disease.
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Solubility Methods for LD and CD
Suspensions were prepared by adding sufficient solids to
1ml of aqueous buffer. They were tumbled end to end for
3 days in a water bath at 25�C. After equilibration, the
samples were filtered (Acrodisc 4mm syringe filter,
0.45 μm polytetrafluoroethylene membrane; Pall Life Sci-
ences), diluted, and analyzed by HPLC. The solid residue
was examined by powder X-ray diffractometry to ensure
no phase change. Different aqueous buffers were used to
achieve the range of pH values for the profile.

Preparation of Formulation
In the preclinical studies, fresh foslevodopa/foscarbidopa
formulations were used, dissolved in water and titrated
with strong base to the target pH immediately before dos-
ing. In the clinical study, lyophilized formulations were
used at foslevodopa-to-foscarbidopa ratios of 4:1, 10:1,
and 20:1. Foslevodopa and foscarbidopa were dissolved in
water and titrated with strong base to the target pH. The
solution was then lyophilized in glass vials and stoppered
under vacuum. To evaluate the liquid stability of
foslevodopa and foscarbidopa, liquid formulations at a
ratio of 20:1 were prepared at different pH values and
stoppered in low-oxygen conditions in glass vials.

Assay Method
Assay values and the identification of foslevodopa and
foscarbidopa for all samples were performed using
reversed-phase HPLC equipped with an ultraviolet detec-
tor. The samples were analyzed using gradient elution.
Concentrations were determined using relative areas of the
peaks in the samples compared with standard solutions.

Preclinical Pharmacokinetics
To establish preclinical proof of concept and to enable
estimation of human PK, the preclinical pharmacokinetic
profiles of foscarbidopa, foslevodopa, CD, and LD were
characterized in rats, Göttingen minipigs, dogs, and mon-
keys after doses delivered by i.v. bolus, s.c. bolus, or infu-
sion. The use of animals in this study followed the
guidelines provided in the NRC Guide for the Care and
Use of Laboratory Animals (1996) and the Animal Welfare
Act (National Research Council, 1986). The use of ani-
mals in this study was approved by the AbbVie Institu-
tional Animal Care and Use Committee and was
conducted in an Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC)
accredited facility.

Three animals were included in each dose group.
Plasma samples were quantified by HPLC–tandem mass
spectrometry after protein precipitation with 5% trichlor-
oacetic acid in water to separate the compounds of interest

from plasma. Pharmacokinetic parameters were deter-
mined using noncompartmental methods. The area under
the plasma concentration–time curve from time 0 to
t hours (time of the last measurable plasma concentration)
after dosing (AUC0–t) was calculated using the linear trap-
ezoidal rule for the plasma concentration–time profiles.
The residual area extrapolated to infinity, determined as
the final measured serum concentration (Ct) divided by
the terminal elimination rate constant (β), was added to
AUC0–t to produce the total area under the curve
(AUC0–∞ [area under the concentration time curve from
time 0 to infinity]). Clearance (CL) was calculated by
dividing the administered dose by AUC0–∞.

Clinical Study Design
A clinical trial in healthy human volunteers was designed
to assess the PK of LD and CD, in addition to the safety
following different foslevodopa/foscarbidopa infusion regi-
mens. Additionally, the study was designed to assess the
PK of LD and CD following oral doses of LD/CD to use
as a comparator to the PK following the foslevodopa/
foscarbidopa infusion. The study had a total of 3 groups
of healthy volunteers, for which the dosing, number of
subjects, and the PK sampling schedule are described in
Table . Group 1 consisted of foslevodopa/foscarbidopa or
placebo infusion in period 1 and oral LD/CD dosing
(a single 100/25mg LD/CD immediate-release tablet every
5 hours for 3 doses in total) in period 2. Group 2 consisted
of foslevodopa/foscarbidopa or placebo infusion, whereby
3 different ratios of foslevodopa to foscarbidopa were
delivered in a randomized crossover: 4:1, 10:1, and 20:1.
Group 3 consisted of a foslevodopa/foscarbidopa loading
dose infusion followed by a continuous infusion for a total
infusion period of 72 hours. All foslevodopa/foscarbidopa
infusions were delivered s.c. to the abdomen by an ambu-
latory infusion pump (model no. 871303U; B Braun
Medical Inc., Evanston, IL, USA).

All procedures performed in this study were in
accordance with the ethical standards of the Declaration
of Helsinki and its later amendments or comparable ethi-
cal standards. The study protocol was approved by the
local institutional review board, and written informed con-
sent was obtained from each subject before any study-
related procedures were performed. Men and women aged
45–75 years with a body mass index between 18 and
30kg/m2 and in general good health were eligible to enroll
in the study. Subjects were excluded if they tested positive
for human immunodeficiency virus or hepatitis A, B,
or C, or had alanine aminotransferase or aspartate amino-
transferase concentrations >1.5× the upper limit of
normal, or if they had contraindications to LD (eg,
narrow-angle glaucoma, pheochromocytoma, Cushing’s
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TABLE. Outline of Clinical Study Design

Group Period n Treatment PK Sampling

1 1 6 360/90mg foslevodopa/foscarbidopa infused over 24 hours Before priming of catheter,
before infusion (0 hours), and
at 0.5, 1, 2, 4, 8, 12, 16, 20,
24, 24.5, 25, 26, 28, 30, 36,
and 48 hours after the start of
infusion

2 Placebo

2 8 Three separate oral doses of 100/25mg LD/CD each (for a total
of 300/75mg LD/CD)

Before first dose (0 hours) and
at 0.25, 0.5, 0.75, 1, 1.5, 2, 3,
4, before second dose (5 hours),
5.25, 5.5, 5.75, 6, 6.5, 7, 8, 9,
before third dose (10 hours),
10.25, 10.5, 10.75, 11, 11.5,
12, 13, 14, 15, 19, and
24 hours after initial dosing

2 1 1 640/160mg foslevodopa/foscarbidopa CSCI infused over 16 hours Before priming of catheter,
before infusion (0 hours), and
at 0.5, 1, 2, 4, 8, 12, 16, 20,
24, 26, and 28 hours after the
start of infusion

1 640/64mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/32mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/160mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/64mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/32mg foslevodopa/foscarbidopa CSCI infused over 16 hours

2 Placebo

2 1 640/64mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/32mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/160mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/32mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/160mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/64mg foslevodopa/foscarbidopa CSCI infused over 16 hours

2 Placebo

3 1 640/32mg foslevodopa/foscarbidopa CSCI infused over 16 h

1 640/160mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/64mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/64mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/32mg foslevodopa/foscarbidopa CSCI infused over 16 hours

1 640/160mg foslevodopa/foscarbidopa CSCI infused over 16 hours

2 Placebo

3 1 6 200/10mg foslevodopa/foscarbidopa infused over 5 minutes Before priming of catheter,
before infusion (0 hours), and
at 0.5, 1, 2, 4, 8, 12, 16, 20,
24, 28, 32, 36, 40, 44, 48, 52,
56, 60, 64, 68, 72, 72.5, 73,
74, 76, 78, 84, and 96 hours
after the start of infusion

2 6 960/48mg foslevodopa/foscarbidopa per 24 hours infused over
71 hours 55 minutes

CD = carbidopa; CSCI = continuous s.c. infusion; LD = levodopa; PK = pharmacokinetic.
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syndrome) or a history of orthostatic hypotension. Sub-
jects must not have used or consumed any of the follow-
ing before study drug administration: tobacco or nicotine
products within 6 months; another investigational product
within 6 weeks; a drug by injection within 30 days; over-
the-counter or prescription medications, vitamins, or
herbal supplements within 2 weeks; or grapefruit, grape-
fruit products, Seville oranges, star fruit, or alcohol within
72 hours. Subjects were instructed not to sunbathe, use
tanning salons, hot tubs, saunas, steam baths, spas, heat
lamps, heated water beds, or to apply heat sources of any
kind (such as heating pads or electric blankets) for 7 days
before study drug administration.

A total of 22 subjects were enrolled in the study: 8 in
Group 1, 8 in Group 2, and 6 in Group 3. Serial plasma PK
samples were collected by venipuncture to assay for LD follow-
ing the oral LD/CD dosing and the foslevodopa/foscarbidopa
dosing. Human plasma with K2EDTA treated with sodium
metabisulfite and disodium hydrogen arsenate was used to pre-
pare the calibration standards, with a curve range of 9.99 to
10,000ng/ml for LD and 9.29 to 10,000ng/ml for CD. The
accuracy (percentage bias) at the lower limit of quantitation was
between −1.0 and 0.1% for LD and between −0.6 and 0.2%
for CD. The accuracy of the quality control samples prepared
at concentrations distributed throughout the calibration curve
range was between −7.8 and 3.0%, and the precision (coeffi-
cient of variation) was ≤13.8% for LD. The accuracy of the
quality control samples prepared at concentrations distributed
throughout the calibration curve range was between −5.4 and
2.8%, and the precision (coefficient of variation) was ≤14.6%
for CD. All PK parameters were determined using
noncompartmental methods with SAS® version 9.2 (SAS Insti-
tute, Cary, NC). LD-to-CD exposure ratios were calculated
from the PK parameter output as the LD area under the plasma
concentration–time curve (AUC) divided by the CD AUC,
where the AUC was from time 0 to the last observed time
point.

Safety and tolerability were assessed throughout the
study. All adverse events reported were collected from the
time of dosing until 30 days after discontinuation of study
drug administration. In addition, serious adverse events were
collected from the time the subject signed the study-specific
informed consent. In addition to spontaneous reports by the
subjects and observations by the investigator, adverse events
were monitored by measurements on vital signs, physical
examination, electrocardiogram, clinical laboratory test assess-
ments, and Columbia-Suicide Severity Rating Scale. Adverse
events were coded using theMedical Dictionary for Regulatory
Activities (https://www.meddra.org/). The number and per-
centage of subjects having treatment-emergent adverse events
were tabulated by primary System Organ Class and
preferred term.

Results
Preclinical Characterization
Preclinical data were obtained to establish the potential for
foslevodopa and foscarbidopa to treat PD via continuous
s.c. infusion. Attributes of a viable prodrug candidate
included high aqueous solubility, acceptable prodrug
chemical stability, and PK proof of concept. These data
were then used to project foslevodopa and foscarbidopa
human PK.

Aqueous Solubility
Solubility values were determined for LD, CD, and their
corresponding phosphate prodrugs (foslevodopa and
foscarbidopa; Fig 2). For LD and CD, the pH–solubility
profiles cover pH 2 to 10. For their phosphate prodrugs,
however, the profiles are limited to pH 0 to 3.5 owing to
their extremely high solubility at higher pH. The symbols
represent experimental determinations, and dotted lines
represent fitting against the Henderson–Hasselbalch equa-
tion that describes ionization of acids and bases at differ-
ent values of pH. At a physiological pH of 7.4, the pH of
the intended s.c. solution formulation, LD and CD solu-
bility values are relatively low, at 3.95 and 2.75mg/ml
respectively. In contrast, the solubility values of the phos-
phate prodrugs are high. Extrapolation of the pH–

solubility profiles to pH 7.4 indicates that their solubility
values are >1g/ml. Thus, the solubility of these phosphate
prodrugs enabled a concentrated solution formulation to
be developed for s.c. administration.

Chemical Stability
Given that both LD and CD are known to be susceptible
to oxidative or decarboxylative degradation,15,16 the long-
term stability of solutions of foslevodopa and foscarbidopa
was assessed. In oxygen-protected conditions, foslevodopa
and foscarbidopa were observed to be stable (<2% change

FIGURE 2: pH–solubility profiles of levodopa, carbidopa,
foslevodopa, and foscarbidopa drug substance at 25�C.
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in foslevodopa and foscarbidopa assay values) for >1 year
in solution at high concentrations (eg, 240/12 and
360/18mg/ml) across a wide pH range (6.5–9.2) includ-
ing the physiological pH of 7.4.

Preclinical Proof of Concept
Preclinical proof of concept was established in rats, in
which continuous s.c. administration of a 4:1 ratio of
foslevodopa to foscarbidopa delivers concentrations of LD
that would be effective in the large majority of advanced
PD patients (1.5–4.5μg/ml LD). The continuous
s.c. infusion was well tolerated throughout the study.
Studies in rats and pigs exploring a range of formulation
ratios of foslevodopa to foscarbidopa established that ther-
apeutically relevant LD levels are attainable over a broad
range of ratios from 4:1 to 15:1.

Projection of Human PK
To enable estimation of human PK, the prodrugs were
co-administered to preclinical species at 2 different dose
ratios: 4:1 and 10:1 (foslevodopa:foscarbidopa). The clear-
ance of the prodrugs across species was high (≥2l/h/kg). In
addition, LD and CD PK were determined in rats, dogs,
and monkeys after administration of LD or CD separately
and after co-administration. Without co-administration,
LD clearance is high across species: rats (4.2l/h/kg), mon-
keys (3.7l/h/kg), and humans (0.8l/h/kg). With co-
administration of CD, the reduction in LD clearance was
somewhat greater for the 4:1 dose ratio (69 and 68% in
rats and monkeys, respectively) compared with the 10:1
dose ratio (50 and 65% in rats and monkeys, respec-
tively). CD clearance was not affected by LD co-adminis-
tration. These data were used to estimate a human in vivo
half maximal inhibitory concentration (IC50) of 44ng/ml
CD for inhibition of LD clearance, through inhibition of
the enzyme amino acid decarboxylase in the periphery.
The fraction of a human foslevodopa dose metabolized by
amino acid decarboxylase was estimated as the mean (0.7)
of the values observed in rats (0.8) and monkeys (0.6).

Foslevodopa/foscarbidopa dose rates of 140/35mg/h
(4:1 dose ratio) or 140/14mg/h (10:1 dose ratio) by con-
tinuous s.c. infusion were estimated to achieve and main-
tain the steady-state LD target plasma concentration of
3000ng/ml (Fig 3). A dose rate of 140/7mg/h (20:1 dose
ratio) was also projected to achieve and maintain the tar-
get LD plasma concentration. However, this ratio was
projected to reduce the estimated steady-state CD concen-
tration to 192ng/ml, below the target plasma concentra-
tion CD. For foslevodopa/foscarbidopa dose ratios of 4:1,
10:1, and 20:1, the projected steady-state levodopa/car-
bidopa exposure ratios were 4, 8, and 16, respectively.

Clinical Assessment
All 22 subjects from the study were enrolled, and 21 of
22 subjects received the intended regimen of foslevodopa/
foscarbidopa, placebo infusion, or oral LD/CD. One sub-
ject from Group 3 who was assigned to the foslevodopa/
foscarbidopa regimen received the bolus dosing rate for
12 minutes rather than the protocol-specified 5 minutes,
resulting in a bolus dose 2.4 times higher than desired.
The subject was not administered the total 72 hour infu-
sion in order not to receive more than the planned dose.
This subject was excluded from the PK analysis.

Results for Group 1, Period 1 show that after
foslevodopa/foscarbidopa infusion, LD and CD exposures
increase until reaching a steady state at approximately
16 hours (Fig 4A). After oral LD/CD dosing in Group
1, Period 2, the LD and CD PK fluctuations were higher
than with the foslevodopa/foscarbidopa regimen (see Fig
4E). Additionally, results from Group 1 showed that the
LD:CD AUC0–∞ exposure ratio (ER) after the
foslevodopa/foscarbidopa infusion results in a lower-than-
expected ratio (higher CD exposure than expected) com-
pared with preclinical data and the oral LD/CD dosing
regimen. Owing to the higher-than-expected CD expo-
sure, Group 2 explored a range of foslevodopa/
foscarbidopa ratios (4:1, 10:1, and 20:1) to identify the
ratio that would provide the desired CD exposure.

FIGURE 3: Estimated levodopa and carbidopa plasma concentration–time profiles following continuous s.c. infusions of
foslevodopa/foscarbidopa.
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A gradual increase in both LD and CD exposure
throughout the duration of infusion was observed in Group
2, similar to the foslevodopa/foscarbidopa PK profile from
Group 1, Period 1. The 3 PK profiles of the different
foslevodopa/foscarbidopa ratios show that CD exposure
decreased with decreasing foscarbidopa doses going from
the 4:1 to 20:1 foslevodopa-to-foscarbidopa ratios, while
the LD exposure remained similar for the different ratios
(Fig 4B–D). To assess the overall similarity of exposure
between the different foslevodopa-to-foscarbidopa ratios
and oral LD/CD dosing from Group 1, the AUC0–∞ ERs
were calculated and shown with each PK plot (see Fig 4).

Foslevodopa/foscarbidopa had an ER most similar to
oral LD/CD (4:1) when dosed at a 20:1 ratio.
Foslevodopa/foscarbidopa dosing from Group 3 used the
20:1 ratio for dosing. Results from Group 3 (foslevodopa/
foscarbidopa loading dose followed by continuous
foslevodopa/foscarbidopa infusion) indicated that LD
exposure appeared to be stable once a steady state was
achieved at approximately 2 hours and was maintained for
the remainder of the 72 hour infusion period (Fig 4F).
The variability in LD exposure appeared to be higher with
oral LD/CD (see Fig 4E) in comparison to foslevodopa/
foscarbidopa infusion from Group 3 (see Fig 4F).

The foslevodopa/foscarbidopa PK profile indicated
rapid distribution of active LD in the systemic circulation

after s.c. infusion of foslevodopa. The average
foslevodopa/foscarbidopa LD degree of fluctuation for
Group 3 ([maximum concentration minus minimum con-
centration]/average concentration) from 2 to 72 hours was
0.41 (range 0.21–0.43), and from 2 to 16 hours it was
0.20 (range 0.10–0.42). For comparison, the average
degree of fluctuation after oral LD/CD administration
(mean ± SD) was 4.1 ± 1.4 (range 2.74–7.24).

For subjects taking oral LD/CD, no treatment-
emergent adverse events were assessed by the investigator
as having a reasonable possibility of being related to the
study drug. One subject reported enteritis that was moder-
ate in severity and was determined by the investigator as
having no reasonable possibility of being related to study
drug administration. For subjects taking foslevodopa/
foscarbidopa, the infusion was generally well tolerated. All
adverse events were mild in severity and did not cause any
discontinuations from the study. Out of the 8 subjects in
Group 2, 1 subject who received study drug reported skin
irritation from electrocardiogram electrodes that was mild
in severity, and 2 subjects who received placebo reported
3 treatment-emergent adverse events (1 subject reported
subconjunctival hemorrhage and a contusion; 1 subject
reported diarrhea) that were mild in severity. Four subjects
from Group 3 reported mild infusion site pain within
30 minutes after initiation of the infusion with an average

FIGURE 4: Clinical pharmacokinetic results. (A) Group 1, Period 1, foslevodopa-to-foscarbidopa dosing ratio of 4:1. (B) Group
2, foslevodopa-to-foscarbidopa dosing ratio of 4:1. (C) Group 2, foslevodopa-to-foscarbidopa dosing ratio of 10:1. (D) Group
2, foslevodopa-to-foscarbidopa dosing ratio of 20:1. (E) Group 1, Period 2, oral levodopa-to-carbidopa dosing ratio of 4:1.
(F) Group 3, foslevodopa-to-foscarbidopa dosing ratio of 20:1, 72 hour infusion. ER = levodopa-to-carbidopa exposure ratio
based on AUC0–∞.

58 Volume 90, No. 1

ANNALS of Neurology



duration of around 30 minutes, and 1 subject had an
adverse event of edema at the infusion site with a duration
of approximately 19 hours. There were no reports of pain
or discomfort for the remaining 72 hours of the study.

Discussion
A successful continuous s.c. infusion prodrug will require
3 fundamental features: (1) high aqueous solubility, (2) excel-
lent chemical stability, and (3) highly efficient conversion of
the water-soluble salt or prodrug to the active pharmaceuti-
cal ingredient. A phosphate prodrug approach was selected
to deliver these objectives. Challenging nonselective methods
for foslevodopa synthesis provided small quantities for initial
assessment, but no carbidopa phosphate prodrug had
been reported, and the methods reported for levodopa failed
with carbidopa owing to stability challenges. Therefore,
regioselective syntheses based on asymmetric hydrogenation
and asymmetric hydrazination were developed to prepare
foslevodopa and foscarbidopa, respectively, and a stable
trihydrate solid form of foscarbidopa was identified to
facilitate its isolation and storage.14

Initial preclinical data on foslevodopa/foscarbidopa
demonstrated that these prodrugs had exceptional aqueous
solubility at physiological pH (>1g/ml at pH 7.4) and very
good chemical stability (<2% decomposition in solution
for 1 year). On the basis of these attractive physiochemical
properties, subsequent preclinical evaluation in rats, dogs,
and minipigs demonstrated PK proof of concept that con-
tinuous s.c. administration at 4:1 and 15:1 ratios can
deliver concentrations of LD that would be effective in
advanced PD patients (>5μg/ml at steady state). In addi-
tion, these PK proof-of-concept studies were also used to
model clinical doses and enable initiation of foslevodopa/
foscarbidopa clinical studies.

Foslevodopa/foscarbidopa was infused s.c. for
≤72 hours to a total of 18 healthy volunteers. The pro-
drugs converted to active LD and CD, and stable expo-
sures were observed once a steady state was achieved. In
Group 1 and Group 2, foslevodopa/foscarbidopa was
infused without a loading dose, and this resulted in a
steady state being achieved approximately 12 to 16 hours
after the infusion started. When treating patients with
PD, it is desirable to achieve a steady state quickly in
order to control motor symptoms. Therefore, Group
3 received a loading dose of foslevodopa/foscarbidopa
followed by a continuous infusion, and this resulted in an
LD steady state within 2 hours. The stable LD PK profile
following foslevodopa/foscarbidopa infusion is consistent
with being able to maintain LD exposure within a narrow
therapeutic window for PD patients and is consistent with
the LD PK profile previously shown with levodopa/car-
bidopa intestinal gel.13

Results from Group 1 showed that the CD exposure
following the foslevodopa/foscarbidopa infusion was
higher than expected based on preclinical foslevodopa/
foscarbidopa PK data and PK data following oral LD/CD
dosing, suggesting that foscarbidopa delivered by
s.c. administration has a higher bioavailability than CD
administered orally. Based on results from Group 1, Group
2 was designed with a range of formulations to determine
a foslevodopa-to-foscarbidopa dosing ratio, where the
desirable dosing ratio was defined as having a LD:CD ER
similar to oral LD/CD dosed at the 4:1 ratio. Results from
Group 2 showed that the 20:1 foslevodopa-to-
foscarbidopa dosing ratio resulted in an LD:CD ER simi-
lar to oral LD/CD dosed at the 4:1 ratio. Therefore, a
20:1 foslevodopa-to-foscarbidopa ratio was considered the
appropriate dosing ratio.

The degree of fluctuation for plasma LD exposures
is an important parameter for assessing whether a treat-
ment can maintain exposure within a narrow therapeutic
window for PD patients (Fig 1B). The mean (±SD) degree
of fluctuation of LD exposure for the subjects who
received foslevodopa/foscarbidopa for 72 hours in Group
3 was 0.24 ± 0.12 over the 2 to 16 hour period and
0.37 ± 0.10 for the 2 to 72 hour period. Foslevodopa/
foscarbidopa infusion in Group 3 showed a lower degree
of fluctuation of LD than that of oral administration in
the present study (4.1 ± 1.4 [mean ± SD]), previous oral
LD/CD administration in healthy elderly volunteers
(4.3 ± 0.9),17 and PD patients (3.2 ± 1.3).18 A previous
phase 1 study, in which levodopa/carbidopa intestinal gel
was infused directly into the jejunum reported a degree of
fluctuation of 0.52 ± 0.20 (mean ± SD) over the 2 to
16 hour period; however, that study was run in PD
patients rather than healthy volunteers.19 The degree of
fluctuation after foslevodopa/foscarbidopa infusion in PD
patients will be evaluated in a separate study
(NCT03033498).

Overall, the oral LD/CD dosing and foslevodopa/
foscarbidopa infusion were generally well tolerated, with
no adverse events causing discontinuation from the study.
No pattern was evident with regard to the nature or fre-
quency of treatment-emergent adverse events after contin-
uous s.c. infusion or bolus injection of ABBV-951
compared with subjects who received placebo. All the
adverse events reported by subjects from Group 1 and
Group 2 were mild or moderate in severity and were
determined by the investigator to have no reasonable pos-
sibility of being related to study drug administration. Four
of the 6 subjects from Group 3 reported mild infusion site
pain within 30 minutes after initiation of the infusion,
with no reports of pain or discomfort for the remaining
72 hours of the study. Given that pain was reported only
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≤30 minutes after infusion initiation, an association
between pain/discomfort and the loading dose (which was
delivered at a higher infusion rate than the 72 hour con-
tinuous infusion) was suggested. Foslevodopa/foscarbidopa
is intended to be a 24 hour treatment for advanced
PD. Therefore, a loading dose will be needed only for ini-
tiation of treatment or to resume treatment after an inter-
ruption of infusion. Although no human data are available
to exclude the possibility of tolerance to ABBV-951 after
its continuous, 24 hour per day infusion, anecdotal data
from ongoing studies in patients with PD receiving stable
rates of foslevodopa, in addition to data from 24 hour per
day intestinal delivery of levodopa, with or without reduc-
ing the nighttime infusion rate,20–23 do not seem to report
an increase in such risk.

The first studies in healthy volunteers were conducted
using the B. Braun syringe pump, an ambulatory infusion
system frequently used in laboratory experiments but whose
physical characteristics (dimensions, operability, etc.) make
it unsuitable for daily use in clinical settings. The efficacy
of foslevodopa/foscarbidopa relies on its conversion to the
active moieties of LD and CD when delivered at rates that
can meet individual patient needs, and infusion pumps are
deployed to achieve those LD plasma concentrations within
the personalized therapeutic window. Pumps with the
technical specifications required to deliver foslevodopa/
foscarbidopa are commercially available and have been con-
sidered or used during the development of this therapy.
However, a parallel plan to develop a more user-friendly,
small, and portable delivery system, targeted to be used by
patients with PD daily in their home and that fulfills the
same technical requirements, is ongoing.

In conclusion, with this manuscript we introduce
foslevodopa/foscarbidopa (ABBV-951), a highly concen-
trated (20:1) solution of levodopa/carbidopa prodrugs for
s.c. delivery. Its stable liquid formulation at near neutral
pH enabled the preclinical characterization and the begin-
ning of the clinical testing with phase 1 studies. This
paper also illustrates the therapeutic potential of ABBV-
951 by means of continuous s.c. infusion via a portable
pump. ABBV-951 monotherapy might prove to be benefi-
cial in controlling both daytime and nighttime levodopa-
responsive PD symptoms, improving convenience over
currently available therapeutic alternatives (reduced pill
burden, no surgery needed, no sleep interruption for those
patients taking oral levodopa overnight). We showed that
a loading dose preceding the start of the continuous infu-
sion helps quickly to achieve and sustain steady-state LD
concentrations that are clinically relevant and can be per-
sonalized to each patient’s need, although more studies are
warranted to refine its tolerability profile. Our vision is
that by giving the possibility of a loading dose via the

pump rather than via oral formulations, together with the
ability to administer extra doses or change the infusion
rate during the day to respond to specific clinical needs,
ABBV-951 might offer a more convenient approach to
the management of PD symptoms, motor fluctuations,
and dyskinesia. More studies are ongoing and in planning
to generate the necessary data to support this vision.
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