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A Clinician’s Guide to Oral Extended-Release Drug

Delivery Systems in Epilepsy
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Epilepsy is one of the most common chronic neurologic disorders that affects individuals of all ages. It is
primarily managed with antiepileptic drugs (AEDs), with the goal of maintaining complete seizure control
combined with minimal or no adverse effects. Oral administration is the mainstay of AED delivery for
patients with chronic epilepsy and consists essentially of immediate-release (IR) and modified-release
(delayed-release and extended-release [ER]) dosage formulations. Extended-release formulations
(hydrophilic or hydrophobic matrix systems, reservoir systems, and osmotic-release systems) release

a drug in a controlled manner during an extended period of time following administration. Extended-
release formulations have many advantages compared with IR formulations, including simplification

of dosing regimens, reduction in pill burden, and reduction in the peak-to-trough fluctuations in serum
drug concentration that may be associated with a decreased risk of adverse effects and of seizures.
These advantages have the potential to increase adherence to antiepileptic therapy, improve the quality
of life of patients, and reduce health care costs. This article, which is intended as a practical guide for
clinicians, reviews the properties of the different ER AED formulations currently available and discusses
the advantages of ER over IR formulations. Subsequently, an explanation of the technologic basis of the
different oral ER formulations, the critical attributes that differentiate ER products, and their individual
strengths and weaknesses is provided. Specific recommendations to practitioners on treating patients with

ER formulations are included.
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Introduction

Oral administration is the mainstay of antiepileptic
drug (AED) delivery for patients with chronic epilepsy!
Efforts to enhance the ease of administration are im-
portant because lack of adherence or partial adherence
to medication can have immediate detrimental conse-
quences, such as uncontrolled or recurrent seizures,?™
or can lead to adverse effects (AEs) associated with
restarting a previous dose without titration.

There are 2 main categories of oral drug delivery
systems (DDSs): immediate-release (IR) and modified-
release dosage formulations. The latter can be further
subdivided into delayed-release (DR) and extended-
release (ER) formulations. Extended-release formula-
tions offer many advantages for most patients with
epilepsy. However, not all ER products have the same
pharmaceutical properties. For the clinician to use them
to their fullest advantage, it is important to understand
the nature of the different DDSs, and the relative
strengths and weaknesses of each.

This review will focus on the ER formulations of AEDs

currently available to treat epilepsy. The objectives of
this review are to discuss their advantages compared
with IR formulations, differentiate between the various
types of oral ER formulations, and review and explain
the technologic basis of the different oral ER formula-
tions. It aims to be an informative and practical guide for
clinicians who provide care for patients with epilepsy.

Terminology

Many AEDs are approved for use in multiple formula-
tions (e.g., IR, DR, and ER). The release and subsequent
absorption of a drug are influenced by its physical and
chemical properties (e.g., aqueous solubility, salt form,
particle size, acid dissociation constant, and DDS, and
the physiologic properties of the site of absorption). Dif-
ferent formulations may contain the same drug at identi-
cal strengths; however, they may not be bioequivalent.
Each formulation has its own specific dosage instruc-
tions and titration instructions and is differently suited
to a specific patient’s need. Consequently, the different
formulations of an AED are not directly interchangeable.

www.jppt.org

J Pediatr Pharmacol Ther 2018 Vol. 23 No. 4 277



Extended-Release Drug Delivery Systems

Wheless, JW et al

IR Formulations. Immediate-release dosage for-
mulations are developed to dissolve without delaying
or prolonging dissolution or absorption of the drug.
Generally, an IR tablet or capsule is swallowed whole
and instantaneously disintegrates to make the drug
available for absorption and subsequent pharmacologic
action® Immediate-release products are used when
the rapid onset of action of a drug is advantageous.
They usually include “superdisintegrants” (e.g., cros-
carmellose sodium) as excipients.® These components
rapidly disintegrate, de-aggregate, and/or dissolve,
when they come into contact with water or with the
gastrointestinal track®

In general, 70% to 80% of a drug should be released,
preferably within an hour, and certainly within 4 hours,
after ingestion® When in vitro dissolution tests are
performed for IR formulations, no less than 85% of the
drug is expected to have dissolved within 60 minutes or
less in an aqueous medium.”® For poorly soluble drugs,
a longer dissolution time may be considered normal.®

Modified-Release Formulations. A goal of pharma-
cotherapy for epilepsy is to maintain consistent serum
drug concentration (SDC) while minimizing AEs. Modi-
fied-release dosage formulations have been developed
to achieve this goal by delaying or extending the rate
of drug absorption, or by altering its site of release.®
In doing so, these products may enhance therapeutic
outcomes or improve convenience for the patient.

DR Formulations. The US Pharmacopeia (USP) de-
fines DR as a dosage form that does not release the
medication promptly after administration.® In other
words, once a certain amount of time has lapsed, the
drug is immediately and completely released. The de-
layed release may be time sensitive or dependent on
the environment (e.g., gastrointestinal pH). For example,
an enteric coating can be used to intentionally delay
drug release until after the tablet has passed through
the stomach. This may reduce drug irritation of the gas-
tric mucosa or prevent gastric juices from inactivating
an acid-labile drug.® An example of a DR formulation of
an AED is Depakote DR or Depakote Sprinkles (dival-
proex sodium, Abbott Laboratories, North Chicago, IL).

ER Formulations. Since the introduction of the first
modified-release formulations about 70 years ago,
many terms have been used to describe the proper-
ties of ER formulations, including sustained release,
sustained action, prolonged action, controlled release,
time-released, and long-acting. Although these terms
are frequently used interchangeably, individual prod-
ucts may differ in design and performance.

The USP defines ER as a dosage form designed to
release the medication in a controlled manner during
an extended period of time, at a predetermined rate,
duration, and location following administration*" At
steady state, the rate of absorption is approximately
equivalent to the rate of elimination due to metabolism
and excretion?Figure 1A shows a schematic represen-

Figure 1. Schematic diagrams of changes in blood
serum drug concentration (SDC) over time for different
drug delivery systems. (A) For the immediate-release
(IR) formulation, almost immediately following ingestion,
the SDC rises and quickly peaks before rapidly falling
off. For the delayed-release formulation, the SDC profile
is similar to the IR formulation, but there is a lag phase
following ingestion before the drug is released. For
the extended-release (ER) formulation, the SDC rises
more slowly from the time of ingestion, forming a much
broader concentration curve over time. (B) Simulated
SDC-time curve at steady state for IR (administered
3 times a day) and ER (administered once daily) AED
formulations during a 2-day period. Repeated doses of
the IR formulation are required to maintain SDC within
the therapeutic zone for optimal seizure control; this
can result in wide peak-to-trough fluctuations in con-
centration. For some patients, seizure control with the
IR formulation may require drug doses that result in a
peak concentration that is above the therapeutic zone
shortly after administration. This increases the likeli-
hood of concentration-related toxicity. The SDC troughs
shortly before the next IR dose and may be below the
therapeutic zone, increasing the risk of seizures. By
comparison, the once-daily dosing of the ER formulation
minimizes peak-to-trough fluctuations, maintaining the
SDC within the therapeutic zone, and thus avoiding an
increase in the likelihood of either toxicity or seizures.
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tation of change in SDC over time following ingestion
of IR, DR, and ER formulations. Table 1lists the currently
available ER formulations of AEDs.

Extended-release formulations can allow for reduc-
tion in dose frequency, which may enhance conve-
nience and thereby improve adherence.® The aim of ER
formulations is to minimize fluctuations in SDC between
doses.® Although a “flat” serum concentration may not
necessarily improve efficacy, it can simplify AED therapy
and can minimize concentration-related AEs"®

Phenytoin was approved by the US Food and Drug
Administration (FDA) for the treatment of epilepsy in
1953, but it was not until 1976 that Dilantin Kapseals
(active drug phenytoin, Pfizer, New York, NY) became
the first oral ER formulation of an AED available in the
United States.* Two decades later, the next ER formula-
tions with carbamazepine as the active drug arrived:
Tegretol XR (1996; Novartis, East Hanover, NJ) and Car-
batrol (1997; Shire Inc, Lexington, MA). Today there are
more than 10 ER products for treating epilepsy (Table 1).

Although ER formulations of AEDs are widely avail-
able, IR products are most frequently prescribed
worldwide. This popularity may be largely driven by
lower medication costs and order of introduction
to the market, because IR formulations are typically
introduced first. Age is an important consideration in
the pediatric populations because younger infants and
some children are unable to swallow a solid dosage
formulation, and few ER formulations are available in
a sprinkle formulation (e.g., Carbatrol, Trokendia XR,
and Qudexy XR). Use of these dosage formulations
is also limited by the inability to titrate by small incre-
ments, which may limit their use in growing children.
Independent of cost considerations, for most patients
who are able to swallow, there are many advantages
to using ER over IR formulations.

Advantages of ER Formulations

There are many inherent advantages to using ER
formulations. They may enhance adherence to AED
therapy, minimize fluctuations in SDC, improve seizure
control, and reduce toxicities associated with peak
concentrations compared with IR formulations.

Enhanced Medication Adherence and Improved
Quality of Life. Non-adherence to AEDs is a problem
in the management of epilepsy, and it can have seri-
ous or even fatal consequences if patients experience
inadequate seizure control (Table 2).”-" In a US survey
of 661 patients with epilepsy, 71% noted dose omis-
sions and 45% reported a seizure following a missed
dose.® A large retrospective database analysis in a US
managed-care adult population showed that during
a mean follow-up of 27 months, 39% of patients with
epilepsy were non-adherent® In another retrospective
open-cohort study of claims data for 33,658 US Medic-
aid patients with epilepsy, non-adherence to AEDs was
associated with a more than 3-fold increase in mortality

compared with adherence, and during periods of non-
adherence patients had significantly higher incidences
of emergency department visits, hospital admissions,
motor vehicle injuries, and fractures.?®

Evidence shows that patients receiving an ER for-
mulation are more likely to continue with therapy than
patients receiving IR formulations, and that there are
no significant differences in AEs between the 3 for-
mulations (Tegretol [ER carbamazepine], Carbatrol [ER
carbamazepine], and a generic IR carbamazepine).?'
In a review of studies that compared ER, conventional,
and IR formulations of AEDs, several studies noted
increases in adherence following a change from an
IR to an ER formulation.” In general, ER formulations
were associated with reduced AEs, greater tolerabil-
ity, improved dosing convenience, increased efficacy,
and improvements in quality of life.” Finally, because
the likelihood of missing a dose increases with dosing
frequency, and with the number of tablets/capsules
taken,”® the simplification of dosing regimens with ER
formulations is an important approach to improving
adherence 31722

Decreased Fluctuation in Peak-and-Trough SDC.
Many AEDs have short half-lives. For IR formulations,
this necessitates frequent dosing to maintain SDCs
within the targeted range for optimal seizure control.
The resulting wide peak-to-trough fluctuations in con-
centrations (Figure 1B) may increase the likelihood of
both seizures and AEs. 152223

Extended-release formulations enable the dosing
interval to be increased, which maintains concentration
within the targeted range while decreasing fluctua-
tions in peak-to-trough concentrations (Figure 1B). The
decreased fluctuations may result in reduced toxicity
and fewer concentration-related AEs compared with
IR formulations#®24 This may make ER formulations
more forgiving to occasional irregular dosing compared
with IR formulations. A pharmacokinetic simulation of
Trokendi XR (topiramate; Supernus Pharmaceuticals,
Rockville, MD) showed that following a delayed or
omitted dose, SDC could be restored by giving the ER
dose at any point within the next dosing interval, or by
giving an additional ER dose together with the next
scheduled dose.®®

Less Frequent Local and Systemic AEs. Extended-
release DDSs typically have slower release rates, which
can result in fewer concentration-related AEs and can
prevent side effects that may occur during the absorp-
tion phase with IR formulations.?® Lower peak concen-
trations may allow some patients to have their total daily
dose increased without experiencing AEs, resulting in
improved seizure control for the same chemical moiety
when an ER formulation is used.

Uthman" reviewed more than 15 studies comparing
ER formulations of AEDs to IR, DR, or placebo products.
A total of 4 of the 7 studies that directly compared ER
and IR formulations showed significantly fewer AEs,
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N/A, not available; PS, partial seizures; QD, once a day; XR, extended release
* RedBook Online; Truven Health Analytics, LL. Accessed October 10, 2017.
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+ Shire Laboratories, Lexington, MA.

§ Abbott Laboratories, North Chicago, IL.

9 Arbor Pharmaceuticals LLC, Atlanta, GA.

# Depomed Inc, Newark, CA.

** GlaxoSmithKline, Research Triangle Park, NC.

* UCB Inc, Smyrna, GA.

# Supernus Pharmaceuticals, Rockville, MD.

8§ Pfizer, New York, NY.

19 Mylan Inc, Morgantown, WV.

## Upsher-Smith Laboratories, Maple Grove, MI.

better tolerability, and enhanced
compliance for ER formulations of
carbamazepine,?’?® |evetiracetam,?®
and valproate.®

Similarly to DR formulations, ER
products have the potential to improve
adherence by reducing local AEs, such
as the gastrointestinal intolerance that
can be associated with IR formulations.
Additionally, ER formulations that are
enteric coated may improve gastroin-
testinal tolerability in some patients.
For example, the gastrointestinal AEs
associated with valproic acid have
been reduced by the introduction of
enteric-coated formulations.®

Overall Decrease in Health Care
Costs. The use of AED ER formulations
is generally associated with better
adherence and seizure control than IR
formulations.” Several studies in adults
have shown that an increase in adher-
ence was associated with a decrease
in the costs of care and hospitalization
(Table 2)®3233; hence, ER formulations
have the potential to reduce overall
health care costs compared with IR
formulations. Helmers et al®* studied
the economic burden associated with
generic versus branded AEDs in the
United States. They found that the
periods of generic use were associ-
ated with higher total medical service
cost (i.e., $3186) when compared to
period of brand product use. Likewise,
Labiner et al®® reported that generic
AED use was associated with signifi-
cantly greater use of medical services
and increased risk of epilepsy-related
medical events compared with brand
use. Within an institutional setting, ER
products require less pharmacy prepa-
ration and less nursing time related to
administration (e.g., QD versus TID).

Disadvantages

The ER formulations of AEDs also
have some inherent disadvantages
compared with IR formulations. The
pharmaceutical formulation is general-
ly more expensive to the manufacturer
and may suffer from a limited number
of available strengths.

Manufacturing Costs. Certain ER
formulations are easier to manufac-
ture (e.g., matrix system) than others
(e.g., reservoir or osmotic systems).®
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Table 2. Summary of Retrospective Studies on Claims Data That Compared Costs Associated With Antiepileptic

Drug (AED) Adherence and Non-adherence*

Non-adherence Compared With Adherence

Reference Patients, Age, Hospitalization
n Mean, yr
Davis'™ 10,892 43.8 « 1% increased likelihood
of hospitalization
(OR, 1.110; p = 0.013)
« 0.08 additional hospital
admissions (p < 0.001)
« 0.579 additional
inpatient days (p <
0.001)
Faught?° 66,658 Not . 86% higher (IRR, 1.86;
mentioned 95% Cl, 1.84-1.88)
Ettinger®? 1,278 72.8 - Higher rates of

hospitalization (76% vs.
71%)
« 019 additional hospital
admissions (p = 0.0071)
« Increased days in
hospital (7.08 vs. 5.15)

Emergency Department
Admission

« 48% increased
likelihood
(OR, 1.479; p < 0.0001)
« 0.436 additional ER
admissions
(p < 0.001)

- 50% higher (IRR, 1.50;
95% Cl, 1.49-1.52)

« Higher number of
admissions per patient
(0.79 vs. 0.65)

« 0.225 additional
admissions per patient
(p = 0.0002)

Cost

Increased inpatient cost
per patient per year
($1,799)

Increased emergency
room cost per patient
per year ($260)
Positive net effect of
AED non-adherence:
+$1,466 (p = 0.034) on
total health care cost,
despite offset of AED
prescriptions (-$701,

p < 0.001) and other
prescription drugs
(-$358, p = 0.003) due
to reduced drug intake
from non-adherence

Increased inpatient cost
per quarter ($4,320;
95% Cl, $4077-$4565)
Increased emergency
department cost per
quarter ($303; 95% ClI,
$273-$334)
Decreased costs

for outpatient and
pharmacy services
were found but
potentially due to non-
adherent behavior

Increased inpatient
costs per patient per
year ($872)

Increased emergency
department costs

per patient ($143, p =

0.0008)

« Incremental total health
care cost per patient
per year ($2,674, p =
0.0059)

IRR, incidence rate ratio
* All studies used the medication possession ratio as the measure of adh

However, in general, compared with IR formulations,
the manufacturing process and development of ER
formulations are more technologically complex and
time-consuming, consequently translating into higher
production costs.®

Dose Limitations. The currently available ER formula-
tions are not suited for all patients with epilepsy, espe-
cially those who require very large doses to maintain
seizure control. These doses may not be available as
ER formulations, or may not have been tested (e.g.,

erence, with a value of <0.8 defined as non-adherent.

for Equetro [carbamazepine; Validus Pharmaceutical,
Parsippany, NJ], doses larger than 1600 mg have not
been studied). Given the limitations on the amount
of medication that can be placed within an ER DDS,
patients who require large total daily doses may still
need to take multiple ER pills. For instance, a patient
requiring 3000 mg/day Keppra XR (levetiracetam; USB
Inc, Smyrna, GA) may require four 750-mg ER tablets
at bedtime. Although the pill burden is high, the fre-
quency of administration is more convenient because
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it is reduced to once daily.

Additionally, the limited number of available strengths
for some ER formulations may make direct conversion
from an IR to an ER dose difficult. For example, the
prescription information for Depakote ER suggests that,
“For patients whose DEPAKOTE total daily dose cannot
be directly converted to DEPAKOTE ER, consideration
may be given at the clinician’s discretion to increase
the patient’s DEPAKOTE total daily dose to the next
larger dosage before converting to the appropriate total
daily dose of DEPAKOTE ER.” For more information on
conversion of IR doses to ER doses, see the section
“Conversion to ER DDS From Current AED Therapy.”

Many children with seizure have comorbidities that
may require the use of feeding tubes for medication
administration. An inability to crush ER tablets and
administer the medication via an enteral feeding tube
is a distinct disadvantage to the use of these products.

Forgiveness Period. Although once-daily dosing
with ER formulations may improve adherence, some
concerns have been raised about the so-called for-
giveness period of ER formulations. The forgiveness
period is the time that a patient is unlikely to experience
adverse consequences following a missed dose of a
drug. Some suggest that the effective SDC of AEDs
following administration of once-daily ER formulations
may not extend beyond 24 hours; therefore, the risk of
a seizure is greater following a missed dose of an ER
formulation compared with an IR formulation that is part
of a multiple—daily-dose regimen**In other words, the
forgiveness period for ER formulations may be shorter
than for IR formulations.

A discussion of a “forgiveness period” is often com-
plicated by a lack of understanding of the traditional
versus the effective half-life of a drug. For IR drugs
with linear pharmacokinetics and rapid absorption, a
traditional calculation of half-life may be an accurate
measure of serum concentration decline. However,
for ER formulations that have slower absorption, the
calculation of a traditional half-life may be a poor pre-
dictor of drug accumulation and fluctuation in serum
concentrations, and therefore not clinically useful.

Although valproic acid has a traditionally calculated
half-life of 12 to 16 hours, its prolonged drug release
leads to an effective half-life of divalproex-ER of 40
hours, which supports its once-per-day administra-
tion.3® Similarly, Topamax XR displayed a 1.5-fold longer
effective half-life (55.7 hours) than the IR formulation
(371 hours).¥”

It has also been proposed that if a patient forgets to
take a once-daily dose in the morning, he or she has
the whole day to remember to take it,” whereas for an
IR product, trying to make up a missed dose is often
not tolerated. Additionally, computer simulation studies
have assessed the possible impact of dosing irregulari-
ties with ER versus IR formulations of AEDs. Brittain and
Wheless?® used a population pharmacokinetic model

Table 3. Extended-Release (ER) Formulations
According to Drug Delivery System (DDS)

DDS
Hydrophobic matrix

Brand Product

Keppra XR (levetiracetam)
Hydrophilic matrix Depakote ER (divalproex sodium)
Gralise (gabapentin enacarbil)

Oxtellar XR (oxcarbazepine),
Solutrol technology

Reservoir Carbatrol (carbamazepine),

Microtrol technology

Equetro (carbamazepine), Microtrol
technology

Trokendi XR (topiramate), Microtrol
technology

Osmotic-release Tegretol XR (carbamazepine),

OROS technology

Proprietary
technology*

Horizant (gabapentin enacarbil)
Lamictal XR (lamotrigine)

Dilantin Kapseals (phenytoin
sodium)

Phenytek (phenytoin sodium)

Qudexy XR (topiramate)

ORQS, Osmotic-Controlled Release Oral Delivery System; XR,
extended release
* DDS information not released to the public.

to predict topiramate SDC following dosing irregu-
larities with a once-daily ER formulation (Trokendi XR)
compared with a twice-daily IR formulation (Topamax).
They found that the trough SDC following an omitted
ER dose was only slightly lower than that following an
omitted IR dose. In a second study, Pellock and Brittain®®
demonstrated that the forgiveness period for once-daily
Trokendi XR can equal or exceed that of twice-daily IR
topiramate. Both studies concluded that dosing irregu-
larities with the ER formulation of topiramate posed no
greater risk than with the IR formulation.?>3®

In general, when treating any chronic disease, phy-
sicians and pharmacists should instruct the patient on
what to do when he or she is late with or misses a dose
of medication. Upon realizing that an ER dose has been
forgotten, even if this realization occurs 24 hours later
(e.g., when the next dose is due), the patient should
make up for the missed dose as soon as possible. This
is recommended because the larger forgiveness period
with ER formulations compared with IR formulations al-
lows the patient to return to his or her daily schedule
more quickly.

Oral ER AED Delivery Systems

The AEDs that are currently available as ER formu-
lations are detailed in Tables 1 and 3. There are cur-
rently 3 common types of oral ER DDSs: matrix DDS,
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Figure 2. Matrix drug delivery system. The drug embedded in a polymer matrix is released from the matrix by
the processes of (A) erosion and/or (B) diffusion. In hydrophilic matrix systems, water enters the matrix, which
begins to swell. The dissolved drug is released by diffusion out of the matrix and by erosion of the matrix itself.
In hydrophobic matrix systems, there is minimal swelling of the matrix, but a swollen gel layer forms on the matrix
surface. As water enters the matrix, the drug dissolves and is predominantly released by diffusion out of the

matrix, through the surface gel layer.

A. Erosion

AED

AED embedded in
polymer matrix

B. Diffusion

AED

AED embedded in
polymer matrix

Outer layer on
matrix surface is
composed of
polymers that are
swellable

AED, antiepileptic drug.

Outer layer becomes
swollen, forming a gel
layer through which
molecules can diffuse

osmotic-release DDS, and reservoir DDS (or membrane-
controlled DDS).° Drug release from these systems
employs one or more of the following processes:
dissolution and diffusion of the drug, system swelling,
erosion of a matrix containing the drug, and osmotic
pressure—induced release of the drug.® Properties of
the drug, such as solubility, can determine which DDS
is most appropriate to deliver it.°

Matrix DDS. In matrix DDS, the drug is homogenously
mixed within a matrix of one or more rate-controlling
substances, and other inert substances.® The drug is
released either by diffusion out of the matrix and/or by
the erosion of the matrix itself (Figure 2).93%4° Depend-
ing on the properties of the matrix material, matrix sys-
tems are defined as either hydrophilic or hydrophobic.

Hydrophilic Matrix DDS. In hydrophilic matrix sys-
tems, the drug is dispersed throughout a polymer matrix
of hydrophilic material.*#' The rate of drug release is
controlled by both diffusion and erosion.® When water
is absorbed by the matrix, the matrix swells and the
polymer on the surface of the pill hydrates. This polymer
changes from a crystalline state to a gel state, forming a

gel layer on the surface that controls the rate of release
of the drug.®® As the gel layer increases, the polymer
chains closest to the surface begin to relax and lose
consistency, which is followed by a gradual erosion
of the matrix.3® Water-soluble drugs dissolve and are
released by a combination of diffusion out of the matrix,
through the gel layer, and as a result of the erosion of
the matrix itself.%3°

Many factors affect the rate of drug release from
hydrophilic matrix systems, including the concentration
of polymer in the matrix, particle size of the polymer,
the viscosity of the polymer in solution, and solubility
of the drug itself.*"*2 The AED formulations that use a
hydrophilic matrix system (Table 3) include Oxtellar XR
(oxcarbazepine; Supernus Pharmaceuticals, Rockville,
MD) and Depakote ER.

Hydrophobic Matrix DDS. In hydrophobic matrix
systems, the drug is dispersed throughout a polymer
matrix of inert hydrophobic material.® The hydrophobic
matrix undergoes no or minimal swelling on contact
with water. When water enters the matrix, the drug
dissolves and is predominately released by diffusion
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Figure 3. Reservoir drug delivery system. These systems typically contain many subunits (beads or pellets) con-
taining the drug. Upon contact with water, the insoluble membrane becomes porous. (A) Swallowed intact: As
water enters the system, water-soluble drug is released from the subunits and diffuses out through the pores in
the membrane. The timing and rate of release of the drug can be modified by including a mixture of subunits with
different drug-releasing characteristics (IR, DR, ER) in a single capsule, together with changing the thickness of
the insoluble membrane and the size of the membrane pores. (B) Sprinkled: As an alternative to swallowing the
capsule, it can be opened by the user, and the subunits can then be sprinkled onto a spoon of soft food. This

mixture of food and drug is swallowed without chewing or crushing.

A. Swallowed intact

IR AED

ER AED

Insoluble
membrane

Porous insoluble membrane
with a coated layer

Different coat properties

allow for a delayed or timed
release of the API. Here, orange
coats represent immediate-
release beads while blue

coats represent delayed-

and sustained-release beads

B. Sprinkle

Soft food

Membrane
becomes porous

AED from the immediate-
release beads are the first
to diffuse out of the capsule

AED from the delayed- and
sustained-release beads
diffuse out of the capsule
at a later stage

Capsule is opened

AED, antiepileptic drug; DR, delayed release; ER, extended release; IR, immediate release.

out of the matrix (Figure 2).

In such diffusion-based matrix systems, the drug is
not uniformly released over time, because the diffusion
front of the drug gradually moves further into the matrix.
Also, because drug solubility is usually dependent on
pH, the rate of release of the drug varies with the pH of
the environment. Consequently, the rate of drug release
from hydrophobic matrix systems can be altered by
factors such as non-uniform loading of the drug within
the matrix, and the incorporation of pH modifiers.® Cur-
rently, only 1 AED formulation, Keppra XR (levetiracetam,
UCB Inc), uses a hydrophobic matrix system (Table 3).

Bimodal matrix DDSs combine an IR component with
an ER dosage form.® For example, a bimodal formulation
of lamotrigine is under development, combining an IR
segment to deliver a loading dose of the drug with an
ER segment to deliver a controlled maintenance dose.*?

Matrix DDSs are widely used, not only because
they are relatively simple to formulate and easy and

inexpensive to manufacture, but also for their ability to
contain drugs of various concentrations and moieties
with different physiochemical properties, as well as
their ability to deliver high—molecular weight drugs.®*?

Reservoir DDS. In reservoir systems, a core contain-
ing a water-soluble drug is surrounded by an insoluble
membrane (Figure 3A).° A reservoir system typically
consists of many subunits, such as beads, pellets, or
mini-tablets, containing the drug. A key feature of a
system containing multiple subunits is that it is possible
to incorporate subunits with different release character-
istics allowing for a multimodal IR plus ER DDS.°

On contact with water, the insoluble membrane
surrounding the core becomes porous due to the
incorporation of water-soluble or leachable additives
into its structure (Figure 3A). When water enters the
system via the membrane pores, the water-soluble drug
is released from the subunits and diffuses through the
pores. The rate of release of the drug in a reservoir
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Figure 4. Osmotic-release drug delivery systems. These systems consist of the drug and an osmotic agent
surrounded by a semipermeable membrane capsule containing a small orifice. (A) In single chamber capsules,
water is drawn into the capsule by the osmotic agent, which begins to swell, forcing the drug through the orifice.
(B) Double-chamber capsules have an additional push chamber containing a highly swellable polymer. As this
polymer swells, the push chamber expands, exerting pressure on the drug-containing chamber, forcing the drug

through the orifice.

A. Single chamber

Delivery orifice

AED — <.y
& o

o
Osmotic drug core oS
o ° o
Semi-permeable o © )
membrane )

B. Double chamber

Delivery orifice

Rate-controlling
membrane _ o

0 © Oo o
B o 00
Drug compartment Og O o o

Push compartment:
polymeric osmotic
push compartment
membrane

AED, antiepileptic drug.

Drug compartment hydrates,
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forms in situ

Push compartment hydrates,
expands, and exerts pressure
which pushes out the drug
suspension/solution.

system can be controlled by factors such as the pore
size, coating materials, coating thickness, and mem-
brane thickness. As with matrix systems, if the solubility
of the drug is pH dependent, drug release can also be
modified by the addition of buffering agents.

Some reservoir systems can be manually opened
and their contents sprinkled onto soft food (Figure 3B),
which is then swallowed without chewing. This mode
of delivery can be advantageous for pediatric patients
who have difficulty swallowing pills. For adult and
adolescent patients, it is possible for these sprinkles
to be delivered whole (not crushed) via an enteral
feeding tube. However, in practice, most patients are
not given their medication via feeding tubes due to
concerns about clogging.®*#* This is especially true
for children who require feeding tubes of a smaller
diameter. It should also be noted that non-reservoir IR
formulations, such as Depakote and Topamax, can be
sprinkled. The AED formulations that use a reservoir
system (Table 3) include Carbatrol (carbamazepine)
and Trokendi XR (topiramate).

Osmotic-Release DDS. Similar to reservoir systems,
osmotic-release DDSs (also called osmotic-pump DDS)
consist of a drug-containing core surrounded by an in-
soluble but semipermeable membrane capsule or coat-
ing. This membrane contains an orifice through which
the soluble drug is forced by osmotic pressure that
builds up inside the capsule on contact with water.>445

There are single- and double-chamber capsules
(Figure 4). In single-chamber capsules, the drug and
an osmotic agent are contained in a single compart-
ment. As water is drawn through the semipermeable
membrane by the osmotic agent, the drug dissolves,
and the osmotic agent becomes hydrated and swells,
forcing the drug out through the orifice in the capsule.
Single-chamber capsules are only suitable for more
soluble drugs.®#“® In double-chamber capsules, the
drugis contained in one compartment and the osmotic
agentis contained in a separate compartment known as
the “push compartment.” As the osmotic agent draws
water through the semipermeable membrane, the drug
dissolves or a suspension is formed, and the osmotic
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agent becomes hydrated. Additionally, the polymer
contained in the push compartment begins to swell,
pressurizing the drug-containing compartment, which
forces the drug through the membrane orifice. Double-
chamber capsules are more suited for less soluble
drugs or for when a larger drug loading is required.>445

The release of the drug by osmotic-release DDS is
not easily affected by environmental influences, such
as agitation and pH.*#“* However, the manufacture of
osmotic-release DDS, and particularly that of 2-chamber
systems, is complex and expensive.® The AED formula-
tions that use a single-chamber osmotic-release DDS
include Tegretol XR (carbamazepine; Table 3). The ma-
trix, reservoir, and osmotic DDS can be found in the form
of a single-layered or multilayered tablet or a capsule.®

Clinical Application and Practical
Considerations

Administration. Different ER formulations have spe-
cific instructions for administration (Table 1). The main
factors to consider are: 1) whether the tablet should be
administered with or without food; and 2) whether the
tablet should be swallowed whole and not crushed, or
whether it can be opened and the contents sprinkled
onto soft food.

Ghost Tablets. A feature of some DDS products is
the phenomenon of “ghost tablets” (e.g., Tegretol XR).
This occurs when the shell that houses the drug does
not disintegrate or become digested, but passes out
intact in the stool. This can be a source of anxiety for
patients and caretakers if they are not preinformed
that this is part of the normal functioning of the DDS
and does not affect efficacy or indicate any absorption
problem.“¢ It should be noted that all osmotic-release
DDSs leave a ghost tablet. However, the same is not
true of matrix or reservoir DDSs. Because the drug
is released via diffusion, some leave a ghost tablet,
whereas others do not.*

Storage. According to the individual labeling require-
ments, most formulations should be: 1) protected from
moisture—unlike most IR formulations, moisture can
destroy the releasing characteristics of ER formulations;
hence, storage in bathroom cabinets is strongly discour-
aged; 2) stored at 25°C (77°F), with excursions permitted
to 15°C to 30°C (59°F —86°F); and 3) protected from
light. Storage conditions should be in accordance with
USP guidance on controlled room temperature.*’ For
further details on the storage of individual formulations,
the reader should consult the prescribing information.

Conversion to ER DDS From
Current AED Therapy

The IR and ER formulations of an AED are not directly
interchangeable because of possible differences in the
rate or extent of absorption; therefore, switching from
IR to ER formulations requires the careful monitoring

of clinical response and the consideration of possible
dose adjustments.”® For many of the ER formulations,
specific guidance on the practical aspects of switching
formulations is not provided in the package insert. We
have provided suggestions, based on an understand-
ing of the pharmacology and pharmacokinetics of the
IR and ER products and the desire to maintain seizure
control during this transition.

IR to an ER Formulation. When transitioning from an
IR formulation to an ER formulation, for most of the ER
AEDs, a milligram-to-milligram conversion is advised.
At times a milligram-to-milligram conversion is not pos-
sible because of the limited range of strengths available
(Depakote ER), or when transitioning from a phenytoin
sodium salt formulation to a phenytoin free acid formu-
lation. Specific recommendations for these situations
can be found in the prescribing information for the AED.

An example of this transition, based upon the au-
thors’ experiences, is noted below for a patient on
oxcarbazepine who has a required total daily dose of
1200 mg. On day 1, the patient should receive the IR
formulation as usual: 600 mg in the morning and 600
mg at night. On day 2, the patient is switched, taking
600 mg of the IR formulation in the morning and taking
the full daily dose of 1200 mg of the ER formulation in
the evening. Although this means that on the conver-
sion day the patient receives a total dose of 1800 mg,
he or she will not receive an overdose, because the IR
formulation is absorbed quickly, whereas the ER dose
is slowly absorbed overnight. On day 3, the patient
takes the full daily dose (1200 mg) of the ER formula-
tion in the evening.

Intravenous to ER Transition. In general, when start-
ing an oral ER medication for a patient who has been
maintained on an intravenous (IV) formulation of the
same medication, the ER dose should be administered
simultaneously with the last IV dose to account for the
different pharmacokinetic properties of the formula-
tions, and to ensure continued serum concentrations in
the therapeutic range. If simultaneous administration is
not possible, the ER formulation should be administered
within 2 hours (before or after) the last IV dose. Boggs
and Preis* found that prior to discharging a patient from
the hospital, a protocol involving an IV dose followed
within 1 hour by a similar dose of an ER formulation
was well tolerated and provided good seizure control.

Considerations in Product Selection

AED Costs. An overview of the average wholesale
prices of the currently available AEDs in the US is given
in Table 1. This standard reference for costs is included
to give a relative idea of the costs of the ER formula-
tions. Readers should be aware that the final price
paid by the patient is dependent on multiple factors.
Prices in the United States are primarily determined by
insurance plans and copay schedules for medications.
Prices in Europe are determined by a combination of
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Figure 5. Testing for bioequivalence.
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country approval, cost negotiations, and the level of
government support.

The ER formulations are generally more expensive
than the IR formulations. However, as previously dis-
cussed, there are several benefits associated with
ER formulations that will likely reduce the overall
health care costs. The main benefit is that use of ER
formulations improves adherence, which may reduce
downstream direct and indirect costs associated with
care and hospitalization. However, formal studies on
the financial impact of ER formulations are lacking and
are needed.

Brand or Generic Formulations. Generic substitution
has the potential to reduce the cost of AED therapy, but
some drugs with a narrow therapeutic range may exhibit
differences that could be clinically important. Generic
formulations are produced by several manufacturers
and are distributed by numerous intermediate suppli-
ers. Although this may facilitate lower costs through
open market competition, recent studies3*3*4° suggest
a critical examination of this cost savings, in light of
increased uses of medical resource and emergency
services occurring after a change from a brand to
generic formulation. One study noted the propensity
for patients receiving lamotrigine to switch back to
brand medications was higher than that reported for
antihypertensive or antihyperlipidemic agents.*® At
times, it is difficult to determine which generic product
a patient has been receiving because chain pharma-
cies often align with the strongest and best-positioned
suppliers, which may result in inventory disruption and

product switches.

Brand ER formulations of AEDs that are available on
the market have usually undergone evaluation in ran-
domized controlled trials to demonstrate their efficacy
and tolerability. Most of these brand ER formulations
also have one or more generic formulations available.
For a generic to be marketed, bioequivalence to the
brand formulation must have been shown.

According to the FDA 2 drugs are bioequivalent if
90% of the confidence interval of the pharmacokinetics
parameters falls within 80% to 125% of the brand-name
drug (Figure 5). Most generic formulations differ by <10%
in AUC_, compared with the reference brand drug.
This means that the 2 products exhibit no substantial
difference in the rate and extent of drug absorption.s°
Although these parameters may be acceptable for most
drugs, these tolerance limits may be too broad for AEDs
that have a narrow therapeutic range or for some pa-
tients with difficult-to-control epilepsy. Important to the
discussion is the lack of any requirement for the generic
drug to use the same DDS as the brand formulation.

Ting et al® tested the FDA bioequivalence standard
of generic IR lamotrigine and the brand version, Lamic-
tal (lamotrigine; GlaxoSmithKline, Research Triangle
Park, NC) and confirmed the soundness of the FDA
bioequivalence standard, with few patients having
seizure exacerbations or tolerability issues that could
be attributed to switching. In a different study, switching
between 2 generic versions of IR lamotrigine was also
shown to result in no detectable differences in clinical
effects.>? However, in an analysis of bioequivalence
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data from 258 studies on 141 generic AEDs, the results
suggested that switching between generic AEDs may
cause greater changes in SDC than switching between
brand reference products and generic drugs.5® A study
on the bioequivalence of brand and generic ER AEDs
found that although most formulations had comparable
bioequivalence ratios, for some products, the pharma-
cokinetic ratios were close to acceptable limits.5*

Switching between generic versions of ER AEDs is
not recommended because there can be a greater
variation between generic ER AEDs than between ge-
neric IR AEDs.**5° Staying with the same generic also
provides comfort to the patient in terms of identifying
medication and knowing what doses are being admin-
istered and refilled, and makes dosage adjustments
easier for physicians.

The American Epilepsy Society supports the use
of generic AEDs and has published a position state-
ment on this issue.>° In particular, it is recommended
that health care professionals should “ensure that a
bioequivalent FDA-approved generic product is sub-
stituted for the brand or another generic AED,” and
that they should counsel patients and caregivers on
the equivalence between brands and generics, inform-
ing them of changes in tablet or capsule appearance
(e.g., color or shape, when switching between medica-
tions).5° They also recommend counseling the patient to
continue with the same generic supplier for a specific
AED, something especially important for an ER product.

The Future of Oral ER DDSs in Epilepsy —

Although the cost of an ER product should be consid-
ered in product selection, in general, ER formulations
can provide several benefits over IR formulations of
the same drug for most patients. However, the current
types of ER DDSs in epilepsy may not suit all patients,
and certain drugs may not be easily incorporated into
an ER DDS. For example, there are rare occurrences
of patients who benefit from timed higher peak con-
centrations, for whom an IR formulation may be the
better option.

Developments in other areas of medicine, where
there are multiple additional types of ER delivery, may
be applicable to the treatment of epilepsy. For instance,
to provide additional treatment options not based on
pills/capsules, especially for the pediatric population
and those with difficulty swallowing, a number of ER
DDSs within the broader field of neurology have been
developed for the treatment of attention-deficit/hyper-
activity disorder, which include a transdermal patch
(Daytrana [methylphenidate; Noven Pharmaceuticals,
Miami, FL]) and liquid suspensions (Dyanavel XR [am-
phetamine; Tris Pharma Inc, Monmouth, NJ] and Quil-
livant XR [methylphenidate; Pfizer, New York, NY]). So
far, none of these ER DDS have been developed for
the treatment of epilepsy, but with further advances in
technology, they may appear in the future.

Conclusions

Oral administration will remain the dominant route of
AED delivery to treat epilepsy, and oral ER systems are
a valuable tool for achieving improved adherence and
seizure control, and reduced toxicity. With this review,
the authors hope to convince clinicians of the impor-
tance of differentiating between the different ER DDSs
currently used in epilepsy therapy, and of the benefits
of using ER formulations to treat patients with epilepsy.
We believe that there are clear benefits for the use of
ER formulations compared with IR formulations, and
that ER formulations should be used for most patients
with epilepsy, when appropriate for the patient, and
when available for their prescribed medication. The
tables included in this review should provide a useful
and practical reference guide for clinicians.
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