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Literature relevant to assessing whether BCS-based biowaivers can be applied to immediate release (IR)
solid oral dosage forms containing carbamazepine as the single active pharmaceutical ingredient are
reviewed. Carbamazepine, which is used for the prophylactic therapy of epilepsy, is a non-ionizable drug
that cannot be considered “highly soluble” across the range of pH values usually encountered in the
upper gastrointestinal tract. Furthermore, evidence in the open literature suggests that carbamazepine is
a BCS Class 2 drug. Nevertheless, the oral absolute bioavailability of carbamazepine lies between 70 and
78% and both in vivo and in vitro data support the classification of carbamazepine as a highly permeable
drug. Since the therapeutic and toxic plasma level ranges overlap, carbamazepine is considered to have a
narrow therapeutic index. For these reasons, a BCS based biowaiver for IR tablets of carbamazepine
cannot be recommended. Interestingly, in nine out of ten studies, USP dissolution conditions (900 mL
water with 1% SLS, paddle, 75 rpm) appropriately discriminated among bioinequivalent products and
this may be a way forward to predicting whether a given formulation will be bioequivalent to the
comparator product.

© 2021 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

Carbamazepine is commonly used to prevent seizure episodes
in patients diagnosed with epilepsy, as well as to relieve the pain
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associated with trigeminal neuralgia. The World Health Organiza-
tion (WHO) includes immediate release (IR) tablets containing
carbamazepine as an anticonvulsant/antiepileptic drug in lists of
essential medicines (EML) for both adults and children.1e3 Addi-
tionally, the 21st edition of WHO EML for adults also recommends
carbamazepine IR tablets as a treatment for behavioral disorders.2

A Biowaiver Monograph based on the available literature is
presented for carbamazepine. The purpose and scope of these
monographs have been previously discussed in detail.4 To date,
more than 45 biowaiver monographs have been published, which
are all available on-line at www.fip.org/bcs_monographs.5 Briefly,
these aim to summarize and evaluate all data relevant for the
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decision as to whether IR oral dosage forms containing the active
pharmaceutical ingredient (APIs) could be approved according to
the BCS-Biowaiver methodology, rather than having to undergo a
pharmacokinetic evaluation of bioequivalence with a comparator
formulation in a clinical study. APIs which are listed on the WHO
EML,2 have priority for this evaluation, since they are used in many
countries where a clinical study might be onerous. The BCS-based
biowaiver methodology, by contrast to pharmacokinetic-based
bioequivalence studies, enables products to be evaluated using
dissolution testing in order to assess bioequivalence, thus enabling
new medicines to be brought to market more quickly and at less
expense. However, the guidances1,6e8 that have been issued to
regulate the application of the BCS-based biowaiver must be fol-
lowed to apply the BCS-based biowaiver methodology, with
consideration not only of the solubility and permeability elements
of the BCS but also wider clinical questions such as whether the API
has a wide or narrow therapeutic index (NTI) and whether the
benefits of applying the BCS-based biowaiver approach outweighs
any potential risks associated with its application.

In the present monograph, the risk of waiving in vivo bio-
equivalence (BE) studies, by in vitro studies, in the approval of new
and/or reformulated carbamazepine drug products manufactured
as IR solid oral dosage forms is assessed.

Methods

Published information was obtained from PubMed, up to
October 2020, and through the International Pharmaceutical Ab-
stracts. Key words used were: carbamazepine, indications, thera-
peutic index, solubility, polymorphs, partition coefficient,
permeability, absorption, distribution, metabolism, excretion,
bioavailability, bioequivalence, dissolution, IVIVC, and excipients.
Whenever appropriate, original literature based on the references
in any given report was consulted.

General Characteristics

The chemical structure of carbamazepine is shown in Fig. 1.
According the IUPAC nomenclature, its name is 5H-dibenz[b,f]aze-
pine-5-carboxamide.9,10 However, it can be also found under the
chemical name: 5H-Dibenz[b,f]azepin-5-carbamide. Carbamaze-
pine molecular formula is C15H12N2O, its molecular weight (MW) is
236.3 g/mol and it is registered under the Chemical Abstracts Ser-
vice (CAS) number: 298-46-4.10 Visually, carbamazepine corre-
sponds to white to yellowish-with crystalline powder that melts
between 189 and 193 �C. The powder is very slightly soluble in
water, freely soluble in dichloromethane and sparingly soluble in
either acetone or ethanol 96%.9

Therapeutic Indication &Therapeutic Index

Carbamazepine is indicated in the prophylactic treatment of
different types of epilepsy (partial and generalized tonic-clonic
Fig. 1. Chemical structure of carbamazepine.
seizures), as well as to relieve pain related to trigeminal neural-
gia.11,12 The mechanisms of action have not yet been fully under-
stood. However, a decrease of polysynaptic responses togetherwith
the blockage of post-tetanic potentiation seem to be involved in the
prevention of seizures. This would depress the action potential in
both the thalamus and polysynaptic reflexes (by binding to voltage-
dependent sodium channels).11,13

Conventionally, the therapeutic range for serum carbamazepine
levels has been defined as 4e12 mg/mL.14,15 However, diverse at-
tempts to correlate either therapeutic or adverse effect with plasma
concentrations have led to contradictory outcomes.16,17 Newly
diagnosed patients became seizure free at plasma concentrations
lower than 8 mg/mL, although seizure control in certain individuals
was also seen at plasma levels as low as 1.7,16 or even at 1.2 mg/
mL.14,18 By contrast, Lesser et al. reported that around 50% of pa-
tients with intractable seizures responding to treatment showed
plasma concentrations from 9.7 to 12.5 mg/mL, whereas practically
the same plasma levels were found in patients whose epilepsy was
not well controlled. Furthermore, the authors showed that serum
concentrations of patients with and without adverse effects ranged
between 7e12.3 and 9.4e17.2 mg/mL, respectively.19

Common adverse effects related to carbamazepine encompass
central nervous system, hematologic, gastrointestinal and cuta-
neous symptoms.15,20,21 A systematic review of diverse clinical
studies indicated that somnolence, gastrointestinal symptoms and
rash showed the highest incidences (26, 29 and 32%, respectively)
in patients treated with 200e2000 mg.22

Consistently, adverse reactions have been detected within the
range 5.9e8.3 mg/mL,23,24 similar to the serum concentrations at
which carbamazepine is used for the treatment of epilepsy. For
instance, mean plasma levels at steady state (Css) of 6.52 mg/mL
were reported after three weeks of treatment with 200 mg of the
reference product three times a day.25 Although that value must
therefore considered to be within the therapeutic range, adverse
effects have been reported at plasma levels at and above 5.9 mg/
mL.23,24

With respect to cutaneous symptoms, the appearance of toxic
epidermal necrolysis and Stevens-Johnson syndrome have both
been related to carbamazepine. The risk of these events is esti-
mated ten-fold higher in Asian than Caucasian populations, very
likely due to a variant in the HLA-B gene (HLA-B*1502).11 With
respect to hematologic adverse effects, aplastic anemia and
agranulocytosis have been associated with the use of this drug.

Interestingly, Olling et al. demonstrated that adverse effects
(dizziness, fatigue, drowsiness, among others) occurred in a single
dose BE trial at a dose of two 200 mg IR carbamazepine tablets. In
this report, Cmax of drug products ranged from 2.6 to 3.5 mg/mL,
whereby faster absorbing formulations tended to evoke a higher
occurrence of adverse effects.26 Tothfalusi et al. further confirmed
those findings by introducing a PK/PD model with the data already
published by Olling et al. Good correlations between the partial
AUC (AUCP) parameter of various bioinequivalent products and
incidences of adverse events were observed.17 However, it may be
difficult to generalize these findings, since overlaps between ther-
apeutic and toxic doses have been consistently reported in the
literature.

Carbamazepine poisoning has been reported to occur after
exposure to doses over 1400mg, and it wasmainly characterized by
neurologic symptoms, namely, altered mental status, decreased
consciousness, and recurrent seizures. Additionally, systemic con-
sequences such as respiratory depression, hypotension and dys-
rhythmias have been observed.15 Fatal outcomes have been
associated after ingesting above 20 g orally.15,21

Given the therapeutic range from 4 to 12 mg/mL,14 a therapeutic
index of 3 can be calculated. Nevertheless, this value may actually
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overestimate the reality since: i) therapeutic and toxic doses
overlap, and ii) the therapeutic range of individuals could be even
narrower.22 Therefore, carbamazepine is considered to be a narrow
therapeutic index (NTI) drug. This classification is further sup-
ported by the FDA in its draft guidance on carbamazepine, which
considered these arguments, together with the need for thera-
peutic monitoring and low-to-moderate within subject
variability.27
Dose, Dosage Forms and Strengths

Initially, carbamazepine 200 mg IR tablets twice daily are rec-
ommended in the treatment of epilepsy. Doses should be gradually
increased by up to 200 mg weekly, leading to a regime of 200 mg
three- or even four-times daily. Individual titration of the patient is
also suggested, although typical maintenance doses consist of
800e1200 mg daily.11,12 In special cases, daily doses as high as
1600 mg can be used.11 Even though daily doses of 300e1400 mg
have shown efficacy in seizure control,23,28 no clear correlation has
been observed between dose administered and efficacy.20,22 On the
other hand, 100 mg b.i.d. is recommended in the palliative treat-
ment of trigeminal neuralgia, which can be increased up to
400e800 mg daily as maintenance doses.11

Carbamazepine drug products with market authorizations (MA)
encompass intravenous (IV) solutions 200 mg/20 mL, oral sus-
pensions (100 mg/5 mL), chewable tablets (100, 200 mg), imme-
diate release tablets (100, 200, 300, 400 mg), extended release
capsules (100, 200, 300mg) and extended release tablets (100, 200,
400 mg).29 Among them, only few presentations are listed in both
the adult and pediatric WHO EML. Carbamazepine is stated as an
anticonvulsant/antiepileptic medicine in both the 7th (children)
and 21st (adults) EML when formulated as oral liquid (100 mg/
5 mL), chewable tablets (100, 200 mg) and (scored) tablets (100,
200 mg).2,3 This latter dosage formwas also included in the EML as
a treatment of bipolar disorders in adults.2 In turn, the carbamaz-
epine monograph in the U.S. Pharmacopeia (USP) includes oral
suspensions (100 mg/5 mL), chewable tablets (100 mg), immediate
release tablets (200 mg) and extended release tablets (100, 200,
400 mg).10
Table 1
Solubility of Carbamazepine in Different Media at Temperature 37 �C.

Media pH Sodium Lauryl Sulfate (SLS %)

Unbuffered Absence
Water e e

Water e e

Buffered Absence
HCl 0.1 N 1 e

HCl 0.1 N 1 e

SGF 1.2 e

FaSSIF 6.5 e

SIF 6.8 e

HIF 6.5e7.5 e

Unbuffered Presence
Water e 0.5
Water e 0.5
Water e 1
Water e 1
Water e 1

Buffered Presence
Phosphate buffer 4 0.5
Phosphate buffer 6.8 0.5
Phosphate buffer 4 1.0
Phosphate buffer 6.8 1.0

SGF, Simulated gastric fluid; SIF, Simulated intestinal fluid; FaSSIF, Fasted state simulate
a For 200 mg ¼ the highest tablet strength in the WHO Essential Medicines List, 21st
b Outside the critical limit of <250 mL.
Physicochemical Properties

Polymorphs & Hydrates
Four anhydrous polymorphs and two dihydrates of carbamaz-

epine have been extensively characterized.30e33 According to the
unified nomenclature proposed by Grzesiak et al., triclinic and
trigonal polymorphs (forms I and II, respectively) share very similar
crystal packing,31,33 and needle-like morphology.34,35 On the other
hand, the P-monoclinic and C-monoclinic forms (III and IV,
respectively) are also related to each other.31 Similar to Forms I and
II, carbamazepine dihydrate (DH) displays a needle-like form.36,37

However the DH can be easily distinguished from either Form I
or II given that the former exhibits a molecular weight approx. 13%
higher at the same content of carbamazepine than the anhydrous
forms.34

Power X-ray diffraction (PXRD) and differential scanning calo-
rimetry (DCS) are powerful tools for discriminating among carba-
mazepine polymorphs.31,33 Form I shows characteristic peaks in
PXRD between 7.9 and 9.4 [2q�], as well as several others at 12.3,
13.2, 19.9 and 22.9 [2q�]. As for DCS, the scan of Form I shows just
one endotherm in the range 189e191 �C, corresponding to its
melting range.30,31 This melting range can be also observed for the
DH, and both Forms II and III. Nevertheless, these latter polymorphs
showed additional endotherms before the peak, at 191 �C, which
are not observed for form I. Flicker et al. characterized four different
marketed products of IR carbamazepine, finding that Forms I and III
were the most prevalent.38
Solubility
Numerous carbamazepine solubility data have been reported in

the literature.39e47 Given the biopharmaceutic aim of this mono-
graph, Table 1 summarizes solubility data obtained at body tem-
perature, i.e. at 37 �C. The presence of 0.5 or 1% sodium lauryl
sulfate (SLS) increases carbamazepine solubility by approx. five- or
ten-fold, respectively. The solubility of carbamazepine appears to
be insensitive to effects of either buffer or pH. The Dose/Solubility
ratio in SLS-free media was always reported to be higher than
580 mL (based on the highest strength in the WHO EML: 200 mg).1

However, this ratio may be even larger if either the highest clinical
Solubility (mg/mL) D/Sa (mL) Reference (Ref)

0.24 833b 44

0.24 833b 40

0.34 588b 43

0.26 782b 46

0.24 849b 46

0.24 847b 47

0.24 841b 46

0.28 707b 47

1.50 133 44

1.29 155 46

2.94 68 46

2.50 80 44

2.04 98 43

1.30 133 44

1.40 154 44

2.40 83 44

2.40 83 44

d intestinal fluid; HIF, Human intestinal fluid.
Ed.
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dose or highest strength in the market (400 mg) are considered. As
a result of its poor aqueous solubility, many attempts to increase
carbamazepine solubility by applying diverse technologies such as
co-crystals can be found in the literature.

Partition Coefficient
Calculated partition coefficient (CLogP) values of 1.98,42 2.28,48

and 2.25,49 have been reported using different computational ap-
proaches. Consistently, a LogP of 2.93 has been estimated by atomic
contributions-based methods.42 By contrast, a partition coefficient
of 1.51 determined by shake flask methods was slightly lower than
the computational values.49 Overall, the literature suggests a higher
affinity for lipids versus the aqueous phase.

pKa
Two relatively high pKa values have been published by two

different authors (11.83 and 14),49,50 probably belonging to the
equilibrium ReNH2 4 ReNH þ Hþ. Therefore, no ionization is
expected for carbamazepine within the physiological pH range.
This is in good agreement with the lack of pH-dependence of car-
bamazepine's solubility within the physiologically relevant pH
range (Table 1).

Pharmacokinetic Properties

Absorption and Bioavailability
Faigle and Feldmann administered gelatin capsules containing

14C-labeled carbamazepine orally to two healthy subjects. The au-
thors found that 72% of the dose was recovered in the urine, while
the remaining 28% was recovered in the feces.51 Two decades later,
G�erardin et al. prepared in-house IV solutions to study the absolute
BA of 2% of 15N-labeled suspensions in two healthy volunteers.
Using this approach, absolute BA values of 100.1 and 102.3% were
obtained by analyzing the 15N-labeled carbamazepine contained in
the orally administered product.52 This apparent discrepancymight
be explained by the biliary excretion of oxidative metabolites (see
below). In fact, more than half of the amount present in feces was in
form of metabolites.51,53

Recently, an IV carbamazepine formulationwas developed using
b-cyclodextrin to overcome solubility problems, and the formula-
tion was approved by the U.S. Food and Drug Administration
(FDA).54 Marino et al. infused 100 mg of this IV formulation con-
taining 13Ce15N-labeled carbamazepine into 92 epilepsy patients
treated with oral carbamazepine products. They were able to
determine carbamazepine concentrations in plasma from both
formulations simultaneously through the quantification of both the
label and the mass of carbamazepine (using liquid chromatography
coupled to mass spectrometry, LC-MS). In that study, the absolute
BA at the steady-state (BAss) was found to be 78 ± 24%, independent
of patients’ gender.55 It is worth noting that G�erardin et al. labeled
the orally administered carbamazepine,52 while Marino et al.
labeled the IV drug.55 This implies that BA determined by G�erardin
et al. accounted for both the parent drug and metabolites, whereas
Marino et al. accounted only for the parent carbamazepine from the
orally administered dose, as this was quantified by LC-MS.

In another study, Tolbert et al. switched the treatment of epi-
lepsy patients from their typical oral carbamazepine to an IV
infusion, whose dose corresponded to 70% of their total oral daily
dose.56 By comparing the area under the plasma concentration-
time curve (AUC) from the IV infusion and oral administration,
authors observed that these values fell within the 90% confidence
interval (CI) regardless of the infusion time. Moreover, the 30 min
IV infusion was bioequivalent with the oral product in both AUC
and maximum plasma concentration (Cmax),56 consistent with the
BA of 78% reported by Marino et al.55 Taken together, the literature
suggests that the incomplete BA of carbamazepine (70e78%) might
be principally related to first pass metabolism (see section
Distribution, metabolism and excretion) rather than incomplete
absorption.

The range of AUC values after oral administration of carba-
mazepine 200mg IR tablets is around 120e190 mg*h/mL.57,58 These
values proportionally rise to 240e300 mg*h/mL when 400 mg are
administered, suggesting linear pharmacokinetics within this dose
range.26 Linearity was further demonstrated over the range
50e600 mg.59,60 Even though a slight disproportion was detected
at lower doses (i.e. 50 and 100mg),58 this was almost negligible and
may be attributable to nonlinear hepatic metabolism rather than
nonlinear absorption.

The Cmax, which is indirectly related to the absorption rate,
seems to be more variable than AUC. For instance, values from 1.15
to 2.70 mg/mL were reported after the administration of 200 mg IR
tablets to healthy subjects.61,62 Nonetheless, the administration of
two tablets of 200 mg caused the expected proportional increase in
Cmax (3.20e5.90 mg/mL). The absorption of oral solutions was faster
than that of suspensions, which in turn was faster than for tab-
lets.60,63 This suggests that the in vivo performance of carbamaze-
pine is to some extent dependent on the dosage form, and for solid
dosage forms, potentially on the disintegration step and particle
size.63 Food also seems to have a modest influence carbamazepine
absorption, since concomitant meal intake caused an increase of 20
and 25% in the AUC and Cmax, respectively, although the effect was
only statistically significant for Cmax.60

Carbamazepine is slowly absorbed, showing a plasma peak at
24 h (Tmax).16,59 However, this value widely varied between 1.5 and
32 h (for the reference product), or 1e48 h (for many other IR
formulations).26 Carbamazepine's plasma-time curves display a
plateau-like formwhen maximum concentrations were reached, in
which several minor plasma peaks were identified.26,60 This would
be the most likely explanation for the above-mentioned erratic
variation in Tmax. This variation is perhaps amplified by carbama-
zepine's relatively long elimination half-life. Interestingly, this
plateau-like behavior was not seen when carbamazepine was
administered as an alcoholic oral solution,58 suggesting that vari-
ability in Cmax and Tmax might be consequence of a limiting disso-
lution rate and a similarly rapid permeability along the
gastrointestinal tract.
Permeability
Table 2 shows carbamazepine permeability values measured

using a variety of experimental approaches.64e71 Caco-2 and hu-
man permeability values were within the range of 10�5 to 10�4 cm/
s, respectively. In both cases, carbamazepine permeabilities were
higher than those of metoprolol, a high permeability reference
compound.64,71 Inter-study differences could be explained by
different concentrations used, cell densities, presence or absence of
collagen on in vitro membrane, and calculation methods, among
other variables. Efflux ratio (ER) values were consistently reported
as 0.78 to 1.27, regardless of the experimental set-up. Furthermore,
the presence of verapamil, a well-known P-glycoprotein (P-gp)
inhibitor, did not alter either carbamazepine permeability or its
ER.68 The absence of P-gp mediated transport was further
confirmed by in vitro studies in seven different cell models,
including over-expression systems.72,73 Carbamazepine transport
by breast cancer resistance protein (BCRP) was also assessed across
transfected monolayers, where no differences between absorptive
and secretory transport were found.74 Overall, the evidence ob-
tained with different in vitro experimental models agrees with both
the high permeability and linear pharmacokinetics observed
in vivo.



Table 2
In Vitro and In Vivo Permeability Data of Carbamazepine.

Method Concentration (mM) Papp, A-B (cm/s,10�5) ER Ref

Caco-2 10 N.R. 0.78 69

10e300 6.2 0.90 64

25 14.4 0.84 67

100 5.0 1.27 65

1000 2.7 1.27 65

N.R. 20.9 N.R. 70

PAMPA 100e200 1.2 N.R. 68

Papp, M-S

Mice intestine Ussing Chamber 200 1.5a 0.93 66

þ Verapamil 200 mM 1.4a 1.03 66

Human intestinal double-balloon Peff (cm/s,10�4)
N.R. 4.3 71

Papp, A-B, Apparent permeability in the apical-to-basolateral (absorptive) direction; Papp, M-S, Apparent permeability in the mucosa-to-serosa (absorptive) direction; Peff,
Effective permeability; ER, Efflux ratio calculated by dividing basolateral-to-apical apparent permeability (Papp, B-A) by Papp, A-B; N.R, Not reported.
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Distribution, Metabolism and Excretion
Carbamazepine is widely distributed throughout the body. The

plasma protein binding is approximately 75%, with slight inter-
individual variation.58 The apparent volume of distribution (Vd)
ranged from 0.79 to 1.86 L/kg,58,75 and it was found to be highly
affected by other drugs.58 Consistent with its lipophilicity and
permeability, carbamazepine is also distributed into breast milk
and able to cross the placental barrier.59

After oral administration of a single dose, carbamazepine
plasma elimination half-life (t1/2) was relatively long, around
34e38 h,58 with approx. 75% of the dose being excreted with the
urine. From this fraction, only 2% was eliminated as the parent
drug.16,59 Metabolism, therefore, plays an important role in carba-
mazepine elimination. Its only active metabolite is carbamazepine-
10,11-epoxide, which is formed by the action of diverse isoforms of
cytochrome P450 (e.g. 3A4 and 2C8).76e78 The effect of the CYP 3A4
inhibitor, grapefruit juice, on carbamazepine pharmacokinetics was
studied in 10 patients treated with oral carbamazepine by
following the AUC0-8, the minimum (Cmin,ss) and the maximum
(Cmax,ss) steady-state concentrations. The authors found that the
aforementioned parameters increased by 40.8, 39.2 and 40.4%
respectively in patients who received carbamazepine co-
administered with grapefruit juice. Considering the strong intesti-
nal expression of CYP 3A4 and the interactionwith grapefruit juice,
the occurrence of first pass metabolism in the intestinal wall is
plausible.76 Drug-food interactions have also been reported in
various research publications and study cases.79e81 Therefore, the
first pass extraction appears to be the main explanation for the
reported absolute BA of between 70 and 78%.55

The epoxide metabolite is finally biotransformed into the trans-
10,11-dihydroxy-10,11-dihydrocarbamazepine (trans-CBZ-diol),
which is excreted by the kidney (21% of the dose).16 However, since
carbamazepine can induce its ownmetabolism,16 this value may be
even larger in chronically treated patients. Moreover, co-
administration with inducers of drug metabolism, such as
phenytoin, might have an even greater impact. For example,
Eichelbaum et al. demonstrated that carbamazepine elimination
half-life decreased to 12 h in patients receiving chronic treatment
and to 8 h in patients co-medicated with phenytoin.16,75
Dosage Form Performance

Bioavailability and Bioequivalence
Several studies on carbamazepine comparative BA and BE for

oral IR dosage forms were found in the literature (Table 3). Further,
reports that contained both in vitro and in vivo comparative studies
and correlations are shown in Table 4. The pharmacokinetic
parameters for the reference product (usually Tegretol®) contain-
ing carbamazepine 200 mg were consistent between single dose
studies, with AUC and Cmax values lying in the range from 144 to
182 mg*h/mL and from 1.89 to 2.43 mg/mL, respectively. These
ranges remained similarly narrow when two 200 mg IR Tegretol®
tablets (400 mg of carbamazepine in total) were administered to
volunteers (Tables 3 and 4).26,43,50,82 By contrast, test (generic)
products often showed wider variability than the reference.
Although BE was demonstrated for some generic products, some
other test formulations failed the BE test mainly due to the Cmax
parameter (Tables 3 and 4).

The statistical criteria applied to reach a BE decision varied
among studies. While typical statistical tests such as the paired t-
test and ANOVA were performed in studies conducted between
1979 and 1995,57,83 the confidence intervals were calculated in
more recent publications (Tables 3 and 4). Of note, two studies used
an innovative parameter (‘A’) which depended on the absorption
constant (Ka), elimination constant (Ke), mean residence time
(MRT), tmax and AUC0-inf.84,85 Although the ‘A’ parameter was ad-
vantageous improving the accuracy of relative bioavailability cal-
culations for two generic products,84 it seems difficult to fully rely
on it because of the dependency on modeling required to estimate
kinetic rate constants.

Often, concerns arise around demonstration of BE for NTI drugs,
such that further evidence (i.e. multiple dose studies) could be
requested. Three studies containing both single dose and multiple
dose comparative data were located.25,57,86 Anttila et al. studied the
bioequivalence of one carbamazepine brand against the reference
product in either subjects (single dose) or patients (multiple doses).
Even though the Cmax obtained with the test product after the
single dose experiment was significantly higher than the reference,
there were no statistical differences between Css in patients.57

Similarly, Yacobi et al. showed that the Cmax,ss and AUC from the
generic product were indistinct from the reference in a multiple
dose study conducted in healthy volunteers, even using the 90% CI
limits: 0.9e1.1. The same formulation had not been declared BE in a
previous single dose study because of the AUC parameter.25 These
findings support the sensitivity of the single dose experimental
design to detect differences in the pharmacokinetic performance of
two pharmaceutical alternatives, although steady state data are
more representative of the actual clinical use of the drug.
Is There a Polymorphism Effect on BA?
Since diverse polymorphic forms are reported in the literature

(see physicochemical properties), it is worthwhile to address their
potential effect on carbamazepine oral performance. Anhydrous
carbamazepine is converted into DH in aqueous solution such that



Table 3
Summary of Published Bioequivalence Studies on Carbamazepine Immediate Release Tablets in Fasted Humans.

Subjects (no Females; Males) Study Design Drug Product (Manufacturer) Dose (mg) AUC (mgeh/mL) Cmax (mg/mL) Criteria and Result Ref

9 healthy volunteers (4; 5) Single dose, two-period, crossover. Tegretol® (Ciba Geigy Pharm)d 200 182a 2.43 Paired t-test. Not BEs (Cmax,
p < 0.001).

57

Neurotol® (L€a€ake/Farmos Group) 200 190a 3.40
12 healthy volunteers (0; 12) Single dose, two-period, crossover,

randomized.
Tegretol® (Novartis India Limited)d 200 129b 2.17 Paired t-test. Not BEs (Cmax and ‘A’

parameter, see below).

85

Zen 200 150b 3.10
5 healthy volunteers (0; 5) Single dose, three-period,

crossover, randomized.
Tegretold 200 145a 2.11 ‘A’ parameter (function of: Ka, Ke,

MRT, tmax and AUC). BEs.

84

Temporole 200 162a 2.49
Karazepine 200 127a 1.71

9 healthy volunteers Single dose, two-period, crossover,
randomized.

Tegretol®d 400 272b 5.61 ANOVA. BEs. 83

Marzepine (ICN Galenika)e 400 260b 4.29
6 patients (2; 4) Multiple doses, two-period,

crossover.
Tegretol® (Ciba Geigy Pharm)d PDNA NR NR Paired t-test on mean

concentrations. BEs

57

Neurotol® (L€a€ake/Farmos Group)e PDNA NR NR
18 epilepsy patients. Multiple doses, Three-period (three

weeks/period), crossover,
double-blind, randomized, non-
washout.

Tegretol (Ciba Geigy Pharm)d PDNA 85.6 11.0 MANOVA and IC 90% (0.8e1.25).
BEs, except Panital (AUC).

86

Carmapine (Central-Poly)e 85.0 10.5
Carzepine (Condrugs)e 93.0 11.0
Panital (Pharmaland) 98.2 10.5

32 healthy volunteers (0; 32) Multiple doses, Two-period (11
days/period), crossover, fasted,
open-label, randomized, non-
washout.

Tegretol (Ciba Geigy Corp.)d 200 t.i.d. 153 7.10 ANOVA, IC 90% and IC 95% (0.9
e1.1). BEs

25

Test (Taro Pharm. Ind. Ltd)e 200 t.i.d 156 7.11

40 patients either seizure-free or
with refractory seizures

Multiple doses, Two-period (90
days/period), crossover, double
blind, randomized, non-
washout.

Tegretol (Ciba Geigy Corp.)d PDNA 0.61e1.87c 6.2e16.0 Paired t-test on AUC. BEs 104

Epitol (Lemmon Co.)e PDNA 6.7e15.9

12 young (6.5e15 yo) seizure
patients (3; 9)

Multiple doses, two-periods (six
weeks/period), crossover, non-
washout.

Tegretol (Ciba Geigy Corp.)d 100 or 200 (PDNA) 98.9 10.2 Paired t-test. BEs 105

Test (Ethical Generics)e 97.4 9.91

BEs, Bioequivalents; PDNA, Patient's dose not adjusted; NR, Not reported.
a AUC0-inf.
b AUC0-t.
c Minimum and maximum values for intra-patient AUC ratios.
d Reference Product.
e Bioequivalent formulation.
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Table 4
Summary of Further Single Dose Bioequivalence Studies and Dissolution Conditions Attempting IVIVC for Carbamazepine Immediate Release Products.

Drug Product Manufacterer Dose (mg) AUC0-inf

(mgbh/mL)
Cmax (mg/mL) In-Vitro Method Used in the Correlation Correlated Parameters Other Significant Results Ref

Ciba Geigy Pharmaceuticals.a 200 144 1.89 ➢ Media: 900 mL SLS 1%.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Fa vs Fd (30e90 min).
➢ AUC0-inf or Cmax vs Fd (15e60 min)

61

Pharmaceutical Basics: Batch 1b 80.9 1.15
Pharmaceutical Basics: Batch 2b 154 2.69
Pharmaceutical Basics: Batch 3b 105 1.40
Ciba Geigy Pharmaceuticals.a 200 157 1.95 ➢ Media: 900 mL SLS 1%.

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Fa vs Fd (30e120 min).
➢ Cmax or Tmax vs Fd (5e30 min).

102

Inwood 163 2.32
Sidmak 159 2.30
Purepacb 163 2.34
Formulation A 200 e 1.90 ➢ Media: 900 mL SLS 1%.

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Correlation parameters obtained
from in vitro and in vivo data from
three formulations.

Plasma profile of the remaining
formulation predicted from
correlation parameters.

62

Formulation B e 2.70
Formulation C e 2.30
Formulation D e 2.50
Ciba Geigy Pharmaceuticals.a 400 296 4.24 ➢ Media: 900 mL simulated USP

intestinal fluid, pH ¼ 7.5.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ AUC vs Fd (45e90 min) Neither SLS 1% nor HCl 1 N
datacorrelated with in vivo
parameters.

97

Amstrongb 331c 5.98
Wayneb 316c 4.81
Precimexb 368c 5.98
Ciba Geigy Pharmaceuticals.a 400 296 4.54 ➢ Media: 900 mL SLS 1% or HCl 1 N.

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Cmax vs Fd1% SLS (20e100 min). Correlations were also obtained with
HCl 1 N, although worse than with
SLS.

26,43

Pharmachemieb 246 3.29
Centrafarmb 294 5.90
Pharbitab 292 6.15
Reference product 400 211 4.34 ➢ Media: 900 mL water, SLS 0.5, SLS 1%,

HCl 0.1 N, USP Acetate (pH 4.5), USP
phosphate (pH 6.8).

➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Fa vs Fd point to point (Level A) Overall, acceptable correlations being
SLS 1% the highest r.2

106

Galenika a.d.b 400 220 4.74

Novartis.a 400 259 4.74 ➢ Media: 900 mL SLS 0.5 or 1%.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ Plasma profile predicted from in vitro
data and in silico modeling.

Dissolution in USP buffer 4.5, 6.8 and
HCl 0.1 N were not consistent with
in vivo results.

50

Formulation Test. 400 259 4.34

Novartis (Bioeq. Study 1).a 400 238 3.20 ➢ Media: 900 mL SLS 1%.
➢ Apparatus: Paddle.
➢ Speed: 75 rpm.

➢ In vitro vs in vivo dissolution time
➢ Fa vs Fd point to point (Level A).

82

Formulation Test 1 238 3.40
Novartis (Bioeq. Study 2).a 243 3.20
Formulation Test 2b 230 2.90
Novartisa 400 355 4.00 ➢ Media: 900 mL water; 1% SLS.

➢ Apparatus: II.
➢ Speed: 75 rpm.

➢ In vitro vs in vivo dissolution time
➢ Fa vs Fd point to point (Level A).

103

Test Formulation 400 389 5.14

Fd, Fraction dissolved; Fa, Fraction absorbed.
a Reference Product.
b Bioequivalent formulation.
c AUC0-120.
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the crystallization of this latter form seems to be the kinetic rate-
limiting step in dissolution when the concentration exceeds the
thermodynamic solubility. Nonetheless, after grinding the solid
material, a decrease in the interconversion times was observed.
This was associated with a change in the rate-limiting step to the
dissolution of the anhydrous form.37 All in all, it can be expected
that the DH is the most prevalent form in suspensions because of
the solution-mediated transformation. Further, the conversion
rates of diverse forms of carbamazepine have been reported.
Typically, faster conversion of Form I into DH was demonstrated, in
comparisonwith Form III.34,35,87 The intrinsic dissolution rate (IDR)
of Form III was only slightly faster than Form I, less than 1.1-fold
higher.34,36,87 Most of the studies, however, agreed that anhy-
drous polymorphs dissolved between 1.6- and 2.3-fold faster than
the less soluble DH carbamazepine.34,36,87,88 Conversely, one report
showed that amorphous dissolution was slower than the DH in a
flow-through apparatus, using HCl 0.1 N asmedia. In this report, the
authors also observed an increment in dissolution rate of the
anhydrous form in presence of the wetting agent polysorbate 80.
The enhanced dissolution rate was accompanied by a decrease in
the crystal length, hence their findings were explained in the light
of the anhydrous form having a higher tendency to crystal growth
in HCl media.89

The presence and effect of polymorphs were studied in four
marketed products. The IDR of products in which Forms I and III
prevailed displayed the fastest IDR, although the differences were
negligible compared to the slowest of those drug products (<1.15-
Table 5
Excipients Present in Carbamazepine IR Tablets 200 mg with Marketing Authorization (M
Amount Present per Dosage Unit in Solid Oral Drug Products with MA in US.

Excipient Drug Productsa, by Countryb That Granted the MAc

Carmellose sodium AU (1), CA (8), DE (12,13), ES (18), NL (23,26), UK (28), U
Croscarmellose sodium BR (3e7), DE (14,16), US (29,32,34)
Cellulose, hydroxypropyl CN (11), JP (21,22)
Cellulose, ethyl US (34)
Cellulose, methyl NL (24)
Cellulose, microcrystalline AU (1,2), BR (3e7), CA (8e10), DE (12e17), ES (18,19), JP
Silicon dioxide AU (1,2), BR (4e6), CA (8,9), CN (11), DE (12,14e17), ES (
Gelatin DE (13), NL (23), US (33)
Glycerin US (33,34)
Hypromellose JP (20), US (31)
Lactose BR (5), US (34)
Magnesium stearate AU (1,2), BR (3e7), CA (8e10), CN (11), DE (12e17), ES (1
Povidone BR (3e7), CA (10), DE (17)
Sodium laurylsulphate BR (6), CA (10), DE (17)
Sodium starch glycolate AU (2), CA (10), DE (15), ES (19), NL (25), UK (27), US (3
Starch BR (5,7), CN (11), DE (17), JP (20,21), NL (23, 24), US (31
Starch, hydroxypropyl JP (22)
Starch, pregelatinized AU (2), NL (24,25), UK (27), US (31,32)
Stearic acid US (33)
Talc AU (2), JP (21), NL (24,25), UK (27)

a Manufacturers: 1: Novartis Pharmaceuticals Australia Pty Ltd.; 2: Alphapharm Pty Ltd
Farmacêutica S.A.; 6: Laboratorio Teuto S/A.; 7: Sanval Com�ercio e Indústria Ltd.; 8: TARO
CANADA LIMITED; 11: Beijing Novartis Pharma Ltd.; 12: HEUMANN PHARMA GmbH; 13
Aristo Pharma GmbH; 17: neuraxpharm Arzneimittel GmbH; 18: Novartis Farmac�eutica
Industry; 22: Fujinaga Pharm; 23: Apotex Europe B.V.; 24: Centrafarm B.V.; 25: Mylan B
APOTEX INC ETOBICOKE SITE; 30: TARO PHARMACEUTICAL INDUSTRIES LTD; 31: TO
NOVARTIS PHARMACEUTICALS CORP; 34: TEVA PHARMACEUTICALS USA INC.

b Countries: AU: Australia; BR: Brazil; CA: Canada; CN: China, DE: Germany, ES: Spain
c Therapeutic Goods Administration (TGA). Available at: https://www.tga.gov.au. Acces

anvisa.gov.br AccessedMay 26, 2020.; Health Canada. Available at: www.hc-sc.gc.ca. Acce
en.nhc.gov.cn. AccessedMay 04, 2020.; Bundesinstitut für Arzneimittel undMedizinprodu
Spanish Agency for Medicines and Health Products. Available at: www.aemps.es. Accesse
https://www.pmda.go.jp/english/. Accessed May 04, 2020.; Medicines Evaluation Boar
compendium. Available at: www.medicines.org.uk/emc. Accessed May 06, 2020.; Nation
nlm.nih.gov. Accessed May 06, 2020.

d U.S. Food and Drug Administration. Available at: https://www.fda.gov/drugs/drug-a
27, 2020.
fold). Meanwhile, the formulation that contained carbamazepine
Form IV showed an IDR 1.8-fold slower than the fastest drug
product.38

The oral performance of diverse polymorphs was studied in
dogs, where the BA of Form III, I and DH in dogs were 69, 48 and
33%, respectively, compared to the oral solution. These results
likewise indicate that the BA of Form III was 1.4 or 2.1-fold greater
than Form I or DH, respectively.34 Given that this behavior was not
reflected in the in vitro dissolution experiment, the authors sug-
gested that discrepancies might be due to disparities in rates of
conversion.34,35,87 Yet, the situation in humans is dissimilar. In this
regard, Kahela et al. administered 200 mg of either anhydrous
carbamazepine or DH in hard gelatin capsules to healthy volun-
teers. The in vitro dissolution results differed between the two
formulations, but no differences were found in AUC and Cmax pa-
rameters.89 Likewise, Elqidra et al. prepared IR tablets containing
200 mg of different carbamazepine polymorphs, which were
compared to the reference product, Tegretol®. The authors found
that AUC and Cmax values of drug product 1 (containing Form I), 2
(containing bulk carbamazepine), and 3 (the reference) were sta-
tistically insignificantly different from another.90
Excipients and Manufacturing Effects on BA
Table 5 displays the excipients present in IR carbamazepine

200 mg tablets with a market authorization (MA) in diverse
countries. Besides carbamazepine 200 mg tablets, some companies
A) in Diverse ICH and Associated Countries and the Minimal and Maximal Excipient

Range Present in Solid Oral Dosage
Form with MA in US (mg)d

S (30) 3e160
9e165
0.4e198
2e292
3e184

(20e22), NL (25,26), UK (27,28), US (29,30) 27e1553
18,19), NL (25,26), UK (27,28), US (30e34) 3e139

2e756
1e249
1.2e537
33e2500

8,19), JP (20e22), NL (23e26), UK (29e34) 0.2e401
0.5e240
0.3e148

1,34) 2.4e876
,33) 0.4e1000

e

32e453
5e72
2e1000

.; 3: EMS S/A.; 4: Crist�alia Prod. Quím. Farm. Ltda.; 5: Brainfarma Indústria Química e
PHARMACEUTICALS INC.; 9: NOVARTIS PHARMACEUTICALS CANADA INC.; 10: TEVA
: RATIOPHARM GmbH; 14: NOVARTIS PHARMA GmbH; 15: 1 A Pharma GmbH; 16:
, S.A.; 19: Laboratorios Normon, S.A.; 20: Sun Pharma; 21: Kyowa Pharmaceutical
.V; 26: Novartis Pharma B.V.; 27: Mylan; 28: Novartis Pharmaceuticals UK Ltd.; 29:
RRENT PHARMACEUTICALS LTD; 32: UMEDICA LABORATORIES PRIVATE LTD; 33:

, JP: Japan, NL: the Netherlands, UK: United Kingdom, US: United states.
sed May 05, 2020.; ANVISA (Brazilian Health Regulatory Agency). Available at: www.
ssedMay 11, 2020.; China Food and Drug Administration (CFDA). Available at: http://
kte (BfArM). Available at: https://www.pharmnet-bund.de. AccessedMay 04, 2020.;
d May 11, 2020.; Pharmaceuticals and Medical Devices Agency (PMDA). Available at:
d. Available at: www.cbg-meb.nl. Accessed May 11, 2020.; Electronic medicines
al Institute of Health. US National Library of Medicine. Available at: www.dailymed.

pprovals-and-databases/inactive-ingredients-database-download. Accessed August

https://www.tga.gov.au
http://www.anvisa.gov.br
http://www.anvisa.gov.br
http://www.hc-sc.gc.ca
http://en.nhc.gov.cn
http://en.nhc.gov.cn
https://www.pharmnet-bund.de
http://www.aemps.es
https://www.pmda.go.jp/english/
http://www.cbg-meb.nl
http://www.medicines.org.uk/emc
http://www.dailymed.nlm.nih.gov
http://www.dailymed.nlm.nih.gov
https://www.fda.gov/drugs/drug-approvals-and-databases/inactive-ingredients-database-download
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also manufacture IR tablets containing 100, 300 or 400 mg,
although the qualitative composition declared is the same.

Being a poorly aqueous soluble drug, the presence of SLS in IR
tablets may enhance carbamazepine's oral performance by
increasing either the wettability or solubility.44 In this monograph
we found three generic products that declared SLS in their quali-
tative composition (Table 5). As mentioned above, carbamazepine
is a highly permeable drug with almost complete absorption.
Therefore, if any SLS effect will occur, this will most likely be re-
flected in the Cmax parameter.

The quantitative amount of SLS in solid oral dosage forms with a
MA in the United States ranges from 0.3 to 148 mg. However, the
upper limit may not be representative for a 200 mg carbamazepine
formulation, since this would imply an extremely high relative
amount of SLS in those formulations. Considering that these three
generic products were granted with a MA in their respective
countries (and thus, it is very likely that bioequivalence has been
previously demonstrated), we believe that SLS amounts in carba-
mazepine IR tablets may be near or even below the lower limit
reported by the FDA's inactive ingredient database (Table 5).

Besides carbamazepine IR tablets, chewable tablets have also
been developed and are currently available in the market.29 The
clinical pharmacokinetic performance of chewable relative to IR
tablets was studied in adults and young populations. Chan et al.
carried out a single dose, three-period, crossover study in six
healthy volunteers who were administered the IR product, chew-
able tablets swallowed as a whole (SW) and chewable tablets
chewed for 30 s before swallowing (CHW). Among these treat-
ments, only CHW failed the BE study (95% CI, >20%) due to the Cmax
(4.19 mg/mL), which was 1.25-fold greater than the reference
(3.36 mg/mL). However, the IR and CHW treatments were compared
once again in a multiple doses study conducted in ten healthy
volunteers, where no significant differences between Css
(4.9e5.0 mg/mL) were found.91 Likewise, another multiple dose,
two-period, crossover study conducted in young epileptic patients
(6e14 yr) displayed that Cmax,ss, Css and AUC were not different
between the IR and the chewable product.92 In that study no in-
formation was given about whether the chewable tablets were
swallowed as a whole or chewed.

The effect of particle size on BA has also been investigated. Dam
et al. measured carbamazepine plasma profiles in epileptic patients
after the administration of two tablets manufactured with either
small (test product, in average 2e3 mm) or large (reference product,
in average 100e150 mm) particle sizes. The authors found that Cmax
of the carbamazepine product with the large particle size was just
75% of that of the productwith the small particle size.93 Therefore, it
is plausible that discrepancies in particle sizes could explain out-
comes in some studies that have been unable to demonstrate BE.

Dissolution and IVIVC
Dissolution conditions for carbamazepine according to the U.S.

Pharmacopeia (USP) 42nd edition are 900 mL of water containing
1% of sodium laurylsulfate (SLS 1%) as the dissolution medium, in
USP type II apparatus (paddle) at a rotational speed of 75 rpm.10,94

However, the specifications depend on the product. Pharmacopeial
Test 1 applies only to 100mg chewable tablets and is thus out of the
scope of this manuscript. For IR tablets two different specifications
are listed: Test 2: 45e75% of drug dissolved within 15 min, and no
less than 75% after 60 min; or Test 3: 60e85% of drug dissolved
within 15 min, and no less than 75% after 60 min.

Mittapalli et al. studied six IR marketed drug products con-
taining 200 mg of carbamazepine tablets under different condi-
tions. All six formulations met USP criteria when the USP
conditions were applied, however the SLS-containing media were
not able to distinguish among formulations.45 Instead, the authors
obtained more discriminating dissolution profiles when experi-
ments were carried out in SLS-free HCl 0.1 N media. However, the
clinical relevance of these findings is unclear because no in vivo
data were reported.45 Using the USP type IV apparatus, Medina
et al. were able to discriminate better between five different mar-
keted drug products than was possible with the USP monograph
method.95 Here too, the lack of in vivo data makes it impossible to
draw conclusions about the biorelevance of the results.

Overall, Table 4 shows that USP dissolution conditions resulted
in the best biorelevance for carbamazepine IR tablets. Nine out of
ten studies achieved good correlations and/or predictions of
plasma-time profiles from in vitro dissolution data using the
pharmacopeial conditions. Replacing SLS by an acidic medium (HCl
1 N) also displayed good correlation,43,96 but did not show supe-
riority over the SLS 1% medium.43 Examples for successful corre-
lations obtained with SLS 1% are shown in Fig. 2. The performance
of different SLS concentrations has also been assessed where one
report showed that SLS 0.5% enabled successful prediction of
plasma-time profiles,50 while other work displayed the best pre-
dictions with SLS 0.1%.63 Conversely, only one study reported that
neither SLS nor HCl media correlated well with AUC parameter.97

The results from the literature agree that best correlations were
obtained when using fraction dissolved (Fd) within 30e90 min.
However, the choice of the in vivo parameter for establishing the
correlation (Fa, AUC, Cmax) was diverse, as shown in Fig. 2 and
Table 4. Of note, some good correlations were also found with Fd at
5min, although this might be irrelevant as this timeframe is shorter
than the gastric emptying time (around 15 min).43

Discussion

Solubility

The highest strength of carbamazepine as an IR solid dosage
recommended in the EML is 200 mg. Regulatory FDA guidance
recommend the use of USP buffers within the pH range 1.2e6.8
(chloride, acetate or phosphate) to assess drug solubility.7 However
other buffers can be used whenever justified.1,6 Considering the
lack of physiologically relevant ionization, carbamazepine's solu-
bility should not be dependent on the type of buffer. Table 1 shows
that carbamazepine solubility was insensitive to pH and any other
biorelevant content (i.e. bile components present in simulated
media). Table 1 also reports D/S ratio values, which reflect the
volume of medium needed to dissolve the respective dose strength.
The D/S ratio ranged from 588 to 849 mL, respectively and thus is
2.4- to 3.4-fold higher than the cut off volume of 250 mL stipulated
by the regulators.7 Consistently, Amidon et al. reported a D/S ratio
of 769 mL, implying that a dose number (Do) of around 3 can be
obtained for a dose of 200 mg.39 This number is even greater when
the highest recommended single clinical dose, 400 mg, is consid-
ered, as required by the regulatory guidances.2,6 Therefore, carba-
mazepine can be unequivocally classified as a “not highly soluble”
drug according to the BCS.

Permeability

Different methodologies can be used to assess drug perme-
ability. An API is considered highly permeable if the extent of its
absorption (using the Fa parameter) is equal or higher than 85%,
provided its stability in the gastrointestinal tract. The guidances
recommend conducting either mass balance in humans or absolute
BA experiments as a first preference to classify the API permeability.
In the literature, bothmass balance and BA studies are available and
these consistently suggest that oral carbamazepine bioavailability
is around 70e80%.51e53,55 However, it is very likely that this range



Fig. 2. Examples of level C (upper panels, circles) and level A (lower panels, crosses) IVIVC found in literature using 900 mL of SLS 1% in the USP type II apparatus at 75 rpm. Data
was digitalized from Ref.61 (a),43,102 (b),82,103 (c and d) with PlotDigitalizer 2.6.8 (Free Software Foundation, Inc., Boston, MA). Cmax values in panel B were normalized by carba-
mazepine's dose utilized in each study (g) in order to allow data comparison. Differences between correlations in panel C may be consequence of the scaling step carried out in
Bermejo and coauthors' study (red crosses).
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underestimates the true absorption, as the first pass extraction
seems to play an important role in carbamazepine oral disposition.
In fact, the oral BA of carbamazepine in patients increased by 40%
when it was co-administered with grapefruit juice (which contains
CYP3A4 inhibitors) compared to co-administration with water.76

The BCS framework was developed using human permeability
data obtained with intestinal perfusion techniques which allow
direct permeability assessment. The effective permeability of car-
bamazepine was measured as 4.3 � 10�4 cm/s, 3.3-fold larger than
the high permeability marker, metoprolol.71 Such a study provides
confirmatory evidence to classify carbamazepine as a highly
permeable drug. Consistently, several surrogate in vitro experi-
ments shown in Table 2 point toward the same conclusion. The FDA
and the recently published ICH M9 guidances permit the use of
in vitro Caco-2 cell experiments as a surrogate method to assess
drug permeability.7,8 Therefore, the good agreement between
in vivo and in vitro observations published in the literature on
carbamazepine provides additional support for the regulatory de-
cision of including cell monolayer experiments as a surrogate tool
for permeability evaluation.

The classification of carbamazepine as “highly permeable” is also
in line with its molecular structure (Fig. 1) and reported LogP values.
Indeed, carbamazepine is currently listed in both guidances as a high
permeability model drug.7,8 Moreover, in vivo linearity within the
dose range 50e600 mg was demonstrated,59,60 and supported by
in vitro bidirectional studies in presence or absence of inhibitors that
confirmed thenull role of intestinal transporters (i.e. P-gp andBCRP).
BCS Classification

In 1995, Amidonet al. used carbamazepine as an example of a low
solubility API (Do¼ 3).39 Thereafter,many publications supported its
classification as a BCS class 2.42,98e100 For instance, Kasim et al.
classified the drugs in theWHO list of essential medicines according
to the BCS framework. The authors used LogP values indirectly ac-
counting for permeability,which resulted in a Class 2 classification.42

However, regulatory guidances do not consider descriptors of lip-
ophilicity (i.e. LogP, LogD) in assessing drug permeability.1,6,7

Regarding the evidence found, data from both in vivo and in vitro
experiments lead to high permeability classification. Indeed, the FDA
guidance lists carbamazepine as a model drug of high permeability.7

Furthermore, the several examples of successfully achieved IVIVC
demonstrate that carbamazepine dissolution, and not the perme-
ation, would be the rate limiting step in its oral
absorption.43,50,62,63,82,96 Considering the whole body of evidence
collected, carbamazepine can be classified as a BCS Class 2 drug.

Surrogate Techniques for In Vivo BE Testing

Given that carbamazepine dissolution appears to control car-
bamazepine absorption rate from IR products, a dissolution test
may be an appropriate surrogate assay and thus a valuable tool for
predicting the outcome of a BE study. This would be meaningful
only if a high probability of detecting bioinequivalence by this
method is demonstrated.101
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IVIVCs were achieved in two studies that used SLS-free media:
HCl 0.1 N and Simulated USP intestinal fluid at pH 7.5, respectively.
However, the potential of using SLS-free buffers remains contro-
versial. For instance, the absence of relevant pKa led to assume that
the pH would not play a significant role in dissolution and solubi-
lity. Actually, water, as well as other aqueous buffers in the pH range
1.2e6.8, were unable to discriminate between bioinequivalent
formulations.50 In contrast, SLS not only increased the solubility of
carbamazepine (Table 1), but also its dissolution,44,46 suggesting a
need to assess the concentration of SLS in the dissolution media. In
this regard, several reports of successful IVIVC found in the litera-
ture endorse the use of SLS 1% as a suitable dissolution media for IR
solid oral products containing carbamazepine.26,43,50,61,62,82,102 As
shown in Table 4, the USP conditions (900 mL SLS 1%, apparatus II,
75 rpm) appears to be sufficiently discriminating in terms of
detecting a failure to meet bioequivalence. Nine out of the ten
studies found in the literature achieved successful IVIVCs by using
the USP conditions.26,43,50,61,62,82,102 These data strongly support
the application of this method as a surrogate technique. It is
plausible that the usefulness of SLS 1% as in vitro dissolution media
relies on the high carbamazepine solubility in this media (Table 1),
which provides an improved sink for carbamazepine similar to the
one in vivo cause by its high intestinal permeability (Table 2). Lastly,
although certain changes in the dissolution media and apparatus
have been proposed to detect some differences that the USP
method did not pick up (see section Dissolution and IVIVC), these
approaches have not been verified with in vivo data yet.

In summary, pharmacopeial dissolution conditions appear to be
useful not only for quality control purposes, but also a promising
way forward to establishing meaningful IVIVCs for solid oral IR
dosage forms containing carbamazepine. The most appropriate
absorption parameters (AUC, Cmax, Fa) to correlate against Fd over
the dissolution timeframe of 5e100min are still to be standardized.
Thus, a generally applicable method with regulatory impact does
not exist yet. Therefore, further definition of the parameters to be
used for establishing meaningful correlations would be necessary
before enabling the USP method to function as an in vitro surrogate
technique for BE studies.

Risk of Bioinequivalence Caused by Excipients and/or Manufacturing

The risk of bioinequivalence of oral solid IR dosage forms has
been reported to be intrinsically high for BCS class 2 drug products,
due to their physicochemical properties, as well as the formulation
and its solubilization principles. Given the existence of diverse
carbamazepine forms, the potential influence of polymorphism in
the clinical performance becomes an attractive topic for research.
The most prevalent polymorphs in tablets were forms I and III,
which are transformed into DH in aqueous solution (form I faster
than III).38 Nevertheless, the actual implications of this intercon-
version in the carbamazepine oral performance are still not clear.

As member of the BCS class 2 group, excipients modifying car-
bamazepine solubility and dissolution (i.e. surfactants) would be of
concern. The risk of a false positive BE decision would remain high
as long as the discrimination capacity of the applied test is poor.
Diverse excipients, including SLS, were found in carbamazepine IR
tablets with a MA (Table 5). However, there is still uncertainty
regarding the excipient amounts and processes involved in the
manufacture of those products. In one of the aforementioned IVIVC
studies, the USP test was discriminating enough to establish a
proper IVIVC even though the qualitative composition of the bio-
inequivalent formulations was different.43 This example provides
evidence of the ability of the USP method to assess the risk of
inequivalence due to differences in excipients and/or
manufacturing processes. Meanwhile, the substantial evidence of
carbamazepine formulations failing to meet BE requirements
(Tables 3 and 4) suggests that the risk of a carbamazepine product
to fail bioequivalence testing is high.

Patient's Risks Associated with Bioinequivalence

Regulators have the responsibility of approving generic drug
products based on evidence of BE. Therefore, the risk of a failure
detecting bioinequivalence merits to be assessed also in terms of
efficacy and safety. Hence, the approval of a non-bioequivalent
product could negatively impact not only the efficacy of treat-
ment, but also the patient's safety. This risk should thus be deemed
as high.

Conventional in vivo BE studies are usually conducted on a single
dose manner; thus, it could be argued that this experiment might
overestimate the actual clinical relevance of the formulation tested
applying such a study design. Yet, the fact that carbamazepine is an
NTI compound supports its classification as presenting a high risk
for the BCS-Biowaiver approach to bioequivalence.

Conclusions

Various carbamazepine polymorphs and hydrates have been
reported; however, they appear to have a negligible impact on the
in vivo performance in humans. Carbamazepine displays a pH-
independent poor aqueous solubility at the highest strength/clin-
ical doses. Additionally, even though the extent of absorption does
not seem to meet the guidance requirements for high permeable
drugs, it is very likely that this was caused by the first pass effect
rather than poor drug dissolution/permeability. Direct permeability
measurements in in vivo and various in vitro models support this
conclusion. In consequence, carbamazepine can be classified as a
BCS class 2 drug. Further, the overlapping therapeutic and toxic
plasma concentrations lead us to consider carbamazepine as a NTI
drug. Taken together, both the BCS and NTI classification suggest
that a biowaiver of the in vivo BE test is not recommended for
carbamazepine IR drug products according to current regulatory
guidances.

Nevertheless, several successful examples of IVIVC agreed that
the USP dissolution conditions (900 mL water 1% SLS, apparatus II
and 75 rpm) were sufficiently discriminative between bio-
inequivalent products. Further research on choosing the adequate
correlation parameters, stressing test sensitivity and defining
acceptance ranges, as well as risk assessment on efficacy and safety,
is needed to determine whether the in vitro USP method can pro-
vide a surrogate technique for in vivo BE studies. Currently how-
ever, a biowaiver for carbamazepine cannot be recommended and
the bioequivalence of immediate solid oral dosage forms of carba-
mazepine should be assessed in an appropriately designed clinical
pharmacokinetic study.
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