
PURPOSE
Diltiazem is a calcium ion cellular influx inhibitor indicated for the
treatment of angina and hypertension. There are multiple extended
release (ER) oral dosage forms of diltiazem hydrochloride (HCl) with
different formulations available in the U.S. market. It is well recognized
that the drug release of the ER products can significantly impact the drug
absorption and pharmacokinetic (PK) performance hence affecting the
efficacy and safety1. Although in vitro dissolution test is required for ER
product batch release, it is often used for quality control purpose and
may not readily reflect the in vivo performance of a drug product unless
an in vitro in vivo relationship/correlation (IVIVR/C) is available. For
diltiazem HCl ER capsules, there are a total of 20 dissolution tests listed
in the USP monograph (USP42-NL37)2

Physiologically based pharmacokinetic (PBPK) analysis is a modeling
approach which integrates anatomical and physiological parameters of
the gastrointestinal (GI) tract as well as the physicochemical properties
of a drug product to predict the drug’s in vivo performance. This
modeling approach has been increasingly used as a biopharmaceutics
tool to evaluate the impact of drug product quality attributes, e.g., in
vitro dissolution, on in vivo performance3. This study focuses on the
evaluation of the biopredictive capability of the dissolution methods and
the impact of drug release on PK performance using PBPK modeling and
simulation.

CONCLUSIONS
• In vitro dissolution tests for diltiazem HCl extended release capsules are formulation-/product-

specific. 

• The generic ER products may not use the same dissolution test used for the RLD. The in vitro tests 
listed in FDA dissolution methods database can be used as a starting point for generic product 
development. 

• The selection of the in vitro dissolution test for quality control of the drug product should consider 
the release mechanism of the formulation, the discriminating ability, and biopredictive ability of the 
method.

• Exploration of the clinical relevance of in vitro dissolution test in pharmaceutical development would 
be valuable for guiding formulation and process development as well as assessing quality risk and 
setting patient-focused quality specifications.

• A verified PBPK model can be effectively used to support formulation and process development, 
design space establishment, and clinically relevant product specifications.

RESULTS

METHODS
In vitro dissolution tests were conducted on 2 brand products and 5
generic drug products per dissolution test listed in the USP monograph
as indicated in the product label. These diltiazem HCl ER products were
also tested under the same dissolution testing method using USP
apparatus 2 (100 rpm) with phosphate buffer at pH 6.8 for comparison
of all these drug products. Additionally, in vitro drug dissolution of
selected drug products under various conditions (e.g., in multimedia (pH
1.2, 6.8 and 7.2) using USP apparatus 1 and 2 methods) was also
studied.

The PBPK model was developed using GastroPlus Version 9.7
(Simulation Plus). The physicochemical parameters of the drug
substance (e.g., solubility, permeability and protein binding) were
obtained from published studies. The plasma concentration-time
profiles of diltiazem in healthy humans from the administration of
intravenous (IV), oral solution and ER formulations were used to
develop and verify the model. Using the verified model, the in vivo
dissolution profile was deconvolved from the plasma concentration-
time profile of ER drug products. The in vitro dissolution profiles from
the study of marketed drug products using different dissolution
methods/media were compared to the deconvolved in vivo dissolution
profiles. The selection of in vitro dissolution test method was discussed,
taking into consideration formulation characteristics. Using the in vitro
dissolution profiles from the most relevant method, the PK profiles in
healthy humans under fasted conditions were simulated.

OBJECTIVES
• To test the in vitro dissolution performance of selected diltiazem HCl 

ER capsule products marketed in the United States including both 
brand and generic products

• To assess the biopredictive capability of the in vitro dissolution test 
methods for diltiazem HCl ER capsules using PBPK modeling  
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Drug physico-chemical 
parameters Drug PK parameters

Log P 2.79 Fup(%) 16.665

Solubility 
(mg/mL) 465@pH7.2

FPE 58%

CL (L/h/kg) 0.72

Diffusion 
Coefficient 
(Cm2/s*105)

0.62 Vc (L/kg) 1.93

Peff
(cm/s x 104) 9.14 K12 (1/h) 0.265

pKa 8.33 K21 (1/h) 0.257
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Cardizem Observed 240 mg

Cardizem Simulated 240 mg

Tiazac Observed 240 mg

Tiazac Simulated 240 mg

(c)

Table 1: input Model  Parameters

Figure 2: Simulated and observed PK profiles for 
model development and verification

The mechanistic absorption model (ACAT) was
combined with a 2-compartment model and a
fixed first-pass effect (58%) was developed based
on the PK data from IV data (20 mg) and oral
solution (90 mg) digitally extracted from the paper
of Tawashi M, et al. 3, Becker D. et al.4 and Sirisuth
N. et al.5 The drug physico-chemical parameters
and PK parameters are listed in Table 1. The model
was further verified with published PK data from
various ER formulations with different doses (see
Figure 2). For ER formulation products, in vitro
dissolution profiles collected in the corresponding
paper were used as input after Weibull function
fitting for predictingsystemic exposure.

*Compartment PK parameters were obtained from IV bolus PK
FPE (First pass effect in %) optimized based on oral solution data

Figure 3: Regional Absorption of Brand Product #1 240 mg

In vitro dissolution test results: In vivo dissolution profiles deconvoluted from the PK profiles of Brand Products 

The in vivo release profiles in the GI tract was
deconvolved from the PK profiles of the brand
products (fasted study in healthy volunteers) based
on the verified PBPK model (see Figures 7). It is
worth noting that Brand Product #1 had major
formulation changes (from Form 1 to Form 2) after
the approval of the drug product. The two
formulations of this product showed different
release profiles. Brand Product #2 was found not
bioequivalent to the Brand Product #1, but the
differences in the PK profiles would not affect the
efficacy of thedrug product.

Comparison of in vitro vs. in vivo dissolution profiles

* Observed IV bolus PK profile from Tawashi M, et al 2.; Oral solution PK profile 
from Sirisuth N, et al. 5;  ER Mylan PK profile from Becker D, et al 4.

*Observed PK profiles of ER fast, medium and slow formulations from 
Sirisuth N, et al. 5

• Observed PK profiles of Cardizem and Tiazac products (brand products)  
from Dimmitt DC, et al.6

Figure 4: Deconvoluted in vivo dissolution profiles in the 
GI tract for the brand products based on PBPK model

*The deconvoluted in vivo dissolution profiles were 
generated based on the observed PK profiles of Brand 
Product #1 360 mg formulations (available at Drug@FDA) 
and the PK profiles for the Brand Product #2 240 mg in 
Dimmitt D et al. 6

Figure 5: The in vitro dissolution profiles of generic products 
(refer to Brand Product #1 as the reference listed drug, RLD) vs 

the in vivo dissolution profiles of Brand Product #1 

Figure 6: The in vitro dissolution profiles of generic product 
(refer to Brand Product #2 as the RLD) vs the in vivo dissolution 

profiles of Brand Product #2
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Biopredictive dissolution testing

The PBPK model can guide the
development of biopredictive in vitro
dissolution method. The in vivo
dissolution profiles of the brand
products deconvolved from the PK
profiles can be used as a reference to
develop an in vitro dissolution method.
By exploring different in vitro test
conditions, the in vitro dissolution tests
which can reproduce the similar in vitro
dissolution as the in vivo might be
selected for further method
optimization. In addition, the in vitro
dissolution method selection should
also take into account the formulation,
the release mechanism and the
discriminating ability of the method.
The biopredictive performance of the
selected in vitro dissolution method
should be confirmed by the in vivo
studies, e.g., in vivo bioequivalence (BE)
or IVIVC/Rstudies.

Figure 7: The in vitro dissolution profiles of generic product 
(refer to Brand Product #2 as the RLD) vs the in vivo dissolution 

profiles of Brand Product #2

As the in vitro dissolution of Brand
Product #2 and Generic Product #4 is
condition independent (e.g., no change
with media pH or rotation speed), the in
vitro dissolution profiles are very likely
similar as in vivo. Using the dissolution
profiles of both brand and generic
products obtained from USP apparatus 2
100 rpm in phosphate buffer 6.8 as input,
virtual BE studies were conducted and
showed bioequivalence between the
brand and generic products in virtual
healthy human subjects (n=40) for the
300 mg strength.

Virtual BE trials to assess Bioequivalence

Special thanks to Drs. Sneha Patel at Office of Regulatory Affairs (ORA)/Detroit Laboratory and Bruce Harris
at ORA/Office of Regulatory Science/ Medical Products and Tobacco Scientific Staff for in vitro dissolution
test results for thebrand and genericproducts of Diltiazem extended release capsules.

1

10

100

1000

0 10 20 30 40 50

Dr
ug

 P
la

sm
a 

co
nc

en
tr

at
io

n 
 (n

g/
m

L)
 

Time (hr)

IV bolus observed 20 mg

IV Bolus simulated 20 mg

Oral solution Observed 90mg

Oral Solution Simulated 90 mg

ER Mylan Tablets Observed 60 mg

ER Mylan Tablets Simulated 60 mg

1

10

100

0 10 20 30 40 50

Dr
ug

 P
la

sm
a 

co
nc

.  
(n

g/
m

L)
 

Time (hr)

ER Fast Observed 90 mg
ER Fast Simulated 90 mg
ER Medium Observed 90 mg
ER Medium Simulated 90 mg
ER Slow Observed 90 mg
ER Slow Simulated 90 mg

(b)

(a)

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16 18 20 22 24

%
 D

IS
SO

LV
ED

TIME (HR)

Brand Product #1 360 mg Water Basket 100 rpm Brand Product #2 420 mg Water Basket 100 rpm

Brand Product #2 300 mg Water Paddle 100 rpm Generic Product #1 300 mg  SIF pH7.5  Paddle 75 rpm

Generic Product #2 300 mg 0.1 N HCl Paddle 100 rpm Generic Product #3 300 mg SIF pH7.5 Paddle 75 rpm

Generic Product #4 360 mg Water Basket 100 rpm

Figure 1: In vitro dissolution profiles of brand and generic drug 
products of diltiazem HCl ER capsules

The brand and generic diltiazem HCl ER
capsule products tested in this study all met
the USP monograph dissolution
specifications at L1. The test condition in
the label varies among tested products.
Brand products #1 and #2 showed different
in vitro dissolution under the same
condition (Water, 900 ml, Basket 100 rpm).
In general, the in vitro dissolution of both
Brand Products #1 and #2 is independent of
testing conditions (data not shown). Two
generic products (#1 and #2) showed
different dissolution profiles from the
brand products and released the drug in
two phases fitting a double Weibull
function. The drug release from Generic
Product #2 was dependent on the pH of
the medium(datanotshown).
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Figure 8. Fraction of in vivo release vs. time
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Figure 9: Fraction of in vivo release vs. Fraction of in vitro release

IVIVC development for Brand Product #2 240 mg

IVIVC development was explored for Brand Product #2, 240 mg. In general, a linear relationship was found
between the in vitro and the in vivo release. For the products showing double Weibull function of in vitro
dissolution, the IVIVC development is challenging and needs a good selection of the in vitro dissolution method
to well represent the in vivo release.

Disclaimer: This presentation reflects the views of the author and should not be construed to represent FDA’s views or policies
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