
BIOPHARMACEUTICS & DRUG DISPOSITION
Biopharm. Drug Dispos. 30: 524–531 (2009)

Published online 11 October 2009 in Wiley InterScience

(www.interscience.wiley.com) DOI: 10.1002/bdd.688

In Vitro–In Vivo Correlation of Modified Release Dosage Form
of Lamotrigine

Hiten J. Shaha,b,�, Gunta Subbaiaha, Dasharath M. Patelb and Chhagan N. Patelb

aBioanalytical Laboratory, Torrent Pharmaceutical Ltd, Bhat, Gandhinagar-382428, Gujarat, India
bShri Sarvajanik Pharmacy College, Mehsana-384 001, Gujarat, India

ABSTRACT: The plasma concentration profile of lamotrigine was predicted from the dissolution
test data of the modified release 100 mg lamotrigine tablet by applying the in vitro– in vivo
correlation (IVIVC). Three different release formulations (L-1, L-2 and L-3) and its profiles of in vitro
data were generated in different dissolution media. Pharmacokinetics evaluation of these
formulations was carried out in 12 healthy volunteers. In vitro– in vivo correlation was established
from the generated dissolution and bioavailability data. A good correlation between the
percentages dissolved vs absorbed (r240.989) was obtained using level A correlation. Evaluation
of the internal predictability of level A correlation was calculated in terms of percent prediction
error, which was found to be below 15%. Copyright r 2009 John Wiley & Sons, Ltd.
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Introduction

Lamotrigine (3,5-diamino-6-(2,3-dichlorophenyl)-
1,2,4-triazine) is a phenyltriazine derivative.
Lamotrigine has been found to be an effective
antiepileptic agent with broad spectrum of activity
in clinical trials [1]. Lamotrigine is an antic-
onvulsant drug found to be effective as adjunctive
therapy and as monotherapy for partial seizures
[2–6]. It protects against lesions produced by
kainate [7]; at high doses it can reduce cortical
infarct volume, and protect against global cerebral
ischemia [8–11]. Lamotrigine is also used in
bipolar disorders [12]. In general, antiepileptic
drugs need long term treatment for patients.

The most commonly observed (X5%) adverse
experiences seen in association with the conventional

lamotrigine dosage form during adjunctive ther-
apy in adults were: dizziness, ataxia, somno-
lence, headache, diplopia, blurred vision, nausea,
vomiting and rash. Dizziness, ataxia, diplopia,
blurred vision, nausea and vomiting were dose
related [13]. Binnie et al. concluded that the side
effects were observed only at blood levels above
3 mg/ml, and were rapidly relieved when the
dose was reduced to half [14]. The manufac-
turer’s US prescribing information includes a
warning that serious rash, leading to hospi-
talization or reported as Stevens-Johnson syn-
drome or toxic epidermal necrolysis, has been
associated with lamotrigine therapy. To minimize
the risk of serious rash it also includes dose-
escalation recommendations [12]. Another tech-
nique, which can successfully reduce these
side effects, would be the use of a modified
release formulation of lamotrigine. Another
advantage of modified release formulation is
minimized in vivo fluctuation of the drug, a
decrease in dosing frequency and improved
patient compliance [15].
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In recent years, the concept and application of
the in vitro–in vivo correlation (IVIVC) for MR
dosage forms have been a main focus of attention
of the pharmaceutical industry, academic and
regulatory sectors. Correlations between in vitro
and in vivo data are often used during pharma-
ceutical development in order to reduce develop-
ment time and optimize the formulation. A good
correlation is a tool for predicting in vivo results
based on in vitro data. IVIVC allows dosage form
optimization with the fewest possible trials in
human, fixes dissolution acceptance criteria and
can be used as a surrogate for further bioequiva-
lence studies; it is also recommended by regula-
tory authorities [16–20]. The objective of studies
reported here was the IVIVC of lamotrigine
modified release tablet which can be given once
a day. To date no pharmacopoeial dissolution
method is available for MR formulation of
lamotrigine. Hence it is necessary to prove
validated IVIVC for this MR formulation. To the
best of our knowledge, validated IVIVC of MR
formulation of lamotrigine in human as mentioned
in this manuscript has not been published to date.

Experimental

Materials

Lamotrigine standard and Lamotrigine 100 mg
modified release tablets were provided by Tor-
rent Research Centre (Gandhinagar, Gujarat,
India). Hydrochloric acid, ammonium acetate,
potassium hydrogen phosphate, potassium
hydroxide and sodium hydroxide were procured
from Merck (Mumbai, India). High purity water
was prepared in-house using a Milli-Q gradient
water purification system obtained from Milli-
pore (Massachusetts, USA). Gradient grade
methanol (Ranbaxy, Delhi, India), suprapure
formic acid (Merck, Germany) and sodium
hydroxide (Merck, Mumbai, India) were pur-
chased and used as received.

Solubility measurement

The solubility of lamotrigine was determined in
0.1 N HCl, 0.01 N HCl, 0.001 N HCl, pH 4.5 acetate
buffer, pH 6.8 phosphate buffer, water and
pH 8 phosphate buffer. All the solutions were

prepared according to USP 30. The samples
were stirred in a conical flask for 24 h at 371C.
The suspensions were filtered using 0.45 micron
Whatman filter paper. The concentration of
lamotrigine in the filtrate was determined spec-
trophotometrically by measuring the absorbance
at 305 nm.

In vitro study

The in vitro study was performed using a USP
apparatus 2 (in a USP 30 dissolution test
apparatus) with the paddle rotating at 50 rpm in
dissolution media maintained at 37.070.51C. The
dissolution media used were 0.1 N HCl (900 ml),
pH 4.5 buffer (900 ml), pH 6.8 buffer (900 ml) and
0.1 N HCl/pH 6.8 buffer (1000 ml). The last media
was 750 ml of 0.1 N HCl for 1 h then for the
remaining intervals 250 ml of trisodium phos-
phate buffer was added to adjust the pH to 6.8.

Three formulations were prepared in such a
way that release controlling agents were more in
L-1, less in L-2 and least in L-3. Hence L-1 is slow,
L-2 is medium and L-3 is a fast release formula-
tion. The dissolution media were prepared
according to the USP 30. All the three (L-1, L-2
and L-3) modified release formulations were
tested by all the above media. Samples of 3 ml
were withdrawn from the dissolution medium at
0.5, 1, 2, 3, 5, 7, 9, 11, 13 and 25 h. Each
experiment was carried out using 12 tablets and
to measure variability. The 2 ml samples were
diluted in 2 ml fresh quantity of dissolution
medium. The samples were analysed by a
double-beam spectrophotometer (Shimadzu UV-
160A) at 305 nm after appropriate dilutions with
the same dissolution medium and the concentra-
tion of lamotrigine was calculated by reference to
the calibration curves constructed from reference
standards prepared in the dissolution medium of
the relevant dissolution study. The same respec-
tive buffer solution was used as a blank.

In vivo study

The oral bioavailability studies were performed
on volunteers in a single-dose three-way cross-
over design. Twelve healthy male human volun-
teers (age 2873 years, weight 61.673.4 kg),
who were fully informed of the purpose and
procedure of this study, gave their consent to
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participate. The ethics committee approved the
study protocols. The studies were conducted
strictly in accordance with guidelines laid down
by USFDA [21]. A health check up for all subjects
was done by general physical examination, ECG
and laboratory tests such as hematology, bio-
chemistry and urine examination. All subjects
were negative for HIV, HBSAg and HCV tests.
The use of other medication was not allowed
before or during the study, to reduce intra- or
inter-subject variability. They were orally admi-
nistered a single dose of formulation after a 21
day wash out period with 240 ml of water.
Drinking water was not allowed and was
restricted 2 h post dose. Standardized meals were
provided as per schedule. Blood samples were
collected in vacutainers containing heparin as an
anticoagulant before (0.0 h) and at 0.5, 1, 1.5, 2, 3,
4, 5, 7, 9, 12, 15, 18, 21, 24 and 30 h after
administration of drug. Blood samples were
centrifuged at 3200 rpm for 10 min and the
plasma was separated, stored at �701C until
analysis by two HPLC units connected to one
MS/MS multiplexing technique [22].

Pharmacokinetic parameters

Estimation of pharmacokinetics parameters with
variability was achieved from the plasma con-
centration versus time data. The maximum
concentration (Cmax) and the time to reach the
maximum concentration (Tmax) were read di-
rectly from the plasma concentration versus time
data as a measure of the rate of absorption. The
apparent terminal elimination rate constant (Kel)
was calculated using the least-squares regression
analysis of the terminal portion of the log plasma
concentration versus time profile. The elimina-
tion half-life (t1/2) was calculated by dividing
0.693/Kel. The area under the concentration–time
curve (AUC) up to the last sampling point was
determined by the trapezoidal method [23], and
the AUC beyond the last observed plasma
concentration (Cn) was extrapolated to Cn/Kel.

In vitro–in vivo modeling

Four levels of correlation (level A, B, C and
multiple level C) have been described in the
FDA guidance [16]. Of these levels, level A
correlations are the highest level of correlation;

representing a point-to-point correlation between
the in vitro input rate (e.g. dissolution rate) and the
in vivo input rate. Hence for IVIVC correlation,
level A was selected. The in vivo absorption or
dissolution time course was estimated using an
appropriate deconvolution technique for each
formulation and subject. Lamotrigine plasma
levels were converted to the percentage lamo-
trigine absorbed by the use of the modified
Wagner-Nelson equation for the single compart-
ment model [24–26]:

% absorbed ¼
CðtÞ=Kel þ AUC0!t

AUC0!inf
� 100 ð1Þ

where CðtÞ is the plasma concentration at time t, Kel

is the elimination rate constant, AUC0!t is the area
under the curve from 0 to time t, and AUC0!inf is
the area under the curve from 0 to infinity. The
in vivo absorption values were related directly to
the in vitro dissolution data to complete the IVIVC.

Results

Solubility in different solvents

The solubility of lamotrigine in the studied media
is shown in Figure 1. Lamotrigine has high
solubility in 0.1 N HCl, with low solubility in water.

In vitro study

The in vitro release profiles of formulation L-1,
L-2 and L-3 in different dissolution media
are presented in Figure 2(a), 2(b) and 2(c),

Figure 1. Solubility profile of lamotrigine
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respectively. Formulation L-1 showed a large
difference in the dissolution profile with respect
to different dissolution media. Formulation L-2
showed a minor difference in dissolution profile
with respect to different dissolution media.

Formulation L-3 demonstrated a condition
independent dissolution profile. But from all

the profiles it can be concluded that dissolution
of formulation L-1 is slow compared with L-2
and L-3, while dissolution of L-3 is fast compared
with L-1 and L-2. Of all the dissolution media
0.1 N HCl/pH 6.8 buffer provided the differential
property of the formulations. The in vitro data
were compared with in vivo data, to predict
actual performance of the formulations.

Comparison of the dissolution profiles ob-
tained at 50 and 100 rpm (in the same dissolution
medium) clearly demonstrates that the hydro-
dynamic conditions significantly influence the
release profile. The higher the stirring speed, the
faster was the rate of release.

In vivo study

The in vivo release profiles of formulations L-1,
L-2 and L-3 are presented in Figure 3. In these
three formulations, in vivo release profiles of L-3,
L-2 and L-1 were found to be fast, medium and
very slow, respectively. The pharmacokinetic
parameters are described in Table 1.

In vitro–in vivo correlation

The correlation is usually linear, but nonlinear
correlations are also possible [27,28]. Level A
correlations are considered the most informative
and useful for developing modified dosage forms
and for regulatory support. The typical process of
developing a level A IVIVC involves deconvolution
of the in vivo plasma profile to estimate the in vivo
release, followed by comparison of the in vivo
fraction of the drug absorbed to the in vitro fraction
of drug dissolved. Deconvolution of the plasma
profile is done by a model-dependent method such
as the Wagner-Nelson. In the case of a linear rela-
tionship, the in vitro fraction dissolved and in vivo
fraction absorbed will be superimposable [29].

Comparison of in vivo study to in vitro
dissolution study in all four dissolution media
showed that 0.1 N HCl/pH 6.8 buffer is the
dissolution medium that mimics the in vivo data,
hence this was used for IVIVC by using the
Wagner-Nelson method. For IVIVC, the time of
in vivo was multiplied by two and the respec-
tive data were compared with in vitro data. Then
to establish IVIVC, the percent lamotrigine
dissolved in vitro was plotted against the percent
lamotrigine absorbed in vivo. The values for

Figure 2. In vitro release profiles of (a) formulation L-1, (b)
formulation L-2, (c) formulation L-3 in different dissolution
media
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slope, y-intercept and correlation coefficient (r2)
for the linear regression lines representing
IVIVC for different formulations are given in
Table 2.

Predictability is a verification of the model’s
ability to describe in vivo bioavailability results
from a test set of in vitro data (external predict-
ability) as well as from the data that were used to
develop the correlation (internal predictability).
The internal predictability of level A correla-
tion was evaluated by calculating the percent
prediction error (% PE).

%PE ¼ ½ðObserved value� Predicted valueÞ=

Observed value� � 100
ð2Þ

According to FDA guidance [16], the corre-
lation is valid (predictive) if the % PE for
each formulation does not exceed 15%. The

calculated % PE of all formulations at each
time point is shown in Table 3. All observed %
PE below 15% demonstrated a good level A
correlation.

Discussion

In formulation development, the establishment
of the final formulation for phase III clinical
studies must be an urgent matter in pharmaceuti-
cal research divisions of most pharmaceutical

Figure 3. In vivo release profiles of formulation L-1, L-2 and L-3

Table 1. Pharmacokinetic parameters of L-1, L-2 and L-3

L-1 L-2 L-3

Cmax (ng/ml) 256.127115.08 784.39792.21 885.077110.00
Tmax (h) 9.1779.00 5.5871.51 4.1671.17
Kel (1/h) 0.0270.01 0.0470.01 0.0670.01
T1/2 40.29719.58 17.7078.95 12.5574.18
AUC0–96 (ng.h/ml) 18029.1276612.48 29099.3274579.12 25646.2375427.56
AUC0!inf (ng.h/ml) 20111.7978697.15 29745.0777785.69 25752.6374997.73

Table 2. Linear regression line data of L-1, L-2 and L-3

Formulation Slope Intercept r2

L-1 1.006 1.289 0.989
L-2 0.961 6.195 0.979
L-3 0.958 5.175 0.989
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industries. However, during the progression of
clinical studies, modifications of the composi-
tions of the formulation itself and/or associated
production method of the initial formulation are
often required to obtain more desirable plasma
concentration profiles in patients. In such cases,
implementation of the remaining clinical tests
involving multiple candidates for a new drug
using different formulations is often necessary,
leading to huge costs.

The recent trend to facilitate formulation
modification is the application of the criterion
called BCS (Biopharmaceutical Classification
System), which is categorized by the solubility
and membrane permeability characteristics of
drugs. Based on the same, the pH-solubility
profile shows that the highest dose (200 mg)
could not dissolve in 250 ml of media of different
pH varying from 2 to 8. Thus lamotrigine can be
classified as a drug with low solubility. The
absolute bioavailability of lamotrigine is 98% [13],
indicating high permeability. Hence lamotrigine
is a BCS class II drug. Class II drugs are generally
known to be problematic in terms of their
dissolution behaviors, and selection of appro-
priate dissolution method(s) and media for
predicting their bioavailability seems to be
challenging. Since dissolution is the rate limiting
step for absorption and bioavailability of this
class of drugs, it seems feasible to select appro-
priate dissolution media and conditions to
establish IVIVC. By developing and evaluating
an IVIVC study, one may be able to establish
the dissolution test as a surrogate for human
bioequivalence studies. In addition, one may
reduce the number of bioequivalence studies

performed during the development of modified
release formulation as well as reducing certain
scale up and post approval change (e.g. formula-
tion, equipment, process, manufacturing site
change) [17].

The challenging nature of selecting an appro-
priate dissolution method for predicting absorp-
tion and bioavailability is evident from the
dissolution data and IVIVC obtained here. As
expected, the fastest in vitro rate of release of the
drug from the tablets was obtained in 0.1 N HCl,
which is a reflection of the highest solubility of
the drug in 0.1 N HCl. The slowest in vitro rate of
release of the drug from the tablets was obtained
in pH 6.8 buffer, which is a reflection of the low
solubility of the drug in pH 6.8 buffer. The
further decrease in the rate of release of the drug
with increasing pH of the dissolution media is in
agreement with its solubility profile. When the
percentage of lamotrigine MR formulation
release in 1 h in 0.1 N HCl and then at pH 6.8
buffer using the USP paddle method was
plotted against the percentage of lamotrigine
absorbed calculated from Equation (1), a linear
correlation was obtained. The regression line
was calculated with an intercept by using linear
regression analysis for the lamotrigine MR
formulation (r240.989). This study indicates
the correlation between the percentages dis-
solved in vitro and absorbed in vivo for MR
lamotrigine formulation. In conclusion, based on
validated IVIVC, the mentioned dissolution
method (1 h in 0.1 N HCl and then at pH 6.8
buffer using the USP paddle method) can be used
to predict in vivo data in humans and to reduce
human trials in lamotrigine MR formulation
development.
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Table 3. Percentage prediction error of L-1, L-2 and L-3

% PE

Time (h) L-1 L-2 L-3

0.5 8.33 8.87 3.56
1 3.94 12.59 6.51
2 7.34 4.76 1.90
3.5 4.31 8.63 4.74
4.5 �1.39 2.74 3.50
6 0.82 �1.17 0.11
9 3.16 �3.02 1.47
10.5 �0.94 �2.40 �4.93
12 �1.38 1.13 �3.13
24 2.90 �1.97 �4.11
48 �1.62 �1.62 �1.62

IN VITRO–IN VIVO CORRELATION OF MODIFIED RELEASE LAMOTRIGINE 529

Copyright r 2009 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 30: 524–531 (2009)
DOI: 10.1002/bdd



References

1. Fitton A, Goa KL. Lamotrigine. An update of its
pharmacology and therapeutic use in epilepsy.
Drugs 1995; 50: 691–713.

2. Schachter SC, Leppik E, Matsuo F, et al. Lamo-
trigine: a six month, placebo-controlled, safety
and tolerance study. J Epilepsy 1995; 8: 201–209.

3. Messenheimer J, Ramsay R, Willmore L, et al.
Lamotrigine therapy for partial seizures: a multi-
center placebo-controlled, double-blind cross-
over trial. Epilepsia 1994; 35: 113–121.

4. Chang G, Vasquez B, Gilliam F, et al. Lamictal
(lamotrigine) monotherapy is an effective treat-
ment for partial seizures (abstract). Neurology
1997; 48: A335.

5. Brodie M, Richens A, Yuen A. Lamotrigine/
carbamazepine, monotherapy trial group: dou-
ble-blind comparison of lamotrigine and carba-
mazepine in newly diagnosed epilepsy. Lancet
1995; 345: 476–479.

6. Matsuo F, Bergen D, Faught E, et al. Lamotrigine
protocol 05 clinical trial group: placebo-controlled
study of the efficacy and safety of lamotrigine in
patient with partial seizures. Neurology 1993; 43:
2284–2291.

7. McGeer EG, Zhu SG. Lamotrigine protects against
kainate but not ibotenate lesions in rat striatum.
Neurosci Lett 1990; 112: 348–351.

8. Rataud J, Debarnot F, Mary V, Pratt J,
Stutzmann JM. Comparative study of voltage
sensitive sodium channel blockers in focal
ischaemia and electric convulsions in rodents.
Neurosci Lett 1994; 172: 19–23.

9. Smith SE, Meldrum BS. Cerebroprotective effect
of lamotrigine after focal ischemia in rats. Stroke
1995; 26: 117–121.

10. Crumrine RC, Bergstrand K, Cooper AT,
Faison WL, Cooper BR. Lamotrigine protects
hippocampal CA1 neurons from ischemic
damage after cardiac arrest. Stroke 1997; 28:
2230–2236.

11. Wiard RP, Dickerson MC, Beek O, Norton R,
Cooper BR. Neuroprotective properties of the
novel antiepileptic lamotrigine in a gerbil model
cerebral ischemia. Stroke 1995; 26: 446–472.

12. Goldsmith DR, Wagstaff AJ, Ibbotson T, Perry CM.
Lamotrigine: A review of its use in bipolar
disorder. Drugs 2003; 63: 2029–2050.

13. Physical Desk Reference. 2007; 61: 1481–1490.
14. Binnie CD, Beintema DJ, Debets RMC, et al. Seven

day administration of lamotrigine in epilepsy:
placebo controlled add-on trial. Epilepsy Res 1987;
1: 202–208. DOI: 10.1016/0920-1211(87)90042-8.

15. Sun Y, Peng Y, Chen Y, Shukla AJ. Application of
artificial neural networks in the design of con-
trolled release drug delivery system. Adv Drug
Del Rev 2003; 55: 1201–1215. DOI: 10.1016/S0169-
409X(03)00119-4.

16. Guidance for Industry. Extended Release Oral
Dosage Forms: Development, Evaluation and Applica-
tion of In Vitro/In Vivo Correlation. U.S. Depart-
ment of Health and Human Services, Food
and Drug Administration, Centre for Drug Eva-
luation and Research: Rockville, MD; September
1997.

17. Guidance for Industry. SUPAC-MR: Modified
Release Solid Oral Dosage Forms, Scale-Up and Post
Approval Changes: Chemistry, Manufacturing, and
Controls; In Vitro Dissolution Testing and In Vivo
Bioequivalence Documentation. U.S. Department of
Health and Human Services, Food and Drug
Administration, Centre for Drug Evaluation and
Research: Rockville, MD; September 1997.

18. Note for Guidance on Quality of Modified Release
Oral and Transdermal Dosage Forms: Section II
(Pharmacokinetic and Clinical Evaluation). The
European Agency for the Evaluation of Medicinal
Products, Human Medicines Evaluation Unit,
Committee for Proprietary Medicinal Products:
London, UK; CPMP/EWP/280/96; July 1999.

19. Note for Guidance Development Pharmaceutics. The
European Agency for the Evaluation of Medicinal
Products, Human Medicines Evaluation Unit,
Committee for Proprietary Medicinal Products:
London, UK; CPMP/QWP/155/96; January
1998.

20. ICH Harmonised Tripartite Guideline. Pharmaceu-
tical Development Q8, International Conference
on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use;
10 November 2005.

21. FDA Guidance for Industry. Bioavailability Studies
for Orally Administered Drug- Products– General
Considerations. Center for Drug Evaluation and
Research, US Department of Health and Human
Services, 2000.

22. Shah HJ, Subbaiah G, Patel DM, Suhagia BN,
Patel CN. Rapid quantification of lamotrigine in
human plasma by two liquid chromatographic
systems connected with a tandem mass spectro-
metry. J Chromatogr Sci, article in press.

23. Rowland M, Tozer TN. Clinical Pharmacokinetics:
Concepts and Applications. BI Waverly Pvt Ltd:
New Delhi, 1996; 469–472.

24. Kortejarvi H, Mikkola J, Backman M, Antila S,
Marvola M. Development of level A, B and C in
vitro–in vivo correlations for modified release
levosimendan capsules. Int J Pharm 2002; 241:
87–95.

25. Turner S, Federice C, Hite M, Fassihi R. Formula-
tion development and human in vitro in vivo
correlation for a novel, monolithic controlled
release matrix system of high load and high
water soluble drug niacin. Drug Dev Ind Pharm
2004; 30: 797–807.

26. Rao BS, Seshasayana A, Saradhi SVP. Correlation of
in vitro release and in vivo absorption characteristics

H. J. SHAH ET AL.530

Copyright r 2009 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 30: 524–531 (2009)
DOI: 10.1002/bdd



of rifampicin from ethylcellulose coated nonpareil
beads. Int J Pharm 2001; 230: 1–9.

27. Parojcic J, Ibric S, Djuric Z, Jovanovic M,
Corrigan OI. An investigation into the usefulness
of generalized regression neural network analysis
in the development of level A in vitro–in vivo
correlation. Eur J Pharm Sci 2007; 30: 264–272.

28. Dunne A, O’Hare T, Devane J. Level A in vivo-in
vitro correlation: nonlinear models and statistical
methodology. J Pharm Sci 1997; 86: 1245–1249.

29. Modi NB. In vitro-in vivo correlation. In Pharmaceu-
tical Product Development In Vitro-In Vivo Correlation,
Chilukuri DM, Sunkara G, Young D (eds). Informa
Healthcare: New York, 2007; 107–123.

IN VITRO–IN VIVO CORRELATION OF MODIFIED RELEASE LAMOTRIGINE 531

Copyright r 2009 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 30: 524–531 (2009)
DOI: 10.1002/bdd


