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The  goal  of the  present  study  was  to develop  a generic  workflow  to evaluate  the  chromatographic  res-
olution  in  a large  design  space  and  easily  find  some  replacement  column  for the method.  To  attain  this
objective  from  a  limited  number  of  initial  experiments,  modern  LC  modeling  software  (Drylab)  was
employed  to  study  the  behaviour  of  the  compounds  and visually  compare  the  parts  of  design  spaces
obtained  with  different  columns,  where  a given  criterion  of  critical  resolution  is fullfilled.  A  zone  of  robust
space  can  then  easily  be  found  by  overlapping  design  spaces.  By using  50 × 2.1 mm  columns  packed  with
sub–2  �m  fully  porous  particles  (UHPLC),  the  resolution  in  the  entire  design  space  can  be  modeled  on
ryLab
ethod development
uality by design
HPLC

the  basis  of  only  2–3  h  experimental  work  per  column.
To demonstrate  the  applicability  of the  developed  procedure,  amlodipine  and  its  related  pharma-

copeia  impurities  were  selected  as  a case  study.  It  was  demonstrated  that  two  columns  from  different
providers  (Waters  Acquity  HSS  C18,  Thermo  Hypersil  Gold  C18)  can  be interchanged,  providing  a  sufficient
resolution  at  the  same  working  point  and  a high  degree  of robustness  around  this condition.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays thousands of liquid chromatographic columns are
vailable. If only octadecyl (C18) phases are taken into account, then
e have the possibility to choose from more than 500 products. On

ne hand, this can make the method development easier since the
hromatographer can select the most suitable stationary phase for

 given separation. On the other hand, it can be a heavy task to
nd an appropriate replacement (alternative) column, which pro-
ides a very similar separation as the original column. Today, it is
ndeed required to suggest an alternative column in pharmaceuti-
al analytical laboratories, and to prove its equivalency during the
ethod validation process. In fact, the pharmaceutical regulatory

uidelines mention that method robustness has to be checked on
olumns from different batches and also on other manufacturer’s
olumn providing similar separation quality [1].

The column interchangeability in the U.S. Pharmacopeia Con-
ention is quite straightforward. The liquid chromatography

olumns are classified in ‘L’ groups according to their chemical
odification [2]. All the columns with C18 bonding belong to the

1 group, which is defined as: “octadecyl silane chemically bonded

∗ Corresponding author.
E-mail address: kormany.robert@egis.hu (R. Kormány).

ttp://dx.doi.org/10.1016/j.jpba.2017.08.032
731-7085/© 2017 Elsevier B.V. All rights reserved.
to porous silica or ceramic micro-particles, 1.5–10 �m in diameter,
or a monolithic rod”. This definition is quite broad, since it contains
all the phases with irregular silica particles, high metal ion content
and low surface coverage as well as the widely used hybrid silica
endcapped phases with high surface coverage, showing significant
differences in retention properties. These phases are clearly not
interchangeable and it can even occur that C18 and C8 ligands that
are attached to the same silica particle show more similar retention
properties than C18 ligands bonded to different silica particles [3].

To compare different reversed phase (RP) materials, vari-
ous tests have been proposed in the literature [4–7]. Available
databases are also based on these tests. The limitation of such tests
is that they provide information only on a limited number of com-
pounds, measured under “one constant set” particular conditions.
Those tests cannot predict the applicability of columns for impu-
rity profiling or assays, which are the most common applications
in pharmaceutical analysis. One of the most popular databases is
based on the “hydrophobic-subtraction model” proposed by Sny-
der and coworkers in the early 2000 s [8]. This model takes the
hydrophobicity (H), hydrogen bond basicity (B), ionic interactions
at two  pH (C(2.8) and C(7.0)),  hydrogen bond acidity (A) and steric

selectivity (S) into account. These parameters are used for the
calculation of similarity factor (Fs) between columns. Fs < 3 corre-
sponds to an excellent selectivity similarity between the compared
columns; between 3 < Fs < 5, the selectivity similarity is moderate;

dx.doi.org/10.1016/j.jpba.2017.08.032
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2017.08.032&domain=pdf
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etween 5 < Fs < 10, there is a questionable but still fair compara-
ility of selectivity, and for Fs > 10, the selectivity is considered as
ifferent [9]. This approximation gives a scientific based compar-

son against the USP classification, but it does not consider peak
hape and peak width, which are crucial for pharmaceutical impu-
ity profiling.

Modern silica gels (Type B silica) have low metal ion content, and
cidic pKa value of surface silanol groups typically ranges between

 and 5. The amount of residual silanol groups is around 8 �mol/m2,
alf of which being covered after alkyl modification. The number
f residual silanol groups can be further reduced by endcapping,
ut unreacted silanol groups are always present. Depending on the
H conditions, these acidic silanols can be ionized and are then
ble to offer strong electrostatic interaction with basic compounds
hich are also ionized. To demonstrate the differences between

18 phases, it is therefore important to select chromatographic
onditions where the residual silanol groups are ionized and the
ample should contain some basic, acidic and neutral-like com-
ounds as well. This is for example the case when using a mobile
hase pH comprised between 3 and 6 [10–12].

In previous studies, the simulated robustness testing, included
ithin commercial modeling softwares, was systematically stud-

ed and compared to experimental measurements and DoE based
redictions [13,14]. The reliability of this “early stage” simulated
obustness approach was critically evaluated for real-life separa-
ions applying short narrow bore columns (50 × 2.1 mm)  and fast
eparations. Moreover, as a continuation of robustness study, the
olumn interchangeability was further investigated, using four dif-
erent C18 columns packed with sub–2 �m particles. By properly
arying the method variables, the separation was  feasible on all
olumns within the same timescale (less than 4 min). This work
emonstrates the accuracy of simulated robustness testing and
hows that nearly the same quality of separation can be achieved
n different stationary phases.

The novelty of the present work is the practical use of the
ecently introduced Column Comparison module in DryLab mod-
ling software. In this module, various 3D resolution maps can be
ompared by overlapping two or more cubes, which can help study-
ng the measured points − in a design space − of the different
hases and find a common zone where the sample components
re all separated with sufficient selectivity and resolution. For this
llustration, amlodipine and related impurities have been selected
s model samples. The pharmacopeia suggests a 60 min  long con-
entional separation for amlodipine impurity profiling which has
lready been shortened drastically in our previous study [15].

. Experimental

.1. Chemicals, columns

The mobile phase used in this work was a mixture of acetonitrile
nd water buffered with 10 mM ammonium-acetate buffer. Ace-
onitrile (gradient grade), acetic acid, ammonium hydroxide and
tandard reference buffers (pH 2.00, 4.01 and 7.00) were purchased
rom Merck (Darmstadt, Germany). For the measurements, water

as prepared freshly using ELGA Purelab UHQ water (ELGA, Lane
nd, UK).

Sample was prepared from amlodipine API (0.5 mg/mL) and
piked with all the impurities at 0.5% level. Amlodipine and its
mpurities [15] were purchased from European Directorate for the
uality of Medicines & HealthCare (EDQM, Strasbourg, France).

ample solvent was acetonitrile:water 30:70 (v/v).

The columns used in this study were selected on the basis of the
ollowing criteria: all of them should be based on porous silica gel
to neglect differences in morphology), with similar particle size (to
 Biomedical Analysis 146 (2017) 220–225 221

have comparable specific surface area and efficiency). We  focused
on differences and effects of accessible free silanols.

The Acquity HSS C18 and HSS C18 SB columns (50 × 2.1 mm,
1.7 �m)  were purchased from Waters (Milford, USA), Hypersil
GOLD C18 column (50 × 2.1 mm,  1.9 �m)  was purchased from
Thermo Scientific (Waltham, USA), Titan C18 column (50 × 2.1 mm,
1.9 �m)  was  purchased from Sigma-Aldrich (St. Louis, USA).
Acquity HSS C18 and Hypersil GOLD C18 colums have relatively
high surface coverage with endcapping, Titan C18 column has
medium surface coverage with endcapping and Acquity HSS C18 SB
possesses low surface coverage without endcapping (see Table 1).

2.2. Equipment and software

UHPLC experiments were performed on a Waters Acquity UPLC
I-Class system (Milford, USA) equipped with binary solvent deliv-
ery pump, autosampler, photodiode array detector and Empower 3
software. This UHPLC system had flow-through-needle (FTN) sam-
ple injector and 500 nL flow cell. The dwell volume of the system
was measured as 0.1 mL.

The MP  225 pH-meter was purchased from Mettler-Toledo
(Mettler-Toledo, Greifensee, Switzerland).

UHPLC method development and modeling was performed by
using DryLab

®
4, v.4.3.1 optimization software (Molnár-Institute,

Berlin, Germany).

3. Results and discussion

3.1. Preliminary experiments

As previously mentioned, the goal of this study was to introduce
a strategy where − beside method optimization − a substitution
(alternative) column can be offered as part of the robustness testing.
About robustness the ICH Q2 (R1) guideline contains the following
“The evaluation of robustness should be considered during the devel-
opment phase and depends on the type of procedure under study. It
should show the reliability of an analysis with respect to deliberate
variations in method parameters. . . . In the case of liquid chromatog-
raphy, examples of typical variations are . . . rent columns (different
lots and/or suppliers)” [1].

Based on former experiments, amlodipine and its impurities
were found to be relatively lipophilic, so the starting mobile phase
composition was set as 30% acetonitrile. However, the ImpA com-
pound was  highly lipophilic, so high acetonitrile content (90%)
is required at the end of the gradient to elute this substance. In
addition, it is also important to mention that there is structural sim-
ilarity between amlodipine, ImpD, ImpE and ImpF and all of them
contain a primary amino group (pKa> 10). Therefore, all these sub-
stances will be ionized under common RP conditions. The ImpH
impurity has acidic character, due to the carboxylic acid group
attached to an aromatic structure (pKa∼ 4), so depending on the
RP conditions, it can be either fully ionized or neutral [3,14,15].

During the preliminary experiments, four C18 columns belong-
ing to the USP L1 group were chosen. The reference column was the
Acquity HSS C18 and our goal was to find the appropriate replace-
ment column. During the initial experiments at pH = 4.5, it occurred
that Acquity HSS SB C18 column showed high silanol activity under
these conditions, since the peaks of the basic substances were broad
and tailed, with a significant increase in retention (Fig. 1b), below).
For all these reasons, this column was  excluded.

In the case of Titan C18 column, which has medium surface cov-

erage and endcapping, the peak shapes of basic compounds were
more asymmetrical than the peaks of acidic or neutral compounds,
but they could be evaluated during method optimization (Fig. 1d),
below).
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Table  1
Characteristics of the columns packed with sub–2 �m partciles tested in this study.

HSS C18 HSS C18 SB Hypersil GOLD C18 Titan C18

Pore Size (Å) 130 130 175 80
Surface Area (m2/g) 230 230 220 410
Surface Coverage (�mol/m2) 3,2 1,6 NA NA
Carbon Load (%) 15 8 11 13
Endcapping Yes No Yes Yes

Fig. 1. Predicted (top) and experimental (bottom) chromatograms of the four tested 50 × 2.1 mm C18 columns packed with sub–2 �m particle. Acquity HSS C18 a), Acquity
HSS  C18 SB b), Hypersil GOLD C18 c) and Titan C18 d). Amlodipine (1), ImpD (4), ImpE (5) and ImpF (6) contain free amino groups. ImpH (8) contains free carboxylic group.
There  is a movement of ImpH with increasing pH to shorter retention times, which has a strong influence on the elution order. ImpA (2), ImpB (3) and ImpG (7) are netural
in  the tested chromatographic conditions.
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With the Acquity HSS C18 (Fig. 1a),  below) and Hypersil GOLD
18 (Fig. 1c), below) columns, which have both high surface cov-
rage and endcapping, the peak shapes of all compounds were
ymmetrical.

.2. Design of experiments (DoE)

The selected example describes a fast and efficient method
evelopment for the determination of amlodipine and its impu-
ities, using the high separation power of state-of-the-art RP
olumns. A general methodology consists in simultaneously model
he effect of temperature and gradient steepness on selectivity
or a given RP column. Thanks to the current developments in
hromatographic modeling softwares, it is now possible to model
imultaneously the effect of three variables for a given separation.
n our case, gradient steepness (tG), temperature (T) and mobile
hase pH were selected as model variables to create a critical res-
lution cube, showing the critical resolution of the peaks to be
eparated against the three factors. Probably, these selected vari-
bles have the most significant effect on selectivity and resolution
or such analytes. In most cases, the retention can be described as

 function of gradient steepness, with the linear solvent strength
LSS) theory and its temperature dependence following a van’t Hoff
ype relationship. Both relationships can be transformed to linear
ependencies. When separating ionizable compounds, strong pH-
elated changes in retention occur for pH values within ± 1.5 units
f the pKa value. Outside this range, the compound is considered as
ostly ionized or non-ionized, and its retention is not significantly

ltered with pH. In a relatively small pH range − within the ± 1.5
nits of the pKa value −, the dependence of retention on the mobile
hase pH can generally be described using quadratic polynomials
14].

Therefore, in our proposed final model, two  variables (tG and
) were set at two levels (tG1 = 3 min, tG2 = 9 min  and T1 = 20 ◦C and
2 = 50 ◦C), while the third factor (pH) was set at 3 levels (pH1 = 4.0,
H2 = 4.5 and pH3 = 5.0). This full factorial experimental design
equired 12 initial experiments (2 × 2 x 3) on a given column. These
xperiments have been performed on the selected three columns.

.3. Calculation of a 3D-Critical resolution space (CRS) also called
ethod operable design region (MODR)

As illustrated in Fig. 2a),  at low temperature and short gradi-
nt time (the left bottom side of the resolution cube) the design
pace has a range where the resolution (Rs,crit) is larger than 1.5.
t intermediate temperature (and intermediate gradient time),

he separation is not acceptable. However, at high temperature
nd long gradient time (the right top side of resolution cube) the
s,crit > 1.5 criterion is also fulfilled, but probably column life time
ould be shorter at high temperature conditions. For these rea-

ons, the best working point was selected as: tG = 4 min  (30–90%B),
 = 25 ◦C, pH = 4.2. The working point is indicated as the intercept
f horizontal and vertical black lines.

Fig. 1a) shows the predicted and measured chromatograms on
cquity HSS C18 column at the selected working point. The cor-

elation between calculated and measured retention times was
xcellent. The average deviation of the retention times between
odel and measured data was 0.5 s.

.4. Column interchangeability

Our 12 experiments based approach seems to be a reliable

rocedure when comparing the achievable analysis time, resolu-
ion and working point. By applying 50 × 2.1 mm columns, it takes
pproximately only 2–3 h of experimental work for one given col-
mn. The advantage of this column screening approach is that the
 Biomedical Analysis 146 (2017) 220–225 223

suitability of a column − for a given application − can be evaluated
at the very early stage of the method development. In addition, the
column interchangeability can also be estimated during the method
development. Therefore, our column screening approach seems to
be a promising method development strategy, as it consists in per-
forming initial runs and building up 3 dimensional models using
different columns at the early phase of method development.

The same procedure as described in Sections 3.2 and 3.3 was
then applied on Hypersil GOLD C18 and Titan C18. In Fig. 2, the res-
olution cubes were compared for these two additional columns, and
the reference one. When comparing Fig. 2c) and a), it is clear that the
Titan C18 column cannot be considered as a suitable replacement
column under the conditions described in Section 3.3, since it pro-
vides suitable separation in the opposite part of the design space,
as the Acquity HSS C18 column does. Even if appropriate separa-
tion is feasible on the Titan C18 column, it is not comparable to the
one obtained on the reference column. When comparing Fig. 2a)
and b), some differences can be observed in the low temperature
range in the resolution cube, due to the acidic ImpH impurity, which
has variable ionic characteristics at pH between 4 and 5. Neverthe-
less, under the conditions described in Section 3.3, the Hypersil
GOLD C18 seems to be an appropriate replacement column, as it
also provides Rs,crit > 1.5.

To help selecting the most interesting alternative column, the
new version of DryLab software allows the user to compare the
parts of the resolution cubes where the Rs,crit > 1.5 criteria is ful-
filled. It has to be mentioned that the retention order has to be
checked carefully (change in elution order may happen).

By comparing the two resolution cubes (Fig. 3b)),  it can be estab-
lished that the working points obtained on the Acquity HSS C18 and
Hypersil GOLD columns at tG = 4 min  (30–90%B), T = 25 ◦C, pH = 4.2,
are interchangeable for the measurement of amlodipine and its
related impurities, as they share a relatively large zone in the design
space around the selected working point, while the Titan C18 is
clearly inappropriate (Fig. 3a)).

Using the above mentioned analytical strategy, it is therefore
possible to quickly develop a robust method and easily find out an
appropriate replacement column for the method.

3.5. Robustness testing

From the design space, as defined in a resolution map  or cube, it
is possible to get robustness information for the measured param-
eters, including gradient time (tG), mobile phase temperature (T)
and mobile phase pH. In addition, based on the models included
in the software, the retention time variation of any compound can
also be evaluated when varying the mobile phase flow rate as well
as start- and end-% B of the gradient. Consequently, the impact of
these 6 different parameters on the resolution can be assessed using
simulated three levels (36) type factorial designs (including 729
simulated experiments). The possible deviations from the nominal
values have simply to be defined (for example by instrument qual-
ification protocolls of the HPLC-instrument manufacturers) and
then the software makes the calculations for all the simulated con-
ditions. At the end, a ’frequency distribution graph’ showing how
often (N) a certain critical resolution occurs under any combina-
tion of possible parameters is provided. This graph clearly shows
the failure rate, i.e. percentage of experiments that could fall out-
side the required critical resolution. On the other hand, ‘regression
coefficients’ can also be obtained to show the effect of each individ-
ual parameter, related to the selected deviation from the nominal
value, for the critical resolution.
In this study, the robustness of the method around the work-
ing point was compared for the Acquity HSS C18 and Hypersil
GOLD C18 columns. Nominal deviations from the working point
were set as: T = 25 ± 1 ◦C, mobile phase pH = 4.2 ± 0.1, gradient
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Fig. 2. DryLab 3D models of different columns, Acquity HSS C18 a), Hypersil GOLD C18 b), and Titan C18 c). Baseline resolution regions are shown in red. The different
geometric bodies form a Design Space, which allow altering the position of the set point (working point, WP)  without the need for a new validation, as the alteration of
the  WP inside the Design Space is not considered as a “change”, so far no change management is necessary. The robustness of the individual WP’s is different between the
different red regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ig. 3. Column Comparison: Common rubust space of Acquity HSS C18, Hypersil G
ypersil  GOLD C18 columns b).
ime tG = 4 ± 0.1 min, initial mobile phase composition: 30 ± 1%
, final mobile phase composition: 90 ± 1% B and flow rate

 = 0.5 ± 0.1 mL/min. A required resolution of Rs,crit > 1.5 was  con-
idered. Performing the 729 virtual experiments resulted in 100%
C18 and Titan C18 columns a) and common rubust space of Acquity HSS C18 and
and 96.3% success rate using the Acquity HSS C18 and Hypersil
GOLD C18 columns, respectively. The lowest resolution (Rs,crit) was
equal to 1.4 with this latter column, which occurs when five param-
eters of the six were set on its + levels. In real life experiments, this
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in ultra-high performance liquid chromatography using Quality by Design
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ituation has low probability to occur. The most influencing param-
ters on the Hypersil GOLD column were the mobile phase pH and
ow rate, while on the Acquity HSS C18 these were tG and flow
ate. To conclude, the two stationary phases showed some minor
ifferences, but in overall they both can be considered as robust
round the same working point. Later on, adjustments may  be done,
f the retention-model was a part of the Drug Master File. With this,
exibility in routine QC work can be increased.

. Conclusion

A workflow was proposed for the first time to compare the res-
lution of an impurity profiling method in a large design space
f 3 measured and 3 calculates variables and to find some possi-
le replacement columns for the method. This strategy is based
n the use of state-of-the-art LC modeling software, allowing to
isually compare the parts of design spaces obtained with different
olumns, where the analytical target profile (ATP) for a selected
ritical resolution is fulfilled. A section of robust spaces can then
asily be found by overlapping design spaces.

In this work, several C18 columns packed with particles of
imilar morphology (sub–2 �m fully porous) were compared to
eparate amlodipine and its main impurities (including basic, acidic
nd neutral like compounds). The selected four stationary phases
Acquity HSS C18, Acquity HSS C18 SB, Hypersil Gold C18 and Titan
18) have some obvious differences in terms of surface area, cover-
ge, carbon load and endcapping, but three of them could provide
aseline separation in the same design space. At the end, by using
C modeling software, it was found that two of the four columns
hare the same working point and are robust around this condition.
herefore, these two columns from different providers (Acquity
SS C18, Hypersil Gold C18) can be interchanged.

The advantage of this approach is the mapping of the reten-
ion behaviour of the compounds of interest (and not common test
olutes) in an entire 3D design space, instead of some selected con-
itions (as suggested by earlier column tests). By using 50 × 2.1 mm

olumns, the resolution in the entire design space can be modeled
n the basis of only 2–3 h experimental work.

By applying this approach, a replacement column can easily be
roposed at the early stage of method development.
 Biomedical Analysis 146 (2017) 220–225 225

References

[1] International Conference on Harmonization Q2(R1) Guideline, Validation of
Analytical Procedures: Text and Methology, 2005.

[2] USP. XIX Fourth Supplement.
[3] R. Kormány, J. Fekete, D. Guillarme, Sz. Fekete, Reliability of simulated

robustness testing in fast liquid chromatography, using state-of-the-art
column technology, instrumentation and modelling software, J. Pharm.
Biomed. Anal. 89 (2014) 67–75.

[4] K. Kimata, K. Iwaguchi, S. Onishi, K. Jinno, R. Eksteen, K. Hosoya, M.  Arki, N.
Tanaka, Correlation between a preparation method and retention behavior of
stationary phase, J. Chromatogr. Sci. 27 (1989) 721–728.

[5] M.R. Euerby, P. Petersson, Chromatographic classification and comparison of
commercially available reversed-phase liquid chromatographic columns
using principal component analysis, J. Chromatogr. A 994 (2003) 13–36.

[6] M.R. Euerby, P. Petersson, Chromatographic classification and comparison of
commercially available reversed-phase liquid chromatographic columns
containing polar embedded groups/amino endcappings using principal
component analysis, J. Chromatogr. A 1088 (2005) 1–15.

[7] M.R. Euerby, P. Petersson, Chromatographic classification and comparison of
commercially available reversed-phase liquid chromatographic columns
containing phenyl moieties using principal component analysis, J.
Chromatogr. A 1154 (2007) 138–151.

[8] L.R. Snyder, J.W. Dolan, P.W. Carr, The hydrophobic-subtraction model of
reversed-phase column selectivity, J. Chromatogr. A 1060 (2004) 77–117.

[9] L.R. Snyder, J.W. Dolan, D.H. Marchand, P.W. Carr, The
hydrophobic-Subtraction model of reversed-Phase column selectivity, in: N.
Gindberg (Ed.), Advances in Chromatography, vol. 50, CRC Press, 2012, pp.
297–376.

10] J. Nawrocki, The silanol group and its role in liquid chromatography, J.
Chromatogr. A 779 (1997) 29–72.

11] A. Mendez, E. Bosch, M.  Rosés, U.D. Neue, Comparison of the acidity of
residual silanol groups in several liquid chromatography columns, J.
Chromatogr. A 986 (2003) 34–44.

12] D.V. McCalley, Liquid chromatographic separations of basic compounds, in: E.
Grushka, N. Gindberg (Eds.), Advances in Chromatography, vol. 46, CRC Press,
2007, pp. 305–348.

13] A.H. Schmidt, M.  Stanic, I. Molnár, In silico robustness testing of a compendial
HPLC purity method by using of a multidimensional design space build by
chromatography modeling — case study pramipexole, J. Pharm. Biomed. Anal.
91 (2014) 97–107.

14] R. Kormány, I. Molnár, J. Fekete, D. Guillarme, S. Fekete, Robust UHPLC
separation method development for multi-API product amlodipine and
principles, J. Pharm. Biomed. Anal. 80 (2013) 79–88.

http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0005
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0015
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0020
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0025
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0030
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0035
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0040
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0045
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0050
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0055
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0060
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0065
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0070
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075
http://refhub.elsevier.com/S0731-7085(17)31685-0/sbref0075

	A workflow for column interchangeability in liquid chromatography using modeling software and quality-by-design principles
	1 Introduction
	2 Experimental
	2.1 Chemicals, columns
	2.2 Equipment and software

	3 Results and discussion
	3.1 Preliminary experiments
	3.2 Design of experiments (DoE)
	3.3 Calculation of a 3D-Critical resolution space (CRS) also called method operable design region (MODR)
	3.4 Column interchangeability
	3.5 Robustness testing

	4 Conclusion
	References


