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Abstract. Scale-down models are indispensable and crucial tools for process understand-
ing and continuous process improvement in product life-cycle management. In this study, a
scale-down model representing commercial-scale cell culture process of adalimumab
biosimilar HS016 was first developed based on constant power per volume (P/V) principle
and then qualified by multivariate data analysis (MVDA) and equivalence test method. The
trajectories of the bench-scale process lie in the middle of the control range of large-scale
process, built by multivariate evolution model based on nutrients, metabolites, and process
performance datasets. This indicates that the small-scale process performance is comparable
with that of the full-scale process. The final product titer, integrated viable cell density
(iVCD), viability, aggregates, acid peak content, total afucosylation level, and high mannose
content recognized as key process attributes (KPAs) or critical quality attributes (CQAs)
were equivalent across the scales upon comparison using equivalence test method. The
qualified scale-down model was then used for process characterization using a definitive
screening design (DSD) where five independent variables including pH, shifted temperature,
inoculation seeding density, viable cell density (VCD) at first feeding, VCD at temperature
shift were evaluated. Three quadratic polynomial models for final product titer, aggregation,
and high mannose were then established using the DSD results. The design space was finally
developed using a probability-based Monte Carlo simulation method and was verified with
the operation setpoint and worst-case condition. The case study presented in this report
shows a feasible roadmap for cell culture process characterization.

KEY WORDS: scale-down model; cell culture; multivariate data analysis; equivalence test; definitive
screening design.

INTRODUCTION

The objective of pharmaceutical process development is
to establish a robust and well-controlled manufacturing
process being capable of consistently delivering a cost-
effective and high-quality product in product life-cycle (1).
Process characterization is a principal tool to enhance the
process understanding and avoid process deviations and
batch failure. By means of identifying critical process
parameters (CPPs), critical material attributes (CMAs), and
critical quality attributes (CQAs) for a given product and
process and then exploring the linkage between CPPs/CMAs
and CQAs, process characterization applying a quality by
design (QbD) principle helps to establish the design space for

whole process and leads to a risk-based control strategy for
efficient manufacturing (2). For biologics, it is impractical to
perform process characterization at full-scale due to high cost,
resource limitation, and a huge work undertaking to evaluate
hundreds of independent variables. According to ICH
guidelines, justified small-scale models being representative
of the proposed commercial process can be used to support
process design studies (3). Therefore, developing and quali-
fying a scale-down model is indispensable for process
characterization and understanding.

Being different from the scaling-up process, a scale-down
model should have a similar or some aspect similar perfor-
mance of the production-scale process. Therefore, the scale-
down models must be qualified after being established to
ensure that they have a predictable relationship with full-scale
process performance.

Several statistical tools have been applied for scale-down
model qualification including risk analysis, Student’s t test,
quality range approach, equivalence test, and multivariate
data analysis (MVDA) (4–8). The Student’s t test is
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considered incompetent for this kind of compatibility since
the acceptance of the null hypothesis means there is
insufficient data to reject it and it does not prove there is no
difference, whereas the rejection of the null hypothesis means
difference which may be too small to be clinically meaningful
(5). Conversely, equivalence test, also known as two one-
sided t tests (TOST), tries to reject the null hypothesis of
inequivalence to demonstrate that the two sets of datasets are
within a meaningful margin (9). Equivalence test, widely used
to demonstrate comparability in clinical trials and chemistry,
manufacturing, and controls (CMC) studies, has recently
been reported to apply into scale-down model qualification
(5,6,9–11). Nevertheless, the aforementioned methods are
limited by individual CQA or CPP comparability and
therefore cannot capture the linkage and relationships among
variables. Multivariate data analysis (MVDA) method pro-
vides a simple approach to compare the complex process by
projecting the multidimensional datasets into a few principal
components and allow researchers to explore the potential
linkage among variables. The MVDA method had been
reported using comparability study of cell culture process
across scales (7,8,12).

Traditionally, a two-step experimental design has been used
for process characterization. First, a low-resolution screening
design is explored, and then the response surface design for
design space exploration, such as central composite design and
Box-Behnken design, is implemented (13). As cell culture
process usually lasts for several weeks from seed recovery to cell
harvest, high cost of manpower and material resources must be
considered. Recently, a novel one-step design method named
definitive screening design (DSD) requiring as few as 2 K + 1
experiment runs for K independent variables was proposed by
Jones andNachtsheim (14). In DSDmethod, themain effects are
uncorrelated with two-factor interactions and quadratic effects,
and two-factor interactions are not confoundedwith each other, a
key advantage over standard screening design. Therefore,DSD is
more efficient than the standard approach in one design for
identifying main linear effects, main quadratic effects, and two-
factor interactions based on the sparsity-of-effects principle (15).
The DSD approach is being increasingly employed in process
development and characterization of biologics (16–18).

In this study, a scale-down model representing
commercial-scale cell culture process of adalimumab
biosimilar HS016 was developed first and then qualified for
process comparability by a MVDA method combined with an
equivalence test method for key process attributes (KPAs)
and CQAs comparison across scales. The qualified scale-
down model was then used for process characterization
studies using a definitive screening design. The design space
was finally developed using a probability-based Monte Carlo
simulation method.

MATERIALS AND METHODS

Cell Line and Media

A recombinant CHO-S cell line expressing adalimumab
biosimilar HS016 supplied by Zhejiang Hisun Pharmaceutical
Co. Ltd. (Taizhou, China) was used in this study. A
proprietary basal serum-free media and feed solutions were
applied for seed expansion and cell culture process.

Cell Culture

A 750-L stainless-steel bioreactor (Sartorius Stedim AG,
Goettingen, Germany) with a working volume of 500-L was
operated for production-scale manufacturing. Nine batches with a
temperature-shift fed-batch process for performance qualification
and clinical studies were produced. In-process data and process
and product quality attributes were collected for scale-downmodel
qualification. The bench-scale model developing and design space
exploration studies were carried out in 3-L glass Applikon
bioreactors (Applikon, Schiedam,Netherlands)with a 2-Lworking
volume. The seed was thawed and expanded in consecutive
disposal spinner flasks or shake flasks similar to full-scale
manufacturing. The culture duration was 11 to 12 days with a
bolus feeding at pre-determined viable cell density (VCD). The
temperature, dissolved oxygen (DO), and pH, recognized as scale-
independent variables, were kept consistent across scales. Constant
power per volume (P/V) was selected as scaling down criterion.

Analytical Methods

Daily samples were collected aseptically for viability, VCD,
nutrients and metabolites, and product titer as described below.
The viability and VCD were measured by Countstar (ALIT Life
Science, Shanghai, China), and integral of viable cell density
(iVCD) was calculated based on VCD (19). Nutrients and
metabolites including glucose, lactate, ammonia, sodium, and
potassium were tested using NOVA BioProfile 400 (NOVA
Biomedical, Waltham, USA). The HS016 product titer was
determined by a HPLC method with Protein A column after
clarification. The recombinant antibody in harvested cell culture
fluid was captured by a qualified scale-down Protein A chroma-
tography and used for CQAs analysis. A cation exchange (CEX)
HPLC method was used for charge variant quantification
following carboxypeptidase B (YaxinBio, Shanghai, China)
digestion. A size exclusion chromatography (SEC) HPLC
method was applied for aggregates analysis. The N-glycosylation
profile was characterized by a HPLC method after enzymatic
cleavage of glycans by N-glycanase (Prozyme, Hayward, USA)
and labeling by InstantPC dye (Prozyme, Hayward, USA). High
mannose content including Man5, Man6, Man7, and Man8 was
calculated by HPLC method. Total afucosylation level was then
obtained by the sum of afucosylation and high mannose content.
Agilent 1260 infinity series HPLC system (Agilent Technologies,
Inc., Santa Clara, USA) was used for HPLC analysis.

Design of Experiments

The DSD was applied to investigate five independent
variables including pH, shifted temperature, inoculation
seeding density, VCD at first feeding, and VCD at temper-
ature shift. The independent variables and abbreviations are
listed in Table I. The final antibody titer and CQAs including
aggregates, acid peak, total afucosylation level, and high
mannose content were evaluated as dependent variables. The
experimental conditions are listed in Table II.

Statistical Analysis

MVDA combined with the equivalence test was used for
scale-down model qualification. SIMCA software (v14.1,
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Umetrics AB, Sweden) was applied to generate a batch level
partial least square (PLS) model based on nine batches of cell
culture process datasets at 500-L full-scale. Eight variables were
included in the process comparability analysis: product titer,
iVCD, viability, glucose, lactate, ammonia, sodium, and sodium/
potassium. The six bench-scale datasets were then imported for
process comparability assessment. Equivalence test was
employed for comparability study using Minitab (v18.1, Minitab
Inc., State College, USA). The KPAs or CQAs were considered
comparable between scales if the (1-2α)100% two-sided confi-
dence interval (CI) of the mean difference is within an
equivalence margin (− δ, δ). The α and δ were set at 0.05 and 3
standard deviations of full-scale data, respectively.

The DSD model fitting was finished by JMP Pro software
(v13.0.0, SAS Institute Inc., Cary, USA), and the design space was
explored by MODDE Pro (v11.0.1.1878, Umetrics AB, Sweden)
using a probability-based Monte Carlo simulation method. The
limit of failure probability was set at 1% with 50,000 times
iterations. The model error was included, and the simulation
resolutionwas set at 16. The regression equations are shownbelow:

Yi ¼ β0 þ ∑
5

i¼1
β iXi þ ∑

5

i> j
β ijXiX j þ ∑

5

i¼1
β iiX

2
i

where Yi is the dependent variable, Xi and Xj represent indepen-
dent variables, β0 is constant, and βi, βij, and βii are the regression
coefficients for linear, interaction, and quadratic terms, respectively.

Design Space Verification

The operation setpoint and worst-case condition in
design space were identified and chosen for design space
verification as listed in Table III. The studies at each
condition were repeated three times. Average relative
deviation (ARD) values were calculated as below for
verification:

ARD ¼ EV−PV
EV

� 100%

where EV and PV are experimental and predicted values,
respectively.

RESULTS AND DISCUSSION

Scale-down Model Development and Qualification

The scaling-up principles and approaches are instructive
for scaling down a cell culture process (7). Scale-dependent
and scale-independent variables were identified first. Seed
density, pH, culture temperature, DO, and feeding VCD
recognized as scale-independent variables were kept consis-
tent across scales, whereas scale-dependent variables such as
agitation were adjusted for flow field and mass transfer
similarity. For a stainless-steel bioreactor process, several
strategies based on agitation and aeration criteria have been
developed for scale-dependent variable transformation, in
which constant power per unit volume (P/V) and volumetric
mass transfer coefficient (kLa) are most commonly used
(20,21). In our study, constant P/V was selected for agitating
determination to mimic the large-scale mass transfer and heat
transfer. Datasets from nine cell culture batches of HS016
were collected and taken as the baseline for scale-down
model development. Six repeated bench-scale batches were
performed, and the datasets were used for comparison. To

Table I. Independent Variables Evaluated in the Definitive Screening
Design

Independent variables Unit Abbreviation

pH / A
Shifted temperature oC B
Inoculation seeding density 106 cells/ml C
VCD at first feeding 106 cells/ml D
VCD at temperature shift 106 cells/ml E

Table II. Definitive Screening Design and Experimental Data of Responses

Factors Responsea

Run
order

A :
pH

B: Shifted
temperature

C :
Inoculation
seeding
density

D :
VCD
at first
feeding

E: VCD at
temperature
shift

Y 1 :
Final
product
titer

Y2:
Aggregates

Y3: Acid
peak

Y4: Total
afucosylation
level

Y5: High
mannose
content

1 − 1 0 1 − 1 − 1 0.60 0.72 0.77 1.00 0.47
2 − 1 1 − 1 − 1 1 0.79 0.83 0.63 0.94 0.83
3 1 0 − 1 1 1 0.74 0.61 0.78 0.92 0.92
4 − 1 − 1 1 0 1 0.92 1.00 0.77 0.96 0.76
5 − 1 − 1 − 1 1 0 0.92 0.89 0.80 0.98 0.62
6 0 1 1 1 1 0.98 0.67 0.93 0.91 1.00
7 1 − 1 0 − 1 1 0.43 0.94 0.76 0.91 0.98
8 − 1 1 0 1 − 1 0.82 0.56 0.68 0.93 0.97
9 1 − 1 1 1 − 1 0.47 0.83 0.79 0.90 1.00
10 0 − 1 − 1 − 1 − 1 0.58 0.94 0.82 0.99 0.59
11 1 1 − 1 0 − 1 1.00 0.78 1.00 0.97 0.66
12 1 1 1 − 1 0 0.68 0.67 0.73 0.95 0.76
13 0 0 0 0 0 0.87 0.94 0.69 0.97 0.61

aThe responses were divided by the maximize value in column for normalization
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demonstrate the applicability of the scale-down model, a
combination of MVDA and equivalence test method was
used for model performance qualification.

For cell culture process comparison, a PLS batch
evolution model, one of the most popular MVDA techniques
(8), was created first based on process datasets of nine full-
scale HS016 cell culture batches. The model R2 and Q2 were
97.2% and 95.6% showing a good fit and predictability,
respectively. The independent variables were projected into
four principal components, which are linear combinations of
the original variables. The first principal component,
representing the direction of greatest variability in the data,
explained as most as 92.8% of the total variance. The scores
of the first principal component are the weighted
combinations of those variables shown in Fig. 1. The batch
statistical process control chart displaying the score value of
the first principal component over culture day for HS016 full-
scale batches is plotted in Fig. 2a. The control range with 3
standard deviations from full-scale means is plotted as red
dotted lines. The cell culture process at 500-L scale seems to
be well-controlled. The model was then applied to predict
performance at 3-L scale imported with the same process
variables. Figure 2b shows the predicted score of the first
principal component of bench-scale batches process over
culture day. The trajectories of the bench-scale process are all
in the middle of the control range of large-scale process
indicating that the small-scale process performance is com-
parable with that of the full-scale process.

Equivalence test was used to compare KPAs at multiple
levels including final product titer, iVCD, and viability. The
CQAs included aggregates, acid peak, total afucosylation
level, and high mannose content from different scales. The
most crucial and challenging aspect of equivalence test is
establishing a reasonable equivalence margin, representing
the maximum difference in means having no practical
scientific impact. A subject matter expert definition, specifi-
cations, or other decision-making limits can be taken as
equivalence margin (22). Recently, the X fold function of the
variability of the reference product has been considered as
the equivalence margin for its applicability with a limited
sample size (11). In our approach, the equivalence margin
was set at 3 standard deviation of HS016 full-scale data. The
equivalence tests results are shown as Fig. 3. The 90% CI of
mean differences of all KPAs and CQAs between two scales
divided by equivalence margin fully falls within the normal-
ized margin. Therefore, equivalences are concluded for all
the attributes between two scales.

The combined result of the MVDA and equivalence test
demonstrates that the scale-down cell culture model accu-
rately mimics the full-scale system and is suitable for use in
future process characterization studies.

DSD Model

The DSD method was used for experiments design and
model development. Five independent variables including
pH, shifted temperature, inoculation seeding density, VCD at
first feeding, and VCD at temperature shift, recognized as
CPPs with a potential high risk or not well-controlled during
HS016 cell culture process, were evaluated. The final product
titer and four CQAs including aggregates, acid peak, total
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Fig. 1. Loading column plot of the first principal component. The y-axis w* are weights of
original independent variables to calculate the scores of principal components

Fig. 2. a Score plot of the first principal component over culture day in the full-scale
multivariate model (n = 9). b Predicted score plot of bench-scale data generated from 2-L
bioreactors (n = 6). Green dashed lines represent the mean of the first principal
component. Red dashed lines represent control range with 3 standard deviations from
the means. CS and BS are full-scale and small-scale batches, respectively
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afucosylation level, and high mannose content were taken as
dependent variables. The DSD design and experimental
results are listed in Table II.

To identify active main effects and second-order effects,
a two-stage modeling method was applied for data analysis
with a forward stepwise regression. This was followed by all-
subsets regression with heredity restriction. The values of
corrected Akaike information criterion (AICc) and Bayesian
information criterion (BIC) were calculated and applied for
model determination with best prediction capability (23). No
acceptable model was found for acid peak indicating that
there was no significant relationship between independent
variables and acid peak content in the study range. Although

a regression model was found for total afucosylation, the
normalized value changed from 0.90 to 1.00 (Table III)
showing that the independent variables in the study range
have little effect on total afucosylation. Therefore, the model
for total afucosylation was excluded from following design
space exploration.

Three quadratic polynomial models for final product titer,
aggregates, and high mannose content were then established,
respectively. The regression coefficients and P values are listed
in Table IV. The model equations are shown below:

Final titer ¼ 0:871−0:073Aþ 0:095B−0:038C þ 0:085D
þ 0:039Eþ 0:088AB−0:153D2

Aggregates ¼ 0:941−0:017A−0:109B−0:016C−0:054D
þ 0:022Eþ 0:051ACþ 0:035CD

−0:185D2

HighMannose ¼ 0:667þ 0:067Aþ 0:027Bþ 0:037C
þ 0:088Dþ 0:080E−0:123ABþ 0:150B2

Results showed that the final product titer was between 0.43
and 1.0, and the aggregation and high mannose contents ranged
from 0.56 to 1.0 and 0.47 to 1.0 as shown in Table III, respectively.
The R2 and adjusted R2 were higher than 96% and 90% for all
three models respectively, meaning good fit of the data. The
contour plots of models are shown in Figs. 4, 5, and 6. As shown
in Fig. 4, the cell culture pH and shifted temperature showed a
negative and positive effect on final product titer, respectively. A
significant interaction between culture pH and shifted
temperature is also found to positively influence the final
product titer. The pH and temperature have been reported to
impact glucose consumption, base consumption, and lactose
production, and consequently change the antibody expression
(24). The unwanted impurity aggregates that can cause enhanced
immunogenicity or reduced efficacy with a high risk should be
controlled during HS016 cell culture (25). The linear and
quadratic terms of VCD at first feeding significantly affect the
product titer and aggregation as seen in Fig. 4 and Fig. 5. As the
VCD at first feeding increased, both product titer and aggregates
initially increased but then decreased. Temperature was inversely
related to aggregates where higher temperature helps to reduce
the aggregation. Glycans known to affect the clinical

Fig. 3. Equivalence test results of final product titer, iVCD, viability,
aggregates, acid peak content, total afucosylation level, and high
mannose content from different scales. The equivalence margin was
set as 3 standard deviations of full-scale data. The black vertical lines
marked as − 1 and 1 represent normalized equivalence margin. The
black bars represent the 90% CI of the mean difference between
scales divided by equivalence margin

Table IV. Coefficients and ANOVA Results for Independent Variables

Terms Final product titer Aggregates High mannose content

Coefficient P value Coefficient P value Coefficient P value

Constant 0.871 < 0.0001 0.941 < 0.0001 0.667 < 0.0001
A − 0.073 0.0096 − 0.017 0.2298 0.067 0.0155
B 0.095 0.0032 − 0.109 0.0008 0.027 0.2065
C − 0.038 0.0872 − 0.016 0.2536 0.037 0.1035
D 0.085 0.0051 − 0.054 0.0109 0.088 0.0052
E 0.039 0.0813 0.022 0.1409 0.080 0.0077
AB 0.088 0.0115 – – − 0.123 0.0020
AC – – 0.051 0.0314 – –
CD – – 0.035 0.0685 – –
B2 – – – – 0.150 0.0116
D2 − 0.153 0.0151 − 0.185 0.0029 – –
R2 – 0.96 – 0.98 – 0.96
Adjusted R2 – 0.91 – 0.93 – 0.90

A, pH; B, shifted temperature; C, inoculation seeding density; D, VCD at first feeding; E, VCD at temperature shift
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performance were taken as high-risk CQAs. The afucosylated
forms affect the ADCC activity and high mannose forms affect
PK profile and ADCC activity (26,27), which are plausible
mechanisms of action of adalimumab for Crohn’s disease and
ulcerative colitis indication (28). The pH, VCD at first feeding,
and VCD at temperature shift were found remarkably effecting
on highmannose content, which are all positive effects. Although
the shifted temperature had little effect on highmannose content,
the quadratic term of the independent variable positively
influenced the response, while the interaction between pH and
temperature showed a negative effect.

Design Space Development

Design space is defined as a multivariate combination of
independent variables that deliver a robust quality product

within specification (1). Design space is a key concept in process
characterization and quality by design (QbD), and movement
within it is not considered as a change and allows for regulatory
flexibility. In this study, the final product titer was limited to no
less than 0.4 for example, while the contents of aggregates and
high mannose were set at not more than 1.0. A Monte Carlo
simulation method was then applied for design space explora-
tion. The design space with a 1% probability to fall outside the
specification limits is denoted by green color as shown in Fig. 7.
The irregular design space is factor-interdependent and hard to
describe for industrial manufacturing. Therefore, the largest
hypercube design space for operational simplicity was calculated
and is plotted as a gray dashed frame in Fig. 7. An operation
setpoint, which is a robust or best compromise condition, was
also computed and displayed as arrow crossing. The hypercube
design space and setpoint values are listed in Table V.

Fig. 4. Contour plot of final product titer. A to E represent pH, shifted temperature, inoculation seeding density, VCD at first feeding, and
VCD at temperature shift, respectively

Fig. 5. Contour plot of aggregates. A to E represent pH, shifted temperature, inoculation seeding density, VCD at first feeding, and VCD at
temperature shift, respectively
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Design Space Verification

The worst-case condition in hypercube design space, which
generates the worst performance, was identified with the lowest

final product titer and the highest content of aggregates and high
mannose. The verification experiments were carried out with
the operation setpoint and worst-case condition. The conditions,
prediction results, and experimental results are listed in

Fig. 6. Contour plot of high mannose content. A to E represent pH, shifted temperature, inoculation seeding density, VCD
at first feeding, and VCD at temperature shift, respectively

Fig. 7. Design space plot with a robust setpoint. The final product titer was limited to not less than 0.4, while the content of
aggregates and high mannose content were set at not more than 1.0. The green areas are design space calculated by Monte
Carlo simulation with a probability of failure of less than 1%. The largest hypercube design space is plotted as a gray dashed
frame. The optimal robust setpoint is displayed as arrow crossing

246 Page 8 of 10 AAPS PharmSciTech (2019) 20: 246



Table III. The calculated ARD values for responses are lower
than 5%, indicating that the target specification can be achieved
by conditions within the design space even at the worst-case
scenario.

CONCLUSION

A qualified scale-down model is essential and valuable in
conducting late-stage process characterization and enhancing
process understanding. This study demonstrates the success-
ful establishment of a scale-down mammalian cell culture
model for HS016 and its qualification by MVDA and
equivalence test methods. MVDA approach provides an
effective tool for global process comparability assessment
with multidimensional culture process datasets, whereas the
equivalence test focuses more on high-risk CQAs compar-
ison between scales. The combined method proposed in
this study is effective for scale-down model comparison and
can be applied for other complex dataset comparison like
process change, technology transfer, and process scale-up.

Based on the qualified scale-down model, five indepen-
dent variables were selected and investigated using a DSD
approach. The active main effects, quadratic effects, and
two-factor interaction were identified effectively using only
13 runs. The design space was calculated using a Monte
Carlo simulation method and was verified with the operation
setpoint and worst-case condition. The verified design space
can be extended to full-scale process control and will be
further validated for model suitability at full-scale operation
setpoint. The results of this work indicate that the DSD
approach is powerful for process characterization and early-
stage process development.

The case study presented in this report shows a feasible
roadmap to characterize HS016 cell culture process based
QbD principle and is instructional for other antibody
product study.
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Table V. Design Space and Setpoint of Parameters

Parameters Characterization
range

Design
space

Robust
setpoint

pH − 1 to 1 0.07 to 1 0.47
Shifted temperature − 1 to 1 0.2 to 0.87 0.47
Inoculation
seeding density

− 1 to 1 − 0.87 to 0.2 − 0.47

VCD at first feeding − 1 to 1 0.2 to 1 0.47
VCD at temperature shift − 1 to 1 − 1 to 0.2 0.47
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