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Fusion uses data transformation analysis to decide
whether data transformation is necessary before model-
ing, and then uses analysis of variance (ANOVA) and re-
gression to generate method response models. ANOVA
provides objective and statistical rationale for each con-
secutive modeling decision. Model residual plots are
fundamental tools for validating the final method re-
sponse models. When a model fits the DOE data well,
the response residuals should be distributed randomly
without any defined structure, and normally. A valid
method response model provides the deepest

understanding of how a method response, such as reso-
lution, is affected by critical method parameters.

Since Fusion relies on models for chemistry screening,
mean optimization, and robustness optimization, it is
critical to holistically evaluate each method response
model from all relevant model regression statistics to as-
sure model validity before multiple method response
optimization. Inappropriate models will lead to poor
prediction and non-robust methods. This paper will de-
scribe the holistic evaluation approach used to develop a
robust chromatographic method with Fusion QbD.

Table 1 The experimental matrix of the modified CCC design

Run No. (A) Pump flow rate
(mL/min)

(B) Final strong
solvent (%)

(C) Oven
temperature (°C)

(D) EDTA additive
concentration (mM)

Predicted response
variance (%)

1a 0.9 35.0 26.0 0.50 16.67

2b 0.8 33.0 28.0 0.45 10.80

3b 1.0 33.0 28.0 0.45 10.87

4b 0.8 37.0 28.0 0.45 10.87

5b 1.0 37.0 28.0 0.45 16.67

6b 0.8 33.0 28.0 0.55 16.85

7b 1.0 33.0 28.0 0.55 17.02

8b 0.8 37.0 28.0 0.55 17.02

9b 1.0 37.0 28.0 0.55 17.21

10d 0.8 33.0 28.0 0.45 10.80

11d 1.0 33.0 28.0 0.45 10.87

12d 0.8 37.0 28.0 0.45 10.87

13a 0.7 35.0 30.0 0.50 16.91

14a 1.1 35.0 30.0 0.50 17.14

15a 0.9 31.0 30.0 0.50 16.91

16a 0.9 39.0 30.0 0.50 17.14

17a 0.9 35.0 30.0 0.40 16.67

18a 0.9 35.0 30.0 0.60 17.41

19c 0.9 35.0 30.0 0.50 10.00

20c 0.9 35.0 30.0 0.50 10.00

21c 0.9 35.0 30.0 0.50 10.00

22b 0.8 33.0 32.0 0.45 16.85

23b 1.0 33.0 32.0 0.45 17.02

24b 0.8 37.0 32.0 0.45 17.02

25b 1.0 37.0 32.0 0.45 17.21

26b 0.8 33.0 32.0 0.55 17.32

27b 1.0 33.0 32.0 0.55 16.16

28b 0.8 37.0 32.0 0.55 16.16

29b 1.0 37.0 32.0 0.55 16.16

30a 0.9 35.0 34.0 0.50 17.41

Parameter
ranges

0.7–1.1 33–37 26–34 0.4–0.6

Each run is labeled with the type of design point: a, star points; b, factorial points; c, triplicate replications at the center point (the nominal conditions); and d,
model robustness points by run 10, 11, and 12, which are the duplicate replications of the factorial points by run 2, 3, and 4, respectively
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Results
Representative chromatogram under nominal conditions
Careful planning and pre-runs executed at select star
points allowed for successful execution of the DOE with
all expected peaks eluting within the running time for all
the 30 runs. A representative chromatogram at the nom-
inal conditions is shown in Fig. 1. The API peak
(C1112299299-C) and the Epimer peak (C112299299-C-
epimer) can be seen, as well as seven minor impurity
peaks, among which impurity 2 and impurity 3 elute at
8.90 and 10.51 min, respectively. The inset shows the
full-scale chromatogram.

Results for statistical validation of the DOE models
ANOVA and regression data analysis revealed many
DOE models for various peak responses. The major nu-
meric regression statistics of the peak response models
are summarized in Table 2.

MSR (mean square regression), MSR adjusted, and
MS-LOF (mean square lack of fit) are major numeric
statistics for validating a DOE model. A model is statisti-
cally significant when the MSR � the MSR significance
threshold, which is the 0.0500 probability value for stat-
istical significance. The lack of fit of a model is not sta-
tistically significant when the MS-LOF � the MS-LOF
significance threshold, which is also the 0.0500 probabil-
ity value for statistical significance. The MSR adjusted
statistic is the MSR adjusted with the number of terms
in the model to assure a new term improves the model
fit more than expected by chance alone. For a valid
model, the MSR adjusted is always smaller than the
MSR and the difference is usually very small, unless too

many terms are used in the model or the sample size is
too small.

Model Term Ranking Pareto Charts for scientific
validation of DOE models
DOE models are calculated from standardized variable
level settings. Scientific validation of a DOE model
through mechanistic understanding can be challenging
when data transformation before modeling ostensibly in-
verts the positive and negative nature of the model term
effect. To overcome this challenge, Model Term Ranking
Pareto Charts that provide the detailed effects of each
term in a model were employed. See Fig. 2 for details.

The chart presents all terms of a model in descending
order (left to right) based on the absolute magnitude of
their effects. The primary y-axis (model term effect)
gives the absolute magnitude of individual model terms,
while the secondary y-axis (cumulative percentage) gives
the cumulative relative percentage effects of all model
terms. Blue bars correspond to terms with a positive ef-
fect, while gray bars correspond to those with a negative
effect. The Model Term Ranking Pareto Charts for all
models are summarized in Fig. 2, except the two “cus-
tomer” peak area models with a single term and the two
Cpk models.

Discussion
AQbD relies on models for efficient and effective chem-
istry screening, mean optimization, and robustness
optimization of chromatographic methods. It is critical
to “validate” the models both statistically and scientific-
ally, as inappropriate models may lead to impractical
methods. As such, this section will discuss statistical and

Fig. 1 A representative chromatogram under nominal conditions
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scientific validation of the DOE models. After the
models were fully validated for all selected individual
method responses, the method MODR was substantiated
by balancing and compromising among the most im-
portant method responses.

Statistical validation of the DOE models
As shown in Table 2, the MSR values ranged from
0.7928 to 0.9999. All MSR values were much higher

than their respective MSR threshold, which ranged
from 0.0006 to 0.0711, indicating that all models were
statistically significant and explained the correspond-
ing chromatographic response data. The MSR ad-
justed values were all smaller than their respective
MSR values, and the differences between the two was
always very small (the largest difference was 0.0195
for the API plate count model), indicating that there
was no overfitting for the models. There was slight

Table 2 Major model regression statistics of various chromatographic responses

Response MSR MSR adjusted MSR threshold MS-LOF MS-LOF threshold

API area (default) 0.9913 0.9906 0.0022 0.0006 0.0041

Epimer area (default) 0.9902 0.9895 0.0024 0.0008 0.0026

API area (customer) 0.8191 0.8124 0.0282 0.0081 0.0026

Epimer area (customer) 0.8481 0.8425 0.0237 0.0068 0.0017

API plate count 0.9101 0.8906 0.0516 0.0206 0.0716

API RT (min) 0.9988 0.9984 0.0009 0.0003 0.0028

Epimer RT (min) 0.9986 0.9982 0.0009 0.0004 0.0014

Impurity 2 RT (min) 0.9988 0.9986 0.0006 0.0002 0.0014

Impurity 3 RT (min) 0.9983 0.9979 0.0011 0.0004 0.0022

# of peaks 0.8582 0.8356 0.0626 0.0250 0.0613

# of peaks with ≥ 1.5 — resolution 0.7928 0.7889 0.0711 0.0275 0.0400

API plate count Cpk 0.9949 0.9924 0.0059 N/A N/A

# of peaks with ≥ 1.5 — resolution Cpk 0.9999 0.9999 0.0001 N/A N/A

Fig. 2 Model Term Ranking Pareto Charts. Top row from left to right: API area (default), Epimer area (default), API plate count. Middle row from
left to right: API RT, Epimer RT, Impurity 2 RT. Bottom row from left to right: impurity 3 RT, # of peaks, # of peaks with ≥ 1.5 — resolution
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Fig. 5 Trellis overlay graph shows how the size of the MODR (unshaded area) changes as the four method parameters change

Fig. 6 Single overlay graph shows the original as-is method at point
T is not robust (pump flow rate = 0.90 mL/min; final % strong
solvent = 35%; oven temperature = 30 °C; EDTA concentration =
0.50 mM)

Fig. 7 Single overlay graph shows a much more robust method at
point T (pump flow rate = 0.78 mL/min; final % strong solvent =
34.2%; oven temperature = 30.8 °C; EDTA concentration = 0.42 mM)

Dong et al. AAPS Open            (2021) 7:3 Page 12 of 14



thus, criteria for all responses are met in the unshaded
area.

The Trellis overlay graph in Fig. 5 reveals the MODR
from the perspectives of all four critical method parame-
ters, among which flow rate and final percentage of
strong solvent change continuously while oven
temperature and EDTA additive concentration were
each set at three different levels. Figure 5 clearly demon-
strates how the size of the MODR changes with the four
method parameters. The single overlay graph in Fig. 6
shows that the original as-is method (represented by the
center point T) is on the edge of failure for two method
responses, number of peaks (red) and number of peaks �
1.5 resolution (blue), indicating that the original method
is not robust. Conversely, point T in the single overlay
graph in Fig. 7 is at the center of a relatively large un-
shaded area, indicating that the method is much more
robust than the original method.

Conclusion
Through the collaboration of regulatory authorities and
the industry, AQbD is the new paradigm to develop ro-
bust chromatographic methods in the pharmaceutical
industry. It uses a systematic approach to understand
and control variability and build robustness into chro-
matographic methods. This ensures that analytical re-
sults are always close to the product true value and meet
the target measurement uncertainty, thus enabling in-
formed decisions on drug development, manufacturing,
and quality control.

Multivariate DOE modeling plays an essential role in
AQbD and has the potential to elevate chromatographic
methods to a robustness level rarely achievable via the
traditional OFAT approach. However, as demonstrated
in this case study, chromatography science was still the
foundation for prioritizing method inputs and responses
for the most appropriate DOE design and modeling, and
provided further scientific validation to the statistically
validated DOE models. Once models were fully validated
for all selected individual method responses, the MODR
was substantiated by balancing and compromising
among the most important method responses.

Developing a MODR is critical for labs that transfer in
externally sourced chromatographic methods. In this
case study, method evaluation using AQbD produced
objective data that enabled a deeper understanding of
method variability, upon which a more robust method
with a much larger MODR was proposed. The in-depth
method variability understanding through AQbD also
paved the way for establishing a much more effective
method control strategy. Method development and val-
idation from a multivariate data driven exercise led to
better and more informed decisions regarding the suit-
ability of the method.
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