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Abstract: Due to the complicated metabolism of mammalian cells, the corresponding dynamic
mathematical models usually consist of large sets of differential and algebraic equations with a
large number of parameters to be estimated. On the other hand, the measured data for estimating
the model parameters are limited. Consequently, the parameter estimates may converge to a local
minimum far from the optimal ones, especially when the initial guesses of the parameter values are
poor. The methodology presented in this paper provides a systematic way for estimating parameters
sequentially that generates better initial guesses for parameter estimation and improves the accuracy
of the obtained metabolic model. The model parameters are first classified into four subsets of
decreasing importance, based on the sensitivity of the model’s predictions on the parameters’ assumed
values. The parameters in the most sensitive subset, typically a small fraction of the total, are estimated
first. When estimating the remaining parameters with next most sensitive subset, the subsets of
parameters with higher sensitivities are estimated again using their previously obtained optimal
values as the initial guesses. The power of this sequential estimation approach is illustrated through a
case study on the estimation of parameters in a dynamic model of CHO cell metabolism in fed-batch
culture. We show that the sequential parameter estimation approach improves model accuracy and
that using limited data to estimate low-sensitivity parameters can worsen model performance.

Keywords: Pharmaceutical Processes; Mammalian Cell Culture; sensitivity analysis; parameter
estimation; Design of Experiments

1. Introduction

The use of biologics, including antibiotics and antibodies, has increased across different
therapeutic areas, and is poised to fuel pharmaceutical revenues and stimulate growth in the
biopharmaceutical market. In 2012, the global sales of biologics reached 124.9 billion in US dollars,
a 10.4% increase over 2011 [1]. More than half of the therapeutic recombinant proteins are produced in
immortalized mammalian cell lines, including Chinese hamster ovary (CHO), baby hamster kidney
(BHK), and mouse myeloma cells (NS0). Dynamic models of cellular metabolism have been developed
to provide insight into the mechanism behind a process, and further enable prediction and optimization
for the productivity of cell cultures [2–5]. These metabolic models in some cases contain hundreds
of rate constants to describe the rate processes occurring in the cell and bioreactor. Very often,
the experimental data set is not large enough to allow for the estimation of all the parameters in
the metabolic model [6]. Usually, only a subset of the parameters might be estimable [7]. Moreover,
parameter estimation presents a difficult challenge due to the complicated, nonlinear structure of the
metabolic models. This problem is exacerbated when some of the parameters have little impact on the
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model’s outputs. A method to systematically select the subset of parameters with the largest impact
on the model outputs would greatly benefit not only parameter estimation, but also model validation.

Sensitivity analysis methodologies, including local and global sensitivity analysis, are widely
applied to select the subset of parameters with the largest impact on the outputs of a metabolic model
to be estimated with available data [8]. The local sensitivity analysis (LSA) approaches calculate the
sensitivity coefficients via partial derivatives of output variables with respect to each model parameter
with given values of input variables and nominal values of other parameters. Once the sensitivity
matrix with sensitivity coefficients as elements has been constructed, a variety of methods, including
orthogonalization algorithm [9,10], the Mean Squared Error-based method [11,12], and the Principal
Component Analysis-based method [13], can be applied to rank the importance of the parameters.
The recent progresses in LSA has been well-reviewed by [7]. As the sensitivity coefficients are calculated
based on the impacts by individual parameters, the LSA approaches do not account for the interaction
impact of multiple parameters, which may significantly affect the output variables of nonlinear and
complicated models.

On the other hand, Global Sensitivity Analysis (GSA), also known as Sobol’s method [14],
calculates the sensitivity coefficients by simultaneously varying all the parameters in the range of
interest. The obtained sensitivity coefficients account for the interaction impact of all the parameters,
as well as the impact of individual parameters. GSA is frequently employed to identify the most
important and sensitive parameters of metabolic models [15–17]. The major limitation of such a
method based on Monte Carlo simulations is that it incurs high computational cost. To reduce the
computational effort, [18] proposed using a meta-model, a Response Surface Methodology (RSM)
model [19], to approximate the original dynamic model comprising a large set of differential and
algebraic equations. Then, the sensitivity analysis is conducted on the simplified meta-model via
Monte Carlo simulations similar to GSA. As the meta-model is an algebraic model, the computational
cost for simulating such a model is drastically less than a dynamic model of cellular metabolism.
Consequently, the sensitivity analysis is completed much faster.

In this paper, we present a new sequential parameter estimation methodology, prioritizing
the estimation of parameters with descending sensitivity indices. We first improved the sensitivity
analysis approach proposed by [18] by eliminating the step of running Monte Carlo simulations on the
meta-model. Instead, we calculate the sensitivity index analytically using the estimated RSM model.
Moreover, we propose a systematic approach to discriminate the parameters into four categories based
on the sensitivity of the model outputs. This allows the modeler to prioritize the estimation of the
model parameters by initially focusing on those with the highest importance or largest sensitivity
indices. We demonstrate the power of the proposed method by successfully identifying the important
parameters in a well-received model of CHO cell metabolism [4] using experimental data. We show
that our sequential parameter estimation method results in a more accurate model compared to when
all of the parameters are estimated simultaneously.

2. Global Sensitivity Analysis

Sobol’s method, or Global Sensitivity Analysis (GSA), varies the parameters of interest
simultaneously over their entire domain to examine the interaction effects among parameters.
The dynamic model of interest is decomposed into sums of orthogonal functions (also known as
summand), as given below.

y = f (θ) = g0 +
n

∑
s=1

n

∑
i1<i2<···<is

gi1···is
(
θi1 , · · · , θis

)
(1)

where y is the output variable, while θ =
[

θ1 θ2 · · · θn

]T
is a column vector with

n parameters as elements. Each orthogonal function g(·) represents the effect of corresponding
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parameters on the output. If the output, y, is affected by two parameters, θ1 and θ2, the expansion of
Equation (1) is given by

y = g0 + g1(θ1) + g2(θ2) + g12(θ1, θ2) (2)

The magnitude of the effect on the output by each variable is related to the variance of the
corresponding orthogonal function, g(·), which is calculated as follows:

D =
∫ b

a f (θ)2dθ− g2
0

Di =
∫ bi

ai
g2

i (θi)dθi

Di1···is =
∫ b

a g2
i1···is

(
θi1···is

)
dθi1···is

(3)

where D =
n
∑

s=1

n
∑

i1<···<is
Di1···is represents the total variance in outputs due to all parameters in the

domain defined by [a, b]. The n × 1 vectors a and b are the lower and upper bounds for the n
parameters, while Di represents the variance in outputs due to parameter θi in the corresponding
range of [ai, bi]. The sensitivity of an output to a parameter is quantified by the Total Sensitivity Index
(TSI), as given below

TSIi =
Di + ∑n

j=1 Dij + ∑n
j=1 ∑n

k=1 Dijk + · · ·
D

(4)

The larger the TSIi, the more strongly the corresponding parameter affects the output. Therefore,
a parameter is considered more important if its TSI is larger. For a complicated model comprising a
system of many nonlinear differential equations, the explicit solution for the summands, g(·), cannot
be obtained. The corresponding variance, and therefore the sensitivity indices, are instead estimated
through Monte Carlo simulations, e.g., using Satelli’s algorithm [20].

3. Sensitivity Analysis Based on In Silico Design of Experiments

To reduce the computational cost, the method proposed by [18] first estimates a Response Surface
Methodology (RSM) model, and then determines the sensitivity index by running Monte Carlo
Simulations on the estimated RSM model. To estimate the RSM model, the parameters, θ, are first
coded in the range of [−1, +1]. For each model parameter θi, the corresponding coded parameter xi is
given by Equation (5).

xi = (θi − θ0,i)/∆θi (5)

Here, θ0,i is the reference value of parameter θi and ∆θi is the half interval in which we expect the
parameter’s optimal value will lie. Both θi and ∆θi are selected by the modeler based on the modeler’s
understanding of the process. If the estimated value of the parameter is at an endpoint of this interval,
the initial choice of the interval might need to be corrected.

To minimize the number of detailed simulations, a D-optimal design [19] of in silico experiments
is performed, where the model parameters are systematically varied in the range of θ0 ± ∆θ around
their nominal values θ0. Customarily, these inputs are transformed into their dimensionless coded
form as defined above. The resulting time-resolved output values, y(t|x) , for the defined combinations
of the coded inputs, x, are collected through the simulation of the metabolic model and are used to
estimate the RSM model of y(t|x) to x. An example of a quadratic RSM model with n coded inputs or
factors is given by

y( t|x) = f (x) = β0 +
n

∑
i=1

βixi +
n

∑
i=1

n

∑
j>i

βijxixj +
n

∑
i=1

βiix2
i (6)

The βi, βij, and βii are coefficients of the RSM model and are estimated by stepwise regression [21]
to avoid overfitting of the model. Instead of conducting a GSA on the complicated system of differential
equations, the GSA is applied to the relatively simple algebraic RSM model as given above for each of
the outputs of interest. Specifically, sensitivity indices are calculated using the outputs obtained by
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varying the coded inputs simultaneously. As shown in [18], the Design of Experiment-based method
significantly reduces the required computational time.

4. Sequential Parameter Estimation

Here we present a new sequential parameter estimation method consisting of an improved method
for the aforementioned sensitivity analysis approach and a systematic way to prioritize the estimation
of subsets of parameters. We first improve the above sensitivity analysis method by eliminating the
step of running Monte Carlo simulations on the estimated RSM model. In the improved method,
the sensitivity index of each parameter is estimated analytically following Sobol’s method, as detailed
below. We here illustrate the proposed approach using a quadratic RSM model, given in Equation (6),
as an example. If a higher-order RSM model is at hand, the sensitivity index of each parameter will be
determined in a similar manner.

Using the definition given by Sobol [14], the orthogonal summands can be solved as follows:

g0 = 1
Ln

∫ +1
−1 f (x)dx = β0 +

1
3

n
∑

i=1
βii

gi(xi) =
1

Ln−1

∫ +1
−1 f (x)dxk 6=i − g0 = βixi + βii(x2

i −
1
3 )

gi,j
(

xi, xj
)
= 1

Ln−2

∫ +1
−1 f (x)dxk 6=i,j − g0 − gi − gj = βijxixj

(7)

Here L is the range of the input variables in the RSM model. The input variables here are the
parameters of the metabolic model. These are coded into the range of [−1, +1]. We use L = 2 to
derive the orthogonal functions as shown in Equation (7). By substituting the orthogonal functions
into Equation (3), we express the variance functions as follows:

Di =
1
L
∫ +1
−1 g2

i (xi)dxi =
1
3 β2

i +
4

45 β2
ii

Di,j =
1
L2

∫ +1
−1 g2

i,j
(
xi, xj

)
dxidxj =

1
9 β2

ij

(8)

Then the total variance is calculated as D =
n
∑

s=1

n
∑

i1<···<is
Di1···is . The total sensitivity indices

are calculated by substituting the variances calculated above into Equation (4). As the quadratic
RSM model accounts for the interaction effect of up to two inputs, the sensitivity index is calculated
as follows.

TSIi =
Di + ∑n

j=1 Dij

D
(9)

The results in Equations (8) and (9) can be easily generalized to estimate higher order (>2)
sensitivity indices. However, this will require the estimation of RSM of higher order.

Each parameter is ranked from most to least important, according to its sensitivity index. Next,
we classify the parameters into three subsets, most important (subset A), important (subset B) and least
important (subset C), based on the percentage of explained output variance. We would like subset A
to explain at least α% of the total output variance, subset B to explain an additional β%, and subset C
to explain another γ% of the variance. The restriction is that (α + β + γ) < 100%. This could leave out
a small percentage of the overall variance, i.e., 100% − (α + β + γ). This small percentage typically
corresponds to the noise in the data and, thus, is of low importance in terms of parameter estimation.
The set of parameters that are not selected in the subsets A, B and C are grouped into subset D. In the
present study, we set the values of α, β, and γ to 50%, 30% and 10%, respectively. The remaining
unexplained variance, 100% − (α + β + γ), is then 10% of the overall and is related to the parameters in
subset D, i.e., parameters which have the smallest effect on the model’s predictions and whose values it
might not be worth adjusting further beyond their initial estimates. More generally, the specific values
of the parameters α, β, and γ are left to the discretion of the modeler, as well as the 100% − (α + β + γ)
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fraction of the variance that could have been addressed by minute adjustments to a possibly large
number of parameters, each one of which has a negligible impact on the model predictions.

Sobol’s sensitivity index represents the ratio of the output variances caused by a certain variable
change to the output variances caused by all variable changes. Therefore, we can quantify the output
variance by a given subset of parameters by directly summing the corresponding sensitivity indices.
Given a set of N total parameters and a subset of S parameters of interest, the percentage of variance is
calculated using the following equation.

η =
∑i∈S TSIi

∑N
j=1 TSIj

× 100% (10)

Using Equation (10) and the selected values for the thresholds α, β, and γ, we divide the
parameters into four subsets, A, B, C, and D. We then sequentially estimate the values of the parameter’s
starting with those in subset A, then those in subsets A and B and finally those in subsets A, B and
C. When we estimate the most important subset of parameters, subset A, we hold the remaining
parameters in subset B, C and D at their nominal values. These nominal values can be obtained from
the literature or approximately estimated based on available knowledge about the process. They will
most likely be equal to the reference values, θ0, defined above. This reduces the dimensionality of the
optimization problem that has to be solved in each parameter estimation task, substantially alleviating
the challenge caused by local minima, especially prevalent when the number of decision variables is
very large. The parameter estimation problem can be defined mathematically as follows:

θ∗S = argmin
θS

M

∑
m=1

K

∑
k=1

(
ŷm,k(θS, θi/∈S = θ0)− ym,k

ym,k

)2

(11)

where θS are the parameters to be estimated and θi/∈S are the parameters to be held at their fixed
nominal values, θ0. Also ŷm, k and ym,k are the values predicted by the model and the corresponding
measured values of species m at time instant k. The above parameter estimation problem is solved
in Matlab’s Optimization toolbox [22] using an interior-point algorithm [23] and fmincon function.
Once the most important parameters in subset A have been estimated, we can estimate the values of
parameters in subset B. In this round of estimation, we will take the optimal values for the parameters
in subset A, θ∗S∈A, and the nominal values for parameters in subset B, θS∈B, as the initial guess to solve
the optimization problem given in Equation (10). Note that the newly estimated parameters in subset A
may be slightly different from the originally estimated nominal values. Next, the parameters in subset
C are estimated together with subset A and B parameters using a similar approach. The initial guesses
for subset C parameters are their nominal values while the initial guesses for subset A and B parameters
are their optimal values obtained in the previous round of parameter estimation. By sequentially
estimating the subsets of parameters of descending importance, we obtain a dynamic model of
improved accuracy compared to the model where all parameters are estimated simultaneously.

5. Results and Discussion

In this section, we apply the proposed method to estimate the model parameters of a complicated
dynamic model of CHO cell metabolism in a fed-batch reactor [4]. The CHO cell model consists of
34 reactions and 51 parameters, and covers major pathways of central carbon metabolism. The model
explicitly accounts for redox- and temperature-dependent changes to pathway activities, and directly
calculates the measured variables, i.e., metabolite concentration time profiles in the reactor, by defining
rate expressions based on extracellular metabolites. The reactions and metabolites involved in the
model are visualized in Figure 1.

There are two types of parameters of the CHO cell model: four parameters related to the process
operation and 47 kinetic parameters. The process parameters are the shift temperature, shift day,
seed density and harvest day. These parameters relate to the operation of the reactor and are selected
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based on the choice of the typical operational ranges. In this work, we fix the process parameter
ranges to their default values [4] and estimate only the kinetic parameters. However, to identify
which process parameters significantly affect the metabolites, we conduct sensitivity analysis for
the process parameters as well. The intervals over which the process parameters (shift temperature,
shift day, seed density and harvest day) will be varied are 31± 3 , 3± 1 day, (3.6± 1.8)× 106 cell/mL,
and 9 ± 1 day, respectively. We label the process parameters #1 to #4.

In Table 1, we define parameters #5 to #51, which refer to the kinetic parameters that have to be
estimated from the experimental data. This table also identifies which model parameters are assigned
to subsets A, B, C, and D. The 47 kinetic parameters include the maximal reaction velocities (vmax),
the half saturation constants (Km), the inhibition constants (Ki) and the temperature dependency
constants (TC). The nominal values for the kinetic parameters are set to the values defined in the
original model [4]. For the present analysis, these parameters are scaled to be in the same order of
magnitude by multiplying each of the parameters with a corresponding scaling factor as given below.

θ0,i = cθ′i (12)

where θ′i is the ith parameter in the original model, while θ0,i is the corresponding scaled parameter
and c is the scaling factor. The values of c and θ0,i are given in columns 2 and 3 of Table 1, respectively.
In each simulation-based sensitivity analysis experiment, the kinetic parameters are varied by ±20% of
the nominal values. To estimate the linear and nonlinear sensitivities of the 51 parameters, we design
a set of 1398 experiments using the D-Optimal design. Of these, 1378 runs are used to estimate the
parameters in a quadratic RSM model, 10 center point runs to represent the expected fed-batch process
variability, and 10 additional runs to estimate the Lack-of-Fit (LoF) statistics. A 4% normally distributed
error is added to all simulation results to reflect the expected normal variability of the process. This is
also the accuracy we expect of the model.

Table 1. Parameter values of CHO Cell model obtained via simultaneous and sequential parameter
estimation.

Parameter Scaling Factor Scaled Parameter Subset A Subset A + B Subset A + B + C Simultaneous

Vmax1 (#05) 0.001 3.8 3.75 3.77 3.46
Ki1 (#06) 0.1 2 1.78
Km1 (#07) 0.1 1 1.02 1.01 0.87

Exp1a (#08) 1 3 3.02 3.02 2.67
Exp1b (#09) 1 1 1.11
TB1b (#10) 1 5 4.39

Vmax2 (#11) 0.001 2.2 2.12
Km2 (#12) 1 6 6.00 5.73

Vmax3f (#13) 0.01 3.5 4.10 4.06 4.07 3.97
Vmax3r (#14) 0.01 1.5 1.51 1.36
Km3a (#15) 1 4 3.97 3.99 3.49
Km3b (#16) 1 2.5 2.16
Km3c (#17) 1 5 5.04 4.55
TC3 (#18) 1 2 2.18

Vmax8f (#19) 0.001 2.2 2.24 2.25 2.21
Vmax8r (#20) 0.01 2 2.31 2.26 2.26 1.97
Km8a (#21) 1 2.5 2.51 2.49 2.27
Km8b (#22) 1 1 0.99 0.95
Km8c (#23) 1 1 1.00 1.01 1.11
TC8b (#24) 1 5 5.33

Vmax9f (#25) 1 1 1.07
Vmax9r (#26) 1 1 0.87

Km9 (#27) 10 7 7.06 7.06 6.06
Vmax10f (#28) 0.01 4.75 4.79 4.82 4.45
Vmax10r (#29) 0.1 2 2.01 2.21
Km10z (#30) 10 3 3.01 3.02 3.06
Km10b (#31) 1 1 0.87
Km10c (#32) 1 2 2.01 1.73
TC10b (#33) 1 1.5 1.49 1.49 1.30
Vmax11 (#34) 10 5.5 5.55 5.58 5.69
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Table 1. Cont.

Parameter Scaling Factor Scaled Parameter Subset A Subset A + B Subset A + B + C Simultaneous

Vmax12f (#35) 10 0.9 0.90 0.89 1.00
Vmax12r (#36) 0.1 2.5 2.35
Km12a (#37) 1 1 0.99 0.99 1.11
Km12b (#38) 1 3 2.60
Vmax13 (#39) 0.1 3 3.33
Km13 (#40) 1 1 1.01 1.07

Vmax16 (#41) 0.001 2.5 2.93 2.91 2.91 2.84
Km16a (#42) 10 4 4.00 4.03 4.44
Km16b (#43) 10 3 3.04 3.06 3.20
Km16c (#44) 0.1 2 2.02 2.01 2.22
TC16b (#45) 1 3 3.09
Vmax17 (#46) 0.01 5.25 5.63 5.67 5.69 5.82

Ki17 (#47) 0.1 3 2.80
Exp17a (#48) 10 5 5.64
Exp17b (#49) 1 1 1.06
Vmax33a (#50) 10 2 2.22
Vmax33b (#51) 10 2 2.03 2.01 1.96

The model calculates values for 48 outputs: 34 reaction or exchange fluxes, 14 external metabolite
concentrations, including biomass and antibody titer. Since the reaction and exchange fluxes depend
on the metabolite concentrations, and the total cell density is directly proportional to biomass, there
are only 14 independent outputs. Therefore, 14 quadratic RSMs are developed for the 14 independent
metabolite concentrations. The inputs, or factors, in these RSM models are the 51 parameters (4 process
and 47 kinetic constants) of the metabolic model whose sensitivity we are trying to assess. The same
fractional error is added to the 10 replicated center point runs, through which the Analysis of Variance
(ANOVA) [19] estimates the normal variability of the process.

Using the 14 RSMs, the sensitivity indices are calculated by applying Equations (8) and (9). For the
case of a single output model, one can simply rank the importance of the parameters according to
their sensitivity indices. For the case of multiple outputs, there could be different rankings for each
parameter with respect to different outputs. Thus, we need to consider the importance of a parameter
to multiple outputs and determine its overall importance. We separate the outputs into two classes:
product class and product-relevant class. The product class comprises only the product output itself.
Based on the sensitivity of each parameter with respect to the product output, we rank the parameters
into four subsets as described previously. The parameters ranked in this fashion are assigned into
subsets A1, B1, C1 and D1, in the order of decreasing importance. We then perform the parameter
rankings again, this time based on the average sensitivities of the parameters with respect to the
product-relevant outputs, and assign the parameters into subsets A2, B2, C2 and D2. We combine
subsets A1 and A2 to form subset A, which contains the most important parameters overall. Subsets
B and C are obtained similarly by combining the corresponding subsets (B1 and B2 and C1 and C2)
subject to the condition that the parameters already assigned to a more important subset are excluded.
For example, the subset B is the union of subsets B1 and B2 but excludes parameters that are in
subset A.

In the CHO cell model case study, the antibody is the desired product. Therefore, we assign this
model output to the product class. The remaining model outputs, i.e., metabolites such as glucose and
lactate, are either substrates utilized by the cell or highly correlated with the antibody. These model
outputs are assigned to the product-relevant class. We calculate the average of sensitivity indices
of the kinetic parameters with respect to these outputs and rank the parameters. We apply the
aforementioned described threshold criteria to identify the two most important subsets of parameters,
A1 and A2 for two classes of outputs that contribute to the desired α fraction (50%) of the variance.
The two subsets are combined to define subset A. Subsets B, C, and D are obtained in a similar manner.

The sensitivity indices of the parameters on the antibody concentration and the averaged
sensitivity indices on the remaining model outputs are plotted in Figure 2a,b, respectively. In general,
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the outputs are strongly sensitive to all four process parameters. In comparison, the sensitivities of the
outputs to the kinetic parameters are more varied.

Processes 2018, 6, x FOR PEER REVIEW  8 of 12 

 

The sensitivity indices of the parameters on the antibody concentration and the averaged 
sensitivity indices on the remaining model outputs are plotted in Figure 2a,b, respectively. In general, 
the outputs are strongly sensitive to all four process parameters. In comparison, the sensitivities of 
the outputs to the kinetic parameters are more varied. 

 
Figure 1. Metabolic pathways of CHO cell model. The 34 reactions are indexed. 14 extracellular 
metabolites, except for CO2 and O2, are modeled. 

  
(a) (b) 

Figure 2. Sensitivity indices of (a) Antibody Concentration (b) Other Measured Metabolites 
Concentration to the parameters in the CHO cell model. In both Figure 2a,b, Parameters 1 to 4 
correspond to the four process variables and parameter 5 to 51 correspond to the 47 kinetic parameters. 

We plot the percentage variance explained of antibody and metabolite concentrations as a 
function of number of parameters in Figure 3a,b, respectively. The four most important parameters 
are two process variables, (#2 and #3), and two kinetic parameters (#20 and #41). Together, these 
account for 50% of the variance of antibody concentration, as shown in Figure 3a. We assign these 
parameters to subset A1. Subset A2 consists of seven parameters, including three process variables, 
#1-3, and four kinetic parameters, #13, #20, #41, and #46. Together, these 7 parameters account for 
50% of the variance of the metabolite outputs, as shown in Figure 3b. We obtain the most important 
subset of parameters, subset A, by combining the kinetic parameters in A1 and A2. We arrive at 
subset A consisting of four parameters, #13, #20, #41, and #46. The process parameters, #1-3, are not 
included in this subset, because they are externally defined by the operating conditions and thus are 
not estimated from the experimental data. In a similar manner, 18 additional important parameters 
are identified and assigned to subset B. Together with the 4 most important parameters of subset A, 
the subset B parameters explain 80% of the variance of the antibody and metabolite concentrations. 

Figure 1. Metabolic pathways of CHO cell model. The 34 reactions are indexed. 14 extracellular
metabolites, except for CO2 and O2, are modeled.

Processes 2018, 6, x FOR PEER REVIEW  8 of 12 

 

The sensitivity indices of the parameters on the antibody concentration and the averaged 
sensitivity indices on the remaining model outputs are plotted in Figure 2a,b, respectively. In general, 
the outputs are strongly sensitive to all four process parameters. In comparison, the sensitivities of 
the outputs to the kinetic parameters are more varied. 

 
Figure 1. Metabolic pathways of CHO cell model. The 34 reactions are indexed. 14 extracellular 
metabolites, except for CO2 and O2, are modeled. 

  
(a) (b) 

Figure 2. Sensitivity indices of (a) Antibody Concentration (b) Other Measured Metabolites 
Concentration to the parameters in the CHO cell model. In both Figure 2a,b, Parameters 1 to 4 
correspond to the four process variables and parameter 5 to 51 correspond to the 47 kinetic parameters. 

We plot the percentage variance explained of antibody and metabolite concentrations as a 
function of number of parameters in Figure 3a,b, respectively. The four most important parameters 
are two process variables, (#2 and #3), and two kinetic parameters (#20 and #41). Together, these 
account for 50% of the variance of antibody concentration, as shown in Figure 3a. We assign these 
parameters to subset A1. Subset A2 consists of seven parameters, including three process variables, 
#1-3, and four kinetic parameters, #13, #20, #41, and #46. Together, these 7 parameters account for 
50% of the variance of the metabolite outputs, as shown in Figure 3b. We obtain the most important 
subset of parameters, subset A, by combining the kinetic parameters in A1 and A2. We arrive at 
subset A consisting of four parameters, #13, #20, #41, and #46. The process parameters, #1-3, are not 
included in this subset, because they are externally defined by the operating conditions and thus are 
not estimated from the experimental data. In a similar manner, 18 additional important parameters 
are identified and assigned to subset B. Together with the 4 most important parameters of subset A, 
the subset B parameters explain 80% of the variance of the antibody and metabolite concentrations. 

Figure 2. Sensitivity indices of (a) Antibody Concentration (b) Other Measured Metabolites
Concentration to the parameters in the CHO cell model. In both Figure 2a,b, Parameters 1 to 4
correspond to the four process variables and parameter 5 to 51 correspond to the 47 kinetic parameters.

We plot the percentage variance explained of antibody and metabolite concentrations as a function
of number of parameters in Figure 3a,b, respectively. The four most important parameters are two
process variables, (#2 and #3), and two kinetic parameters (#20 and #41). Together, these account for
50% of the variance of antibody concentration, as shown in Figure 3a. We assign these parameters to
subset A1. Subset A2 consists of seven parameters, including three process variables, #1-3, and four
kinetic parameters, #13, #20, #41, and #46. Together, these 7 parameters account for 50% of the variance
of the metabolite outputs, as shown in Figure 3b. We obtain the most important subset of parameters,
subset A, by combining the kinetic parameters in A1 and A2. We arrive at subset A consisting of
four parameters, #13, #20, #41, and #46. The process parameters, #1-3, are not included in this subset,
because they are externally defined by the operating conditions and thus are not estimated from the
experimental data. In a similar manner, 18 additional important parameters are identified and assigned
to subset B. Together with the 4 most important parameters of subset A, the subset B parameters explain
80% of the variance of the antibody and metabolite concentrations. Seven additional parameters are
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identified in subset C. The remaining 18 parameters explain the last 10% of the overall variance and
are part of subset D.
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We first estimate the values of subset A parameters, while holding the other parameters fixed
at their nominal values. The estimated values of these parameters in the first cycle of estimation are
listed in Table 1, column 4. The parameters in the other subsets (B, C, and D) are at their nominal
values as given in column 3. The Sum of Squared Error (SSE) between the predicted and measured
outputs is 6.85 as listed in column 2 of Table 2. For comparison, we estimate all 47 parameters
simultaneously using the same data. The SSE associated with the obtained model is 8.36, as given
in column 5 of Table 2. This value is 22% larger than the SSE resulting from the estimation of
only the 4 most important parameters in subset A. Moreover, the computational time for estimating
all 47 parameters simultaneously is 5.48 h, whereas estimating the four parameters in subset A
required only 0.48 h. All nonlinear parameter estimation tasks were performed in MATLAB using the
fmincon function on a personal computer with 4 GB RAM memory and Intel Core i5-2500 (3.3 GHz)
CPU. These results show that as the dimensionality of the parameter estimation problem is reduced,
the accuracy of the model is improved, while the computational time is reduced. The SSE of the original
model [4] is 11.68, which was obtained by estimating all of the model parameters simultaneously
using simulated annealing. The difference between the SSEs of the models with the simultaneously
estimated parameters (this study vs. [4]) suggests that when the dimensionality of the parameter
estimation problem is large relative to the available data, the optimization may converge to different
local minima depending on the algorithm.

Table 2. Comparison Sum of Squared Error of obtained models by sequentially and simultaneously
re-estimating model parameters.

Subset A Subset A + B Subset A + B + C Simultaneous

Sum of Squared Error 6.85 6.63 6.60 8.36
Difference in SSE (%) 1 0 −3.2 −3.7 22.0

Computational Time (h) 0.48 1.25 3.16 5.48
1 The percentage difference uses SSE for subset A as the reference. A positive value means the corresponding SSE is
larger than the SSE of subset A while negative value indicates a smaller SSE than the one of subset A.

By using the estimated values of the parameters in subset A in the first round as the initial guess,
we estimate the parameters in subsets A and B in the next round. The initial values of the subset
B parameters are their scaled values in column 3 of Table 1. The parameter values estimated in the
second round are given in column 5 of Table 1. The corresponding SSE is 6.63 and it is given in column
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3 of Table 2. With 18 additional parameters in subset B estimated, the SSE is only slightly (3.3%) smaller
than the SSE obtained after the first round, while the computational time increases to 1.25 h from
0.48 h. This confirms that the parameters in subset B have a smaller impact on the model accuracy
compared to subset A. With the best parameter values for subsets A and B as the initial guesses for
the respective parameters, we estimate in the third round the 7 parameters in subset C, as well as the
parameters in subsets A and B. After the third round, the SSE is further reduced by 0.5%. This very
modest improvement in SSE again underscores that the most important parameters identified in subset
A have the largest impact on model accuracy. Indeed, estimating just the 22 parameters in subsets A
and B, while keeping the remaining 25 parameters fixed at their nominal values would have yielded
a model that is just as accurate as the model obtained by estimating all parameters in subsets A, B,
and C.

Taken together, the above results suggested that the sequential parameter estimation strategy
could yield a more accurate model, while also reducing the computational time required for parameter
estimation. To visually assess the accuracy of the sequentially estimated model, we plotted the
model outputs obtained with the different parameter estimation strategies (Figure 4). For comparison,
the experimental data used to estimate the original model [4] are also plotted in the same figure.
The concentrations predicted by the model with simultaneously estimated parameters (Model 1) are
shown in dashed lines, while the concentrations predicted by the model in which only the four most
important parameters (subset A) are estimated (Model 2) are shown in solid line. Model 2 has a
more accurate prediction in the concentrations of antibody (ANTI), the output of the greatest interest.
In addition, Model 2 more accurately predicted the BIOM, GLC, ASP and SER concentration profiles.
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Figure 4. Comparison between predictions by the new model with 4 most sensitive parameters
estimated (—) with predictions by the model with all parameters estimated simultaneously (–).
The experimental data from [4] are shown, as well (�). The x-axis is the culture time in days and y-axis
is the concentration in mM, except for the viable cell density (VCD) which is 106 cells/mL.

6. Conclusions

In this paper, we propose a sequential parameter estimation approach to improve the accuracy of
the obtained model. The parameters to be estimated are first assigned to four subsets, A, B, C, and
D, based on how sensitive the model predications are on the parameter values, quantified by their
sensitivity indices. The parameters in subsets A, B and C correspond to the most important, important,
and less important parameters, respectively. The least important parameters are grouped in subset
D, and contribute only 10% to the model’s outputs. The sensitivity indices are calculated using a
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refined approach originating from the global sensitivity analysis via RSM model proposed by [18].
Instead of running Monte Carlo simulations on the estimated RSM models, we analytically calculate
the sensitivity indices of each parameter. This further reduces the computational cost.

In the proposed sequential estimation of model parameters, one initially estimates the parameters
in subset A, then in sets A and B. If enough data is available, the parameters in subsets A, B and C
are then estimated. As shown in this paper, fitting the parameters in subset D will have negligible
impact on the model’s accuracy. When we estimated all the parameters simultaneously, including
those in subset D, we obtained a statistically less accurate model, which confirms the efficacy of the
proposed method. Avoidance of local minima in the related optimization task is conjectured to be the
main reason for the superior performance of the sequential estimation of the model’s parameters.

We demonstrate the benefits of the proposed method using a case study on a dynamic model
of CHO cell metabolism in fed-batch culture. The model parameters are separated into four subsets:
A, B, C, and D of deceasing importance. The first subset accounts for 50% of the outputs’ variance,
while subsets B and C account for an additional 30% and 10% variance, respectively. The corresponding
SSE indicates that by estimating the very small subset of most important parameter (subset A), we
can obtain an accurate starting model. If we then follow up with the estimation of the parameters
in subsets A and B, an even more accurate model can be obtained. If additional parameters of less
importance are estimated, the further improvement on model accuracy is minimal. If we estimate
all of the parameters simultaneously, a less accurate model is achieved compared to the sequentially
estimated model. We speculate that this might be due to the existence of several local minima, although
additional work is warranted to more thoroughly explain this result. At least for the CHO model
investigated in this paper, the observation that the simultaneously estimated model affords lower
accuracy and highlights the potential benefit of the sequential estimation approach proposed here.
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