2008 American Control Conference
Westin Seattle Hotel, Seattle, Washington, USA
June 11-13, 2008

ThA10.6

Observability Based Parameter Identifiability for Biochemical Reaction
Networks

D. Geffen, R. Findeisen, M. Schliemann, F. Allgower, and M. Guay

Abstract—In systems biology, models often contain a large
number of unknown or only roughly known parameters that
must be identified. This work examines the question of whether
or not these parameters can in fact be estimated from avail-
able measurements. We consider identifiability of unknown
parameters in biochemical reaction networks obtained from
first-principles-modeling of metabolic and signal transduction
networks. Such systems consist of continuous time, nonlinear
differential equations. Several methods exist for answering the
question of identifiability for such systems; many of which
restate the question of identifiability as one of observability.
We consider the application of such methods to a representative
biological system: the NF-xB signal transduction pathway. It is
shown that existing observability based strategies, which rely on
finding an analytical solution, require significant simplifications
to be applicable to systems biology problems which are often not
feasible. For this reason, a new method based on the use of an
’empirical observability Gramian’ for checking identifiability is
proposed. This method is demonstrated through the use of a
simple biological example.

I. INTRODUCTION

In systems biology, models generally contain a large
number of unknown or only roughly known parameters.
Accurate knowledge of these parameter values is important
for describing and analyzing the dynamics and behaviour
of biological systems. This can be done using one of
several existing parameter identification strategies (see eg.
[1-3]) which all involve the fitting of measurement data.
However, these methods are often difficult to apply in
practice and offer no guarantee that available measurements
will yield meaningful values for the desired parameters. For
this reason, it is important to first consider the question
of whether or not parameters can in fact be determined
(uniquely) from a given model and choice of measurements.
This identifiability analysis is required to ensure the
mathematical significance of the estimated parameter values
and can also be a valuable tool for experimental design.

We focus on identifiability of nonlinear systems in
continuous time as this is generally the result of first-
principles-modeling of biochemical reaction networks.
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Several methods exist for checking identifiability of this
type of system such as those found in [4-6]. However, such
methods were not developed with biological systems in
mind so do not necessarily address the specific challenges
posed by this type of problem.

Identifiability methods can be roughly divided into two
categories: those that check for functional relationships
between parameters through simulation, optimization and
parameter estimation such as [7-9] and those which restate
the question of identifiability as one of observability by
extending the state space to include parameters, see eg.
[4-6,10-12].

In this work, we specifically consider observability based
methods. We look at existing methods in the context of a
representative systems biology problem: the NF-xB signal
transduction pathway. This example serves to highlight
some of the limitations of the use of previous methods for
biological systems. To overcome the specific challenges
presented by existing methods, we propose a new approach
for checking identifiability based on the use of the empirical
observability Gramian’ presented in [13, 14]. This method is
simulation based so does not require an analytical solution
to be found as is the case for the other methods. Ideally,
this will allow for identifiability analysis of larger and
more complex systems such as those found in biology. This
approach is demonstrated on the relatively simple biological
example of microbial growth with Michaelis-Menten
kinetics as described in [15-17].

This paper is structured as follows. Section II contains a re-
view of existing observability based parameter identifiability
methods as well as their application to a representative sys-
tems biology problem. This provides the motivation for the
following sections. In Section III, a new method for checking
identifiability based on the use of an ’empirical observability
Gramian’ is proposed to overcome the challenges highlighted
in Section II. Section IV deals with the application of this
new method to a simple biological example as well as other
computational considerations. Conclusions and directions of
future work are discussed in Section V.

II. BACKGROUND AND MOTIVATION

There are many specific challenges to consider when dealing
with parameter identification and identifiability of biological
systems. For example, in traditional systems theory, systems
are often linearized or worked with in discrete time for
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analysis purposes. This is not a desirable approach for
biological systems as parameters have physical significance,
such as describing reaction rates, which would be lost.
For this reason, methods dealing with nonlinear systems in
continuous time are considered. Since most methods were
not developed with this specific purpose in mind, they are
discussed here in the context of their relevance to systems
biology problems.

A. Review of Identifiability Methods

We are specifically concerned with structural or a priori
identifiability: whether or not parameters can be identified
from a given model structure and outputs without consid-
ering possible measurement noise (as opposed to ’practical
identifiability’ in [7-9] which considers the quality of the
data as well). Many of these methods are based on restating
the question of identifiability as one of observability by
expanding the state space to include parameters. For this
reason, these are the methods focused on here.

One such method based on a power series expansion as
described in [6, 11]. It involves determining whether or not
one can express the system outputs and its derivatives in
terms of the unknown parameters using a Taylor series
expansion. The complexity of the method has been found
to increase greatly with system size [11] and it generally
only provides local identifiability results.

In [10, 11] a method using local state isomorphism theory is
employed. This method consists of solving a set of partial
differential equations for a set of parameters and determining
the uniqueness of the solution.

Differential algebra methods, such as those found in [4,
5,12,18], are based on using differentiation and algebraic
manipulation to find an observable representation of the
system in a structured manner. This can then be used to
evaluate if it is in fact possible to express parameters in terms
of measurable quantities through rank considerations. This
method does not require previous knowledge of the system
such as initial conditions which would need to be determined
experimentally. This condition is especially important for
a priori identifiability. However, the downside is that the
computation becomes increasingly complex with more states
and parameters which could pose a problem for biological
systems.

B. Motivation for New Approach

We use the NF-xB signal transduction pathway from [19]
as a framework by which to discuss and evaluate existing
observability based identifiability strategies and to offer
motivation for the new Gramian based approach.

The original model from [19] consists of 15 states and
29 parameters. In order to facilitate analysis using existing
methods, a model reduction is required. The pathway of the
reduced model examined is shown in Fig. 1.

This model contains 8 states and 15 parameters of which,
as an additional simplification, only 9 are considered to be
unknown and in need of being identified. The system is
described by a set of ordinary differential equations derived
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Fig. 1. Schematic pathway representation of the reduced NF-kB model
with unknown parameters circled.

from mass action kinetics which are linear in terms of the
parameters and nonlinear (bilinear) in terms of the states. As
is the case for many biological systems, the system is limited
in terms of potential inputs that will sufficiently excite the
system (in the NF-xB case no inputs are considered). This is
in stark contrast to traditional systems theory in which most
identification methods are based on the input-output map of
the system [20].

Details of the full algebraic identifiability analysis of the
reduced NF-xB model are presented in [21]. It turns out
that the identifiability analysis can only be carried out after
making significant simplifications to the model. The number
of states have to be reduced through model reduction and
finding a solution is highly dependent on the choice of
outputs. As shown in [21] for this example, addition of a third
output is required in order to compute the observability map
of the system. Due to the presence of the bilinear terms, the
highest order derivative that can be taken before the system
of algebraic equations can no longer be solved analytically
is y(® imposing a restriction that a solution can only be
found for systems < 3p states where p is the number of
outputs. However, in biological systems one is extremely
limited in terms of what can be measured experimentally
so the addition of more outputs is not necessarily feasible.
One must also consider that this system is still of only
moderate size and complexity in comparison to the range of
systems biology problems available. This suggests existing
observability based methods are not well suited for analyzing
identifiability of biological systems.

The difficulty with the current observability based methods
examined, is that finding the observability of nonlinear
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systems in continuous time is a highly challenging problem
in itself without even considering the parameter values. In
fact, the limitations of these methods lay in the number
of states they can handle as they all require an analytical
solution to be found. For this reason, it is necessary to
develop methods which are not as dependent on the size and
nonlinearity of the system for their computation. In the next
section, we propose a new, simulation based identifiability
method considering the observability Gramian as a measure
for identifiability.

III. EMPIRICAL GRAMIAN FOR IDENTIFIABILITY

The concept of empirical observability and controllability
Gramians was introduced in [13] for the purpose of model
reduction for nonlinear systems. It is introduced as a ’data
based’ approach making use of data either from simulation
or experiments in order to avoid some of the computa-
tional complexity associated with other methods. It has been
successfully applied to systems with dozens of states [22]
for purposes of model reduction. In [14] the use of such
Gramians for observability (and controllability) analysis is
proposed and compared to the use of linear Gramians and
Lie algebra based methods. Currently there are no results
of using these Gramians for the purpose of identifiability
analysis as is proposed here. The hope is that since this
method is simulation based, it can overcome some of the
constraints on the system size and complexity imposed by
the other observability based methods previously discussed
and thus can be used for biological systems.

A. System Description

Consider a nonlinear dynamic system of the form:

[ = f(6.8) ., x(0) = xo,
Z'{ ¥ = h(x.0), ' M

where x € X € R", y € R”, and 6 € P € RY are the states,
outputs, and unknown time-invariant parameters respectively.
P is a simply connected open subset of R? of feasible
parameter values and X is a simply connected open subset
of R" of feasible states. X x P together form the operating
region of the system. Note that we do not consider inputs
for simplicity of presentation however the results are easily
expandable to this case.

We consider the following definition of structural identifia-
bility:

Definition 1: (Structural identifiability)

A given parameter 6; is (a priori or structurally) globally
identifiable if there exists, for all possible measurement
trajectories, a unique solution to (1) for 6;. A parameter
with a countable or uncountable number of solutions is
considered locally identifiable or unidentifiable.

For the purpose of our approach, the question of identifiabil-
ity is restated as one of observability by including parameters
as states. Considering time invariant parameters the following
augmented system is obtained from that in (1):

y= h(x7 6)7
) )
where ¥ € R", i = n+ ¢ is the augmented state vector
containing both the parameters and original states.

B. Empirical Identifiability Gramian

The following definition is adapted from that of the empirical
observability Gramian found in [13,22] by considering the
augmented system.

Definition 2: (Empirical identifiability Gramian)

1

where W™ () € R™7 is given by:

W) = ()~ O . @

The Gramian W} is constructed using output values obtained
through perturbations of the initial states of the system. In
this case y'™(t) and y!™ are the time varying and steady
state output of the system for the particular ’experiment’
considered by the initial state given by:

X(O)ilm = cpTie; +Xnom- (5)

These initial states are obtained through perturbations around
a nominal value %,,,. The following sets describe the per-
turbations:

T"={T,....T,; T, € R™" TIT, =1 1=1,....r},
M=A{ci,....cs; cm € R, ¢y >0, m=1,...,5},
E" = {el,...,en; standard unit vectors in R”}.

Here r is the number of matrices that describe the
direction of the perturbations and s is the number of
different perturbation magnitudes for each direction. The
perturbations reflect the reasonable or desired operating
range of the system.

Remark 1: Note that the augmented system is only neutrally
stable. However, in order for the empirical Gramian to be
applied it is typically required that the complete system
be exponentially stable (at least locally for the region
considered). This does not pose a problem here though
because the neutrally stable parts are resulting from the
system parameters that are adjoint to the original system.
Since the parameters are constant, they are canceled out by
the subtraction of the steady state values.

Based on the empirical observability Gramian, the following
two statements can be made:
« Firstly, the augmented system (2) is locally observable

over the operating range considered if the resulting
Gramian is of full rank.
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« As a direct consequence of this, it follows that since the
states of the augmented system consist of the states and
parameters of the original system, that if the augmented
system is observable then the parameters are locally
identifiable over the operating range considered.

This provides a means to check identifiability by employing
the observability Gramian. One basically considers the
observability Gramian for the expanded system and checks
if it is of full rank.

If one can make further assumptions or show that the system
being examined is observable (the observability Gramian of
the original system is invertible) additional simplifications
can be made to the Gramian of the augmented system so that
the part dealing only with identifiability can be isolated. This
is beneficial as it eliminates the effect of the cross terms (for
example, the effect of changing the parameters on the time
course of the states which can indirectly effect the output).

In this case, W; of the augmented system can be decomposed
as follows:

W) [ W | Wy ]

1 (gxn) (gxq)
Wox ‘ Wy

The (g X q) empirical identifiability Gramian can then be
defined as:

Wi = Wo — WoxWy 'Wxe. (6)

If this matrix has full rank (rank= g where ¢ is the number of
unknown parameters) then those parameters are identifiable.
Since the matrix is obtained using numerical approximations,
eigenvector/ eigenvalue decomposition is used as a measure
of rank deficiency.

IV. APPLICATION OF EMPIRICAL IDENTIFIABILITY
GRAMIAN

The empirical Gramian can be computed from experimental
or simulation data from within a region where the process is
to be operated. While this helps overcome the restrictions on
system size of the other observability based methods, it also
introduces complications in terms of the number of degrees
of freedom one is presented with for computation. One
must select nominal values for the states and parameters, a
region of interest for the system, and define the directions
and magnitudes of the perturbations.

Remark 2: Tt is also important to note that the system
should be scaled prior to perturbation. One can include the
scaling considerations when determining the perturbations by
rewriting (5) as:

f(o)ilm = Cmt971 Tiei + Xnom

where S is the scaling matrix. The scaling can also reflect
the different feasible operating regions of the states and
parameters.

We discuss computational considerations and demonstrate
the application of empirical Gramians for identifiability
analysis through the use of a simple biological example.

Biological Example

As a biological example we look at a model of microbial
growth from [16,17]. The structural identifiability of this
system was previously analyzed in [15] using a different
approach based on several existing methods so can be used
to confirm the results of the Gramian approach. The system
description is as follows:

X = #};ﬁgztgiz()t )~ Kux(r)
j Mol (1) (1)
[=- Y (Ks+by1(t)) )

x(0)=xp , 1(0) =1,

where [(t) = és(t). The system is derived using Michaelis-
Menten kinetics where s(7) and x(¢) are the concentration of
substrate and product respectively and u,,, Ky, b>, K;, Y are
the reaction parameters. Note that the system is nonlinear in
continuous time.

We examine the question of whether or not the unknown
parameter set:

0 = (Wn,Ka,b2,K;, Y)T

is identifiable over the range of system states and parameters
considered. The measurable output in this case is given by:

y(t) = x(t).

Comments on Computation

The Gramian calculations are done using nominal state and
parameter values and by considering perturbations within a
region of biological interest; similar to what would be exam-
ined experimentally for the purpose of parameter estimation.
The nominal values for the biological example are [16]:

- o - — 1 -
lo 1
Hom 0.5
Xnom = | Ku = | 0.025
by 10
K 3.0
L Y d nom L 0.6 .

With respect to the perturbations, one would want to
consider a larger range of parameter values as the exact
nominal values are not known. In this case, perturbations
of £10% about the nominal values are considered for the
states and +50% for the parameters.

In order to specify the perturbation directions, we use a 2"
factorial design to generate the 7' matrix. This leads to an
(71 x 2™) matrix made up of &1 which is made orthogonal by
dividing it by v/27.
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There are several reasons for utilizing this approach, as
opposed to the ones presented in [13, 14], when considering
parameter identifiability. In [13] the use of T = [I,—]]
is suggested while the perturbation directions in [14] are
evenly distributed around a unit circle. The use of randomly
generated orthogonal (n X n) matrices is also considered.
It is important to note that in both [13,14], the use of
a steady state point in the system for the nominal state
values is proposed. The use of £/ to define the perturbation
directions essentially translates into ’experiments’ in which
only one state or parameter is perturbed at a time. This
approach proves to be disadvantageous when considering
parameter identifiability of biological systems as the steady
state value for at least some of the states is often zero.
This makes it impossible to obtain information about the
parameters associated with these states because when the
parameter is perturbed the state will remain at zero. The
use of random perturbation directions gives a 7 matrix that
contains not only direction but also magnitude to a certain
degree. The use of a factorial design for T not only allows
for the consideration of every perturbation combination, it
facilitates the use of an equilibrium point of the system as
the nominal states and has no magnitude associated with it
as well.

Remark 3: In [13,14] it is specified that T is an (n X n)
orthogonal matrix and multiple (I = 1,...,r) T matrices
are used to define the perturbation directions considered.
However, these are not requirements as long as the
following adjustments are made (proof not included here).
The set M describing the perturbation magnitude remains
the same although 77 becomes T € R™2' 77T =],
the [ index is no longer required and Eﬁ~ becomes:
E? = {ey,...,e,; standard unit vectors in R>'}. The ¥
matrix also changes dimensions to become (2" x 27). Despite
these changes the dimensions of the empirical Gramian
remain the same.

The perturbations are used to define the initial conditions
for each ’experiment’ and the resulting outputs are used to
calculate W according to (3).

Remark 4: While Definition 2 considers the integral from
zero to infinity, a finite end time, ¢y, must be used for
computational purposes. As long as tr > the time it takes
for the outputs to reach steady state, the results will not be
effected.

Identifiability Result

In the case of the microbial growth example, the system is
observable with the considered output so W, as defined in
(6), can be used for the identifiability analysis. This leads to
the following (¢ x ¢) identifiability Gramian:

0.0946 0.1871 —0.0024 —0.0554 —0.0446
0.1871  6.081 0.0059 —0.1328 —0.0916
—0.0024 0.0059 —0.0020 0.00001 —0.0030
—0.0554 —0.1328 0.00001 0.0357 0.0272
—0.0446 —0.0916 —0.0030 0.0272 0.0188

‘/‘/1:

An eigenvalue/eigenvector decomposition of the W; matrix
is used to determine its rank and thereby whether or not the
unknown parameters are identifiable. The eigenvalues, A;, are
expressed as relative values or as a percentage of the total
norm. For the microbial example we obtain:

A = 0.978
A = 0.0223
3,M,45 = O(107%)

with the corresponding eigenvector matrix:
0.032 —0.797 —0.266 0.535 —0.082
0.999 0.041 0.0007 0.003 —0.001
v= 0001 0.007 —0.704 —0.427 —0.567
—0.022 0.474 0.076 0.656 —0.582
—0.015 0.372 —0.653 0.319 0.577

In this case A3, A4, and A5 are 2 —3 orders of magnitude
smaller than the other eigenvalues and can be considered neg-
ligibly small (as noise due to the numerical approximation).
This suggests that 3/5 of the unknown parameters from (7)
are unidentifiable. By looking at the eigenvectors of W; one
can see that these unidentifiable parameters correspond to
by, K, and Y. This is consistent with the results from [15]
obtained using a different parameter identifiability approach.

V. CONCLUSIONS AND OUTLOOK

Identifying parameters for biochemical reaction networks
is a challenging task. We look at existing observability
based methods for structural or a priori identifiability,
originally developed for general nonlinear systems, in
the context of a typical systems biology problem: the
NF-xB signal transduction pathway. It is found in [21]
that the identifiability analysis itself can only be carried
out after significant simplifications are made. The number
of states must be reduced through model reduction and
whether or not identifiability can be analyzed is found to
depend greatly on the choice of outputs. One must also
consider that this example is still of only moderate size
and complexity compared to the range of systems biology
problems available, suggesting that such methods are not
well suited for this purpose.

The difficulties with the current observability based methods
stem from the fact that they all require an analytical
solution to be found imposing limitations on the size
and complexity of systems that can be handled. In order
to overcome this, we propose the use of an ’empirical
observability Gramian’ for identifiability analysis. Since this
method is data/simulation based it should be able to avoid
computational complexities associated with the previous
methods and thereby be used on biological systems. The
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empirical observability Gramian has already been shown to
be able to handle dozens of states for the purpose of model
reduction in [22]. The use of this Gramian for identifiability
purposes is demonstrated on a biological example: a
model of microbial growth. Results from [15] for the
same system state that the unknown parameters b,, K;, and
Y are unidentifiable which verifies the results of our method.

Since the empirical Gramian is generally used for model
reduction purposes, many questions remain regarding the
analysis in the identifiability case; namely how to extract
as much information from the Gramian as possible. This
becomes increasingly important when dealing with larger
systems. Future work will look at applying this method to
larger biological examples, such as the NF-xB pathway, to
be better able to compare and contrast it with the previous
analytical based approaches shown. In this work, only time
invariant parameters are used. Since when using the Gramian
for identifiability purposes the parameters are included as
states by considering their time derivatives, this method could
easily be extended to the case of time variant parameters as
well.

REFERENCES

[1] K. Gadkar, R. Gunawan, and F. Doyle III, “Iterative approaches
to model identification of biological systems,” BMC Bioinformatics,
vol. 6, no. 155, 2005.

[2] C. Moles, P. Mendes, and J. Banga, “Parameter estimation in bio-
chemical pathways: A comparison of global optimization methods,”
Genome Research, vol. 13, pp. 2467-2474, 2003.

[3] S. Vayttaden, S. Ajay, and U. Bhalla, “A spectrum of models of
signalling pathways,” ChemBioChem, vol. 5, no. 10, pp. 1365-1374,
2004.

[4] L. Denis-Vidal, G. Joly-Blanchard, and C. Noiret, “Some effective
approaches to check the identifiability of uncontrolled nonlinear sys-
tems,” Mathematics in Computers and Simulation, vol. 57, pp. 3544,
2001.

[5] L. Ljung and T. Glad, “On global identifiability for arbitrary model
parameterizations,” Automica, vol. 30, no. 2, pp. 265-276, 1994.

[6] H. Pohjanpalo, “System identifiability based on the power series
expansion of the solution,” Mathematical Biosciences, vol. 41, pp.
21-33, 1978.

[7]1 S.Hengl, C. Kreutz, J. Timmer, and T. Maiwald, “Data-based identifia-
bility analysis of nonlinear dynamical control models,” Bioinformatics,
2007.

[8] T. Muller, N. Noykova, M. Gyllenberg, and J. Timmer, ‘“Parameter
identification in dynamical models of anaerobic waste water treat-
ment,” Mathematical Biosciences, vol. 177&178, pp. 147-160, 2002.

[9] T. Quaiser, W. Marquardt, and M. Monnigmann, “Local identifiability

analysis of large signalling pathway models,” in Proc. 2nd Foundations

of Systems Biology in Engineering (FOSBE 2007), Stuttgart, Germany,

2007, pp. 465-470.

M. Chappell, K. Godfrey, and S. Vajda, “Global identifiability of the

parameters of nonlinear systems with specified inputs: A comparison

of methods,” Mathematical Biosciences, vol. 102, pp. 41-73, 1990.

K. Godfrey and W. Fitch, “The deterministic identifiability of nonlin-

ear pharmokinetic models,” Journal of Pharmokinetics and Biophar-

maceutics, vol. 12, no. 2, pp. 177-191, 1984.

X. Xia and C. Moog, “Identifiability of nonlinear systems with

application to HIV/AIDS model,” IEEE Transactions on Automatic

Control, vol. 48, no. 2, pp. 330-336, 2003.

S. Lall, J. E. Marsden, and S. Glavaski, “A subspace approach to

balanced truncation for model reduction of nonlinear control systems,”

International Journal of Robust and Nonlinear Control, vol. 12, pp.

519-535, 2002.

A. K. Singh and J. Hahn, “On the use of empirical gramians for

controllability and observability analysis,” in Proc. 2005 American

Control Conference (ACC), Portland, OR, USA, 2005, pp. 140-141.

[10]

(11]

(12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

2135

L. Denis-Vidal and G. Joly-Blanchard, “An easy to check criterion for
(un)identifiability of uncontrolled systems and its applications,” IEEE
Transactions on Automatic Control, vol. 45, no. 4, pp. 768-771, 2000.
A. Holmberg, “On the practical identifiability of microbial growth
models incorporating michaelis-menton type nonlinearities,” Mathe-
matical Biosciences, vol. 62, pp. 23-43, 1982.

M. J. Chappell and K. Godfrey, “Structural idenifiability of the param-
eters of a nonlinear batch reactor model,” Mathematical Biosciences,
vol. 108, pp. 241-251, 1992.

S. Audoly, G. Bellu, L. D’Angio, M. Saccomani, and C. Cobelli,
“Global identifiability of nonlinear models of biological systems,”
IEEE Transactions on Biomedical Engineering, vol. 48, no. 1, pp.
55-65, 2001.

T. Lipniacki, P. Paszek, A. Brasier, B. Luxon, and M. Kimmel, “Math-
imatical model of NF-xB regulatory module,” Journal of Theoretical
Biology, vol. 228, pp. 195-215, 2004.

L. Ljung, Systems Identification- Theory for the User, 2nd ed. Prentice
Hall: New Jersey, 1999.

D. Geffen, R. Findeisen, M. Schliemann, F. Allgower, and M. Guay,
“The question of parameter identifiability for biochemical reaction
networks considering the NF-xB signal transduction pathway,” in
Proc. 2nd Foundations of Systems Biology in Engineering (FOSBE
2007), Stuttgart, Germany, 2007, pp. 509-514.

J. Hahn and T. Edgar, “An improved method for nonlinear model
reduction using balancing of empirical gramians,” Computers and
Chemical Engineering, vol. 26, pp. 1379-1397, 2002.



