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Lai et al. Reply: The main motivation behind our original
work [1] was to satisfy the very basic requirement for
control tests in scientific research. In order to justify the
usage of Lyapunov exponents as seizure prediction mea-
sures, there is an underlying assumption that the exponents
are able to reveal changes in the structure of the brain’s
dynamical system. This required controls, which we im-
agined as changes due to drift in a system parameter
through a dynamical crisis, at which a chaotic attractor
suddenly increases its size. Our model can thus generate
time series that mimic this common feature of electroen-
cephalogram or electrocorticogram (ECoG) signals during
a seizure. The idea is fairly straightforward: if Lyapunov
exponents, obtained from time series of well-controlled
dynamical systems, are not useful for tracking visibly
apparent changes in the dynamical evolution, then it re-
duces the likelihood that the exponents would be useful for
seizure prediction since the brain dynamical system is
much more complicated and noisy. Our results with a
map system and with a flow exhibiting a local Hopf bifur-
cation [2] and computations with ECoG data all indicate
strongly that the Lyapunov exponents are not the tool of
choice for seizure prediction.

The authors stated repeatedly in their Comment [3] that
our algorithm for computing the Lyapunov exponents was
flawed. The algorithm we used is the standard one due to
Eckmann et al. [4], which computes all Lyapunov expo-
nents, and its validity was verified on time series from
model nonlinear systems with known exponents (including
maps and flows). Their criticism in [5] of the method by
Eckmann et al. for estimating the maximum Lyapunov
exponent �max is due to ‘‘considerable variations in the
estimates with the embedding dimension,’’ yet their own
reported �max estimates also exhibited significant varia-
tions with the embedding dimension. We note that the
authors used only maps (not flows) for validation of their
algorithm prior to application to ECoG [5]. The inconsis-
tency continues in their Comment with their criticism of
our choice of control model on the grounds that it is a map
and not comparable with the brain, a continuous-time
system. While we never meant to imply modeling brain
using a map, our use of a map for a control test is justifiable
[1,2] and the observations derived from its study are useful
in the proper (limited) context.

Figure 1 in the Comment only illustrates the fact that
seizure detection is possible using �max estimates. We note,
however, that detection is not the same as prediction. The
possibility of detection using �max estimation is not at all
surprising, given that many different types of statistical
measures can detect seizures [6] and several do so with far
better accuracy, efficiency, and reproducibility. Our Letter,
the Comment, and prior work of the Comment’s authors
and others all indicate that seizure detection with �max is
highly dependent upon numerous computational parameter
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choices and now possibly even on choice of estimation
algorithm.

The authors also claimed that the predictive ability for
seizures lies in a transient statistical correlation of �max

from individual ECoG recording sites (‘‘entrainment’’).
Once multichannel entrainment measures are added into
the mix, the resulting explosion in computational degrees
of freedom associated with selecting specific groups of
contacts (which is further compounded by the authors’
proposed method [7], which allows for selecting a new
group after each seizure) coupled with the critical depen-
dence of �max ’s ability to simply track system dynamics
sufficient for detecting state changes, emphasizes the need
for control tests and independent validation. This is neces-
sary to avoid the potential for fitting results to the data and
to enable independently reproducible results.

Regarding the authors’ statement on dynamical noise in
the brain, we remark that, while noise can be beneficial
through the mechanism of stochastic resonance, it is detri-
mental to the computation of Lyapunov exponents from
time series and consequently to the predictive power of the
exponents, as we demonstrated [1]. The Comment authors
apparently misunderstood the meaning of stochastic reso-
nance to claim that noise can enhance the predictability for
seizures.

Finally, we remark that there are subtle but profound
differences between hypothesis-based and result-driven
approaches. We acknowledge the practical value of the
latter, especially in the field of medicine where this ap-
proach may find application. We thank the authors for
bringing to the forefront the differences.
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