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Abstract

The development of retina implants requires the adjustment of device and stimu-
lation parameters with respect to perception. At the present state of the project
psychophysical experiments with humans are ethically not acceptable except for
key studies. Here, animal experiments provide valuable data because informative
activity in the primary visual cortex is a prerequisite for visual percepts. To assess
efficiency, reliability, and selectivity of the electrical stimulation of retinal ganglion
cells, two information theoretical methods have been developed.

The three step methodharacterizes multi-input and -output neuronal systems
in case of continuous stimulation. In three steps a lower bound of transinformation
T is provided: (1) Estimation of the deterministic response to isolate components
carrying stimulus information. (2) Coordinate transformation using PCA yields a
linear independent representation. (3) Partial valudsark individually calculated
by Shannon’s formula assuming normality or by density estimation. The approach
allows to evaluate the degree to which stimulus features are encoded in the cortical
response. A second method applies to rapid series of transient stimuli. While the
three step method potentially captures all stimulus aspects, the second method only
assesses non-temporal aspects. It quantifies the ability of the system to discriminate
between different discrete stimuli that potentially evoke temporally overlapping re-
sponses. The performance of both algorithms is investigated using simulated data.

The methods are applied to experimental data recorded in the visual cortex of
the anesthetized cat and yield the following results. T@mporal Single stimuli
evoke precise spike responses with 330standard error. The decorrelated fraction
of the population response lasts about 40 ms. Rapid sequences of stimulus events
convey a maximum of at a mean stimulus rate of 20—40 Hz suggesting a temporal
resolution of 25-50 ms. Stimulus efficiency is highest 10—-20 ms or loihQ
ms) after a facilitating stimulus. The temporal stimulus aspect accounts for 50—
80% of totalT. (2) Intensity Injected charge is a weak parameter and requires
at most three quantization steps. Multi unit activity encodes intensity better than
local field potentials (3% vs. 15% of tot@) yet shows an increasing variance with
growing response strength. This recommends scarcely over-threshold stimuli. (3)
Spatial The values ofl range within 20—100 bit/s per electrode for both electrical
and visual stimulation. Not all recording positions are equally informative. With
electrical stimulation the cortical profiles dfshow a pronounced peak &f1 mm
radius suggesting a resolution df. 2in case of visual stimulation the profiles are
highly structuredT saturates when stimulating the retina with 7 electrodes per mm
confirming the resolution of2°.
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1 Introduction

Theadjustment of retina implant parametassthe goal behind this dissertation. A
retina implant is an electronic prosthetic device intended for people being blind due
to photoreceptor degeneration. As a replacement for the malfunctional light sen-
sitive cells, the implant receives information about the visual scene by an attached
camera and transforms it into suitable electrical impulses which excite still intact
retinal ganglion cells.

Background. The basic idea behind a neuroprosthesis is not new. Already in the
late eighteenth century Luigi Galvani and Allesandro Volta conducted pioneering
experiments eventually demonstrating that it was possible to stimulate neuronal tis-
sue by means of electricity. Since then, many devices — now partly in clinical use
— have been developed to supplement neurological functions. Examples are heart
and brain pace makers, bladder control devices, “stand and transfer” prostheses,
and cochlear implants for the stimulation of the hearing nerve in deaf peapé, (

1989 Agnew and McCreeryl99Q Eckmiller et al, 1995 Finn, 1997). Prostheses

for the restoration of vision are still at an early stage. Clinically used functional
prostheses do not exist, yet. However, the first report of a working visual prosthesis
based on a cortical implant was reported last yBabgelle 2000.

Most probably, the idea of a visual prosthesis was born in the context of the find-
ings of electrically excited “phosphenes”. Phosphenes are light sensations caused
by non-light stimuli. A shining example is the closed eye sensation of a round object
at a position opposite to where one touches the globe of one’s eye. Psychophysical
experiments with humans equipped with two electrodes on forehead and temporal
bone revealed that the electrically evoked phosphenes depend on background illu-
mination and amplitude and frequency of the intermittent electrical stimulus signal
(van de Grind et al.1973 Kato et al, 1983. A frequency of about 20 Hz has the
lowest stimulation threshold, i.e., it is optimal in the sense that a smallest current
amplitude is needed to evoke a response.

In 1968Potts and Buffunintroduced a technique for the simultaneous recording
of electrically evoked cortical response potentials using scalp electrodes. This ap-
proach is important for this thesis because here, cortical response signals are related
to potential perception. In the same year, the success of the first cortically inva-
sive experiment not embedded in an otherwise necessary surgery was published by
Brindley and Lewin(1968. After the implantation of 80 telemetricly controlled
platinum electrodes above the right visual cortex of a totally blind worBangley



and Lewinreported that the subject experienced sensations of light in the left half
of the visual field in response to electrical stimulation. Single electrode stimula-
tion usually produced small single spots at a constant position. The electrodes were
2.4 mm apart and could well be discriminated. Multi-site stimulation had addi-
tive effects. With enhanced stimulation strength the percept got increasingly bright
and sometimes additional spots at very different positions appeared, disturbing the
otherwise regular mapping between stimulation position and phosphene location.

Current situation. The present state of vision prosthetics does not seem to have
improved dramatically in proportion to the time since. However, the cortical im-
plant has become wearabl@dbelle 2000 and several groups in the USA, Japan,
and Germany have emerged, intensely working at a functional retina implant (
mayun et al.1999 Ito et al, 1999 Zrenner et a].1999 Grumet et al.200Q Eck-

horn et al, 2007). Since the fundamental study of feasibility (“Machbarkeitsstudie”,
Eckmiller et al, 1995 two dualistic approaches have been supported by the German
government Zrenner 2001). While the SUBRET project aims at the restoration
of vision based on light sensitive micro photodiodes implanted sub-retinally, the
EPIRET consortium is developing an epi-retinal prosthesis that receives the infor-
mation about the visual scene from a camera distant from the implanted chip. The
advantage of the SUBRET idea is that the electrically elicited activation of retinal
cells is in the close vicinity of the respective light information. Moreover, the signal
processing capabilities of still intact sub-retinal cells can be utilized. However, most
probably a post-processing and amplification of the photodiode output will be nec-
essary for efficient stimulatiorZ¢enner et al.200J). In contrast, the EPIRET chip

is equipped with current sources that will be optimized with respect to stimulation
efficiency. Yet it shortcuts potential retinal signal processing and (still) lacking an
on-chip camera it depends on information transmission from an external transmitter
and camera system, possibly incorporated in special glaGseB et al. 1997 Bul3

et al, 2000.

Open questions. Apart from challenges in the fields of surgery techniques, en-
ergy consumption, biocompatibility, and tissue saf&@yé¢nther et al1999 Hesse

et al, 200Q Kohler et al, 2001) important tasks comprise functional tests and the
adjustment of stimulation parameters for estimating achievable resolutions and op-
timizing information transmission to the visual cortex. Some practical questions yet
to be answered are the following: what is the maximum but still useful density of
retinal electrodes? What is the highest stimulus impulse rate per electrode that is
yet efficient? Furthermore, how many current amplitudes are to be “implemented”,
and which values are best suitable? How much information can be transmitted to
the visual cortex at all? Invasive psychophysical experiments with humans in di-
rect dialogue with the researcher are the best sources of knowledge to answer these
questions, but for ethical reasons they are only possible for pioneering key studies
(Brindley and Lewin 1968 Humayun et al.1999. Thus, recordings of stimu-

lus evoked cortical responses in animal experiments are a necessary replacement —
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with the underlying notion that measurable activity in the primary visual cortex is a
fundamental requirement for perception. The experiments referred to in this thesis
utilize the cat as the choice animal model because of its well known visual system
being relatively similar to that of humans.

The following concepts are prerequisites for useful visual perceptseffit)
ciency i.e., weak stimulation currents are sufficient to elicit perceptually relevant
cortical activity, (2)reliability, i.e., evoked activity patterns are reproducible and
have low variability, (3)selectivity i.e., they are stimulus specific uniquely reflect-
ing different stimulus properties, and (gfability, i.e., the selectivity is stationary,
the evoked percept is reproducible on a larger time scale. To some degree the first
point has been examined Wawson and Radtk€1977); Humayun et al(1996
1999; Hesse et al(2000; Zrenner et al(1999; Stett et al.(2000; Eckhorn et al.
(2001, mostly with the aim to find efficient stimulus parameters though systematic
in vivo investigations of the effect of different parameter settings are still lacking.
To my knowledge, the other issues of reliability, selectivity, and stability have not
been investigated so far.

Information theory. The idea to assess and maximize the information between
electrical retinal stimulation patterns and registered neuronal activity is not equiva-
lent to the evaluation of perception. However, the arrival of stimulus information at
the visual cortex will be a prerequisite for perception. Here, the proof of stimulus
evoked cortical activityéfficiency is not sufficient — it is crucial to show that this
activity is selective, reliable, and stable. Information theory aptly unifies the con-
cepts ofselectivityandreliability: the sizes of the alphabets of information source
and sink correspond to the degree of selectivity, the signal-to-noise ratio — or more
general, the signal and error distributions — find their equivalent in the concept of
reliability. The issue obtability requires long term measurements based on func-
tioning implanted devices and thus, is presently out of scope. In this thesis the issue
of efficiencyis only marginally addressed. However, as | will focus on information
theoretical analyses, the static system properties have to be taken into account as
well. For this reason, systematic analyses of stimulation efficiency are also tackled
in the thesis, in particular the quantification of the response strength dependent on
the stimulus current amplitude and temporal distance to a preceding stimulus.

Information theory was originally developed to quantitatively describe techni-
cal information channelsShannon1948 but soon became popular in many other
fields including neuroscienc&\erner and Mountcastld 965 Eckhorn and Bpel
1974 MacKay and McCulloch1952 Optican and Richmond. 987). Yet, the ap-
plicability of currently available information theoretical methods to in vivo neuronal
information channels — especially in vertebrates — is constrained: neurophysiolog-
ical experiments are necessarily relatively short and stationarity over the period of
the experiment cannot be guaranteed. The complexity of biological systems is high
and subject to many state variables such as day and night rhythms, condition of
anesthesia and metabolism, just to mention a few.



This dissertation focuses on the analysis of the visual system of the anesthetized
cat. Clearly, itis not like a technical system with a single input and output, but with
many possibly correlated inputs of which only a few are considered relevant. The
same applies to the outputs: it is not possible to register the full state vector of the
animal’s visual cortex. Signals are recorded only at a few locations in one or two
of many visual cortical areas. Moreover, even at zero stimulus the recorded signals
are highly structured and correlated due to spontaneous activity reflecting many
neuronal state changes. This spontaneous activity does not terminate at stimulation.
Since it cannot be explained by the stimulus it is usually defined as noise. These
thoughts shall suffice to illustrate some of the challenges the thesis is facing.

Nonetheless, strategies suitable on certain conditions already exist and the meth-
ods that have been developed in the dissertation are partly based on them. However,
it was necessary to develop new techniques or extend existing ones to widen the
range of constraints with respect to the applicability of the methods, here. For ex-
ample, there is an elegant method that allows to quantify the transmitted information
between a (colored) Gaussian stimulus and multiple trains of registered action po-
tentials (stimulus reconstruction techniq&alek et al, 1991 Rieke et al. 1998.

The problem is, that for the assessment of the efficiency and reliability of evoked
responses to certain stimulus parameters, the restriction to single channel Gaussian
stimuli is not acceptable.

Methods. In the following | will give a short overview concerning the motivation
for the newly developed methods within this thesis. Detailed descriptions will be
found in the introductory sections of Chaptand 3. The quantification of the
transmitted information from electrical stimulus patterns to cortical activity is as-
sociated with théorward concept of encoding: the better a certain stimulus aspect
is encoded in the neuronal activity, the more information can be transmitted when
this stimulus parameter is used in a potential codee(inissen and Miller1995.
Linked by Bayes’ formula of probabilities there also exisickwardapproaches
(e.g., the stimulus reconstruction technique, mentioned above) that focus on cer-
tain response deflections and deduce the responsible stimulus fe&arssgnd
Theunissen1999. Here, the aim is to assess the efficiency of certain stimulus
parameters, which votes for a forward approach.

The constraint of only short stationary data sections requires to use a model-
based ifidirect) mutual information estimatobDirect methods based on amplitude
and time discretization of correlated analog signals are unsuitable due to an explod-
ing number of joint symbols and the need to estimate their probabilities. In contrast,
a model-based method isolates signal components not described by the determin-
istic model, defines them as noise and estimates their distributions. Finally, the
gquantified deterministic fraction and the noise have to be employed to yield the
transinformation.

In addition to the categories forward—backward and direct—indirect, in neuro-
physiological experiments two different stimulation paradigms are common. The
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simpler paradigm refers tiscrete stimulatiorevents with inter-stimulus intervals
larger than the memory of the system. Here, the degree of encoding of a varied stim-
ulus parameter can be tested by computing the amount of information that an evoked
response conveys about the preceding stimulus. Usually, the response consists of a
waveform and not a scalar value which may require dimensional reduction, e.g., by
using principal component analysis. In this case, for the quantification of the trans-
information well established methods exi§igtican and Richmondl987 Rich-

mond and Opticagnl987. The second paradigm utilize®ntinuous stimulation
signals. Different from the discrete case, a response value is potentially influenced
by many preceding stimulus values depending on the memory of the system. To
guantify the transmitted information often a model-based analysis is performed. It
takes the temporal interferences into account and thus, investigates their encoding in
the response. After separating signal and noise their respective powers are related in
the frequency domain to obtain a frequency dependent signal-to-noise ratio. Finally,
Shannon’s information capacity formula yields a partial value of transinformation
for each frequency birShannon1948 1949 Borst and Theunisset999.

The approaches outlined above are perfect when they are used within their limi-
tations: the discrete stimulation paradigm in combination with principal component
analysis works if the inter-stimulus intervals are large enough. If they decline below
the system’s memory, response deflections begin to overlap rendering the straight
forward analysis useless. Chapteaddresses this problem and presents a new
method that allows to assess the encoding of non-temporal stimulus parameters by
means of a modified principal component analysis. The continuous stimulation par-
adigm connected to a model-based approach as described above may yield correct
partial transinformation values. Yet, if the stimulation signal deviates from being
(colored) Gaussian or the system is highly nonlinear, the contributions of the fre-
quency bins may be dependent and therefore, they must not be summed up to yield a
total value of transinformation. For analog stimulus and response signals a forward
model approach was not available except for one that uses the average response
to multiple stimulus repetitions as model and thus, merely yields an upper bound
of transinformation Borst and Theunissed999 Roddey et al.2000. To fill the
gap, ChapteR presents a neuwhree step methothat provides a lower bound of
transmitted information and employs a linear multi-kernel model to support multi-
dimensional stimulus signals without the restriction of Gaussianity. The additivity
of partial transinformation values is achieved by decorrelation of stimulus and re-
sponse using principal component analysis. This method captures the transmitted
information about temporal stimulus aspects and optionally, in addition information
about specific stimulus conditions. Both methods have been tested on the basis of
artificial data.

Outline of analyses. The original motivation for the development of new meth-
ods was linked to the open questions concerning the functional adjustment of retina
implant parameters: how efficient are certain stimulus parameters, i.e., what is the



achievable resolution, and which values are most suitable with respect to an opti-
mized information transmission to the visual cortex? In cooperation with my col-
leagues more than 120 experiments and surgeries were conducted, of which about
25 yielded valuable data for information theoretical analyses. Five of these exper-
iments provided the extensive examples analyzed in detail in Ché&pTédre other
experiments still contain abundant data to further substantiate the obtained results.

The analyses were categorized accordintgtoporal intensity andspatial as-
pects of information and with regard to the two stimulation paradiginsciete
andcontinuou$ because the associated methods are conceptually different. In the
following | will give a brief outline of the analyses performed.

A rather technical prerequisite deals with the localization and elimination of
the influence of the electrical stimulus artifact due to volume conduction between
stimulation and recording electrodes. Then, the temporal precision of evoked spike
activity is examined and corresponding analog signals representing neuronal pop-
ulation activity. The stimulated retinal neurons are exemplarily identified with re-
spect to X and Y pathway. To uncover informative response sections in case of
available responses to many identical stimulus repetitions, an information theoreti-
cal method is developed and applied that may be used as an extension of the widely
used peri-stimulus time histogram: this method implies a serial decorrelation based
on Schmidt’s orthogonalization proceduiRi¢e, 1966. It does not cover an own
Chapter but comprises a separate publication (see Appdrilidin Chapter4 and
Eger and Eckhor(20029). Subsequent analyses are devoted to mean—variance re-
lations and static characteristic curves: response strength and variance dependent on
stimulus intensity and the duration of the preceding inter-stimulus interval. Then,
the spectral distributions of transinformation — the partial transinformation profiles
— are investigated, further the dependence of the total value of transinformation
on mean stimulus rate, the number of independent stimulation electrodes, and the
stimulus amplitude quantization. Finally, spatial profiles of transinformation are
examined. The degree of redundancy and synergy between different recording po-
sitions is assessed by comparing the profiles with cumulative and exclusive profiles
of transinformation. The results of the analyses will be presented and discussed in
Chapter4 and the consequences for the retina implant project will be outlined in
Conclusion.

Guideline for the reader. This dissertation deals with a deeply inter-disciplinary
field with many aspects. Some of them are dealt with in detail. Others have been
omitted, not because they are considered irrelevant but simply in order to limit the
extent of the work. There are numerous excellent works about the functional and
physiological properties of the visual system (eNgigholls et al, 1992 Kandel

etal, 1995. Therefore, this thesis does without a corresponding introductory Chap-
ter. To provide some aid for the reader interested in neurophysiology, a glossary that
briefly explains important neurophysiological concepts and terms has been included
at the end.
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This dissertation comprises two Chapte2sad 3) already accepted for pub-
lication (Eger and Eckhorn2002ha) and one Chapterdf that is planned to be
submitted in similar form. The Chapters are closely related but may as well be read
independently. Thus, repetitions could not always be avoided. A supplementary
discussion and concepts of two developed devices necessary for the experiments,
that did not find room in the respective Chapters were added to the App&ndix



2 Three Steps for the Analysis of Neuronal
Information Transmission in Multi-Input
and -Output Systems

We present a new method to characterize multi-input and -output neuronal systems
using information theory. Motivated by the development of retina implants we aim
at an optimization of electrical stimuli with respect to high spatial, temporal, and
intensity resolution. Informative activity in the primary visual cortex is a prerequi-
site for visual percepts. To obtain a lower bound of transinformation we take three
steps: (1) Estimation of the deterministic response to isolate components carrying
stimulus information. The deviation of the original response from the deterministic
estimate is defined as noise. (2) Coordinate transformation using PCA yields an
uncorrelated representation. (3) Partial transinformation values are calculated in-
dependently either by Shannon’s formula assuming normality or based on density
estimation for arbitrary distributions. We investigate the performance of the algo-
rithms using simulated data and discuss suitable parameter settings. The approach
allows to evaluate the degree to which stimulus features are encoded. Its potential
is illustrated by analyses of neuronal activity in cat primary visual cortex evoked by
electrical retina stimulation.

2.1 Introduction

Information theory has originally been developed for a quantitative description of
technical communication channels disturbed by nd#$®non1949. Later, it has

also been widely applied in the field of neuroscience (&lgcKay and McCulloch

1952 Werner and Mountcastl@965 Stein 1967 Eckhorn and Bpel 1974 1975
Eckhorn et al. 1976 Optican and Richmondl987 Bialek et al, 1991, Gershon

et al, 1998 Rieke et al. 1998 Borst and Theunisse999 Buracas and Albright

1999 Wiener and Richmond 999 Reich et al.200Q deCharms and Zaddz2000).

It provides a general formalism for the quantification of the actual and potential in-
formation transfer across a black box communication channel. The amount of trans-
information' T depends on the properties of the input signal, the channel’s transfer

1we use the ternransinformationinstead ofmutual informatiorbecause in our case the inves-
tigated channel has a directed information flow.
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characteristics and the noise affecting the information transmission. To maximize
T an optimal code for the message to be transmitted is required but often difficult
to find. In the special case of a continuous channel disturbed by additive Gaussian
noise, the spectrum of the signal has to be adjusted to inversely match that of the
noise (“water filling” concept iNfShannon1949 Cover and Thomasl991). An
analogous task is tackled here for the development of a retina implant. The aim
is to quantify the information transmission via the retino-cortical pathway during
electrical stimulation of retinal ganglion cell&der et al. 2001 Eger and Eckhorn
20013.2 The quantification of the transmitted information between dynamic elec-
trical stimulus patterns and the recorded cortical activity is a prerequisite for the
choice of appropriate stimulation parameters.

Forward and backward approaches.There are two alternatives for the calculation

of T as a direct consequence of Bayes’ law of probabilitidsahnon1949

T(SR) = H{R)-H(R]
= H(S-H(SR). (2.1)

In theforward approactthe conditional entropy (R|S) (irrelevance) is subtracted
from the output entropi (R). H (R|S) describes the remaining uncertainty of output

R if input Sis known and has also been called “neuronal notseThe forward
approach is adopted when the output is examined conditional on the input. In the
backward approaclihe perspective is changed and the input is viewed conditional
on the output. HereT is computed as the difference between the input entropy
H(S) and the conditional entrogyl (SIR) (equivocation).

Both approaches have been widely used to relate stimuli and their evoked re-
sponses. The forward approach being in control of the stimulus side takes the per-
spective of the information flow. It is characterized by questions of how a certain
stimulus aspect is encoded in the response. On the other hand, the backward ap-
proach focuses on the response side and asks, which stimulus properties are respon-
sible for certain response features. Its view is similar to that of a sensory system,
which has no direct knowledge of the stimulus but tries to estimate it on the basis
of evoked activity and stored knowledge. Examples of these contrary views are
the peri-stimulus time histogram and the spike-triggered average of the stimulus.
Both, the average and the variability of the signals have to be taken into account

2The retina implant is to benefit patients blind due to photoreceptor degeneration. By electrical
stimulation of still intact retinal ganglion cells reliable and selective cortical activity patterns shall
be evoked, a prerequisite for discriminable percepts. Animal experiments provide valuable data for
the evaluation of the stimulation with respect to spatial and temporal resolution. At the present state
of the project psychophysical experiments with humans are ethically not acceptable except for key
studies Humayun et a].1999.

3We denote the input and output wiandR indicative for stimulus and response.

4If SandR are continuous random variablés indicates differential instead of discrete entropy
not affectingT (Cover and Thomad.991, p. 224).
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in information theoretical analyses. For the quantificatio skveral methods are
common in the field of neuroscience.

Direct calculation. In a direct approach input and output signals are discretized into
sequences of input and output symbglaindr.. T can be calculated directly af-
ter estimating the conditional probabilitiegr;|s;) (forward) orp(s;|r;) (backward)

using .10. When the symbols are serially dependent in time the histbas

to be taken into account and far more probabiligs; , |S .S 1:---Fjk_1:---)
(forward) orp(s |S x_1,---:"j ko Fjk_1.---) (backward) have to be determined. Ex-
cept for the requirement of stationarity the direct approach is not restricted. It yields
precise results if the discretization is sufficiently fine and enough data is available
for the estimation of the conditional probabilities. In practice, the latter is prob-
lematic. The number of conditional probabilities to be computed may easily reach
astronomic dimensions if analog signals are discretized. It may be impossible to
estimate them on the basis of relatively short data recoré&riants of the di-

rect method have been successfully applied to different sensory systemg¢k-g.,
horn and Bpel 1975 1981 Eckhorn et al.1976 Eckhorn and Querfurthl985

de Ruyter van Steveninck et al997 Buracas et al.1998 Strong et al. 1998
Reinagel and Rej®000. The variance of mutual information estimators has been
investigated byModdemeijer(1989 1999 for the direct approach.

Indirect calculation. For the reasons mentioned above, indirect methods based
on a model of the noiseless information channel have often been preferred. The
model provides a deterministic estimate of the response based on the stimulus or
vice versa. Instead of quantifying between stimulus and response directly, one
relates the original signal (stimulus or response) and its deterministic estimate. The
resulting value off can never exceed the real value. If the channel model is perfect,
a signal value merely depends on the value of its estimate at the same time. This
drastically decreases the number of conditional probabilities that have to be consid-
ered. If the model is deficient and conditional probabilities between different times
are neglectedT is downward biased. A straightforward approach to isolate signal
and noise for the calculation df consists in repetitive recordings of responses to
identical stimulation epochs. It was introduced and applied to the peripheral visual
system with either movement or luminance modulation of a light spot by Gaus-
sian white noise (GWN) as input and spike trains of retinal ganglion cells as output
(Eckhorn and Bpel 1981). Eckhorn and Bpel calculatedT on the basis of esti-
mated conditional probabilities. To simplify the computation of the noise entropy,
the noise may be assumed to be Gaussian distributed which requires considerably
less data. In this contextie Ruyter van Steveninqd996); Borst and Theunissen
(1999 presented a guideline for computing an upper bound of transinformation on
the basis of signal-to-noise ratios in the frequency domain by means of Shannon’s

Sindicated by index
6E.g., for signals with only 8 bit amplitude resolution and serial correlation among 8 consecutive
samples the number of conditional probabilities amounttp'® = 2128 ~ 3.4.10%8,
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formula for the information capacity. However, they did not offer a solution for the
problem of potential correlation between Fourier coefficients at different frequen-
cies, e.g., due to nonlinearities of the channel and transients in the input signal. In
such cases, the sum of partial transinformation vaRiegxceeds the real value of

T, though the upper bound holds.

An elegant backward approach that provides a lower boudiofthe case of
stimulus evoked spike responses is gienulus reconstruction technigqyBialek
et al, 1991, Warland et al. 1997 Rieke et al. 1998. Here, a stimulus estimate is
reconstructed from the response by means of reverse kernels. The kernels model
the deterministic properties of the system and are the result of a squared error min-
imization between the stimulus and its reconstruction. Regarding the stimulus as
“signal” and the deviation of the fit as “noiseP,T values are calculated in the fre-
quency domain based on individual signal-to-noise ratios. Contrary to the upper
bound method described above, here the sufTofloes not exceed as long as
the stimulus is a stationary signal whose spectrum consists of Gaussian distributed
independent Fourier coefficients. Any nonlinearities in the system or inaccuracy of
the model would only increase the noise so that a lower bound results. Yet, when
the stimulus frequency components are correldtesi biased upward. The stimu-
lus reconstruction technique is restricted to a single channel stimulus whereas the
upper bound method allows multiple input signdksgke et al. 1998 Buracas and
Albright, 1999.

With respect to our research goals we need a method that unifies the advan-
tages of the methods described above. We prefer a forward approach that provides
a lower but relatively close bound df, because we intend to conservatively as-
sess the neuronal encoding of stimulus attributes. Further we demand its ability to
handle systems with continuous multiple inputs and outputs and a broad variety of
dynamic stimuli. For these reasons we developélree step approactvhich is
presented in the following sections. Each step is illustrated by analyses of visual
cortex population activity evoked by electrical stimulation of the cat retina. We
assess accuracy and limitations of the approach on the basis of simulated data for
which the theoretical value df is calculated analytically or numerically. Finally,
we discuss the results and give rules of thumb for suitable parameter settings. A
novel approach addressing some of the above demands was presebiedtby
and Miller (200)) shortly after submission of the present paper and will also be
discussed. An outline of our method appeared as a conference abSgiaciafd
Eckhorn 20010.
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stimulus response
system
coordinate transinfo
transform estimation
model
deterministic response

' STEP 1 ' step2 | stEP3 |

Figure 2.1 Scheme for the calculation @t. It consists of three steps: 1. Estimation of

the deterministic system response on the basis of linear kernels. The convolution of the
kernels with the stimulus provides an estimate for the deterministic fraction of the original
response. 2. Coordinate transformation of original and deterministic response epochs by
means of PCA provides uncorrelated coefficients. 3. Estimatidnad the sum of partial
valuesPT.

2.2 Methods

We do not relate the stimulus and response signals directly buftrst atepproject

the stimulus into the response space preserving only the relevant stimulus informa-
tion. This projection is equivalent to estimating the deterministic response of the
system given the stimulus. It is achieved by calculation of linear forward kernels
which, convolved with the stimulus signal, provide an estimate for the deterministic
fraction of the system response. We restrict our derivation to a linear model for
computational reasons. The model may optionally consist of several components.
For each stimulus condition to be included into the model one kernel is provided.
The shape of the kernels is the result of a least squared error fit between the origi-
nal and the deterministic response. Isexond stephe original and deterministic
response are each divided into sequences of epochs long enough to preserve the sig-
nals’ correlations. Then, we perform a linear coordinate transform of the epochs by
means of principal component analysis (PCA) to yield a representation with decor-
related coefficients. In thihird stepwe computePT on a per-coefficient basis and
summate the individual contributions to yield Fig. 2.1 illustrates the three step
strategy for the calculation df.

As an extension we modified the upper bound methgatgt and Theunissen
1999 by implementing the PCA instead of the Fourier transformation. Since serial
correlation in the input is taken into account, we get an upper bound which is closer
to the real value. This approach corresponds to a modification dirstistep in

"With “partial transinformation’PT we here denote the contribution of one sample or frequency
bin to T. According to the independence bound of entr§i®T > T (Cover and Thoma4.991).
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Figure 2.2 Example of local field potential (LFP) and multi unit activity (MUA) in visual
cortex (V1) of anesthetized cat, in response to electrical stimulation of the retinal surface
by a p-electrode, 2 from the right area centralis (ACA: Cortical receptive fields and
stimulus position. The shaded field (r4) belongs to the electrode used for recordings shown
in B: first 1000 ms of stimulus and response signals. Top: Stimulus sequence with Gamma
distributed intervals (mean rate 20 imp/s). Each stimulus event was a burst consisting of
5 biphasic current impulses with 2Q% phase width as indicated in A. We distinguished
between four stimulus conditions according to the current amplitude, that was randomly
varied between the values 20, 40, 60, anduQ For four stimulus events the stimulus
conditions are symbolically depicted as encircled numbers at the very top. Middle and
bottom: MUA and LFP response, respectively.Linear kernels for LFP corresponding to

the 4 stimulus conditions and mean kernel (M, right).

which the linear model is replaced by the optimal model describegiduidey et al.
(2000.

2.2.1 Step 1: Deterministic response model

The estimation of the deterministic response is based on linear kernels that can be
understood as prototype response epochs. They characterize the system’s behavior
with respect to the corresponding stimulus attributes, aspects, or parameter settings,
which we will denote agonditions(cf. Eger and Eckhorn20029. The kernels

are optimized with respect to the least squared error of the deviation between the
response signal and the deterministic estifia®hen each stimulus condition is

8The least squared error seems to be an appropriate metric. It ensures that the deterministic
estimate and the noise are uncorrelated. The implicit assumption of Gaussian noise distribution
leads to an upper bound of the noise entropy and thus, assists a lower bound of transinformation.
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regarded as a separate signal, the response estimate is the result of the superposi-
tion of the stimulus conditions convolved with the respective kernels. Optionally,
specific stimulus conditions may be exclusively supported by the model. This is
achieved by including corresponding kernels into the least squared error criterion
affecting the number of degrees of freedom and also the amount of data needed for
the kernel estimation. Consequently, the response estimate predicts only those re-
sponse features that are due to the corresponding stimulus conditions. This allows
us to investigate their encoding in the response. For example, one might assign one
kernel per stimulus position, per different stimulus pattern, or per stimulus intensity
step. If certain stimulus conditions are not considered in the model, the response
estimate cannot reflect a potential encoding of the conditions; the model has to
generalize over the conditional response variations. They are interpreted as noise
because they cannot be associated with an appropriate stimulus condition known
by the model. However, if indeed these conditions are not encoded in the response
then the performance of the model is not decreased. This argument illustrates that
the selective inclusion of certain stimulus conditions into the model may provide
a quantitative measure of their encoding in the response. 2R2gllustrates the
assignment of kernels to four different stimulus conditions in the context of electri-
cally evoked neuronal responses. The stimulus conditions reflect four stimulation
current amplitudes.

The kernel estimation procedure is performed for all kernels simultaneously.
It is comparable to the approach given Warland et al(1997), who constructed
multiple reverse kernels by linear regression in the time domain with the aim to
reconstruct the visual stimulus based on multiple binned spike trains. Here, the an-
alytical derivation is given in the frequency domain to avoid large equation systems.
We follow a derivation similar to that presented Bieke et al(1998 but reversed
and extended their method to multiple kernels (see Blse and Shanngri95Q
Wiener, 1950.° Note, that the kernels are intentionally stimulus specific and are
not suitable to generally describe the behavior of the system to an arbitrary stimulus
(Palm and Bpel 19895.

Let s,(t) denote the stimulus conditiorzse {1,...,m} which each have been
assigned a corresponding kermg(t) that we want to estimate. Then the linear
response estimate is a superposition of the stimulus conditions convolved with the
kernels

p)= 3 Sit)+heft). @22)

9The recent publication byheunissen et a{2001) that appeared shortly after submission of our
manuscript takes a similar approach. The authors model the neuronal response to natural or artificial
spatio-temporal stimuli by linear kernels and implicitly address the problem of decorrelation.
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We want to minimize the mean squared error between the response and its deter-

ministic estimate
+o00 m 2
Xz[{hz(t)}] = </_oo rt)— lez(t) * (1) dt> (2.3)

by adjusting the kernels;(t). The minimization is to be performed in the frequency
domain. According to Parseval’s theorem we have
2
do
> 2%

0} = /+<
- [R5

_Z/ H*<RS 2717
—;/ H, (R'S,

o0 d
£33 / L Py <S«S§>§- (2.4)

x=1y=1

m

R(j0)— Y Slio)H(jo)

z=1

For clarity reasons we have dropped the argumentAfter taking the derivatives
separately for each frequency with respect to the real and imaginary parts of the
kernelsH, and setting them to zerfd,one finally gets an array ofi equations, each

of the form o
<ng> - Z;Hz<szsg> . (2.5)

The left side of the equations resembles the conditional mean response following
the stimulus{, the right side the superposition of the frequency kernels weighted
with the respective stimulus cross spectra. With the abbreviations

Fo= (Rg)

N, = <szsz> (2.6)
(2.5) can be rewritten as
m
FC = Z Nz,CHZ (2.7)
z=1
or alternatively, in matrix style
F=_H. (2.8)

10The Hesse matrix containing the second derivatives is positive definite which is sufficient to
indicate a minimum of¢?.
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Figure 2.3: Comparison of the single and multi-kernel response estimates corresponding to
Fig. 2.2 A: Power spectral densities of the original response (light grey), the deterministic
estimate using multiple kernels (medium grey), and using a single kernel (dark grey). Note
that the power of the estimates is generally less than that of the original response. The
better the prediction the more response variance is explained by it. Here, the multi kernel
prediction explains slightly more variance than the single kernel estilBaRepresentative
epoch over 500 ms of the original response (light grey), and the multi kernel estimate (solid
line). For clarity, the single kernel signal has been omitted. Dashed vertical lines mark the
time and duration of the stimuli, the encircled numbers indicate the corresponding stimulus
conditions (Fig2.2).

The solution of the system of equations can be carried out separately for each fre-
gquency component by means of any standard equation solver that handles the com-
plex data type. The dimension of the square matfixs identical with the number
of kernels and is very small compared to the corresponding regression matrix pro-
posed byWarland et al(1997. The algorithm was implemented in R language
(Ihaka and Gentlemai996).

An example for the deterministic response estimation is shown in Zg).
The estimates capture the linear deterministic fraction of the stimulus information.
There is no linear correlation between response and estimate other than the amount
of correlation inherent in the response itself.

2.2.2 Step 2: Coordinate transformation

If the response of the investigated system is a white noise signal, i.e., the samples are
statistically independent, can be calculated as the sum of its partial contributions
PT. If the response signal is not white, the sunP@fwill exceed the real value &f

(Cover and Thomad.99]J). In general, independence of samples at the output of a
system cannot be assumed. Serial correlation may already be present in the input or
is introduced by the signal transmission properties, e.g., lowpass characteristics, of
the information channel. For this reason, the stimulus reconstruction technique is
performed in the frequency domain: in spite of serial correlation in the time domain

UThe “kernel” between the original response and the deterministic estimate is formally a delta
impulse.
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the frequency components of Gaussian random functions are indepeRaeke (

et al, 1999. However, the Fourier coefficients of epochs of stationary processes
are only approximately uncorrelatetdr{ser 1984 and non-stationary processes
usually carry correlation both in time and frequency domain.

To solve this problem we have to perform a transformation into a coordinate
system where the representation of the data has independent coorditeteson
(1948 has shown that, although the entropy may be affected by a change of coordi-
nates, the difference of entropies sucifagmains unchanged. It should be noted
that the transformation has to be bijective or in the linear case, invertildeq
and Obradovic1997). The above requirements are met by pin@cipal component
analysis(PCA). It decorrelates the data by finding an orthonormal coordinate sys-
tem whose axes are the principal axes of a Gaussian ellipsoid fitted to th¥ data.
Thus, it is very useful for redundancy reduction. Moreover, the expansion is opti-
mal in the sense that a reconstruction of the original data based on a reduced set of
coordinates yields a least squared error fit.

In practice, we proceed as follows. The data is divided Mhsubsequent epochs
of n samples each. Then we construct the principal components (the basic wave-
forms) from the set of deterministic response epochs. As long as the number of
epochs exceeds the number of samples per epoch, the space is large enough to also
embed the original response. However, its covariance matrix may not be perfectly
diagonalized (see Discussion on3). When PCA is applied to the data, each of
theN epochsﬁtime is represented by a new vector of coordinates in the principal
component space

_ 1 .
Rpca: ﬁgRﬂme (2.9)

with .# being a matrix whose rows are the principal components. There are two
alternative ways to calculate the principal componeftghe regular approach and
the Karhunen-Loeve expansio@laser and Ruchkirt97§. While the regular PCA
diagonalizes alN x N covariance matrix where each element is the covariance be-
tween two epochs d&,.,'% the Karhunen-Loeve transform uses the n covari-
ance between time points. Depending on the dimengibasdn, the method with
the smaller covariance matrix is computationally more efficient. In our analyses we
normally haveN > n. Therefore, we applied the Karhunen-Loeve transform, but
determined the eigenvalues with singular value decomposition for reasons of nu-
merical precision (see Documentationpaicomp (), Ihaka and Gentlemaf1996).

As stated above, the transformation into principal component coordinates leads
to uncorrelated coefficients. This property may be utilized for the application of the

2There are other techniques suchirdependent component analy§@mon 1994 Karhunen
et al, 1995 which aim at statistical independence. However, they require a larger amount of data
and are computationally more complex.

Balternatively, the correlation matrix with normalized coefficients may be used (see Discussion
in Glaser and Ruchkijrl976.
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Figure 2.4. Response signal in three different domaids. time, B: frequency, andC:

PCA domain. Upper panels, A: Three representative 250 ms epochs of the same cortical
LFP shown in Fig2.2 In B the imaginary part of the Fourier coefficients is shown for
negative, the real part for positive frequencies. Bottom, left panels: Respective correlation
matrices. Each pixel corresponds to the complex correlation coefficient between a pair of
bins. Absolute correlation is coded with linear grey scale (white: 0; black: 1). Bottom, right
panels: Diagonal mean of the correlation matrix (normalized auto-correlation function).
In contrast to the PCA domain, in the time and frequency domains some degree of linear
correlation is present. This is indicated by non-zero off-diagonal elements of the correlation
matrices and deviation from delta shape of the auto-correlation functions.

three step approach to multi-output systems. In practice this may be achieved as
follows. According to the previous section, one deterministic response model for
each of the&k output channels has to be constructed. Then, epochs of corresponding
times have to be serially aligned separately for the original and model response
signals. This leads to new combined epochs thak éirees longer than the original
onest* Now the covariance matrix has to be orthogonalized as described above,
resulting in the basic vectors of the combined vector space and the new coordinates:
the principal component representation of the combined epochs.

141t should be considered to normalize tkeoutput channels to obtain equal variance before
aligning the epochs if each channel is equally important. The fact that the alignment of epochs
of different channels may cause unsteady transitions does not cause problems.
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Fig. 2.4 gives an example of subsequent epochs of data recorded in cat visual
cortex. The data is represented in three different coordinate systems: time (A), fre-
quency (B), and principal component domain {€)he depicted correlation ma-
trices correspond to those used in the Karhunen-Loeve transform. Other than in the
time and frequency representations, the principal component coefficients are uncor-
related and even statistically independent if deviation from normality and nonlinear
correlation in the data is negligible (see Discussion dsijp. Then the sum of their
partial contribution$®T does not exceed.

2.2.3 Step 3: Transinformation based on signal-to-noise ratios

After the continuous stimulus and response signals have been sufficiently finely
discretized in time and amplitude, the transinformation can be calculated directly
(in bit per sample)

p(rils)
p(r;)

T(SR)= 5 piS) 3 plr5)log, 2.10)
i= i=

However, the estimation of the conditional probabilitiﬁsj |s;) typically requires a

huge amount of stationary data that often cannot be provided by neurophysiological
experiments, in particular, when the symbols are serially correlated. The calculation
of T is simplified if the stimulus is a Gaussian white noise signal (GWN) with
variancesZ. On the assumption of additive channel noise with variasgcea lower
bound ofT (in bit per sample) is given bghannor(1948

T(SR) > %logz[1+SNFq : (2.11)

with the signal-to-noise ratio SNR ¢2/c2. Equality is reached if the channel
noise is GWN. For band limited signals with Gaussian distributed Fourier coef-
ficients, Shannon(1949 p. 169) has shown that the transinformation (in bit per
second) yields

. 1w [S(f)I?

T(SR)_E/WIogz [l+|N(f)|z}df. (2.12)
However, we do not want to be constrained to stimuli with independent Fourier co-
efficients. Only in this case tHeT may be added in the Frequency domain to yield
T according to 2.12. We have proposed to solve this problem by implementing
the PCA instead of the Fourier transform (see previous Sectid®) pThe entropy
formulae are equivalent in both cases. Concerning the nomenclature, we will use
the characteif that — depending on the context — may either denote frequency or
principal component coordinates. Further, we use the deterministic rRoélel

15We applied the discrete Fourier transform (DFT) without zero-padding in order not to introduce
correlation between Fourier coefficients.
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Figure 2.5 Schematic diagrams of the signal)(and entropy flowsH) for the calculation
of T.

instead of the stimuluS( f) for the calculation off (see Fig2.5). This is necessary
because stimulus and neuronal response signals are different signal types and usu-
ally are represented in different spaces. Since the model can never outperform the
stimulus we have

T(SR) > T(P;R
= H(R)—H(N). (2.13)
Equality holds, when the model perfectly captures the deterministic properties of
the stimulus and the noise is additive and independent. We now require that the
model signalP(f) is multivariate Gaussian distributed and decorrelated. The lat-

ter condition is fulfilled after coordinate transformation based on PCA. Then the
differential entropy oP(f) is

H(P) :%/Wlog227re|P(f)|2df. (2.14)

The respons&(f) and the nois?(f) = R(f) — P(f) are represented in the same
coordinate system and may neither be Gaussian nor completely decorrelated. Their
entropies are bounded by the Gaussian case, e.g., for the noise entropy we have

H(N) g%/wlogzmem(fﬂzdf. (2.15)

Since the entropy power of arbitrary noise is less than or equal to its variance and
noise correlations decrease the entropy, a lower boumaesults (in bit per second,
Shannon1949

. 1 P(f)[?
T(SR) ZT(P,R)zéfwlog2 {1+W}df. (2.16)
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Figure 2.6. Example for the calculation df in the spectral (left) and PCA domain (right)

on the basis of the data shown in FiguBe2and2.3. A, B: Power densities of original re-
sponse (unfilled) and multi-kernel estimate (shad€j)D: Rates ofPT (shaded) and their
cumulative sum (dashed) based on the signal-to-noise ratios for each frequency component
(C) and principal component coefficierD). Only those contributions have been consid-
ered that were significantly different from zero (jackknife error estimafpo#d,0.05). The
cumulative transinformation in the frequency domain is higher compared to that in the prin-
cipal component domainT&eq = 2159 versusl,ca = 177.3 bit/s) due to correlation in the
spectral representation. Fi@.7 exemplifies how th@T are computationally obtained.

The response variance amount$R6f )|2 = |P(f)|24-|N(f)|? sinceP(f) andN(f)

are uncorrelated. The latter may easily be proved in analogy to the derivation by
Theunisserf1993 (see Appendi®2.5.9. Thus,T may also be given with respect to
the effectivenoiseN«(f)

1 R(f)/?
T(SR) > 2/Wlog2 [1+|Neﬁ(f)|2}df (2.17)
(Bialek et al, 1991 Theunissen1993. Contrary to the noise source in F5A,
the fictitious effective noise may be thought of being additive with respect to the
responsér(f) (see AppendiR.5.9.

The above approach has been applied to the data example shown in Rigures
and2.3, both in the frequency and PCA domains. FEigs depicts the power spectra
of the original response and its deterministic estimate as wéllTa$Ve generally
applied the jackknife error estimation and bias correction method for the calculation
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Figure 2.7 Histograms and density estimates in frequency and PCA domain of signal
(shaded) and noise components (unfilled) for one selected bin indicated by corresponding
vertical lines in Fig.2.6. A: Histograms of the real parts of the Fourier coefficients. The
imaginary part is similarly distributed (not shownR: Histograms of the principal com-
ponent coefficients. In the frequency dom&in yields 4.581 bit/s per 2 Hz &t = 58 Hz

using density estimation vs. 4.585 bit/s per 2 Hz by mean2df7( (applied to a single

bin) based on the signal-to-noise ratio. Similarly, in the PCA dorRdis of the 24" coef-

ficient are 3.462 vs. 3.446 bit/s per coefficient, respectively. The calculation based on the
signal-to-noise ratio is exact if noise and response are Gaussian distributed and independent.

of PT (Efron and Tibshirani1l991; Efron, 1994. Fig. 2.7 illustrates how a single

PT value is calculated. As a point of reference we calcul&&dbased on a com-
putationally expensive adaptive density estimation algorithm (see documentation of
locfit (), Loader(1997 1999 and Appendix2.5.5.

2.3 Results

We demonstrate the accuracy and reliability as well as the limitations of the method
on the basis of artificial data that have controllable statistical properties and allow
the direct calculation of. It is shown to what degree assumptions implicitly made
and structural properties of the data afféctAs displayed in Fig2.8 we selected
different types of artificial signals resembling stationary (A, B, C), cyclo-stationary
(D, E) and non-stationary processes (F). They cover a broad range of possible input
signal and channel properties. The tests are independent of the performances of the
response model in order not to influence the results by arbitrary model properties.
The generated artificial data represent both, a simulated stimulus evoked response
and a corresponding response model with 1 ms resolution. In practice, the deter-
ministic response model data was generated first. In a second step the model was
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Figure 2.8 Example epochs of the six model signals (upper row), sections of their covari-
ance matrices (middle), and auto-correlograms (bottémisaussian white noise, (GWN),

B: AR process,C: white noise with amplitude distribution of a sinusoid; sinusoidal
epochs at random phadg, sinusoidal epochs with random phase and first harmonic, and
F: epoch aligned impulse responses to delta impulses with Gaussian distributed amplitude.

superimposed by independent unit variant GWN to yield the simulated response
signal. The following model signals were tested:

A Gaussian white nois@.he model consists of a sequencéa#pochs of length
n. The samples are independent and Gaussian distributed. Noise is adjusted
to yield S/N = 1 which leads tar = 0.5log, [1+ S/N]bit-1000 s = 500
bit/s.

B Autoregressive (AR) procedsifferent from A the model contains serial cor-
relation while the average signal power is the same. Serial correlation is in-
troduced according to the lowpass properties of the first order AR process.
The theoretical value i$ = 3852 bit/s (Appendix2.5.1).

C Noise with amplitude distribution of a sinusoidhe signal differs from A
only in its bimodal and range limited amplitude distribution with double vari-
ance. We get a theoretical valuef= 764.2 bit/s (AppendixX2.5.2.

D Phase jittered epochs of sinusoid$he amplitude distribution is identical
with that in C but the signal is strongly correlated. The amplitdde 62 =
2 and frequency~9 periods per epoch) is fixed. The only variable is the
uniformly distributed phaseT does not depend on the frequency but on the
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epoch length (Appendi®.5.3. For a length of 250 ms a value &f= 20.4
bit/s is transmitted?®

E Phase jittered epochs of sinusoids with first harmonite signal differs
from D in the additional first harmonic of half amplitude. The entropy of the
model is the same as in D, since the phase locREdatmonic does not carry
additional phase information. However, the signal-to-noise ratio is increased.
For an epoch length of 250 ms we Jet 36.9 bit/s, a value larger than in D
(Appendix2.5.3.

F Epoch aligned random amplitude cosine wavefoffhe test signal mimics
the response of a filter with impulse respogéle) = 0.5(1 — cos(2xk/N)) to
a random amplitude delta impulse at epoch begin. The entropy is identical to
that of the delta impulse. The filter introduces serial correlation which leads
to an improved signal-to-noise ratio. A valueTot= 13.1 bit/s results for 250
ms epoch length (Appendix5.4.

Dependence of transinformation on coordinate system.We compare the re-
sulting values of partialfT) and cumulative transinformatio€PT) after linearly
transforming the signals into the frequency and alternatively, PCA domain2 Big.
depicts the respective profiles. The dashed lines indicate the theoretical values of
They should coincide with the corresponding asymptotic valu€R3t The calcu-

lation in frequency coordinates is precise for signals whose Fourier representation
yields independent coefficients. This is the case for the stationary signals A, B, and
C. For the non-stationary signal F and, surprisingly, for the cyclo-stationary signals
D, E the calculation fails and the sumT overestimate$. In contrast, the calcu-
lation in the PCA domain yields relatively precise results for all six signal types. It
is nearly precise for signals C and F and gives a slight underestimation for A and
B. The relative deviations from the theoretical values in case of signals D and E
amount to about 50%. Even though the absolute deviations are small compared to
those resulting from the calculation in the frequency domain, they are not negligible
and may indicate a systematic influence.

Table2.3 summarizes the results. The valuesPdf were calculated based on
individual signal-to-noise ratios using Shannon’s formula for information capacity
before summing them up, except for the two columns on the right. Here, normality
was not assumed. Instead, we performed density estimation for the signal and noise
(Loader 1997 and computedPT as the difference of the partial response and noise
entropies (Appendi®.5.5.

Dependence of transinformation on data size.The number of epochs of the
model signals was varied in steps from 5 to 1000. In RigOT is plotted over

18For computational reasons, we generated a continuous signal with odd ratio of periods per
epoch. Thus, the phase was not really random. Comparing the results to those of sinusoid epochs
with uniform random phase we did not find any difference.
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Figure 2.9 PT (shaded) an€PT (unfilled) profiles for the artificial signals A—F accord-

ing to Fig. 2.8 in the spectral (upper panels) and PCA (lower panels) domain. The data
consisted of 1000 epochs of 250 ms duration and 1 ms resolution. The x-axes denote the
coefficients either in the frequency (in Hz) or the PCA domdii.is based on individual
signal-to-noise ratios. Corresponding values on the basis of density estimation are visually
not distinguishable. The theoretical valuesToére indicated by dashed horizontal lines.

To calculateCPT we performed a jackknife error estimatioBf(on and Tibshiranil991;

Efron, 1994 to obtain an estimate of the standard error, and rejectedPanyot signifi-

cantly different from zero. Significant bing K 0.05) are marked at the top line of PCA
panels in D, E and both panels in F. In the other panels most bins are significant and there-
fore not marked. The total values ®f(in bit/s) for the frequency and PCA domain are in

the respective diagrams. See also Tabg

the epoch number for the frequency and PCA domain and for three different epoch
durations (50, 100, 250 ms). was normalized to its theoretical value in order to
better compare the results for the different parameter settings. Note that for signals
D, E, and F the number of signal periods per epoch was kept constant while altering
the epoch size.

For signals A, B, C the transinformation converges to the theoretical value at dif-
ferent slopes (except for a small asymptotic deviation in case of signal C). For small
amounts of datd is underestimated remarkably. The calculation in the frequency
domain converges faster, i.e., a smaller number of epochs is needed compared to
the calculation in the PCA domain. In the frequency domain the different epoch
sizes hardly affect the convergencelofThis is contrary to the PCA domain where
smaller epoch sizes are to be preferred. Comparably, fewer epochs are necessary
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Table 2.1 Theoretical and numerical values of(in bit/s) for the six model signals of
Figures2.8and2.9.

bit/s theor| frequency PCAS/N PCA density
model signal uncorr| corr | uncorr| corr | uncorr| corr

A gaussian || 500.0| 497.8| 497.0| 479.0| 478.3| 479.2| 479.2
B ar noise 385.2| 378.6| 377.9| 374.0| 373.3| 373.9| 358.7
C sine shuff | 764.2| 789.8| 789.1| 755.8| 755.1| 755.4| 755.4
D sine 20.4| 719| 70.3| 31.8| 31.8| 33.5| 29.2
Esineharm | 36.9| 129.0| 1274, 56.1| 56.1| 54.0| 50.8
Fimpcosine| 13.1| 16.9| 16.2| 139| 13.2| 14.1| 13.2

The corrected values differ from the uncorrected ones by the rejection of Bibsm®t
significantly different from zerog < 0.05). Note that in most cases the discrepancy between
corrected and uncorrect@dis small. There are exceptions for the calculation in the PCA
domain using density estimation.
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Figure 2.10 Dependence of corrected valuesTobn the amount of available data for

the six test signals (Fi.8). The transinformation was normalized to the theoretical val-

ues. Graphs are shown for three different epoch sizes (50, 100, 250 ms) calculated in the
frequency and PCA domains (inset A).



THREE STEPS FOR THE ANALYSIS OF TRANSINFORMATION 27

A gaussian B ar noise C sine shuff
N N N
c — —
S
IS
g @] @ | @ |
5° © °
o ¥ < <
=) o o
s | ] ]
[
= O o o
o T T T T T T o T T T T T T o\ T T T T T T
10 20 50 200 500 10 20 50 200 500 10 20 50 200 500
D sine E sine harm F imp cosine
- EE Ex
S @ pca
= © © @ freq
: =
- S
§ © A © A weee 250s
£
o < 1 <
2
T N o~
°
(@R (@R

10 20 50 = 200 500 10 20 50 | 200 500 10 20 50 |~ 200 500
epoch length [ms]

Figure 2.11 Corrected transinformation values normalized to the theoretical values depen-

dent on the epoch duration, while the total data size was kept fixed (test signals2n8Fig.

We generated three data sets of 50, 100, and 250 seconds length. They are identical with the

largest data sets in Fig-10(number of epochsl=1000). Note that the basic frequencies

for the signals D, E, and F depend on the data size (see legend). In practice, the three data

sets per signal were divided into epochs of 10 to 1000 ms and for each epoch diiration

was calculated in the frequency and PCA domains.

to yield the same proximity to the theoretical value, even though the total amount
of data proportionally decreases with reduced epoch sizes. For signals D, E, and
F17 the calculation in the frequency domain overestimatesnsiderably. In con-

trast, PCA is relatively precise even for small epoch numbers and for all three epoch
sizes. We will discuss the minor but consistent deviation from the theoretical value
in case of signals D and E in Discussion or3f.

Dependence of transinformation on epoch sizéle examined the dependency of

T on the epoch length, i.e., the number of samples per epoch, while keeping the
total data size constant. This is relevant with respect to the practical question of
how to divide data already available in order to yield valued dhat are closest

to the theoretical value. We used the data sets examined irRBidined up the
epochs and divided them anew into epochs of varied length (10 to 1000 ms). The
periodicity of signals D, E, F is differently affected depending on the new epoch
size. For signals D and E the number of periods per epoch hardly influéntes
theoretical values only depend on the number of epoch samples (App2adix
andRife and Boorstyr(1974). Signal F is heavily affected if the new epoch size

is not an integer multiple of the waveform length. In this case the entropy of the
signal increases due to the added uncertainty about the phase. This effect is evident

argest epoch size
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Figure 2.12 Normal probability plots for the first bin (PCA domain) of the signal (top)
and noise (bottom) for the six test signals. The axes denote their normalized amplitudes.
The shapes are representative for the distributions of the other bins. For signals D and E
only the first 2, respectively, 4 bins are significant (jackknife error estimapieh.05).

in Fig. 2.11F where the red graphs originate from a large bias yet join the horizontal
line (the theoretical value) at an epoch size equal or larger than the waveform length.
The reason for this large deviation is not a fault of the algorithm. The theoretical
value was calculated on the (violated) assumption of a constant phase and hence, is
too small, here.

The graphs for signals A, B, C in Fig.11look similar, and for both coordinate
systemsl converges to the theoretical value if one neglects the small deviation for
signal C. While the calculation in the frequency domain gives best results for longer
epochs, small epoch sizes are preferred for the calculation in the PCA domain.
Another difference is that for the PCA domain the results depend strongly on the
total data size (note the different position of the bend of the graphs). For the largest
data size (250 s) a maximum epoch length of 200 ms seems suitable. For smaller
total data sizes shorter epoch lengths should be chosen to prevent a downward bias
of T. Signals D and E fail with respect to the frequency method. Only for very
small epoch sizes the values Bfget relatively close to the theoretical value. In
comparison, the calculation in the PCA domain yields values that are much closer
to the real value, though there exists a consistent deviation. Interestingly, the slope
of the curves is positive contrary to the graphs A, B,Tf signal F is estimated
very precisely in the PCA domain. As mentioned above, the large deviations for
short epochs are due to the neglected increase of entropy in the calculation of the
theoretical value.

Assumption of Gaussian distribution. Implicitly, normality is assumed when the
signal-to-noise ratio is used to calcul&®. EntropyH (P) and consequentlyf; will

be overestimated if the assumption of Gaussian distributed principal component
coefficients of the model is violated because a Gaussian distribution maximizes the
entropy given the variance. On the other hand, if the noise deviates from normality
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the irrelevance is overestimated which leads to a downward biak fow test the
validity of the assumption of normality, we plotted the empirical quantile function
against the normal quantile function for the first coefficients (normal probability
plot, Fig.2.12). Except for signals D and E the graphs resemble a straight line for
signal and noise indicating normalit§sfiedecor and Cochrah989. In the other
cases the noise is still normal though the normal probability plots of the signal have
sigmoid shapes, which reveals bounded distributions.

The results given in Tabl2.3 (columns PCA) are based on two different meth-
ods for the calculation of theT. The first method assumes normality because it
uses the signal-to-noise ratio. The second method is based on a density estimation
procedure (Appendi®.5.5andLoader(1997). In case of approximately Gaussian
distributed variables (signals A, B, C, F)nearly yields the same values with both
methods. An exception is the corrected value in signal B which most probably is
due to a threshold effect of the significance test. However, when the assumption of
normality is violated (D, E) we find a small deviation between both calculations.
T is slightly overestimated using the information capacity formula if a significance
test has been performed (corrected columns).

The small asymptotic bias for signal C both with the PCA and frequency method
(Fig. 2.10 2.11C) may have its origin in the non-Gaussian properties of the model
although the principal component coefficients are normal EtR2C). This being
our conjecture we calculatédadditionally in the time domain (Figure not shown)
without assuming normality using the density estimation method. Interestingly, the
result isT = 764 bit/s which is nearly identical to the theoretical value (T&oBp.

2.4 Discussion

Summary of methods.Having chosen an indirect forward approach for the quan-
tification of T, we adopted the perspective of the sensory information flow and
modeled the channel output conditional on its input for several reasons. First, in
our experiments we are in control of the stimulation site which allows us to easily
inspect the conditional mean responses of the system. Second, we wish to evaluate
stimulation parameters, attributes and conditions with respect to their contribution
to T. This is equivalent to analyzing the degree to what these stimulus properties are
encoded in the evoked responses.

To determind in case of continuous stimulation we carry out a three steps strat-
egy. After designing a response model that incorporates the encoding of selected
stimulus properties we obtain a deterministic estimate of the original response. In
a second step we perform a coordinate transformation by means of PCA and yield
linear independent coordinates. The last step consists in the calculati®h ari
a per coefficient basis by means of either a density estimation algorithm or simply
Shannon’s information capacity formula.
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Coordinate transformation. On the basis of artificial data we demonstrated that
our approach is suited to yield a lower boundToprovided that nonlinear corre-
lations between samples of the deterministic response estimate and deviation from
normality in the PCA domain are negligible. The calculationTohs the sum of
partial values fails in any coordinate system if the coordinates are depeaeet (

and Thomas199]). For the same reasomdeke et al.(1995 1998 — within the
context of the stimulus reconstruction technique — emphasize the use of Gaussian
white or colored noise stimuli which do not contain correlated frequency compo-
nents. Correlated harmonics introduced by potential nonlinearity of the examined
channel, are still interpreted as noise and do not violate their lower bound demand,
as long as the model does not capture them. The reason is the introduced disorder of
frequency bins between original and model signal which is not taken into account
by a linear algorithm.

A data structure (epoch length and number) dependent side effect of the same
origin appears when the coordinate transformation is performed by means of PCA.
Equivalently to the frequency method that provides a diagonal covariance matrix
of the stimulus Rieke et al. 1999, here, PCA transforms the deterministic model
data and diagonalizes its covariance matéaser and Ruchkirl976. However,
the same transformation applied to the original response signal may not completely
diagonalize its covariance since the correlation structure of the inherent noise may
differ from that of the deterministic model. If noWwis calculated solely based on
the diagonal elements of the model and noise covariance matfities,noise en-
tropy is overestimated which assists a lower bound (fee Hadamard’s inequality,
Cover and Thomag&l991)).

We find this effect in Fig2.10and?2.11 (stationary signals A, B, C) wherg
converges to the theoretical value for both the calculation in the frequency and PCA
domain. However, the calculation in the PCA domain underestimates the theoretical
value to a larger degree and converges more slowly. A crucial difference between
Fourier and principal component analysis is that for the latter the basic waveforms
are generated from the analyzed data themséR&sorder to reflect relevant gen-
eralized features of the data instead of casual deflections it is necessary to provide a
sufficient number of epochs for the construction of the principal components. The
ratio of the epoch numbeX vs. epoch lengt is to be chosen between two ex-
tremes:N = nis just sufficient to provide a vector space large enough to cover any
possible signal. Onli/n — o guarantees a perfect generalization.

SinceN/n = 2 showed a downward bias ®©fof less than 10% (Fig2.10A, B,

C), we applied the rule of thumid/n > 2 for the parameter settings in our analyses
of real data, i.e., we adjusted the numipeof samples per epoch to at most half
of the epoch numbeN. An advantage of smaller epochs at fixed total data sizes

Bequivalent to 2.16)
19The eigenvectors of the covariance matrix of a stationary signal are not identical but fon large
close to the Fourier basitliser 1984 Gray, 2001).
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is that the precision of the variance or density estimates increases with growing
number of epochs. On the other hand, the epoch size should not be chosen too
small. This is equivalent to disregarding data inherent correlation, which extends
further than one epoch and would lead to an upward biak @his effect can be
seenin Fig2.11B (red curves at 10 or 20 ms) where the epoch size was decreased
to a degree that it reaches the proximity of the time constant of the autoregressive
process (Appendi®.5.7).

We have shown that by means of transformation into the PCA domain we may
relatively well deal with cyclo-stationary or non-stationary model signals that com-
parably fail if T is calculated in the frequency domain (Figu&4Q 2.11D, E,

F). The precise result for signal F is astonishing though logical when one real-
izes that the PCA achieves complete linear decorrelation. The Fourier coefficients
of cyclo-stationary signals (D, E) are correlated depending on the epoch length
This is due to spectral leakage caused by discontinuities of the periodically con-
tinued signal when an integer multiple of the fundamental period does not exactly
fit into the epoch. The signals D and E are examples for which the PCA performs
much better than the frequency method. However, a 50% overestimation of the
theoretical value is not satisfactory. An explanation is that PCA does not achieve
statistically independent coefficients if nonlinear correlations are present in the non-
transformed signals. Moreover, deviation from normality of the resulting principal
component coefficients indicates that PCA probably did not work optimBieé

and Obradovic1997. As shown in AppendixX.5.6 the correlation between sub-
sequent temporal samples are not linear but rather circular due to systematic phase
shifts of the sinusoids (Fi@.15E). This kind of correlation cannot be completely
removed by means of PCA. Note that in F&y9 D, E only two or four principal
component coefficients are needed, respectively, to describe the epochs (note mark-
ers at the top). Looking more closely into the data reveals that the principal com-
ponents are simply a sine and cosine waveform for signal D and two pairs of them
for signal E. This illustrates the proximity to the Fourier transformatidakhoul

1981 Unser 1984 Gray, 2001). Clearly, any shifted sinusoid may be described

by a linear combination of a sine and cosine waveform demanding for two coeffi-
cients. However, even though there is no residual linear correlation between these
coefficients, they are affected by a strong nonlinear correlation and a scatter plot
resembles a circle (Fig.15F). This may explain why the values dffor signals D

and E are overestimated.

A lower bound of transinformation. What can be done to not overestimdte

using the PCA approach? As pointed out above, nonlinear correlations between
samples cannot be resolved and result in an upward bias. One example for temporal
nonlinear correlations are oscillatory components. Other causes may be nonlin-
ear amplitude characteristics of the system such as threshold effed®si¢stley

1980. Nonlinear correlations may be detected visually by means of scatter dia-
grams of the examined variables (Fig13A). However, the pairwise consideration
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of variables is not sufficient to exclude nonlinearity. Concepts for testing linearity
based on higher order spectra are availaBleo(and Gahrl98Q Hinich, 1982). If
nonlinearities cannot be neglected, nonlinear decorrelation concepts such as inde-
pendent component analysis (ICA, €omon(1994); Karhunen et al(1995; Deco

and Obradovi€1997) should be considered.

A further cause for an upward bias is an unjustified assumption of normality.
A deviation from normality results in an overestimation of the respective entropy.
Normality may be visually tested on the basis of quantile-quantile plots 2Flg.
and Snedecor and Cochrdgi989; Venables and Ripley1999). This argument
may serve for the explanation of both an upward and a downward bigdsioice
it is the difference of the signal and noise entropy. For example, if normality of
the noise is erroneously assumed, its entropy will be overestimated leading to a
decreased value @t

An interesting observation is the small asymptotic bias for signal C both with
the PCA and frequency method (Figur24.0 2.11 C) although the coefficients
are normal (Fig2.12 C). A recalculation in the time domain without assuming
normality using the density estimation method yields the nearly exact value of 764
bit/s. We explain this effect as follows: The application of PCA yields orthogonal
coefficients, but it cannot be guaranteed that the result is statistically independent.
Especially, if the original variables already are statistically independent it is most
probable that the result is only linearly uncorrelated, i.e., nonlinear correlations may
be introduced by the PCA. At the same time the linear transformation affects the
distributions of the variables. The originally bimodal distributions of signal C are
changed towards approximate normality (central limit theorem Sseszlecor and
Cochran(1989). If now PT is summed up to estimaie the nonlinear correlations
implicitly introduced by the PCA are not taken into account. The entropies of the
individual variables are increased due to the change in their distribution, which
results in an upward bias far.

PCA has been applied to obtain a dimensional reduction of recordedRiaka (
mond et al. 1987. Linsker (1988 showed that if a network performs a PCA of
its Gaussian distributed inputs, it maximiZEscross the net. This illustrates that
there is no other transformation that better preserves information in the Gaussian
case. AccordinglyRPlumbley(199]) pointed out that PCA leads to the tightest upper
bound for information loss introduced by the net. The bound being an upper one re-
sults from the input’s potential deviation from normality. These findings encourage
the use of PCA in case of normally distributed variables but one has to be careful if
this cannot be ensured. For a separation of a nonlinear mixture of independent vari-
ables with arbitrary distributions other approaches utilizing higher order statistics
have to be considere®éco and Obradovjd 997 Yang et al, 1998.
The choice of a response model.The transinformation yielded by an indirect
method depends on the utilized model. The less exact it predicts the determinis-
tic response of the system, the lowefTi®ecause response features not explained
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Figure 2.13 Example of cortical local field potentials evoked by a four channel electrical
stimulation of the retina (Gamma distributed inter-stimulus intervals, mean rate' s
channel, 10QA, 400 us charge balanced current impulses with positive leading phase).
Response power density (unfilled) and power densities for the linear response model (dark
grey) and the optimal model accordingRaddey et al(2000 (light grey). B: Coherence
measurey(R P) (dark grey) andy/y(R,R) (light grey). C andD: PT and CPT for the
spectral respectively PCA domain (linear model: dark grey, dashed line; optimal model:
light grey, solid line). The peak in A and the corresponding cutin B, C at 150 Hz are caused
by the 29 harmonic of 50 Hz mains interference.

by the model are automatically interpreted as extra noise. In their recent approach,
Roddey et al(2000 demonstrate that the performance of a response model may
be assessed in relation to an optimal model. Optimality is defined with respect to
the least squared error between the original response and the model signal. To get
an impression about the performance of a utilized linear model, and to illustratively
discuss the consequences of the model choice, we applied their approach to data
recorded from the cat visual cortex (F&y13. Diagram A shows the spectral power
densities for the recorded resporigefor a deterministic linear response moék|

and the optimal modeF,, which is identical to the conditional mean response.
The model power spectra are relatively similar, though not very close to the original
response spectrum. This indicates that the original response contains a large amount
of variability not related to the stimulus. Diagram B displays the coherence mea-
suresy(R,P) and /(R R). RandR denote two long duration response sections
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Figure 2.14 Exemplary analysis for the applicability of PCA, B: Correlation matrices

for frequency and PCA domain, respectively. Absolute correlation is coded with linear grey
scale (white: O; black: 1)C: Scatter plot of consecutive samplesRgf; in time domain
reveals linear correlatiofd: Normal probability plot of residuals indicates that the data may
not be described sufficiently by a linear modé&: Scatter plot in the PCA domain, does
not suggest any correlatiofr. Normal probability plots of the first 4 principal component
coefficients roughly indicate normality. The curves are structured and range-limited due to
the deterministic model properties and stimulus repetitions.
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evoked by an identical stimulugoddey et al(2000 have shown that the perfor-
mance of the modd® is reflected in the proximity of both functions. One would
conclude that for the present example a linear model might be sufficient because
the optimal model does not explain much more variance compared to the linear
model (A). The graphs Fig2.13C, D showPT andCPT for the linear and optimal
model calculated in the frequency and PCA domain. The total raTﬁegf: 784
(linear) respective 129.3 bit/s (optimal) in C exceeds the valpgs= 33.4 (linear)
respective 57.0 bit/s (optimal) in D by more than 50%. The reason is revealed by
the correlation matrix of the Fourier coefficients (F2gl4A) revealing correlation
between frequency components. In contrast, the correlation matrix of the princi-
pal component coefficients (Fig.14B) is diagonal indicating an absence of linear
correlation. The disregarded correlation between frequency components leads to
an unnecessary overestimationToflt is possible that nonlinear correlations be-
tween samples in the time domain not assessed by the PCA are not negligible or the
principal component coefficients are not Gaussian distributed. As exemplified with
artificial data, then also the PCA approach would overestimate the real value of
Still, the prerequisites for its applicability can be tested.

The scatter plot of consecutive samples of the model signal in the temporal do-
main (Fig.2.14 C) may expose a nonlinear relation. Yet, even an evident linear
relation does not exclude nonlinearity (finich, 1982 Rao and Gahrl980. In
our case, an F-test indicates a very significant linear correlafion 1-1°) but at
the same time the regression yields a distribution of residuals that clearly deviates
from normality. The quantile-quantile plot (Fig.14 D) is not straight indicating
that a linear statistical model is not sufficient. Hence, PCA does not capture all
relevant correlation. It should be noted that it is important to test the properties of
the optimal response modgj instead of the original response because a poten-
tial nonlinearity might be obscured by the response variability. The scatter plot for
the PCA domain (E) does not reveal any correlation. The normality of the prin-
cipal component coefficients is visually tested, again with a quantile-quantile plot
(Fig. 2.14F).

To summarize, any weakness of the response model will always lead to a de-
crease off because a filter introduces entropy loS&&nnon1948. The inclusion
of nonlinear properties into the model is mandatory for the analysis of chiefly non-
linear systems when a larger downward bias is to be avoided. Especially the analysis
of stimulus evoked action potential responses may require a nonlinear model. Thus
far, we have neglected the estimation of higher order kernels in order to reduce
the computational intensity. A practical approach for the design of nonlinear mod-
els based on higher order correlation kernels is givehdsy and Schetzefi965.
They used GWN as input signal because it is optimal for determining the transfer
properties of nonlinear time invariant systerigi€¢ner, 1958. The design and as-
sessment of a two-input nonlinear model of an insect nervous system by means of
nonlinear forward and cross kernels has been presentebyarelis and McCann
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(1973. When the encoding of certain stimulus aspects is to be investigated, signal
types other than GWN might be preferradrgusz 1974. Finally, Rieke et al.
(1998 note that a nonlinear encoding of stimulus properties might not exclude lin-
ear decodability.

Applicability of different methods. The presently known indirect methods for the
guantification ofT have certain restrictions. Ttstimulus reconstruction technique
suffers from the limitation to single channel Gaussian noise stinRitke et al.

1998 although it has been extended to multiple outputs resembling spike trains of
several neurons/{arland et al.1997). Theoretically the method could also apply

to time series data such as graded potentials. However, we have not found a hint in
the literature. The stimulus reconstruction technique always yields a lower bound
of T independent of the model, as long as the frequency components of the stimulus
are Gaussian distributed and independent.

Theupper bound methoftle Ruyter van Steveninck996 Borst and Theunis-
sen 1999 is not restricted to Gaussian single channel stimuli and applies to any
kind of response data. However, a requirement is the normality of the noise, in
order not to overestimate the irrelevance. When the stimulus contains correlated
frequency components or the investigated system bears strong nonlinear properties,
the upper bound may be unnecessarily far from the real value. Here, we suggest
to replace the Fourier transformation by the PCA (see example 2Fi§. The
epoch size should be chosen small enough to obey the upper bound demand. In
the proposed formula for an upper bound of the conditional entropy (p. 110, D.1
in Roddey et al(2000) in the Fourier space the variance could be replaced by the
determinant of the covariance matrix to yield a closer upper bound (corSpare
non 1948 p. 37). An approach related to the upper bound method has been recently
presentedde Ruyter van Steveninck et @997 Strong et al.1998 and is widely
used Brenner et a].2000a Buracas and AlbrightL999 Reinagel and Rej®000.
It is restricted to point process responses (trains of action potentials) elicited by re-
peated stimulation with an arbitrary time dependent stimulus and provides either an
upper or lower bound of depending on the chosen entropy estimates.

The novel approach bRimitrov and Miller (2007) published shortly after our
submission is theoretically not constrained to certain stimulus or response configu-
rations. The main idea is related to step 2 of our approach: by introducing equiv-
alence classes using an optimal quantization of stimulus and response the dimen-
sionality of the data is reduced and redundancy is removed without losing relevant
information. An advantage is that it yields the largest lower boundgfen a lim-
ited data set. In practice, e.g., when analyzing multi-channel time series data, the
minimization of the distortion measure bears some problems, especially for com-
plex input stimuli. As a consequence, they restrict their maximum entropy model
to 2'9 order statisticsimitrov et al, 2002 — which is equivalent to PCA. More-
over, for continuous time series responses the quantization does not provide a clear
criterion for limiting the number of classeBifmitrov and Miller, 2001).
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Thethree step methodie have presented bears advantages in several aspects. It
is (1) not restricted to stationary single channel stimuli, (2) it is easily applicable to
multi-output systems due to the use of PCA, (3) the calculation of multiple kernels
in the frequency domain is computationally less costly than in the time domain, (4)
it provides a lower bound of at least if the signal inherent correlation is linear and
the samples are Gaussian distributed, and finally (5), due to its forward perspective
and adjustable model properties it facilitates the investigation of the encoding of
stimulus aspects.

Conclusion. Our motivation for the development of the presented method was
threefold. First, for the analysis of graded potentials evoked by multi-channel non-
Gaussian continuous stimulation, a feasible method for the quantificatidrdiof

not exist especially with regard to the constraints of relatively small amounts of sta-
tionary data. Since for the analysis of action potential responses well known and
approved methods are available, a comparisohlodsed on different response sig-

nal types is now possible and might be helpful to investigate their coding efficiency.
Second, the three step method allows to analyze potential redundancy of cortical
activity and calculatd between different recording positions. This is possible be-
cause it is not restricted to signals with uncorrelated frequency components. Third,
the separation of the procedure into three steps is advisable for indirect methods
because the estimation ®fis affected by three separate factors: the model perfor-
mance, the coordinate system, and the precision of the entropy estimation. Finally,
we want to encourage the use of test data as objective benchmark for implemented
algorithms.

2.5 Appendix

2.5.1 Transinformation for AR noise signal and additive GWN
Let the channel input be described as an AR process

comprised of an independent GWN componérgnd its own history. The output
of the additive noise channel be

with GWN n being independent of and having the same variance. %tjw)
andX(jw) denote the Fourier spectra of the sequergyeand &, respectively°

20The discrete time Fourier transform is definedrgw) = S, f, e~ 19K (Oppenheim and
Schafer1989.
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Table 2.2 Output entropy and transinformation dependent on epocm$trgphase shifted
sinusoids and additive GWN in bit per epoch. Upper rows: Values for single sinusoid.
Lower rows: Values for sinusoid with phase locked first order harmonic.

n [ 10] 20] 50] 100] 200] 250] 500] 1000]
H(R) 2.744] 2.717] 2.693] 2.681] 2.670| 2.672| 2.663| 2.659
T 2.858| 3.331| 3.968| 4.456| 4.947| 5.108| 5.598| 6.095
H(R) +H(R,) | 5.581] 5.500| 5.427| 5.391| 5.362| 5.361| 5.340| 5.328
T 4.809| 5.727| 6.977| 7.941| 8.912 9.232| 10.212| 11.200

ThenS(jw)e 1®X corresponds to the shifted sequesge, . We may now formally
replace the sequences by their respective specttalif) (@nd find

. Slo)  wu
F(Jw)—x(jw) =T o (2.20)

The transinformation between inpgiand output may be calculated as

1 /" Es
T = = [ |
4775/71: ng

1+ 2| do

1 (7 o

- —/ log, [1+ |F(jo) 2| do (2.21)
T

IN|
4i J_

sincen and & are equivariant. Numerical integration with= A = 1//2 yields

the transinformatio = 0.386 bit per sample. The time constant of the process is
revealed when the impulse responsé&¢fw) is considered. Therefore, we rewrite
(2.20 as geometric sequence

F(jo) = u (1+1e 19 4 227120 4 23130 1) (2.22)
and immediately find

fo= uAk = pdint = yeifir (2.23)

for k > 0. The time constant amountste= —1/InA = 2.89 samples.

2.5.2 Transinformation for noise signal with distribution of a si-
nusoid and additive GWN

The density of the signad(t) is the derivative of its cumulative density which is
given by

. 1
P(S) = Tw!c!;rgtﬂo T ZAtS(t)GD (2.24)
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with durationT and time intervalét. We drop index ‘0’ and fos(t) = Asin(t) we
have

0 ifs<—A
P(s) =4 3+ zarcsi3) if —~A<s<A (2.25)
1 if s> A

and the densitys(s) = dRy(s)/ds

0 ifs< —A
l .
Ps(S) =3 mrvi oAz T ASS<A (2.26)
0 ifs>A

The densitypy (r) of the outputr(t) = s(t) 4+ v(t) results from the convolution of
ps(s) with the Gaussian noise densjy(v)

A 1 1 (=92
r = e i ds. 2.27
Pr(F) /—A AT\/1— (/A2 V2102 (2.27)

We may numerically calculate the differential output entropy with

H(R) =~ | _pr()log,pr(r)dr (2.28)
For univariant GWN and signal amplitude= 2 we finally get

T(SR) = H(R)—-H(N)=
2811 2.047=0.764 (2.29)

bit per sample.

2.5.3 Transinformation for random phase sinusoid and additive
GWN

For the estimation errocwvzerr of the unknown phase of a sinusoid with amplituise

disrupted by additive Gaussian noigeof variancec? the following Cramer-Rao
bound is valid Rife and Boorstyn1974)

2 2C7v2

Gverr = m . (230)

n is the number of samples per epoch. The phase error does not depend on the
number of periods within one epoch. Equality is achieved if the signal-to-noise
ratio is sufficiently large, i.e., SNB 3 dB, which is true for the analyses shown in

Fig. 2.11except for the smallest epoch size10. The phase error is very close to
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being normally distributed which is revealed by quantile-quantile plots (Figure not
shown). Hence, its entropy yields

Anc?

H (Nerr) = %Iogz(ch‘i”) = %Iogzm . (2.31)
The phasesis uniformly distributed and has the entropy
H(S) = — / 7; ps(5)l0g, ps(s) ds=log,2m ~ 2.651 bit.  (2.32)
The transinformation may be calculated as
T(SR)=H(R) —H(Nerr) =~ H(S) —H(Nep) . (2.33)

Foro,,, < 0s= n? /3 the approximation may be justified. Otherwise, the entropy
H (R) of the output signal has to be determined. Assuming an additive noise model
I = S+ very We may estimate the densipy(r) from the convolution

(r) = [ p(gpy(r—9)ds. 234

Now, the expression .
H(R)= [ _pr(r)log; pr(r)ar (2:35)

can be solved numerically. For the settifs= 462 we yielded the values shown

in the upper rows of Tabl@.2 depending on different epoch sizes The output
entropyH (R) is smaller tharT because the irrelevance is negative. In case of two
sinusoids with the second a phase-locked harmonic of the first, the signal entropy is
not increased because no information has been added. However, the signal-to-noise
ratio is improved. Assuming that the detection of the phases is independent for
both sinusoids due to their orthogonality, we may add the separate transinformation
values

T = T,+T,
= H(Ry) —H(Nerr,) +H(R;) —H(Nerr,)
2H(S) —H(Nerr,) —H(Ner,) - (2.36)

Using the exact approach we get the values given in the lower rows of Zdhle

we setA? = 462 andA3 = 62 .

2.5.4 Transinformation for epoch aligned impulse response and
additive GWN

The channel input may be seen as an epoch aligned impulse response evoked by a
delta impulse with Gaussian distributed amplitddef unit variance. The additive
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Table 2.3 TransinformationT for epoch aligned impulse response of lengénd additive
GWN given in bit per epoch.

(n] 10] 20] 50| 100 200] 250] 500 1000]
[T [ 1.065] 1.511] 2.138] 2.626] 3.120] 3.280] 3.778] 4.277|

unit variant GWNYv is independent for each of thesamples within the epoch.
Thus, we face the problem of parallel Gaussian channels with correlated input and
additive independent noise (cf. multiple-access channel with correlated sources in
Cover and Thomasl991). However, one may simplify the task as follows. The
input is identical for each channel despite of a factor due to the weighting introduced
by the shape of the impulse response. L) be the value of the impulse response

at samplek. In the trivial case of only one sample per epoch the transinformation is

given by
f2(1)o02
A 2 5]
o

\%

1
T :Elog2

(2.37)

If the epochs are longer and the impulse response is extended to epoch length, the
transinformation per sample may not be added since the input is correlated and the
channels chiefly transmit the same information. However, the signal-to-noise ratio
is improved by connecting the channels in parallel. Dependent on the weighting
f(k) those channels with small weight mainly transmit noise, others with larger
weight contribute more significantly to the transinformation. But how do the noisy
channels have to be weighted to maximize the information about the §rplittu-

itively one would expect to weight them according to the facfdfg. This shall be
proved as follows. Leg(k) be the unknown weighting factors am(k) independent

GWN sources for each channel. The channel input is

s(k) =&f(k) (2.38)
and thus, the channel output is
r(k)=¢&f(k)+v(k). (2.39)
Let p be the result of the superposition of the weighted channel output

p= Zr(k)g(k) = Z £ f(K)g(k) + v(K)g(k)] - (2.40)

The noise term may be seen as one new random variabley , v(k)g(k) with
variance

G& = G&Zgz(k) (2.41)
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and it can be written

p=v+¢& Z f(k)g(k) . (2.42)

We may now demand unbiasednessddp uniquely determing(k). Using .40
and knowing that the noise(k) has zero mean we have

(E—p)= <§ [1— Z f(k)g(k)] > =0. (2.43)

The condition is fulfilled if

Z f(kiglk)=1. (2.44)
Now the weightg(k) shall be adjusted to maximiZebetween: andp with
2 2
1 0[5 F()a(K)]
T=Zlog, |1+ - 2.45
2 %[ 075, K (249)
It is sufficient to maximize )
13 f(K)g(k)]
: 2.46
> 9?(K) ( )

Since the numerator is constant (s€e4f)) we merely need to minimize the de-
nominator. From Schwarz’s inequality

2
[Z f(k)g(k)] < Z F2(k) Zgz(k) (2.47)

we get

(54 f(Wa(k)]*
YO0 =5 g (2.48)

Equality and thus, the minimum §f, g?(k) is achieved ify(i) = A f (i). From @.44)

follows
1

A=——5—. 2.49
¥ F2(k) (2:49)
We finally get the weights
()

For a cosine impulse with unit amplitude of the form shown in Bi§.F, the trans-
information depends on epoch lengtlas shown in Tabl@.3.
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2.5.5 Entropy estimation and transinformation of scalar vari-
ables by means of density estimation

If enough samples of a random variakllare available, its differential entropy can

be estimated by means of density estimation. The simplest way of density esti-
mation consists in the construction of a histogram, though the discretization may
introduce a biasNloddemeijer 1989. Examples for different ways of entropy es-
timation are given byBercher and Vigna(2000. Throughout the paper we have
applied a local polynomial fit density estimation procedureader 1997, 1999.

The smoothing parameter was chosen in a way to minimize the crossvalidation er-
ror. Having obtained an estimapgx) the entropy is given by

H(X) = /_ Z p(x) log, p(x)dx. (2.51)

If two variablesx andy are related according to an additive noise magdelx+ n,
with the noisen being independent, the transinformation between the variables may
be calculated as

TOGY)=H(Y)—H(Y|X) =H(Y)—H(N) (2.52)

(Shannon1948. The entropies may be estimated as indicated above.

2.5.6 Decorrelation by means of PCA - an example

Let us consider signal epochs of lengthhat are to be analyzed with respect to
correlation between different sample positions. As long as each sa‘(’r]ﬁbkean be

described as the sum of an independent signal aﬁaﬂhd a redundant part com-
prised of a linear combination of the other samples, i.e.,

n

then PCA vyields a representation of the epochs with uncorrelated samples. This
is exemplified in the scatter plots C and D of Fiyl5 While linear correlation

is present in the original epochs (C) after linear transformation using PCA this
correlation vanishes (D). It should be noted that PCA does not achieve §tatistica|
independence, i.e., it is not able to restore the original independent var@bles

It merely yields variables that span the same linear space. If the dependency is
strongly nonlinear (noisy sinusoid epochs in B), the linear decorrelation by means
of PCA does not yield a satisfying result as illustrated by scatter plots E and F (cf.
Deco and Obradovjd 997).

21The components of the sample vecXoare the values of thg" sample for different epochs.
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Figure 2.15 The example epochs of colored noige) @nd randomly phase shifted si-
nusoids B) with superimposed GWN. The vertical lines indicate those variables that are
related to each other by means of the scatter plGisH) at the bottom. The units are
normalized amplitudes and have been omitted for clarity reasons. The lines or circles in
the scatter plots are interpolations in the noiseless case and reveal the relation between the
variables. The scatter ploB, F are the result after performing PCA. D does not seem to
contain any residual structure, the linear correlation has been removed. However, F resem-
bles a circle indicating the presence of nonlinear dependencies which cannot be removed
by means of PCA. It should be noted, that after applying PCA to the epochs B, merely two
significant coefficients remain (see F&J9D).

2.5.7 Relation between irrelevance and equivocation

Let a continuous channel be perturbed by additive Gaussian white noise (GWN)
If the transmitter signaP is GWN, the power of the received sigridis R = P+ N.
With the entropies

1

H(RP) = H(N) 2Iog227reN and (2.54)
1
HR) = 5I09227reR (2.55)
we obtain the transinformation
1 R
T(PR)=3log (2.56)

and consequently, the equivocation

H(PIR) = H(N)
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— H(P)—H(P;R)
1 P
= zlog2 27reN§ (2.57)
with N = NP/R. The constant
P
= — 2.58
9=5 (2.58)

relates the fictitious noise pow@t of the equivocation and the noide Only if
P = R the irrelevance is equal to the equivocation.

2.5.8 Noise from two perspectives

In the simple case of GWN signals and additive noise, the noise power can be
indirectly defined in two ways (cf. Fi@.5: P+N =R andR+ N4 = P/G. Now
G shall be determined. From the two equations follows

N 1-F
= ) (2.59)
Nef %é -1
On the other hand has to be identical in both cases
1 P 1 R
T= > log, {1+ N} =5 log, {1+ N—eJ (2.60)
which leads to the ratio
N _P (2.61)
Neff B R .
ReplacingN/N ¢ in (2.59 with (2.61) we finally get
p12
G= {ﬁ} ) (2.62)

2.5.9 Derivation of coherence and gain with regard to the effec-
tive noise

The derivation shall be performed in analogy to the calculation in the frequency
domain indicated inTheunissen1993, however the simplifications allowed for
single kernel estimation do not apply here. Nevertheless, the result turns out very
similar (cf. Roddey et al.2000. Here, the parametefr denotes the coordinates

of the used coordinate system, e.g., “frequency” in the frequency domain or prin-
cipal component coefficients. The effective noise relative to the response shall be
defined as the deviation between the original and the predicted response according
to (Bialek et al, 1991

Nege(f) = P(f)/9(f) —R(f) . (2.63)
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g(f) is a parameter dependent gain constant to be adjusted by means of linear re-
gression betweeR andP using a least squares formulation on several signal sec-
tions

—00

xﬂmrn=</*mwu>—meu»%ﬁ>. (2.64)

The brackets indicate that the mean over these signal sections is being taken. Mini-
mization with respect to the real and imaginary componengg Df leads to

(PR (1))
RIOR(T)) (2.65)

which means that any residual correlation between the model B(for/g(f) —
R(f) and the original response is eliminated sin2e5® can be transformed to

yield
<(%_ (f)) R*(f)>:0. (2.66)

By means of2.63 and .65
2>

Ng(DZ) = ([E Rt
a(f)

o(f) =

(IP(H)P)

= L _(IR(H)? 2.67
S~ UROP) (2.67)

we finally get the signal-to-noise ratio

(IR(HP)

SNR(f) = T

(IN( D)
_ [(P(OR ()7 e

(IREP) (IP(1)Z) = [P(F)R (1)) 2

Obviously, it can be written as a function of the coherence between the response
and its estimate (cfStein and Frenghl970

At
SNR(f>_—1—y2(f) (2.69)

with . .
£y — PPOOR(EH)) (P*(HR(T)) - (2.70)

— (ROPY(P(H)

The calculation off based on this signal-to-noise ratio yields a lower bound if the
samples oR are Gaussian distributed and independ&tKe et al. 1998. When
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stimuli are identically repeated? 68 is simplified since the response estimate does
not vary over the repetitions. With

P(f) = (P(f)) (2.71)
the signal-to-noise ratio is
(R(F))[?
SNR(f) =
(IR(P) = [(R(F)) 2
_ [(R(F))[?
(IR(H) = (R

)
(R ;>| 272

(IN(HIZ)
The transinformation calculated on the grounds of this signal-to-noise ratio resem-
bles anupperbound of T (Haag and Borst1997 Borst and Theunisseri999.
This illustrates how different the results might be depending on the exact stimulus

paradigm. To calculate lawer bound of information, the examined signal sections
need to reflect different stimulus conditions.
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3 Assessing the Encoding of Stimulus
Attributes with Rapid Sequences of
Stimulus Events

In a preceding paper (cf. Chapt&arEger and Eckhor(2002h) we have published

a three step methotbr the quantification of transinformation in multi-input and
-output neuronal systems. Here we present an extension that applies to rapid se-
ries of transient stimuli and thus, fills the gap between the discrete and continuous
stimulation paradigm. While thttiree step methopotentially captures all stimulus
aspects, the present approach quantifies the discriminability of selected attributes of
discrete stimuli and thus, assesses their encoding. Based on simulated and recorded
data we investigate the performance of the implemented algorithm. Our approach
is illustrated by analyses of neuronal population activity from the visual cortex of
the cat, evoked by electrical stimuli of the retina.

3.1 Introduction

Since the pioneering work @&hannor(1948 information theory has become pop-
ular in many fields including neuroscience (eldacKay and McCulloch1952
Werner and Mountcastlé965 Eckhorn and Bpel 1974 Optican and Richmond

1987 Bialek et al, 1991, Rieke et al. 1998 Borst and Theunisseri999 Bura-

cas and Albright1999 DeWeese and Meistet999 Victor, 1999 deCharms and
Zador, 200Q Reich et al,2000. A central concept is thieansinformatiort T which
describes the amount of transmitted information between the input and output of an
information channel.T is advantageous compared to other correlation measures
because it is independent of the types of the related signals, their units and gains
and takes the noise into account. Yet, depending on the information channel, the
complexity of the signals, and the degree of signal correlation, a precise estimation
of T is difficult. In order to directly calculat&, the a priori and conditional prob-
ability densities are needed. In practice, the probabilities are often not available or
too demanding to estimate with sufficient precision. A precise estimation requires

We use the equivalent term “transinformation” instead of “mutual information” because the
systems we investigate have a directed information flow.
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long sequences of stationary data. For this reason, models of the noiseless infor-
mation channel are being used (&ieke et al. 1998 Gershon et a].1998 Wiener

and Richmond1998. Instead of quantifying’ between the input and output of

the system one may alternatively calculdtéetween the original signal and its
deterministic modelEckhorn and Bpel 1981, Eckhorn and Querfurtil989. In

this context, two different stimulation paradigms are common in the field of neu-
roscience and at present are being heavily discussed with respect to controversial
amounts of transinformation value®(tican and Richmond. 987 Buracas et a|.

1998 deCharms and Zada200Q Reich et al.2000.

The continuous stimulatioparadigm constitutes temporally continuous stimu-
lation signals as input to the investigated neuronal information channel. The chan-
nel output, i.e., the neuronal response is likewise continuous. Due to the non-zero
memory of the causal system, a response sampling vatyelapends on previous
sampling values of the stimulation signal at tinbest,,. In order to avoid taking into
account numerous joint probabilities associated with stimulus and response samples
atdifferenttimes, a channel model may be used that incorporates an estimate of the
channel's dynamics. Thus, one may constrain the analysegjti@l times of the
stimulus-based deterministic response model and the original response. It is not
necessary to consider dependencies between different times. In a preceding paper
we presented three step methofr the calculation off by using a linear stimulus—
response model (cf. ChaptarEger and Eckhor(20020). To some degree similar
approaches are thpper bound methofHaag and Borstl997 Borst and Theunis-
sen 1999 and thestimulus reconstruction techniq(Bialek et al, 1991 Warland
et al, 1997 Rieke et al. 1998. Each of these methods have their advantages and
restrictions (cf. Discussion in Chapt2ion p.29, Eger and Eckhor(2002h).

In this paper we focus on a stimulation paradigm which is based on temporally
discrete stimulatiorevents. This stimulation paradigm has been widely applied in
neuroscience, especially with respect to analyses of sensory systemgvéerer
and Mountcastlgl 965 Stein 1967 Richmond et al.1987). While the investigated
neuronal system is being repeatedly stimulated with different types of stimuli con-
stituting different discrete stimulus conditions (e.g., varied stimulus intensities or
spatial visual patterns) the conditional neuronal or behavioral responses are aver-
aged to yield the deterministic response model and so to define the reference for
the response variability. Normally, the stimulus intervals are adjusted to not fall
below the system’s memory time constant, i.e., a new stimulus event is not started
before the responses to previous ones have sufficiently subsideth@inissen
and Miller, 1995. Then, responses to individual stimulus events may be analyzed
independently of each other (e.@ptican and Richmondl987 Richmond and
Optican 1987.2 In our case, we want to assess the capability of the investigated

2 When the response epochs are described by a single parameter (e.g., the spike count in the case
of action potential data) then for eachnofstimulus conditions, conditional spike count histograms
are necessary for the calculation™{3.8). Note that the assignment of a single parameter such as
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neuronal system to distinguish between different stimulus conditions also at higher
stimulation rates. Therefore, we need an approach that is not constrained to long
inter-stimulus intervals. For this reason, we have developed a new method that is
similar to the approach mentioned above but not constrained to independent re-
sponses, i.e., the inter-stimulus interval may be shorter than the system’s memaory.
With this method we can address relevant questions, such as how well selected
stimulus attributes are neuronally encoded at high stimulation rates.

In combination with outthree step metho@cf. Chapter2, Eger and Eckhorn
(2002D) it is possible to use identical stimulation signals with two methods at-
taining comparable values &f though under different assumptions concerning the
underlying code. Whereas tlieree step methogotentially captures information
about all stimulus aspects, the present method focuses on the discriminability of se-
lected stimulus attributes encoded in the response — while each response to a discrete
stimulus event is handled independently. A comparison reveals the contribution to
the transinformation that is selectively due to the temporal properties of the stimulus
events.

In the following section we will derive the method which is exemplified by data
recorded from the cat primary visual cortex (V1) in response to electrical retina
stimuli (Hesse et a]2000. The method has been applied to simulated and experi-
mental data to investigate the accuracy and possible limitations of the algorithm.

3.2 Methods

A response to a stochastic sequence of stimulus events with 2 different intensities
may at most yield 1 bit per stimulus if one focuses on the discrimination of the
stimulus conditions, i.e., the encoding of the intensity attribute. In contrast, when
also the timing of the stimulus events is taken into account much higher valdes of
may result. Here, we are interested in the encoding of selected stimulus attributes
in the case of sequences of stimulus events with relatively high mean stimulus event
rate. As a consequence, response deflections evoked by subsequent stimulus events
may not be well separated in time.

This temporal interference requires a new approach to assign a suitable response
measure to the corresponding stimulus event. As long as there is no interference, a
dimensional reduction of the response space may be performed by applying princi-
pal component analysis (PCA) on the response epochs dir€&itgdér and Ruchkin
1976 Richmond and Opticgri987. In our case of mutually interfering responses
we proceed as follows.

First, we calculate conditional linear stimulus—response kernels as outlined in
Chapter2 (Eger and Eckhorn2002H. These waveforms characterize the deter-

the spike count as response measure is arbitrary and here, it corresponds to the assumption of a rate
code.
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Figure 3.1 Example of electrically evoked local field potentials from cat striate cortex
and the construction of a response fit using shifted and weighted principal components.
The retina was stimulated rhythmically with biphasic current impulses @oamplitude,

200 us phase width, negative leading phase, charge balanced, 29 imp/s) randomly with
one or two electrodes 300m apart.A: Linear kernels corresponding to the four possible
stimulus conditions with two stimulation electrodes (both (E1&2), either (E1, E2) or none
(9) electrode(s) active). The deflection in panel @ may be interpreted as off-response. The
procedure for the calculation of the kernels is outlined in Chapt@tger and Eckhorn
2002h. B: Original response (shaded) and fit (blue) based on all stimuli. The triangles at
the bottom mark the stimulus events. The red curve shows the fit based on all events up
to the first dashed vertical line. The two signals (top right, red) are the first two principal
components of the kernels shown in A, scaled to fit best to the response. They resemble the
effect of the stimulus (at second dashed vertical line) on the response. The sum of the three
dashed curves yields the blue curve until the next stimulus.
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ministic fraction of evoked response deflections for each different stimulus con-
dition. However, they are not mutually orthogonal and may even be very similar
for different stimulus conditions. To reduce the redundancy PCA is applied on the
conditional kernels yielding a set of orthogonal principal components. Now, an op-
tionally reduced set of these waveforms is used to construct a least squares fit of
the evoked response. The principle of this approach is depicted i3 BigSuper-
imposed principal components are shifted and weighted to fit the original response
signal minimizing the squared error. The weighting factors describe the contribu-
tion of the respective waveform to each stimulus evoked response epoch and hence,
provide the desired response measures. In case of non-interfering responses the re-
sponse measure vectors are equivalent to the principal component coefficients. In
the more general case the response measures are determined as follows:

Let r(t) be the response signal afit) a time-dependent vector. Its elements
are waveforms, i.e., the principal components ofrthieernels computed according
to Chapte2. To characterize a short epoch of the response sigtidollowing the
ith of n, repetitions of stimulug at timet;, we can write

rt)=c [Bt)«8(t—t)] (3.1)

or in short, omitting the indek

r= 6{ B, (3.2)

where %” indicates convolution and-zf, the vector of yet unknown weighting coeffi-

cients. The subscript gf; denotes that the compone&) have to be temporally
shifted to their respective stimulus eventin the case of non-interfering responses
the principal component coefficients are determined by the scalar product of the
evoked response with the shifted principal componeatager and Ruchkirl976

However, when the intervals between stimulus events become shorter than the sys-
tem’s memory, the interference of individual responses needs to be taken into ac-

count. In simplified form the stimulus signal may be described as a sequence of
delta impulses each symbolically weighted by the identéjeof the stimulus event

S= <i§(t—t4)a4> . (3.4)

Accordingly, the response fit

%:<2§m> (3.5)
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Figure 3.2 Example of probability densities of the first weighting coefficient correspond-
ing to the four stimulus conditions given in Fi§)1(solid) and the overall response (dashed).

In order to illustrate how the conditional densities form the overall density the conditional
densities were scaled with the probability of the respective stimulus condition. Note that
the four distributions can well be distinguished. The rate of transinformation calculated us-
ing (3.8) is T =223+ 0.7 bit/s or 077+ 0.02 bit/symbol at stimulus event rate of 29 Hz.
The standard deviation was determined using the jackknife algorifffror( and Tibshi-

rani, 1991 Efron, 1994). In comparison, a backpropagation neural igaér et al, 1994
yieldedT = 0.70+ 0.004 bit/symbol for the first coefficient and@®+ 0.004 bit/symbol for

two coefficients. The very low standard deviations in the latter case are estimates based on
4 measurements and not directly comparable with those yielded by the density approach.

is a sum of weighted and shifted principal components. To determine the végctors
the squared error between the respanard the fitr;, shall be minimized

fGe))

The derivation with respect 6, atz= ¢ andi =t with { € {1,...,m} andt €
{1,...,n;} leads to a system @h x n, equations of the form

<rﬁ§1>t - <§<ﬁ; ﬁg>t5;> ' 3.7)

The solution of these equations provides the response measures for each single
stimulus event;. This allows to directly calculat& between the stimulus identi-
fiersa; and corresponding response measure vecousing standard methods. A
comparison of several algorithms regarding their precision under the restriction of
a limited amount of data is presented iPafizeri and Treved4996 Golomb et al,

1997. For the example shown in Fi§.2 we used an adaptive density estimation
algorithm Coader 1997 1999. The smoothing parameter was chosen in a way to
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Figure 3.3 Distribution of simulated stimulation interval&\}, the convolution kernel

(B), and an example response secti@). (The kernel is weighted with factor 2 when the
corresponding stimulus belongs to class 2. The stimulus events are indicated in C by filled
(1) and non-filled (2) triangles at the bottom line.

minimize the crossvalidation error. We calculatedin bit per symbol) using the
formula

r)log, ———dr. 3.8
2 psz/ Py, (F) 109, 0 (3.8)
Alternatively, we applied the backpropagation neural ikgaér et al, 1994 and
yielded very similar results. Concerning the quantificatio af should be noted

that the temporal interference of responses is implicitly classified as noise which
leads to a decrease of(cf. Discussion on pagg9).

3.3 Results

In the following, the accuracy and reliability as well as the limitations of our method
will be demonstrated on the basis of artificial data that have controllable statistical
properties.

Troy and Robso1§1992 have shown that action potential trains of retinal gan-
glion cells can well be described by a renewal process with Gamma distributed
intervals. In our experiments we electrically stimulated the retina in a way to mimic
retinal activity evoked by visual stimuli. For this reason, test signals were simulated
sequences of stimulus events with either constant or Gamma distributed intervals
(Fig. 3.3 A). Half of the randomly selected events had unit amplitude and were as-
signed to stimulus class 1, the other half of double amplitude was sorted into class
2. The mean rate was varied within 10 and 100 impulses per second. These stimu-
lus events were linearly convolved with a 50 ms cosine waveform of unit amplitude
and 1 ms resolution resembling the impulse response of a fictitious linear channel
(Fig. 3.3B). To coarsely mimic the variability of a neuronal system we added unit
variant GWN. An example section of the simulated noisy response signal is shown
in Fig. 3.3C.
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Figure 3.4 Transinformation for the binary distributed stimulus variable dependent on the
average stimulus event rate. The absolute number of events was varied between 100 and
1000 (legend in D). The black curves depict the transinformation per symbol (left axes), the
red curves the transinformation rate (in bit/s, right axes). A and C are based on constant,
B and D on Gamma distributed stimulus intervals according to EigA. Diagrams A

and B result from density estimation, C and D from the application of the backpropagation
neuronal net.

According to Methods (pB0) we performed a least squared error fit of a shifted
and weighted waveform (identical to the unscaled kernel) yielding one coefficient
per stimulus event. In a last step we applied a density estimation algorithm to cal-
culateT between the binary stimulus sequence composed of 1s and 2s and the con-
tinuously distributed response coefficients (RBgt A, B) according to 8.8). As a
benchmark for the information calculation we applied Theckpropneuronal net
software Kjaer et al, 1994 Richmond 19982 (Fig. 3.4 C, D) and compared the
results using a scatter plot (Fig.5).

The graphs in Fig3.4 have similar shapes for the same stimulus interval distri-
butions but differ with respect to different distributions. The information per sym-
bol yields nearly 1 bit for the lowest rate but flattens at higher rates in the case of
Gamma distributed (Fig3.4 B, D) compared to constant intervals (F&y4 A, C).

The two algorithms react slightly differently when the number of stimulus events is
decreased from 1000 to 100. At smaller data sizes and equally spaced events the
density estimation seems more robust, except for the highest stimulus rat€s4Fig.

A, C). However, both algorithms mostly underestimétdn case of Gamma dis-

3We expressively thank B. Richmond for supplying us withTheckpropeuronal net software.
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Figure 3.5 Scatter plot of transinformation (in bit per stimulus event) for the density esti-
mation algorithm and the backpropagation neuronal@eT.he different dot types indicate

the size of the used simulated data sets characterized by the number of stimulus events.
The more data available, the better the expected performances of the density estimation and
the neuronal net. Especially for the larger data sizes (dot type “x") the deviations between
both methods are very small (diagonal dashed regression line). However, there seem to be
slightly different slopes and intercepts of the linear regression lines dependent on the data
size.A, B: Histograms and superimposed density estimates of two outliers.

tributed events (Fig3.4 B, D), the neuronal net outperforms the density estimation
procedure for small amounts of data.

The scatter plot Fig3.5 directly compares the performance of both routines
based on the data presented in gl Identical results would lead to a straight
line through the origin (0,0) and (1,1). The deviation between both approaches is
relatively small, especially for larger data sizes (see inset). However, the two regres-
sion lines for the smallest and largest data sample differ slightly in their slope and
intercept. This may indicate a small systematic size-dependent deviation between
the approaches.

To further demonstrate the suitability of our method we applied it to physio-
logical data from two experiments with different recording lengths, response signal
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Table 3.1 Results of information theoretical analysis for 24 physiological measurements.

size kno rate densl tbackl dens2 thack2
[s] [s] [bit/s]
1| 10 4 409 0.68 0.65 0.71 0.69
2| 10 4 409 0.64 0.61 0.69 0.65
3| 12 4 336 0.10 0.10 0.16 0.15
4 | 12 4 336 0.39 0.34 0.40 0.35
51| 14 4 291 0.70 0.70 0.77 0.79
6 | 14 4 291 0.56 0.55 0.70 0.65
7| 16 4 252 0.08 0.06 0.11 0.10
8 | 16 4 252 0.32 0.30 0.38 0.32
9 | 18 4 225 044 0.44 0.49 0.49
10| 18 4 225 059 0.57 0.65 0.61
11| 26 4 155 0.85 0.83 0.91 0.89
12| 26 4 155 0.65 0.63 0.70 0.66
13| 46 4 8.7 0.19 0.18 0.22 0.20
14 | 46 4 8.7 0.46 0.42 0.51 0.49
15| 77 4 5.3 0.19 0.19 0.25 0.23
16| 77 4 5.3 0.51 0.44 0.54 0.48
17| 87 4 4.7 0.31 0.29 0.36 0.32
18| 87 4 4.7 0.51 0.47 0.57 0.52
19| 148 4 2.8 0.14 0.13 0.19 0.14
20| 148 4 2.8 0.24 0.23 0.32 0.29
211261 8 15.7 0.30 0.29 0.37 0.37
22| 261 8 15.7 0.43 0.43 0.53 0.52
231261 8 15.7 0.18 0.17 0.27 0.27
241261 8 15.7 0.10 0.11 0.31 0.22

Data from two experiments with different recording lengths (in seconds, codirgn sig-

nal types (odd row numbers: local field potential; even numbers: multi unit activity, of
the same recording) and stimulus conditions (columa 4 or 8 kernels). We used a single
principal component coefficient (colungdenslvs.tbackl and for comparison, the first two
coefficients (colummlens2vs.tback? as response measures.

types, and stimulus conditions (Tab®el, Fig. 3.6). We extracted a scalar and
additionally, for comparison a two-dimensional response measure. The first two
principal component coefficients capture usually more than 95% of the response
variance. However, in the case of noisy responses, i.e., inefficient stimulation, more
than two coefficients may be needed to explain the — admittedly unimportant — re-
sponse variance. Therefore, we did not consider more than two coefficients. The
transinformation between the (4 or 8) stimulus conditions and the extracted response
measures was quantified with both, the density estimation approach and the back-
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Figure 3.6. Scatter plots of the experimental data shown in Tablereveal the results

of the density estimation approach vs. the backpropagation neurond :n&halysis with

scalar response measure (first principal component coefficigatYwo-dimensional re-
sponse measure (first two principal component coefficients). The boxed numbers refer to
the measurements in Tal8el. The diagonal reference line represents equal results for both

algorithms.

propagation neuronal net. Tal8el presents the quantitative results. As would be
expected, the transinformation based on the two-dimensional response measure ex-
ceeds the value based on a scalar measure; though often, the deviation is small. Both
algorithms yield relatively close results. Fi§.6 compares them by means of two
scatter plots: Fig3.6 A is based on the scalar, Fig.6 B on the two-dimensional
response measure. While the scatter along the diagonal reference line is small in A,

it is slightly larger in B.

3.4 Discussion

Summary of methods. We have shown that our algorithm may well extract in-
formation about the stimulus intensity from simulated noisy response signals. The
signals are constructed by linear superposition of temporally shifted and weighted
waveforms. The algorithm yields the best linear fit with regard to the least squared
error between the simulated response and a response fit based on these to-be-scaled
waveforms. For the analysis of experimental data the waveforms’ shapes are iden-
tical to the principal components of the kernels yielded by step 1 of the three step
method (cf. ChapteR, Eger and Eckhorr§2002h) and are calculated the same
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way. Thus, they span a space that has been previously marked out by the three step
method.

As long as the memory of the channel is shorter than the inter-stimulus delay,
the response signal sections following subsequent stimulus events do not tempo-
rally interfere. In that case, our algorithm corresponds closely to that presented
in (Richmond et al.1987. According to their multiplex filter hypothesi©pti-
can and Richmond.987) these researchers interpreted the principal components as
independent characteristic deflections of the responding neuron and used them to-
gether with fitted model parameters to predict the neuronal responses to new visual
stimuli (Gawne et aJ.1997). Although we also calculate a fit, our aim is to yield
response measures that correspond to the sequence of stimulus events. The scaling
factors resulting from the quadratic fit resemble the desired response measures and
are to be information theoretically related to the sequence of stimulus events. This
Is achieved by means of a density estimation procedure (cf. Chapkayer and
Eckhorn(2002h, Appendix2.5.95 and alternatively, using a backpropagation neu-
ronal net Kjaer et al, 1994 as a benchmark. The high quality performance of the
net has been assessed in several publicatidaszeri and Treve4996 Golomb
et al, 1997.

A lower bound of transinformation. The representation of the response signal
sections by means of a reduced coefficient vector is not complete. As long as the
sections do not temporally interfere, the coefficients are identical to the principal
component coefficients yielded by the method presentéRitdymond et al(1987).

Due to computational reasons, only the first few coefficients are used omitting the
small contributions of the others to the response variance. However, this neglect can
only lead to a decrease ©f Additionally, any nonlinearity of the investigated chan-

nel results in more or less inaccurate kernels when the stimulus intervals fall below
the memory time constant of the system. A nonlinear model that takes into account
the temporal properties of the stimulus events might capture more information. In
our case, the interference of responses to consecutive stimuli is automatically inter-
preted as noise because serial correlation of the stimulus is not taken into account.
We rather take this as a feature of this method than a flaw. By excluding temporal
properties of the stimulus events it is distinct from other methods such dkrear

step methodhat implicitly captures them.

Performance of the algorithms. A potential source for overestimatiigmay be

hidden in the algorithm that quantifies the mutual information between the stimulus
sequence and the response coefficients. However, we did not assume normality and
applied a density estimation procedure to handle any type of distribution. A com-
parison of the results with those of the backpropagation neuronal net (Figdres
3.5andKjaer et al.(1994) suggests that our density estimation procedure works
accurately and does not systematically overestiniata case of small data sizes,

a reason for minor deviations between the results of the two algorithms probably
lies in the different abilities to handle distributions that deviate far from normality.
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While the density estimation produces a weak fit in case of long tailed densities and
relatively few samples (histogram of outlier in Fi§y5 A) the neuronal net has to
cope with non-overlapping, range-limited densities (histogram of outlier in3Fg.

B). It has been argued that the network tends to underestimate the transinformation
in some caseg3olomb et al. 1997 Panzeri and Treve4996. These may be rea-
sons for the deviation of slope and intercept of the regression lines depending on
the data size in Fig8.5C.

The performance to extract informative response measures does not merely de-
pend on the stimulation rate but also on the interval distribution. In contrast to
Gamma distribution, for constant intervals just exceeding the waveform duration
there is no temporal overlap between responses to subsequent stimulus events. Any
interference increases the variability of the extracted response measures and thus,
impairs the performance. This is the reason why for Gamma distributed intervals
the transinformation drops already at low mean stimulation rates3Hdg, D).

The analysis of experimental data further demonstrates the usefulness of our ap-
proach. By comparing the transinformation captured by one- and two-dimensional
response measures with both algorithms we found that the second coefficient mostly
contributes much less to the information transmission than the first. The minimum
response measure dimension depends on the complexity of the stimulus set and the
dimensionality of the response coding space Rithmond and Opticgrl987).

The density estimation procedure and the neuronal net yield similar results. The

small deviation is increased in the case of two-dimensional response measures. A
possible reason is that in general, the regression variance increases with growing
number of variables at constant data size. Moreover, under- or over-fitting of the

data may occur (e.gLoader 1999.

Table 3.1 shows that the transinformation per stimulus may reach large values
for high stimulation rates — even exceeding the results for lower rates in comparable
experimental conditions (e.g., compare row 1 with 3, T&lg We explain this ef-
fect as a consequence of reduced response variability at high stimulation rates. The
transinformation depends on the signal-to-noise ratio that quantifies the discrim-
inability of conditional mean responses normalized by the conditional variance.
More detailed analyses that compare the transmitted information about different
stimulus aspects are described in Chagter

Finally, as the small deviation between the results suggests, we want to note
that the actual choice of the algorithm is not decisive once informative response
measures have been extracted from the data. An advantage of the backpropagation
neuronal net is its applicability to higher dimensional problems, i.e., to response
measures with more than three coefficients. A practical advantage of the density
estimation approach is that it is straight forward, comparably fast, and the software
is well documented and freely availableogder 1997, 1999.

Conclusion. We intended to bridge the gap between the continuous and discrete
stimulation paradigms that forcibly lead to different results since the discrete stimu-
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lation paradigm does not capture transmitted information about the timing of stim-
ulus events. Therefore, we have developed an alternative method that is a mod-
ification of the approach oDptican and Richmon@1987 and works for rapid,
stochastic sequences of stimulus events. tiaee step methoftf. Chapter2, Eger

and Eckhorn2002h) and the present approach may be applied to the same data.
Then, questions can be addressed such as whether the yielded transinformation val-
ues reflect the true encoding capabilities of the investigated system or are rather due
to the adopted stimulation paradigm. Here, varying the stimulation rate might give
some answer. A further possibility is that the values are due to the applied analysis
method that faces implicit restrictions, e.g., the method may capture only certain
stimulus attributes encoded in the response. By this paper we hope to harmonize
recent controversial results.
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4 Temporal, Spatial, and Intensity
Resolution with a Retina Implant

Abstract. Our research is connected with the retina implant project that aims at an opti-
mization of retinal electrical multi-site stimulation with respect to perception. We assess
the efficiency of various stimulation parameters by means of multi-electrode intracortical
recordings of neuronal activity in anesthetized cats using information theory. The analy-
sis of extensive data examples yields the following results:Téporal Single events
stimulating retinal X cells evoke precise spike responses withi@0standard error. The
decorrelated fraction of the population response endures for about 40 ms and carries 0.1—
2.0 bit/stimulus. Accordingly, rapid sequences of stimulus events convey a maximum of
transinformationT) in the range of 20—-140 bit/s at a mean stimulus rate of 20—40 Hz sug-
gesting a temporal resolution of 25-50 ms. Stimulus efficiency is highest 10—20 ms or long
(>150 ms) after a facilitating stimulus. When using amplitude modulated trains of stimulus
events with Gamma statistic (50 ms mean interval) the temporal stimulus aspect accounts
for 50-80% of totalT. (2) Intensity injected charge is a weak parameter and requires at
Most three quantization steps. Multi unit activity (MUA) encodes intensity better than lo-
cal field potentials (LFP, 3% vs. 15% of totd) yet shows an increasing variance with
growing response strength. This recommends scarcely over-threshold stim@pai&l

The values ofl are in the range of 20—-100 bit/s per recording electrode for both electrical
and visual stimulation. Not all recording positions are equally informative. With electrical
stimulation the cortical profiles &f show a pronounced peak afl. mm radius suggesting a
resolution of 2. In case of visual stimulation the profiles are highly structufiedaturates
when stimulating the retina with 7 electrodes per frmonfirming the resolution of2

4.1 Introduction

It has been shown that electrical stimulation of still intact retinal ganglion cells can
elicit phosphenes in patients who are blind due to photoreceptor degenekratitts (

and Buffum 1968 Kato et al, 1983 Humayun et al.1996 1999. Since the mid
nineties several research groups have been working towards the goal to restore basic
vision by means of multi-focal electrical stimulation using an implantable electronic
device Chow and Chowl1997 Shimazu et a).1999 Zrenner et a].1999 Grumet

et al, 200Q Eckhorn et al.2001). Besides challenges in the areas of implantabil-

ity, biocompatibility, and tissue safety, the main task within the development of a
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retina implant is to provide useful visual percepts. Decisive questions address the
achievable temporal, intensity, and spatial resolutions by means of electrical retina
stimulation. Final answers can only be given by blind patients in direct dialogue
with the researcher adjusting stimulus parameters. However, apart from pioneering
key studies with humangdmayun et al.1996 1999, animal experiments are to

be preferred at the current state of research for ethical reasons and may contribute
considerably to the understanding of the visual system.

In our investigations we used the anesthetized cat as the choice animal model
(cf. Dawson and Radtkd 977 Hesse et al2000. Its visual system is well known
and relatively similar to that of primates as regards size and strucubay) 1984).
While electrically stimulating the cat retina with multiple microelectrodes, we re-
corded evoked neuronal activity mainly from the primary visual cortex (area 17).
Perception is based on activity in the early visual aréasty(, 1973. With re-
spect to perception, analyses of electrically evoked activations by means of a retina
implant may serve for estimating achievable temporal, intensity, and spatial reso-
lutions. Concerning precision, this approach at first applies to the utilized animal
model, but because of the similarity between the cat and human visual system also
to human patientsHckhorn et al.2007).

The following four characteristics are necessary requirements for successful
retinal stimulation: (1)efficiency i.e., low stimulation currents elicit perceptually
relevant cortical activity, (2jeliability, i.e., a sufficiently low noise level provides
reproducible activity, (3selectivity i.e., cortical activity patterns reflect specific
stimulus properties, and (4jability with respect to stationary selectivity. To some
degree the first point has been addresse#ibyayun et al(1999; Zrenner et al.
(1999; Hesse et al(2000; Stett et al.(2000; Eckhorn et al(2001) but system-
atic analyses are still needed, especially regarding perception. The stability issue
(4) requires long term measurements based on functional implanted devices and is
presently out of scope. It may be analyzed together with plasticity, a factor related
to cortical reorganization, that might benefit the patients decisively.

In the current investigation we focus on the second and third point: reliability
and selectivity of evoked cortical activity. Both are closely related to the concept
of resolution. Here, we examine the resultdNof 5 experiments with anesthetized
cats that were aimed at yielding reliable values of temporal, spatial, and intensity
resolutions theoretically achievable by a retina implant. We apply information the-
ory to electrical stimulus evoked responses as a useful tool to quantify achievable
resolutions. The transinformatioh between stimulus and response is a plausible
measure for describing the reduced uncertainty about the stimulus after registering
the response. Given in bit, it reflects the equivalent minimum number of yes—no
questions which — after being answered correctly — suffices to quantify the change
in uncertainty.

Since information theory considers both the deterministic properties of the ana-
lyzed system and the noise that unifies all non-deterministic properties and under-
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mines the information transfer, it is very useful for the estimation of resolutions.
For example, we wanted to know how many different stimulation intensity steps are
at most discriminable by analyzing the evoked activity. It is clear that this value
depends on both, the discriminability of the mean responses and likewise on the
variability of the single responses. In case the mean responses cannot be distin-
guished, even the lowest response variability is not sufficient to facilitate informa-
tion transmission. On the other hand, if the mean responses differ significantly, but
the variability is large, a single response reveals little about the stimulus and hence,
not much information can be transmitted, either. As long as the response range is
unlimited, one can always separate the stimuli in a way, say, a dozen times of the
response parameter’s standard deviation to ensure that individual responses are well
discriminable. However, in reality the response range is closely bounded. There is
no room for many broad response distributions. Here, resolution with respect to a
stimulation parameter such as intensity can be defined as the maximum number of
guantization steps whose response distributions fit in the limited response range and
transmit more information than would be possible with less quantization steps.

For the estimation of temporal resolution we follow different schemes. First, we
look at the timing precision of single unit action potentials. Secondly, we vary the
stimulation rate in search of the rate that maximize$¥he quantification of spatial
resolution is more difficult because the distance between electrodes cannot easily
be adjusted during an experiment. However, having several retinal stimulation and
cortical recording electrodes available, we analyze the spatial transinformation pro-
file of cortical activity with and without taking redundancy, i.e., correlation between
recording channels into account. We hope that the values of achievable resolutions
provided in this paper may serve for the improvement of the conceptual design of
future retina implants. Part of the results in this chapter has been published as con-
ference abstract&Qer et al, 1999 Eger and Eckhor20013.

4.2 Methods

Surgery and preparation. The animal experiments were conducted in accordance
with the guidelines of the European Communities Council Directive (86/609/EEC)
and the NIH Principles of Laboratory Animal Care (Publication 86-23, revised
1985). A detailed description is found ikl¢sse et a] 2000.

Electrodes and electrode positioningFiber electrodes (8Am shaft diameter, see
Reitboeck 1983 were used in different designs for stimulation and recording. For
stimulation, coarse tips were fabricated by grinding (metal cone of 2Q:r25li-
ameter and 20—-30m height;~100 kQ impedance at 1 kHz) allowing safe charge
injections up to 20 nC per impulse polarigrimmer and Turned 977). The retinal
electrodes were axially tractable by means of a multiple fiber electrode manipulator
(Eckhorn and Thomad.993 with concentric bundles (diameterl.2 mm) of 3 or

7 electrode guide tubes. After introducing the guide tubes through a small incision
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Figure 4.1 Positioning of cortex and retina multi-electrodes at retinotopically correspond-
ing sites. After the adjustment of the cortical electrode positions within area 17, the cortical
RFs are plotted. Then, the retinal stimulation electrodes are moved iteratively to retinal
locations while back projecting the stimulation electrode tips onto the tangent screen.

of the left or right eye about 4 mm behind the limbuthe retinal electrodes were
moved to positions corresponding to the receptive fields (RFs) of the recorded corti-
cal neurons by means of a specially designed spherical maniputatioaiize et al.
1999. Close contact of the retinal electrodes was verified by direct sight through
the ocular media and by recording of retinal activity via the stimulation electrodes.
The fiber electrodes for intracortical recordings had fine tips (cone diameter and
height in theum range) with impedances of 2-3M Individual, computer con-
trolled axial positioning of the cortical electrodes was obtained by a 7 or 16 fiber
electrode manipulatoisckhorn and Thomad993. Fig. 4.1 shows the scheme of

the experimental setup.

Recorded signals.Cortical recordings were normally performed in area 17 (Hors-
ley-Clarke A2 to P7, LO.5 to L3) with up to 16 electrodes. Sometimes the linear
electrode array also covered parts of area 18 (A5 to P4, around L1). The extracellu-
larly registered neuronal activity usually yielded small receptive fiedd®) with
simple cell propertiesdrban 1984). We restricted our analysis to these recording
positions (except for experimefit40], see Fig4.2). Three types of signals were

li.e., the borderline of the sclera turning into the cornea
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Figure 4.2 Receptive field (RF) plots of the five experiments investigated. The large num-
bers are the identifying keys for the respective experiments and are referenced throughout
the paper. In addition to the cortical RFs marked in green, the positions of the retinal stimu-
lation electrodes projected on the screen are marked in red. The recordings were performed
in area 17 and only for [140] in area 18. The small size of the RFs of [140] is due to the
threshold criterion implemented in the computer controlled RF calculafokhorn et al.

1993 Wilms, 200]). The RFs of the other experiments were plotted manually be means of a
hand-held projecting device. In all cases stimulation currents were charge balanced biphasic
impulses with 20Qus phase width and negative leading phase. In experiment [060] bursts
of 5 impulses with 20Qus inter-impulse delay were used, otherwise single impulses.

extracted either by on-line filtering or off-line from broad band recordings (BBR)
at 20 kHz:

SUA single unit activity after applying a bandpass 0.5-10 kHz, -3 dB at 12
dB/oct. and subsequent window discrimination with 2 ms hold-off,

MUA multiple unit activity after applying the same bandpass as for SUA, the
signals were full wave rectified and then lowpass filtered at 140 Hz, -3 dB
at 12 dB/oct., and

LFP local field potentialsresulting from bandpass filtering 10-140 Hz, -3 dB
at 12 dB/oct.
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Figure 4.3 Example to illustrate electrical stimulus artifact rejection on two time scales
(A, B). The data stem from experiment [318], stimulation with electrode E1 at /00

(Fig. 4.2). The blue curves are averages of the unprocessed signals (N=100), the green
curves are the result after artifact rejection. Note the strong but temporally localized
(clipped) artifact in the BBR signal (A, arrow). In contrast to the LFP signal, MUA is
very sensitive to stimulus artifacts due to its bandpass properties (B). Only after artifact
cancellation in BBR and subsequent off-line generation of MUA the neuronal activity can
be distinguished from the artifact (B, MUA, arrow).

The SUA signal consists of a sequence of event time stamps, whereas MUA and LFP
are continuous signals sampled at 500 Hz (CED 1401Plus, Cambridge Electronic
Design). All signals including the stimuli were stored on a hard disk for off-line
data evaluations.

Stimulation. Visual stimulation was performed using a computer monitor with high
frame rate (101 Hz). The receptive fields (RF) were measured quantitatively, either
with a hand-held projection device or by means of the computer monitor present-
ing single spots of light or m-sequences for multi-focal stimulatieckfhorn et al.

1993 Wilms, 2001). Electrical stimulation was controlled by a computer attached

to a second CED 1401Plus that generated zero mean voltage waveforms to feed
subsequent fast voltage-current converters. The current sources were equipped with
preamplifiers to allow simultaneous stimulation and recording with the same retinal
electrode and thus, served for measurements of electrode—tissue impedances in situ.
Stimulation currents consisted of sequences of biphasic charge balanced impulses
with negative leading phase, 20@ phase duration and amplitudes ranging from 5

to 100uA. The positions of the stimulation electrodes for each conducted experi-
ment are given in Figd.2 In all cases the large and distant reference electrode is
the ground.

Artifact rejection. Apart from the neuronal activity, the recording electrodes reg-
ister an electrical stimulus artifact due to the voltage drop caused by the current
injection (cf. Freeman 19721, Roby and Lettich 1975 Eger et al. 1998 Parsa

et al, 1998. As described above, cortical response signals (SUA, MUA, LFP) were
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Figure 4.4 Example of non-averaged local field potential (LFP) and multi unit activity
(MUA) responses evoked b4: transient andB: continuous electrical stimulation. In this
experiment the cat retina was electrically stimulated at two positiong#®@part using
biphasic 100uA current impulses (Fig4.2 [318]). The stimulus events are depicted as
small triangles at the top.

mostly generated off-line, based on broad band recordings at high sampling rate
(20 kHz). Thereby, the stimulus artifacts could easily be identified and canceled in
the broad band recorded data because their exact times of occurrence were logged
by means of a trigger file. In practice, we assigned a range typically beginning at
stimulus onset and ending 2 ms after the stimulus. We replaced the artifact impaired
signal course by an artificial signal with nearly identical statistical properties com-
pared to the signal directly before and after the range. After that, we corrected a
potential slope caused by capacitive effects (see4=8).

Calculation of transinformation. The theoretical background for the methods
used has been presented in detail elsewhgger(and Eckhor2002ab,c, cf. Chap-

ter 2). This paper merely gives an overview of our approach. For the calculation
of the transmitted informatiof over the multi-input and -output channel, we fol-

low an indirect forward approach taking the perspective of the information flow.
Indirect methods use a model of the undisturbed information channel and have the
advantage of being applicable even if only small amounts of stimulus response data
are available.

In our analyses we distinguish between two popular stimulation paradigms: se-
ries of discrete transient stimulus evenBS( and continuous stimulatiorCg).
Fig. 4.4 illustrates the conceptual differences between the stimulation paradigms.
While diagram A shows a single stimulus event and its corresponding population
(LFP and MUA) response, B displays a rapid sequence of stimulus events whose
corresponding responses temporally interfere with each other. Both stimulation
paradigms are typically paired with appropriate analysis methods. In the case of
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DS usually an inter-stimulus delay is chosen that is longer than the memory of the
system, i.e., the response signals are merely affected by directly preceding stim-
uli. Hence, serial correlations between different stimulus events do not need to
be considered. With regard to the discrimination of responses to discrete indepen-
dent stimuli, well-known methods are available for the estimatioh @/erner and
Mountcastle 1965 Stein 1967 Optican and Richmond. 987).

WhereasDS merely requires the independent discrimination of relatively few
stimulus conditions, e.q., different stimulation intensities or positionsC#serial
correlation has to be taken into account, which substantially increases the complex-
ity of the task to quantifyl. Here, we calculat& by means of a newly developed
method which is somewhat related to the stimulus reconstruction techridcpiek
et al, 1991 Rieke et al.1998. Thisthree step methofEger and Eckhor2002h
cf. Chapter?) first requires a continuous deterministic response estimate, which we
typically compute by convolving linear stimulus—response kernels with the stimulus
signal. Instead of quantifying between the stimulus and its response directly, we
replace the stimulus by the deterministic response estimate, defining its deviation
from the original response as noise. As a second step, a coordinate transformation
by means of principal component analysis (PGAaser and Ruchkirl976 is per-
formed in order to achieve independent coefficients contributing additivAlyAs
long as nonlinear correlations may be neglected and approximate normality of the
coefficients is ensured, the summation of partial transinformation v&lies the
basis of individual signal-to-noise ratios is conservat8agnnon1948 Rao and
Gabr, 198Q Hinich, 1982 Eger and Eckhorn2002h. The method is applicable
to multi-input and multi-output systems. The latter is achieved by serially aligning
corresponding epochs of the recording channels before PCA is performed. Thus,
an analysis of redundancy in the evoked neuronal activity registered by multiple
electrodes is made possible.

Apart from the total value we are also interested ibased on specific stimulus
aspects in case @&S E.g., we want to assess the spatial and intensity resolution
at higher stimulation rates under the potential constraint of mutually interfering re-
sponses to consecutive stimulus events. For this reason we have developed a method
originally based on the one presented®pytican and Richmon(lL987); Richmond
and Opticar(1987. It compactly characterizes response epochs following the stim-
uli by means of coefficient vectors yielded by a modified principal component anal-
ysis (Eger and Eckhorn2002a cf. Chapter3 on p.50). The method provides a
measure off solely based on the discriminative power of the system with respect
to transient stimulus patterns.
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4.3 Results

4.3.1 Discrete stimulation

Temporal aspects of spike activity.Electrical stimulation of retinal ganglion cells
shortcuts the relatively slow information processing in the deeper retinal layers
(Potts and Buffum1968§. Thus, we may expect to transmit more temporal infor-
mation and achieve a higher temporal resolution compared to natural visual stim-
ulation. In the following we will investigate the temporal precision of electrically
evoked spike activity.

Fig. 4.5shows a raster plot of action potentials recorded from area 17 (Horsley-
Clarke A0.5, L1, simple cells, small RF) and sorted into classes according to the
height of the spikes. The plot reveals very precise responses at about 6 ms following
the 100uA current stimulus using two electrodes E1&2 (see Big.[318]). The
earlier cluster of events at 1.5 ms is due to the electrical stimulus artifact which
is revealed by the broad band recorded signal (seedFsgA, same experiment).
Directly after the first activation a short period of inhibition follows before a second
cluster of spike events occurs at about 8 or 9 ms. In comparison, the zero stimulus
@ does not reveal any structure in the spikes.

In Fig. 4.6we have quantified the spike precision by means of Gaussian fits de-
pendent on the stimulation electrode configuration and the stimulation current (see
also Fig.4.2[318]). The mean delay amounts to about 6 ms with a standard de-
viation even less than 300s. There seems to be a tendency for a shorter delay
and higher precision with increased currents, though this needs to be tested on the
basis of additional data. This kind of precise and structured spike response has been
typical in our experiments. A prerequisite is that the positions of stimulation and
recording electrodes projected into the visual space are sufficiently close. Alterna-
tively, — this is the case here — the stimulation electrodes earaasof retinal cell
bodies retinotopically congruent with the cortical recording positions (cf. Discus-
sion on p.95).

Additional to the precision, we wanted to know whether there was a dependence
of the occurrence of spikes. Fig.7 depicts the occurrence of all spikes within the
interval of 3—10 ms following the stimulus. Second and later spikes after 5.3 ms
(dashed line) are superimposed (red). An activation within the second cluster al-
ways (except of 2 events, left column) was preceded by a spike belonging to the
first cluster in case of nonzero stimulus condition. However, this is not astonishing
when one realizes that the first cluster yields a spike nearly at each stimulus event
except the @ stimulus. The temporal scatter of the relative delay between an acti-
vation in the first and second cluster is nearly identical with the variability of the
second cluster (Figure not shown).

Temporal aspects of population activity. The first row in Figurest.8, 4.9, 4.10
gives an impression about the variability of the evoked LFP, respectively MUA re-
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Figure 4.5. Evoked action potential responses for stimulus conditions E1&2 (synchronous
stimulation) and @ (zero stimulus) according to g2 [318] with respect to the size of the
potentials. Note the lack of structure in case of stimulus condition @.

A 50 pA B 70 pA C 100 pA
E1&2. N R SRR P R 2 S
g ; £ 8 5
E1 2 i < R
g" 2 - o e
E2 3, e le i o 5 Ao
n- y SR . - . d N - \ PR \ . ..',: A .
0 5 10 15 20 5 10 15 20 5 10 15 20
E1&2 [ p: 6.20s: 031 0'8: p: 6.08s: 027 | T W: 587s: 012 ]
0.4 B L |
>‘D-07 ﬁwﬂﬂj‘ 0o 0.07 f o ﬁm 0 L= HM ]
E1@,. 1 osl p: 6.38s: 031 | T p: 6.16s: 0.19
3 | 1t 1| ]
> I 1 L B |- .
Z 00 ﬂﬁ HHHHUHHH 1] oot o tihme 0 o ﬂﬁnﬁn ]
P 0.8[ | 1F |
E2Zos p: 641s: 010 1 W 6.04s: 0.22 i u: 6.00s: 025 |
s 10 1L i
Boafna Bl il o ot oo A, BN 7L AN pla
6 7 8 7 8 9

oo

9 10 5 6 10 5 6 7 8 9 10

time / ms

Figure 4.6. Distribution of action potentials dependent on stimulation currBn6Q pA,

B: 70 uA; C: 100 uA) and electrode configuration E1&2 (see Fig2). Upper panels:
Raster plots. The shaded area indicates a range excluded due to the stimulus artifact. Lower
panels: Peri-stimulus time histograms and Gaussian fits. The histograms are normalized
to unit area within the interval of 3-20 ms. The fitting parameters are printed within the
diagrams.
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Figure 4.7. Rasters of times of occurrence of all and superimposed second and later spikes
(red) after 5.3 ms (dashed line) in two recording sessions of [318]. The inter-stimulus
delay was 45 ms and 35 ms for A and B, respectively. The panels correspond to stimulus
conditions E1, E2, and E1&2 and @ (bottom). The rasters show that the second cluster of
spikes at 8.5 ms consists only of second and later events (except of two spikes of 270, for
left column), i.e., any activation is preceded by a spike belonging to the first cluster at 6 ms.

sponse on the basis of the two experimgais, 040]and different stimulus condi-
tions or recording electrodes. The diagrams refer to electrical stimulation except B,
D of Fig. 4.10 All individual response epochs (black) and their average (white) are
plotted superimposed on each othir=€ 100). Apparently, diagrams A and D in
Figures4.8 4.9and A in Fig.4.10reveal relatively low variability compared to the
others. We guantified the time dependent response strength and variability in terms
of partial transinformation value®T in the middle row (see Appendik5.2. The

PT estimate the information capacity per time bin assuming a linear channel and a
time dependent signal-to-noise ratio that relates the mean response and the devia-
tion from it. Intuitively thePT indicate when the evoked response is most reliable.
Thus, their temporal course reveals important additional information compared to
a conventional peri-stimulus time histogram. In caselettrical stimulation the

PT rise abruptly at about 10 ms following the stimulus. Especially for LFP they
form an attenuated oscillatory temporal profile with a basic frequency of about 50
Hz. However, the later activation peaks convey relatively little additional informa-
tion. Fig.4.8 bottom row, depicts the residuBll after linearly correlated signal
fractions have been removed by means of Schmidt’s orthogonalization procedure
(see Appendixt.5.3andEger and Eckhorii20029). A response carries between
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Figure 4.8 Examples of typical LFP responses to electrical stimulus impulses oftA00

N = 100. A: Simultaneous stimulation with two electrodes E1&2, 40@ apart, 65 ms
inter-stimulus delay, [318]B: Stimulation with one electrode E1, 115 ms inter-stimulus
delay, [318].C, D, E: One stimulation electrode, 170—-250 ms uniform inter-stimulus delay,
[040]. Responses C and D have been evoked from the same stimulation electrode s5, yet
were simultaneously recorded from two different cortical electrodes 1 mm apart (r1 and r3).
D and E have been registered at the same recording electrode r3, but evoked by different
retinal stimulation electrodes s5 and s3. Top row: Single trials and average (white). Mid-
dle row: PT without taking serial correlation into account. Bottom row: Residual partial
and cumulative information after correlated signal fraction has been removed. The small
markers indicate significanp(< 0.05) values. Dashed lines indicate the cumulative profile
constrained to the significant contributions.

0.1 and 2.0 bit per stimulus event but most information is transmitted within the
first 40 ms following the stimulus (exceptions are EFIB D and Fig.4.10A). After

that, the cortical activity does not reveal considerable information about the stimu-
lus. Thevisualstimulation example (Figd.10B, D) shows a relative large degree

of variability and a late response at 40 ms delay. Pheof the decorrelated LFP

(B, bottom) reveals three prominent equidistant peaks.

Intensity aspects.For illustration Fig.4.11depicts the mean responses of four dif-
ferent signal types (MUA, LFP, BBR, and SUA) to two electrical stimuli that differ
with respect to the intensity, i.e., the stimulation current. The mean response char-
acterizes the deterministic behavior of the system. Distinguishable mean responses
to different stimuli may indicate that the neurons encode the varied stimulus aspect.
In Fig. 4.11 each time bin of the average LFP and MUA signal is provided with

an error bar as a measure of the response variability. For information theoretical
analyses both the mean response and the variability have to be taken into account.
The more variable the neurons react to a specific stimulus, the less reliable is the
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Figure 4.9 Examples of typical MUA responses and transinformation profiles at the same
stimulation and recording configuration as presented in4&gj.
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Figure 4.10 Comparison between electrical and visual stimulation using examples of LFP
(A, B) and MUA (C, D) responses and transinformation profiles at identical stimulation and
recording positions, [040]. Electrical stimulation (A, C) was performed with singlg40
current impulsesN = 100) applied by electrode s3 (Fi4.2). The preceding inter-stimulus
interval amounted to 300 ms (conditional analysis). The stimulus intervals were Gamma
distributed (mean interval 100 ms, see FdlL6). Visual stimulation (B, D) was performed

at the same position using a bright spot of light presented by a computer monitor with
100-150 ms inter-stimulus intervals (see detailed description 88) pThe visual stimulus
evoked delayed response deflections (40 ms) compared to the electrical sticdllQu§).

The cumulative transinformation in response to the electrical stimulus (LFP, A) saturated
late at 60 ms.
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Figure 4.11 Example of averaged response signals evoked by biphasic current impulses
with amplitudes 50uA (A) and 100 1A (B), experiment [318] (see Figl.2, two active
electrodes E1&2). Top: After a sharp peak of MUA a time of inhibition follows (reduced
activity between 20 and 40 ms, only in B). Middle, upper panel: Stimulus dependent LFP
deflections. Error bars in MUA and LFP indicate the standard deviation of the mean. Upper
panel, bottom: Broad band recorded signal (BBR). Note the needle like peak at about 6 ms
following the stimulus (arrow, B). It reflects the high temporal precision of evoked action
potentials. Bottom panel: More or less structured patterns of action potentials. Note the
different time scale.

response and hence, the less information can be transmitted. The variability, i.e.,
the deviation of the single responses from the mean is often defined as noise in the
sense that it is uncorrelated with the stimulus. However, it is clear that it reflects
the unexplained variance of ongoing neuronal activitsi€li et al., 1996 Tsodyks

et al, 1999.

In the following we systematically investigated the discriminability of cortical
activity regarding different stimulus intensities. We varied the current amplitude —
most probably in correspondence to a change in size of the stimulation field sur-
rounding the electrode tipRanck 1975. Another possibility for the modulation
of stimulation strength consists in the use of bursts with varied lef&ythqley and
Lewin, 1968. The average and the variance of the responses is critical concern-
ing the discrimination of stimuli since the response range is limigdi( 1967
Gershon et a].1998. As regards analyses of single unit activity, often the mean—
variance relation of the spike count is investigated. It usually reveals a linear relation
between the logarithms of mean and variaridedn 1981 Tolhurst et al. 1981).

Here we analyze the mean—variance relation for electrically evoked population ac-
tivity responses.
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Figure 4.12 Mean—variance relation in electrically evoked LFP (top) and MUA (bottom)
responses in case of three different experiments [040] (A, D), [050] (B, E) [140] (C, F).
We performed an interleaved electrical stimulation (140-250 ms inter-stimulus delay) with

5 different current amplitudes (see inset) at 7 retinal positions according to receptive field
plots in Fig.4.2 Simultaneously, the cortical activity was recorded with 7 [040, 050] re-
spectively 15 [140] fiber electrodes. For each of the 35 stimulus conditions we applied PCA
to the responses and plotted the mean vs. the variance of the first coefficients. The time
interval on which PCA was applied was chosen to cover the relevant response deflections
and was determined by observing the mean responses. We mainly chose a 60 ms window
following the stimulus and were careful to exclude a stimulus artifact if it existed (only in
[140]). The numbers indicate the recording electrodes, the colors the current amplitude,
and the line styles the stimulation electrodes. The dashed green lines show the result of an
indirect nonlinear fit between the meamand the variance? using the mode#* = k.

Fig. 4.12shows the mean vs. the variance of LFP (top row) and MUA (bottom
row) multi-channel responses to interleaved electrical stimuli applied by 7 elec-
trodes for three experimentf®40] A, D; [050] B, E; [140] C, F). Each of 35 stimu-
lus conditions (5 current intensities, 7 stimulation electrodes) and cortical recording
channels (7 in A, D and B, E; 15 in C, F) was handled separately. Every stim-
ulus condition was repeateéd = 100 times. We applied PCA to the repeated
responses for each combination of stimulus condition and recording electrode. Fi-
nally, we plotted the mean vs. the variance of the first principal component co-
efficient as shown in Figd.12 The dense clustering at small response strengths
indicates either ineffective stimulation or the possibility that the evoked cortical
activity occurred outside the range of the recording electrodes. In order not to ob-
scure the mean—variance relation by this dot cluster, we did not present the data
on a logarithmic scale as otherwise usual. While the variability of MUA seems to
be growing with increased response strength the LFP variability does not grow. A
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Figure 4.13 Mean vs. mean normalized by the standard deviation of the LFP (top) and
MUA (bottom) responses shown in Fig.12 The dashed green line indicates the result of
the nonlinear regression. Obviously the relation is linear for LFP and sublinear for MUA
indicating an increased variance with growing mean. Experiment [140] (C, F) does not
contradict the tendency. However, due to the higher variability the result is not as reliable
as that of [040] (A, D) and [050] (B, E).

Table 4.1 Response randg®, the best value of the normalized standard deviagjd) and
the exponents of the nonlinear model.

[040] [050] [140] [060]
LFP| MUA | LFP|MUA | LFP|MUA | LFP|MUA
R 57.8] 3.90 70.8[ 3.13] 54.7| 15.2] 50.1] 251
s/R || 0.181| 0.210| 0.163| 0.231| 0.446| 0.293| 0.195| 0.254
k -0.141| 0.713| 0.095| 0.531| -1.614| 0.610| -0.761| 0.485
Ksgoe | 0.042| 1.102| -0.246| 0.884| -0.562| 0.675| -1.378| 0.662

Data from 4 experiments and for the two signal types LFP and MUA. The exp&iigtiie
result of an indirect nonlinear regression between the meand the mean normalized by
the standard deviatiam/s. kg, results from a direct fit of the variane based on 80% of
the data omitting the weakest 20% responses due to inefficient stimulation.

few cases, i.e., combinations of stimulus and recording electrodes, show extremely
small variability and systematic structure.

To quantify the relation between mearand variance® we applied the follow-
ing nonlinear regression to the data

m
g:a'mb+8

(4.1)
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to first determinédb. The relation betweem andm/s and the corresponding fit is
depicted in Fig4.13 The fit betweemm andm/s is advantageous compared to the
fit betweenm ands? directly because it is not obscured by inefficient stimulations
(clusters in Fig4.12. Neglecting the errog and rewriting of 4.1) yields the model

1 50p_ 1 &

with k = 2(1—b). The dashed green curve in Fi§j12 shows the same fit as in
Fig. 4.13 but projected into the mean—variance plain. Table summarizes the
results of the fit, including the exponekitthe response range which we define
as the largest mean response and the inverse of the fit mgls@tm=R We
will refer to this ratio as the best value §fR and later use it for the estimation of
the maximum possible number of discriminable stimulus intensities. Alternatively
we also performed a direct fit of the variance omitting 20% of the data with the
lowest response strength to avoid the inefficient stimulations. The expdrgats
are given in Tablet.1 The corresponding fit is indicated by orange regression
curves in Figureg.12and4.13

Table 4.1 also presents the results of an additional experin@d] with dif-
ferent stimulus configuration (see caption in Fgl4 A, D). In all cases the best
value ofs/R is for MUA slightly smaller than for LFP except fdt40] which is
most probably due to the large variability in this experiment. Note the obviously
incorrect indirect fit for LFP (Fig4.12C). Omitting experimeni140] the values/R
is approximately 23% for MUA in contrast to 18% for LFP.

A further difference between MUA and LFP is revealed by the exponents of the
regression fits. Generally, the exponek&ndkg,, are larger for MUA compared
to LFP. For MUA the exponent is greater than zero and in one case even exceeds 1
indicating increasing variance with growing response strength. On the other hand,
LFP yields smaller exponents mostly below zero. Obviously, the LFP variance is
independent of or rather decreases with growing response strength. This systematic
difference in the behavior of the response variability between MUA and LFP will
be discussed on pa§é.

Fig. 4.15 shows the response strength dependent on the stimulation current
based on the same data as shown in Ei§2 The activity increases with grow-
ing current but reduced slope leading to a half-sigmoid shape. The response range
seems to be very sensitive with respect to the combination of stimulus and record-
ing electrode. Note that in B and E the recording electrode r5 yields the strongest
responses but is critically dependent on the stimulus electrode (color coded). The
response variability is indicated by the size of the squares measutittydf the
standard deviation. We will later discuss how the tuning of the response strength
maybe used for the selection of suitable stimulus intensity steps (t9.3p.

Fig. 4.14 B, E shows the same relation, though based on an experi@&0jt
with different stimulus configuration (see caption). Different from Fgl5 here



TEMPORAL, SPATIAL, AND INTENSITY RESOLUTION 79

>
(o8]
@]

10 20 3‘|0 40 50

variance
1 1
1

10 20 30 40 50

absolute mean
absolute mean

0
Il
0
|

m

00 05 10 15 20 25

T

0.0 05 10 15 20 25

1
\
LAY
\\‘.:
\
N 0y

variance
absolute mean
absolute mean

T T T T
0.0 0.5 1.0 15 2.0 25 0 20 40 0 50 100 150

absolute mean current [uA] interval [ms]

Figure 4.14 Mean—variance relation (A, D), response strength vs. stimulation current (B,
E), and vs. temporal distance to previous stimulus event (C, F) of LFP (top) and MUA (bot-
tom), [060]. Numbers indicate recording electrodes. In diagrams B, E and C, F data from
only one recording electrode (r4) is depicted in order not to obscure the plot by responses to
less efficient stimuli. In A, D and C, F colors code the stimulation current, in B, E they code
the temporal distance (in ms). Lines connect the same recording electrodes. The size of the
squares measuregd" of the standard deviation. Electrical stimulation consisted of current
impulses with 4 different amplitudes (inset) and Gamma distributed inter-stimulus intervals
with 50 ms mean (see Fig.16D). Stimuli were supplied by one stimulation electrode (s6).
The 30 ms time interval on which PCA was applied is smaller compared to that of the other
experiments (cf. Figd.12). According to the analyses in Figurés8, 4.9, a 30 ms interval

is still long enough and captures most of the relevant response deflections.

the colors do not code the stimulation electrode but the temporal distance to the pre-
vious stimulus event. The bluish lines appearing at the top indicate that stimuli are
most effective if they are given very shortly after a preceding stimulus. Otherwise
the curves are similar to those in Fi§l15revealing an increased response strength
with growing stimulus intensity. LFP other than MUA saturates at highest stimulus
currents. Diagrams C, F explicitly demonstrate the relation between the temporal
distance to the preceding stimulus and the response strength. Here, the colors code
the stimulation current ranging from 20 (blue) to 88 (red). Interestingly, both

for LFP and MUA there is a minimum of the curves roughly at 70 ms. This indi-
cates that a stimulus is most effective if given shortly or very long after a preceding
stimulus. However, it is ineffective if the preceding stimulus was given about 70 ms
ago. This seems to be an important result for the development of the implant and is
going to be discussed on §8.
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measures A5 of the response’s standard deviation. In all cases the response strength in-
creases with growing stimulation intensity but the variability is relatively low in [040] (A,

D) and [050] (B, E) compared to [140] (C, F).
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Figure 4.16 Interval distributions of applied electrical stimulA: Jittered m-sequence
[040]. B—F: Approximately Gamma distributed intervals [040, 060].

Spatial aspects.For the discrete stimulation paradigm we want to refeMilrifs
et al, 2001, Wilms, 200]) and a paper in preparation. Analyses of cortical activity
profiles in the continuous case are given oB8®and following.
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4.3.2 Continuous stimulation

The data presented in this section were recorded in parallel with 5, 7, or 15 corti-
cal electrodes in response to continuous electrical or visual stimul&i§rof the
cat retina in contrast to discrete stimulatid?Sj as described in the previous sec-
tion. The stimulation signal consisted of rapid single or multi-channel sequences
of transient stimulus events such as short biphasic current impulses or light flashes
emitted by a computer monitor. The inter-stimulus intervals usually were approx-
imately Gamma distributed. In some cases we utilized jittered 12 bit m-sequences
(MacWilliams and Sloanel 976 Sutter 2001 and in case of visual stimuli uniform
distributed intervals. The interval distributions of the applied electrical stimuli are
depicted in Fig4.16

For all Figures quantifying the transinformation, we calculated estimations of
the standard error based on the jackknife bias correction and error estimation pro-
cedure Efron and Tibshiranil991; Efron, 1994). The resulting errors assess in-
consistencies within the data and detect state changes due to instationarity. In our
case the individual recording sessions were relatively short and only those record-
ings were chosen that had not shown a state change within the experiment (e.g.,
due to anesthesia). For this reason, the errors are mostly very small and often in
the dimension of less than few percent. As they are hardly visible in a diagram
they are simply left out for clarity reasons. The presented spectra of partial trans-
information values are not that precise due to neuronal variability not explained by
the utilized deterministic model. Nonetheless, all individe@lare depicted in the
spectra regardless of their significance. Error bars are omitted in order not to ob-
scure the qualitative shape of the spectral profiles. Yet, only significant valids of
are considered when summing them up to calculate Totaldifferent type of error
bars that assesses the variability of different stationary conditions would have been
useful. However, it would have required many repetitions of the data recordings,
which was possible only in some cases because the duration of the experiments was
tightly limited. Fig.4.21(first and last group of bars in A, C) is an example which
reveals quite different results after repeating an identical stimulus about an hour
later. While error bars calculated from the individual data sets are hardly visible,
the deviation between the results before and after the state change is not negligible.

Temporal aspects.To assess the neuronal encoding of temporal stimulus aspects,
the mean stimulus rate was varied while keeping the spatial and intensity configu-
rations constant. We estimated the amount of transmitted information dependent on
the stimulus rate according to the method describedge( and Eckhori2002h

cf. Chapter2). For one selected recording electrode the spectral profilBg dbr
different frequency components are pictured in A and C of Figdreg 4.18(elec-

trical stimulation in two independent experime[@80, 040]with different animals)

and Fig.4.19(visual stimulation[040]). The PT quantify the relation between the
deterministic response fraction vs. the components uncorrelated with the stimulus.
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Figure 4.17 Partial and total transinformation (LFP: top; MUA: bottom) dependent on
the mearelectrical stimulus rate, experiment [060]. Stimulation with electrode s6 using
Gamma distributed stimulus intervals and 48 biphasic current impulsesA, C: PT of
recording electrode r8B, D: T depending on recording electrode and stimulus rate.

The values typically range from 0.01 to 1 bit per second per 2 Hz frequency bin.
In Fig. 4.17C thePT even exceed 5 bit per second for many bins. When summing
them up we only included values significantly different from zgpa<(0.05). As
mentioned above, for clarity reasons the superimposed spectral profiles display all
original PT values.

At a first glance, LFP (A) and MUA (C) signals yield similRT profiles, es-
pecially for Fig.4.18and4.19 This might be astonishing since the signals should
reflect different neuronal processes. Looking more closely reveals that LFP empha-
sizes the higher frequency bands slightly more compared to MUA. For high stimulus
rates LFP and MUA demonstrate a drop with respect to the information transfer at
lower frequencies, both in case of electrical and visual stimulation. This is plausible
since frequency components below the fundamental frequency can only contribute
stimulus information if they exploit the weak serial correlation introduced by the
sequence of stimulus events.

Due to correlations between frequency components it is not possible to estimate
the totalT based on th@€T in the frequency domain. Therefore, we applied PCA as
coordinate transformation to yield uncorrelated coefficients. As long as nonlinear
correlation is negligible and the coefficients are approximately normally distributed
the PT may be summed up in the space of principal compondfger and Eck-
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Figure 4.18 Partial and total transinformation dependent on the naectrical stimulus
rate, experiment [040]. Configuration identical with Fig17 except that electrode s3 is
used for stimulationA, C: PT of recording electrode r38, D: T depending on recording
electrode and stimulus rate.

horn, 2002k cf. Chapter2 on p.16). B and D in Figurest.17, 4.18 4.19showT
dependent on the mean electrical respective visual stimulus rate. Again, the curves
are similar for LFP and MUA signals. In case of electrical stimuli, LFP (B) trans-
mits a maximum of information at a stimulus rate of 20 Hz (125 bj@s9]) or 40

Hz (27 bit/s,[040]). The absolute values differ considerably between experiments
but the shape of the curves is similar. For MUA we do not find a clear maximum
at these stimulus rates. Insteddstarts of at high values (140 bit/s f{@60], 18

bit/s for [040]) but decreases with growing rate — at least within the range of tested
stimulation rates — and drops to very small values at a rate where LFP is still on a
medium level. It is to be expected though, thatvould also drop at stimulus rates
below 10 Hz. An important observation is that for both signal types the information
per stimulus is maximal for the lowest stimulus rate applied.

Fig. 4.19shows the corresponding results for visual stimulation. The stimulus
consisted of a spot of light emitted by a computer monitor set to 100% contrast and
50% intensity. The spot had 1.5 cm diameter corresponding tea@@was located
at the same position as stimulus electrode s3 which was the active stimulation elec-
trode for the measurements given in Fgl8(see also Fig4.2[040]). The position
was not exactly congruent with the RFs of the recording electrodes’ hift to
the left would have fitted better to the RF position of r3. However, we judged it
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Figure 4.19 Partial and total transinformation (LFP: top; MUA: bottom) dependent on the
meanvisual stimulus rate, experiment [040]. Stimulation with Dot of light presented

on a computer monitor at 100 Hz frame rate with stimulus intervals uniform distributed
+20% around mean stimulus interval. The visual stimulus appears at the same position as
stimulus electrode s3 (see Figl18. A, C: PT of recording electrode r38, D: T depending

on recording electrode and stimulus rate.

more important to have congruent positions for electrical and visual stimuli. Thus,
we can directly compare the results for both modes of stimulation in the same ex-
periment. Obviously, the achieved information rates are about 1.5 times lower for
electrical compared to visual stimulation at the same position (approximately 27 vs.
40 bit/s for LFP and 18 vs. 37 bit/s for MUA). Still, this cannot be a general state-
ment because the absolute values differ considerably between experiments. E.g.,
experimen{060] (Fig. 4.17) yields much higher values of more than 100 bit/s using
electrical stimuli. Fig4.19B shows a clear maximum @f at a rate between 4 and

10 Hz. Similar to the above result for electrical stimulation, Helemsed on MUA

starts at a relatively high offset and drops a little earlier at lower stimulation rates.

Only in case of electrical stimulation, a further difference between LFP and
MUA concerns the profiles of the weaker recording electrodes. In contrast to the
effective electrodes (r3 if940] and r4 in[060]) the LFP activity registered with the
other electrodes rises nearly monotonously with growing stimulation rate whereas
MUA is unaffected remaining at low activity. This might be characteristic for elec-
trical stimulation and needs to be discusse®§).
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Figure 4.20 Spectral analysis of evoked responses (LFP: top; MUA: bottom) recorded
with electrode r4 (see [060], Figt.2) depending on the number of stimulus intensity

steps (see inset). The stimulation current is applied by electrode s6. The intensity steps are
50 pA for n=1, 30 and 7QuA for n= 2 and 20, 40, 60, and 80A for n =4 (Gamma
distributed intervals with 50 ms mearnh, D: Response poweiB, E: Deviation between
original response and deterministic estimate defined as rmojse.Partial transinformation
values. The small peaks in A and B at 50 and 150 Hz are caused by AC hum. The total
transinformation rates after coordinate transformation using PCAgre- 127.0, 121.3,

177.3 bit/s and o= 82.5, 121.5, 158.4 bit/s far= 1, 2, 4 steps, respectively.

Intensity aspects.For DS(see p.78) we found that with growing response strength
the response variability increases for MUA but not for LFP. Now, in caseSive
guantify the response strength and variability according to the previous paragraph,
by calculating théPT in the spectral domain but summing them up in the orthogo-
nal space of principal components to yi@ldThePT relate response strength and
variability implicitly by using the signal-to-noise ratio between the deterministic
and the non-deterministic fraction of the response. In four consecutive recordings
of responses to current stimuli with 50 ms mean inter-stimulus intervals (Gamma
distributed), we varied the number of intensity steps while keeping the average in-
tensity constant. The current amplitudes were set taAfor n=1, 30 and 7QA
for n=2 and 20, 40, 60, and 80A for n= 4. The stimulation threshold was just
less than 2QuA (compare recordings within the same experiment, Fify4 B, E).

For LFP (top) and MUA (bottom) Figd.20depicts the response power, noise
(non-deterministic fraction of response) and € for the first three recordings.
The LFP spectrum has a maximum at about 15 Hz (A) but at the same frequency
the noise is also maximal (B) suggesting that these response components are hardly
stimulus correlated. The corresponding cut in C is a consequence of this weak
signal-to-noise ratio and indicates that the frequency components are only poorly
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used for information transmission. On the contrary, the frequency range between
50 and 100 Hz is emphasized in A and the noise is weak (B), resulting in large

partial transinformation values (C). For higher frequenciesRielecrease again

and reach a flat minimum at 140 Hz. The spectral characteristics for MUA are

different. The noise is comparably weak for low frequencies leading to a maximum

of the PT at about 20 Hz. Compared to LFP, tR& profile drops earlier. Already

at 120 Hz the minimum level is reached.

Concerning the dependency on the number of intensity steps, especially for
MUA the response power grows with increasing number of steps. At the same
time the noise decreases resulting in enhafedNote exceptions of this tendency
marked by obscured areas (isolated border lines, B, E, arrows). For LFP, the tran-
sition from 2 to 4 intensity steps causes A€ to clearly increase whereas the
transition from 1 to 2 steps is ineffective. The deviation between the diffé€nt
curves appears to be relatively constant (in logarithmic y coordinates) over the fre-
guency range, indicating a constant gain factor. Thus, the additionally transmitted
information by using 2 or 4 intensity steps vs. 1 intensity step does not concentrate
on narrow frequency bands.

Fig. 4.21 depicts the cortical spread of different fractionsToflepending on
the number of intensity steps (different groups of bars). The 5 recording electrodes
(r1, r4, 15, 16, r7, bars from left to right, within each group) were linearly arranged
and 0.5 mm apart except for the 1.5 mm distance between rl and r4 (cf.Big.
One recording electrode (r4) largely exceeds the others with respect to information
transmission. Analyses of LFP response signal type are shownin A, MUAin C. The
total length of the bars measures the total amourit. &he dark grey sections of
the bars denote the small fractions solely based on intensity aspects of the stimulus
(T;,t)- The light grey sections represent the information transmitted by the temporal
stimulus aspects. The unexplained rest, i.e., the Dtainus pure temporal and
intensity fractions corresponds to the medium grey sections.

For MUA the total amount of increases more than 60% when 2 intensity steps
(30, 70uA) are chosen instead of 1 step (p8) and an additional amount of the
same percentage in case of 4 steps (20, 40, 6QuA0 The values are averages
over the five recording electrodes. The total value3 @mount to 127.0, 121.3,
177.3 bit/s for LFP and 82.5, 121.5, 158.4 bit/s for MUA (recording electrode r4),
corresponding tm = 1, 2, 4 intensity steps. Strangely, LFP keeps a relatively con-
stant value off for the transition from 1 to 2 steps, but a strong increase of 50% for
the next transition to 4 intensity steps. In comparison to LFP, the spatial profile of
MUA shows larger differences of the total valuesTobetween different recording
electrodes. On average (four recording sessions) LFP carries about 20% more infor-
mation than MUA when considering the most effective electrode r4. The percentage
is far higher for the other electrodes. However, the superiority of LFP compared to
MUA with respect to total is not transferable to the exclusive encoding of stimulus
intensity.
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Figure 4.21 Fraction ofT solely based on stimulus intensity aspects vs. fbbmputed

on the basis of LFP (top) and MUA (bottom) activity already shown in &ig0 experiment

[060]. A, C: Fractions ofT in subsequent recordings with 5 cortical electrodes r1, r4, r5,
ré, r7 (see Fig4.2) with varied number of stimulation intensity steps. Each group of bars
comprises one recorded data set. The current steps are printed below. The bars within
each group correspond to the different recording electrod®sD: Distributions of the

first principal component coefficient corresponding to the four stimulus conditions (current
amplitudes 20, 40, 60, 80A, first group of bars) and the recording electrode r4.

For recording electrode r4 and the first group of bars (four intensity steps, stim-
ulus conditions 20, 40, 60, 80A), Fig. 4.21B (LFP) and D (MUA) display the
distributions of the response coefficients conditional on the stimulus intensity. The
coefficients are the result of a modified PCA performed on potentially overlapping
response signal epochs (deger and Eckhori2002a cf. Chapter3). They com-
pactly characterize the evoked response following each stimulus event. Even though
the conditional densities more or less overlap, the coefficients still provide some
information about the condition of the preceding stimulus. We quantified this infor-
mation according to Appendi.5.1and yieldedr, ,, the fraction ofT solely based
on the intensity stimulus aspect (Fi§21A, C, dark grey sections).

For all recording electrodes and recording sessions the relative and absolute
amount of intensity informatiofM, . is higher for MUA than for LFP. Evidently,
MUA is better capable of encoding this stimulus parameter than LFP. The average
(over electrodes and recording sessions) fraction of ibtaias less than 3% for
LFP and about 15% for MUA. For these values merely the electrodes rl1, r4, and
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Figure 4.22 Transinformation (LFP: top; MUA: bottom) dependent on the cortical record-
ing position in mm anelectrical stimulus rate, experiment [060]. The recording positions
correspond to electrodes r1, r4, r5, 16, &, D: T between stimulus and one recording
electrode at a timeB, E: Spatially cumulative transinformation from left (solid) and right
(dashed).T is calculated between the stimulus amtupels of recording electrodes. Note

that the contributions to the cumulative value may be negative due to added noise so that
the curve is not rising homogeneousty, F: Exclusive contribution of the recording elec-
trodes.T is computed as a difference (solid) between the total joint value (according to B,
E) and the value based on all but the actual recording position (dashed, shown for MUA
only). Stimulation identical with Figd.17.

r7 were regarded. Note that r7 yields considerable percentages for MUA. Further,
we found that for both LFP and MUA the amount of information about the stimu-
lus intensity alone cannot be increased by using more than two different stimulus
intensities. We want to note that these analyses comprise extended examples based
on reliable recordings. Yet, general statements should be substantiated by analyses
of additional data.

The fourth recording was a repetition of the first to test stationarity @rR{LA,
C, last and first group of bars). The diagrams reveal a non-negligible difference with
respect tol. Indeed, during the recording of the fourth data set a noticeable state
change of the anesthetized animal had occurred: the spontaneous activity increased
and the efficiency of the stimulation was reduée&@imilar state changes are re-
ported byTolhurst et al(1987).
Spatial aspects in response spaceDue to retinotopical mapping between the
retina and the visual cortexOfban 1984 retinal activity patterns are related to
corresponding cortical activity profiles. At a first glance, divergence, lateral inter-

2The spontaneous activity was controlled by acoustic monitoring of the ongoing activity. The
efficiency was assessed on-line during the recordings by short term averages.
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Figure 4.24 Transinformation (LFP: top; MUA: bottom) dependent on the cortical record-
ing position in mm andsisual stimulus rate, experiment [040]. The recording positions
correspond to electrodes rl, ..., r7. Visual stimulation identical with&iQ A, D: T
between stimulus and one recording electrode at a tBnE: Spatially cumulative transin-
formation from left (solid) and right (dashed}, F: Exclusive contribution of the recording
electrodesT is computed as a difference between the total joint value (according to B, E)
and the value based on all but the actual recording position.
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actions, and cortical feedback mechanisms “blur” the projection in the sense that,
e.g., sharply localized retinal activations turn up as relatively broad cortical activity
profiles. In the following, we will investigate the transinformation between retinal
stimulation electrodes and different cortical recording positions. In most cases, we
had 5 cortical recording electrodes available, that were arranged as a linear array
and coarsely sampled the cortical activity profile.

The diagrams A, D of Figure4.22 4.23 4.24 show the transinformation de-
pendent on different cortical positions and the stimulation rate for LFP (top) re-
spectively MUA (bottom). While Figuregl.22and4.23display the results aflec-
trical stimulation from two independent experimefds0, 040] Fig. 4.24is based
on visually evoked responsdg840]. The location of the visual stimulus was iden-
tical with the stimulation electrode position in Fi§.23 The shape of the cortical
transinformation profiles based on electrical stimulation is very similar for the two
experimentg060, 040] In both cases — for MUA and LFP alike — we find a clear
maximum which is getting the less pronounced the higher the mean stimulation
rate. The cortical position of the maximum corresponds to a recording electrode
whose RF is very close to the stimulus position projected into the visual space (see
Fig. 4.2). Interestingly, the values of for the other recording electrodes increase
with enhanced stimulus rate only for LFP, an observation we have made already
above and which is discussed on p&ge The whole profile adjusts to a mean level
with reduced maximum and increased surround. On the contrary, the MUA trans-
information profile, which mainly consists of the contribution of the most effective
electrode, is reduced per se at growing stimulus rates. The valUe®othe other
electrodes do not increase. The radius of cortical activation estimated by this in-
formation theoretic measure is less than 1 mm for MUA and also for LFP, if one
neglects the effect described above.

In case olvisualinformation, theT profiles look differently. LFP demonstrates
a zigzag course with three maxima, while the MUA profile is smoother and shows
its main maximum at the boundary and another at a position where LFP has also
got a peak. Unlike electrical stimulation, here the information declines when the
stimulus rate is enhanced, though differently for LFP and MUA. While LFP strictly
keeps the shape of its zigzag profile, the MUA contours become smoother and the
lower maximum is shifted to the left. Based on these graphs it is impossible to
estimate the extension of the cortical activation.

Until now, we have determined the stimulus information received at different
cortical positions without taking into account any coupling of cortical positions.
Yet, itis to be expected that the information revealed by one electrode overlaps with
that by neighboring electrodes. In order to assess the amount of redundancy we cal-
culated cumulative profiles by considering joint signal epochs (see Appérdiy.
Diagrams B, E of Figured.22 4.23 4.24depict the cumulative profiles for LFP
(top) and MUA (bottom), again dependent on the mean stimulus rate. The solid
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lines indicate that the joint epochs are built starting from the left, whereas the dashed
lines denote the other direction.

In case ofvisual stimulation (Fig.4.24B, E) the cumulative graphs grow quite
smoothly. Unlikeelectrical stimulation leads to cumulative profiles that abruptly
rise at the position of the most effective recording electrode @22 B, C and
Fig. 4.23 E). These jumps in the cumulative curves are often higher than the re-
spective contributions when the electrodes are considered independently. E.g., in
Fig.4.22B, the step in one of the dashed 19.5 Hz curves amounts to about 250 bit/s
whereas the position 1.5 mm in A merely conveys 140 bit/s. Furthermore, the cu-
mulative profiles do not grow homogeneously. In F@2B the slopes of the solid
19.5 Hz curves are partly negative. Obviously, the cumulative contribution of weak
electrode positions in case of electrical stimulation is often zero or below, i.e., their
contribution is redundant. On the other hand, “better” positions tend to be over-
pronounced, i.e., they are synergisticly amplified by the weak activity of nearby
positions. Another example is Fig.22E. Here, the cumulative profile of the solid
19.5 Hz curve demonstrates a clear upward bend at position 3 mm, although this
electrode hardly conveys stimulus information at all when handled independently
(D). Apparently, this electrode merely contributes synergistic information, i.e., in-
formation which is accessible only in combination with signals of other electrodes.

The diagrams C, F of Figurds22 4.23 4.24showT conveyed by all except for
the actual position (dashed lines, for clarity reasons only partly shown) and the value
subtracted from the total cumulative transinformation (solid). The solid curves look
similar to the respective ones in diagrams A, D (especially in&R&f3), but looking
more closely, we find some differences. As observed for the cumulative curves, due
to synergistic effects the peaks often are higher in C, F compared to those in A,
D and some values are negative. The leveling out in case of LFP for higher rates
(Fig. 4.22 A) leads to an overall decline in C very similar to the result of MUA
(F). In case of visual stimulation (Fig.24 C, F) the original lower peak (D) for
MUA loses its predominance in F. C shows a largely negative profile for a rate of
2 Hz. E.g., the position 0 yields 30 bit/s when regarded independently (A) and
surprisingly, simply changes its sign in C. Thus, if electrode position 0 is included
into the joint measure then the overall information declines by more than 20 bit/s!
A similar effect at the same position can be seen for MUA at 4 Hz stimulus rate
(D vs. F). In these analyses we did not find synergistic encoding of visual stimulus
information in contrast to electrical stimulation.

Spatial aspects in stimulus spaceDifferent from the analyses presented above,
Fig. 4.25depicts the amount af in case of spatio-temporal stimulus patterns. Elec-
trical stimulation was performed simultaneously with 7 retinal electrodes arranged
hexagonally as shown in Fig.2[040]. The electrode tips positioned on the retinal
surface each had an about 0.5 mm distance to the closest neighbors. 7-channel in-
dependent, jittered m-sequences (see Ei$j6 A) were used as spatio-temporal
stimulation signal. The stimulation electrodes were activated one after another.
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Figure 4.25 Transinformation (LFP: top; MUA: bottom) dependent on the number of
independent m-sequence stimulus channels. The mean stimulus rate is 15 Hz (4€k6Fig.
A). In A, D; B, E subsequently the number of stimulus electrodes is increased by activating
a new electrode at each step. According to Bi@.[040] then-tupels of stimulation elec-
trodes are [4], [4,5], [2,4,5], [2,3,4,5], [2,3,4,5,6], [1,2,3,4,5,6], [1,2,3,4,5,6,7]. While A, D
depict the total transinformation, in B, E only the non-temporal, transient stimulus pattern
specific transinformation is assessed (see Metho@gar and Eckhori2002a cf. Chap-

ter 3) accounting for 10—20% of the totél C, F shows a different analysis on the same data
as was used for the last step in A, D; B, E. HeFds calculated by exclusively assigning
kernels to specific stimulus conditions. The number of kernels is systematically increased
from 1 to 7 covering several possible tracesidtipels. The solid yellow line indicates the
trace that corresponds to the sequence-tfpels given above for A, D; B, E. The dashed
yellow line is the average of the black traces.

Fig. 4.25A, D depict the dependency of totdl between the multi-dimensional
stimulus signal and the respective recording electrode on the number of active stim-
ulus electrodes. Except for a drop at 3 chanhyelse graphs are mostly rising and
suggest the beginning of a saturation at a number of 5 stimulation electrodes. Dia-
grams B, E accordingly present the dependency of the fractidnwhich is solely

due to non-temporal stimulus aspects (8ger and Eckhor2002a cf. Chapteid).

The graphs do not indicate a saturation effect. The fraction amounts to about 10—
20% of totalT for the given spatio-temporal stimulus patterns.

The last diagrams C, F demonstrate a re-analysis of the data evoked with 7 in-
dependent channels (A, D, last value, recording electrode r2). Here we kept the
number of active electrodes constant (7) but varied the number of kernels. Thus, we
included only a restricted amount of stimulus information into the response model

3This is most probably due to a minor state change, because the errors yielded by the applied
jackknife procedure are below 1%.
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(seeEger and Eckhorm2002h cf. Chapter2) and likewise, into the calculation of

T. This approach is equivalent to using different codes. As an example, the first
value of the curve starting with number 4 results from the assignment of one kernel
to the stimulus events of stimulation electrode 4. In a next step, another kernel is
assigned to stimulus events of electrode 5 etc. The more kernels are used, the higher
is the potential precision of the response model, which is revealed by the positive
slope. Obviously, stimulus electrodes 3 and 4 are highly efficient. The curves start-
ing with these respective kernels already begin with a relatively high offs&t of
whereas other curves show a jump when kernels connected with electrodes 3 or 4
are added. E.g., the curve starting with 3 shows a jump at the next kernel assigned to
stimulus electrode 4. The kernels added later hardly lead to an incre@seloich
indicates that the cortical electrode r2 receives information mainly from stimulus
electrodes 3 and 4. It would have been desirable to compare these results with those
that also include the other cortical electrodes by using the joint transinformation
(see Appendix.5.4). Thereby, one could test whether this selectivity was specific
for the recording electrode r2. However, the calculations are computationally very
expensive and for this reason, were not possible.

4.4 Discussion

4.4.1 Temporal resolution

Spike timing. We determined the achievable temporal resolution in two ways, using
discrete DS) and continuous stimulatiorC§). In case ofDS we performed spike
analysis and determined the temporal precision of evoked cortical action potentials
in response to electrical retina stimuli. We yielded an astonishingly high temporal
precision with even less than 3Q@ standard error for the first cluster of spikes at
6 ms following the stimulus (Figd.6). This variability is about two or three times
the error measured byerster and Lindstrm (1983 after electrical stimulation in
the lateral geniculate nucleus (LGN) of the cat. The difference is certainly due to
the extra variability introduced by the retinal spike initiation in our case. Compared
to the values reported in case of visual stimulation, the standard error is at least the
factor 10 lower (2—-10 ms in monkey MBé&ir and Koch 1996, 1.9 ms also in
monkey MT Buracas et al.1998, >10 ms in monkey V1\{Viener and Richmond
1999, 5 msin cat LGN Reich et al.1997), cf. overview in Bair, 1999) and due to
the bypassing of slow retinal structures by directly exciting the ganglion ¢&igg
and Buffum 1968.

Concerning the example presented in Fg, we suggest that this early activ-
ity at 6 ms comprises action potentials recorded from one layer 4 neuron nl that
receives direct input from the LGN via the X pathway. As revieweddrpan
(1984, the X ganglion cells (constitutes 45-55% of all retinal ganglion cells) are
relatively slow due to low axonal velocity, have small somata and are used for the
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perception of form and color. For comparison, the less frequent Y cells (5% of gan-
glion cells) are fast, contrast sensitive and responsible for movement perception.
To substantiate the above hypothesis we first have to refine the measured delay of
6 ms by regarding the time needed for retinal spike initiation (0.2—0.3 mBgcf.

ster and Lindstim, 1983 and the conduction time between the soma of the retinal
neuron stimulated and the electrode position (1.5 ms delay, caused byslkira-

tion and 1.33 m/s measured conduction velocity, see next paragraph). Thus, in our
case the total conduction latency between a retinal and cortical spike amounts to
6—0.254+1.5=7.25ms.

Now we compare this value to data from the literature to identify the recorded
cell type. For retinal X cells a latency of 4.56 ms has been measured at the axon
terminals in the LGN and 4.8 ms including spike initiatidtgnford 1987). Usrey
et al.(1999 report a value of 4.45 ms for X cells and 2.66 ms for Y célldsrey
et al. (2000 measure an additive delay of 2-4 ms between LGN and simple cell
spikes in A17. The overview given b@rban (1984 reports a pure conduction
latency of 0.4-1.4 ms for Y cells and 0.9-4 ms for X cells. He suggests a best
separation for the identification of unknown cells at 0.9 or 1 ms. A precise analysis
of the geniculo-cortical connectivity is presentedfsrster and Lindstrm (1983
who quantified an extrapolated latency that exclusively captures the processing in
the visual cortex. Correspondingly, a certain duration has to be added to the pure
latency, dependent on whether the recorded cortical activity is mediated by one, two,
or three cortical synapses: a monosynaptic connection “costs” 0.6—1.05 ms (mean
0.7 ms), a di-/ and trisynaptic connection needs 1.05-2.4 ms, respectively 2.4-3.8
ms. Additional 0.4 ms have to be considered for the delay between the registered
cortical excitatory postsynaptic potential (EPSP) and the elicited spike.

Taking these pieces of information together and using realistic values of 1.3
and 0.8 ms for the unknown delay between LGN and area 17 via the X and Y
path, respectively, a total relative delay between the activity of a retinal X cell and a
monosynaptic connected cell in area 17 amounts to ab8ut#3+0.7+0.4=7.2
ms compared to.8 — (4.45— 2.66) + 0.8+ 0.7+ 0.4 ~ 4.9 ms for Y cells. For
disynaptic connections, a millisecond has to be added. To conclude, our value of
7.25 ms may either arise from recording a monosynaptic coupled simple cell of the
X pathway or a trisynaptic connected cell of the Y pathway. The latter does not
seem to be very probable because the variability measured is very low. For this
reason we rather suggest that the electrically evoked cortical activity is caused by
monosynaptically excited cells with X input.

By this argument we do not want to exclude that we effectively stimulated reti-
nal Y cells. Indeed, in several cases we found extracellularly registered spikes in
close accordance with the timings of monosynaptic Y activations. The broad band

4In contrast to others, they performed extracellular recordings and calculated the crosscorrelation
between retinal and geniculate spike trains to estimate the latency. The small deviation might be due
to the different method used.
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recordings (BBR) in Figd.3and Fig.4.11reveal a small peak at 4.5 ms (marked by
dashed vertical line) which precedes the dominant needle like activation 2 ms later.
Yet, in raster plots the corresponding events were never very precise and could also
have been intermingled with effects of the stimulus artifact. Therefore, we did not
focus our attention on these very early events.

We have often registered a second cluster of spikes at 8.5 ms and at least double
variability (Fig. 4.6, Fig. 4.7). We suspect that this activation belongs to a second
neuron n2, which receives mono-/ or disynaptically mediated input from n1. We
found that n2 fires if n1 was active about 2.5 ms before. However, since nl1 emitted
one spike following nearly each stimulus event, the hypothesis of direct coupling
could not be proved. The histogram of the time differences of consecutive spikes
with respect to the clusters at 6 and 8.5 ms, revealed about the same variance as that
of the second cluster (Figure not shown).

Given these results, we can imagine — on the condition of low stimulation rates —
that spatio-temporal timing differences in the millisecond range might be perceiv-
able on the basis of electrical retina stimulation, if higher cortical areas are able to
assess these temporally precise activation patterns in the primary visual cortex.

Axonal stimulation. The stimulation of retinal ganglion cell axons poses a yet
unsolved problem on the development of the retina implant because of the spatial
and temporal disorder introduced between retinal stimulation positions and evoked
cortical activity (cf.Nowak and Bulliey 1998ab). As shown in Fig4.6, 4.7, the

same cortical neurons were reliably activated, both by two stimulation electrodes
E1 and E2 positioned about 1@istant from the RF locations of the recorded corti-
cal neurons (Fig4.2[318], recording electrode rl). This strongly suggests that we
stimulated the axons of retinal ganglion cells whose somata were located near the
cortical RF positions due to retinotopy of VIysa et al.1979 Tootell et al, 1982).

The stimulation electrodes were about 408 apart corresponding to a visual angle

of 2° which probably accounts for the relative delay=g300 us of their respective
cortical activation. The values for distance and delay lead to a conduction velocity
of 1.33 m/s which is in close accordance with reportsStgnford(1987. Axonal
stimulation violates a retinotopic bijective relation between stimulation and cortical
response patterns and thus, inevitably leads to information loss. In addition, the
timing of the cortical activity onset is disrupted, because the distinct latencies of the
myelinated extraocular axon sections naturally compensate the different conduction
latencies of the unmyelinated intraretinal p&tanford 1987). By electrical stimu-

lation of retinal ganglion cell axons the natural conduction delay is shortcut, which
most probably leads to temporal blurring of evoked cortical activations.

We exemplarily tested how well the stimulation electrodes can be distinguished
based on the time of the first recorded spike (window 3—7 ms,&®. An infor-
mation theoretical analysis revealed that the spike timing yielded 0.5 bit/spike about
stimulus conditions E1 or E2. The calculation was performed based on density es-
timation (see Appendix ikEger and Eckhor2002h cf. Chaptei2 on p.43).
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Population activity. The temporal course of evoked population activity potentials

is in agreement with the review d@reutzfeldt and Kuhn¢1973. We found cor-
responding response deflections but a slightly larger delay due to more distal stim-
ulation (Fig.4.3, 4.8). Yet, depending on the electrode depth in the visual cortex
and the position relative to the stimulus location projected into the visual space, the
size and sign of later response deflections varies. Regardirgg the decorrelated
response signals (bottom rows of Fiy8, 4.9, and Fig.4.10, A, C) most informa-

tion about the preceding stimulus is transmitted within the first 40 ms following the
event. The total cumulative values of 0.1-2.0 bit per stimulus are in agreement with
with the result that only 2 or 3 stimulus intensities corresponding to 1-1.6 bit can
be discriminated at most (cf. 02). After the 40 ms interval (at the latest, after

60 ms, note exceptions of very strong responses in&D and Fig.4.10A) nei-

ther LFP nor MUA reveals considerable information about the stimulus rendering
later response deflections redundant. Typically, the uncorrelated fraction of MUA
activity has a shorter duration. The later response deflections might be the con-
sequence of cortical feedback loops for the post-processing of the activity evoked
initially. In contrast to electrical stimulation, tHeT profiles for visual stimulation

at the same stimulus position (compare Bid.0B, D and B, D) yield a much larger
delay of the first volley of activity and only a single peak for the MUA signal. LFP
demonstrates a slow after-response and three uncorrelated response components at
equidistant onsets. They may indicate sub-threshold rhythms of mutually uncorre-
lated activity. Serial decorrelation of the data had been achieved using Schmidt's
orthogonalization procedure (cf. Appendh5.3and Eger and Eckhori§20029)
before the transinformation was calculated. Due to the restriction to linear decor-
relation and the use of signal-to-noise ratios, normality was assumed and potential
higher order correlation is not captured by the methddr{de| 1991).

Transinformation dependent on stimulation rate. Apart from DS referred to
above, we also used quasi continuous stimulation signals consisting of rapid se-
guences of transient stimuli. In the following we discuss the analysis of data in
response to Gamma distributed inter-stimulus intervals in case of electrical stimula-
tion (Figures4.17, 4.18 and uniform distributed intervals in case of visual stimula-
tion (Fig.4.19. We found that the LFP signal has a maximunirah the range of
20—-40 Hz for electrical stimulation, which corresponds to the 40 ms time constant
resulting after serial decorrelation. The maximunTaoh case of visual stimulation
turns up between 4 and 10 Hz. This is in accordance witls&ar’s results and may
correspond with the psychophysicaliBke—Bartley effect (see review ran de

Grind et al, 1973, which says that the subjective brightness of an intermittent vi-
sual stimulus yields a maximum at about 3—-15 Hz stimulus rate dependent on the
stimulus luminance. Still, in contrast to LFP we found thdiased on MUA begins

to decline at slightly lower rates for both electrical and visual stimulation.

Before we will try to explain this effect we have to clarify what kind of infor-
mation these signals registered at the same electrode encode. LFP simply results
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from lowpass filtering of the raw signal and reflects the slow potentials surrounding
the recording electrode tip. It has a larger catchment area compared to MUA (max.

1 mm radius for LFP vs. 0.5 mm for MUA, c6chanze1995 and thus, spatially
averages to alarger degree. These values include a spread caused by lateral coupling
within the cortical network. Potential sources of the slow potentials are mainly ex-
citatory and inhibitory postsynaptic potentials (IPSP and EPSP, respectively), i.e.,
dendritic signals reflecting the graded input to cortical neuron cell bodigz-

dorf (1989 estimated and compared the contributions of different neuronal activity
types to current source densities (CSD) that are based on local field potential mea-
surements. She showed that IPSP and EPSP have similar signal properties, except
that the currents caused by IPSP are to a larger degree capacitive. Because of the
lowpass properties of the tissue, the contribution of IPSP to CSD and LFP is rela-
tively weak.

MUA results from highpass filtering of the raw signal and subsequent rectifica-
tion and lowpass filtering (see f6). It can be seen as the envelope of frequency
components between 0.5 and 10 kHz, a range mainly used by action potentials
that typically have a time constant of about 1 micholls et al, 1992. Thus, it
represents a spike density spatially integrated over a spheres@ithmm radius.
Contrary to LFP it does not capture slow potentials. Since most recordings were
done in the larger layer 4 of area 17 which receives direct afferent input from LGN
fibers Orban 1984, the early and precise components of LFP reflect their postsy-
naptic potentials and thus — simply spoken — comprise the input to the visual cortex.
In contrast, MUA captures the activity of the spikes in response to the excited post-
synaptic potentials and inherits the additional variability of spike generation.

Now we are turning back to the explanation of the above described effect, i.e.,
based on MUA declines at lower stimulus frequencies compared to LFP. A drop in
T either originates from an increase of the response variability or from a decrease
of the stimulus evoked response power, as long as the linear response model is still
adequateKger and Eckhori2002h cf. Chapter2 on p.13). Here, we cannot to-
tally exclude the latter influence because we do not have recordings in response
to identical repetitions of the same stimuli available. Otherwise the performance
of the linear response model could be assessed accordiRptéy et al.2000.
However, we find it plausible that the adequacy of the model does not change dra-
matically — and differently for LFP and MUA — dependent on the stimulus rate.

Sticking to the arguments outlined above we conclude that the input to the cor-
tical neurons (LFP) — due to its lower variability — is better capable to follow higher
stimulation rates than MUA. Apparently, the cortical neurons might not be able to
follow the high stimulation rates with maintained precision. This corresponds to
Grusser’s findings reviewed irnvgn de Grind et al.1973 p. 527), that at visual
flicker stimulation the upper frequency limit (critical flicker frequency, CFF) de-
creases from the retina, over the LGN to the visual cortex while traversing synaptic
connections. Since the respective neurons themselves are directly electrically ex-
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citable at very high stimulation rates, the reason is not seen in the properties of the
synapses but rather in inhibitory feedback loops reducing the cells’ excitability.

One may still assume that electrical compared to natural visual stimulation has
the outstanding advantage that the slow retinal structures are bypassed and the
cortex can be fed with information at much higher rates. Indeed, the cut-off fre-
guency in the profile ol amounting to 20—40 Hz in case of electrical stimulation
(Fig. 4.17, 4.18 is considerably higher than that achieved with visual stimulation
(10 Hz, Fig.4.19. Psychophysical experiments with humans proved that electri-
cal flicker phosphenes caused by external mono-focal electrical stimulation of the
eye are perceivable up to frequencies of 100 or 120udn e Grind et a].1973
p. 465). Thus far, it is not yet clear whether the cortical neurons make use of these
high frequency inputs to form useful percepts such as the binding or separation of
objects represented by electrical spatio-temporal stimuli.

The following finding should be considered in this context: evoked activity in
response to electrical stimulation is very sensitive to the relative position of stimula-
tion and recording electrodes projected into the visual space. The two Fgaies
and4.18show one very efficient recording electrode (r30a40] and r4 in[060])
apart from several weaker electrodes. Interestingly, exclusively for LFP the activ-
ity of the weaker electrodes increases with growing stimulation rate. One reason
might may be the smaller catchment area of MUA. However, the activity profile of
Fig. 4.17D, r5 shows a very small increase at higher rates for MUA only in one
example. Another interpretation which may be more plausible is that the higher
stimulation rates lead to saturation of the cortical activity. The increased LFP activ-
ity may rather correspond to inhibition (IPSP) than to excitation. The abrupt drop
of T for MUA at the respective stimulation rates is in accordance with this view.

Efficient stimulation intervals. Dawson and Radtk€l977 demonstrated the
effects of the retinal stimulation rate depending on the height of the peak or area
under the intra-cortical response curve. They found a maximum of the amplitude
at an inter-stimulus interval of 500 ms and a decline for shorter intervals, though
using very high charge injections (2 mA, 0.8 ms phase width) compared to our
studies. The effect of declining response strength with shorter intervals is partly in
agreement with our results. Fig.14C, F reveals that an electrical stimulation is
most effective if it follows a facilitating stimulus within 20—30 ms or after a longer
delay of more than 150 ms. On the other hand, it is less efficient if it follows a
preceding stimulus after 70 ms. This effect has shown to be relatively independent
of the stimulation current of the second stimulus. It has to be investigated how the
effect depends on the stimulation current of the preceding stimulus. The depres-
sive effect of a preceding stimulus could be explained by cortical inhibition. The
example in Fig4.11 demonstrates that inhibition depends on the strength of the
previous activation. In B, top panel, after a strong activation peak, inhibition arises
about 20 ms after the stimulus onset and vanishes another 20 ms later (note range
indicated). Another example is Fig.9 A. The inhibition begin is in accordance
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with the downward bend of the curves in Fi§§14 C, F at about the same time.
However, the depression endures much longer than the registered period of spiking
inhibition which suggests that other suppressive mechanisms not revealed by the
present analyses are at work.

4.4.2 Intensity resolution

Mean variance relation. In Results (see Figt.12and Table4.1) we have shown

that the variance of MUA activity grows with increasing response strength while
the LFP variability is comparably independent of it. The regression exponent for
MUA lies in the range between 0.49 and 1.1 and thus, is mostly lower compared
to values for single unit activity reported in the literature (1.1 for simple cells, cat
Al7 in (Dean 1981, 1.18-1.43 for complex cells, monkey V1 iG¢rshon et a).
1998, 1.0-1.4 for simple and complex cells, cat A17 folhurst et al. 1981)).
Concerning the different characteristics of LFP and MUA described above — corre-
sponding to the very simplified view of cortical input and output, respectively — we
can say that the afferent input from LGN (LFP) does hardly change its variability
with increased response strength, whereas the output (MUA) does. This findingisin
accordance, e.g., witlik@ra et al, 2000, who recorded visually evoked spike activ-

ity simultaneously from the retina, the LGN, and V1 in anesthetized cats. They find
the variability doubling from retina to LGN and again from LGN to V1. However,
Kara et al.(2000 find the variability decreasing with increased firing rate, i.e., re-
sponse strength, contrary to our results and, e.g., thaserét al.(1997); Gershon

et al.(1999. Above all, one should keep in mind that we have not analyzed spike
but population activity. Population activity signals might be behaviorally and with
respect to perception more relevant than single unit spike tritgdorf et al,

1994. A systematic comparison of these different signals, especially in case of
electrical retina stimulation, is still to be done.

Response strength vs. current.Dawson and Radtkél977) have shown that the
amplitude of responses evoked by electrical retinal stimulation in awake cats does
not grow linearly with the stimulation current but saturates with higher currents.
However, they used huge currents from 0.1 to 2 mA and large phase widths of
0.8 ms in comparison to 100A and 200us respectively, in our case. Nonetheless
our studies revealed qualitatively similar results (see #ig9.

Response model. As mentioned before and according to Figl2 the response
variance is almost independent of the response strength for the LFP signal type.
Even for MUA the dependence is rather weak. This observation may justify the
application of a simple model that assumes constant variance in order to coarsely
estimate the maximum number of discriminable intensity steps. The question of
how many different intensity steps can be discriminated by analyzing evoked cor-
tical activity is equivalent to the intensity resolution and thus, important for the
development of the retina implant.
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With respect to the information capacity of a randomly discharging model neu-
ron, Stein(1967) calculated the maximum transinformation dependent on the num-
ber of stimuli to be discriminated. He utilizes the spike count within a window of
varied duration as response code. A similar but more complex approach is presented
by Gershon et a[1998 for the calculation of the channel capacity. He examines the
discriminability of visual patterns based on recorded spike activity in monkey V1.

Here, the principal idea consists in the consideration of the response distribu-
tions within the limited response range as schematically indicated by a red bar in
Fig. 4.26 A and C. Now, the transinformation betwerrequally probable stimu-
lus conditions (or symbols) and the response parameter distributions only depends
on their respective positiorrs within the response randge and the variance? if
normality is assumed It can be numerically computed as

TSR = H(R)-H(RSS)
+00
= — [ p()log,p(r)ar

—o00

— %Iog2 [27ec?] (4.3)
with
1 n 7% (r—rzi)z (4 4)
r = e c .
pr( ) 2ron i;

(see Appendixt.5.1). In case of three stimulus conditions Fi§26 C depicts the
value of T dependent on the position of the third distribution within the response
rangeR on the condition that the other distributions are located at the boundaries.
As long as the normalized standard deviatggR < 0.28, thenT is maximized if

the third symbol is located in the center of the raRy&et, if s/Rincreases beyond
0.28, the third distribution has to be positioned at either boundary to maximize

In this case, two stimulus conditions are sufficient. It is not possible to increase
T by adding further symbols. Equivalently, one can say that the system is capable
to discriminate only between two stimulus conditions. The critical valus/ Bfis
reflected in the bend of the curve D indicated by arrows. &£@6B gives the maxi-
mumT for 2, 3, 4, 6, and 9 stimulus conditions dependens/dR For larger values

of s/R, small symbol ensembles perform as well as larger ones. In this simula-
tion they may perform even better because the symbols were assumed to be equally
probable. In the example Fig.26 A, C two symbols outperform three symbols

for larger values o§/R. In fact, although three symbols were assumed, they were
actually reduced to two symbols with different frequencies (1/3 vs. 2/3) due to the
third symbol’s shift to the boundary. This explains the downward deviation of curve
N =3in Fig.4.26B.

5This assumption is relatively well justified regarding the measured distributions of the principal
component coefficients shown in Figg12 distributions not shown.
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Figure 4.26 Maximized transinformation depending on the response variability and the

number of equally probable stimulus symbadis.Example of response ranggand condi-

tional distributions for three stimulus symbols. The question is, where the third symbol has

to be positioned in order to maximiZe? C quantifiesT dependent on the position of the

third symbol. Whers/R is small, the maximum is reached when it is located in the center

of R. However, ifs/R > 0.28 the transinformation is minimized when it is located in the
center. It has to be positioned at either boundary to maxiffiZ2 depicts the maximized
value of T dependent os/R. The critical point, where two symbols outperform three sym-
bols, is reflected in the bend of the curv®: MaximizedT for 2, 3, 4, 6, and 9 stimulus
symbols. Ifs/R > 0.15 thenN = 3 symbols can be discriminated.
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High stimulation rate. We found that while LFP often reflected a larger amount of
total T compared to MUA, its capability to capture information based on stimulus
intensity is inferior. In the example Fidg.21the absolute and relative amount of
information about stimulus intensity was larger for MUA in all cases (recording
electrodes and sessions). Its average fraction of Totaas less than 3% for LFP
and about 15% for MUA.

What are the reasons behind the different behavior of MUA and LFP? Any
growth of T in response to an increased number of stimulus intensities may be ex-
plained by an enhanced effectiveness of the stimulation and a diminished response
variability. The mean stimulation current was kept constant in all cases and each
current intensity was over-threshold (threshold just less than&0 One has to
consider that the profiles for response vs. stimulation current are not linear (see
Fig. 4.15. In patrticular, the profile for LFP showed a stronger effect of satura-
tion compared to MUA. The response variability is relatively constant for LFP in
contrast to MUA. Its variability increases with growing response strength. These
differences contribute to the distinct behavior of LFP and MUA with respect to the
encoding of stimulus intensity. It is to be expected that the variance of the stim-
ulus interval distribution and the exact settings of quantization steps in relation to
the stimulation threshold to some degree affects the results. This still needs to be
investigated.

Thus far, we have not focused our attention to the fractiof dhat is nei-
ther explained by the independent encoding of temporal nor intensity information
(Fig. 4.21A, C, “rest”). This fraction is larger for MUA than for LFP. We sus-
pect a joint encoding of temporal and intensity stimulus aspects. Apparently, MUA
captures this joint encoding to a larger degree than Beith et al(2000 report a
remaining information rate of similar percentage — neither explained by visual stim-
ulus contrast nor spatio-temporal pattern —in single unit recordings of monkey V1.
They attributed the effect to the confounded encoding of the respective stimulus as-
pects. Furthermore, we found that the additional amount of information transmitted
by increasing the number of intensity steps cannot be assigned a narrow frequency
range, neither for LFP nor for MUA. Instead, it spreads over most parts of the spec-
trum as a rather constant gain factor. Evidently, each frequency band proportionally
contributes to the encoding process of the additional stimulus information.

To conclude, stimulus intensity does not seem to be a very effective stimulus pa-
rameter with respect to information transmission. About 7 (MUA) or even 20 (LFP)
times the information is transmitted using the temporal stimulus aspects. Thus, a
code based on them would be more efficient than an intensity code as investigated
above. The stimulus current intensity modulates the size of the retinal activity re-
gion (Ranck 1975 rather than the number of elicited spikes per ganglion cell as
with normal visual stimulation. If the stimulation field extends to the position of
other electrodes, spatial resolution is lostumayun et al(1996 report accord-
ingly that both size and brightness of phosphene percepts in humans grow with
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increasing stimulation current. In contrast, the variation of stimulation rate solely
leads to brightness modulation.

Intensity quantization. Apparently, a small number of different stimulus inten-
sities, say 2 or 3, is sufficient fa€S It is not possible to discriminate between
more conditions when the response variance is large. UsinD&results and the
response model we now address the question, which intensity steps to choose to
maximizeT. Applying Fig.4.26 B to the experimental results given in Fig.12

and Table4.1, a bests/R value of 0.16 suggedt = 3 stimulus conditions. It is

not possible to increast when more stimulus conditions are used. If now three
current steps are to be chosen, we proceed as follows. According . & two
stimulus conditions should be adjusted to yield responses at the boundaries of the
rangeR. The third condition should evoke a response equivalent to the center of
R in order to maximizel. Considering Fig4.15 the mean vs. current profiles are

not linear. Thus, it is not correct to simply adjust the intensity of the third stimulus
to be the mean of the intensities of the boundary stimulus conditions. E.g., for the
LFP signal A the current amplitudes of the boundary conditions are 10 andA.00

Still, the amplitude of the center condition has to be adjusted to abouAlbst

over stimulation threshold.

In practice, the lower boundary condition that corresponds to a zero stimulus
may not be useful because zero stimuli transmit information if their time of oc-
currence is known, e.g., in discrimination task experiments. Thus, with respect to
the retina implant only two stimulus conditions remain to be adjusted. The low in-
tensity stimulus should slightly exceed the stimulation threshold whereas the high
intensity stimulus should be adjusted to evoke very strong responses, but within the
tissue safety range. It should be noted that this rationale applies to information the-
oretic analyses of evoked responses registeredextortical position at a time. The
brain may assess a spatio-temporal code and capture more information if stimulus
intensity is encoded that way.

4.4.3 Spatial resolution

The analysis of the achievable spatial resolution was performed withiDSipara-

digm at different mean stimulation rates. E8results we want to refer ta\ilms,

2001 and a paper in preparation. The obtained transinformation profiles quan-
tify the spatial spread of transmitted information based on the whole data set sepa-
rately for LFP and MUA. In case of single electrode stimulation, the profiles may
be similar to cortical “point spread” function®és and Gilbert1995. Here, they
demonstrate one clear maximum whose predominance diminishes at high stimula-
tion rates. The stimulus rate dependence has already been discussed above. The
width of the profiles suggests that cortical activation centers have a radius smaller
than 1 mm. On the contrary, the profiles for visual stimulation do not show a unique
maximum. The LFP performs a zigzag course with three maxima independent of
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the mean stimulus rate, while MUA otherwise similar, leaves out the highest peak
of LFP completely and becomes smoother the higher the rate4RgA, B). Ap-
parently, the distinct properties of the profiles for the signal types reflect different
cortical processes which encode the stimulus information. These processes will be
connected to the anatomical and functional structure of area 17, ocular dominance
stripes and orientation columns. Layer 4 of area 17 receives patchy afferent input
from the LGN separately for both eyeSipan 1984). These zones comprise stripes

of ocular dominance being 0.25-0.5 mm widdigholls et al, 1992. At the same

time, area 17 is covered with circularly organized orientation columns. A band of
1 mm width represents all orientations 0—-18Qrban 1984). The orientations are
arranged in “pinwheels” that have a singular point in their center, where all orienta-
tion slabs join Nicholls et al, 1992). The density of the pinwheels amounts to about
2/mn? cortex. The zigzag shape of the LFP transinformation profile ¢FRgA)

may reflect the pattern of cortical ocular dominance or the orientation columns.
Since we electrically stimulated one eye only with one retinal stimulation elec-
trode, a stimulus orientation did not exist. Thus, it could not have been encoded by
the neurons. Therefore, we rather suspect that the transinformation profile reflects
cortical ocular dominance stripes.

There still remains the difficulty to define a clear cortical activation radius by
our analysis. This must not lead to the conclusion that the visual resolution is worse
than the electrical. The cortical network — consisting of many nonlinear nodes mul-
tifoldly connected — has many potentialities to precisely encode localized stimulus
information, e.g., in a distributed way. Thus, it seems necessary to also take into ac-
count the information hidden in the coupling between cortical positions. For these
reasons, we determined transinformation profiles based on various joint recording
positions. E.g., the cumulative profiles assess the cumulative amotintloén one
electrode after another is included into the joint multi-dimensional recording signal.
Alternatively, the exclusive contribution of single electrode positions is captured by
taking the amount of received at all electrodes, minus the information received by
all electrodes except the one observed. Thereby, we have removed the linear part of
spatio-temporal correlation.

By comparing the independent transinformation profiles with the joint ones we
made the following observations: we found some degree afedyndancyespe-
cially for “weaker” cortical positions in case of electrical stimulation, and slightly
for MUA in case of visual stimulation. We noticed a lack of increase in the joint
transinformation when we included a certain cortical electrode. This electrode con-
veyed substantial information when regarded independently. We observed a con-
siderable degree of (3ynergy but only for electrical stimulation. The joint trans-
information was enhanced by a larger amount when a certain electrode was joined
in, compared to the electrode’s independent contribution. Mainly in case of visual
stimulation we found quite the ()pposite of synergythe joint transinformation
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Figure 4.27 Transinformation dependent on the cortical recording position in mm and
electrical stimulus rate, experiment [140], LFP signal type. The recording positions corre-
spond to electrodes rl, ..., r15. The yellow graph describes the plain profileledling

with the electrode positions independently. The orange and red graphs show the cumulative
profiles. The violet curve depicts the difference between the information conveyed by all
electrodes minus the information of all but the one observed electrode. The electrical stim-
uli were supplied at random by seven stimulation electrodes with only one being active at a
time (100pA amplitude). The inter-stimulus delay was uniformly distributed between 140
and 190 ms.

was largely reduced when an electrode was added that independently conveyed in-
formation.

Redundant and synergistic encoding is well-known in neurosciédaeiie and
Richmond 1993 Brenner et al.20008. But, how can information decrease when
an effective recording electrode is added into the joint measure? In case the addi-
tional electrode merely produces noise, i.e., non-relevant information with respect
to the given stimulus, it is clear that a joint measure is degraded and loses precision.
However, if the additional electrode contributes relevant stimulus information one
would expect that a joint measure should profit from it. In the exampledF2gl A,
C the degree of the opposite of synergy strongly varies with the stimulus rate: it
only turns up for a rate of 2 and 8 Hz while rates of 1, 4, 12 Hz and above are
without effect.

Fig. 4.27presents the different types dfprofiles based on experimega#0] for
one mean stimulus rate of 6 Hz in case of electrical stimulation. Here, 15 record-
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ing electrodes linearly positioned at equal distances (@®% were available and
allowed a precise sampling of the cortical activity. The plain profile (yellow line)
does not differ largely from the one with correlation removed (violet line). Interest-
ingly, the cumulative profiles (orange and red graphs) show systematic peaks and
drops indicating synergy and its opposite taking turns.

At present we do not have a suitable explanation for these effects except that
they seem to be important for the encoding of sensory information. Higher order
statistics not captured by linear analysis methods may hide behind. We had expected
that the transinformation profiles generally got narrower after removing the spatio-
temporal correlation. Possibly, the removal of the linear fraction is not sufficient.
As stated above, an alternative view is the notion that localized sensory information
is coded in a non-redundant distributed way. Then the widths of activity or transin-
formation profiles do not reveal much about the achievable spatial resolution. If one
uses the radius of 1 mm estimated above and takes into account the eccentricity de-
pendent magnification factor between the visual angle and its corresponding cortex
area (approximately 0.8 n?mdeg2 at 5 eccentricity, cf.Orban(1984) a spatial
resolution of about 2results.

Alternatively to these analyses we tested hbwepends on the number of in-
dependent stimulus channels on a retinal area of approximately2. &on both
signal types LFP and MUA, the curves (especially for r2 and r3) seem to saturate at
the maximum number of stimulus channels, suggesting a resolution of 7 electrodes
per mnt or 1 electrode per®visual angl& which is the typical size of the RFs we
have measured. Interestingly, the fractionfdbased on non-temporal stimulus as-
pects amounts to 10-20% of tofiabut does not show a saturation effect. The value
is double the fraction of intensity information presented above. A further observa-
tion is that LFP is not less efficient in encoding the non-temporal information than
MUA — again contrary to the results above. Obviously, spatial aspects of electrical
stimuli are more efficiently encoded in the cortex than intensity stimulus aspects.
The lack of a saturation effect may indicate that there could still be room in the
coding space.

4.4.4 Conclusion

Summarizing, we yield the following results and resolutions possibly achievable by
a retina implant:

Temporal resolution. We found extremely precise (30@s) cortical spike re-
sponses belonging to the relatively slow X pathway. We also registered responses
of the Y path but did not quantify the variability due to their early occurrence — they
were partly obscured by the stimulus artifact. We suspect that the relative timing of
single stimulus events at different locations may be perceivable with high precision
in the millisecond dimension if the higher cortical circuits are capable to exploit

61 mm retina corresponds t6 Sisual angle.
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the precise spatio-temporal patterns in area 17. In case of continuous stimulation
the most efficient mean rate with respect to information transmission lies between
20 and 40 Hz. For higher rates strong inhibition is suspected to degrade the trans-
mission of information and prevent useful percepts. Accordingly, single stimulus
events showed a stimulus intensity dependent duration of the decorrelated response,
which typically was shorter than 40 ms. Stimuli have shown to be most effective
if they follow a facilitating stimulus within 10-20 ms or after a very long delay of
more than 150 ms. They lose their efficiency if the delay has a medium length.
Intensity resolution. We found that only 2 or 3 stimulus intensities can be encoded
efficiently. A finer quantization does not improve the ratelofThe stimulus in-
tensity is not a very efficient parameter capturing not more than 3% (LFP) or 15%
(MUA) of total T. A better parameter would exploit the temporal precision of re-
sponses. Here, we suggest to utilize informative bursts of stimulus events. The
inter-event intervals (instantaneous rate code) or impulse density (rate code) will
more efficiently code the intensity or contrast parameter of the visual scene. We
recommend to implement one scarcely over-threshold intensity and another value
rather at the other boundary of the physiological useful range evoking very strong
responses. If only one intensity step is to be chosen, one should select a well over-
threshold but not too high value. The stronger the cortical activation, the higher
Is the variability of the action potentials and the larger the percept, impairing the
spatial resolution. Interestingly, the variance of LFP does not grow with increasing
response strength.
Spatial resolution. The halfwidth of cortical transinformation profiles in case of
electrical stimulation amounted to about 1 mm suggesting an achievable spatial res-
olution of 2° visual angle. The notion that an equivalent measure could not be found
for visual stimulation may be due to distributed cortical encoding of localized sen-
sory information. Accordingly, despite the findings of some degree of redundancy,
we have not observed a shrinking of the profile widths after removing the linearly
correlated fraction of spatio-temporal information. However, we found synergis-
tic encoding only for electrical stimulation and the opposite of synergistic encoding
mainly in case of visual stimulation. Furthermore, we tested the dependefamof
the number of stimulus electrodes per retinal area. Our findings yield that roughly
a maximum of 7 stimulation electrodes per foould efficiently contribute ta
corresponding to a resolution of 2isual angle. The fraction of solely based on
spatial stimulus aspects accounts for 10-20% of fbtal

Depending on the exact positioning of the retina implant — especially with re-
spect to eccentricity — and the specific properties of the patient’s visual system,
individually achievable resolutions will vary. The most convenient stimulation pa-
rameters will certainly be found by individual adjustment in direct dialogue with
the patientHumayun et al.1996 1999 Eckmiller et al, 1999.
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4.5 Appendix

45.1 Transinformation for discrete stimuli and continuous re-
sponse parameters

Forn stimulus conditions with probabilitigss(s;) and continuous scalar conditional
response distribution}srIS (r) the transinformation is calculated as

TSR = H{R)-H(RS
+o0
= _/_ pr(r)log, pr (r)dr

+les / Pjs (r)10g; pyy (r)dr (4.5)

(Shannon1948 with the total response density(r) consisting of the weighted
superimposed conditional densities

)= 3 PSPy ). (4.6)

When the stimulus conditions are equally probable, ps{s) = 1/n and the con-
ditional densities are normal we have

1 _% (r—rl)
Pris (r)= %e o2 4.7)
and
1 n _%(r*fzi)z (4 8)
r = e o . .
Pr(F) 2rwon i;
Then, the calculation of transinformation according4dy is simplified
+00
TSR = — [ pi(n)log,pr(rdr

— %Iogz[ZneGZ]. (4.9)

The first integral term has to be solved numerically. It may be solved analytically in
the trivial case when the conditional densities do not overlap. In that case it becomes

+o0
—/ pr(r)log, pr (r)dr
_ _Zps 3) [ pyq (1) 108, (s pyq (1)
+00
— _;ps(s1)|ogzps,(s1)/_co Pys ()dr

+ % log,[2rec?] . (4.10)
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Since the integral over any density equals to one, the transinformation yields

T(SR) =~ i Ps(s) 109, ps(s) . (4.11)

which is identical with the stimulus entropy(S). This result is in accordance with
the notion that the stimuli can be discriminated without error when the conditional
response distributions do not overlap. Thus, no information gets lost.

4.5.2 Transinformation in case of identical stimuli

We regard stimulus evoked response epdthssuming identical stimu$at epoch
begin. According tdorst and Theunissgi999 we get an upper bound @fwhen

we apply

1 [(R)?
Tupper= 5| 1+ 4.12
2R T R R 9

to each bin. The braces indicate the expectation with respect to sti@alug the

term ,
(R

(R-(RI?)

is equivalent to the signal-to-noise ratio in case of an additive noise model with the
signalS= (R) and the nois®&l = R— (R). Since

(IR} = (IN+(RI?) = (INP) + (R (4.13)
the formula .12 may be rewritten as
= 1 @ : (4.14)

Even though the inpu& to our fictitious additive noise channel is constant we ob-
tain Typperas a measure of transmitted information. Obviously, in this scenario no
information is transmitted at all. An explanation is tAggperis equivalent to the
transinformation resulting from the following situation: the same channel is as-
sumed to be linear, i.e., the noise independent of the input signal amplitude and its
input is GWN with variance3 = |(R)|%.

Now, it is possible to compare the efficiency of different single stimuli. The vari-
ability of their responses is related to the amplitude of their mean response yielding
a bin-wise signal-to-noise ratio. Although neither in the temporal nor frequency
domain thePT are additive, their temporal course indicates informative sections in
the response signal, that may contribute to the overall valde of
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4.5.3 Decorrelation by means of Schmidt's orthogonalization

Here, we consider epochs of output signal sections in response to an identically
repeated input. Let; be a sample vector at thi& position within the epoch com-
prised ofn samples. If sampleg and?j are linearly correlated, i.e.,

they may be decorrelated by subtracting the linearly correlated frakagiﬁmhich
is equivalent to the projection &‘g into the direction o&; with

TR
%]
Now, X andgj are orthogonalzfj comprises novel information. This orthogonal-
ization may be performed for the whole vector space spanned by the signal section
epochsRice 1966

% = %0 ) (4.17)
X, = Stk
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resulting in a mutually orthogonal set of sample vecﬁ}mith i €{1,...,n}. The
advantage of this approach is that causality may be taken into account if the orthog-
onalization process is carried out subsequently in the direction of time 4 Rigs

an example of how it may be applied to sensory responses to identical stimuli with
respect to the calculation @t Without an orthogonalization theT are not addi-

tive. A summation leads to an overestimated cumulative transinformation (middle
row, cumulative curve not shown). After an orthogonalization (bottom row) fewer
samples contribute td because later samples do not contribute additional infor-
mation. By the repeated subtraction of correlated data vectors a downward bias is
introduced since correlation may occur by chance. To prevent that, we performed a
statistical test for zero correlation (Kendall test, implemented in R languiagjea

and Gentlemarf1996) and set the correlation facto4.@6 to zero if it was not
significantly different from zerog < 0.05). A detailed derivation and discussion of

the approach is presented Bger and Eckhor20029.

4.5.4 Spatially joint transinformation

Using an indirect method based on a deterministic model we first calculated in-
dependent predictions for the available response signal channels (see hapter
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Thereby, T can be computed separately between the stimulus and one response
channel at a time. This is achieved by performing PCA on each pair of determin-
istic response estimate and corresponding original response signal before partial
values of transinformatioRT are summed up in the principal component coordi-
nate system. The first column of the Figude$7,4.18 4.19 4.22, 4.23 4.24shows

these values of.

The second and third columns however, yield results of joint transinforma-
tion between the stimulus and differamtupels of recording channels. This was
achieved as follows: Tha-tupels of responses and deterministic estimates were
joined by means of PCA in a combined response space, respectively. In practice,
we serially aligned the-tupels of individual response epochs éstimateepochs,
respectively) and performed PCA on the result. Thus, any linear correlation be-
tween different samples of the aligneetupels is removed. Usually, we did not
normalize the amplitude of the signals of different recording channels before seri-
ally aligning their data epochs. We suspect that the cortex itself has to tackle its own
activity of different power at various locations. Yet, in several examples (Figures
not shown) we beforehand normalized the data to unit variance, which did not lead
to qualitatively different results.
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5 Conclusion and Outlook

5.1 Summary of methods and results

For the information theoretical analysis of the acquired neurophysiological data, it
was necessary to develop new methods because existing ones were constrained to
unacceptable conditions such as stimulation or recording configurations and thus,
were not applicable. To assess the encoding capabilities of the neuronal system on
continuous stimulatiorwonditions athree step methodias developed bearing ad-
vantages in the following aspects. Itis (1) not restricted to single channel Gaussian
stimuli, (2) due to the use of PCA for coordinate transformation it is easily applica-
ble to multi-output systems, (3) the calculation of multiple kernels in the frequency
domain is computationally less costly then in the time domain, (4) it provides a
lower bound of transinformation at least if the signal inherent correlation is linear
and the samples are Gaussian distributed, and finally (5) due to its forward direction
and adjustable model properties, it allows to investigate the encoding of stimulus
aspects.

A second method applies to rapid series of trangiestrete stimuland assesses
the exclusive encoding of non-temporal stimulus aspects. An advantage is that both
the three step method and the second approach may be applied to the same data.
By quantifying the fraction of transinformation with respect to different stimulus
aspects, the encoding capabilities of the system can be selectively investigated. The
application of the developed methods yields the following results and conclusions:

The achievableemporalresolution with a retina implant amounts to about 40 ms,
l.e., electrical stimulation with a mean impulse rate much higher than 20 Hz will not
provide perceptually useful information. Since the fraction of transmitted informa-
tion based on temporal stimulus aspects accounts for most (50-80%) of the total
transinformationT, the temporal coding space should be utilized. The temporal
resolution with respect to the detection of timing differences between phosphenes
at different locations may even be much higher, probably reaching the millisecond
range. This capability may be used to define identity and segregation of objects de-
pending on whether potential object features are closely synchronized or not. Due
to the smaller time scale this object coding process may run in parallel to the plain
temporal coding of stimulus intensity changes.

The achievable resolution using the stimuitensity i.e., the injected charge
as parameter is only 2—3 quantization steps. The implementation of more than three
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different current values per stimulation electrode is not advantageous with respect
to information transmission. However, the values have to be adjusted properly:
when using two quantization steps, the first has to be set to just produce an over-
threshold response, the second to evoke a very strong response. The coding of
contrast and intensity of the visual scene cannot sufficiently be encoded alone by
using the injected charge as coding parameter. Here, the high temporal resolution
should be exploited, e.g., by using a rate code that modulates the stimulus impulse
density in proportion to the local intensity or contrast of the visual scene.

The achievablspatialresolution amounts to about 2isual angle or the equiv-
alent percept of a 35 cm object at 10 m distance. The resolution corresponds to
an electrode distance of about 0.4 mm. Smaller distances will hardly lead to an
increase ofT or improve perception except if the brain adjusts its receptive field
properties. However, the value will likely depend on the eccentricity and thus, the
positioning of the implant on the retina. Towards larger eccentricities the magnifi-
cation factor between a corresponding cortex and retina area decreases which may
lead to a decline of the resolution. Spatial information accounts for 10—-20% of
total T.

A retina implant that considers the above design rules will probably make a
good guess with respect to the adjustment of its parameters. However, individual
fine tuning in direct dialogue with the patient may improve perception considerably.

5.2 A vision for blinds

The remarkable success of the cochlear implant for deaf people since the first im-
plantation in 1957 has been inspiringgmbrecht1990. Will a similar success be
attainable with the retina implant? It goes without question, a retina implant faces
a more difficult task. In case of the cochlear implant, the frequency properties of
sound stimuli have to be tonotopically mapped to the auditory cortex. In a similar
way, the retina implant has to ensure that two-dimensional spatial properties of vi-
sual stimuli are retinotopically mapped to the visual cortex. The number of different
frequency channels are not very critical for the cochlear implant because the timing
of acoustic events indirectly transmits frequency information. In contrast, the retina
implant needs many electrodes to sample the visual scene and thus, deals with a
two-dimensional array of electrodes difficult to fixate within the moving eye.

Even though the developmental process of retina implants has advanced consid-
erably in the last years, some problems are still to be solved. Until now it is not yet
clear how stimulation of ganglion cell axons can be avoided in favor of stimulation
of cell bodies. This is an important issue because the cell bodies encode spatial
information using a labeled line code. Axonal stimulation violates the retinotopical
mapping to the visual cortex and therefore, leads to information loss. An attempt
to correct the mapping in direct dialogue with the patient cannot solve the prob-
lem of ambiguous phosphendsckmiller et al, 1999. A possibility to overcome
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this difficulty could be to use hybrid implantsinbo and Kawanal 992, Ito et al,
1999 being equipped with cultured neurons directly on the stimulation contacts.
The application of growth factors that specifically favor the connection to retinal
cell bodies would finally solve the problem of axonal stimulation.

Individual improvement of the performance of the implant with respect to inde-
pendent navigation of the patient may be expected due to the plasticity of the brain
and its capability to adjust. A next step in the development of the retina implant
needs to take the “binding problem” into accoulBtkhorn and Frienl995 Treis-
man 1996: the natural capability of the visual system to bind different features of
the visual scene together or segregate others into separate objects is fundamental for
advanced perception. In this field there is plenty of room left for further research.

5.3 Ethical remarks

The connection of an electronic device to the central nervous system rises ethical
guestions. Compared to other neuroprostheses such as cortical implants that directly
link to brain areas, the retina implant may seem gentle. It can hardly be misused,
e.g., to intrude on the personality of the patient. Yet, one should be aware that in
any case a technology is being developed which allows to take intentional influence
on cortical activity — be it for the good or for the bad — if the neuronal code is better
understood. Here, science has an ethical responsibility that is easily neglected under
the every day pressure of success and financial constraints. In a society in which
information is more valuable than money, science may be lured to prepare the way
for dubious innovations. Undoubtedly, it is advisable to envision new possibilities —
many things are possible today that were never dreamt of before. Yet, not everything
that is possible is really needed and many needs are merely created.

A vision aid for blinds may be utterly helpful for independent navigation. Yet,
there may be people who do not want to have it. The individual benefit has to out-
weigh the costs. In any case it is important to encounter the disabled patients as
humans with dignity; the step from subjects to objects is easily taken. The study
of feasibility (“Machbarkeitsstudie’i-ckmiller et al, 1995 that preceded the foun-
dation of the two branches of the German retina implant project has devoted a full
chapter to medical ethics.

Nonetheless, there is no protection against tactless reports. As an example, on
24 of November 1996 the German weekly newspaper Bild am Sonntag printed
an article with the bold headline “Blinde lesen Briefe'Later, on November 8
1999, the Bildzeitung announced “Kamera-Brille — die neue Hoffnumgviele
Blinde™. At the present stage of the project these doubifwsstir unjustified
hope and may cause disappointment.

The Blind read mail
2Camera glasses — the new hope for many blinds
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Yet, science is drawn into the role of the creator. A verse from the Bible is
often quoted: “the blind receive sight, the lame walk, the deaf hear” (Matt. 11, 5).
However, the quoted verse is abbreviated and continues: “the dead are raised and
the goodnewsis preached to the poor”. The second part is not less important than
the first. The true creator is concerned with more dimensions of life than physical
health. This is really goodews
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A Appendix

A.1 Lower bound of transinformation on the basis of
an indirect forward method

Let the deterministic modé? of a system'’s respongebe the input and respective
output of a fictitious information channel disturbed by additive ndise R— P.
The transinformation is given by

T(P;R)=H(R)—H(R|P) .
¢ In case the noise is independent of the model we have

T(P;R)=H(R)—H(N) .

¢ If the noise is not independent of the model, the irrelevance is decreased, i.e.,
H(R|P) =H(N|P) < H(N)

(Cover and Thoma4.991). Thus, the real amount dfis larger tharH (R) —
H(N) though not violating a lower bound demand.

¢ If the noise is not normal but normality is assumed, e.g., if the Shannon for-
mula
H = 0.5log, 2wec?

is used, its real entropyt (N) is overestimated which again leads to an under-
estimate off.

¢ If the noise contains nonlinear dependencies between samples, its entropy is
overestimated in case these dependencies are not taken into account by the
entropy calculation. Hereby, al3ois underestimated.

¢ If the signalR contains dependencies between samples that are not assessed,
or if the samples are not Gaussian distributed though this is implicitly as-
sumed, the entroph (R) is overestimated which results in an overestimation
of T. Here, the lower bound condition may be violated.

The same arguments apply if the estimatiof @ based on the effective noise (see
Section2.5.9.
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Figure A.1: Scheme for mapping the retinal stimulation positions. The experimenter
(green arrow) directs the target laser beam onto the retina while viewing the retinal surface
with the ophthalmoscope. He focuses the location of the stimulation electrodes with the
laser pinpoint. Another person maps the positions of the back projecting laser beams on the
projection screen using a stencil to correct for the translation offset.

A.2 Development of a laser projection device

A requirement for efficient electrical stimulation is the electrical stimulation at a
position corresponding to the receptive fields of the recording electrodes. There-
fore, the author developed a laser projection device. The finding of an appropriate
stimulation position is ensured by the scheme depicted inAity. While the ex-
perimenter focuses the laser beam onto the retinal stimulation site another person
marks the position of the back projecting beams on the screen. The accuracy of the
method is aboutlvisual angle.

A.3 Development of miniature current sources

For the exact positioning of the retinal stimulation electrodes it is necessary to also
be able to record from them. The measurable increase of “noise” while lowering
the electrode tips onto the retina signals the proximity to the ganglion cells. For
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Figure A.2: Opened electronics part of 3 channel fiber electrode matrix with three current
source devices.

Figure A.3: Electronics part of 7 channel fiber electrode matrix with seven current source
devices.

this reason, low-bias voltage-controlled current sources in combination with high
impedance recording amplifiers were developed. The idea to allow for simultane-
ous low noise recording stems from T. Schanze who holds the copyright for the
circuit diagram (therefore not shown). The layout, the implementation, and part of
the dimensioning was done by the author. R, A.3 show the current sources as-
sembled in the electronics part of the electrode dritzekiorn and Thomad993.
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Abbreviations

Al7 area 17, belongs to primary visual cortex (physiologically)
AR autoregressive

BBR broad band recordings

CPT cumulative transinformation values

CS continuous stimulation

CSD current source density

DS discrete stimulation

EPSP excitatory postsynaptic potential

GWN Gaussian white noise

ICA independent component analysis

IPSP inhibitory postsynaptic potential

LFP local field potentials

LGN lateral geniculate nucleus

MUA multi unit activity

PCA principal component analysis

PT partial transinformation values

RF receptive field

SNR signal-to-noise ratio

SUA single unit activity

T transinformation

V1 primary visual cortex (functionally)

X denotes the X pathway of the visual system
Y denotes the Y pathway of the visual system
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Glossary

Action potentials Rapid, transient, all-or-none nerve impulses of about 1 ms duration.
They have been elicited by a depolarization of the cell membrane and travel along the
axort at 1 to 100 meters per second.

Area 17, A17 cf. primary visual cortex.

Axon The output of a neuron. Typically, a tubular process that may split into branches
and terminates at synapses connecting with dendrites of other neurons. The diameter
ranges from 0.2 to 2Qm. The velocity for traveling action potentials along the axon
is between 1 and 100 meter per secoKdr(del et al. 1995. Retinal ganglion cell
axons are translucent and cross over the retina towards the optic disk (blind spot). They
constitute the closest functional neuronal elements to an epi-retinal implant and may
easily be erroneously stimulated instead of the ganglion cells bodies.

Current source density, CSD Neuronal field potentials originate from inward and out-
ward cell membrane currents. In analogy to electrostatics, the CSD method localizes
current sources and sinks by spatial differentiation of neuronal field potential profiles
(cf. Mitzdorf, 1985.

Excitatory postsynaptic potential, EPSP In chemical synapses, a presynaptic neuron lib-
erates a transmitter substance into the synaptic gap which causes an inward current into
the postsynaptic cell if the synapse is excitatory. The current causes an EPSP driving
the postsynaptic neuron towards threshold.

Ganglion cells Cells of a semi-transparent cell layer of the retina. The light travels through
this inner layer and other layers of the retina and is absorbed by the black pigment of
the photoreceptors. The evoked photoreceptor potentials are preprocessed by hori-
zontal, bipolar, and amacrine cells before the signal is received by the ganglion cells.
Ganglion cells have concentric receptive fiélfiRF) with antagonistic center-surround
properties. On-ganglion cells respond best to a spot o flight focused on the RF center,
whereas off-ganglion cells prefer a dark spot with bright surround. The ganglion cell
output is formed by the optic nerve and terminates in the LGN. X type ganglion cells
have small RFs and produce a sustained response. Their‘axavesa low conduc-
tion velocity for action potentiafs In contrast, Y cells have larger RFs and respond
transiently to rapid stimulus motion. When the ganglion cells are electrically instead
of visually stimulated, the preprocessing performed in the more distal retinal layers is
skipped.

Independent component analysis, ICA May be thought of being an extension of PCA
which does not only yield decorrelated coefficients to represent the analyzed data, but
statistically independent (or as independent as possible). Second order statistics such
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as variance or correlation, are not sufficient to provide an independent representation.
Higher order statistics have to be employed kt&ndel| 1991).

Inhibitory postsynaptic potential, IPSP In contrast to the excitatory postsynaptic poten-
tial*, the transmitter substance causes an outward current in the postsynaptic cell,
which leads to its hyperpolarization.

Lateral geniculate nucleus, LGN Subcortical structure receiving direct input from the re-
spective contralateral half of both retinae via the optic nerves. The LGN comprises
several layers that distinctly process information from retinal X tellsd Y cells.

LGN relay cells pass on the incoming activity to the primary visual corfgd).

Local field potentials, LFP Signals resulting from bandpass filtering of extracellularly
recorded signal. Captures mainly slow potentials, such as EPSP or IPSP.

Multi unit activity, MUA  Spiking activity of a population of neurons. Technically, the
extracellularly recorded signal is highpass filtered (0.5-10 kHz) and subsequently rec-
tified and lowpass filtered. Thus, one yields the envelope of spiking activity, an esti-
mate for the population spike density.

Primary visual cortex, V1 Defined as that part of the cortex that receives direct input
from the dorsal LGN. In primates, primary visual cortex, V1, and area 17 are the
same. In cat, area 18 and 19 also get input from LGN and thus, functionally belong
to the primary visual cortex. The terms ared 178, 19, etc. refer to a physiological
classification of cortical areas (c@rban 1984).

Principal component analysis, PCA Achieves a linear representation of the data with a
minimum set of coefficients by implicitly using a least squares criterion. The data-
specific basic vectors (principal components) result from the orthogonalization of the
covariance matrix of the data. Both, the principal components and the principal com-
ponent coefficients (representation of the data) are orthogon&@léger and Ruchkin
1976.

Receptive field, RF Defined as the restricted region of the sensory surface (e.g. retina or
skin) that influences the activity of a neuron. In analyses of the visual system the RF
is usually projected onto a tangent screen.

Spikes cf. action potentials.

Single unit activity, SUA Refers to action potentials of single neurons, cf. action poten-
tials.

V1 cf. primary visual cortex.
X cells cf. ganglion cells.
Y cells cf. ganglion cells.
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Index

action potentialseespike, activity

activity
cortical, 73
cortical profiles of,79, 88, 90
population,70, 75
retinal,102
single unit,75
spike, 70, 97
spontaneous38
anesthesia1, 88
animal model63
area 1765, 97, 104

BBR, seerecording, broad band
binding,98
Bricke—Bartley effect96

cells
axons of 95
complex,99
ganglion,93, 95, 102
simple,65, 70, 94, 99
X, 93-95
Y, 93, 94
channel capacityg9
code,92
efficient, 102
intensity,102
rate-,49, 107
spatio-temporall03
conduction velocity94, 95
coordinate
system24
transformation17, 19, 30
correlation
de-,31,43,73,96,110

frequency domainl 1, 35
higher order32, 96
measure48
nonlinear,31, 35, 43, 69, 82
serial,10, 12, 16, 19, 59, 69, 82
spatio-temporall 04
zero-,110

covariance matrix17, 30

CS, seestimulation, continuous

density
conditional, 86
estimation21, 43, 59
long-tailed,59
power-,21

DS, seestimulation, discrete

electrodes
array of,90, 105
effective,84, 86, 91, 92, 105
micro-, 64
on the retinagb, 91, 117
recording,65, 67, 90
stimulation,64, 95
entropy
estimation43
flow, 20
error
bars,73, 81
estimation21, 81, 81

ganglion cellsseecells, ganglion
Horsley-Clarke coordinate§p, 70

independent component analysi§,
inhibition, 70, 75, 98
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kernels 50, 69
forward,12
linear,13
multiple, 14
number of 92
reversell

lateral geniculate nucleu83, 97, 99,
104
LFP, seelocal field potentials
LGN, seelateral geniculate nucleus
local field potentials13, 66, 96
catchment are®6
example68
oscillation,72
variability, 70

m-sequence30, 81, 91
magnification factorl06
mean-variance relatiod5-79, 99
MUA, seemulti unit activity
multi unit activity, 13, 66, 97
catchment are®6, 98
example68
variability, 70

noise,9-11, 21, 44, 45,54, 73, 85
additive,43, 109
effective,45

ocular dominancel 04
orientation columnsl04

Parseval’s theoreni,5
PCA, seeprincipal component analy-
Sis

phosphene®8, 103

population
activity, 96, 99

principal component
analysis 17, 50, 69, 82, 86, 110
coefficients 31, 43, 75
coordinate systeni,7, 82, 110
spaceg85

profile
cumulative 90, 91
of partial transinformatior§6
spatial, 86
spectral81

quantizationp4, 103

receptive field64, 66, 67, 83, 90, 95,
106
recording,81
broad band65
electrodest5
positions,65, 70, 98
signal,66, 67
system66
redundancy90, 104
regression21, 35, 56
fit, 77
nonlinear,77, 78
resolution,63
intensity,99, 107
spatial,102-104, 106, 107
temporal 93, 106
response
code,99
deterministic,10, 12, 13, 16, 22
discriminability, 75
measure53
model,10, 12, 22, 32, 97, 99
power,85, 86, 97
range64, 77, 78, 100
strength,78, 98, 99, 102
variability, 73, 97, 99, 102
retinotopy,65, 70, 88, 95

saturation
of cortical activity,98, 99, 102
of cumulative transinformatior’4
of response strengtf@9
of transinformation92, 106
Schmidt’s orthogonalization72, 96,
110
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signal-to-noise ratioll, 21, 24, 46,
85
single unit activity,66, 99
spike
activity, 70, 75
count,49, 99
density,97
number,102
precision,70, 93
timing, 95
trains,99
variability, 93, 95
stationarity,19, 88
non-,81
stimulation
axonal,70, 95
continuous?9, 49, 68, 81, 96, 103
current, 13, 67, 81, 85, 98, 99,
102,103 117
discrete49, 68, 70, 93, 103
efficiency,63, 88, 102 109
electrical,seestimulus, electrical
electrodes67, 95
field, 75, 102
inefficient, 75, 78
rate,82, 90, 95-98, 100, 103 105
reliability, 63, 95
selectivity,63
signal,81
stability, 63
threshold85, 102, 103
visual, 90, seestimulus, visual
stimulus
artifact,67, 67, 70, 94
conditions,13, 86, 100, 103
electrical,67, 81, 91
facilitating, 98
intensity,85, 99, 103
intensity aspectl 06
intensity stepsl4, 63, 85-88, 99,
103
intervals,50, 80, 81, 85, 96, 98

non-temporal aspecd8, 106
positions,67, 83, 95, 98
preceding69, 79, 98
reconstruction techniqud,1, 16,
36
spatio-tempora91
temporal aspecg6, 102
visual, 10, 67, 73, 81, 83, 90, 96,
98
zero,70, 103
SUA, seesingle unit activity
symbol,10, 100
synergy91, 104
opposite of91, 104

tissue safety] 03

transinformation8, 19, 47, 48, 63, 109
cortical profile,90-91, 104
indirect calculation68
joint, 104, 110
lower bound 31, 59, 116
maximized,9, 100, 103
partial,11, 24, 70, 81, 110

water filling, 9
X cells, seecells, X

Y cells, seecells, Y
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