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Abstract Artificial sensations can be produced by direct

brain stimulation of sensory areas through implanted

microelectrodes, but the perceptual psychophysics of such

artificial sensations are not well understood. Based on prior

work in cortical stimulation, we hypothesized that per-

ceived intensity of electrical stimulation may be explained

by the population response of the neurons affected by the

stimulus train. To explore this hypothesis, we modeled

perceived intensity of a stimulation pulse train with a leaky

neural integrator. We then conducted a series of two-

alternative forced choice behavioral experiments in which

we systematically tested the ability of rats to discriminate

frequency, amplitude, and duration of electrical pulse trains

delivered to the whisker barrel somatosensory cortex. We

found that the model was able to predict the performance of

the animals, supporting the notion that perceived intensity

can be largely accounted for by spatiotemporal integration

of the action potentials evoked by the stimulus train.
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Introduction

Microstimulation of the sensory regions of the cerebral

cortex has been shown to mimic the transmission of normal

sensory inputs by producing artificial sensory perceptions

(Schafer 1888; Dobelle and Mladejov 1974; Tehovnik 1996;

Rousche and Normann 1997; Romo et al. 1998; Talwar et al.

2002; Rousche et al. 2003; Troyk et al. 2003a, b; Tehovnik

et al. 2004, 2005). Cortical stimulation paradigms can take

advantage of the spatial topography of cortical representa-

tions, which underlie visual (Dobelle and Mladejov 1974;

Bak et al. 1990; Schmidt et al. 1996; Troyk et al. 2003a, b;

Tehovnik et al. 2004, 2005), somatosensory (Talwar et al.

2002; Rousche et al. 2003; Ohara et al. 2004), and auditory

sensations (Rousche and Normann 1997; Rauschecker and

Shannon 2002; Scheich and Breindl 2002; Rousche et al.

2003; Otto et al. 2005). The artificial sensations induced by

electrical stimulation have been shown to elicit responses

that are indicative of the mapped topographical location of

the corresponding sensory inputs (Romo et al. 2000; Troyk

et al. 2003b; Tehovnik et al. 2004, 2005).

The perceptual effects of modulating electrical stimu-

lation delivered to a single location on the cortex have been

explored to a lesser extent than the spatial mapping of the

stimulation. Romo et al. (1998, 2000) have previously

reported that a monkey was able to discriminate between

pulse rates of different frequencies when one was delivered

with electrical stimulation into the finger region of the

somatosensory cortex and the other using a vibro-tactile

stimulator attached to the corresponding finger. Stimulation

pulse amplitude discrimination experiments by Rousche

et al. (2003) conducted in the rat auditory cortex have also

demonstrated the ability of a rat to perceive differences in

the intensity of auditory-cortex stimulation. More recently,

the discrimination of stimulus frequency of two electrical
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stimulation pulse trains delivered to the somatosensory

cortex was explored by London et al. (2008), for the pur-

pose of providing feedback for brain-machine interfaces.

The results of their study showed that a monkey was able to

discriminate frequencies of stimulus trains at a variety of

cortical depths of electrode placement. The effects of

varying the frequency, amplitude, and duration of cortical-

stimulus trains have also been explored in the context of

developing a human visual prosthesis. These subdural

(Dobelle and Mladejov 1974; Dobelle et al. 1974) and

intracortical (Schmidt et al. 1996) stimulation experiments

in the human primary visual cortex suggest that adjusting

the amplitude, duration, or frequency of stimulus trains can

produce correspondingly brighter or dimmer percepts.

We hypothesized that the perceived intensity of the

delivered stimulation pulse train can be largely explained

by spatiotemporal integration of the action potentials

evoked by the stimulus train, i.e. increased amplitude

stimulates more cells, while increased frequency evokes

more spikes over the stimulated population of neurons.

To test this hypothesis, we modeled perceived intensity of

a stimulus train by a leaky neural integrator based on prior

studies of the spread of neural excitation due to electrical

stimulation (Motz and Rattay 1986; Rattay 1989, 1990,

1999; Tehovnik 1996; Butovas and Schwarz 2003; Rattay

et al. 2003). We then conducted two-alternative forced

choice behavioral experiments adapted from the olfactory

discrimination task of Uchida and Mainen (2003), in which

we tested the ability of a rat to discriminate duration, fre-

quency, and amplitude of electrical stimulus pulse trains

delivered to the somatosensory cortex. We found that the

performance of the animals, given a stimulus pulse train

presentation was in agreement with the model predictions.

Materials and methods

The model used to predict performance on the two-alter-

native forced choice discrimination task from electrical

stimulation train parameters consists of two blocks (Fig. 1).

The first block is used to map a stimulation pulse train to a

perceived intensity. The second block maps the perceived

intensity to a measure of performance on a psychophysical

discrimination task.

Spike integrator model of perceived intensity

The first block of the model computes the perceived

intensity of a train of stimulation pulses delivered to the

brain at an arbitrary frequency, pulse duration, and pulse

intensity. This spike integrator model (SI) computes the

perceived stimulus intensity using a leaky temporal inte-

grator that sums evoked neural activity over the volume of

stimulated tissue. This integrator can be conceptualized as

a ‘‘container’’ into which neural activity is ‘‘deposited’’

following each stimulation pulse. The amount of activity

deposited into the container following each pulse is

directly proportional to the volume of tissue activated by

the pulse. Once deposited, neural activity leaks out from

the container at a rate specified by the time constant of

integration.

Assuming that injected current radiates spherically away

from tip of the stimulating electrode, the volume of the

neural tissue that is stimulated by a single biphasic pulse,

denoted Vs, is given by

Vs ¼ Va � Vx; ð1Þ

where Va is the volume of a sphere (centered at the

electrode tip) whose edges correspond to the furthest

neurons that respond to the stimulation pulse, and Vx is

the volume of a smaller concentric sphere of tissue that

does not respond to the stimulus pulse because of damage

or gliosis surrounding the electrode tip. If the radii of

these two spheres are given by ra and rx, then Eq. 1

yields

Vs ¼
4

3
p r3

a � r3
x

� �
: ð2Þ

Current spread away from the electrode tip obeys an

inverse square law, so that the distance to the furthest

responding neuron (ra) is proportional to the square root of

the stimulation amplitude (Tehovnik 1996) and can be

expressed as

ra ¼ CI
1
2 ; ð3Þ

where I is the stimulation amplitude of one phase of the

stimulation pulse and C is a constant. Let Ia be the

stimulation amplitude necessary to depolarize the region of

radius ra and let Imin conceptually be the minimum stimulus

amplitude necessary to get past the unstimulatable region

(e.g., the electrode encapsulation of radius rx). Because the

stimulation pulses are biphasic, we define Ia as the absolute

value of the current-pulse train. Quantitatively, we define

Imin as equal to the threshold of stimulation during each

pulse presentation and equal to 0 between stimulation

pulses. We can now rewrite Eq. 2 with respect to the

stimulation amplitudes as

Vs ¼
4

3
p CI

1
2

a

� �3

� CI
1
2

min

� �3
 !

¼ 4C3

3
p I

3
2

a � I
3
2

min

� �
:

ð4Þ

We can simplify Eq. 4 by accumulating all constants

into one Ks = 4C3p/3, which yields the following

expression for the volume of stimulated tissue Vs in

terms of stimulation currents:
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Vs ¼ Ks I
3
2

a � I
3
2

min

� �
: ð5Þ

Equation 5 describes the volume of neural tissue that

responds to each stimulation pulse. We assume that the

stimulation pulse, which activates the neurons in Vs, will

increment the activity level Ps that encodes the perceived

intensity of the electrical stimulation. It is important to note

that the pool of neurons which encodes Ps is not necessarily

identical with the neurons residing within the volume

Vs. This is because the neurons in Vs may send efferent

projections to other populations of neurons that participate

in encoding the perceived intensity of the electrical

stimulation and because Vs may contain neurons that do

not participate in the encoding of the sensation. Hence,

Vs defines the amount of activity that is added to

Ps following each stimulus pulse. The activity level

Ps can be expressed as

dPs

dt
¼ �1

s
Ps þ cpvVs: ð6Þ

In this equation, Ps represents the sustained activation of

a neural population that decays with a time constant s. We

introduce a constant cpv in order to allow a change in

dimensional units from the volume Vs to the perceived

intensity Ps. For simplicity, we set the conversion factor

cpv = 1. The same equation can be expressed in terms of

the stimulation current as

dPs

dt
¼ �1

s
Ps þ Ks I

3
2

a � I
3
2

min

� �
: ð7Þ

In Eqs. 6 and 7, the time constant s determines how long

the perceived intensity of each stimulus pulse will last after

each pulse. In monkey somatosensory cortical stimulation

experiments, this time constant has been estimated to be

250–500 ms (Luna et al. 2005). The parameter Ks is a scale

factor that regulates the growth of Ps in response to each

stimulus pulse. For the simulations, we convert the

differential Eq. 7 to a difference equation, given by

Ps iþ 1½ � ¼ �1
sPs i½ � þ Ks Ia iþ 1½ �

3
2�Imin iþ 1½ �

3
2

� �� �
dt þ Ps i½ �; Ia � Imin

Ps ¼ 0; Ia\Imin

ð8Þ

where i denotes the simulation time step. The sampling

time interval dt in the simulations was chosen to match the

duration of the biphasic pulse interval used in the rodent

experiments, dt = 400 ls.

For simplicity, we set Ks = 1 because all of the simula-

tions involved comparing the relative intensity of one stim-

ulus train versus another. Because Eqs. 7 and 8 are linear,

homogeneity property of linearity ensures that scaling the

input would produce a proportionally scaled output. There-

fore, Ks proportionally scales any perceived intensity.

When Ia \ Imin, Ps produces negative values, for which

there is no physical interpretation, as the stimulus train

cannot be perceived if the delivered stimulus is composed

of low amplitude pulses, characterized by Ia, which are

below perceptual threshold, indicated by Imin. In this case,

we set Ps = 0, as indicated in Eq. 8.

Perceived intensity increases each time the pulse is

encountered and the function decays between the pulses

(Fig. 2b). The function plateaus for a long duration stim-

ulus, in which the added activation due to pulse presenta-

tion is equal to the decay between pulses (Fig. 2a). When

we compare the perceived intensity for various pulse trains,

we see a more rapid increase in the function for larger

amplitudes and higher frequencies of stimulation. The

same Ps can be obtained by manipulating amplitude, fre-

quency, or duration of the stimulus train. As an example,

we used the function to make a specific prediction that a

20-Hz, 130-lA/phase pulse train will produce the same

perceived intensity as a 50-Hz, 70-lA/phase pulse train

(Fig. 2c, see arrows).

Encoding of psychophysical curve

In the model (Fig. 1), the output of the SI block (computed

by Eq. 8) is passed as input to the behavioral decision

Fig. 1 Block diagram of the neural stimulation perceptual model.

The model output predicts the fraction of trips to the HIGH-STIM

feeder given an arbitrary electrical current pulse train. The Spike

Integrator (SI) block of the model converts a current pulse into

perceived intensity. The behavioral decision block converts the final

value of perceived intensity into a psychophysical value indicating the

similarity of perceived intensity of the stimulus to a trained maximum

perceived intensity Rmax
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block. The behavioral decision block maps the perceived

intensity of brain stimulation onto a probability of gener-

ating a behavioral response to the stimulation in a simple

two-choice discrimination task that we used in the rodent

experiments. In this discrimination task, rats were trained

to perform one response (denoted Rmax) to a high-intensity

stimulus train and another response (denoted Rmin) to a

low-intensity stimulus train. When a well-trained subject is

presented with an arbitrary test stimulus, we denote the

response to the test stimulus as Rtest. Over multiple pre-

sentations of the test stimulus, the fraction of responses,

FHS, for which Rtest = Rmax, will be close to 1 if the test

stimulus is perceived as similar to the high-intensity

training stimulus (HS), and close to zero if the test stimulus

is perceived as similar to the low-intensity stimulus.

To model this behavioral choice process, the behavioral

function FHS is represented by the following sigmoidal

function:

FHS ¼ bþ d

1þ e�aðR�cÞ: ð9Þ

The parameters a, b, c, and d in Eq. 9 allow the

behavioral function to fit any dataset that has the sigmoidal

characteristics. In the experiments, these parameters were

chosen by fitting Eq. 9 to experimental data obtained from

the animals during the frequency discrimination task.

Fig. 2 SI model output in response to various stimulus pulse trains.

The model output for the normalized perceived intensity in response

to the stimulation train delivered for 10 s is shown in a. The

presentation time of each pulse is given in the bottom of the plot. The

perceived intensity plateaus when the stimulus is applied for a long

duration. b Shows the magnification of the model output to illustrate

the decay in the perceived intensity value between each stimulation

pulse. c Compares perceived intensity Ps as a function of time in

response to several pulse trains. The arrows in the top left and bottom
right plots show that according to the model, a 20-Hz, 130-lA/phase

pulse train will produce the same perceived intensity as a 50-Hz,

70-lA/phase pulse train. Perceived intensity for each panel is plotted

relative to the maximum perceived intensity obtained for all of the

examples. The value of 1 was assigned therefore to the converging

perceived intensity value resulting from 50-Hz, 130-lA/phase

stimulation train model
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The response value R, used as an input into the equation, is

the final value of perceived intensity R = Ps(tmax) for any

given pulse-train stimulus.

In the present study, we tested the model predictions of

performance of a rat on two-alternative forced choice

experiments. The model parameters were obtained from

each animal’s performance on frequency discrimination

and threshold determination experiments.

Subjects and surgery

The model predictions were experimentally tested by

training rodents to perform a simple, two-choice stimulus-

discrimination task, which was adapted from the olfactory

discrimination task of Uchida and Mainen (2003). All

surgical and behavioral procedures were approved by the

UCLA Animal Research Committee in accordance with

Federal regulations and guidelines for animal research.

Male Long-Evans Rats weighing 350–450 g were

ordered from a commercial breeder and housed singly in a

room with a 12-h on/off light–dark cycle. The rats were

placed on a limited feeding schedule reducing them to 90%

of the ad-lib weight, and they were maintained at this

weight for the duration of the experiments. After reaching

the target weight, they were surgically implanted with

monopolar stimulating electrodes in the right hemisphere

whisker barrel somatosensory cortex (S1BF). The electrode

array was constructed using the technique described in

(Williams et al. 1999), using 50 lm diameter Pt–Ir elec-

trodes (California Fine Wire, Grover Beach, California,

USA). The animal was deeply anesthetized using isoflurane,

the skull exposed, and a 2 mm 9 4 mm window was

opened in the skull over the S1BF cortex. The exact location

of the first electrode was based on stereotaxic coordinates

originating at the bregma. In relation to the bregma,

the location was 2.56 mm posterior, 4.2 mm lateral, and

2.5 mm ventral, which resulted in the electrodes being

lowered to a depth of approximately 0.5 mm into the cortex.

A small burr hole was drilled in the skull for insertion of a

stainless steel return electrode. A set of 6–8 stainless-steel

securing screws were attached to the skull, and bone cement

was then used to seal the wound and securely mount the

electrode connector plug on the skull.

For redundancy, the electrode array contained two rows

of 7 electrodes each; however, in each animal we only

stimulated the first electrode in the array for the duration of

the experiments. The electrode was always stimulated in a

monopolar fashion with respect to a distant electrode with

large surface area.

Experimental apparatus

The behavioral testing cage contained two infrared sensors,

two feeding bowls, an ambient light source, and a tether

connected to the headstage connector (Fig. 3). The Plexi-

glas cage measured 24 cm 9 32 cm 9 27 cm. It contained

two feeding hoppers (open plastic boxes attached to the

cage floor), each 9 cm 9 7 cm 9 2 cm. The experimental

cage was positioned in an enclosed cabinet to reduce dis-

tractions during experiments. Two feeders (Med Associ-

ates, Georgia, Vermont, USA) positioned on top of the

cabinet were controlled by a computer to deliver a 20-mg

food pellet reward into the feeding bowls. Approaches to

the feeding hoppers by the animal were recorded by the

computer using two infra-red (IR) emitter–detector pairs.

The detectors were positioned 3 cm above the cage floor to

avoid inadvertent triggering by the tail. The computer

communicated with the feeders and the IR detectors via a

data acquisition card (Model DT300, Data Translation,

Marlboro, Massachusetts, USA). A computer controlled

house light and a camera were positioned above the cage,

on the ceiling of the cabinet.

Fig. 3 Experimental setup. The

rat is trained to associate a low-

frequency stimulus with the

feeder on the left, termed LOW-

STIM feeder, and to associate a

high-frequency stimulus with a

feeder on the right, termed

HIGH-STIM feeder. The two

infra-red emitter–detector pairs

monitor the position of the

animal to indicate the left/right
feeder selection
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To send stimulation pulse trains, the head mounted plug

was connected via a tether and a commutator to a neural

stimulator and associated hardware (HR90K cochlear

implant stimulator, Advanced Bionics Corp, Valencia,

California, USA). The cochlear implant was used because

it was readily available in our laboratory, provided the

current-based stimulation characteristics, and had a ready-

made computer interface. Custom software, written in

Visual Basic 6 (Microsoft Corp. Redmond, Washington,

USA) and Matlab (The MathWorks, Inc, Boston, Massa-

chusetts, USA), was used to generate the stimulation pulse

train parameters, control the feeders for behavioral rein-

forcement, and score the behavioral performance sensed by

the IR detectors.

The pulse-timing for the stimulus pulse trains were

generated using Matlab for each stimulus presentation.

In all except for the last experiment, the biphasic pulses

were generated periodically at 1/F time intervals for a

given frequency F for the duration of the pulse-train

presentation. In the last experiment, where we compared

the responses to stimulus trains with randomized versus

un-randomized inter-pulse intervals, a Poisson random

generator was used to determine the duration of the ran-

domized inter-pulse intervals for the given frequency, and

the number of pulses presented were counted to deliver the

same number as in the case of un-randomized stimulus

presentation. In both cases, we used the time interval of

1 ms for the construction of the pulse trains.

Training paradigm for frequency, duration,

and amplitude discrimination tasks

In the experimental tasks, the rats were trained to obtain

food from one feeder when they received a low frequency

brain stimulation cue (LOW-STIM), and from the other

feeder when they received a high-frequency brain stimu-

lation cue (HIGH-STIM). For a given animal, the two cues

were identical in amplitude and duration. Table 1 provides

the training stimulus parameters used for each animal.

During training sessions, the animal was required to

remain in the center of the box (without triggering the left

or right IR detector) for a minimum of 0.5 s prior to the

start of each discrimination trial. When either detector was

triggered before 0.5 s, the 0.5 s timer was restarted. At the

onset of the trial, either the LOW-STIM or the HIGH-

STIM cue was delivered (the cue was selected randomly

with equal probability on each trial).

The stimulus presentation was followed by a 1.5-s wait

period during which the detectors were inactive. We

noticed early on during the acquisition of the task that the

animals were switching back and forth between the feeders

during the first second or so from stimulus onset. To reduce

the contribution of impulsive choices and increase stimulus

control over choice behavior, we implemented a 1.5-s wait

time after stimulus onset during which feeder activity was

not reinforced. We began recording feeder activity begin-

ning at 1.5 s after stimulus onset. Following this wait

period, the detectors became active for a 10-s decision

period. During this period, the first detector to be triggered

was used to indicate the feeder selection. If the correct

feeder was selected, then animal received a pellet reward in

the chosen feeder. If the incorrect feeder was selected or

the animal did not select either feeder for 10 s, the animal

received no reward and the house light was turned off for a

3-s period. The next trial began when the animal had

returned to the middle position in the cage so that neither

detector was triggered for a minimum of 0.5 s. Each

training session lasted between 1 and 2 h per day,

depending on the level of cooperation of the test subject.

The pulse amplitude was initially set to 70 lA/phase for

each subject, but if performance on the task remained at

chance level (50%) for 7 days, then the amplitude was

increased by *100 lA/phase and another week of training

was given. Once the training amplitude had been

Table 1 Number of testing days (after the animals were trained) for each animal and the number of trials obtained for each test stimulus

Animal Testing days Training stimulus parameters

Frequency (Hz), amplitude (lA/phase), duration (s)

Number of trials for each test stimulus

LOW-STIM HIGH-STIM Threshold Frequency Amplitude Duration

1 9 20, 70, 1 50, 70, 1 20 20 23 17

2 8 10, 300, 1 80, 300, 1 13 20 30 20

3 7 10, 500, 1 80, 500, 1 20 29 9 17

4 9 10, 300, 1 80, 300, 1 15 22 26 30

The number of trials of each test stimulus shows the average number of any given test stimulus delivered during each of the four experiments

(threshold determination, frequency, amplitude, and duration testing). For example for animal 3, in the Frequency testing experiment, there were

29 stimuli of (10 Hz, 500 lA, 1 s), 28 stimuli of (20 Hz, 500 lA, 1 s), 29 stimuli of (30 Hz, 500 lA, 1 s), etc. delivered to the animal.

Analogously for animal 3 Amplitude testing experiment there were 9 test stimuli of (80 Hz, 350 lA, 1 s), 9 test stimuli of (80 Hz, 370 lA, 1 s),

etc
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determined, the animal was considered to be fully trained

when the success rate for choosing the correct feeder in

response to the stimuli exceeded a criterion of 75% correct

choices. After animals had been fully trained, discrimina-

tion experiments began. During the discrimination experi-

ments, 75% of the trials were identical to the training trials

designed to maintain the trained behavior, and the other

25% of the trials were non-rewarded test trials which

provided the experimental data.

Measuring the stimulation threshold

The threshold of stimulation, denoted by Imin in the SI

model Eqs. 7 and 8, was determined for each subject.

To determine threshold, the animals were trained to

approach the HIGH-STIM feeder using the same training

stimulus as used for the frequency, duration, and amplitude

tasks (training parameters for the HIGH-STIM training

stimuli are provided in Table 1 for each animal). The

training method reinforced the association of the HIGH-

STIM training stimulus with a reward pellet delivered to the

HIGH-STIM feeder. The difference between this training

paradigm and the one used for frequency, amplitude, and

duration tasks was that in the training for threshold deter-

mination, we eliminated the LOW-STIM training stimulus.

Instead, the LOW-STIM feeder delivered the pellet at ran-

dom times unassociated with any stimulus. Thus, the train-

ing consisted of either delivering a pellet to the LOW-STIM

feeder or equally likely, delivering a HIGH-STIM stimulus.

As in the training used for frequency, duration and ampli-

tude tasks, the animal had to remain in the center of the cage

for 0.5 s before receiving the training HIGH-STIM training

stimulus or receiving no stimulation (equivalent to receiving

a LOW-STIM stimulus with 0 lA amplitude). After the

0.5-s interval, we implemented a 1.5-s wait period during

which the animal had to decide on the choice of the feeder.

We began recording feeder activity beginning at 1.5 s after

stimulus onset. Following this wait period, the detectors

became active for a 10-s decision period. During this period,

the first detector to be triggered was used to indicate the

feeder selection. Reinforcement pellet was delivered to the

HIGH-STIM feeder if the animal approached the HIGH-

STIM feeder after receiving the HIGH-STIM stimulus. If

the animal instead approached the LOW-STIM feeder after

receiving the HIGH-STIM stimulus, the house light turned

off for 3 s. Alternatively, if the HIGH-STIM stimulus was

not delivered and the animal approached the HIGH-STIM

feeder, the light would be turned off for 3 s.

Using this training method, the animals learned to

approach the HIGH-STIM feeder only when the HIGH-

STIM training stimulus was delivered. Otherwise they

were more likely to approach the LOW-STIM feeder

instead. The animals learned to get into the middle of the

cage, wait approximately 2 s if they did not receive the

HIGH-STIM stimulus, and then approach the LOW-STIM

feeder because it was likely to deliver a pellet. However, if,

while it was in the middle of the cage, the HIGH-STIM

stimulus was delivered, the animal learned that it had to

approach the HIGH-STIM feeder in order to get a reward.

After animals achieved success rate of 75% of

approaching the HIGH-STIM feeder, when they received

the HIGH-STIM stimulus, threshold determination tests

began. In these tests, the pellet-reinforced training trials

(either a HIGH-STIM stimulus, or equally likely a pellet

delivered to the LOW-STIM feeder) were delivered in 75%

of the trials to maintain task performance, and the other

25% of the trials were non-rewarded test trials, in which

the test stimuli were delivered. The test stimuli consisted of

the same frequency and duration as the HIGH-STIM

training stimulus, but the amplitude was varied from 0 lA/

phase to that of the HIGH-STIM training stimulus in 12

evenly spaced increments. The amplitudes for the test

stimuli were selected at random from the pool of the pos-

sible amplitudes without replacement and then the pool

was reinstated after all amplitudes had been used for

stimulation and the amplitudes were again chosen from the

original set.

This testing procedure resulted in low probability for the

animal to approach the HIGH-STIM feeder when it did not

perceive the test stimulus and high probability when it was

presented with a test stimulus that was similar in its

intensity to the HIGH-STIM stimulus. As the amplitude of

the test stimuli increased from 0 lA/phase, the probability

that the animal would approach the HIGH-STIM feeder

remained low for lower amplitude stimuli and then rose

toward 1 for the amplitudes above threshold.

To quantify finding the threshold using this methodol-

ogy, we first found the stimulus with the lowest amplitude

from the discrete set of tested amplitudes which resulted in

probability of the animal approaching HIGH-STIM feeder

that was greater than two standard deviations above the

probability of approaching HIGH-STIM feeder, given a

0 lA/phase test stimulus. We then approximated the

stimulation threshold to be just below that amplitude from

the set of possible amplitudes. The standard deviations

were estimated from the binomial distribution statistics of

the responses to the test stimuli.

Frequency testing

During these non-rewarded test trials, the animal was

presented with test stimuli of different frequencies, while

other electrical stimulation parameters were held constant.

By interleaving the test trials within many standard training

trials, it was possible to maintain the performance accuracy

on the task while probing the effect of varying the

Exp Brain Res (2010) 203:499–515 505
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electrical stimulation parameters on the perceived intensity

of the stimulation. The LOW-STIM and HIGH-STIM

training trials were used to keep a real-time estimate of the

trained performance during the experiment. The test trials

were collected and analyzed after the experimental data

was collected.

During each test trial, the animal was presented with

stimulus of the same amplitude and duration as the HIGH-

STIM and the LOW-STIM training stimuli, and charac-

terized by a novel stimulus frequency, selected randomly

without replacement from a fixed pool of test frequencies

(10, 20, 30, 40, 50, 60, 70, and 80 Hz). We selected these

frequencies because they spanned the range of physio-

logical spike rates of cortical neurons. Once the entire set

of test stimuli had been used for stimulation, the set was

reinstated and the test stimuli again started to be chosen

without replacement from the original set. Each daily test

session was terminated when the subject had received

over 20 iterations of each stimulus in the pool, if the

subject’s performance on the trained trials decreased or if

the subject had been in the apparatus for over 2 h. The

testing resumed the following day. The number of accu-

mulated trials of each test stimulus is provided in column

labeled frequency in Table 1 for each animal. Several

days were sometimes necessary to accumulate *20 iter-

ations for stimuli of each frequency for an animal because

the total number of test trials for 20 iterations of each

frequency is 8 frequencies * 20 trials/frequency = 160

test trials.

The performance of the animal in response to a test

stimulus of any given frequency was quantified by

observing how often the animal would approach the HIGH-

STIM feeder when the test stimulus of that frequency was

delivered.

Duration testing

We used the model to predict the performance on a task

which tested the ability of the animal to determine the

perceived intensity of electrical stimulation trains which

differed in pulse train duration. Duration testing was con-

ducted in a way that was similar to the frequency testing

experiments, except that instead of varying the frequency

of the test stimuli, we kept the frequency and amplitude

constant and varied the duration of the test stimulus pulse

trains. The durations used for the test stimuli were selected

from a pool of discrete values from 0.1 to 1.1 s in 0.1-s

intervals. The amplitude and frequency for these test

stimuli were kept at or near the HIGH-STIM training

stimulus level for each animal. The frequencies and

amplitudes were 40 Hz, 70 lA/phase; 70 Hz, 300 lA/

phase; 80 Hz, 500 lA/phase; and 70 Hz, 300 lA/phase for

animals 1–4, respectively. The number of trials

accumulated for each test stimulus is provided for each

animal in Table 1 in the duration column.

Amplitude testing

We tested the ability of the model to predict the perfor-

mance of the animal on a task in which the amplitude of the

test stimulus pulses was varied while the frequency and

duration were held constant. This task was conducted in a

way that was similar to frequency and duration testing, but

instead of varying frequency or duration, we varied the

amplitudes of the test stimuli, while keeping all other

parameters constant. The duration was kept at 1 s for all

test stimuli.

For the amplitude testing experiments, we had to select

constant frequency test stimuli with amplitudes that span-

ned a range, which according to the model prediction

would produce the behavior associated with LOW-STIM

stimulus for the low amplitudes and would produce the

behavior associated with HIGH-STIM stimulus for the

higher amplitudes. Because animals 2, 3, and 4 had

thresholds which were high compared with animal 1, we

used the HIGH-STIM training frequency for the test

stimulus trains for these animals. Using this pulse fre-

quency meant that we could find lower amplitudes for the

test stimuli that, according to the model prediction, would

be generalized as the LOW-STIM stimulus. Alternatively,

because animal 1 had low stimulation threshold, we used

the LOW-STIM training frequency and higher amplitudes

for the test stimuli to obtain the experimental performance

associated with the HIGH-STIM stimulus. Because we

hypothesized that the model would predict the behavioral

performance on this experiment, we used the model to

predict the range of amplitudes for the test trials for each

animal.

Coefficient of variation of the stimulus train

The SI model is a leaky integrator. It predicts that the

perceived intensity of brain stimulation depends only upon

the accumulated activity within the integrator and nothing

else. One implication of this prediction is that for pulse

trains with inter pulse intervals that are significantly shorter

than the time constant of integration (several hundred

milliseconds), the perceived intensity of brain stimulation

should depend only upon the mean and not the variance of

the inter pulse intervals. We obtained the model prediction

for the performance of animal 1 on a frequency testing

experiment, in which the test stimuli were composed of 2-s

periodic pulse trains with 0 coefficient of variance

(CV = 0) and pulse trains with randomized inter-pulse

intervals (CV = 1) of the same frequencies, amplitude, and

duration. To test the model predictions, we conducted the
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corresponding experiment, in which we varied the CV for

test pulse trains with varied frequency for animal 1.

In these experiments, the test stimuli varied in the pulse

frequency from 10 to 80 Hz in 10 Hz intervals and in

whether or not the inter-pulse intervals were randomized

(Poisson distributed with CV = 1) or fixed (constant in-

terpulse interval of 1/frequency with CV = 0) (Koch and

Segev 1998). The amplitude of these test stimuli was the

same as used for the HIGH-STIM and LOW-STIM training

stimuli. The duration used for these test stimuli was 2 s.

Model parameter determination and model predictions

The parameters that describe the behavior of the SI per-

ceived intensity model, defined in Eq. 8, consist of the

stimulation threshold Imin and the time constant s. Para-

meters a, b, c, and d in Eq. 9, describe the sigmoid of the

behavioral response function. We experimentally found the

threshold of stimulation Imin as discussed earlier. The SI

parameter s and the behavioral model parameters a, b, c,

and d were obtained by finding best least-squares function

fit to the experimentally determined performance on the

frequency testing experiment. The initial values for the

unconstrained nonlinear optimization routine implemented

in Matlab were: a = 0.1, b = 0.01, c = 20, d = 0.5, and

s = 0.25 s for all animals.

Once the complete model was determined using the

threshold determination experiment and fitting the model

curve to the frequency testing experiment, the model for

each animal was used to predict that animal’s performance

on the duration and amplitude testing experiments. These

experiments test the perceived intensity of electrical stim-

uli, which vary in duration while keeping the amplitude

and frequency of the stimulus trains constant and test

amplitude, while keeping the duration and frequency of test

stimulus trains constant.

Additionally, we tested the sensitivity of the model

predictions to perturbations of the SI model from the

optimally derived time constant s and from the theoreti-

cally derived exponent. For each perturbation to the SI

model, we obtained the behavioral function parameters by

determining an optimal model fit to the performance on the

frequency testing experiment, and then we used the model

with the complete set of parameters to predict the animal

performance on the duration and amplitude testing

experiments.

Statistical methods

The experimental data was collected over several days for

each animal on all experiments, and because there were a

large number of testing stimuli for all of the experiments

for each animal, we were able to obtain a limited number of

trials for each test stimulus (*20 trials per stimulus) as

shown in Table 1. For each test stimulus, we used the

fraction of trips to the HIGH-STIM feeder when that

stimulus was presented as a measure of performance on all

of the experimental tasks. This measure provided us with

the ratio of the trips the animal made to the HIGH-STIM

feeder to the total number of times the particular stimulus

was delivered to the animal. Because all experiments were

two-alternative-forced-choice, we used the standard devi-

ation of the binomial distribution statistic in order to obtain

a measure of uncertainty in the experimental data. This

measure is defined as:

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
np 1� pð Þ

p

n
: ð10Þ

Using this standard uncertainty measure in the context

of our experiments, n corresponds to the total number of

test trials of the particular stimulus and p corresponds to

fraction of trips to the HIGH-STIM feeder. This measure of

standard deviation decreases with the increased number of

trials for any given test stimulus. The error bars in each plot

that shows experimental performance correspond to this

measure of experimental uncertainty.

Results

In order to investigate the ability of the SI model to predict

perceived intensity of an electrical stimulus pulse train

delivered to the somatosensory cortex, we first determined

the parameters for each animal’s model using the fre-

quency testing experiment and the threshold determination

experiment and then used the model with the complete

parameters to predict the performance on the duration

testing experiment and the amplitude testing experiment.

The training for the animals for the frequency, duration,

and amplitude tasks as well as for the threshold determi-

nation task resulted in similar training success for both

HIGH-STIM and LOW-STIM stimulus presentations for

all animals. The individual training performance for each

animal is shown in Table 2. During the frequency, dura-

tion, and amplitude tasks averaged across all subjects,

when the HIGH-STIM stimulus was presented, the animals

approached the HIGH-STIM feeder in 82 ± 10% of the

training trials and the LOW-STIM feeder in 19 ± 10% of

the training trials. When the LOW-STIM stimulus was

presented, the animals approached the LOW-STIM feeder

in 79 ± 11% of the training trials and the HIGH-STIM

feeder in 21 ± 11% of the training trials. During the

training for the threshold determination experiment, the

animals learned to respond to the HIGH-STIM stimulus

presentation by approaching the HIGH-STIM feeder in

75 ± 15% of the training trials and the LOW-STIM feeder
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in 15 ± 15% of the training trials. In the training trials in

which the animals received no stimulation, they approa-

ched the LOW-STIM feeder in 70 ± 5% of the training

trials and the HIGH-STIM feeder in 30 ± 5% of the

training trials.

We obtained the values for Imin using the threshold

determination experiment. The values for the thresholds for

each animal were determined experimentally to be 10, 225,

248, and 125 lA/phase for animals 1–4, respectively. The

standard deviations on the testing trials for the animals on

the threshold determination experiments were 9.2 ± 3.7%.

To investigate the ability of the animal to perceive fre-

quency of electrical stimulation train delivered to the

somatosensory cortex and to obtain the parameters for the

perceptual model (Fig. 1), we conducted a frequency test-

ing experiment. Figure 4 plots the fraction of trips that the

animal made to the HIGH-STIM feeder when stimulated

with the test stimulus of each possible frequency. Because

the fraction of trips to the HIGH-STIM feeder was a single

ratio of the number of trips to that feeder to the total

number of stimulus presentations of a given frequency, the

error bars were calculated using standard deviation of the

binomial distribution of the performance for each fre-

quency of the test stimuli. The number of test trials of each

frequency is shown in Table 1.

Based on the frequency testing experiment results

shown in Fig. 4, the animals consistently generalized pro-

gressively higher frequency stimulus trains as being more

similar to the HIGH-STIM stimulus associated with the

HIGH-STIM feeder. The parameters for the HIGH-STIM

and LOW-STIM training pulse trains are shown above the

plot for each animal. The amplitude and duration of the test

pulse trains are inset in the upper left corner of each plot

and the frequencies of the test stimuli are indicated along

the x-axis of each plot. For example, for animal 1, there

were 8 test stimulus trains presented to the animal: 70 lA/

phase, 1 s, 10 Hz; 70 lA/phase, 1 s, 20 Hz; 70 lA/phase,

1 s, 30 Hz; …; 70 lA/phase, 1 s, 80 Hz. The only value

that changes for the presented test stimuli in each plot is the

frequency of the pulse train that is plotted along the x-axis.

We used the results from the frequency testing experi-

ment shown in Fig. 4 to obtain the parameters needed for

the complete neural stimulation perceptual model (Fig. 1).

The model is specific to each animal and contains two free

parameters (Imin and s) in the Spike Integrator part of the

model (Eq. 8), and four free parameters (a, b, c, and d) in

the behavioral decision part of the model (Eq. 9). Imin is the

threshold current pulse amplitude obtained from the

threshold determination experiment. We used uncon-

strained nonlinear optimization to obtain values for s, a, b,

c, and d that resulted in FHS values which fit in the least-

squares sense each animal’s performance on the frequency

task. The optimization procedure used the same initial

conditions to fit the performance on the frequency testing

experiment for each animal. The model fit of the animal’s

performance on the frequency task is plotted in dashed

lines on the plots in Fig. 4. The parameters which resulted

from the optimization are shown in the lower right of each

plot. Because the output of the behavioral model corre-

sponds to a particular SI model output, we indicated the

output of the SI model (R = Ps(tend)) along the x-axis

below the corresponding frequency values. Animal 1 had

lower R values because it had lower stimulus thresholds

than the other animals. Since Ps increases proportionally to

the 3/2 power of the stimulus current (Eq. 7), the higher the

stimulus current used to evoke a response, the higher

the values of Ps, given the similar values for the time

constant s. Importantly, the optimal values of the time

constant in the duration discrimination experiment were on

the order of hundreds of milliseconds, in agreement with

Table 2 Training performance for each animal for frequency, duration, and amplitude testing pooled for all three experiments and the threshold

determination experiment

Animal Training performance for frequency, duration, and amplitude

testing

Training performance for threshold determination

HIGH-STIM stimulus

Selection probability

HIGH-STIM feeder,

LOW-STIM feeder

LOW-STIM stimulus

Selection probability

HIGH-STIM feeder,

LOW-STIM feeder

HIGH-STIM stimulus

Selection probability

HIGH-STIM feeder,

LOW-STIM feeder

NO-STIM stimulus

Selection probability

HIGH-STIM feeder,

LOW-STIM feeder

1 78 ± 0.9, 22 ± 0.9 32 ± 1.0, 67 ± 1.0 63 ± 2.8, 37 ± 2.8 29 ± 2.6, 71 ± 2.6

2 87 ± 1.0, 13 ± 1.0 13 ± 1.0, 87 ± 1.0 91 ± 1.7, 9 ± 1.7 25 ± 2.7, 75 ± 2.7

3 87 ± 1.0, 13 ± 1.0 18 ± 1.2, 82 ± 1.2 86 ± 1.7, 14 ± 1.7 28 ± 2.3, 72 ± 2.3

4 83 ± 0.9, 17 ± 0.9 15 ± 0.9, 85 ± 0.9 70 ± 2.2, 30 ± 2.2 35 ± 2.3, 65 ± 2.3

The standard deviations were computed using the binomial distribution statistics. The probability of approaching the HIGH-STIM feeder and

LOW-STIM feeder is shown for each type of training stimulus presentation. The NO-STIM stimulus refers to the training condition when no

stimulus was presented before the LOW-STIM feeder delivered a pellet during the threshold determination task
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previous studies that have measured the time constant of

integration using model-weighted spike trains for the

accumulated stimulus intensity of pulse trains delivered to

the somatosensory cortex in monkeys (Luna et al. 2005).

Once the complete model parameters were determined

for each animal, we used the model for each animal to

predict their performance on two other experiments. In the

duration testing experiment, we varied the duration of test

stimulus trains, while the frequency and amplitude

remained constant. In the amplitude testing experiment, we

varied the amplitude of the pulses of the test stimulus

trains, while the frequency and duration remained constant.

For these two experiments, the HIGH-STIM and LOW-

STIM reinforced training stimuli remained the same as for

the frequency testing experiment. Solid black lines in

Fig. 5A, B show the model predictions for the individual

animal’s performance on the duration and amplitude tasks,

respectively. The model parameters for each animal used in

the model predictions are shown above the column of the

two plots for each animal. The SI model outputs are shown

below the x-axis values corresponding to each test stimu-

lus. The test stimuli were determined by two constant

parameters indicated in the upper left of each plot and the

value of the third parameter which varied as indicated

along the x-axis. In Fig. 5A, the durations of test stimuli

are indicated along the x-axis, while the amplitude and

frequency were kept constant for each test stimulus as

indicted in the upper left of each plot. In Fig. 5B, the

amplitudes of test stimuli are varied as indicated along the

x-axis, while the duration and frequency were kept con-

stant for each test stimulus as indicted in the upper left of

each plot.

The performance of the animals on each of the two

experiments is plotted in Fig. 5A, B on the same plots as

the model predictions. The model predictions agreement

with the experimental data is assessed using mean squared

error between the animal’s performance and the model

prediction of the performance given the same stimuli.

We can gain the perspective on the relationship between

the perceived intensity of the test stimuli and the perceived

intensity of the HIGH-STIM training stimulus by illus-

trating the experimental comparison of the perception of

two stimuli, the perceived intensities of which were com-

pared in Fig. 2c and the ‘‘Materials and methods’’ section.

While every point on the solid line in each panel of

Fig. 5A, B represents the model prediction of the animal

selecting HIGH-STIM feeder given a test stimulus, the

vertical and horizontal dashed lines in Fig. 5B plot for

animal 1 correspond to just one such prediction exempli-

fied in Fig. 2C and in the ‘‘Materials and methods’’ section.

Fig. 4 The model parameters a, b, c, d, and s for each animal are

obtained from finding the least-squares model approximation to the

behavioral results from the frequency testing experiment. The error
bars indicate the standard deviation of the performance on this

experiment using binomial distribution statistics. Each animal was

trained using the stimulation parameters for LOW-STIM and HIGH-

STIM training stimuli shown at the top of each plot. The threshold of

stimulation Imin used in the model for each animal was obtained in the

threshold determination experiment. Each plot is inset in the upper
left with amplitude and duration used for the test stimulation trains,

with the frequency of these test trains varying along the x-axis. The

best-fit model results are shown as a dashed line for each animal. The

SI model calculation results are indicated in bold in the corresponding

positions along the x-axis for each test stimulus below its corre-

sponding frequency. The parameters used in generating the best-fit

model are presented in the lower right of each figure
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That specific theoretical example indicated that a 50-Hz,

70-lA/phase, 1-s stimulus train will have the same

perceived intensity (same SI model output) as a 20-Hz,

130-lA/phase, 1-s train. The HIGH-STIM stimulus used

for animal 1 is the same as the first stimulus in the theo-

retical example, 50 Hz, 70 lA/phase, 1 s. As we discussed

in the ‘‘Materials and methods’’ section, the animal’s

behavior was maintained at approximately 75% of the trips

to the HIGH-STIM feeder, given the HIGH-STIM training

stimulus. In the particular case of animal 1, this accuracy

was measured at 67% during the amplitude testing exper-

iment. The dashed horizontal line in Fig. 5B for animal 1

indicates this performance when the HIGH-STIM training

stimulus is delivered. If the animal perceives the 20-Hz,

130-lA/phase, 1-s test stimulus train as being the same

intensity as the HIGH-STIM training stimulus (which was

50 Hz, 70 lA/phase, 1 s) as predicted by the example then

we would expect the same fraction of trips to the HIGH-

STIM feeder whenever this test stimulus is presented as

when the HIGH-STIM training stimulus is presented. For

the amplitude testing experiment for animal 1, we chose

20-Hz, 1-s test stimuli, with varied amplitude from 70 to

170 lA/phase. We can see the fraction of trips the animal

made to the HIGH-STIM feeder for each one of these test

stimuli as the amplitude is varied along the x-axis in

Fig. 5B for animal 1. The one example test stimulus which

we focus on here is the 130 lA/phase test stimulus, since it

corresponds to the discussed prediction that the perceived

Fig. 5 The model predictions and experimental results from duration

(A) and amplitude (B) discrimination experiments. Complete model

parameters (SI model parameters s, Imin, and behavioral model

parameters a,b,c, and d) were obtained from fitting the model to the

behavioral results from the frequency discrimination and threshold

determination experiments and are shown in bold italics above each

column of plots for each animal. These parameters were used to

obtain the model predictions (shown as a solid line for each plot) for

the outcomes of the duration and amplitude discrimination experi-

ments shown here. To compare the model predictions to experimental

behavior on the discrimination experiments, each animal was trained

using the stimulation parameters for LOW-STIM and HIGH-STIM

training stimuli shown at the top of each column of plots. Each plot is

inset with two stimulus parameters used for each test stimulus train,

with the third parameter plotted on the x-axis. The error bars indicate

the standard deviation of the performance using binomial distribution

statistics. The SI model calculation results (R) for each corresponding

test stimulus are indicated in bold along the x-axis. Each panel also

contains the mean squared error (MSE) between the model prediction

of the behavior and the means of the behavioral responses. While the

entire solid line in each figure represents the model prediction of the

animal selecting HIGH-STIM feeder given the test stimulus as

indicated along the x-axis, the vertical and horizontal dashed lines in

the second row, first column plot for animal 1 indicate the particular

model prediction discussed in Fig. 2c
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intensity of that stimulus will be the same as that of the

HIGH-STIM stimulus. The vertical dashed line in Fig. 5B

plot for animal 1 corresponds to the 20-Hz, 130-lA/phase,

1-s test stimulus. The experimental results indicate that the

animal made approximately 65% of the trips to the HIGH-

STIM feeder when this test stimulus was presented. The

nearly identical fraction of trips to the HIGH-STIM feeder

(67 and 65%) when either the 50-Hz, 70-lA/phase, 1-s

training stimulus or the 20-Hz, 130-lA/phase, 1-s test

stimulus was delivered respectively suggests the high

degree of similarity of perceived intensity of the two

stimuli. We would like to point out that the 65% of trips to

the HIGH-STIM feeder should be compared not to 50%

chance performance. If chance level is defined as the

number of times the animal will approach HIGH-STIM

feeder when no stimulation is delivered, it will be similar to

the fraction of times the animal will approach the HIGH-

STIM feeder when LOW-STIM stimulus is delivered (22%

of the training trials).

The particular theoretical example presented in Fig. 2c

is straightforward in its ability to relate to the experimental

results because this example compares two stimuli which

should result in identical perceived intensity, and therefore

identical behavioral response on the amplitude testing

experiment to the HIGH-STIM training stimulus. All

20-Hz, 1-s test stimuli characterized by the other ampli-

tudes along the x-axis do not result in an identical per-

ceived intensity as that of the HIGH-STIM training

stimulus and therefore the behavioral responses to these

test stimuli are not expected to be the same as the behav-

ioral response to the HIGH-STIM training stimulus.

However, given our hypothesis for the model, one would

expect the animals to behave the same (make the same

fraction of trips to the HIGH-STIM feeder) given the same

perceived intensity independent of whether the stimuli that

resulted in these perceived intensities differed in duration,

amplitude, or frequency. This is the reason we included the

perceived intensity values along the x-axis of each of the

plots in Figs. 4 and 5. For each animal, the model should

predict the same fraction of trips to the HIGH-STIM feeder

for the same perceived intensity as indicated for any test

stimulus in Figs. 4 and 5.

In order to establish the relevance of the derived form of

the model on its ability to predict animal behavior, we

tested the sensitivity of model prediction to changing the

time constant s from the optimally obtained value of 0.48 s

for animal 1 and then changing the derived 3/2 exponent of

the SI model.

We compared the predictive ability of three SI models,

which varied only by values of s. We used 1.1, 0.1 s, and

the optimally derived value of 0.48 s for s. For each model,

we found the best fit behavioral function such that we

obtained least-squares fit to the frequency testing

experiment (Fig. 6A, left plot). The model fitting optimized

the functions well enough to overlay them on top of each

other on the plot. With the three sets of behavioral function

parameters corresponding to each SI model, we then used

the three complete models to predict behavior on the

duration and amplitude testing experiments (Fig. 6A, right

plots). We observed that the changes in the time constant

caused substantial changes to the ability to predict behavior

on the duration testing experiment and to a lesser extent on

the amplitude testing experiment.

As shown in the SI model derivation (Eqs. 7 and 8) in

the ‘‘Materials and methods’’ section, the model uses 3/2

exponent that was obtained based on the hypothesis that the

number of neurons that depolarize in response to a current

pulse are proportional to a sphere surrounding the electrode

(power of 3) and that diameter of that sphere is propor-

tional to the square root of the pulse amplitude. To examine

if the derived 3/2 exponent in the SI model is important in

obtaining a more accurate model prediction for the per-

ceived intensity of a stimulation train, we conducted the

model predictions for the animal 1 amplitude testing

experiment performance in which we changed the expo-

nent used in the SI model, while keeping the model

parameters s and threshold Imin constant. For each of the

three models, varied only by their exponents (1, 3/2, and 2),

we first found the behavior model parameters (a, b, c, and d)

using the best-fit approximation of the frequency testing

experimental data, and then we used the complete model

for each of the three cases to obtain predictions for the

amplitude and duration testing performance. Figure 6B on

the left plots the best-fit model along with the frequency

testing experimental data. The best-fit models in each of

the three cases overlay each other on the frequency testing

plot, indicating that the behavioral model could capture the

performance on the frequency testing experiment equally

well using the three possible SI models. We then obtained

the predictions using each of the three models now com-

plete with the behavioral model parameters, for the animal

performance on the duration and the amplitude testing

experiments. As shown in the Fig. 6B on the right duration

and amplitude testing experiments, the models varied in

their ability to accurately predict the performance on the

amplitude task, with the model that uses the 3/2 exponent

being the most accurate of the three.

By changing the time constant and then the exponent in

the SI model, we observed that the perturbation to the SI

model which predicts the perceived intensity of a stimulus

train delivered to the cortex resulted in a decreased ability

to predict the experimental behavior. This observation

suggests that the derived form of the perceived intensity SI

model is at least partially responsible for obtaining more

accurate predictions of the animal performance on per-

ceived intensity experiments which we conducted.

Exp Brain Res (2010) 203:499–515 511

123



We conducted a further experiment, in which we varied

the coefficient of variance (CV) for the frequency dis-

crimination test pulse trains for animal 1. In agreement

with the model predictions, the results indicate that the

performance of the subject did not depend on the coeffi-

cient of variation of the pulse train (Fig. 7). These results

agree with prior findings (Romo et al. 1998) on the ability

of the monkey to discriminate frequencies of cortical

stimulation. Additionally, the results are consistent with the

prior findings which suggest that firing rate rather than

periodicity account for the ability to differentiate frequency

of stimulation (Romo et al. 1998; Hernandez et al. 2000;

Salinas et al. 2000; Luna et al. 2005).

Discussion

All other parameters kept equal, perceived intensity of a

stimulus train increases with higher frequency, higher

amplitude, or longer duration of the stimulus train.

We presented a model which suggests that the perceived

intensity of electrical stimulation of the somatosensory

cortex can be predicted quantitatively by a leaky integrator

circuit that sums individual stimulation pulses over time

and incorporates a first-order forgetting factor. The model

parameters were obtained on the frequency discrimination

and threshold determination task, and tested on amplitude

and duration discrimination tasks. Consistent with the

model predictions, the animals generalized higher ampli-

tude and longer duration test stimuli as being similar to the

high-frequency training stimuli and low amplitude and

short duration test stimuli as being similar to the low-fre-

quency training stimuli.

We used the highest possible frequency (corresponding

to HIGH-STIM stimulus) for test stimuli in determining the

threshold of stimulation, Imin. According to the model and

experimental results, perceived intensity is a trade-off

between frequency and amplitude of the stimulus.

Fig. 6 Perturbing SI model alters perceptual model predictions.

A We used three different values for the time constant s in the SI

model for animal 1. We fit the three models which varied by the value

of the time constant, to the frequency testing experiment animal

performance (same experimental data as in Fig. 4) on the left to

obtain the behavioral model parameters a,b,c, and d for each model

variation (the model fits overlay each other). We then used the three

models which now had the complete set of parameters to predict

animal performance on the duration and amplitude testing experi-

ments (same experimental data as in Fig. 5). The three model

predictions are shown on the duration and on the amplitude testing

performance plots on the right. Varying SI time constant parameter

from 0.48 s, obtained through optimization, caused changes to the

ability of the model to predict the animal behavior on the duration

task and to a lesser degree on the amplitude task (the model prediction

for s = 1.1 s overlays the model prediction for s = 0.48 s). Analo-

gously, in B, when we varied the SI exponent from the theoretically

derived value of 3/2, we observed a deviation from the more optimal

prediction of animal performance on the amplitude experiment; with

no changes to the predictions on the duration experiment performance

(the model predictions using all three SI exponents overlay each

other)
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Therefore, the lowest possible perceived intensity can be

obtained using either high frequency and low amplitude

stimulation or high amplitude and low frequency stimula-

tion. Because our goal in determining the value of the Imin

parameter for the model was to find the lowest amplitude

which in theory would affect the fewest number of neurons

in the stimulated region, we used the highest possible

frequency, so that this minimal amplitude could be

detected.

The modeling results in which we perturbed the theo-

retically derived form of the perceived intensity SI model,

produced less accurate predictions of task performance

compared to the predictions obtained using the derived

form of the SI model. This suggests that the derivation of

the SI model is at least partially responsible for the ability

of the model to predict the behavior.

Even though the biophysical model described here can

be used to make predictions of perceived intensity of the

stimulus, the experiments make no direct claim as to the

stimulation mechanism on which the model is based.

However, previous work in this field lends support to the

assumptions used for the model creation. The model is

based on the assumption of homogeneous activation of the

neural tissue surrounding the electrode and on the

assumption that the activated cells will fire in phase with

the pulse presentations.

Electrophysiological work by Butovas and Schwartz

(2003) further provides experimental support to both the

assumption of homogeneous activation as well as the

assumption that the activated neurons respond in phase

with the presented stimulation pulses. In this work, the

authors describe the effects of electrical stimulation pulses

delivered to an electrode positioned in the rat somatosen-

sory cortex. The recorded extracellular action potentials

were recorded from the cells surrounding this electrode at a

variety of cortical depths and radial distances from the

stimulating electrode. The orientation and depth of the

stimulating electrode had no effect on the evoked respon-

ses. This investigation describes a uniform behavior from

80 to 100% of the cells within the stimulated region (up to

1.3 mm from the electrode tip depending on the stimulus

amplitude). If a single pulse was presented, the neurons

responded after 2–3 ms with one or two spikes, followed

by 100–150 ms of inactivity. When the pulses were

delivered in form of a pulse train at pulse rates greater than

10 Hz (in particular, they show data for 20 and 40 Hz), the

cell responses locked to the presented stimulus and depo-

larized in response to each pulse with inactivity between

the pulses. At the edges of the stimulated region, the

number of the responding cells reduced rapidly with

increased distance from the electrode. These results suggest

that the activation of the cortical tissue in response to

presentation of current pulse trains is homogeneous within

the stimulated region and that the activated neurons

respond in phase with the presented stimulation pulses

against the background of inactivity.

While the neural excitation for individual cortical neu-

rons varies by an order of magnitude (100–4000 lA/mm2)

(Tehovnik 1996), Butovas and Schwartz make an argument

that the response of the neurons that they observed in the

vicinity of the electrode is a result of the preferential

stimulation of the fibers of passage near the electrode tip

(Rattay 1999; McIntyre and Grill 2000). The activation

spreads out from the electrode tip by the large number of

randomly oriented fibers near the electrode of both the

inhibitory and excitatory neurons. The activation of

the inhibitory neurons could largely be responsible for

reducing the activity between the pulse presentations and

Fig. 7 Results of the experiment comparing the frequency discrim-

ination performance when the pulse trains’ inter pulse intervals are

randomized when compared to the performance in response to test

pulse trains which consist of periodically timed pulses for animal 1.

Circles show performance for pulse trains with regular intervals

(CV = 0), and squares to indicate performance in response to pulse

trains with randomized inter pulse intervals (CV = 1). Both plots are

similar, indicating that the performance did not depend on the

coefficient of variation of the pulse train. Model predictions were

established for these experiments using the model parameters

obtained for animal 1 from the frequency discrimination experiment.

The solid line represents the model prediction for the performance on

the frequency discrimination of the periodic pulse trains (CV = 0),

and the dashed line represents the model prediction for the

performance on the frequency discrimination of the pulse trains with

randomized inter-pulse intervals (CV = 1). The similar predictions

for the two cases suggest that the behavior of the model, as well as the

animal does not rely on periodicity, but rather on the pulse rate, in

agreement with previously published results (Romo et al. 1998;

Hernandez et al. 2000; Salinas and Romo 2000; Luna et al. 2005)
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phase-locking the neural response into the presented

stimulus pulses.

The radius of this activated region has been shown in

numerous studies to be proportional to the square root of

the stimulation current (Tehovnik 1996) and the behavior

of the cells outside this uniform activation region would be

dominated by the differences in excitation threshold. In his

review article, Tehovnik found the uniform measure of the

number of neurons stimulated within this activation region:

Number of neurons ¼ Volume of depolarized tissue

� 75 cells=0:001 mm3:

These results suggest that the activation of the cortical

tissue in response to presentation of current pulse trains is

uniform within the stimulated region and that the activated

neurons respond in phase with the presented stimulation

pulses against the background of inactivity.

According to the model and the experimental results,

high amplitude and low-frequency stimulus train is inter-

preted behaviorally the same as a lower amplitude, but

higher frequency stimulus train. High amplitude stimulates

a spatially wide area of the cortex, while low amplitude

stimulates a spatially narrow area of the cortex. Frequency

of the pulse train conveys the ‘‘stimulus intensity’’ to the

neurons that get stimulated. Based on this interpretation,

our results suggest that a spatially wide stimulus (analo-

gous to high amplitude) of weak intensity (analogous to

low frequency) will be interpreted the same as a spatially

narrow stimulus (analogous to low amplitude) of stronger

intensity (analogous to high frequency). This description is

consistent with human psychophysics studies (Lederman

1974), as well as the results of Pruett et al. (2001), who

discovered that a monkey could not discriminate between

wide groove-width gratings at low force with narrow

groove-width gratings at high force on a psychophysics

experiment. In this context, it is feasible that the perception

of an electrical stimulus train is consistent with the phys-

iological mechanism which interprets natural somatosen-

sory sensations.

The quantitative model for the perceived intensity of

somatosensory-cortex stimulation may prove useful for the

development of technologies which would mimic normal

sensory processing by electrical stimulation. Such tech-

nologies hold great promise for the development of brain–

machine interfaces for assisting patients with brain or

spinal cord injuries, as well as amputees. For example,

artificial stimulation of somatosensory cortex (similar to

that used in our present study) might be useful for

endowing limb prostheses with artificial somatosensory

receptors, so that patients can use their prosthetics not only

for movement but also to ‘‘touch’’ objects. The model

could provide an intensity function that may be used to

calibrate stimulation parameters against the gain of an

encoded signal that is delivered to the brain.

In addition to benefiting the development of technolo-

gies for artificial sensation, the model and experimental

procedures we have introduced here may provide useful

tools for further investigation of the neural mechanisms

that underlie normal sensory processing. For example, our

findings as well as previous findings (Romo et al. 1998;

Luna et al. 2005) demonstrate that the brain integrates

somatosensory stimulation with a time constant on the

order of several hundred milliseconds, but the neural sub-

strate for this slow integration process is presently

unknown. The two-choice discrimination task that we used

to test the model predictions in this study may provide a

useful experimental tool for further investigation of this

question. Figure 6A in particular suggests that in order to

investigate the physiological nature of the time constant,

one should consider specifically the comparison of stimuli

that vary in duration. Since it has been hypothesized that

NMDA receptors, which have a slow time constant of

decay, may participate in slow sensory integration (Wong

and Wang 2006), it may be possible to manipulate the

value of the integration time constant in the discrimination

tasks by delivering NMDA agonists or antagonists to

regions off the brain that participate in the sensory-inte-

gration process. Such future experiments may facilitate the

development of a biologically plausible neural network

model of the slow sensory integration process, which

would be constrained by the quantitative model we have

presented here.

Acknowledgments We thank C. Della Santina, and N. Davidovics

for helpful comments on this manuscript and S. Badelt for technical

assistance and discussion. We thank M. Faltys and Advanced Bionics

for providing the use of the cochlear stimulation hardware and soft-

ware. Dr. Fridman’s current address is at Johns Hopkins University,

Ross Bldg. Rm 830, 720 Rutland Ave., Baltimore, MD 21205. This

work was supported by UCLA Core Faculty Grant 2005–2007 and

NIH NRSA Fellowship F32 DC009917.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.

References

Bak M, Girvin JP, Hambrecht FT, Kufta CV, Loeb GE, Schmidt EM

(1990) Visual sensations produced by intracortical microstimu-

lation of the human occipital cortex. Med Biol Eng Comput

28:257–259

Butovas S, Schwarz C (2003) Spatiotemporal effects of microstimu-

lation in rat neocortex: a parametric study using multielectrode

recordings. J Neurophysiol 90:3024–3039

514 Exp Brain Res (2010) 203:499–515

123



Dobelle WH, Mladejov MG (1974) Phosphenes produced by

electrical-stimulation of human occipital cortex, and their

application to development of a prosthesis for blind. J Physiol

(London) 243:553

Dobelle WH, Mladejov MG, Girvin JP (1974) Artificial vision for

blind—electrical-stimulation of visual-cortex offers hope for a

functional prosthesis. Science 183:440–444

Hernandez A, Zainos A, Romo R (2000) Neuronal correlates of

sensory discrimination in the somatosensory cortex. Proc Natl

Acad Sci USA 97:6191–6196

Koch C, Segev I (1998) Methods in neuronal modeling

Lederman SJ (1974) Tactile roughness of grooved surfaces—touching

process and effects of macrosurface and microsurface structure.

Percept Psychophys 16:385–395

London BM, Jordan LR, Jackson CR, Miller LE (2008) Electrical

stimulation of the proprioceptive cortex (area 3a) used to instruct

a behaving monkey. IEEE Trans Neural Syst Rehabil Eng

16:32–36

Luna R, Hernandez A, Brody CD, Romo R (2005) Neural codes for

perceptual discrimination in primary somatosensory cortex. Nat

Neurosci 8:1210–1219

McIntyre CC, Grill WM (2000) Selective microstimulation of central

nervous system neurons. Ann Biomed Eng 28:219–233

Motz H, Rattay F (1986) A study of the application of the Hodgkin-

Huxley and the Frankenhaeuser-Huxley model for electrostimu-

lation of the acoustic nerve. Neuroscience 18:699–712

Ohara S, Weiss N, Lenz FA (2004) Microstimulation in the region of

the human thalamic principal somatic sensory nucleus evokes

sensations like those of mechanical stimulation and movement.

J Neurophysiol 91:736–745

Otto KJ, Rousche PJ, Kipke DR (2005) Microstimulation in auditory

cortex provides a substrate for detailed behaviors. Hear Res

210:112–117

Pruett JR, Sinclair RJ, Burton H (2001) Neural correlates for

roughness choice in monkey second somatosensory cortex

(SII). J Neurophysiol 86:2069–2080

Rattay F (1989) Analysis of models for extracellular fiber stimulation.

IEEE Trans Biomed Eng 36:676–682

Rattay F (1990) Electrical nerve stimulation, theory, experiments, and

applications. Springer, New York

Rattay F (1999) The basic mechanism for the electrical stimulation of

the nervous system. Neuroscience 89:335–346

Rattay F, Resatz S, Lutter P, Minassian K, Jilge B, Dimitrijevic MR

(2003) Mechanisms of electrical stimulation with neural pros-

theses. Neuromodulation 6:42–56

Rauschecker JP, Shannon RV (2002) Sending sound to the brain.

Science 295:1025

Romo R, Hernandez A, Zainos A, Salinas E (1998) Somatosensory

discrimination based on cortical microstimulation. Nature

392:387–390

Romo R, Hernandez A, Zainos A, Brody CD, Lemus L (2000)

Sensing without touching: psychophysical performance based on

cortical microstimulation. Neuron 26:273–278

Rousche PJ, Normann RA (1997) Chronic intracortical microstimu-

lation of cat auditory cortex using a 100 penetrating electrode

array. J Physiol (London) 499P:P87–P88

Rousche PJ, Otto KJ, Reilly MP, Kipke DR (2003) Single electrode

micro-stimulation of rat auditory cortex: an evaluation of

behavioral performance. Hear Res 179:62–71

Salinas E, Romo R (2000) Neurobiology—a chorus line. Nature

404:131

Salinas E, Hernandez A, Zainos A, Romo R (2000) Periodicity and

firing rate as candidate neural codes for the frequency of

vibrotactile stimuli. J Neurosci 20:5503–5515

Schafer E (1888) Experiments on the electrical excitation of the

cerebral cortex in the monkey. Brain 11

Scheich H, Breindl A (2002) An animal model of auditory cortex

prostheses. Audiol Neurootol 7:191–194

Schmidt EM, Bak MJ, Hambrecht FT, Kufta CV, Orourke DK,

Vallabhanath P (1996) Feasibility of a visual prosthesis for the

blind based on intracortical microstimulation of the visual

cortex. Brain 119:507–522

Talwar SK, Xu SH, Hawley ES, Weiss SA, Moxon KA, Chapin JK

(2002) Behavioural neuroscience: rat navigation guided by

remote control—free animals can be ‘virtually’ trained by

microstimulating key areas of their brains. Nature 417:37–38

Tehovnik EJ (1996) Electrical stimulation of neural tissue to evoke

behavioral responses. J Neurosci Methods 65:1–17

Tehovnik EJ, Slocum WM, Schiller PH (2004) Microstimulation of

V1 delays the execution of visually guided saccades. Eur J

Neurosci 20:264–272

Tehovnik EJ, Slocum WM, Carvey CE, Schiller PH (2005)

Phosphene induction and the generation of saccadic eye

movements by striate cortex. J Neurophysiol 93:1–19

Troyk P, Bak T, Berg J, Bradley D, Cogan S, Erickson R, Kufta C,

McCreery D, Schmidt E, Towle T (2003a) A model for

intracortical visual prosthesis research. Artif Organs 27:1005–

1015

Troyk PR, Bradley D, Towle V, Erickson R, McCreery D, Bak M,

Schmidt E, Kufta C, Cogan S, Berg J (2003b) Experimental

results of intracortical electrode stimulation in macaque V1.

Invest Ophthalmol Vis Sci 44:U467–U467

Uchida N, Mainen ZF (2003) Speed and accuracy of olfactory

discrimination in the rat. Nat Neurosci 6:1224–1229

Williams JC, Rennaker RL, Kipke DR (1999) Long-term neural

recording characteristics of wire microelectrode arrays

implanted in cerebral cortex. Brain Res Protoc 4:303–313

Wong KF, Wang XJ (2006) A recurrent network mechanism of time

integration in perceptual decisions. J Neurosci 26:1314–1328

Exp Brain Res (2010) 203:499–515 515

123


	Perceived intensity of somatosensory cortical electrical stimulation
	Abstract
	Introduction
	Materials and methods
	Spike integrator model of perceived intensity
	Encoding of psychophysical curve
	Subjects and surgery
	Experimental apparatus
	Training paradigm for frequency, duration,  and amplitude discrimination tasks
	Measuring the stimulation threshold
	Frequency testing
	Duration testing
	Amplitude testing
	Coefficient of variation of the stimulus train
	Model parameter determination and model predictions
	Statistical methods

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


