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The firing-rate data from 341 cells from two macaques’ superion temporal
polysensory area (STPa) were subjected to three different analyses to de-
termine the temporal firing-rate patterns in response to visual optic flow
patterns. The data were collected while the monkey viewed four types of
optic flow and responded to the change in the display. The mean firing
rate (MFR) analysis considered the mean change in firing rate for 500 ms
after stimulus onset; the discriminant (DIS) analysis and the principal
components (PCA+DIS) analysis considered the change in time-binned
firing rate over 1000 ms after stimulus presentation, using bin sizes of
30 to 500 ms. The DIS analysis used a step-down discriminant analysis
to find temporal windows in which the cell’s firing rate could discrim-
inate among the stimuli; the PCA+DIS analysis extracted the principal
components of the cell’s firing rates without regard for the stimulus type
and then applied a step-down discriminant analysis to the PCA scores
to determine whether any of the principal components could discrimi-
nate among the stimuli. The two temporal analyses found cells sensitive
to the optic flows that the MFR analysis missed. A small proportion of
cells showed multiple selectivities under the temporal analyses. Thus,
the temporal analyses give a more complete representation of the infor-
mation encoded by the firing properties of STPa neurons. Finally, this
approach incorporates temporal approaches with classical statistical tech-
niques in order to select tuned neurons from a population in an unbiased
manner.
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1 Introduction

A classic method of quantifying a neuron’s responsiveness to a stimulus is
to consider the mean firing rate (MFR) in response to a particular stimulus
(e.g., Hubel & Wiesel, 1966; Maunsell & Van Essen, 1987; Duffy & Wurtz,
1995; Siegel & Read, 1997). The neuron is considered to be responsive to a
particular stimulus if there is a significant change in the MFR, after taking
into consideration the variance in activity.

The mean firing rate over a fixed time window, however, ignores the in-
formation potentially available in the temporal pattern of a cell’s firing. An
important question in interpreting neuronal spike trains is whether they
should be modeled as random processes modified by an underlying rate
parameter (Shadlen & Newsome, 1998) or whether the precise timing of the
spikes is informative (Siegel, 1990; Victor & Purpura, 1997). Certainly the
firing rate is not the only characteristic of the spike train that is affected by
the external stimulus. Abeles (1982; Abeles & Gerstein, 1988) has found that
small numbers of neurons in different cortical locations—“synfire chains”—
can fire in precisely timed patterns in response to stimuli. Richmond, Op-
tican and others (Optican & Richmond, 1987; Richmond & Optican, 1987;
Richmond, Optican, Podell, & Spitzer, 1987) showed specifically that there
is information about the stimulus in a neuron’s firing rate beyond simply
the total spike count. In an extended analysis of cells from primate inferior
temporal cortex, they found that several of the principal components of the
temporal firing patterns were determined by the specific visual stimulus.
They suggested that neurons might code the stimulus using a multivari-
ate response, such as the firing pattern over time as encoded by the first
few principal components. Sugase, Shigeru, Ueno, and Kawano (1999) ana-
lyzed the responses of inferotemporal cells to visual stimuli in terms of the
information carried by the firing rate. They found that cells could code both
global and fine information about the stimuli simultaneously, and a simple
mean firing-rate analysis was unable to capture all the possible functions of
the cell.

The results of these studies, however, cannot easily be tied to the issues
of stimulus representation in neurons. In Richmond and Optican’s (1987)
analysis, for example, as well as in Sugase et al.’s (1999), the sensitivity of
the neurons to the stimulus had been determined a priori by a univariate
analysis of the firing rate. The temporal pattern itself was not the basis for
determining the neurons’ stimulus selectivity, nor did these approaches in-
corporate any estimates based on the variance in the firing rate. A preferable
analysis would use the temporal pattern to determine whether a cell was
stimulus selective. The work presented here uses a combination of temporal
and parametric statistical analyses to classify neurons based on temporal
firing patterns.

The work explored the temporal pattern of neural firing in the context
of stimulus representation. The primary goal was to apply classical statis-
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tical methods, taking into account intertrial variability, to determine neu-
ronal selectivity. The spike train data from neurons in the anterior portion
of the macaque superior temporal polysensory area (STPa) were collected
using visual optic flow stimuli and behavioral conditions described previ-
ously (Anderson & Siegel, 1999). While this area is polysensory, its visual
responses have been studied using texture, luminance, and motion; optic
flow stimuli can elicit a response in as many as half the cells tested. A fur-
ther characterization of the neuronal response is warranted as there is no
time-based analysis of these neurons at all to our knowledge. Further, this
neuronal data set serves as an excellent test bed for comparing these tem-
poral analysis methods.

We compared three analyses of cells’ firing rates. The first was the stan-
dard MFR analysis; the second analysis applied a discriminant analysis to
the peristimulus time histogram (PSTH); the third analysis executed a prin-
cipal component analysis on the PSTH, followed by a discriminant analysis.
The ANOVA applied to the MFR is a special case of the discriminant analy-
sis. Thus, we use the same robust statistical approach of discriminant analy-
sis to three different types of measures of neuronal activity. These latter two
temporal analyses revealed cells that were not selective by the MFR analysis.
Cells were found that showed selectivity in either short time windows or
a weighted average over several time windows. A post hoc analysis found
that a small percentage of cells could have combined more than one optic
flow selectivity; a cell may be responsive to certain stimuli (expansion) in
one time window and responsive to other stimuli (compression) in a later
time window, for example. These results indicate that classical analyses are
underestimating the selectivity of neurons, at least in STPa. Furthermore,
by incorporating intertrial variability into the analysis, it becomes possible
to assign particular stimulus selectivities to particular temporal sequences
that are revealed by the PCA.

2 Methods

2.1 Subjects. Recordings were made from both hemispheres’ area STPa
in one adult male rhesus monkey and from the right hemisphere STPa in
a second adult male rhesus monkey (Macaca mulatta; 10 and 9 kg, respec-
tively). Monkeys were on a restricted watering schedule with free access to
water on weekends and free access to food whenever they were not working.
All experimental and surgical procedures were performed in accordance
with NIH guidelines and approved by the Rutgers University Institutional
Review Board for the Use and Care of Animals.

2.2 Task. The methods are fully described in Siegel and Read (1997)
and Anderson and Siegel (1999). In brief, monkeys sat in a primate chair
57 cm from an 84 cm diagonal VGA screen, with their heads fixed (see
section 2.4). Each trial began with the appearance of a 0.3 degree red square
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in the center of the screen, and the monkey fixated on this square and pulled
back on a response lever within 800 ms of the square’s appearance. If an
eye movement occurred after that, the trial was aborted and repeated later.
Eye position was monitored with a noninvasive infrared video eye-tracking
system (ISCAN Co, RK-416) and sampled every 32 ms. Eye movements of
greater than 1 degree aborted the trial. Two seconds after the appearance
of the fixation square, the optic flow display also appeared in the center
of the screen. At a random time between 1500 and 3500 ms after the flow
display began, the flow would change (see section 2.3), and the monkey
was required to release the lever within 800 ms to get a reward. The flow
display and fixation point disappeared after lever release or 6000 ms after
the fixation point first appeared, whichever occurred first. The reward was
0.1 ml of juice immediately after each correct trial. The monkey was trained
to do the task at 85% correct or better before recording began.

2.3 Stimuli. The displays were computed using the methods of Siegel
and Andersen (1988, 1990) and Anderson and Siegel (1999). Displays were
presented on a computer monitor (84 degree maximum visual angle, refresh
rate 60 Hz) controlled by a 386 PC using a Sergeant Pepper Number Nine
graphics board. The displays consisted of 128 white points (32 cd/m2, 0.1◦
diameter) randomly placed in a circular area 40 degrees in diameter. The
background luminance was 1.0 cd/m2. Each point had a lifetime of 533 ms,
with an initial lifetime randomly chosen between 0 and 532 ms. When a
point’s lifetime ended, it was replotted in a new position in the display,
with the appropriate velocity for that position, so that point density was
maintained.

The optic flow patterns consisted of radial expansion (EXP), radial com-
pression (COM), clockwise rotation (CW), and counterclockwise rotation
(CCW) (see Figure 1). For the CW and CCW displays, the displacement of
each point was calculated so that its tangential velocity Vt was equal to
2πωr, where ω was the angular rotation frequency and r the radial distance
from the point to the center of the display. The angular velocity was 1 degree
per frame; the minimum and maximum projected speeds were calculated
to be 0 and 20 degrees of visual angle per second, respectively. For the EXP
and COM displays, the speed of each point was computed as though it were
in a rotation display, while the trajectory was oriented radially as required.
In this way, the radial flows and the rotation flows had the same speed dis-
tributions. The angular velocity was 60 degrees per second; the minimum
and maximum projected speeds were calculated to be 0 and 20 degrees of
visual angle per second, respectively.

Each display began with one of the motion patterns described above,
and at a certain point in time, the motion pattern became unstructured; that
is, when a point’s lifetime ended, it would be replotted in a new position
as before, but its trajectory would now be computed as though it were in
a different random (x, y) position. The resulting unstructured display con-
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Figure 1: Examples of the trajectories followed by the randomly placed points
in a clockwise (CW), and expansion (EXP) display. The actual displays were
limited-lifetime points, and no lines were visible. Counterclockwise and com-
pression displays would have movement in the opposite directions.

tains the same velocities as the structured display, but the two-dimensional
relationships are randomly arranged, so the global pattern is disrupted. For
point lifetimes of 533 ms, the entire display would become unstructured
over a maximum of 533 ms. New displays were generated for each record-
ing session. Within a session, displays were blocked into groups of one trial
per display type and presented in pseudo-random order for a total of 8 to
10 trials per display type.

2.4 Surgical and Recording Procedures. Standard surgical procedures
were used to implant head fixation posts and recording chambers (Siegel &
Read, 1997; Anderson & Siegel, 1999). The chamber centers were approxi-
mately 15–16 mm anterior to the interaural plane and 19–20 mm lateral to the
midline. Single-unit recordings were made using insulated paralyne-coated
tungsten electrodes (Frederick Haer and Co.), which were lowered through
a guide tube via a two-stage stereotaxic microdrive (see Anderson & Siegel,
1999). Neural waveforms were isolated using standard procedures (Siegel
& Read, 1997), digitized with a window discriminator (Bak Electronics), and
collected with a resolution of 0.1 ms.

2.5 Analyses. Only data from trials in which the monkey maintained
fixation and responded correctly were analyzed. Within those correct trials,
only neural responses before the change in the stimulus structure were ana-
lyzed for this study; thus, the animal’s eye was stationary, and the response
key was not moving. For each trial, a mean baseline firing rate over the
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500 ms before stimulus onset was calculated and subtracted from the firing
rates in the time windows after display onset. The term firing rate as used
throughout this article refers to this change in firing rate from the baseline.

Three types of analysis were performed on each cell’s data to determine
whether the cell’s response was affected by the visual display: an analysis of
variance (ANOVA) on the mean firing rate (MFR), a discriminant analysis
on the binned firing rates (DIS), and a principal components analysis on the
binned firing rates followed by a discriminant analysis on the principal
components (PCA+DIS). All analyses were conducted using SAS (Cary,
NC); PROC GLM was used for the analysis of variance. The PCA analysis
was executed using PROC PRINCOMP and the discriminant analysis using
PROC STEPDISC. Due to multiple analyses being performed on the same
cell data, all significance levels were set to a conservative p < 0.01.

The mean firing rate over a 500 ms window after stimulus onset was
analyzed using a one-way ANOVA on the four stimulus types.

The second analysis consisted of temporally binning the firing data for
1000 ms after stimulus onset, with bin sizes of 30, 40, 50, 75, 100, 250, or
500 ms (effectively a variation in low-pass filtering (Sanderson & Kobler,
1976)). For a given bin size, the number of bins was set to the maximum
possible without exceeding a total of 1000 ms (e.g., 13 bins for the 75 ms bin
size). This created a peristimulus time histogram (PSTH) for each trial (see
Figure 2 for an example). The cell’s firing rate for each bin in the histogram
was calculated and the baseline firing rate from 500 ms before stimulus onset
subtracted from it. The binned data were then subjected to a discriminant
analysis to determine which time window could significantly discriminate
between the stimulus conditions across trials.

The third analysis binned the cell’s trial-by-trial data in the same way.
A PCA was then performed on the binned data without regard for the
stimulus conditions, and the resulting scores from the principle principal
components were subjected to a discriminant analysis to determine which
principal component could significantly discriminate between the stimulus
conditions across trials.

A post hoc analysis was applied to the MFR results and the 50 ms-bin DIS
and PCA+DIS analyses to determine the cells’ tuning. For the MFR results,
the firing rate over 500 ms was used, as in the original ANOVA. For the DIS
analyses, the firing rate in the significant time windows for each trial was
extracted for further analysis; for the PCA+DIS analysis, the scores for the
different stimuli on the significant components for each trial were extracted.

These data were analyzed further in three one-way ANOVAs to de-
termine whether the cell was a flow-particular or flow-general (FLO-P or
FLO-G; Siegel & Read, 1997). A flow-particular cell is sensitive to the differ-
ence between expansion and compression, for example, or clockwise and
counterclockwise rotations. A flow-general cell is sensitive to the differ-
ence between radial and rotational flows but not necessarily between the
directions of the flow. The first two ANOVAs determined whether there
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Figure 2: The mean PSTH of the spike train data for the first example cell
(M4R00201k), using a 50 ms time bin, averaging over the eight trials per op-
tic flow type. The change in firing rate is shown for each time window from
the onset of the visual stimulus at 0 ms. The stimulus change and the monkey’s
response occur after the 1000 ms shown here.
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was a significant difference between the cell’s response to expansion and its
response to compression or between its response to clockwise and counter-
clockwise rotation. A cell that had a significant difference in either of these
two comparisons could distinguish between different directions of the same
optic flow type and was labeled FLO-P. If the significant difference was be-
tween the two rotational motions, the cell was labeled FLO-P-rotation; if
between the radial motions, FLO-P-radial; if both, FLO-P-both.

The third ANOVA determined whether there was a significant differ-
ence in the cell’s response to radial flows (EXP/COM) and to rotational
flows (CW/CCW). A cell that could thus distinguish between types of flow,
without indicating direction of the flow, was labeled FLO-G.

3 Results.

To illustrate the MFR, PCA, and PCA+DIS analyses, several cells’ data are
presented in depth. These initial cells illustrate how a cell may be selec-
tive among the stimuli at certain timescales but not others. Other cells fit
more classical descriptions, being consistently selective across all timescales
tested.

3.1 Cell M4R00201k. Visual inspection of the 50 ms PSTH (see Figure 2)
indicates a cell tuned to distinguish between rotations and radial optic
flow. The firing rate is inhibited by the rotational stimuli for approximately
300 ms; for both radial stimuli, this inhibition does not occur. Classical anal-
ysis of the MFR of the cell, however, indicates that the cell was not selective
when averaging the firing rate over 500 msec after stimulus onset. This is
most likely because the initial decrease in firing rate is balanced by later
excitation. Only the analyses at shorter temporal scales indicate that the cell
was indeed capable of distinguishing among the different optic flow stimuli.

The discriminant (DIS) analysis makes multiple comparisons using the
binned firing rate as dependent variables. If only one particular time period
is capable of distinguishing between the stimuli, the DIS will select it. Using
a 50 ms time bin, the firing rate in the time window at 150–200 ms following
stimulus onset shows a significant dependence on the stimuli. The firing
rates across all significant time windows (see Figure 3) show no change
for CW rotation, a slight inhibition for CCW, excitation for EXP, and more
excitation for COM, as would be expected from visual inspection.

The DIS analysis permits only the comparison of single bin widths across
stimulus conditions. It may be that certain combinations of temporal inter-
vals provide better discrimination among the stimuli. To extract combi-
nations of temporal information, the data were first analyzed with PCA to
determine an optimal set of temporal descriptions for the firing patterns ob-
served across all stimulus conditions. The next step was to use these derived
principal components in a discriminant analysis (DIS). The DIS analysis was
then applied to this optimal set.
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Figure 3: The mean firing rate only in the significant time windows for the cell
of Figure 2, by stimulus. The cell’s firing rate did not change during the time
window for clockwise rotations, it decreased for counterclockwise rotations,
and it increased for both expansion and compression displays. These changes
were significant only at a 40, 50, or 75 ms timescale.

Using this two-step analysis procedure with an initial bin width of 50
ms, the second principal component was a significant discriminant. This
means that the temporal description incorporated in the second princi-
pal component can be used to discriminate significantly among the dif-
ferent optic flows. The coefficients of the principal component thus de-
fine which temporal bins contribute to that component. For the second
component, there is a small coefficient to the very first time window, in-
creasing coefficients for time windows between 100 and 250 ms, then a
nonmonotonic decrease in coefficients for the remaining time windows
(see Figure 4a). When one considers the strength of the response associ-
ated with the second principal component (i.e. the “score”), a low score
was found for rotations, and a higher score for the radial motions (see
Figure 4b).

FLO-P/FLO-G analyses applied to the firing rate in the significant 50 ms
time window from the DIS analysis show the cell to be flow-general (FLO-
G). Thus, the firing rate 150 to 200 ms after stimulus onset could be used
to discriminate between radial and rotational optic flow, though not to
discriminate the direction of the flow. The pattern was confirmed by the
FLO-P/FLO-G analysis applied to the scores of the significant components
from the 50 ms PCA: the cell was flow-general, with higher scores for radial
than rotational flows.
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Figure 4: (a) The significant components for the example cell of Figure 2. The
horizontal axis indicates time since stimulus onset; the vertical axis is the co-
efficients of the principal components. For all the significant timescales, the
coefficients indicate a contrast between the firing rate at the beginning and the
end. (b) The mean scores for each stimulus type on the significant components,
by bin size. The pattern is very similar to that seen in Figure 3: zero to negative
for the rotational displays and positive for the radial displays.
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There is no a priori reason that 50 ms should be the appropriate bin
width for analysis. Therefore, the bin width was systematically varied for
both a DIS analysis on the firing rates and a PCA+DIS analysis. Using the
binned firing rate, with a bin width of 40, 50, or 75 ms, the DIS analysis
showed a significant effect at 180 ms after stimulus onset. Shorter or longer
bin widths do not show significant effects. This may be because 30 ms is too
short for a stable estimation of firing rate, while time windows averaging
across more than 75 ms appear to smooth over the relevant changes in firing
rate.

The PCA+DIS analysis results showed less dependence on the bin size;
a significant principal component for this cell was found using any bin size
longer than 40 ms. The coefficients for all of these significant components are
shown in Figure 4a. In each timescale, the second principal component was
significant, and the coefficients show a contrast between earlier firing rates
and later firing rates. For both the 50 ms and 75 ms bins, the time window
for which, in the DIS analysis, was a significant discriminant, received a
large weighting.

The DIS+PCA and the DIS results differed for this cell. In the DIS anal-
ysis, any individual time window of 100 ms or longer was not sufficient
to discriminate among the stimuli. In the PCA analysis, however, a con-
trast between the earlier and later time windows could discriminate. The
scores for each stimulus from each significant component are shown in
Figure 4b.

3.2 Cell M4R047012. The 50 ms PSTH for a cell for which the three
different analyses were in more agreement is shown in Figure 5. Visual
inspection of this cell indicates excitation for radial optic flow. The cell’s
firing rate increases by 150 ms after stimulus onset, more for expansion
than the other stimuli, but there is an increase in firing rate at approximately
350 ms for both the expansion and compression stimuli.

The MFR analysis matched the visual inspection. Similarly, using the
50 ms bin width, the DIS analysis showed that the time window at approxi-
mately 75 ms could be used to distinguish among the different stimuli, with
maximal response for the expansion stimuli. Finally, the PCA+DIS analysis
using a 50 ms bin width showed that the responses for the expansion stim-
uli had significantly higher scores on the first principal component than did
the other stimuli. The FLOP/FLOG analysis was consistent across the three
methods, indicating the cell was FLOP-radial (p < .001), discriminating
between expansion and compression stimuli.

While bin sizes longer than 50 ms showed the same results as the 50 ms
analysis, the bin widths shorter than 50 ms indicated that the cell might have
multiple sensitivities. In the DIS analysis, the 40 ms analysis indicated two
significant time windows: the 80–120 ms time window and a much later
window, from 520–560 ms, were both significant. The later time window
showed a very different response to the four stimuli, as can be seen in Fig-
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Figure 5: The mean PSTH for the second example cell (M4R047012) by stimulus
type, using a 50 ms bin. The change in firing rate is very similar for the rota-
tion and compression displays and shows a greater increase for the expansion
displays.

ure 6a, with a negative value for CW and positive values for the remaining
flow types. This time window shows a FLOP-rotation pattern rather than
FLOP-radial.

In the PCA+DIS analysis, the first principal component was the only sig-
nificant component for this cell across all timescales, except for the 40 ms bin
width, for which the fourteenth component was also significant. The mean
scores for the different stimulus conditions on each significant component
are quite consistent, as can be seen in Figure 6b. The first component always
gives a high score to the expansion stimulus and low scores to the others.
In the special case of 40 ms analysis, the fourteenth component gives a high
score to the compression stimulus and low scores to the others. (The four-
teenth component accounts for only 1.7% of the variance; in contrast, the
first component in the 40 ms analysis accounted for 29% of the variance.)
The FLOP/FLOG analyses on all these components, including both the 40
ms components, indicated the cell was FLOP-radial. The fourteenth compo-
nent in the 40 ms analysis was also FLOP-radial, though with the reversed
sensitivity from the other components.

In summary, this cell showed a strong increase in firing for expansion
stimuli immediately after the stimulus onset, but a significant later increase
in firing for compression stimuli. The ability to determine both sensitivities
simultaneously required analyses at a finer time scale.
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Figure 6: (a) The mean firing rates by stimulus type for the significant time
windows for the data from Figure 5. The later time window (520–560 ms post-
stimulus onset) shows inhibition for CW and excitation for the other stimuli. (b)
The mean scores by stimulus type for the significant components for the data
from Figure 5. Note that the pattern is the same for the components and the time
windows, except for the fourteenth component from the 40 ms analysis, which
distinguishes between the expansion and compression displays.
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Figure 7: The effect of binning the data at different scales on the proportion
of significant cells for both the DIS and the PCA+DIS analyses. With averag-
ing changes in firing rate over larger time bins, fewer cells showed significant
discrimination between the optic flow stimuli.

3.3 Population Analyses

3.3.1 Cell Selectivity. For the MFR analysis with a 500 ms time bin, 16
cells (4.6%) were selective among the optic flow types. Using the DIS or
PCA+DIS analysis, the proportion of cells that significantly discriminated
among the optic flow conditions varied with the size of the bin (see Figure
7). Using a 500 ms time bin, the percentages of significant cells found in the
DIS and the PCA+DIS analyses were 5.8% and 5.3%, respectively, slightly
higher than found using the MFR analysis. Using the smaller time bins, the
temporal analyses consistently found cells affected by the stimuli that the
MFR analysis missed.

Among the significant cells found by MFR, the FLO-P/FLO-G results
indicated four cells (25% of significant cells) were FLO-P rotation, nine (56%)
were FLO-P radial, one (6.2%) was FLO-P both, and none were FLO-G cells
(see Table 1). The distributions of FLO-P and FLO-G cells found by the
50 ms bin DIS and PCA+DIS analyses were similar to the MFR results,
though complicated by the presence of multiple significant time windows
or components, as discussed below.

From the 50 ms DIS analysis, there were 70 cells (20% of tested cells)
that had at least one significant time window. Of these cells, 60 had only
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Table 1: Number of FLO-P and FLO-G Cells Found for Each Analysis.

FLO-P
Rotation FLO-P Radial FLO-P Both FLO-G Total

MFR 4(25%) 9(56%) 1(6%) 0 16
DIS, 50 ms 14(23%) 32(53%) 7(12%) 7(12%) 60

PCA+DIS, 50 ms 20(28%) 33(46%) 5(7%) 14(9%) 71

Notes: The MFR used a 500 ms bin width; these DIS and PCA+DIS results used a 50 ms
bin. For the DIS analysis, only cells with a single significant time window are shown. For
the PCA+DIS analysis, only the results from the first significant component are shown.
The total number of significant cells is shown in the far right column (p < .01). While
the temporal analyses found a much larger number of cells to be significantly affected
by the stimuli, the overall proportions of FLO-P and FLO-G cells are similar regardless
of analysis method. There are more FLO-P radial cells than any other kind and fewer
FLO-G than FLO-P cells. This indicates that a larger proportion of STPa cells are sensitive
to expanding or compressing optic flows than to rotating flows.

a single window that was significant, and 10 cells had two time windows
that were significant. No cells had more than 2 significant time windows at
the 50 ms bin size. Of the 60 cells with a single significant bin, 14 (23% of
significant cells) were FLOP-rotation cells, 32 (53%) were FLOP-radial, and 7
(11.6%) were FLOP-both (see Table 1). Seven cells were FLOG cells, showing
a significant difference only between responses to rotational versus radial
flows.

Of the cells with more than one significant time window from the 50 ms
DIS analysis, half showed consistency in their tunings, and half did not.
Five cells were FLO-P cells for all their significant time windows; no cells
were FLO-G tuned at multiple time windows. Five cells were FLO-P cells
in their earliest significant time window but were FLO-G tuned at a later
time window, switching from being able to distinguish the direction of a
particular optic flow pattern to being able only to distinguish radial from
rotational optic flow.

From the 50 ms PCA+DIS analysis, there were 71 cells that had at least
one significant principal component. Of these cells, only 8 had two sig-
nificant components. No cells had more than two significant components
using 50 ms time bins. Unlike the time windows in the DIS analysis, which
are ordered chronologically, the principal components are ordered by how
much of the intertrial variance in firing rate each component accounts for,
with the lowest numbered components accounting for the most variance.
This constitutes a rationale when considering the significant components to
explore the component with the most variance. In the following analysis,
we focus on the significant principal components that have the maximal
variance (i.e., the lowest number component). The FLO-P/FLO-G analysis
on the lowest-numbered significant principal component for the 71 cells
showed 20 (27.7% of significant cells) to be FLO-P rotation, 33 (45.8%) were
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FLO-P radial, and 5 (6.9%) were FLO-P both (see Table 1). Fourteen cells
(19.4%) were FLO-G.

For the 8 cells that had multiple significant components, 3 cells were
FLO-P on all their components, and none were FLO-G tuned on all their
components. Three cells switched from FLO-P on their lowest-numbered
significant component to FLO-G on a later, smaller-variance component,
and 2 switched from FLO-G to FLO-P.

In summary, the FLOP/FLOG analyses showed a similar breakdown of
cell type. Roughly a quarter of the significant cells were FLO-P rotation,
roughly half were FLO-P radial, 6% to 10% were FLO-P both, and less than
20% were FLO-G cells, regardless of the analysis method. In the DIS and
PCA+DIS methods, which allowed a cell to have multiple tunings, using the
50 ms analysis, approximately 7% of the selective cells did show both FLO-P
and FLO-G tunings. Thus, a single cell could show different sensitivities in
different time windows after stimulus onset or through different contrasts
across the same time windows.

3.3.2 The Effect of Temporal Scale. Although the FLO-P/FLO-G analyses
were carried out on only the 50 ms bin data, the cells’ firing-rate data were
analyzed across different temporal scales from 30 ms to 500 ms. In the DIS
analysis, 156 cells (46% of those tested) were found to be significant for at
least one bin size. Most of these cells were not significant at all time bin sizes,
but more commonly had only one or two bin sizes that showed a significant
effect (99 cells). Twelve cells (3.5% of those tested) had significant results
across all bin sizes. In the PCA+DIS analysis, 190 cells (56%) had a significant
result for at least one bin size. Only 8 cells (2.3%) had a significant component
at all bin sizes. The plurality (150, or 44%) had a significant selectivity at
only one or two time bin sizes. This argues against a single, predetermined
timescale being sufficient for determining a cell’s responsiveness to stimuli.

For a given bin size, it was possible for multiple time windows or princi-
pal components to discriminate among the stimuli, though for the majority
of cells, there was only one significant time window or one or two signifi-
cant principal components at any bin size. Figure 8 shows the distribution
of how many significant time windows or components were found per cell
as a function of bin size. Even for the 30 ms time bin analysis, relatively few
cells had more than three significant time bins.

As shown in Figure 9a, the first 100 ms were usually not significant in
the DIS analyses. However, there was not a single time window that was
most likely to be significant; almost every time window had at least one cell
for which it was significant. Approximately half the significant cells had a
significant time window before 500 ms and half after, regardless of bin size.
In the PCA+DIS analyses, the component that discriminated among the
stimuli was usually the first one, as shown in Figure 9b, although the second
and third components (for bins smaller than 500 ms) also were common,
and examples of almost any component being significant were found.
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Figure 8: (a) The distribution of the number of significant time windows per cell,
across bin sizes. Most cells had at most one significant time window in the DIS
analysis and two distinct significant time windows were also found; none had
more than three. (b) The distribution of the number of significant components
per cell, across bin sizes. Most cells had at most one significant component in
the PCA+DIS analysis; none had more than five.
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Figure 9: (a) The distribution of significant time windows in the DIS analysis,
by bin size. While any time window could be significant, a modal point appears
near 100–300 ms after stimulus onset. (b) The distribution of significant principal
components in the PCA+DIS analysis, by bin size. While any component could
be significant, clearly the first two components are preferred.
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3.3.3 Agreement of DIS and PCA Analyses. The DIS and PCA+DIS anal-
yses did not always indicate that the same cells were selective. The number
of cells having both a significant DIS result and a significant PCA+DIS re-
sult for the same bin size ranged from 13 to 34 (3.8 to 6.7% of significant
cells) depending on the bin size. Neither analysis predicted the result of the
other particularly well. The probability of having a significant PCA+DIS
result for a timescale, given a significant DIS result at that timescale, ranged
from 0.3 to 0.6. The complementary probability, of having a significant DIS
result given a significant PCA+DIS result at the same timescale, was the
same. Neither analysis can be said to be more sensitive than the other on
that basis.

3.3.4 Shape of the Significant Principal Components. In order to describe
the principal components of the selective cells, the lowest-numbered signif-
icant components using the 50 ms bins were subjected to a cluster analysis
(SAS, PROC Cluster, method = expected maximum likelihood). The num-
ber of clusters was increased until the cluster with the most cells was no
longer being divided into smaller clusters; this occurred with eight clus-
ters. These clusters group the components by similar shapes, that is, similar
patterns in the components’ coefficients.

It appears that the shape of the significant component does covary with
which significant component it is. Of the 71 cells with significant compo-
nents, the first principal component was the lowest-numbered significant
component for 15 cells, and 13 of those 15 cells were grouped together in
cluster 1. (The other two first-component cells were one each in two other
clusters.) The frequency of each component number within each cluster was
therefore analyzed with a χ2.The χ2 was significant (χ2(21) = 49.68), as ex-
pected. The clusters did not group completely by component number, but
there was a tendency for components of the same number, which account
for similar amounts of variance in the original data, to fall into the same
clusters.

The average component in each of the eight clusters is shown in Figure 10.
The first cluster, which was all first principal components, is fairly uniform in
its coefficients after the first two time windows. The other clusters have more
contrasts across the time windows. Given the reversibility of the principal
components around the horizontal axis, clusters 4 and 5 do not appear that
different. Both give positive weightings in half of the time windows and
negative weights in the other half. Both clusters 6 and 8 place large negative
weights on the time window between 450 and 500 ms and positive weights
in the time bins on either side, though cluster 8 has nonzero weights mostly
on the middle time range, while cluster 6 includes contrasts in both the early
and late time windows.

The frequency of each FLO-P or FLO-G cell type within each cluster was
analyzed with a χ2 to determine whether there was any grouping of cell
type within the clusters. The χ2 was not significant, indicating the FLO-P
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Figure 10: The average component in each of the eight clusters of significant
50 ms principal components. The horizontal axis is time; the vertical axis is the
mean coefficient of the component.
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radial, FLO-P rotation, FLO-P both, and FLO-G cells were distributed evenly
across clusters.

Whether the significant component was related to the cell type was also
tested and found not to be significant (χ2(9) = 16.8). This suggests that cell
selectivity does not covary with component number (e.g., the FLO-P radial
cells’ significant components do not tend to be any particular component,
any more than the FLO-P rotation or other cell types do).

4 Discussion

By analyzing 341 cells from three hemispheres of two monkeys, we have
shown that the temporal analyses extract a higher proportion of selective
cells than does the mean firing rate. This in itself is not unexpected given the
earlier studies by Richmond et al. (1987) and Sugase et al. (1999). The two
temporal analyses extract different information. The DIS analysis indicates
the best temporal window for the cell’s selectivity; the PCA+DIS first ex-
tracts linear combinations of the temporal windows, which form principal
components of the firing rates, and then indicates which of these compo-
nents, if any, can discriminate among the visual stimuli. Interestingly, the
proportion of significant cells that were FLO-P or FLO-G was not affected
by the particular analysis used.

Our results indicate that utilization of the temporal information permits
the discovery of neurons that might be discarded as nonsignificant. Further,
it permits one to examine changes in selectivity across time. This approach
needs to be tempered with the understanding that multiple analyses are
being performed on the data. We have chosen a reasonably stringent sig-
nificance value of p < 0.01 for each of the tests. In the future, one might
use bootstrapping methods to rigorously select the significance levels for
series of tests, with the realization that this moves away from the standard
parametric approach we advocate here to analyze time.

The temporal analyses considered a full 1000 ms after stimulus onset
rather than the 500 ms considered by the MFR analysis. The median time
window for the DIS analysis was roughly 500 ms regardless of time bin size;
half the significant cells from the DIS analysis responded differentially to the
stimuli after 500 ms. A greater number of significant cells might be expected
for the DIS analysis simply because of this longer time basis. However, from
Figure 7, it is quite clear that even if the cells that respond differentially after
500 ms are discarded, throwing out half the significant cells for the smaller
bin sizes, the temporal analysis is more sensitive than the mean firing-rate
analysis at identifying significant cells. It should be kept in mind that the
animal was continuing to attend to the stimulus for the duration of the full
second, ready to respond as soon as the flow became unstructured. The
longer responses on some cells may be related to that temporally lengthy
aspect of the task.
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The shape of the significant principal components is not correlated with
the sensitivity of the cells. Richmond and Optican (1987) found the 21 cells
they were analyzing fell into two groups based on their principal compo-
nents: a tonic group with sustained responses after onset or a phasic group
with a shorter burst of activity after stimulus onset. That clear distinction
is not seen in these STPa cells’ components. This may be in part because
STPa is a distinct area from those studied by Richmond and Optican. How-
ever, the components under consideration here were only those that had
been found to distinguish among the stimuli. They were not always the
first few principal components, which is where the tonic/phasic distinction
was originally drawn by Richmond and Optican. Thus, the DIS analysis
performed onperformed on the PCA data permits the unbiased discovery
of other components, which may be more complicated than a simple phasic-
tonic parcelation.

A single optimal timescale for the analysis is not obvious from these
data. A few cells showed the same stimulus selectivity across the different
temporal scales, but most cells had limited temporal scales over which they
were selective. The preferred timescale, however, varied by cell and by
whether a single time window was being considered (in the DIS analysis)
or a linear combination of time windows (in the PCA analysis).

That a cell may be able to distinguish among stimuli at one timescale but
not another is not implausible. The multiple timescales over which a cell
might be significant tended to be similar—30 and 40 ms bins, for example,
or 50 ms and greater, but not 30 ms and 100 ms with no significant results at
the intervening timescales. And the results across the different significant
bin sizes could agree quite dramatically, as shown in Figures 3 and 4. There
are clearly different synaptic mechanisms that could exploit these different
timescales (cf. AMPA and NMDA receptor dynamics).

This is in contrast to a cell having multiple significant time windows or
components at a given timescale. As the second example cell (M4R047012)
showed, it is possible for a cell to be selective among the stimuli early after
the stimulus onset and to show either the same or a different selectivity,
again in a much later time window. Also, multiple significant components
at a single timescale need not show the same pattern of scores for the stimuli.
This might indicate a cell is doing double duty as a sensor, able to indicate
multiple characteristics of the stimuli with the same firing pattern.

There did not appear to be an argument for using the discriminant anal-
ysis rather than the PCA and discriminant analysis, or vice versa, from
these data. The analyses reflect different information about a cell’s response
to the stimulus, and the results did not always agree. The reason for this
disagreement may be found by considering what each analysis does. The
discriminant analysis alone found cells’ firing rates within those single time
windows, which could discriminate among the optic flow stimuli. The PCA
analysis extracted a set of common components or dimensions, which de-
scribe the firing-rate data, and the scores on those components reflect overall
variation from the cell’s average firing pattern across trials. If the scores are
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similar for different presentations of the same stimulus, then the cell is de-
viating from its average firing pattern in a similar way for that stimulus.
The DIS analysis found slightly more significant cells at most time bin sizes,
and a cell with a significant DIS result is more intuitively understandable.
At a certain moment in time after stimulus onset, the cell’s firing rate dis-
tinguishes among the stimuli. But the DIS analysis alone misses cells whose
firing rate is affected by the stimulus type, but not clearly in a single time
window. For that cell, the PCA+DIS method is a necessary second level of
analysis to determine its selectivity.

In summary, these temporal analyses find selectivities in the dynamic
modulation of cell firing rates, which the mean firing-rate analysis will miss.
It is not necessary to determine significant selectivity first and then perform
a temporal or information-theoretic analysis on the neural response. The
temporal pattern can be extracted using a principal components analysis
and classical discriminant analysis applied to determine a cell’s tuning.
This method yields a more complex picture of the cell than a dichotomous,
responsive/nonresponsive classification.

These results are not an argument for precise spike timing; indeed, the
fact that a cell’s response to the stimuli is the same whether considered
with 40, 50, or 75 ms bins, for example, might argue there is a certain
amount of imprecision in the precise spikes for these cells. This is in line
with earlier studies (Heller, Hertz, Kjaer, & Richmond, 1995; Victor & Pur-
pura, 1996) that argued for a minimal temporal precision of 10 to 50 msec
for primary and temporal lobe. These results are an argument for includ-
ing temporal analyses in the standard cell analyses to determine stimu-
lus selectivities and responsiveness. Given that stimulus selectivity may
vary in time, the search for the single stimulus a particular cell best re-
sponds to may evolve into the search for how neurons use multiple time
dimensions to signal the complex multidimensional aspect of the real visual
environment.
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