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Allen Brain Observatory 

TECHNICAL WHITEPAPER: 

STIMULUS SET AND RESPONSE ANALYSIS 

 

INTRODUCTION 

The inaugural release of the Allen Brain Observatory characterizes single cells and populations of cells by the 

responses of neurons in the mouse visual cortex to a range of visual stimuli.  

Neurons throughout the visual system have typically been characterized by their receptive field (Hubel and 

Wiesel, 1962; Kuffler, 1953). The receptive field is a property of a neuron computed from measured 

responses that summarizes the features of the visual stimuli that drive that cell’s activity.  In its simplest form, 

a cell’s receptive field is the region in visual space where a visual stimulus will elicit a response from the cell. 

The earliest cells in the visual pathway respond to spots of light or dark, and thus are described by circular 

spatial receptive fields. An early and famous finding in visual neuroscience is that there are neurons in the 

visual cortex that respond to oriented bars of light or dark against dark or bright backgrounds, respectively, 

rather than spots (Hubel and Wiesel, 1962). Further, there are even cells that respond to the movement of 

bars of light or dark, showing selectivity for motion in specific directions.  These responses indicate that more 

sophisticated spatial and temporal structure is required to describe the receptive fields of these cells. A 

general observation from mammalian vision is that higher visual areas tend to respond to more complex 

aspects of the visual field relative to lower areas. These differences indicate that the different neurons and 

visual areas have distinct functional properties (Andermann et al., 2011; Marshel et al., 2011). By exploring 

the relationship between the spatial and temporal response characteristics of visual neurons, the Allen Brain 

Observatory aims to characterize these properties throughout the mouse visual cortex, and explore the 

progressive coding of visual information in this pathway. 

The spatial and temporal receptive field of neurons in the visual cortex can be parameterized efficiently and 

systematically using synthetic stimuli. Here we use sinusoidal gratings (both drifting and static) and locally 

sparse noise (Fig. 1A-C). The grating stimulus is a simple pattern whose intensity varies periodically along one 

dimension, and is constant in the other dimension. The grating can vary in its spatial frequency (the period of 

the grating), temporal frequency (the speed at which the grating moves), and orientation (the angle of the 

grating). By systematically surveying these parameters, we can characterize the temporal and spatial response 

profiles, allowing us to, for example, identify a cell’s preferred orientation as well as its preferred spatial and 

temporal frequencies. The cells’ receptive fields can be further measured using the locally sparse noise 

stimulus. This stimulus flashes white or black spots in different parts of visual space. By characterizing the 

responses to these spots across the visual field, the spatial size and shape of the receptive field can be mapped, 

and we do so separately for both white (“On”) and dark (“Off”) stimuli. Collectively, these response 

characteristics can be used to build an initial map of functional properties throughout the cortical circuit. 

Receptive fields measured using synthetic stimuli, such as gratings and noise, often produce models that fail 

to predict responses to natural stimuli (David et al., 2004). This is, in part, because natural stimuli are more 
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complex, and contain strong correlations in both time and space that are absent from the simple synthetic 

stimuli. In order to explore neural response to natural stimuli, we employ both flashed natural scenes and 

several natural movie clips (Fig. 1D, E). These stimuli allow us to measure cell’s responses to natural scenes 

and to explore non-linear processing in their receptive fields. 

This set of responses to these synthetic and natural stimuli provides us with a way of characterizing the activity 

of cells across the mouse visual cortex and feeds into both our efforts and the efforts of the field to build models 

of the visual system and of neural computation.   

 

FIGURE 1. Stimulus set for the Allen Brain Observatory – Visual Coding. A) Drifting gratings B) Static gratings C) Locally sparse noise 

D) Natural scenes E) Natural movies. 

Visual Stimulus Hardware 

Visual stimuli were generated using custom scripts written in PsychoPy (Peirce, 2007, 2008) and were displayed 

using an ASUS PA248Q LCD monitor, with 1920x1200 pixels. The monitor was positioned 15 cm from the 

mouse’s eye, and spanned 120° X 95° of visual space without accounting for stimulus warping. 

Each monitor was gamma corrected using a USB-650 

Red Tide Spectrometer (Ocean Optics).  Luminance was 

measured using a SpectroCAL MKII Spectroradiometer 

(Cambridge Research Systems). Monitors were used at 

a Brightness setting of 30% and Contrast at 50%, 

corresponding to a mean luminance of 50 cd/m2 (Fig. 

2).  

Figure 2.  Luminance values for the monitors used on the two 
imaging systems.  Stimulus input -1 is black, 0 is mean gray, 1 is 
white. 
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Visual Stimulus Warping 

To account for the close viewing angle of the mouse, a spherical warping was applied to all stimuli to ensure 

that the apparent size, speed, and spatial frequency were constant across the monitor as seen from the mouse’s 

perspective (Fig. 3). The function for this warping is included in the Software Development Kit (AllenSDK).  

FIGURE 3.  Demonstration of stimulus warping. Top, unwarped images. Bottom, warped images. 

 

VISUAL STIMULUS DEFINITION 

To characterize the visual responses of neurons in the mouse visual cortex, a battery of stimuli were used that 

included drifting gratings, static gratings, locally sparse noise, natural scenes and natural movies (Fig. 1). In 

addition, imaging was performed during epochs of spontaneous activity, and running speed and eye movement 

were measured throughout all imaging.  

To characterize responses to the entire visual stimulus set described here, the visual stimuli were broken into 

three imaging sessions (Fig. 4). Each session contained a combination of stimuli that were broken into 

segments of 5-13 minutes and interleaved with each other. Additionally, each session contained at least one 5 

minute epoch of spontaneous activity and a complete presentation of the Natural Movie 1 stimulus.   
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Figure 4. Sequence of visual stimuli across three sessions. 

 

Drifting Gratings 

Stimulus 

This stimulus was used to measure the direction tuning, orientation tuning and temporal frequency tuning of 

the cells.  

The stimulus consisted of a full field drifting sinusoidal grating at a single spatial frequency (0.04 

cycles/degree) and contrast (80%). The grating was presented at 8 different directions (separated by 45°) and 

at 5 temporal frequencies (1, 2, 4, 8, 15 Hz). Each grating was presented for 2 seconds, followed by 1 second 

of mean luminance gray before the next grating. Each grating condition (direction & temporal frequency 

combination) was presented 15 times, in a random order. There were blank sweeps (i.e. mean luminance 

gray instead of grating) presented approximately once every 20 gratings. 

The total stimulus duration was 31.5 minutes. 

Analysis 

For each trial, the ∆F/F for each cell was calculated using the mean fluorescence of the preceding 1 second as 

the baseline Fo (Fig. 5A).  
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The evoked response was defined as the mean ∆F/F during the grating presentation (Fig. 5B). Each grating 

condition was presented 15 times, and the responses to all presentations were averaged together. The 

preferred direction and temporal frequency condition was identified as that grating condition that evoked the 

largest mean response. 

 

Figure 5. Calculating the response to each stimulus presentation. A) Raw fluorescence of a cell aligned to the presentation of a 
drifting grating stimulus (from time 0-2s). The mean fluorescence during the preceding 1 s (shaded gray, dashed line represents the 
mean) is used as the baseline Fo to compute ∆F/F. B) ∆F/F during presentation of drifting grating. The mean ∆F/F during the grating 
presentation (shaded gray, dashed line represents the mean) defines the evoked response of this cell to this grating. Grating presentation 
occurs during the time indicated by the blue bar. 

 

Metrics (see Table 1) 

The orientation selectivity index (OSI) was computed as 

𝑂𝑆𝐼 =
𝑅𝑝𝑟𝑒𝑓 − 𝑅𝑜𝑟𝑡ℎ

𝑅𝑝𝑟𝑒𝑓 + 𝑅𝑜𝑟𝑡ℎ

 

where Rpref is the mean response to the preferred orientation at the preferred temporal frequency and 𝑅𝑜𝑟𝑡ℎ is 

the mean response to the orthogonal directions. 

Orientation tuning was also measured using the circular variance metric (Ringach et al., 1997) defined as: 

𝐶𝑉 =  
∑ 𝑅𝜃𝑒2𝑖𝜃

∑ 𝑅𝜃

 

where 𝑅𝜃 is the mean response to grating at direction  at the preferred temporal frequency. 

Direction selectivity index (DSI) was computed as 

𝐷𝑆𝐼 =  
𝑅𝑝𝑟𝑒𝑓 − 𝑅𝑛𝑢𝑙𝑙

𝑅𝑝𝑟𝑒𝑓 + 𝑅𝑛𝑢𝑙𝑙

 

where Rnull is the mean response to the opposite direction at the preferred temporal frequency. 
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To determine if a cell was significantly responsive to the drifting grating stimulus, a one-way ANOVA was 

computed comparing the evoked responses to all of the 40 drifting grating stimulus conditions (8 directions x 5 

temporal frequencies) as well as the blank sweep. A cell with a p-value less than 0.05 was considered to be 

responsive to this stimulus.  

For each trial of each grating, a one-way ANOVA was computed comparing the ∆F/F values during the 

preceding 1 second inter-grating gray with those during the 2 second grating. Any trial with a p-value less than 

0.05 was considered to be a significant trial. For each cell, the reliability is defined as the percent of trials at 

the preferred condition that had a significant response. 

The mean running speed of the mouse was computed for each grating presentation. To calculate the running 

modulation, the presentations of the preferred grating condition (peak direction and temporal frequency) were 

broken into “stationary” trials (those when the speed was less than 1 cm/s) and “running” trials (those when 

the speed was greater than 1 cm/s). Provided that there were at least 10% of trials in each condition, the 

running modulation was defined as the ratio of the mean response during running trials to the mean response 

during stationary trials. The p_run value reports the p-value of the KS statistic comparing the mean responses 

of the stationary trials to the mean responses of the running trials. 

Visualization 

Each cell’s response to the drifting grating stimulus is represented on a “Star plot” (Fig. 6), capturing the 

orientation and temporal frequency tuning as well as the trial-to-trial variability of responses to each stimulus 

condition. Each arm of the plot represents one of the directions of the grating while each ring represents the 

temporal frequency of the grating, with the lowest temporal frequency at the center and the highest temporal 

frequency on the outside. At each intersection are fifteen dots, each representing the cell’s response to an 

individual trial of that stimulus condition. The intensity of each dot corresponds to the strength of the cell’s 

response to that trial and the dots are organized with the strongest response in the center and weaker 

responses spiraling outward. The color scale ranges from white, which is the mean response to the blank 

sweep, to dark red, which is three standard deviations above the mean response to all stimulus conditions 

together.  

 

 

Figure 6: The Star plot captures the response of a neuron to drifting gratings. 
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Static Gratings 

Stimulus 

This stimulus was used to measure the spatial frequency tuning and the orientation tuning of the cells, 

providing a finer measurement of orientation than provided from the drifting grating stimulus.  

The stimulus consisted of a full field static sinusoidal grating at a single contrast (80%). The grating was 

presented at 6 different orientations (separated by 30°), 5 spatial frequencies (0.02, 0.04, 0.08, 0.16, 0.32 

cycles/degree), and 4 phases (0, 0.25, 0.5, 0.75). The grating was presented for 0.25 seconds, with no inter-

grating gray period. Each grating condition (orientation, spatial frequency, and phase) was presented ~50 

times in a random order. There were blank sweeps (i.e. mean luminance gray instead of grating) presented 

roughly once every 25 gratings. 

The total stimulus duration was 26 minutes.   

Analysis 

For each trial, the ∆F/F for each cell was calculated using the mean fluorescence of the preceding 1 second as 

the baseline Fo. As there is no inter-grating gray period, this 1 second window spans 4 different grating 

presentations. The evoked response to each grating was defined as the mean change in fluorescence during 

the 0.5 second period following the start of the grating presentation compared to the 1 second preceding the 

grating presentation (Fig. 7). This 0.5 second window was chosen to accommodate the kinetics of the GCaMP6f 

indicator. The window spans both the presentation of the specified grating and the following grating. Each 

grating condition was presented ~50 times, and the responses to all presentations were averaged together. As 

the gratings are presented in random order, any effects of the different grating conditions preceding or following 

the specified grating should average out across the 50 trials. The preferred orientation, spatial frequency and 

phase conditions were identified as the grating condition that evoked the largest mean response. 

 

Figure 7 Calculating response to flashed stimuli. ∆F/F during 
presentation of a flashed stimulus (eg. static grating). Stimulus 
transitions are indicated by the vertical dotted lines. For a specific 
stimulus trial, which starts at t=0, Fo is calculated as the mean 
fluorescence during the preceding 1 second. The mean ∆F/F 
during the gray shaded time defines the evoked response of this 
cell to this stimulus trial (dashed line represents the mean). 

 

 

 

 

Metrics (see Table 1) 

The orientation selectivity index (OSI) was computed as: 

𝑂𝑆𝐼 =
𝑅𝑝𝑟𝑒𝑓 − 𝑅𝑜𝑟𝑡ℎ

𝑅𝑝𝑟𝑒𝑓 + 𝑅𝑜𝑟𝑡ℎ

 

where Rpref is the mean response to the preferred orientation at the preferred spatial frequency and phase and 

𝑅𝑜𝑟𝑡ℎ is the response to the orthogonal directions. 
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To determine if a cell was significantly responsive to the static grating stimulus, a one-way ANOVA was 

computed comparing the responses to all of the 120 different grating conditions (6 orientation X 5 spatial 

frequencies X 4 phases). A cell with a p-value less than 0.05 was considered to be responsive to this stimulus. 

For each trial of each grating, a one-way ANOVA was computed comparing the ∆F/F during the 1 second 

preceding the grating presentation with the ∆F/F during the 0.5 second response period. Any trial with a p-value 

less than 0.05 was considered a significant trial. For each cell, the response variability is the percent of trials 

that had a significant response at the preferred condition. 

For the preferred stimulus condition, the time-to-peak was measured as the time of the peak of the mean 

response relative to the onset of the grating presentation. 

The mean running speed of the mouse was computed for each grating presentation. To calculate the running 

modulation, the presentations of the preferred grating condition (preferred orientation, spatial frequency and 

phase) were broken into “stationary” trials (those when the speed was less than 1 cm/s) and “running” trials 

(those when the speed was greater than 1 cm/s). Provided that there were at least 10% of trials in each 

condition, the running modulation was defined as the ratio of the mean response during running trials to the 

mean response during stationary trials. 

Visualization 

Each cell’s response to the static grating stimulus is represented in a “Fan plot” (Fig. 8), capturing the 

orientation and spatial frequency tuning as well as the trial-to-trial variability of the responses to each stimulus 

condition. Each arm of the plot represents one of the grating orientations while each arc represents a spatial 

frequency, with the lowest spatial frequency near the center and high frequencies radiating outward. At the 

intersections of these axes are four lobes, each corresponding to a different phase. Each lobe contains an 

array of dots, the color and intensity of which correspond to the strength of the response to each trial. The 

dots are organized with the strongest response in the center and weaker responses spiraling outward. The 

color scale of the dots ranges from white, which is the mean response to the blank sweep, to dark red, which 

is three standard deviations above the mean response to all stimulus conditions together. 

 

 

  

  

Figure 8: The fan plot captures the spatial frequency and orientation tuning of a cell.  
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Locally Sparse Noise 

Stimulus 

This stimulus was used to measure the spatial receptive field, including both on and off subunits.  

The stimulus consisted of a 16 x 28 array of pixels, each 4 degrees on a side. For each frame of the stimulus 

(which was presented for 0.25 seconds), a small number of pixels were white and a small number were black, 

while the rest were mean gray. The white and black spots were distributed such that no two spots were within 

20 degrees of each other. Each time a given pixel was occupied by a black (or white) spot, there was a 

different array of other pixels occupied by either black or white spots. As a result, when all of the frames when 

that pixel was occupied by the black spot were averaged together, there was no significant structure 

surrounding the specified pixel (Fig. 9). Further, the stimulus was well balanced with regards to the contrast of 

the pixels, such that while there was a higher probability of a pixel being occupied just outside of the 20-

degree exclusion zone, the probability was equal for pixels of both contrast (Fig. 10).    

 

Figure 9. Locally sparse noise stimulus structure A) Eight frames of the locally sparse noise stimulus when the central pixel was 
occupied by a black spot. B) The average of all of the frames when the central pixel was occupied by a black spot. 

 

Each frame of the stimulus has ~11 spots (mean 11.4 ± 1.3 st dev) including both white and black. Each pixel 

was occupied by white and black pixels a variable number of times (mean 115 ± 11 (st. dev) for both white 

and black independently), and the mean intensity for each pixel was close to zero (mean 0.000013 ± 0.0016). 

The total stimulus duration was 37.5 minutes. 
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Figure 10. Probability of a pixel being occupied by a 
white (w) or black (b) square as a function of distance 
from the “central” pixel. The exclusion zone of 5 pixels 
is very clear. There is a higher probability of pixels just 
outside of the exclusion zone being occupied than further 
away. The probability of pixels being occupied, however, 
is the same regardless of the contrast of the central and 
outer pixel, such that a false surround receptive field 
structure is not expected to result from the stimulus 
statistics. 

 

 

Analysis 

For each pixel location, the stimulus frames were identified when that pixel was black and when it was white. 

For each of those frames, the ∆F/F for each cell was calculated using the mean fluorescence of the preceding 

1 second as the baseline Fo. As there is no inter-grating gray period, this 1 second window spans 4 different 

stimulus frames. The evoked response to each frame was defined as the mean change in fluorescence during 

the 0.5 second period following the start of the frame compared to the 1 second preceding the frame (Fig. 6). 

This 0.5 second response period spans both the presentation of the specified frame and the following frame. 

All of the stimulus frames when that pixel was occupied by that contrast pixel were averaged together such that 

effects of other pixels occupied in that frame should be minimized. 

Visualization 

The spatial receptive field of each cell is represented by two “Pincushion plots”, capturing the On and Off 

responses across the visual field (Fig. 11). For all pixel locations, each trial when that location was occupied by 

a given contrast is represented by a dot, the intensity of which corresponds to the strength of the cell’s response 

to that trial. The responses to the white pixels (On response) are represented in red and the responses to the 

black pixels (Off response) are in blue. This visualization captures the cell’s spatial receptive field by revealing 

local regions where the cell has stronger responses to either the white or black stimuli (On or Off subunits 

respectively), as well as revealing areas where the cell’s activity is suppressed by either the white or back 

stimuli. The colorscale for the dots ranges from white to dark red or blue. The white value is set by the mean 

response to all of the trials when the five pixels in the bottom of the right column are occupied by either a white 

or a black pixel. These pixels fall off the monitor when the stimulus is warped, so there should be no response 

to these trials on average. The darkest red, or blue, is set to three standard deviations above the mean response 

to all trials. 

Figure 11. The Pincushion Plot represents responses to On and Off Stimuli 

 

Due to the warping of the stimulus (see above), the outer most columns of the stimulus array fall off the monitor. 

Because of this, the “Pinchusion” plots apply a mask to the data, only showing those locations that remain on 
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the monitor following warping. The receptive field array that is accessible via the AllenSDK can be accessed 

with or without this mask.  

Natural Scenes  

Stimulus 

Receptive fields measured using synthetic stimuli, such as gratings and noise, often fail to predict responses 

to natural stimuli (David et al., 2004). This stimulus allows us to measure cells’ responses to natural scenes to 

explore non-linear processing in their receptive fields. 

The stimulus consisted of 118 natural images. Images 1-58 were from the Berkeley Segmentation Dataset 

(Martin et al., 2001), images 59-101 from the van Hateren Natural Image Dataset (van Hateren and van der 

Schaaf, 1998), and images 102-118 are from the McGill Calibrated Colour Image Database (Olmos and 

Kingdom, 2004). The images were presented in grayscale and were luminance-matched, contrast normalized 

and resized to 1174 X 918 pixels.  

The images were presented for 0.25 seconds each, with no inter-image gray period. Each image was 

presented ~50 times, in random order, and there were blank sweeps (i.e. mean luminance gray instead of an 

image) roughly once every 100 images  

Analysis 

For each trial, the ∆F/F for each cell was calculated using the mean fluorescence of the preceding 1 second as 

the baseline Fo. As there is no inter-image gray period, this 1 second window spans 4 different image 

presentations. The evoked response to each image presentation was defined as the mean change in 

fluorescence during the 0.5 second period following the start of the image presentation compared to the 1 

second preceding the image presentation (Fig. 7). This 0.5 second response period spans both the presentation 

of the specified image and the following image. Each image was presented ~50 times, and the responses to all 

presentations were averaged together. As the images were presented in random order, any effects of the 

different images preceding or following the specified image should average out across the 50 trials. The 

preferred image was identified as the image that evoked the largest mean response. 

Metrics (see Table1) 

To determine if a cell was significantly responsive to the natural scene stimulus, a one-way ANOVA was 

computed comparing the responses to all of the 118 different images. A cell with a p-value less than 0.05 was 

considered to be responsive to this stimulus. 

For each presentation of each image, a one-way ANOVA was computed comparing the ∆F/F during the 1 

second preceding the image presentation with the ∆F/F during the 0.5 second response period. Any trial with a 

p-value less than 0.05 was considered a significant trial. For each cell, the reliability is the percent of trials that 

had a significant response at the preferred condition. 

For the preferred image, the time-to-peak was measured as the time of the peak of the mean response relative 

to the onset of the image presentation. 

The mean running speed of the mouse was computed for each image presentation. To calculate the running 

modulation, the presentations of the preferred image were broken into “stationary” trials (those when the 

speed was less than 1 cm/s) and “running” trials (those when the speed was greater than 1 cm/s). Provided 

that there were at least 10% of trials in each condition, the running modulation was defined as the ratio of the 

mean response during running trials to the mean response during stationary trials. 

Visualization 

Each cell’s response to the natural scenes is captured by a “Corona plot,” that captures the response to each 

image as well as the trial-to-trial variability of those responses (Fig. 12). The responses to all trials of a given 

image are represented by dots arranged as a ray extending from the center circle. The intensity of each dot 
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corresponds to the cell’s response to that trial, with the strongest response closest to the center and weaker 

responses radiating outward. The color scale of the dots ranges from white, which is the mean response to 

the blank sweep, to dark red, which is three standard deviations above the mean response to all stimulus 

conditions. 

 

 

Natural Movies 

Stimulus 

This stimulus was used to measure responses to natural movies.  

Three different clips were used from the opening scene of the movie Touch of Evil (Welles, 1958). This was 

chosen as it is a long take with a range of different features and scales of motion. Natural Movie 1 and Natural 

Movie 2 were both 30 second clips while Natural Movie 3 was a 120 second clip. All clips had been contrast 

normalized and were presented in grayscale at 30 fps. Each movie was presented 10 times in a row with no 

inter-trial gray period. 

Analysis 

As of the June 2016 data release, no quantitative analysis of the natural movie responses has been done.  

Visualization 

Each cell’s response to the natural movies are represented by the “Track plot”, capturing the response to 

each of the 10 presentations of the movie clip (Fig. 13). Each ring of the plot represents the cell’s ΔF/F 

response to a single trial, represented as a heatmap binned in 1 second intervals. The movie begins at the top 

of the plot and proceeds clockwise around the circle. The inner rings, in red, show the responses to each of 

the 10 trials, while the outer blue ring represents the averaged response. The color scale ranges from white, 

which is ΔF/F=0, to dark red (or blue) which is three standard deviations above the mean response.   

Figure 12: The Corona Plot represents responses to natural scenes 
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Spontaneous Activity 

Stimulus 

This stimulus was used to record activity from neurons when there is no visual stimulus being presented.  

The stimulus was 5 minutes of mean luminance gray. 

Analysis 

As of the June 2016 data release, no quantitative analysis of the spontaneous activity has been done. 

Speed Tuning 

Mice were positioned on a running disk during the imaging sessions, and a magnetic shaft encoder (US Digital) 

attached to this disk recorded the running speed of the mouse during the experiment at 60 samples per second. 

The running speed was down-sampled to match the timing of the 2-photon imaging (30 Hz). 

Analysis 

The tuning of cell activity to the mouse’s running speed was quantified using a method similar to that found in 

Saleem et al. (Saleem et al., 2013). For each session the activity during the spontaneous activity epoch(s) was 

analyzed independently from the rest of the session during which visual stimuli were present. The data was 

rank-sorted by the mouse’s running speed, and discretized into a number of bins. The time points when the 

running speed was less than 1 cm/s were put into a single bin. All other time points were broken into equally 

sized bins containing 900 points. For each bin, the mean and standard error of the mean were calculated for 

both the running speed and the ∆F/F of each cell.  

Metrics (see Table 1) 

The running speed that elicited the largest ∆F/F and the smallest ∆F/F is reported separately for speed tuning 

during visual stimuli and during spontaneous activity. 

Figure 13: The track plot represents the responses to natural movies. 
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Visualization 

Each cell’s speed tuning is represented on a plot of the mean ∆F/F as a function of the mouse’s running speed 

(Fig. 14), made by interpolating between the bins of running data described above. The stationary bin (speed 

<1 cm/s) is represented by a large dot. The speed tuning during visual stimuli is plotted in red, while the speed 

tuning during the spontaneous activity epoch(s) is shown in blue. The maximum running speed and the largest 

DF/F are indicated on the x and y-axes respectively. 

 

Figure 14. The speed tuning plot The mean change in fluorescence (%dF/F) plotted as a function of running speed (cm/s). 

Table 1. Computed metrics 

 

Metric Stimulus Description Accessible from 
Preferred direction Drifting Gratings Grating direction at the peak stimulus condition Website, AllenSDK 

Preferred temporal 
frequency 

Drifting Gratings Grating temporal frequency at the peak 
stimulus condition 

Website, AllenSDK 

Peak DFF Drifting Gratings, 
Static Gratings, 
Natural Scenes 

Mean response to peak stimulus condition AllenSDK 

Orientation 
Selectivity Index 

Drifting Gratings, 
Static Gratings 

𝑂𝑆𝐼 =
𝑅𝑝𝑟𝑒𝑓 − 𝑅𝑜𝑟𝑡ℎ

𝑅𝑝𝑟𝑒𝑓 + 𝑅𝑜𝑟𝑡ℎ

 
Website, AllenSDK 

Circular variance Drifting Gratings 
𝐶𝑉 =  

∑ 𝑅𝜃𝑒2𝑖𝜃

∑ 𝑅𝜃

 
AllenSDK 

Direction Selectivity 
Index 

Drifting Gratings 
𝐷𝑆𝐼 =  

𝑅𝑝𝑟𝑒𝑓 − 𝑅𝑛𝑢𝑙𝑙

𝑅𝑝𝑟𝑒𝑓 + 𝑅𝑛𝑢𝑙𝑙

 
Website, AllenSDK 

P_value Drifting Gratings, 
Static Gratings, 
Natural Scenes 

One-way ANOVA comparing all stimulus 
conditions (including blank sweep). 

Website, AllenSDK 

Response reliability Drifting Gratings, 
Static Gratings, 
Natural Scenes 

Percent of trials of the peak stimulus condition 
that have a significant difference between 
stimulus response and preceding one second 
(ANOVA).  

AllenSDK 
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Run modulation Drifting Gratings, 
Static Gratings, 
Natural Scenes 

Ratio of mean response to peak stimulus 
condition when mouse is running (mean speed 
> 1 cm/s) to mean response to peak stimulus 
condition when mouse is stationary (<1 cm/s). 
Only computed if at least 10% of trials in each 
condition. 

AllenSDK 

Run p_value Drifting Gratings, 
Static Gratings, 
Natural Scenes 

KS statistic of mean responses to peak stimulus 
condition when mouse is running (mean speed 
>1 cm/s) compared to mean responses to peak 
stimulus condition when mouse is stationary 
(<1 cm/s). 

AllenSDK 

Preferred 
orientation 

Static Gratings Grating orientation at the peak stimulus 
condition 

Website, AllenSDK 

Preferred spatial 
frequency 

Static Gratings Grating spatial frequency at the peak stimulus 
condition 

Website, AllenSDK 

Preferred phase Static Gratings Grating phase at the peak stimulus condition Website, AllenSDK 

Time-to-peak Static Gratings, 
Natural Scenes 

Time of the peak of the mean response to the 
peak stimulus condition, relative to the onset of 
the stimulus. 

Website, AllenSDK 

Preferred Image Natural Scenes Index of the image that elicits the peak 
response. 

Website, AllenSDK 

Speed max sp 
 

Spontaneous Activity The running speed at which the cell has its 
largest mean ∆F/F, during the spontaneous 
epoch 

AllenSDK 

Speed min sp Spontaneous Activity The running speed at which the cell has its 
smallest mean ∆F/F, during the spontaneous 
epoch 

AllenSDK 

Speed max vis All The running speed at which the cell has its 
largest mean ∆F/F, during visual stimuli 

AllenSDK 

Speed min vis All The running speed at which the cell has its 
smallest mean ∆F/F, during visual stimuli 

AllenSDK 
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