
Discriminant analysis as a method for
assessing topographic organization 

Anthony Jack1, Chad Sylvester2, Gordon Shulman3, Maurizio Corbetta2,3,4

1. Department of Cognitive Science, Case Western Reserve University; 2. Department of Radiology, 3. Department of Neurology, 4. Department of Anatomy & Neurobiology, Washington University School of Medicine

Department of Cognitive Science

Transdisciplinary approaches to the mind

Why does it matter?
BOLD can tell us what neurons are coding
If topography of any sort is present, then individual neurons must be selective to the relevant 
dimension. Topographic organization therefore provides a link between what can be found 
using fMRI and electrophysiological methods.
e.g. BOLD shows clear retinotopic maps in V1 => neurons have highly selective receptive fields.
Topographic organization reflects computation
The type of topographic organization gives further information about computation in area. 
Neuronal organization presumably aims to minimize high metabolic cost of connectivity 
(Chklovskii & Koulakov, 2004) ie. “Neurons that talk together, sit together”
e.g. (i) V1 neurons talk primarily to other neurons representing nearby space => V1 neurons do 
computations that are highly local in visual space (ii) V1 neurons representing different 
orientations have a pinwheel structure => neurons engaged in computing complex edges Both 
these aspects of V1 topographic organization are consistent with a view of V1 as computing 
local visual features.
e.g. Neurons in areas mediating selective attention may need to talk to neurons representing 
distant parts of space => selection of single focus of attention requires computation that is 
global in visual space?
Topography is widespread
Visual field organization is the best studied ‘test case.’ However, these tools may be applied to 
other dimensions, shedding light on other types of computation. Topographic organization 
involves numerous different dimensions (e.g. see Neuron October 2007 “Reviews on Neural 
Maps”). While many maps are created by specific epigenetic processes, some may be arise 
purely from activity-dependent synaptic changes (Schulz & Reggia, 2005). Topographic 
organization may even occur for abstract ‘cognitive’ dimensions (e.g. social dimensions such as 
‘proximity to self’?). 

What is the problem?
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Fig. 1: How can we distinguish these cases?
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To date, most studies of visual field topography have relied on qualitative inspection of color-
coded maps generated by phase-encoding procedures. However, these maps can be 
misleading (see box ‘problems with phase encoding’). There is evidence that areas outside 
occipital cortex have a strong contra-lateral bias but weak or absent topographic organization. 
We want a quantitative and statistically rigorous method that can differentiate between different 
types of topographic organization (see figure 1 above).

Problems for phase encoding

Illustration of (polar angle) phase encoded maps  adapted from
Figure 4 of ‘Visual Topography of Human Intrapariatal Sulcus’  
Swisher, Halko, Merabet, McMains & Somers (2007) J. Neurosci.

The most commonly used methodology for studying 
topographic organization in the human brain is 
phase encoding. A stimulus is rotated around the 
visual field at a fixed frequency (usually ~ once 
every 30 secs or 0.03Hz). Researchers then look for 
areas of the brain that demonstrate BOLD 
modulation at that frequency. Where there is 
significant modulation, a color-coded map is created 
depending on the phase of the modulation. 
Researchers then look for patterns in the maps that 
are created. It is commonly assumed that distinct 
cortical areas can be defined in parietal and frontal 
areas by looking for patterns similar to those seen in 
early visual areas. The usual assumption is that 
distinct cortical areas will contain full hemi-field maps 
and that their borders will be marked by phase 
reversal with contiguous areas. However, phase-
encoding methods suffer from a number of potential 
problems:

•Maps are highly variable between individuals, and often highly irregular
within individuals. Results from different laboratories appear to have 
inconsistencies. At first there was a claim of one distinct hemi-field map in 
IPS, separate from visual areas.  Then there was a claim of two areas. Now 
some laboratories claim that phase encoding reveals as many as five 
contiguous but distinct visual areas running from V3A along IPS.
•The methodology involves stimulation at a fixed frequency. This is usually 
avoided in BOLD studies because of the likelihood of artifacts due to 
aliasing. One recent phase-encoding study reported that data from 5 out of 
20 subjects demonstrated spurious significance that was widespread over the 
brain (Hagler and Sereno 2006).
•The false alarm rate for phase maps is hard to determine analytically, and 
has yet to be established empirically.
•With the exception of V1, the assumption that distinct cortical regions can be 
identified using phase-encoding has yet to be validated against any external 
criterion. 
•The approach is assumption-driven: the expectation is that areas will 
possess gross topography similar to that seen in early visual areas. The 
methodology is not well suited to identifying other types of organization (i.e. it 
can’t easily distinguish cases in Figure 1 above).

Experimental Design
BOLD was collected using a 3T Siemens Allegra with voxel size 3.25x3.25x3.25mm. Data was 
realigned and resampled to 3x3x3mm voxels, but otherwise unsmoothed. Three subjects 
participated in a delayed saccade task, in which bottom-up (visual stimulation) and top-down 
(memory/ attention) factors were combined to reveal visual field organization in both early 
(occipital) and higher (parietal/ frontal) brain areas. The six target areas were evenly spaced by 
polar angle, 3 locations per field, ~7 degrees eccentricity. Activity related to each target area 
was estimated relative to a resting fixation baseline using a design with variable delays between 
blocks to prevent aliasing. Subjects participated in 36 scanner runs, yielding 36 independent 
estimates of activity associated with the 6 locations (6*36=216 estimates in total). Further 
details and voxel-wise analyses of the data can be found in (Jack, Patel et al. 2007) 
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Fig. 2: Experimental Task
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Discriminant analysis is a method for predicting group membership from predictors. It involves 
two stages. First a set of predictors is generated from a training set. Then a test set is fed in, 
and a prediction is generated about which group that test item falls into. In a simple case, we 
can think about applying discriminant analysis to data from a single voxel. The training set may 
reveal e.g. that activity is generally higher in that voxel when the target is in the contralateral
visual field, and lower when it is in the ipsilateral visual field. The predictors will reflect this 
tendency. When a test item is fed in, the prediction will be that it corresponds to a contralateral
target if the activity in the voxel is high, and ipsilateral if it is low. If the tendency seen in the 
training set is reliable, then this prediction should be correct more than 50% of the time.

The advantage of   discriminant   analysis, as opposed to traditional methods such as ANOVA and 
t-tests, is that it can capture patterns that vary over      voxels.. Local spatial variations are the mark 
of topographic organization. If voxel 1 responds more to target location a, and voxel 2 more to 
target location b, then the predictors can make use of those differential responses to accurately 
discriminate between the target locations.

WHAT is discriminant analysis,
 and WHY use it?
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Conclusions
•>>Well defined topography of early visual areas is reflected in higher accuracy discriminating 
positions within the contralateral visual field, as opposed to across fields.
•>>Outside occipital cortex discriminating between fields may be more accurate than 
discriminating between locations within fields, indicative of a shift in topographic organization 
from contralateral maps to contralateral preference.
•>>In intraparietal sulcus, topographic organization does not appear to be continuous. A distinct 
region can be isolated on the basis of contralateral preference. This region shows evidence of a 
contralateral map in some subjects, not in others.

The discriminant analysis always involved comparisons 
between two visual field locations. We used a ‘leave one out’
validation method, in which data from 35 of the scanner runs 
was used as a training set to generate predictors, then these 
predictors were used to categorize the data from the remaining 
scanner session (two data points, one corresponding to each 
visual field location). The process was iterative, so that each 
scanner session was left out once. The average and standard 
deviation corresponding to contralateral, across and ipsilateral
(not shown) comparisons was calculated over the entire group 
of data points (2), training sets (36) and visual field 
comparisons (2) – a total of 144 binary observations. An 
approximate z-score was calculated as:
(mean - 0.5)/(standard error of the mean). 

Comparisons

We made a series of comparisons between 
equally spaced visual field locations, thus 
ensuring that each comparison was statistically 
equivalent and that any differences could not be 
accounted for by variations in the size of receptive 
fields of individual neurons. Any differences 
observed would reflect differences in organization. 
Areas containing topographic maps of the 
contralateral visual field (Figure 1, left) should 
have highest accuracy for the contra comparisons. 
Areas with contralateral preference but no within 
field map (Figure 1, middle) should have greater 
accuracy for across comparisons than for contra 
comparisons. Areas with no topography (Figure 1, 
right) should have chance accuracy for both types 
of comparison. Ipsi comparisons served as a 
control – we did not expect to find cortical areas 
able to discriminate ipsilater visual field locations.

Whole brain analysis
3x3x3 voxels
plus 6 = 33 

The analysis proceeded by calculating one set of values 
corresponding each voxel that intersected the cortical 
surface (see right figure above). For each such voxel, 
data was considered from a spatially extended cube 
comprising 33 voxels, centered on the voxel (see left 
figure above). The data was first normalized so that there 
were no mean differences in activity associated with 
different visual field targets. Normalization ensured that 
the discriminant analysis was only sensitive to 
topographic organization i.e. to signals that varied 
over the spatial extent of the region. The values 
calculated by considering the extended region were then 
returned to the central voxel, creating a set of new volume 
images. These statistical volume images were then 
mapped onto the cortical surface for visualization.


