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Abstract— This paper presents an approach for automatically
delineating the borders of human primary visual cortex and
finding ridges of maximal response due to static phase-encoding
stimuli on fMRI t-statistical maps via dynamic programming.
The sensitivity of such an approach to the choice of initial
starting and ending points and the identification of the ridge
path over a wide response region are addressed. Moreover,
retinotopic maps for left and right visual cortex are shown in
a population of two normal subjects.

I. INTRODUCTION

In 1918, Holmes [1] stated that the human primary visual

cortex (V1) is retinotopically organized: adjacent neurons of

the cortex correspond to adjacent locations in the visual field.

Such retinotopic organization is described by eccentricity and

polar angle mappings. The eccentricity mapping indicates

that as a ring travels from the center to the periphery

of the visual field, its representation in the visual cortex

moves anteriorly from the occipital pole. Furthermore, the

polar angle mapping implies that as one shifts from the

upper vertical meridian through the horizontal to the lower

vertical meridian in the visual field, the representation in

the visual cortex moves superiorly from the lingual gyrus

through the calcarine sulcus to the cuneus gyrus. However,

the spatial sampling property, quantified by the linear cortical

magnification factor [2] as the amount of cortex representing

a unit degree of the visual field at a given eccentricity,

was underestimated in the foveal region in early studies.

Horton and Hoyt [3] in 1991 revised the Holmes map by

using MRI. Since then, retinotopic organization in human

V1 has been studied by using both static and traveling

phase-encoding stimuli in fMRI studies [4]–[9]. However,

automatic methods to define the functional borders of V1

and determine the correspondence between visual stimuli

and fMRI statistical maps are still missing. Such methods

are critical for estimating the linear cortical magnification

in human primary visual cortex and they would open new

clinical possibilities for the study of pathologic vision and

inform the development of new strategies for rehabilitation

[10]–[13].

This paper presents a procedure to delineate the borders of

V1 from fMRI response to meridian stimuli and the ridges of

maximal activation due to eccentricity mapping stimuli via

dynamic programming (DP) on the cortical surface. Subjects

view seven annular rings of equal thickness that tile the visual

field from 1.62 to 12.96 degrees of eccentricity, as well as

vertical and horizontal meridia. Functional t-statistical maps

are superimposed on the local coordinate system constructed

from the gray/white matter boundary of the occipital lobe.

The ridge of maximum activation on the surface due to

each ring or wedge is estimated via DP optimization over

all possible paths on the cortical surface. The sequentially

additive costs for the DP are constructed from the maximal

t-statistic superimposed on the local coordinate system.

II. METHODS

A. Preprocessing

For completeness, we briefly describe the procedure for

functional and anatomical MRI analysis.

1) fMRI Experimental Design and Analysis.
Phase-encoded stimuli are used in this study. The V1-

localizer consists of two wedges, each subtending 60

degrees of polar angle. The eccentricity mapping stim-

ulus consists of seven annular rings of equal thickness

that tile the visual field from 1.62 to 12.96 degrees of

eccentricity. All stimuli are composed of 8Hz contrast

reversing radial checkerboards with a central fixation

disk.

Functional time series volumes are preprocessed using

BrainVoyager 2000. Preprocessing steps include: slice

acquisition time correction, within-run motion correc-

tion, temporal high-pass filtering, and temporal low-

pass filtering. Because a bite bar ensures between-runs

head stability, we use only within-runs motion correc-

tion to correct for transient motion as a result of bite

bar disengagement. All analysis is performed within-

subjects. For each subject, all runs of each type are

normalized to a common mean and variance of scan-

ner signal and concatenated. Stimulation and fixation

blocks are modeled by boxcar functions convoluted

with a canonical hemodynamic response function. For

each run type, contrasts between relevant stimulus
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types (V1-localizer: horizontal meridian vs. vertical

meridian; eccentricity stimulus: each ring individually

vs. fixation) are used to generate unthresholded t-
statistical maps.

2) Anatomical MRI Analysis.
We first define the region of interest encompassing

the occipital lobe in the anatomical MRI volume.

Then, a Bayesian segmentation using the expectation-

maximization algorithm to fit the compartmental statis-

tics is used to label voxels as gray matter (GM), white

matter (WM), and cerebrospinal fluid (CSF) in the

subvolume [14], [15]. Surfaces are generated at the

GM/WM interface by the topology-correction method

[16], [17]. For visualization purposes, the cortical

surface is bijectively mapped into the 2D-plane via the

conformal mapping algorithm [18].

3) Surface-based Representation of Functional Re-
sponse.
Functional t-statistical data in the gray matter region

are assigned to the cortical surface weighted by the

distance from the gray matter voxel to the cortical

surface in the normal direction.

4) Smoothing Functional Maps on the Cortical Sur-
face.
Surface-based representations of the functional re-

sponses due to each ring and the meridian stimuli

are smoothed by using basis functions of the Laplace-

Beltrami operator incorporating the geometry of the

cortical surface with Neumann boundary conditions

[19].

B. Ridge of Maximal Activation via DP

We localize the functional response to each annular ring

stimulus on the smoothed functional map and build the

correspondence between functional responses and annular

rings in the visual field via DP. Because the blood oxygen

level dependent (BOLD) fMRI response is an indirect and

blurry measurement of the neural response, it is difficult

to localize and separate the functional responses to each

individual ring. Additionally, the location of a ring’s response

cannot be characterized by the boundaries of the activation,

as these boundaries are threshold dependent. However, the

location where the maximal activation to each ring occurs

is independent of threshold and more reliable. Therefore, we

use the ridge of the maximal activation to represent the ring’s

center on the cortical surface to avoid thresholding step. Such

a ridge is defined as the path that has the minimal cost among

candidate curves α(s, t) on the surface, where s and t are

starting and ending points, respectively. The cost function is

described as the form:∫
α(s,t)

(r(x) − R)2dα , (1)

where r(x) is the functional statistic at the position x on the

surface. We use the t-statistic to characterize the functional

response. R is assigned as the largest value of t-statistic on

the surface.

DP is adapted to the above optimization problem on the

triangulated surface [20]. Define Nv and NT as the number

of vertices and triangles on the surface M, respectively.

Denote the index of each vertex on the surface as i, i =
1, 2, · · · , Nv , and its coordinates in R

3 as xi, and a triangle

on the surface as Tj , j = 1, 2, · · · , NT . If the vertex i is

one of three vertices within triangle Tj , then we say i ∈ Tj .

Define the platelet Ni as the set of vertices, for which there

is an edge eij connecting it with vertex i, written as

Ni = {j|eij ∈ M, j = 1, 2, · · · , Nv, j �= i}.
Define a path on the surface routed and terminated respec-

tively in vertices s and t on the surface as

(s = j1, j2), . . . , (jk−1, jk), . . . , (jN−1, t = jN ),

such that jk ∈ Njk−1 for ∀k. Define the set of paths with

connecting vertices s and t on the surface M as P (s, t),
and α(s, t) as a path that belongs to P (s, t). Then the ridge

of maximal activation is defined as the cost-minimizing path

given by

α̂(s, t) = argminα(s,t)∈P (s,t) Cα(s, t) , (2)

where

Cα(s, t) =
∑N

k=1(R − rjk
+rjk+1
2 )2‖xjk

− xjk+1‖ . (3)

Notice, when r is constant, α̂ is the path between vertices

s and t with the shortest geodesic length on the surface.

In addition, if the t-value is used, the ridge of minimal

activation is defined in the same way by replacing R with

the smallest t-value.

III. RESULTS

We show how to track the ridge of maximal activation,

quantify the effect of the choice of starting and ending points

on the surface, and illustrate how the ridge passes through

the activation region. All ridge tracking results are visualized

on the planar map, but all measurements are performed on

the convoluted cortical surface.

A. Ridge Tracking

We first delimit the borders of V1 by defining the inferior

and superior meridian ridges and mark the center of V1

by using the horizontal meridian response on the surface.

Panels (a)-(c) in Fig. 1 show the functional map to the merid-

ian wedges. Negative t-values denote the vertical meridian

wedges (dark color) and positive t-values are associated

with the horizontal meridian wedge (bright color). For ridges

corresponding to the vertical meridian wedges, we manually

initialize the starting and ending points, then the path, defined

in Eq. 3 where R is the minimum t-value on the surface, is

found via DP. The ridge for the horizontal meridian wedge

is found in a similar way, except R is the maximum t-
value on the surface in Eq. 3. We use the inferior and

superior vertical meridian ridges on the surface as borders

of V1. The horizontal meridian ridge separates V1 into two

regions with which the lower and upper visual fields are

associated. For ridge tracking of activations due to the ring
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Fig. 1. Ridge tracking on the left occipital cortex. Panels (a)-(c) show
vertical and horizontal meridia on the horizontal meridian map. Ridges of
maximal activation are tracked by DP and are denoted by black lines. Panel
(d) illustrates the left visual field with seven equal width rings. Each semi-
circle represents the center of the ring indicated by different colors to be
associated with the ridge tracked on functional maps shown on panels (e)-
(k). Functional responses to each individual ring from 1.62 degrees to 12.96
degrees are shown on panels (e-k), respectively. The lines on these panels
indicate the location of ridges of maximal activation associated with the
center of each ring stimulus. The tops of panels give the eccentricity where
the center of each ring stimulus is in the visual field. Brightness indicates
the t value. Panel (l) gives the overall view of seven ridges on the 2D plane
and the background shows the curvature information (bright: gyrus; dark:
sulcus).

stimuli shown on panels (e)-(k), all starting and ending points

reside on the inferior and superior vertical meridian ridges

defined on panels (a)-(b). Panel (d) shows the center of

each ring in a different color in the visual field and panels

(e)-(k) illustrate the ridges of maximal activation to each

ring on the surface, using the same color scheme. As visual

field eccentricity increases, the functional ridges move from

posterior to anterior occipital cortex as summarized on panel

(l). The background of panel (l) gives the cortical surface

curvature information, which is different from other panels

(functional responses).

B. Convergence of Tracks

The tracking procedure described previously involves the

manual selection of the starting and ending points for DP.

Fig. 2 illustrates the effect of those initial points. Panels (a)

and (b) show the functional map (shown on panel (e) of Fig. 1

as well) on the surface and plane, respectively. Red, blue, and

green paths are tracks with different initial points separated

a b

Fig. 2. Sensitivity analysis of DP for variation of starting and ending points
in ridge tracking. Panels (a)-(b) show the functional map on the surface and
plane, respectively. Three paths in red, blue, and green are tracked by giving
different starting and ending points to find the ridge of maximal activation.
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Fig. 3. Definiteness of ridge tracking. Panel (a) gives the functional map to
the first ring that is also shown in Fig. 2(b). Ten blue curves are randomly
defined so that they cross the ridge of maximal activation due to the first
ring. They are indexed as 1, 2, · · · , 10 from the top to the bottom. Panel
(b) demonstrates the functional statistic of the ridge in the activation region.
The x-axis indexes blue curves; the y-axis indexes the points on each blue
curve; the z-axis shows the functional statistic for each point of the curve.
Red ∗s represent the points where the ridge goes through.

by about 2 mm. These three paths converge between the

inferior and superior meridian ridges after only two or three

tracking nodes.

C. Definiteness

Fig. 3 illustrates the distribution of functional t-statistics

in the direction parallel to the horizontal meridian and tests

the ridge path through the wide swatch of fMRI activation

due to a single eccentricity mapping ring. We randomly

define ten curves roughly parallel to the horizontal meridian

ridge (approximately perpendicular to the ridge due to the

ring), colored blue on panel (a). These curves are indexed

as 1, 2, · · · , 10 from the top to the bottom. The points on

the curves are also indexed as 1, 2, · · · ,M . The value of the

functional statistic as a function of these indices is illustrated

on panel (b), where x, y, z axes are index of curves, index

of points on the curves, and functional statistic, respectively.

Red ∗s give locations where the ridge passes. The ridge

clearly crosses each curve roughly at the point where the

maximum functional t-statistic occurs without taking the

distance effect into account.

D. Retinotopic Eccentricity Map

Fig. 4 shows retinotopic eccentricity maps of human

primary visual cortex in a population of two normal subjects.

Panels (b)-(c) show such maps for the left and right visual

cortical surfaces, on which each ridge is colored as its

associated ring in the visual field on panel (a). The left

occipital cortex is stimulated by the right visual field, while
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Fig. 4. Retinotopic Eccentricity Maps. Panel (a) gives a schematic denoting
the centers of seven rings in the visual space, each a different color. The
remaining panels illustrate the ridges of responses on the left and right
visual cortical surfaces for each subject, respectively. Brightness indicates
the curvature information.

the right occipital cortex is activated by the left visual field.

IV. DISCUSSION

Many optimization problems can be described as seeking

the minimum (or maximum) cost path through a graph where

the cost of a path is given by sequentially additive costs in

the path. In such problems DP leads to a computationally

efficient identification of the globally optimal path. Such

an approach has been used in speech and character recog-

nition, soft decoding, and road tracking. The interactive

segmentation and automatic region of interest tracking in

medical images via DP was proposed [21] in 1995. Also,

Khaneja et. al. [20] delineated the principal curves (gyrus or

sulcus) on the cortical surface generated from an anatomical

MRI volume in 1998, followed by the study of extracting

brain subcortical regions defined by the principal curves as

anatomical landmarks [22].

In this paper, the dynamic programming approach identi-

fies the global optimal path for the optimization procedure

seeking the best curve associated with the maximal activation

on the triangulated cortical surface. DP makes it possible

to define the borders of V1 and build the correspondence

between locations of the visual field and responses on the

visual cortex in eccentricity mapping studies. This approach

will help further understanding of the spatial sampling

property of human primary visual cortex. The quantitative

measurement of the spatial sampling property, the linear

cortical magnification factor, can be directly computed on

the cortical surface as the ratio of geodesic distance between

the ridges to the eccentricity difference between the stimulus

rings. Estimates of linear cortical magnification based on

areas of intact vision in individuals with partially lesioned

retinas will allow the quantitative investigation of cortical

plasticity in human visual cortex.
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