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Functional magnetic resonance imaging (fMRI) has provided intriguing insights into the topography and functional organization of
visual cortical areas in the human brain. However, little is known about the functional anatomy of subcortical nuclei. Here, we used
high-resolution fMRI (1.5 � 1.5 � 2 mm 3) at 3 tesla to investigate the retinotopic organization of the human lateral geniculate nucleus
(LGN). The central 15° of the visual field were mapped using periodic flickering checkerboard stimuli that evoked a traveling wave of
activity. The contralateral visual hemifield was represented with the lower field in the medial-superior portion and the upper field in the
lateral-inferior portion of each LGN. The horizontal meridian was significantly overrepresented relative to the vertical meridian. The
fovea was represented in posterior and superior portions, with increasing eccentricities represented more anteriorly. The magnification
of the fovea relative to the periphery was similar to that described for human primary visual cortex. The magnocellular regions of the LGN
were distinguished based on their sensitivity to low stimulus contrast and tended to be located in its inferior and medial portions. Our
results demonstrate striking similarities in the topographic organization of the macaque and human LGN and support accounts of a
constant magnification from the retina through the cortex in both species.
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Introduction
The lateral geniculate nucleus (LGN) is the thalamic station in the
projection of the visual pathway from retina to primary visual
cortex (V1). Its topographic organization and the response prop-
erties of its neurons have been extensively studied in nonhuman
primates (Polyak, 1953; Kaas et al., 1972; Malpeli and Baker,
1975; Connolly and Van Essen, 1984). The LGN is typically orga-
nized into six main layers, each of which receives input from
either the contralateral or ipsilateral eye and contains a retino-
topic map of the contralateral hemifield. The four dorsal layers
contain small [parvocellular (P)] neurons characterized by sus-
tained discharge patterns and low contrast gain, and the two
ventral layers contain large [magnocellular (M)] neurons charac-
terized by transient discharge patterns and high contrast gain
(Wiesel and Hubel, 1966; Dreher et al., 1976; Creutzfeldt et al.,
1979; Shapley et al., 1981; Derrington and Lennie, 1984; Merigan
and Maunsell, 1993).

The contralateral visual hemifield is represented in the LGN
with the horizontal meridian dividing the structure into a supe-
rior and medial half, representing the lower visual field, and an

inferior and lateral half, representing the upper visual field. The
fovea is represented medially in the posterior pole of the nucleus,
whereas more peripheral visual field representations are located
more anteriorly and laterally (Malpeli and Baker, 1975). In the
LGN, as in other visual areas, more neurons are devoted to the
representation of the fovea than to an equivalent area of the visual
periphery. This distortion can be parameterized by an eccentric-
ity magnification factor (Talbot and Marshall, 1941; Daniel and
Whitteridge, 1961). In the macaque, it is not clear whether the
relative representation of the fovea expands progressively from
the retina through the LGN and V1 (Malpeli and Baker, 1975;
Myerson et al., 1977; Connolly and Van Essen, 1984; Van Essen et
al., 1984; Perry and Cowey, 1985; Azzopardi and Cowey, 1996) or
is preserved throughout the visual hierarchy with no additional
magnification present at the level of the LGN or V1 (Webb and
Kaas, 1976; Schein and de Monasterio, 1987; Wässle et al., 1989,
1990; Malpeli et al., 1996).

In the human LGN, anatomical studies have revealed a similar
organization compared with the macaque LGN in terms of lam-
inar patterns. The layout of the representation of the visual field,
however, is less well understood, because its study has historically
been restricted to postmortem anatomical analyses of degenera-
tion patterns after retinal or cortical lesions (Rönne, 1910; Juba
and Szatmári, 1937; Kupfer, 1962; Hickey and Guillery, 1979).
Here, we used high-resolution (1.5 � 1.5 � 2 mm 3) functional
magnetic resonance imaging (fMRI) at 3 T in humans to derive a
detailed account of the retinotopic organization of the LGN, in-
cluding estimates of the eccentricity magnification factor and of
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the visual field representation as a function of polar angle. In
addition, we attempted to distinguish the M and P subdivisions of
the LGN based on their different sensitivities to luminance con-
trast. Our results reveal a close correspondence in the topo-
graphic organization of the macaque and human LGN and sup-
port accounts of a constant magnification from the retina
through the cortex.

Materials and Methods
Subjects. Seven subjects participated in the study, which was approved by
the Institutional Review Panel of Princeton University. All of the subjects
(22–30 years of age; three males, four females) were in good health with
no history of psychiatric or neurological disorders and gave their in-
formed written consent. Subjects had normal or corrected-to-normal
visual acuity. All of the subjects participated in two separate scanning
sessions to measure the polar angle and eccentricity components of the
retinotopic maps in the LGN. Five of the subjects participated in an
additional session to measure responses to varying stimulus contrast in
the LGN. Visual cortex was scanned in four subjects for comparison
purposes.

Visual display. The stimuli were generated on a Macintosh G4 com-
puter (Apple Computer, Cupertino, CA) using MATLAB software (The
MathWorks, Natick, MA) and Psychophysics Toolbox functions (Brai-
nard, 1997; Pelli, 1997) and were projected from a PowerLite 7250 liquid
crystal display projector (Epson, Long Beach, CA) outside the scanner
room onto a translucent screen located at the end of the scanner bore.
Subjects viewed the screen at a total path length of 60 cm through a
mirror attached to the head coil. The screen subtended 30° of visual angle
in the horizontal dimension and 26° in the vertical dimension. A trigger
pulse from the scanner synchronized the start of the stimulus presenta-
tion to the beginning of the image acquisition.

Visual stimuli. Visual stimuli consisted of checkerboard patterns
whose components reversed contrast at 8 Hz. The full checkerboard
pattern, of which only a portion was revealed at any point in time, en-
compassed the central 15° of the visual field (13° near the vertical merid-
ian) and contained 24 radial sectors and 12 evenly spaced annuli (see Fig.
1). The luminances of the alternating bright and dark sections of the
checkerboard were chosen such that the mean luminance of the stimulus
was the same as that of the neutral gray background (147.1 cd/m 2); the
contrast (defined as the difference in luminances divided by their sum)
between the checkers was 97.9%, except for the 10% condition described
below. In all of the visual displays, a central fixation point was present,
and subjects were instructed to maintain fixation for the duration of each
scanning run while passively viewing the stimuli.

Rotating hemifield and expanding ring stimuli (see Fig. 1 A, B) were
used to determine the polar angle and eccentricity components of the
retinotopic maps in the LGN (DeYoe et al., 1994, 1996; Engel et al., 1994,
1997; Sereno et al., 1995). The visible portion of the rotating hemifield
stimulus slowly and smoothly rotated counterclockwise about the point
of fixation. The expanding ring stimulus consisted of an annulus with
thickness equal to one-half of the radius of the visual display that ex-
panded from the fixation point. The annulus increased in eccentricity
(i.e., the distance from fixation) and wrapped around to the center once
it reached the outer edge of the display. For two subjects, the ring stim-
ulus was reversed; it contracted instead of expanding. Both the hemifield
and ring stimuli swept through the visual field with a period of 32 sec,
thereby evoking waves of activation in neurons through whose receptive
fields they passed. Each region of the stimulated visual field was exposed
to a flickering checkerboard pattern during one-half of the stimulus pe-
riod and the neutral gray background during the other half. The stimulus
waveform was thus a square wave whose temporal phase varied system-
atically throughout the visual field such that the position represented by
an activated voxel could be inferred from the temporal phase of its
evoked hemodynamic response.

An alternating hemifield stimulus (see Fig. 1C) was used to measure
two points (10 and 100%) of the contrast response function of the LGN.
This stimulus comprised a flickering checkerboard pattern covering one
hemifield but sparing the vertical meridian and central 1.1° of the visual

field. The pattern alternated between the left and right hemifields every
16 sec. In separate scanning runs, the stimulus was presented at either 100
or 10% contrast.

Data acquisition. Data were acquired with a 3 T Allegra head-dedicated
MRI scanner (Siemens, Erlangen, Germany) using a standard birdcage
head coil. Six to 14 series of 128 volumes each were acquired with 18
interleaved coronal slices (2 mm thick with no gap between slices, except
for two subjects who were scanned using a 1 mm gap during the polar
angle session) and a gradient echo, echo planar sequence with a 128
square matrix leading to an in-plane resolution of 1.5 � 1.5 mm 2 [rep-
etition time (TR), 2 sec; echo time (TE), 41 msec; flip angle, 90°]. A
partial Fourier factor of 7/8 was used to acquire an asymmetric fraction of
k-space to reduce the acquisition time. The posterior edge of the acqui-
sition volume was aligned in the midsagittal plane with the posterior edge
of the corpus callosum to cover the posterior thalamus. Echo planar
images were compared with a coaligned high-resolution anatomical scan
of the same subject’s brain taken at the beginning of the session (FLASH;
TR, 150 msec; TE, 4.6 msec; flip angle, 90°; 256 � 256 matrix; six aver-
ages), and a high-resolution anatomical volume acquired in a separate
session (MPRAGE sequence; TR, 2.5 sec; TE, 4.38 msec; flip angle, 8°;
256 � 256 matrix; 1 mm 3 resolution).

The subjects’ heads were surrounded by foam to reduce head move-
ments; subject S2 also used a bite bar.

Data analysis. The first four volumes in each run were discarded. To
compensate for subject head movement and scanner drift, the remaining
volumes were registered (Woods et al., 1998) to the fifth volume obtained
during the session. For each voxel in the volume, the linear trend in the
fMRI time series was subtracted to remove any slow signal drift, typical in
fMRI signals, and the time series was divided by its mean intensity, con-
verting the data from the arbitrary intensity scale from the MRI scanner
to units of percentage of signal modulation. The time series of each voxel
were averaged across repeated scanning runs of the identical stimulus
condition as follows: in the first session, six (in subjects S1, S2, S5, and S7)
or 12 (in subjects S3, S4, and S6) runs for the rotating hemifield stimulus;
in the second session, 12 runs for the expanding ring stimulus; and in the
third session, six runs for the 100% contrast alternating hemifield stim-
ulus and eight runs for the 10% contrast stimulus. The images obtained
during the first cycle of visual stimulation (32 sec) were discarded to
avoid transient effects of signal saturation and to allow the hemodynam-
ics to reach steady state. Therefore, the time series of each voxel contained
112 time points, representing seven cycles of visual stimulation.

A Fourier analysis was performed to identify voxels activated by the
stimulus (Bandettini et al., 1993; Engel et al., 1997). For each voxel, the
amplitude and phase (the temporal delay relative to the stimulus onset)
of the harmonic at the stimulus frequency were determined by a Fourier
transform of the mean time series of the voxel. The correlation coefficient
r, between the harmonic and the time series, was computed as the am-
plitude of the harmonic component divided by the square root of the
time series power. To correctly match the phase delay of the time series of
each voxel to the phase of the stimulus, and thereby localize to the region
of the visual field to which the underlying neurons responded best, the
response phases were corrected for each subject’s individual hemody-
namic lag as measured in response to a 100% contrast alternating hemi-
field stimulus. For the purposes of comparison (but not quantitative
analysis), the eccentricity maps (see Fig. 2) were anatomically registered
(Jenkinson et al., 2002) for each subject to their polar angle maps. To
report the Talairach coordinates (Talairach and Tournoux, 1988), the
statistical maps and structural images for each subject were transformed
into Talairach space using BrainVoyager software (Brain Innovation,
Maastricht, The Netherlands).

Statistical maps were thresholded at r � 0.25, corresponding to an
uncorrected p � 0.0038. Regions of interest (ROIs) for each LGN were
identified as contiguously activated voxel clusters in their anatomical
locations, as determined from registered high-resolution structural im-
ages of each subject (O’Connor et al., 2002; Kastner et al., 2004). Care was
taken to avoid including activations related to larger vascular structures
into these ROIs.

The volumetric eccentricity magnification factor ( M) (Daniel and
Whitteridge, 1961; Myerson et al., 1977) in the LGN is defined for each
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eccentricity in the visual field as the unit of LGN volume that represents
a unit of visual field area:

M(r) �
dV(r)

da(r)
� �r

dV(r)

dr
,

where V(r) is the cumulative volume representing the visual hemifield at
eccentricities �r, and the hemifield area a(r) has been approximated as
the planar projection. Conventionally (Schwartz, 1980; Van Essen et al.,
1984), M has been described with a power function of the form M(r) �
A(r � B) �C. For each of the seven subjects, the cumulative volume as a
function of eccentricity (i.e., the LGN volume representing the area of the
visual field from fixation to eccentricity r) was formed from the eccen-
tricities determined for each voxel and the volume of all of the voxels
representing that eccentricity or less. This function was then fit (nonlin-
ear least squares) individually for each LGN in each subject to the follow-
ing function:

V(r) � �A�
0

r � r0

x(x � B)�C dx

�
�A

2 � C ��r � r0 �
B

1 � C� (r � r0 � B)1�C �
B2 � C

1 � C�,

where r0 is a correction factor indicating the minimum eccentricity of
activation. The lack of activity evoked precisely at 0° has been observed
using similar procedures (Sereno et al., 1995) and may be attributable to
an artifact of the periodic stimulus, a measurement resolution limitation,
variance in the hemodynamic lag, or perhaps small fixational eye move-
ments by the subjects. The mean parameters for the population were
determined as those that best fit the average of the fitted functions for all
of the subjects (aligned with r0 � 0).

To compute volumetric variation as a function of polar angle, the
visual field was divided into sixteen 22.5° sectors, centered at 0° (right
horizontal meridian), 22.5°, 45°, 67.5°, 90° (top vertical meridian),
112.5°, 135°, 157.5°, 180° (left vertical meridian), 202.5°, 225°, 247.5°,

270° (bottom vertical meridian), 292.5°, 315°,
and 337.5°. LGN voxels from each subject were
sorted into these bins based on the phase of
their responses. The bins centered on the top
and bottom vertical meridians contained voxels
from both the left and right LGN. The volumes
of voxels within each sector were totaled and
averaged across subjects, and the mean polar
angle representation was calculated as the vol-
ume in each sector divided by the area of the
sector. The two subjects who were scanned dur-
ing the polar angle session with a 1 mm gap
between slices were excluded from this analysis.
To measure the extent to which partial volume
effects may have influenced the results, we re-
peated this analysis on the layer of subthreshold
voxels immediately adjacent to each LGN ROI,
separating the voxels from each left and right
LGN and subtracting the isotropic noise.

In an attempt to distinguish the M and P sub-
divisions of the LGN, we defined three criteria
that should be fulfilled by voxels containing sig-
nificant fractions of M neurons. The first crite-
rion was high contrast sensitivity. We expected
that voxels containing M neurons would be re-
sponsive to low stimulus contrast and should
therefore be strongly activated by the 10% con-
trast stimulus. We defined a candidate ROI
containing the voxels exhibiting a significant
(r � 0.25) response to the 10% contrast stimu-
lus and tested these voxels on the remaining two
criteria. The second criterion was weak contrast
modulation. In the macaque, most P neurons
exhibit near-baseline responses for 10% con-

trast stimuli, whereas most M neurons respond to 10% contrast stimuli
at or above their half-maximum response (Sclar et al., 1990). The con-
trast sensitivities of M and P cells in the human LGN have not yet been
studied, but the contrast sensitivity of M cells can be indirectly estimated
from the population response of the middle temporal (MT) cortical area,
which appears to be dominated by inputs from M cells (Maunsell et al.,
1990). In previous fMRI studies, area MT has exhibited reliable responses
to stimulus contrasts as low as 1.6% (Tootell et al., 1995) and response
saturation at stimulus contrasts as low as 4% (Kastner et al., 2004). Vox-
els containing mostly P neurons should exhibit substantial modulation
of their responses between the 10 and 100% contrast stimuli, whereas
voxels containing mostly M neurons should exhibit relatively modest
modulations in this contrast range. To quantify the contrast modulation,
we defined a contrast modulation index (CMI) based on the response
amplitudes to the 100% (A100%) and 10% (A10%) contrast stimuli:
CMI � (A100% � A10%)/(A100% � A10%). We examined the third crite-
rion, anatomical location, for those voxels with CMI �0.25. The M layers
in humans are expected to be most prominent on the inferior, posterior,
and medial surfaces of the LGN (Kupfer, 1962; Hickey and Guillery,
1979).

To further examine the responses of subsets of the LGN voxels, includ-
ing ROIs representing voxels unresponsive to the 10% contrast stimulus,
and voxels responsive to the 10% contrast stimulus exhibiting either
small (CMI �0.25) or large (CMI �0.25) contrast response modulation,
we computed the average time series response for each condition (see Fig.
8), first averaging over voxels within each ROI in each LGN of each
subject and then averaging together these mean time series across sub-
jects for the left and right LGN individually.

Results
Polar angle maps
The polar angle component of the retinotopic map in the LGN
was measured using a smoothly rotating, flickering hemifield
checkerboard stimulus (Fig. 1A). Bilateral activation was ob-
served in all seven of the subjects, and the activations of each LGN

Figure 1. Visual stimuli. The stimuli were contrast-reversing checkerboard patterns. A, A hemifield pattern, smoothly rotating
counterclockwise, was used to map the polar angle representation. B, An expanding or contracting ring pattern was used to map
the representation of eccentricity. Four frames during the 32 sec period are shown for the stimuli in A and B. C, A flickering
checkerboard pattern that alternated every 16 sec between the left and right hemifields was used to measure the response to
stimulus contrast. In separate runs, the stimulus was presented at either 100 or 10% luminance contrast.
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were strictly confined to stimulation of the
contralateral hemifield. Across subjects,
the mean volume of each LGN (n � 14)
activated by the rotating hemifield stimu-
lus was 440 � 25 mm 3 (mean � SEM).
The volumes of the left and right LGN in
each subject were significantly correlated
(r � 0.75; p � 0.051). The activations typ-
ically extended through five slices and
were contained entirely within 1 cm 3. The
mean Talairach coordinates for centers of
mass of the activations were �23, �23,
and �3 for the right LGN and �21, �23,
and �3 for the left LGN, similar to those
obtained in previous studies (O’Connor et
al., 2002; Kastner et al., 2004).

Individual activation maps are shown
for two representative subjects (S1 and S2)
in Figure 2. Activated voxels whose fMRI
time series were correlated with the funda-
mental frequency of the stimulus, r � 0.25,
are shown in the left and right columns.
The activation maps, overlaid on struc-
tural scans (shown in the middle panel),
are displayed in 15 � 12 mm 2 windows for
five contiguous slices. The color of each
voxel was determined by the phase of its
response and indicates the region of the
visual field to which it was most respon-
sive, as depicted in the color legend at the
top of each column. Regions of the top vi-
sual field are indicated in red–yellow; re-
gions along the horizontal meridian are in-
dicated in green; and regions of the bottom
visual field are indicated in blue. In the
coronal plane, the representation of the
horizontal meridian was oriented at an
	45° angle, dividing the bottom visual
field, represented in the medial-superior section of the LGN, and
the top visual field, represented in the lateral-inferior section.
Although the extent of activations varied somewhat among sub-
jects, the general pattern of retinotopic polar angle organization
was consistent.

Time series of fMRI signals from three adjacent voxels of the
left LGN of one subject (S1) are shown in Figure 3A. The tempo-
rally smoothed time series were averaged over six scanning runs
from the same session and illustrate the fMRI signals evoked by
the checkerboard stimulus. The stimulus passed seven times
through the region of the visual field represented by each voxel
and thereby evoked seven peaks of activity. Although the voxels
were small and adjacent, their response phases could be reliably
distinguished as representing separate regions of the visual field:
the bottom field (blue voxel), the horizontal meridian (green
voxel), and the top field (red voxel). For comparison, time series
of three identically sized single voxels from visual cortex with
similar phase responses are shown in Figure 3B for the same
subject. The mean amplitude (mean to peak) of the responses in
the three LGN voxels shown was 1.65%, compared with a mean
amplitude of 3.92% for the cortical voxels; similar response ratios
between LGN and visual cortex were reported in previous studies
using a lower spatial resolution (O’Connor et al., 2002; Kastner et
al., 2004).

Polar angle representation
The polar angle representation of the LGN was computed from
the mean LGN volume representing a square degree of visual
angle within each of 16 separate sectors of the visual field, as
shown in Figure 4. This analysis revealed that the horizontal me-
ridian was significantly overrepresented relative to the vertical
meridian. The mean volume in each LGN (n � 10), representing
the 22.5° sector centered on the horizontal meridian, was 84.2 �
9.1 mm3, significantly greater than the mean volume representing
the two 11.25° sectors abutting the vertical meridian, 14.0 � 2.9
mm3 (paired two-tailed t test; t(9) � 7.86; p � 0.000025). The bot-
tom visual field representation was slightly larger than the top visual
field representation, 230 � 24 versus 207 � 22 mm 3, but this
difference was not statistically significant (t(9) � 0.83; p � 0.43).

One possible explanation for the observed anisotropy could
be a selective undersampling of the vertical meridian as a result of
partial volume effects (Haacke et al., 1994; Logothetis et al.,
2002). In a coronal section of the LGN, the horizontal meridian
runs through the center of the structure, whereas the vertical
meridian is represented along the edges in which partial volumes
could confound the number of activated voxels. To investigate
this possibility, we analyzed the phase angles in the layer of voxels
immediately surrounding the LGN. The signal from these voxels
had not individually reached our criterion for statistical signifi-
cance, and they were not included in the LGN ROIs. A latent

Figure 2. Retinotopic maps in the LGN. Polar angle and eccentricity maps are shown for two representative subjects (S1, S2).
The middle panel shows an anatomical image in the coronal plane through the posterior thalamus. The boxes indicate the
locations of the panels to the left (L) and right (R). Details of the polar angle maps in the right and left LGN are shown in the near
left and right columns, arranged in several sequential slices from anterior (A) to posterior (P). The eccentricity maps are shown in
the far left and right columns and have been spatially registered with the polar angle maps. The color code is shown for voxels
whose responses were correlated with the fundamental frequency of the stimulus, r � 0.25, and indicates the phase of the
response and labels the region of the visual field to which the voxel is most responsive, as depicted in the visual field color legend
at the top of each column.
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signal might still be detectable at the population level, however,
and we examined the distribution of responses in the group of
voxels to investigate any systematic biases in the response phases.
After subtraction of an estimate of the isotropic noise, the phase
distribution of these voxels appeared similar to that of the LGN
voxels; the best fitting ellipse to this distribution had a ratio of the
major to minor axes of 2.88, strongly biased in favor of the hori-
zontal meridian representation. Given that both the polar angle
representation of the LGN itself and the set of voxels immediately
surrounding the LGN favored the horizontal meridian, partial
volume effects may have contributed but are unlikely to fully
explain the asymmetric representations of the horizontal and ver-
tical meridians in the human LGN.

Eccentricity maps
The eccentricity maps of the central 15° of the visual field were
measured in response to an expanding or contracting flickering
checkerboard ring stimulus (Fig. 1B). These stimuli activated the

LGN bilaterally in all seven of the subjects.
Across subjects, the mean activated vol-
ume for each LGN (n � 14) was 197 � 11
mm 3, significantly smaller than that acti-
vated by the rotating hemifield stimulus
(t(13) � 8.65; p � 9.3 � 10�7), perhaps
reflecting the lower effectiveness of the ex-
panding ring stimulus that has also been
observed in cortical areas. Within each
subject, the activated volumes of the left
and right LGN were significantly corre-
lated (r � 0.88; p � 0.0095), but there was
no significant correlation between the vol-
umes activated by the expanding ring and
rotating hemifield stimuli (r � �0.028;
p � 0.92).

Eccentricity maps are shown for the
same subjects and in register with the polar
angle retinotopic maps in Figure 2 (far col-
umns on the right and left). The color
code, as indicated by the legend at the top
of each column, indicates the region of the
visual field to which each voxel was most
responsive. Voxels representing the cen-
tral 5° are indicated in dark to light blue;
those representing 5–10° are indicated in
cyan to green to yellow; and those repre-
senting the peripheral 10 –15° are indi-
cated in orange to red. The central 5° were
represented mainly in the posterior por-
tion of the LGN; in more anterior planes,
the representation of the central 5° was
confined to superior sections. More pe-
ripheral representations of the visual field
were systematically arranged in anterior
and inferior regions of the nucleus. As with
the polar angle maps, the organization of
the eccentricity maps was consistent across
subjects.

Eccentricity magnification factor
The magnification factor of the LGN was
computed based on the volumetric eccen-
tricity data. The magnification factor has
typically been described with a power

function of the form M(r) � A(r � B)�C, where r is the eccen-
tricity (in degrees) and the exponent C is often fixed to 1 or 2 for
linear or areal magnification factors, respectively (Schwartz,
1980; Van Essen et al., 1984). To determine the parameters of this
function for our data, we fit its integral over the area of the visual
field to the cumulative volume of the LGN for each subject. Ex-
amples for three representative subjects are shown in Figure 5
(see Materials and Methods for details). No differences were ap-
parent between subjects who viewed expanding (S1–S5) or con-
tracting (S6 and S7) ring stimuli. The cumulative volumes were
similarly shaped among the subjects, although differing in slope
and extent. For many of the subjects, the cumulative volume
function was steep and nearly linear for the initial 2–5° of eccen-
tricity, after which the slope abruptly became shallower. A similar
broken function has been observed in macaque visual cortex, in
which the receptive field sizes are nearly constant within the fo-
veal 5° and begin to increase rapidly thereafter (Van Essen et al.,
1984).

Figure 3. Time series of fMRI signals in the LGN and V1. A, Time series of fMRI signals are shown from three individual voxels
within the LGN region activated by the rotating hemifield stimulus in one representative subject (S1). The voxels were adjacent
(see arrows), as shown in the magnified view of the left LGN (the same color code and format as in Fig. 2). The time series were
averaged over six scanning runs and have been temporally smoothed by averaging five sequential points. Although the small
voxels are adjacent, their time series exhibited distinct response phases, allowing the voxels to be reliably assigned to different
regions of the visual field. B, Smoothed fMRI time series, averaged over five scanning runs, are shown for comparison from three
separate voxels in visual cortex of the same subject. The scanning parameters for these cortical data were the same as for the LGN,
with identical voxel resolution but with TR � 3 sec. Each run contained 105 volumes of 28 interleaved axial slices, and the rotating
hemifield stimulus had seven cycles and a period of 45 sec, of which only the last six cycles are shown.
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An estimate of the eccentricity magnification function for the
population was derived by fitting the average of the individual
means (Fig. 5, bottom right), yielding M(r) � 46.6(r � 0.52)�2.43

mm 3/° 2. These parameters were compared with previous results
from macaque LGN and macaque and human V1 (see supple-
mentary material, available at www.jneurosci.org), and the rela-
tive cumulative volume functions are plotted in Figure 6. The
volumetric (for LGN in millimeters cubed per degree squared)
and areal (for V1 in millimeters squared per degree squared)

magnification factors both indicate the relative numbers of neu-
rons devoted to each region of the visual field and can be directly
compared (Myerson et al., 1977), because the thickness and den-
sity of V1 are relatively uniform. Our measurements for the LGN
are similar to those obtained for human V1 and are within the
variance obtained with the different methods, such as visually
evoked potentials, fMRI, and phosphenes evoked by migraines or
electrical stimulation. The function for the human LGN indicates
a relative overrepresentation of the fovea compared with ma-
caque LGN.

Contrast sensitivity maps
In an attempt to dissociate the M and P subdivisions of the LGN,
two points of the contrast sensitivity function in five subjects
were measured using a flickering checkerboard stimulus with 10
or 100% luminance contrast that alternated between the left and
right hemifields (Fig. 1C). Based on the anatomy (Hickey and
Guillery, 1979) and the different sensitivities to stimulus contrast
of the two populations of neurons (Derrington and Lennie, 1984;
Sclar et al., 1990), we assumed that the M subdivision could be
identified by three criteria: high sensitivity to low stimulus con-
trast, small or no differences in responses to 10 and 100% con-
trast stimuli, and anatomical location.

Based on the anatomy, we expected M portions of the LGN to
be located medially, inferiorly, and posteriorly. Typically, the M
layers are flat and located on the inferior surface of the LGN, but
particularly in the posterior planes, the LGN is oriented at an
angle such that the M layers are located medially. Furthermore,
the LGN often exhibits folding such that the M layers would be
located in the interior of the structure. Across individuals, the
LGN exhibits considerable variation in its size as well as its lam-

Figure 4. Polar angle representation in the LGN. The representations in the LGN of the visual
field at different polar angles were measured for the central 15° of eccentricity by dividing the
visual field into 16 sectors and sorting voxels activated by the rotating hemifield stimulus
according to their phase responses into each sector. Results for the left and right LGN are shown
combined in one polar plot. The points and lines trace the mean volume per unit area of the
visual field for each of the sectors, averaged over the subjects (n � 5). The gray regions indicate
the extent of the SEM. Significantly more volume of the LGN represents the horizontal meridian
(HM) than the vertical meridian (VM).

Figure 5. Eccentricity magnification factors in the LGN. Eccentricity magnification factors for
three representative subjects (S1, S2, S6) in each LGN are shown, computed based on the phase
responses of voxels activated by the expanding ring stimulus. The cumulative volume repre-
senting the area of the visual field from the fixation point to an eccentricity of �r was fit to the
integral of the magnification function M( r) � A(r � B)�C over the area of the visual hemifield
(see Materials and Methods). The fits for each LGN in each of the seven subjects are superim-
posed in the bottom right panel, along with the mean cumulative volume function fit for all of
the subjects, which was M( r) � 46.6(r � 0.52)�2.43.

Figure 6. Cumulative volume functions for the human and macaque LGN and V1. The cumu-
lative volumes (for LGN) or areas (for V1) as a function of eccentricity are plotted as a fraction of
the volume or area at 15°, based on the reports of the magnification factor in the literature. The
15° scaling is necessary to compare the different structures and species. The solid black line
surrounded by the gray shaded area represents the mean measurements from the subjects in
the present study, with the shaded area representing the extent of the SEM. The dashed black
lines represent measurements in human V1, from studies using techniques including measure-
ment of the position of phosphenes evoked by migraines (Grüsser, 1995), electrical stimulation
of the cortex (Brindley and Lewin, 1968; Cowey and Rolls, 1974), evoked potentials (Slotnick et
al., 2001), and fMRI (Engel et al., 1994, 1997; Sereno et al., 1995; Dougherty et al., 2003; Duncan
and Boynton, 2003). Analyses of the macaque LGN (solid black lines) and V1 (solid gray lines)
were based on single-cell physiology (Hubel and Wiesel, 1974; Malpeli and Baker, 1975; Hubel
and Freeman, 1977; Connolly and Van Essen, 1984; Van Essen et al., 1984; Malpeli et al., 1996)
and deoxyglucose autoradiography (Tootell et al., 1982, 1988). For details of the parameters of
these studies, see supplementary material, available at www.jneurosci.org.
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inar organization, more so than in other species (Hickey and
Guillery, 1979; Andrews et al., 1997). As a result of this variability,
in some subjects, the M layers might be oriented in positions that
make their discrimination difficult from the P layers at the reso-
lution used in this study.

In our analysis, we assumed that the 100% contrast stimulus
activated both the P and M sections of the LGN, and its evoked
activity was used to define an ROI encompassing both. The mean
volume for each LGN (n � 10) activated by this stimulus, which
spared the central 1.1° and vertical meridian, was 326 � 36 mm 3,
marginally smaller than the volumes activated by the rotating
hemifield stimulus (t(9) � 2.17; p � 0.059) and significantly
greater than those activated by the expanding ring stimulus
(t(9) � 3.22; p � 0.011). The left and right LGN volumes within
each subject were significantly correlated (r � 0.89; p � 0.046),
but the volumes were not correlated with those activated by the
rotating hemifield (r � �0.023; p � 0.95) or expanding ring
stimuli (r � 0.23; p � 0.53). Activation maps from two represen-
tative subjects (S1 and S6) are shown in Figure 7A. The activa-

tions in the right and left LGN evoked by
the 10 and 100% contrast stimuli are
shown, similar to the format used in Fig-
ure 2. Four sequential slices are displayed
for each LGN, and in each pair of columns,
the voxels are shown whose fMRI signals
were correlated with the fundamental fre-
quency of the visual stimulus, r � 0.25.
Activations evoked by the 100% contrast
stimulus are shown in the left column of
each pair.

Subsequently, we identified the regions
within this ROI that were most responsive
to the 10% contrast stimulus and therefore
candidate areas to contain the M subdivi-
sion. The voxels activated by the 10% con-
trast stimulus, shown in the right column
of each pair in Figure 7A, constituted a sub-
set of the voxels activated by the 100% con-
trast stimulus. The voxels most responsive to
the 10% contrast stimulus formed clusters
that varied among the subjects in location
relative to the activations evoked by the
100% contrast stimulus.

The second criterion that we used to
identify the M subdivisions was that the
responses of M voxels evoked by the 10%
contrast stimulus should be nearly satu-
rated and marginally different from the re-
sponses evoked by the 100% contrast stim-
ulus, whereas P voxels should exhibit
larger differences in response to the two
contrast stimuli. Therefore, we analyzed
the contrast modulation for those voxels
that were reliably (r � 0.25) activated by
both the 10 and 100% contrast stimuli. For
these voxels, the averaged response ampli-
tudes evoked by the 10 and 100% contrast
stimuli are compared in Figure 7B. A high
correlation is evident, such that for each
voxel, the larger the amplitude evoked by
the 100% contrast stimulus, the larger the
amplitude tended to be evoked by the 10%
contrast stimulus (r � 0.59; p � 7.3 �

10�27). The linear regression line has a slope of 0.22, but the
population is distributed, including voxels clustered around the
unity slope line, which indicates equality in the amplitudes
evoked by the two contrast stimuli (Fig. 7B). To quantify the
response modulation, we calculated a CMI for each voxel, de-
fined as (A100% � A10%)/(A100% � A10%), where A100% and A10%

are the response amplitudes evoked by the 100 and 10% contrast
stimuli, respectively. Voxels with CMI values near 0 were weakly
modulated by the increase from 10 to 100% stimulus contrast,
and those voxels with CMI near 1 were strongly modulated. The
distribution of the CMIs is shown in Figure 7C. The 44.3% (121
of 273) of voxels with CMIs �0.25 are indicated by unfilled cir-
cles in Figure 7B and are bordered with white lines in Figure 7A.
Therefore, of the voxels contained within the LGN ROI (defined
as voxels activated, r � 0.25, by the 100% contrast stimulus),
16.7% (121 of 725) fulfilled both criteria, exhibiting significant
responses to the 10% contrast stimulus and exhibiting contrast
saturation (CMI �0.25). These are the most likely candidates for
voxels dominated by M responses. Although the anatomical lo-

Figure 7. Contrast sensitivity maps. A, Activity evoked by the alternating hemifield stimulus in the anatomical location of the
left (L) and right (R) LGN is shown for two representative subjects. Four sequential slices are shown, ordered anterior (A) to
posterior (P). The left column of each pair indicates the amplitude of the response to the 100% contrast stimulus, and the right
column indicates the response to the 10% contrast stimulus. Only those voxels with correlations to the fundamental frequency of
the stimulus, r � 0.25, are shown. Voxels surrounded by white lines responded similarly to the 10 and 100% contrast stimuli (see
Results and B). Based on their high contrast sensitivity, these voxels are likely dominated by M neurons. B, For each subject (n �
5) and each voxel activated by both the 10 and 100% contrast stimuli (r � 0.25), the amplitudes of the mean fMRI time series,
evoked by the 100% (A100% ) and 10% (A10% ) contrast alternating hemifield stimuli, are plotted against each other. The dashed
diagonal line indicates equality between the amplitudes. The unfilled circles represent the voxels whose CMIs, defined as
(A100% � A10% )/(A100% � A10% ), were �0.25. These voxels are bordered with solid white lines in A. C, The distribution of CMI.
Voxels predominately containing M neurons are expected to be similarly activated by both the 10 and 100% contrast stimuli, and
hence have a small CMI. P voxels are expected to have a strong differential response to the 10 and 100% contrast stimuli and
therefore will have a large CMI. The dotted vertical line marks the 0.25 threshold used to select the voxels in A and B.
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cations of these voxels varied, when clustered, they tended to be
located medially and/or posteriorly, as is the case for the two
subjects shown in Figure 7A.

To substantiate our analysis further, we evaluated the fMRI
time series for three subsets of LGN voxels. Figure 8A shows the
average time series for those voxels that were activated by
the 100% but not by the 10% contrast stimulus. Figure 8B shows
the average time series for those voxels that were activated by
both the 10 and 100% stimuli but had CMIs �0.25. The large
contrast modulation evident in these time series may indicate
that these signals originated primarily from P neurons. Figure 8C
shows the time series for those voxels that were activated by the
10% contrast stimulus and had CMIs �0.25, indicating small
differences in the responses to the 10 and 100% contrast stimuli,
as is evident in the time course of the fMRI signals. These voxels

may contain significant numbers of M neurons and are indicated
by white outlines in Figure 7A and unfilled circles in Figure 7B. It
is evident from the time series and the scatter plot in Figure 7B
that the weakly modulated voxels tended to be those with the
smallest dynamic range, exhibiting the smallest amplitudes in
response to the 100% contrast stimulus.

Discussion
Using high-resolution fMRI at 3 T, we measured the polar angle
and eccentricity components of the retinotopic map in the hu-
man LGN. The retinotopy was consistent among subjects and
was sufficiently detailed to allow quantifications of the eccentric-
ity magnification factor and the polar angle representation. We
were also able to distinguish functional subdivisions within the
LGN based on differences in sensitivity to luminance contrast
that may relate to the M and P subdivisions of the LGN.

High-resolution fMRI of the LGN
It has been difficult to study subcortical nuclei in the human
brain using fMRI because of their small sizes and deep locations.
Typical fMRI experiments that are conducted with voxel sizes of
� (3 mm) 3 cannot reveal detailed topographic maps of brain
structures measuring less than 1 cm 3, such as the LGN. The use of
smaller voxel sizes, on the other hand, reduces the signal-to-noise
ratio (SNR), which is proportional to the voxel volume. We ob-
tained robust signals in the present study using a voxel size of
1.5 � 1.5 � 2 mm 3. This may be attributable to a reduction in
partial volume effects, which normally occur when some fraction
of a voxel volume is positioned over inactive tissue (Haacke et al.,
1994; Logothetis et al., 2002).

Notably, we observed distinct phase responses in adjacent
voxels in the LGN. In area V1 of the human visual cortex, the
resolution of fMRI has been estimated to have a line spread func-
tion with a full width at half-maximum (FWHM) of 3.5 mm
(Engel et al., 1997), which is primarily determined by horizontal
connections (Das and Gilbert, 1995; Menon and Goodyear,
1999). In the LGN, the resolution is not limited by feedforward
horizontal connections, which may explain why we were able to
resolve topographic details from adjacent voxels of small size.
Interestingly, the point spread function of the hemodynamic re-
sponse has been estimated in the cat LGN to have an FWHM of
1.6 mm (Thompson et al., 2003), closely matching the voxel size
used in the present study.

Topographic organization of the LGN in macaque and human
The topographic organization of the LGN has been studied ex-
tensively in macaques, using anatomical (Brouwer and Zeemann,
1926), physiological (Kaas et al., 1972; Malpeli and Baker, 1975;
Connolly and Van Essen, 1984; Malpeli et al., 1996; Erwin et al.,
1999), and lesion (Clark and Penman, 1934) techniques. The
functional topography of the human LGN found in the present
study has striking similarities with that reported in the macaque
(see Introduction). We were not able to resolve individual layers
of the LGN, but because the layers are spatially registered (Kaas et
al., 1972, 1978), we were able to investigate the general topo-
graphical organization of the structure. Our measurements con-
firm and extend what is known about the human LGN by pro-
viding detail of its topographic organization and quantitative
measures of magnification factors for polar angle and eccentric-
ity. Until recently, the topography of the human LGN could only
be studied through comparisons of clinical visual defects and
cortical or retinal lesions to LGN degeneration observed post-
mortem (Rönne, 1910, 1913, 1914; Mackenzie, 1934; Juba and

Figure 8. Time series of fMRI signals in the LGN. The responses for three subsets of voxels
within the left and right LGN are shown for the 100 and 10% contrast stimulus. The time series
were averaged over the selected voxels within the LGN for each subject and over six to eight
scanning runs, and then averaged over five subjects (S1–S4, S6) and temporally smoothed. Only
150 sec of each time series are shown. A, Voxels responsive to the 100% contrast stimulus (r �
0.25) but unresponsive to the 10% contrast stimulus (r�0.25). B, Voxels responsive to the 10%
contrast stimulus (r � 0.25) and exhibiting large differences in response amplitudes to the 10%
(A10% ) and 100% (A100% ) contrast stimuli, with CMIs as follows: (A100% � A10% )/(A100% �
A10% ) � 0.25. C, Voxels responsive to the 10% contrast stimulus (r � 0.25) exhibiting small
response differences for the 10 and 100% contrast stimuli, CMI � 0.25.
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Szatmári, 1937; Kupfer, 1962; Hickey and Guillery, 1979). These
studies agree that the upper and lower visual fields are repre-
sented inferiorly and superiorly, which has also been confirmed
using fMRI (Chen et al., 1999), but they disagree on other issues.
The foveal regions of the visual field are represented in the pos-
terior part of the nucleus, but the extent of that representation is
quite unclear. Kupfer (1962) found that the portion of the LGN
representing the macula encompassed the posterior two-thirds to
three-fourths of the LGN volume, whereas Hickey and Guillery
(1979) suggested that the central 15° occupied approximately
one-half of the volume. The present study only examined the
central 15° of the visual field, but if the magnification function
that we measured can be assumed to extend smoothly and con-
tinuously into the periphery, our results suggest that the central
15° of the visual field occupies 79.5% of the total LGN volume
(the volume extrapolated at 90°).

Eccentricity magnification factor
The eccentricity magnification factor M has been measured using
a number of techniques in both macaque and human V1 and in
the macaque LGN (for details, see supplementary material, avail-
able at www.jneurosci.org). The measurements are all consistent
with an inverse-square relationship between the magnification
factor and eccentricity, although there is considerable variability
among the exact functional parameters, even among studies us-
ing similar techniques. Our results show a greater representation
of the fovea than in the macaque LGN or V1 and are within the
range of those obtained in human V1. Several studies have sug-
gested that V1 in primates exhibits an additional magnification of
the foveal representations relative to the LGN (Malpeli and
Baker, 1975; Myerson et al., 1977; Connolly and Van Essen, 1984;
Van Essen et al., 1984; Perry and Cowey, 1985; Azzopardi and
Cowey, 1996). However, a comparison of our measurements
with those of V1 from the literature shows no such obvious dif-
ference; therefore, our results suggest that the magnification fac-
tor is preserved from the retina through the cortex, in agreement
with other studies (Webb and Kaas, 1976; Schein and de Monas-
terio, 1987; Wässle et al., 1989, 1990; Malpeli et al., 1996).

Polar angle representation
In addition to the eccentricity magnification factor, we also mea-
sured the representation of the visual field as a function of polar
angle. Our estimates indicate that the volume of the LGN repre-
senting the horizontal meridian is considerably larger than that
devoted to the vertical meridian. In human and macaque retinas,
the distribution of ganglion cells is significantly anisotropic, elon-
gated along the horizontal meridian into a modest visual streak
(Stone and Johnston, 1981; Perry and Cowey, 1985; Curcio and
Allen, 1990; Curcio et al., 1990). Functionally, peripheral visual
acuity is enhanced along the visual streak (Anderson et al., 1992).
In the macaque LGN, an overrepresentation of the horizontal
relative to the vertical meridian has been noted in all of the P
layers (Connolly and Van Essen, 1984). Our observed differences
were substantially larger than those found in the macaque LGN;
however, the visual streak along the horizontal meridian is more
prominent in the human than in the macaque retina (Stone and
Johnston, 1981). Recent measurements in human visual cortex
suggest that the volume representing the horizontal meridian is
	3.5 times larger than that representing the vertical meridian
cortex (Janik et al., 2003). Together, these findings converge in
supporting the notion of an overrepresentation of the horizontal
relative to the vertical meridian. However, the magnitude of the
anisotropy that we observed should be interpreted with caution,

because our fMRI methodology cannot exclude many possible
confounding factors, such as anisotropies in cell density, blood
flow, or the response distribution of the population of neurons
located within each single voxel.

Functional subdivisions of the LGN
We attempted to identify the M and P regions of the LGN based
on their differences in sensitivity to stimulus contrast. Single-cell
physiology studies in the macaque have shown that M cells have
high contrast sensitivity (Derrington and Lennie, 1984; Sclar et
al., 1990). We indeed observed a nonuniform distribution of con-
trast responses throughout the LGN and developed three criteria
to consider LGN voxels to be candidates potentially containing
significant fractions of M neurons: first, the voxels needed to be
responsive to the 10% contrast stimuli; second, the voxels needed
to exhibit only a small modulation in response amplitude evoked
by the 10 and 100% contrast stimuli (CMI �0.25); and third, the
voxels needed to be in the proper anatomical location.

We assumed that the voxels meeting the three criteria were the
best candidate subregions within the LGN that may contain sub-
stantial fractions of M neurons. Those voxels that met our criteria
for high contrast sensitivity and small differences in responses to
high and low contrast stimuli tended to be clustered along the
posterior, medial, and inferior surfaces of the LGN, the expected
location of the M layers. Nineteen to 28% of the human LGN
volume is occupied by the M layers (Andrews et al., 1997), which
is similar to the 16.7% of LGN voxels identified as potential M
voxel candidates using our functional criteria. It should be noted
that our estimate depended on the choice of the activation and
contrast modulation thresholds. Future studies using additional
functional criteria will be necessary to further characterize the
functional subdivisions within the human LGN.

The segregation of M and P divisions of the human LGN using
functional criteria may be an exciting development toward prob-
ing visual functions of the two processing streams in relation to
human behavior and cognition, because the LGN is the only lo-
cation in the visual system in which the M and P channels are
spatially segregated. Furthermore, the ability to directly assess the
function of the M layers would be clinically useful, because ab-
normal development of the M layers is thought to occur in people
with albinism (Guillery et al., 1975) and dyslexia (Livingstone et
al., 1991; Stein, 2001).
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