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ABSTRACT Subcortical nuclei in the thalamus, which
play an important role in many functions of the human brain,
provide challenging targets for functional mapping with neu-
roimaging techniques because of their small sizes and deep
locations. In this study, we explore the capability of high-
resolution functional magnetic resonance imaging at 4 Tesla
for mapping the retinotopic organization in the lateral genic-
ulate nucleus (LGN). Our results show that the hemifield
visual stimulation only activates LGN in the contralateral
hemisphere, and the lower-field and upper-field visual stim-
ulations activate the superior and inferior portion of LGN,
respectively. These results reveal a similar retinotopic orga-
nization between the human and nonhuman primate LGN and
between LGN and the primary visual cortex. We conclude that
high-resolution functional magnetic resonance imaging is
capable of functional mapping of suborganizations in small
nuclei together with cortical activation. This will have an
impact for studying the thalamocortical networks in the
human brain.

Neuronal activity can elevate electromagnetic signal changes
along with hemodynamic and metabolic changes (the second-
ary effects). These changes provide basic detection sources for
all modern neuroimaging techniques. Generally, there are two
categories of neuroimaging techniques. The first category is
based on the detection of electromagnetic signal changes
elevated by neuronal activity using single or multiple detection
senses surrounding the human head. The representative tech-
niques are: (i) electroencephalography; (ii) event-related po-
tentials, which are based on the electroencephalography mea-
surements synchronized with task executions; and (iii) mag-
netoencephalography. The second category is based on (i) the
detection of hemodynamic changes (cerebral blood flow,
cerebral blood volume, and oxygenation) andyor metabolic
changes (glucose utilization and oxygen utilization) induced by
neuronal activity and (ii) the well-established phenomenon of
functional coupling between neuronal activity and these
changes (1, 2). The most common techniques in this category
are positron emission tomography, single photon emission
computed tomography, optical imaging, near infrared spec-
troscopy, and newly developed functional magnetic resonance
imaging (fMRI) (3–5). Although all of these techniques have
been used successfully to map functional activation in cortical
areas, most are not suitable for detecting and distinguishing
activation in numerous nuclei located in the thalamus. As such,
subcortical nuclei are integral parts of the human neural
networks and play an important role in many brain functions;
they provide challenging targets for functional mapping with
neuroimaging techniques. The main obstacles are the small
nucleus sizes and their deep locations in the thalamus and

limited spatial resolution, detection sensitivity, and penetra-
tion depth of neuroimaging techniques. It would be important
to explore a unique imaging technique that allows functional
mapping of both cortical and subcortical activation in the
human brain.

The principle of the fMRI technique is based on blood
oxygenation level dependent (BOLD) contrast (6). The mag-
nitude of BOLD change depends on alterations in tissue
deoxyhemoglobin content, which is sensitive to changes on the
cerebral metabolic rate of oxygen (CMRO2), cerebral blood
flow, as well as cerebral blood volume (7, 8). ‘‘Uncoupled’’
alterations in CMRO2 and cerebral blood flow during func-
tional activation (9–11) would lead to a decrease in regional
deoxyhemoglobin content and, ultimately, in magnetic suscep-
tibility gradients across and near the luminal boundaries of
blood vessels. This will cause a signal increase in T2* andyor
T2 weighted magnetic resonance (MR) images, which reflects
a positive BOLD response. Generally, the magnitude of BOLD
change during physiological activation is small (on the order of
several percent). However, the origin of the BOLD signal is
intravascular and extravascular water, which has an extremely
high concentration in the brain. This significantly compensates
the small BOLD change and provides high detection sensitiv-
ity, which can be enhanced further at high magnetic fields
(12–15). This superior detection sensitivity combined with fast
MRI techniques provides a capability for functional mapping
of the entire human brain with high spatial resolution. In
addition, anatomical images with high spatial resolution and
superior imaging contrast can be routinely obtained during the
same fMRI study and they are important for anatomical
assignments of nucleus structures. These advantages make
fMRI a possible candidate for detecting small nucleus activa-
tion in the thalamus.

The relay function of the lateral geniculate nucleus (LGN)
during visual perception processing has been studied exten-
sively (16–20). In addition to the cortical regions involving the
occipito-temporo-parietal pathways, visual perception must
engage the LGN in the thalamus, as well as areas in the primary
visual cortex (V1). Therefore, the LGN provides a suitable
target to examine the feasibility of fMRI for detecting the
nucleus activation in the thalamus. Recently, it was demon-
strated that the fMRI technique could be used to detect the
bilateral activation in the human LGN during a full-field visual
stimulation (21, 22) and it is capable of detecting the LGN
activation reliably in single subjects at 4 tesla (21). Similar to
the cortex, the LGN is functionally and spatially segregated
and compartmentalized. It is well known that the LGN consists
of four parvocellular layers and two magnocellular layers (20).
Each layer receives inputs from specific visual fields via retina
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and then retinotopically projects to V1. The retinotopic orga-
nizations in V1 and other associated visual cortical areas have
been mapped by using fMRI (23–25). In this study we explore
the capability of high-resolution fMRI at a high magnetic field
(4 tesla) for mapping the retinotopic organization in the small
LGN ['5 3 6 mm2 cross-section size in the coronal orientation
in the human brain (26)]. This goal is achieved by testing
whether the fMRI technique can (i) detect the contralateral
hemisphere LGN activation during hemifield visual stimula-
tions and (ii) spatially differentiate the functional activation
within a single LGN between the upper-field and lower-field
visual stimulations.

MATERIALS AND METHODS

Visual Stimuli. The hemifield visual stimulus was made by
two checkerboards (mode S10VSMA, Grass Instruments,
Quincy, MA). For the left–right hemifield visual stimulus, the
two checkerboards were horizontally arranged side by side and
placed 24 cm from the subject’s eyes with 21.6° (width) 3 10°
(height) visual field. There was a narrow dark gap (1.6°)
between the two checkerboards and a small white circle marker
was located at the center of the dark gap as a central fixation
point. The checkerboards were reversed at 16 Hz frequency
between the red and black colors and could be turned on (or
off) simultaneously or independently. For the upper-field and
lower-field visual stimuli, the same stimulus for the left–right
hemifield visual stimulations was used except for with a 90°
rotation; in this case, the visual field was restricted to 10°
(width) 3 14.2° (height) because of the narrow space inside the
MRI scanner.

fMRI Acquisition. The fMRI studies were performed on a
Varian console interfaced to a Siemens (Erlangen, Germany)
4 Tesla whole-body system equipped with a head gradient coil
insert. A quadrature head birdcage probe was used for exci-
tation of water resonance and reception of MRI signals. A
modified gradient echo-planar imaging sequence with four
segments, variable flip angles, center-out k-space sampling,
and navigator echo correction (27, 28) was used to acquire
high-resolution T2*-weighted fMRI images (128 3 128 image
matrix size, 20 3 20 cm2 field of view, nominal resolution
1.56 3 1.56 mm2, and 3 mm slice thickness). Five to seven
contiguous coronal slices covering LGN were collected, except
for one subject who performed the study a second time by
using the axial image orientation. Two additional coronal slices
covering the calcarine fissure in V1 were also acquired in some
subjects for examining the functional relationship between V1
and LGN. The imaging acquisition parameters were 25 msec
echo time and 2 sec per multislice image set. Four control
periods and four task periods were designed in an interleaved
way (4 cycles); 20 image sets were acquired in each of the 8
consecutive periods resulting in a total of 160 multislice image
sets for the entire visual stimulation paradigm (5.3 min).
Additionally, multislice (128 3 128 matrix size) T1-weighted
TurboFLASH images and a three-dimensional MDEFT image
data set (29) were acquired for anatomical information. A
head motion detector was used to provide an on-line monitor
to ensure no head movements during functional studies.

fMRI Data Analysis. The acquired fMRI raw data were
Gaussian filtered in the k-space for the signal-to-noise ratio
enhancement. The Gaussian filter increased pixel sizes at
full-width-at-half-maximum by '0.3 pixel in comparison with
the full-width-at-half-maximum without the Gaussian filtering
inherent in discrete data because of the effect of pixelation
(30). The filtered data were Fourier transformed and analyzed
by using functional imaging software (STIMULATE) developed
in our laboratory. The fMRI maps were generated by com-
paring the T2* weighted echo-planar images acquired between
task and control periods using the period cross-correlation
statistical methods (31). Activation pixels were determined by

the following three criteria. (i) To eliminate false activation
pixels in areas of high signal f luctuation, pixels where the
standard deviation of image-to-image MR signal f luctuation
was .3.0–5.0% relative to the mean MR signal during all
control periods were excluded from the cross-correlation
analysis. This primarily suppressed the pixels at large vessels,
cerebrospinal f luid space, and in regions of poor signal-to-
noise ratio in echo-planar images (21, 32). (ii) Only pixels with
a cross-correlation coefficient above a threshold were included
in the functional maps; slightly different cross-correlation
coefficient values were used for processing different fMRI
data sets that depend on the image quality and the BOLD
response and the averaged cross-correlation coefficient value
was 0.29 6 0.05 (SD). (iii) Pixels with less than two contiguous
activated pixels were excluded from the functional maps. This
threshold of two-pixel cluster size improves the effective
statistical significance of the detected ‘‘activation’’ (33). The
method described by Xiong et al. was used to calculate the
effective probability value P for false positives showing acti-
vated pixels (21, 30). This method accounts for (i) the cluster
size threshold (52); (ii) the intensity threshold of statistical
significance (the t or z values) for creating the activated pixels
(53.74); (iii) the smoothness due to the Gaussian filtering; and
(iv) the total number of pixels in the searched brain area used
in the statistical analysis ('4,000 for a single slice). Consid-
ering this method (21, 30), the calculated effective P value was
0.02 compared with the P value of 0.0002 from the calculation
based on the cross-correlation coefficient alone (31).

Human Experiments. Two groups of healthy right-handed
subjects (assessed by means of the Edinburgh handedness
inventory) without history of neurological disorders partici-
pated in this study, which was approved by the institutional
review board of the University of Minnesota Medical School.
The subjects were recruited from the academic university
environment.

RESULTS AND DISCUSSION

fMRI Mapping of Retinotopic Relationship in LGN Related
to Hemifield Visual Stimulations. The subjects of the first
group (n 5 3; one female and two males, age range 19–29
years) performed a set of visual tasks by using the left–right
hemifield stimuli during high-resolution fMRI studies (see
Materials and Methods). There were four different visual task
designs: (i) dark screen vs. full-field visual stimulation, (ii) dark
screen vs. left-field visual stimulation, (iii) dark screen vs.
right-field visual stimulation, and (iv) left-field vs. right-field
visual stimulation. Fig. 1 shows the LGN activation maps
superimposed over T1-weighted anatomical images for these
four visual stimulation tasks performed in the same experi-
mental session from two representative subjects (subjects 1
and 2; the same results were observed in subject 3, who only
performed three visual stimulation tasks). The full-field visual
stimulation activated LGN bilaterally (Fig. 1a); the sizes of the
LGN activation varied significantly between the left and right
LGN within the same subject and between subjects.

The hemifield retinotopic relationship in the human brain is
demonstrated in the LGN activation maps by the other three
tasks. The left-field and right-field visual stimulations relative
to a dark screen only activated the corresponding contralateral
LGN (Fig. 1 b and c). This was further confirmed by the LGN
activation maps derived from the alternating left and right
hemifield visual stimulation (Fig. 1d). In this paradigm, BOLD
signal intensity changes associated with ‘‘activation’’ occur out
of phase in time for the left and right hemisphere LGN; these
two different patterns of activation are represented with two
different colors (red vs. purple) in Fig. 1d. These results clearly
demonstrate that the activation detected at the anatomic
location of LGN (21) was responsive only to the contralateral
visual field stimulations.
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The comparisons of the LGN activation in Fig. 1 illustrate
excellent reproducibility of activation locations and sizes (ac-
counting for the activation pixel number) among the four
different visual stimulation tasks within the same subjects. This
indicates that the fMRI technique at this magnetic field
strength provides a reliable and sensitive tool for detecting
activation in small subcortical nuclei, in this particular case,
within the human thalamus. High magnetic fields are expected
to provide advantages of higher BOLD sensitivity to micro-
vasculature, which translates into enhanced spatial specificity
in functional brain maps (21, 34, 35). This is supported further
by the results presented in Fig. 2, showing activation maps from
a different experimental session and imaging orientation for

one of the two subjects whose images are shown in Fig. 1
(Right). In this study, the fMRI data were acquired in the axial
orientation covering both LGN and V1, whereas the subject
experienced either the full-field visual stimulation (Fig. 2a) or
the alternating left and right hemifield visual stimulation (Fig.
2b). The activation maps not only demonstrate the same
retinotopic relationship as in the first experiment shown in Fig.
1, but also indicate that the sizes of the LGN activation in the
different hemispheres are almost identical between the two
experiments for the same subject.

The average BOLD signal intensity change calculated from
the LGN activation pixels of the coronal fMRI maps was 2.2 6
0.5% (number of experiments; n 5 14). This is significantly
higher than the 1.1% observed from our previous study with
lower resolution fMRI (21). This result is expected from
partial volume effects when true activation volumes are smaller
than imaging volume elements (35). An approximately 7-fold
decrease of voxel size in this high-resolution fMRI study
relative to our earlier work (21) significantly reduces the
partial volume effect and leads to an increase of BOLD signal.
The average number of the LGN activation pixels in the
coronal orientation was 8.6 6 4.5. This gives, approximately,
the two-dimensional LGN activation sizes of 4.6 3 4.6 mm2

(ignoring Gaussian filter broadening) and 5.1 3 5.1 mm2

(including Gaussian filter broadening), respectively. This re-
sult is consistent with the anatomical study showing approxi-
mately 5 3 6 mm2 sizes of LGN in the coronal orientation in
the human brain (26).

fMRI Mapping of Retinotopic Relationship in LGN Related
to Upper-Field and Lower-Field Visual Stimulations. The
subjects of the second group (n 5 5; two males and three
females, average age 27 6 8 years) performed another set of
visual tasks using the upper-field and lower-field visual stimuli.
Two visual tasks were designed: (i) dark screen vs. the upper-
field visual stimulation and (ii) dark screen vs. the lower-field
visual stimulation. These tasks are expected to activate LGN
bilaterally. However, the most striking question is whether the
retinotopic relationship reflecting the upper vs. lower visual
field can be detected and distinguished within a single small
LGN by using high-resolution fMRI at high magnetic fields.

Fig. 3a contains the fMRI maps showing the LGN activation
during the upper-field and lower-field visual stimulation (rel-
ative to a dark control state), respectively, from a represen-
tative subject (subject 4). LGN was activated bilaterally in both
cases; however, the central positions of the LGN activation
were significantly shifted, predominantly in the superior di-
rection. The LGN activation induced by the upper-field visual
stimulation was more inferior in location (closer to the hip-
pocampal formation), as shown in Fig. 3a (Left Inset) com-
pared with the LGN activation induced by the lower-field
visual stimulation (Fig. 3a Right Inset). There was partial
overlap of the LGN activation between the upper-field and
lower-field visual tasks.

Spatial differentiation of activation within LGN between the
two tasks is better visualized by using fMRI maps that are
composites of the two activation maps generated with the
upper-field and lower-field visual stimulations relative to a
dark control state. Such maps are shown for four different
subjects in Fig. 3b. In this figure, the colors yellow and green
represent the LGN activation corresponding to stimulation in
the lower and upper visual fields, respectively, relative to a
dark control state; the color red represents the overlap, i.e.,
pixels activated by both tasks. One of the five subjects exam-
ined did not show significant activation in the right hemisphere
LGN during one task; consequently, composite fMRI maps
from only four subjects are presented (Fig. 3b). One of the four
subjects whose images are presented in Fig. 3b performed
these tasks two times at different experimental sessions; the
results were similar for the two sessions. Generally, the spatial
locations of activation in the LGN region induced by the

FIG. 1. fMRI mapping of the LGN activation from subject 1 (left
column) and subject 2 (right column) during the left–right hemifield
visual stimulations. LGN activation maps (coronal image orientation)
were generated from: (a) full-field visual stimulation; (b) left-field
visual stimulation; (c) right-field visual stimulation; and (d) alternating
left-field and right-field visual stimulation, where the colors red and
purple identify the LGN activation pixels that responded to the
right-field and left-field visual stimulation, respectively. LGN activa-
tion appears superior to the hippocampal formation. L and R repre-
sent the left and right hemispheres, respectively.

FIG. 2. fMRI mapping of the LGN and V1 activation from subject
2 during the left–right hemifield visual stimulations from a different
experimental session and the axial image orientation. (a) LGN acti-
vation maps generated from the full-field visual stimulation. (b) LGN
activation maps generated from the alternating left and right hemifield
visual stimulation. The colors red and purple in b indicate the LGN
activation pixels that responded to the right and left visual hemifield
stimulation, respectively. Arrows show the visual pathway from retinas
to LGN and from LGN to V1 in the human brain.

2432 Neurobiology: Chen et al. Proc. Natl. Acad. Sci. USA 96 (1999)
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upper-field and lower-field visual stimulations were consistent
for intrasubject comparisons between the left and right hemi-
sphere LGN. There was, however, some variation in the LGN
activation size and shape among the different subjects. These
results are consistent with earlier observations of large ana-
tomical variability in the human LGN size (36, 37).

The LGN activation maps in Fig. 3b illustrate that the upper
visual field projects to the inferior portion of LGN and the
lower visual field projects to the superior portion of LGN. To
the best of our knowledge, this is the first demonstration of a
retinotopic relationship within the LGN in the human brain.
Our results from the retinotopic mapping in the human LGN
are consistent with the retinotopic organization reported for a
nonhuman primate visual system that has been studied exten-
sively by using microelectrode recording (38) and selective
lesions (39, 40). These nonhuman primate studies have shown
that the superior and inferior portions of LGN represent the
lower and the upper visual fields, respectively, in the contralat-
eral hemifield. Our results also illustrate that the LGN reti-
notopic organization behaves similarly to V1 (24) with respect
to upper and lower visual fields in humans. The upper and
lower visual field representations in V1 are anatomically
separated by the calcarine fissure and as such are spatially
distinguishable without overlap. In contrast, they are contin-
uous in each of the LGN layers. This makes it difficult to

completely separate the spatial locations of the LGN activation
between the upper-field and lower-field visual stimulations
using current spatial resolution of fMRI. This partially con-
tributes to the overlap of the LGN activation between the
upper and lower visual fields. It may be possible to reduce
further this overlap using higher resolution fMRI. The image
signal loss caused by the decrease of image pixel volume in
higher resolution fMRI can be compensated by the BOLD
signal increase due to less partial volume effects as shown here
and in ref. 35.

General Discussion. At high magnetic fields, the spatial
resolution and specificity of the fMRI technique have been
shown to exist at the ocular dominance column level (41).
However, the visual cortex represents a favorable target in
fMRI studies because it can be studied with surface coils,
which provide much improved signal-to-noise ratio compared
with coils that must circumscribe the head for entire brain
studies or for detecting subcortical regions. Surface coil de-
tection was indispensable for the ocular dominance column
studies (41) and was also employed in retinotopic mapping of
V1 (24). In this paper, we have demonstrated that high-
resolution functional imaging by fMRI extends to mapping
suborganizations within small subcortical nuclei in the thala-
mus. This in turn indicates that it will be possible to study
large-scale neural networks (42) encompassing both cortical
and subcortical gray matter in single human subjects at a
relatively high resolution. Fig. 2 provides a demonstration
showing a simple thalamocortical network of the lower-order
visual system (LGN and V1) related to retinotopic relation-
ships during visual stimulations.

The connection between fMRI and neuronal activity is due
to a tightly functional coupling between neuronal activity and
hemodynamic or metabolic response (1, 43, 44). One interest-
ing issue is the spatial correlation between the activation
locations detected by fMRI and sites of neuronal activity.
Recently, it has been shown that the spatial distribution of the
BOLD signal induced by whisker stimulation in the rat brain
has the same spatial pattern and dimension as that of neuronal
electrical activity in a single whisker barrel (45). This is
supported by our human brain study showing excellent con-
sistencies of the LGN locations and sizes between anatomical
image and fMRI maps. It indicates that the spatial specificity
of fMRI is capable of mapping small nuclei in the millimeter
domain.

CONCLUSIONS

We have demonstrated the feasibility of high-resolution fMRI
at 4 Tesla for mapping the retinotopic organization in the small
LGN in the human thalamus. The results reveal a similar
retinotopic relationship between the human and nonhuman
primate LGN and between LGN and V1. The high-resolution
fMRI technique is capable of functional mapping of suborga-
nizations in small nuclei and it provides a unique and reliable
method for detecting functional activation covering both cor-
tical areas and subcortical nuclei of the entire human brain
without multiple subject averaging. Such fMRI capability will
be vital to understanding the human brain functions related to
sensory perception and higher cognitive processing (46) at
both physiological and pathological conditions.
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a

b

FIG. 3. fMRI mapping of the LGN activation during the upper-
field and lower-field visual stimulations (coronal image orientation).
(a) fMRI maps generated from the upper-field visual stimulation (the
left fMRI map and the upper red checkerboard inset) and from the
lower-field visual stimulation (the right fMRI map and the lower red
checkerboard inset) of a representative subject (subject 4). Arrows
show the vertical direction of spatial shifting of the LGN activation
during the upper-field and lower-field visual stimulation, respectively.
(b) Composite fMRI maps of the LGN activation from four subjects
obtained by combining the two activation maps generated from the
upper-field and lower-field visual stimulations relative to a dark
control state. Green and yellow pixels represent the LGN activation
pixels induced by the upper-field and lower-field visual stimulation,
respectively. Red pixels represent the overlap LGN activation pixels
between the upper-field and lower-field visual stimulations.
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