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Detection of Eye Movements From fMRI Data
Michael S. Beauchamp*
Awake humans make eye movements with amplitudes and frequencies that depend on behavioral state and task. This poses
two problems for functional magnetic resonance imaging (fMRI)
studies that compare brain activity across tasks. First, motion
of the eye in the orbit increases the variance of the MR signal in
adjacent regions of the orbitofrontal cortex, hampering activation detection. Second, eye movements are associated with
activity in a distributed network of brain areas, confounding
comparisons of task activation. Direct measurement of eye
movements in the scanner bore is possible with expensive and
technically demanding equipment. A method is described that
detects eye movements directly from MR data without the use
of additional equipment. Changes in the MR time series from
the vitreous of the eye were observed that correlated with eye
movements, as measured directly with an infrared pupil tracking system. In each of 10 subjects, the variance of the MR time
series from the eye vitreous was greater when the subject made
eye movements than when the subject fixated centrally (average standard deviation (SD) 99.7 vs. 75.6, P ⴝ 0.001). The assessment of eye movements directly from fMRI data may be
especially useful for retrospective and meta-analyses. Magn
Reson Med 49:376 –380, 2003. Published 2003 Wiley-Liss, Inc.†
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Human subjects often make voluntary or involuntary head
movements during fMRI measurements. Because even
small head movements can render fMRI data unusable (1),
research has focused on the development of techniques to
prevent head movements (2,3), measure head movements
if they occur (4,5), and correct the errors introduced by
head movements (6 – 8).
Much less attention has been paid to the problem of eye
movements in fMRI experiments. Awake humans make
eye movements frequently (approximately every 250 ms)
and there are at least two ways that eye movements can
degrade blood oxygenation level dependent (BOLD) fMRI
data. The first problem caused by eye movements is an
indirect effect on the MR signal in nearby brain regions.
Bulk motion, such as motion of the tongue or jaw, causes
magnetic field changes in nearby tissue, resulting in image
distortion and other artifacts (9). Similarly, movement of
the eye in the orbit and contraction of the extraocular
muscles can cause magnetic field changes in nearby brain
regions. These large signal changes make it difficult to
measure the small signal changes caused by BOLD activation. The second problem caused by eye movements is
their effect on oculomotor control areas. When humans
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make eye movements, a broadly distributed network of
brain areas is active, including regions of the frontal lobe,
parietal lobe, and occipital-temporal cortex (10 –13). If a
study aims to compare the brain activity generated by two
task conditions, and the subjects make more eye movements in one condition than in the other, indirect brain
activity differences due to oculomotor control will be confounded with direct differences due to the tasks themselves.
An obvious solution to these concerns is to measure eye
movements. Recently, techniques have been developed
that allow for measurement of eye movements in the scanner bore during imaging with high spatial and temporal
resolution (14,15). However, the hardware and software
needed for eye tracking are expensive and require installation in the scanner and control room. Because of the
technical difficulty and expense involved, the majority of
fMRI studies are conducted without in-bore eye-movement measurement.
Because of the possible confounding effects of eye movements, it would be valuable to obtain some measurement
of eye movements directly from fMRI data. Human saccadic eye movements are rapid (⬃50 ms), and the slow TRs
(⬃1–10 s) typically used for fMRI make it difficult to image
the occurrence of individual eye movements. However,
fMRI experiments usually consist of multiple brain volumes collected over 30 –120 min, with subjects performing
a given behavioral task for seconds or minutes at a time.
We hypothesized that during a behavioral task in which
subjects make eye movements, MR acquisition of the slice
containing the eye should occasionally coincide with eye
movements, leading to large variance in the MR signal
from the eye vitreous. In contrast, when subjects do not
make eye movements, variance in the MR signal from the
eye should be reduced.
To test this hypothesis, we measured the standard deviation (SD) of the MR signal from the eye vitreous during
two types of scan series. In one type of scan series, subjects
were instructed to make eye movements to visually presented targets. In the second type of scan series, subjects
viewed the same targets but were instructed to make no
eye movements. An in-bore infrared pupil tracking system
was used to verify the subjects’ performance. Across
10 subjects, we observed significantly greater SD of the MR
signal in the vitreous during eye movements than during
fixation control.
METHODS
MRI Procedures
A high-resolution spoiled gradient-echo (SPGR) scan was
collected in addition to six to 10 functional scan series.
Each functional scan series contained volumes of
120 echo-planar images, collected using a 1.5 T scanner
(General Electric, Milwaukee, WI) with repetition time
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(TR) ⫽ 2000 ms, echo time (TE) ⫽ 40 ms, L-R phase
encoding, nominal flip angle ⫽ 90°, in-plane resolution ⫽
3.75 ⫻ 3.75 mm, and 16 axial slices with a thickness of
6 – 8 mm (depending on the geometry of each subject’s
brain) to provide coverage of the brain and eyes. The first
two volumes in each series, acquired before equilibrium
magnetization was reached, were discarded. The last volume in each time series was acquired with TE ⫽ 50 ms and
was not used in the analysis, for an effective functional
scan series length of 234 s.

FIG. 1. a: Structural and functional MR images of the eye and the
orbit in a single subject (case BL). Left panel: coronal slice through
a 1-mm3 SPGR dataset, showing the location of the orbit, eye, and
adjacent orbitofrontal cortex (dark green arrow). Eye vitreous is dark
in the T1-weighted image. Middle panel: coregistered coronal slice
through an EPI dataset (voxel size 84 mm3). Eye vitreous is bright in
the T2/T2*-weighted image. Right panel: axial slice through the EPI
dataset. The blue box in the middle and right panels indicates the
location of the voxel whose time series is shown in part c. b:
Schematic illustration of visual stimulus and eye-movement task. In
each 240-s scan series, subjects viewed a display in the center of
which was either a green crosshair (left panel) or a red crosshair
(right panel). Both displays contained moving circular targets (white
dot). During the eye-movement scan series (green), the subjects
moved their center-of-gaze (illustrated by blue circle) to track the
moving target. During the control scan series (red), the subjects kept
their eyes stationary on the fixation crosshairs. c: MR time series
from a voxel located in the vitreous of the eye (location illustrated
with the blue box in part a). Green line (left panel) shows a time
series during a 240-s eye-movement scan series. Red line (right
panel) shows a time series during a control scan series. Same scale
for both graphs (vertical bar ⫽ 500 MR units). Greater SD was
observed during eye-movement series compared with control scan
series. d: Map of SD, overlaid on a coronal echo-planar image. Left
panel shows SD during eye-movement scan series, right panel
shows SD during control scan series. Note increased SD throughout
the eye during the eye-movement scan series, and in the adjacent
orbitofrontal cortex (dark green arrow).

FIG. 2. Procedures for measurement of MR time series variance
illustrated for a single subject (subject BL) (analysis was performed
similarly for all subjects). a: Eye and control ROIs. An automated
region-growing technique was used to label all voxels in the eye (top
panel). A control ROI of the same size but distant to the eye was also
created (bottom panel). A single axial slice through the eyes is
shown for illustration; ROIs spanned multiple slices. Orange voxels
show an ROI, overlaid on an EPI anatomical image. b: MR time
series across conditions and ROIs. Four rows show time series for
successive scan series, alternating between fixation control scan
series (scans 1 and 3 in red) and eye-movement scan series (scans
2 and 4 in green). Each graph contains two traces: the top trace is
the average time series from all voxels in the eye ROI; the bottom
trace is the average time series from all voxels in the control ROI
(ROIs illustrated in part a). The number at the right of each trace is
the SD for that MR time series. Same scale for each graph; vertical
bar is 250 MR units. c: Estimated magnitude of head movement vs.
time for the four scan series pictured in b. Vertical bar is 10 RMS MR
units.
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Human Subjects
Ten human subjects (five males and five females, average
age 29.4 years) underwent a complete physical examination and provided written informed consent in accordance
with the National Institute of Mental Health (NIMH) human subjects committee. Subjects were compensated for
participation in the study, and anatomical MR scans were
screened by the Department of Radiology, NIH Clinical
Center.
Eye Movement Task
In alternating scan series, subjects performed either an eye
movement task or a control task that did not require eye
movements (Fig. 1b). A small white dot was presented at
varying locations in the display (116 total locations in each
scan series) and subjects either moved their eyes to the
location of the target each time it moved (eye movement
scan series) or kept their eyes stationary at the center of the
display (fixation control scan series). The subjects were
instructed on which task to perform by the experimenter
before each scan series. An additional cue was the color of
the fixation crosshair (green for eye movements, red for
fixation).
Eye Movement Acquisition and Visual Stimulus
Presentation
Eye-movement data were collected using an infrared pupillary eye-tracking system (ISCAN, Inc., Burlington, MA)
modified to allow operation in the MR scanner. A fiberoptic cable illuminated the subject’s eye from a light
source located outside the scan room. A dichroic mirror
reflected visible light, allowing subjects to view a visual
stimulus projected onto a screen located at the subjects’
feet, while transmitting infrared wavelengths to a video
camera located behind the subjects’ head, outside the magnet bore. A zoom lens was used to obtain an enlarged
image of the subjects’ left eye. The image was then passed
to a dedicated eye-movement analysis computer in the
scanner control room. Horizontal and vertical eye positions were collected and calibrated using a sequence of test
eye movements at the beginning and end of each session.
Region-of-Interest (ROI) Drawing
Separate eye vitreous and control ROIs were created in the
subjects using AFNI software (16). A seed point was
placed near the center of each eye. The vitreous of the eye
has a high water content and appears bright in the T2/T*2weighted EPI images, allowing the use of a nearest-neighbor clustering algorithm to fill all voxels in each eye (stopping at a manually-selected intensity threshold of 2000).
Control ROIs that met five criteria were also created in
each subject: 1) the same number of voxels as the vitreous
ROI, 2) located in the same axial slices as the eye ROI, 3)
the same intensity threshold (⬎2000), 4) located on the
edge of the brain, and 5) located distant from the eye in the
posterior half of the brain. See Fig. 2a for vitreous and
control ROIs from a single subject. The MR time series
from all of the voxels in each ROI was averaged at each
point in time, and the SD of the resulting time series was

FIG. 3. Three types of data from portions of an eye-movement scan
series (left column) and a fixation control scan series (right column)
for a single subject (case BJ). a: Eye position along the horizontal
axis as determined with an infrared pupil tracker. Note movements
during the eye-movement scan series but not the control scan
series. b: Average MR time series from an ROI in the eye vitreous.
Rapid changes in the signal from the eye (variance increases) were
observed during eye movements but not during fixation control. c:
Average MR time series from an ROI in the occipital cortex. The
BOLD signal rises after eye movements begin, and falls after eye
movements cease.

then computed. This procedure was repeated for each scan
series for each subject. Within each subject, an unpaired
t-test was used to compare the variance of all control scan
series with all eye movement scan series, and two values
were calculated for the mean eye movement and control
variances. A paired t-test of these values was used to
calculate the significance of variance differences across
subjects.
RESULTS
The vitreous of the eye was clearly delineated in the echoplanar images (Fig. 1a). During successive scan series,
subjects were instructed to either make eye movements to
visual targets or fixate centrally (Fig. 1b). As shown for a
sample vitreous voxel (Fig. 1c), the MR time series contained greater variance during the eye-movement scan series than during the fixation control scan series. Figure 3
illustrates the likely source of this increased variance.
Infrared pupil tracking demonstrated that subjects made
rapid saccadic eye movements during eye movement scans
but not during control scans (Fig. 3a). Occasionally, a
rapid saccadic eye movement (duration ⬃50 ms) occurs at
the same time as an MR acquisition of the eye (TR ⫽ 2 s),
leading to a large change in the MR signal in the eye
vitreous (Fig. 3b). Most often, the eye movement will not
coincide with acquisition, resulting in a relatively stable
signal within the eye. Over the course of an entire scan
series, enough saccades will coincide with acquisitions to
give rise to increased variance in the eye ROI (Fig. 1c, left
panel) compared with control fixation scans (Fig. 1c, right
panel).
To show the spatial extent of this effect, a map of SD was
constructed (Fig. 1d). Variance increased throughout the
vitreous during eye movement scans compared with control scans. Voxels in orbitofrontal cortex adjacent to the
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Table 1
Variance of the MR Signal Across Two Conditions (eye movements and fixation) and Two ROIs
(eye vitreous and control) From Ten Subjects
Subject
code
BH
BI
BJ
BL
BN
BO
BP
BQ
BR
BS
Average

Eye ROI Eye
movements

Control ROI Eye
movements

Fixation

Fixation

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

121.5
60.9
65.6
142.8
80.3
161.0
88.4
67.9
130.8
77.8
99.7

9.7
2.8
3.4
24.6
3.6
22.6
7.1
3.1
6.9
4.2
11.4

99.4
41.6
50.9
76.2
62.8
140.0
67.9
45.2
100.2
71.8
75.6

4.0
4.2
6.6
3.3
7.1
17.8
4.4
2.7
4.0
10.9
9.6

38.4
28.7
34.6
33.8
30.6
48.9
38.1
51.7
32.6
57.9
39.5

1.5
0.3
0.8
0.7
0.2
0.9
1.0
3.2
0.7
2.9
1.2

32.9
27.9
33.8
34.3
29.9
47.2
34.7
48.6
32.7
59.3
38.1

1.2
0.4
0.3
0.5
0.6
0.3
0.5
1.9
0.8
3.4
1.0

Each row shows data for a single subject (two-letter subject code shown in leftmost column): first four columns are for the eye vitreous ROI,
second four columns are for the control ROI. During each scan series, a subject performed either eye movements or fixation; the SD of the
average MR time series from all of the voxels in each ROI was calculated for each scan series. The mean is the mean SD across scan series
of a given type (eye movements or fixation) and the SEM is the standard error across scan series. For the average values (last row), the mean
is the mean across subjects and the SEM is the standard error across subjects.

eye also showed increased variance during eye movement
scans, likely due to susceptibility effects.
As shown in Fig. 2b, the average time series from the eye
ROI showed increased SD in eye movement scan series
compared with control scan series (average SD across three
scan series of each type for this subject: 142.8 vs. 76.2, P ⫽
0.02). The same effect was not observed in a control ROI
located far from the eye (33.8 vs. 34.3, not significant).
A possible confounding effect for the interpretation of
these observations is the occurrence of head movements. If
subjects made more head movements during the eyemovement scan series than during the control scan series,
increased SD in the eye ROI would be observed that would
not be due to the eye movements themselves.
Several lines of evidence suggest that this is unlikely.
First, subjects were instructed to keep their heads motionless in both types of runs, and a forehead strap was used to
secure the subject’s head to the head coil. Second, head
movements typically cause a rim artifact in which voxels
at the edge of the brain show high variance as the partialvolume fraction of tissue changes, causing large changes in
signal intensity with even slight movements. Our control
ROI was chosen to include many voxels at the edge of the
brain to emphasize this effect. Even so, the control ROI
showed equal variance during both types of scan series. As
an additional control, the amount of head movement in
each type of scan series was measured using a volume
registration technique that estimated motion parameters
for each time point in each scan series (8). As shown in
Fig. 2c, little head motion was observed in either the
eye-movement or the control scan series, and did not correlate with large signal changes in the eye ROI. There was
no significant difference in estimated motion between the
eye-movement and control scan series. These lines of evidence suggest that the increased SD observed in the eye
ROI is due to eye movements, and not to head movements
or other global causes of increased variance in the MR time
series.

To determine the consistency of the effect, the same
analysis was performed in 10 subjects (Table 1). In every
subject, greater variance was observed within the eye ROI
for eye movements compared with fixation control (average variance across subjects 99.7 vs. 75.6, P ⫽ 0.001). In
contrast, the control ROI did not show a difference between conditions.
The effects of eye movements are twofold. First, in the
eye and neighboring brain regions (Fig. 1d), variance increases whenever an eye movement coincides with an MR
acquisition of the eye (Fig. 3b). Second, in a broad network
of brain regions, neural activity related to the eye movement causes a BOLD increase in the MR time series (Fig.
3c). This indirect change due to the BOLD response (slow
rise and fall in the mean MR signal) is markedly different
from the direct change caused by eye movements (no
change in mean signal, increased variance).
DISCUSSION
These results show that it is possible to detect the occurrence of eye movements directly from MR data using imaging parameters commonly used for BOLD-EPI fMRI. The
relatively slow TR (2 s) means that eye-movement measurement is a random process: if an eye movement happens to occur during a slice acquisition containing the eye,
the MR signal from the eye vitreous at that time point will
differ from baseline (Fig. 3). While on average a task with
more eye movements will result in increased variance in
the signal from the vitreous (Table 1), the amount of variance increase will differ from scan series to scan series
(Fig. 2b, Table 1). This means that individual eye movements cannot be detected, and that averaging across a
number of scan series is necessary to estimate eye movement differences between tasks. However, this is not an
undue limitation for fMRI studies, which typically require
a number of scan series to produce accurate activation
maps. In the present study, eye-movement conditions and
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fixation control conditions were in consecutive scan series; however, this technique should also be applicable to
other types of experimental designs in which different task
conditions are more closely spaced in time.
Clearly, examination of vitreous variance will not replace
dedicated hardware that allows the measurement of eye
movements with great spatial and temporal precision. However, because most fMRI experiments are performed without
in-bore eye tracking, a simple (albeit imprecise) measurement of eye movements from MR data alone is useful. First,
as shown in Fig. 1d, eye movements can increase the MR
signal variance in voxels near the eye, including the orbitofrontal cortex. Therefore, fMRI studies that expect to see
activation in this region (implicated in emotion and emotionrelated learning (17)) would be well advised to measure
vitreous variance to ensure that it is not masking orbitofrontal activation. Second, this technique may be valuable for
meta-analyses or retrospective studies. A number of largescale efforts are under way to create databases (e.g., at the
Functional Magnetic Resonance Imaging Data Center) containing vast numbers of fMRI datasets collected from investigators worldwide (18). The collected data is then distributed to other investigators for post hoc analysis. A study in
the database might have two task conditions (such as viewing
pictures of tools and pictures of humans (19)) and report task
activation differences in regions of frontal, parietal, or occipital lobes that overlap with eye-movement control areas. An
analysis of vitreous variance might allow an approximate
answer to the question of whether these activation differences are due to the pictures themselves or to eye-movement
differences between the two tasks.
The most important requirement for the method described here is that the fMRI acquisition volume must
include at least one slice through the eye vitreous. The
more rapid the TR (and the more slices that include the
vitreous), the more likely that an eye movement will coincide with an eye acquisition. Therefore, the 2-s TR used
here, or a faster one, may be necessary for accurate eyemovement comparisons to be made between tasks.
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