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Abstract: To date, functional magnetic resonance imaging (fMRI) studies of the lateral geniculate nu-
cleus (LGN) have primarily focused on measures of the blood oxygenation level dependent (BOLD)
signal. Arterial spin labeling (ASL) is an MRI method that can provide direct measures of functional
cerebral blood flow (CBF) changes. Because CBF is a well-defined physiological quantity that contrib-
utes to BOLD contrast, CBF measures can be used to improve the quantitative interpretation of fMRI
studies. However, due in part to the low intrinsic signal-to-noise ratio of the ASL method, measures of
functional CBF changes in the LGN are challenging and have not previously been reported. In this
study, we demonstrate the feasibility of using ASL fMRI to measure the CBF response of the LGN to
visual stimulation on a 3 T MRI system. The use of background suppression and physiological noise
reduction techniques allowed reliable detection of LGN activation in all five subjects studied. The
measured percent CBF response during activation ranged from 40 to 100%, assuming no interaction

between the left and right LGN. Hum Brain Mapp 29:1207-1214, 2008.
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INTRODUCTION

The lateral geniculate nucleus (LGN) is a subdivision of
gray matter in the thalamus that is responsible for relaying
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visual information from the retina to the primary visual
cortex. Noninvasive imaging of the LGN can provide im-
portant information to aid our understanding of the visual
system in both healthy and diseased states. For example,
neurodegeneration associated with primary open angle
glaucoma is not restricted to the retinal ganglion cells, but
rather extends to the target neurons in the LGN [Luthra
et al., 2005; Yucel et al., 2000, 2001, 2003]. Studies of func-
tional changes in the LGN may therefore aid in the detec-
tion and understanding of neurodegeneration in glaucoma.

Compared to visual cortex studies, functional imaging of
the LGN is technically challenging because of the LGN'’s
relatively small size (91-157 mm® [Andrews et al., 1997])
and subcortical location. Previous functional magnetic
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resonance imaging (fMRI) studies have used the blood ox-
ygenation level dependent (BOLD) signal to measure func-
tional activation in human LGN [Chen and Zhu, 2001;
Chen et al,, 1998a,b; Fujita et al., 2001; Kastner et al., 2004;
Miki et al., 2001a,b, 2003, 2004, 2005; O’Connor et al., 2002]
and to map the retinotopic organization of this structure
[Chen et al., 1999; Schneider et al., 2004]. Although BOLD
fMRI provides good sensitivity and spatial resolution, the
quantitative interpretation of the BOLD signal is not
always straightforward because of its complex dependence
on a number of physiological variables, such as cerebral
blood flow (CBF), the cerebral metabolic rate of oxygen,
and cerebral blood volume [Buxton et al., 2004; Kwong
et al., 1992; Ogawa et al., 1990]. Interpretation of the BOLD
signal is especially problematic in clinical populations in
which changes in the cerebrovascular system due to fac-
tors such as disease, medication, and age, can significantly
alter the BOLD signal [Behzadi and Liu, 2005; D’Esposito
et al., 2003].

Arterial spin labeling (ASL) is a noninvasive MRI
method that can provide quantitative measures of CBF,
which is a well-defined physiological quantity [Detre et al.,
1992; Williams et al., 1992]. As compared to BOLD, meas-
ures of functional changes in CBF have been shown to ex-
hibit less intersubject variability and to be more robust in
the face of baseline vascular changes [Aguirre et al., 2002;
Brown et al., 2003; Stefanovic et al., 2006; Tjandra et al.,
2005; Wang et al., 2003]. It also has been suggested that
the CBF signal may be more localized to brain parenchyma
than BOLD [Kim, 1995; Luh et al., 2000]. In addition, CBF
measures can be combined with BOLD measures to yield
quantitative estimates of changes in oxidative metabolism
[Davis et al., 1998; Hoge et al., 1999]. Although ASL has
been widely applied to fMRI studies of the visual cortex,
its application to the study of the LGN has not been previ-
ously reported, due in part to its low intrinsic signal-to-
noise ratio (SNR) compared to BOLD. In a prior study
from our laboratory, we showed that the use of retrospec-
tive physiological noise reduction methods can signifi-
cantly improve the SNR of the ASL signal in the visual
cortex and hippocampal region [Restom et al., 2006]. Back-
ground suppression methods have been shown to reduce
the standard deviation of baseline ASL images, but their
impact on the SNR of functional scans has not been well
established [St Lawrence et al., 2005; Ye et al., 2000]. In
this study, we show that the combination of physiological
noise reduction and background suppression methods is
critical for the robust detection of functional CBF activation
in the LGN.

HUMAN SUBJECTS AND EQUIPMENT

Five healthy adult subjects (two male) with normal
vision, aged 25-40 years, participated in the study. Written
informed consent was obtained according to an Institu-
tional Review Board approval from the University of Cali-
fornia, San Diego.

All experiments were performed using a General Electric
3.0-T EXCITE system, with an eight-channel receive-only
head coil. Physiological (cardiac and respiratory) fluctua-
tions were recorded using a pulse oximeter (INVIVO Mag-
nitude 3150M patient monitor, Orlando, Florida) and a re-
spiratory effort transducer (TSD201, BioPac Systems,
Goleta, CA), respectively. The visual stimulus used in the
study was generated using the Psychophysics Toolbox
[Brainard, 1997; Pelli, 1997] for Matlab (Mathworks,
Natick, MA) on a PowerBook G3 computer (Apple, Cuper-
tino, CA), and was projected onto a back projection screen
placed inside the scanner bore using an NEC Solutions
(Itasca, IL) LT 157 liquid crystal display projector. The gen-
eral specifications of the visual presentation system were
as follows: viewing distance = 60 cm; field of view = 25°
H X 18° V; maximum luminance = 28.9 cd/m?; resolution
= 1024 H X 768 V; 60-Hz refresh rate.

EXPERIMENTAL PROTOCOL
Data Acquisition

Functional data were acquired using a quantitative
pulsed ASL sequence (PICORE QUIPSS II) [Wong et al.,
1998] with single-shot spiral readout. Five contiguous axial
slices, each 5-mm thick, were acquired at the level of the
LGN and primary visual cortex. A tagging slab of width
200 mm was placed 10 mm below the most inferior slice.
The QUIPSS II parameters TI1 and TI2 were chosen to sat-
isfy the following two criteria [Wong et al., 1998]: (1) TI1 is
less than the natural temporal bolus width 8 and (2) TI2-
TI1 is greater than the longest transit delay At. We used
measures of the ASL signal over a range of inversion times
to estimate the bolus width and transit delays and deter-
mined that TI1 = 700 ms and TI2 = 1,400 ms were consist-
ent with the QUIPSS II requirements [Buxton et al., 1998].
A total of 80 images (interleaved tag and control) per run
were acquired. Other parameters were as follows: TE 3.2
ms, matrix size 64 X 64, FOV 22 cm, flip angle 90°, TR 3.0
s. Background suppression was used to reduce the static
tissue components [Ye et al., 2000]. It consisted of a presa-
turation pulse train with two 90° windowed sinc pulses,
with crusher gradients to saturate the imaging slab imme-
diately prior to the application of the ASL tagging pulse
and two adiabatic inversion pulses placed at 233 and 833
ms after the presaturation pulse train. The timing of the
inversion pulses was optimized to achieve a theoretical
attenuation of at least 95% in all imaging slices, assuming
typical T1 values of 1,331, 832, and 3,900 ms at 3.0 T for
gray matter, white matter, and CSF, respectively [Luh
et al., 2000; Wansapura et al., 1999]. The number of inver-
sion pulses was limited to 2 in order to minimize the
losses in the perfusion signal because of the imperfections
of the pulses and magnetization transfer effects [Garcia
et al., 2005b; Talagala et al., 2004; Ye et al., 2000]. The
remaining tissue signal component in the LGN area aver-
aged among the five subjects after suppression was found
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experimentally to be 6, 10, and 12% in the LGN slices
(slices 2, 3, and 4, respectively).

For each subject, two 4-min background-suppressed ASL
runs were acquired. In addition to the background-sup-
pressed ASL runs, two additional 4-min runs using the
ASL sequence without background suppression were
acquired. In these runs, a dual-echo single-shot spiral ac-
quisition (TE = 3.2, 25 ms) was used. During all four func-
tional experiments, cardiac and respiratory activities were
recorded. A high-resolution structural scan was also
acquired using an inversion-prepared fast spoiled gradient
echo pulse sequence, with an inversion delay of 450 ms,
124 axial slices (I-mm thick), FOV 25 c¢m, matrix size 256
X 256, TR 7.9 ms, TE 3.1 ms, flip angle 12°, and bandwidth
31.25 kHz.

During each functional run, the subjects were instructed
to passively view a visual stimulus with a central fixation
point. The visual stimulus consisted of contrast-reversing
(8 Hz) checkerboard patterns (100% contrast, 25° horizon-
tal and 15° vertical aperture) that alternated between the
left and right visual fields in a block design (left visual
field first, 30 s left, 30 s right, a total of four repeats for
each visual field, total time 4 min). The central fixation
point (0.6°) was visible throughout the experiment.

Data Analysis

The first four images of each scan were excluded from
data analysis to allow the MRI signal to reach steady state.
All functional runs were motion-corrected and then regis-
tered to the first functional run using AFNI software [Cox,
1996]. The anatomical volume was registered to the func-
tional volume with an in-house MATLAB program that
utilizes the scanner coordinates of each volume. The accu-
racy of this registration program was verified on phan-
toms, using high-resolution interleaved spiral images
obtained with the same spiral pulse sequence used for the
functional studies. Functional CBF responses were com-
puted from the surround subtraction of the control and tag
image series in the background-suppressed data. If odd
indices correspond to control images and even indices cor-
respond to tag images, then the surround subtraction over
an image acquisition time series y[n], n = 0, 1, 2, ... pro-
duces the perfusion weighted time series: {y[1] — (y[0] +
y[21)/2, w[1] + y[3])/2 — y[2], ...} [Liu and Wong, 2005].
Functional BOLD responses were computed from the run-
ning average (average of each image with the mean of its
two nearest neighbors) of the second echo (TE = 25 ms)
nonbackground-suppressed data [Liu and Wong, 2005].
CBF responses were also formed from the first echo (TE =
3 ms) of the nonbackground-suppressed data, but as
shown in the Results section, the SNR of these data was
too low to provide reliable detection of LGN activation,
even after physiological noise correction.

Statistical analysis of the data was performed using a gen-
eral linear model (GLM) approach for the analysis of ASL
data [Restom et al., 2006]. The stimulus-related regressor in

the GLM was assumed to be a vector, obtained by convolv-
ing the stimulus pattern with a gamma density function of
the form h(t) = (wn!) " ((t — At) /1) "exp(—(t — At) /1) for t >
At and 0 otherwise, with t = 1.2, n = 3, and At = 1 [Boynton
et al., 1996]. The measured cardiac and respiratory fluctua-
tion data were included in the GLM as regressors to model
the physiological modulation of the ASL signal. In addition,
a constant and a linear term were included as nuisance
regressors. The data from the two runs (either two back-
ground suppressed or two nonbackground suppressed
runs) were concatenated prior to analysis with an expanded
GLM (cf. Eq. (10) in Restom et al. [2006]). As described in
Restom et al. [2006], the expanded GLM allowed for differ-
ent physiological and nuisance regressors for each run. The
estimated physiological noise components were removed
from the original data to form the noise-corrected CBF and
BOLD time series. Probability values (P values) were calcu-
lated on a per-voxel basis using the methods described in
Restom et al. [2006]. A Satterthwaite approximation was
used to account for the noise covariance introduced by the
ASL surround subtraction process [Kiebel et al., 2003;
Restom et al., 2006; Worsley and Friston, 1995].

Because of the low SNR of the CBF measures, detection
of functional CBF activation was confined to an anatomical
region of interest (ROI) encompassing the LGN region.
This ROI was defined on the structural images based on
anatomical landmarks surrounding the LGN (the hippo-
campal formation and optical radiation [Fujita et al.,
2001]). The size of the ROI (22-30 voxels per hemisphere)
was chosen to be larger than the actual size of the LGN to
allow for partial-voluming and image-blurring effects. A
per-voxel threshold of P < 0.008 (corresponding to P <
0.05 after correction for multiple comparisons) with a near-
est neighbor clustering criteria was used to define voxels
with significant functional CBF activation. Correction for
multiple comparisons was performed using the AFNI pro-
gram AlphaSim [Cox, 1996; Forman et al., 1995; Xiong
et al., 1995], with a minimum cluster size of two and in-
plane full-width half maximum (FWHM) of 5.8 mm X 5.8
mm. To maintain the same P-value threshold across sub-
jects, the largest ROI size (30 voxels) was used. Estimates
of the FWHM were obtained from Bloch simulations of the
spiral acquisition process with an assumed T2* = 30 ms,
which was measured from the dual echo data.

For detection of BOLD activation, we used the same an-
atomical ROI and per-voxel threshold as for the functional
CBF detection. In addition, to facilitate comparison with
prior studies, we also considered a more stringent per-
voxel threshold of P < 0.0001, corresponding to P < 0.0005
after correction for multiple comparisons within the ana-
tomical ROL.

For each subject and each hemisphere, average CBF and
BOLD time courses were obtained by averaging the indi-
vidual noise-corrected time courses across activated CBF
and BOLD voxels, respectively. Percent change CBF and
BOLD responses were calculated by dividing the respec-
tive time course by its baseline, which is defined as the
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mean signal during the off period of the visual stimulus
for each LGN.

The temporal variation of the perfusion measurements
was assessed in the active voxels of the left and right LGN
by calculating the standard deviation of the residual noise
estimated from the GLM. Without physiological noise cor-
rection, the residual noise included the cardiac and respi-
ratory induced variations; whereas with physiological
noise correction, estimates of the cardiac and respiratory
variations were removed from the residual noise. To com-
pensate for the higher receiver gains used in the back-
ground suppressed runs, the standard deviations of the
background suppressed residual noise components were
scaled down by the relative difference in the receiver gains
to achieve the same effective gain for all the noise terms.

RESULTS

Bilateral CBF and BOLD activation within the LGN was
detected in all subjects. Figure 1A shows an example CBF
activation map from Subject 1, who demonstrated activa-
tion in both the left and right LGN and visual cortex. Fig-
ure 1B shows the CBF time courses averaged over the
active CBF voxels for the left and right LGN. Both average
time courses are highly correlated with their respective
stimulus patterns (r > 0.8).

A B

Table I summarizes the percent CBF and BOLD
responses on a per subject basis. The percent change in
CBF response ranged from 40 to 100%, with the exception
of the response in Subject 5’s left LGN, which had a physi-
ologically unlikely percent CBF change (400%). An exami-
nation of Subject 5’s data revealed a low CBF estimate dur-
ing the baseline period in the left LGN area, as compared
to the right LGN. The low baseline CBF estimate was in
turn due to the presence of large negative values in the
CBF time series during two out of the four baseline peri-
ods. As the CBF time course is obtained from the surround
subtraction of the control and tag images, the presence of
residual image noise components that are not removed by
background suppression or physiological noise correction
can give rise to anomalous negative values due to the dif-
ferencing of the noise components.

The number of active CBF voxels per hemisphere ranged
from two to four among the five subjects, corresponding to
activation volumes of 118-236 mm?>. The measured activa-
tion volume here is similar to the previously reported
BOLD-based activation volumes of 240 + 29 mm?® [Chen
et al., 1999; Kastner et al., 2004], and agree reasonably with
the reported anatomical volume 91-157 mm?® [Andrews
et al., 1997].

At a threshold of P < 0.05 (same as the threshold used
for the CBF with correction for multiple comparisons), the
measured percent BOLD response ranged from 0.47% to

CBF response
100+
o 50
=
2
O
2 0 \
-507
0 100 150 200
Time (sec)

—— Left LGN
—— Right LGN

Figure 1.
A: Subject I's CBF activation map (P < 0.05 corrected for multiple comparisons) superimposed
on the anatomical image. Activation within the primary visual cortex and the LGN (indicated by
the arrows) can be seen. B: CBF time courses averaged over active voxels within the left (blue)
and right (red) LGN functional ROlIs. The blue and red bars below the graph indicate the peri-
ods of visual stimulation presented to the contralateral visual fields. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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TABLE I. Summary of the measured CBF and BOLD responses during LGN activation

CBF (P < 0.05)

BOLD (P < 0.05)

BOLD (P < 0.0005)

Subject No. of % No. of Overlap with CBF No. of % Overlap with CBF
no. voxels change voxels % change (no. of voxels) voxels change (no. of voxels)
1 L 2 62 6 0.66 2 4 0.54 1
R 2 48 7 0.52 1 3 0.80 1
2 L 3 68 14 0.68 3 7 0.84 2
R 4 82 5 0.50 1 2 0.40 0
3 L 3 100 9 0.49 2 3 0.62 0
R 2 89 4 0.90 1 3 0.70 0
4 L 3 40 4 0.48 1 2 0.40 1
R 2 74 2 0.47 0 0 n/a 0
5 L 2 4007 5 0.86 1 3 0.99 0
R 3 59 3 0.97 0 3 0.97 0

L, left LGN; R, right LGN.
@ This large percent CBF increase is discussed further in the text.

0.97%, and the numbers of active BOLD voxels ranged
from 2 to 14 corresponding to activation volumes of 118-
826 mm?®. Overlap of the activated CBF and BOLD voxels
was observed in all but two of the LGN (Table I). When
using the lower corrected threshold of P < 0.0005, the
detected number of active BOLD voxels ranged from 2 to
7 corresponding to LGN volumes of 118413 mm?, except
in Subject 4’s right LGN, where no BOLD activation was
found. When using this lower threshold, overlap between
the BOLD and CBF activation regions was found in only
4 of the 10 LGN.

Figure 2A compares the number of activated CBF voxels
with and without the use of background suppression and
physiological noise correction. In the absence of back-
ground suppression and physiological noise correction, no
active LGN voxels were found in any of the five subjects.
After applying physiological noise correction to the non-
background-suppressed data, one subject showed discern-
able activation. With background suppression alone, two
subjects showed significant activation. The use of both
physiological noise correction and background suppression
resulted in the largest improvement in the SNR of the ASL
data, with the detection of LGN activation in all five sub-
jects. Figure 2B compares the standard deviation of the re-
sidual noise component of the GLM in the LGN voxels
with and without the use of background suppression and
physiological noise correction. A reduction of 61-75% in
the standard deviation was observed after background
suppression. Applying physiological noise correction to
the background suppressed data provided an additional
reduction of 6-18%. The combination of the two methods
reduced the standard deviation of the residual noise by
75-89% in the five subjects.

DISCUSSION

We have shown that CBF activation within the LGN can
be measured using ASL fMRI. To our knowledge, this is
the first quantitative measure of the functional CBF

response in the human LGN. Despite the SNR gains
achieved with the use of physiological noise reduction and
background suppression methods, ASL is still an inher-
ently low SNR technique and necessitates the use of larger
voxels than those typically used in BOLD fMRI studies.
The voxel size used here (3.44 mm X 3.44 mm X 5 mm)
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Figure 2.

A: Number of activated voxels detected in each subject (sum of
the left and right LGN voxels) and B: Standard deviation of the
estimated residual noise in LGN voxels when no correction
methods were applied (first group on left), only physiological
noise reduction was applied (2nd group), only background sup-
pression (BGS) was applied (3rd group), and both physiological
noise reduction and BGS were applied (4th group). The largest
improvement in the sensitivity of the detection occurred when
both BGS and physiological noise reduction were used. A value
lower than | in (A) indicates no active voxels were found.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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was chosen after performing preliminary experiments with
slice thicknesses of 3 and 4 mm, but the SNR using these
smaller voxels was too low to provide robust detection of
CBF activation in the LGN. The use of large voxels is
likely to have caused underestimation of the percentage
signal change during activation. Indeed, the measured
BOLD percent change of 0.47%-0.97% is smaller than the
1.2% measured by Kastner et al. [2004] at 3 T using 3.17
mm X 3.17 mm X 3.0 mm voxels. Other recently pub-
lished reports indicate percent BOLD changes of 1.63%—
3.09% at 1.5 T for 3.17 mm X 3.17 mm X 3 mm voxels
[Fujita et al.,, 2001] and 2.2% at 4 T for 1.56 mm X 1.56
mm X 3 mm voxels [Chen et al., 1999].

When using the same threshold (per-voxel P < 0.008 cor-
responding to P < 0.05 after correction for multiple compar-
isons) to detect active CBF and BOLD voxels, the number
of active BOLD voxels (2-14) was greater than the number
of active CBF voxels (2—4), reflecting in part the lower SNR
of the CBF measures. Both the per-voxel and corrected P-
values are higher than the corresponding P-values used in
prior BOLD studies of the LGN. The use of a higher cor-
rected threshold and a relatively small anatomical ROI in
this study was motivated by the low SNR of the CBF meas-
ures. The thresholds used in prior BOLD studies have var-
ied greatly depending on the study design and magnetic
field strength, with corrected P-values of 6 X 10 *at4 T,
0.01 at 3 T, and 0.05 at 1.5 T [Chen et al., 1998b, 1999; Fujita
et al,, 2001; Kastner et al., 2004]. In addition, as compared
to the current study, the prior studies used a larger ROI
(typically 1,000-2,000 voxels) when correcting for multiple
comparisons, resulting in larger relative differences between
the corrected and per-voxel thresholds. Because of the
higher thresholds used in this study, we found that the
number of active BOLD voxels was greater than the previ-
ously reported values. When the corrected threshold in this
study was reduced to 0.0005, the per-voxel threshold
decreased to a value of 0.0001, which is roughly comparable
to the reported per-voxel threshold of 0.0002 used by Chen
et al. [1999]. At this lower threshold, the measured BOLD
activation volume (118413 mm?®) was found to be compara-
ble to previously reported values [Chen et al., 1998b, 1999;
Fujita et al., 2001; Kastner et al., 2004].

A comparison of the active BOLD and CBF regions
showed a partial overlap of the two regions, with the CBF
region typically confined to the parenchyma of the thala-
mus, whereas the BOLD region consistently extended to-
ward the lateral-inferior or posterior-inferior edge of the
thalamus. In addition, the amount of overlap decreased as
the threshold on the BOLD activation became more strin-
gent. These findings are consistent with those of a previ-
ous study of motor cortex activation by Luh et al. [2000],
which concluded that the CBF signal is primarily localized
to the brain parenchyma, whereas the BOLD signal is
more weighted to the venous compartment.

Our results indicate that background suppression and
physiological noise correction are critical for the detection
of functional CBF changes in the LGN. The reduction of

noise components (e.g. due to respiration-induced motion
and magnetic field fluctuations) with background suppres-
sion was sufficient to allow for detection of activation in
Subjects 1 and 2, who exhibited smaller residual noise levels
prior to suppression. For Subjects 3 through 5, who exhib-
ited higher initial residual noise levels, the combination of
background suppression and physiological noise correction
was necessary to reduce the residual noise to levels that
allowed for detection of activation. The further reduction of
the residual noise by applying physiological noise correction
to the background suppressed data most likely reflects the
presence of fluctuations in the CBF signal, such as respira-
tory modulation of CBF through changes in carbon dioxide
[Wise et al., 2004] and cardiac modulations of the tag bolus
(discussed later and in Wu and Wong [2006]). Since these
factors directly affect the CBF signal, they are unlikely to be
reduced by the attenuation of the static tissue component
that is achieved by background suppression. Our results
also indicate that even with the application of background
suppression and physiological noise reduction methods the
SNR of the CBF measures is still significantly lower than
that of the BOLD measures. Other methods, such as single-
shot 3D acquisitions [Gunther et al., 2005; Talagala et al.,
2004], may prove to be useful for attaining further SNR
increases for functional CBF measures. In addition, Wu
et al. [2007] recently demonstrated that pseudocontinuous
ASL [Garcia et al., 2005a] with optimized parameters offers
higher tagging efficiency and SNR than pulsed ASL for
baseline CBF measures. Further studies to determine
whether pseudocontinuous ASL can provide better detection
of functional CBF changes in the LGN would be useful.

It has been recently demonstrated that the CBF signal
measured with a PICORE QUIPSS II ASL acquisition
depends on the relative position of the tag and QUIPSS II
saturation pulses within the cardiac cycle [Wu and Wong,
2006]. The observed dependence most likely reflects varia-
tions in the size of the tagged bolus created by the QUIPSS
II approach because of cardiac-induced variations in blood
velocity. The resultant variability in the CBF signal can be
reduced by using cardiac gating of the sequence. However,
because the acquisition is no longer synchronized with the
stimulus, the gains achieved may be offset by decreases in
statistical power because of the need to resample the data.
Further work comparing the relative advantages of cardiac
gating versus physiological noise correction would be use-
ful. Alternatively, the use of a longer TI1 parameter in the
order of about 1 s would decrease the sensitivity of the
bolus size to cardiac fluctuations. However, the use of a
longer TI1 parameter would be inconsistent with the
QUIPSS II requirements for CBF quantification (see Data
Acquisition section). In future work, it would be useful to
determine whether a continuous ASL approach with a tag-
ging duration of ~1 s could provide better performance
than the pulsed ASL approach used here.

In this study, the baseline CBF in each LGN was esti-
mated by averaging the signal measured during the off pe-
riod (e.g. lack of hemispheric stimulus) for that LGN. This
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analysis implicitly assumes that the left and right LGN do
not interact with each other during activation, e.g. an
increase in CBF in one LGN will not affect CBF in the
other. Departures from this assumption can cause bias in
the estimates of baseline CBF, which in turn lead to bias in
the estimates of the percent change in CBF. In future stud-
ies, the inclusion of control periods during which neither
LGN is stimulated would be useful for minimizing these
potential biases.

The present study is an initial demonstration of the fea-
sibility of detecting functional CBF responses in the LGN
with ASL fMRI. Because CBF is a fundamental physiologi-
cal quantity, measures of functional CBF in the LGN may
prove useful for furthering our understanding of neurode-
generative diseases of the visual system such as glaucoma.
Additional studies to refine the performance of ASL meth-
ods and demonstrate their application in clinical popula-
tions would be useful.
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