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Multishot Partial-k-Space EPI for High-Resolution fMRI
Demonstrated in a Rat Whisker Barrel Stimulation Model

at 3T

Hanbing Lu,’ Yousef Mazaheri,” Rongyan Zhang," Andrzej Jesmanowicz," and

James S. Hyde'"

A multishot partial-k-space EPI technique is presented and
validated by fMRI at high spatial resolution. High-resolution
phase maps corrected by phase-encoded reference scans have
less off-resonance effects. Phantom studies demonstrate that
this method can substantially improve partial-k-space EPI im-
age formation. BOLD fMRI at submillimeter spatial resolution
(156 x 156 x 2000 um?3, 0.049 pl) was achieved in a rat whisker
barrel stimulation model using this technique. The study in-
cluded eight rats, five of which were administered an intravas-
cular contrast agent (monocrystalline iron oxide nanocolloid
(MION)) after the BOLD experiments. In two rats the highest
BOLD responses were in the deep layers (IV-VI), and in six rats
the highest responses were on the surface and in the deep
cortical layers. Most of the pixels that exhibited high BOLD
responses had high blood volume weightings. The benefits of
this technique are expected to increase for high-resolution
fMRI at higher magnetic fields, where T is shorter. Magn
Reson Med 50:1215-1222, 2003. © 2003 Wiley-Liss, Inc.
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Blood oxygenation level-dependent (BOLD) contrast is
commonly used in functional magnetic resonance imaging
(fMRI). Theoretical analyses (1-4) and experimental data
(5—9) have demonstrated that the sensitivity and specific-
ity of the BOLD response increase as the magnetic field
strength increases. However, T% of brain tissues decreases
as the field strength increases. For example, T% of human
brain gray matter is about 40 ms at 3 Tesla (8), and 25 ms
at 7 T (10). This short T imposes inherent limitations on
the resolution of echo-planar imaging (EPI), because of the
increased point spread function (PSF) along the y-axis
(phase-encoding direction) (11). For multishot EPI acqui-
sitions, short T values constrain the number of k-space
lines that can be acquired per shot. For example, for a
four-shot GR-EPI using full k-space with a matrix size of
256 X 256, 166 kHz data acquisition bandwidth, and a
local gradient coil with a gradient ramp time of 96 ps, the
minimum echo time (TE) is about 65 ms. The TE is even
longer when gradient coils with a lower slew rate, or
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narrower data acquisition bandwidths are used. In order to
achieve a better signal-to-noise ratio (SNR), more shots
must be employed, which compromises temporal resolu-
tion.

An alternative way to achieve high resolution in fMRI is
to employ half-k-space data acquisition. Half-k-space EPI
allows data to be acquired in less time than that required
by full-k-space EPI by a factor of ~1/2 for any desired
matrix, and the TE is shorter because the central k-space
lines are collected first. In fMRI, short data acquisition
times and TEs are desirable because they enable high
spatial/temporal resolution imaging without compromis-
ing the SNR (12). Additionally, short data acquisition
times can reduce the image distortions that are typically
found in EPI, and shorter TEs reduce signal dropout in
regions with strong susceptibilities.

Another benefit of half-k-space data acquisition is the
narrower PSF, which is critically important in high-reso-
lution fMRI. Jesmanowicz et al. (13) demonstrated that the
y-axis PSF arising from T3 decay in full-k-space acquisi-
tion is 3'/2 times wider than that in a single-shot half-k-
space acquisition. It can be shown that the y-axis PSF
(12—14) in two-shot half-k-space acquisition is narrower by
a factor of 2 than that in single-shot half-k-space acquisi-
tion. Blurring and loss of signal intensity occur when the
width of the PSF is similar to or greater than the voxel
dimension in the y-direction. As a result, isolated acti-
vated voxels or regions that are one voxel wide in the
phase-encoding direction are more difficult to detect with
single-shot EPI than with multishot EPI. These effects can
be expected to be more pronounced at high field strength,
in anatomical regions where T7 is short, and at high spatial
resolution.

A phase map is required for image formation using half-
k-space acquisition, and a higher-resolution phase map is
preferable (15,16). In EPI-based techniques, the resolution
of the phase map in the phase-encoding direction is lim-
ited by the number of overscan lines due to T7 constraints.
However, if a multishot k-space data acquisition scheme
(17-20) is employed, the total number of overscan lines
can be effectively increased, resulting in a high-resolution
phase map. To account for physiological motion and sys-
tem instability, navigator echoes (21,22) are typically ac-
quired to correct intersegment variations.

Off-resonance effects result in geometric distortions and
intensity deviations in EPI acquisitions due to long data
acquisition times, which have confounding effects on
phase maps and result in complex artifacts in half-k-space
images. Non-phase-encoded reference scan techniques,
which apply either nonlinear (23) or linear (24,25) phase
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corrections to the image space data, can substantially re-
duce ghosting artifacts in EPI. However, when B, inhomo-
geneity is relatively high, these techniques become inade-
quate. In this case, a phase-encoded reference scan em-
ploying nonlinear phase corrections (26) would be a
preferable approach for half-k-space phase corrections.

In this work, we describe an approach for high-resolu-
tion fMRI at high field strength that combines the benefits
of a half-k-space acquisition with interleaving, and em-
ploys phase-encoded reference scans with navigator ech-
oes for phase corrections. In particular, we used a multi-
shot half-k-space acquisition to improve the SNR and PSF,
and created higher-resolution phase maps with minimal
compromise in temporal resolution. Nonlinear phase cor-
rection with phase-encoded reference scans was used to
reduce off-resonance effects and ghosting artifacts. Navi-
gator echoes were used to correct for intersegment phase
variations due to physiological motion and system insta-
bility. Strong crusher gradients were applied to suppress
By-fluctuation-induced temporal variations in EPI image
scans from the disturbance of the steady-state free preces-
sion (SSFP) (27). A sliding-window data acquisition
scheme was employed to decrease intersegment phase and
magnitude modulations (17). Phantom studies demon-
strated that this technique can significantly improve half-
k-space image formation. BOLD fMRI in a rat model at
submillimeter spatial resolution, with a temporal resolu-
tion of 2 s, was achieved using this method. A preliminary
report of this work was previously published in an abstract
(28).

MATERIALS AND METHODS
Imaging Methods

For a single-shot, gradient-recalled, blipped EPI sequence,
ignoring T% decay, the MR signal can be modeled as:

S(k,, gAk,) = J'f M, y")exp{—1ilk, + (—1)%]x’ — ik,y'}
X exp{—iN(x’, y)tk,, k,)} dx" dy’, [1]

where M(x’, y’) is the object to be imaged, \(x’, y’) is the
spatially-dependent magnetic field inhomogeneity, and
t(k,, ky) is the temporal offset measured from the center of
the RF excitation pulse to the acquisition of the (k,, k)
point, given by:

t(ky, k,) = TE + (~1)7k/b + k,/c. [2]

Here TE is the echo time, g is the phase-encoding step,
k. = nAk,, k, = gAk,, Ak, = 2u/FOV, and Ak, = 2a/FOV,..
FOV, and FOV,, are the fields of view in the readout and
phase-encoding directions, respectively. The parameters b
and c are the k-space traverse rates along k, and k, respec-
tively. These rates are related to the scan settings, includ-
ing the data acquisition bandwidth and the FOV. e is the k,,
inconsistency between the forward and backward scan
lines arising from group delay of the anti-alias filter, as
well as the variations of the rising and falling edges of the
readout gradient. For simplicity, a constant € is assumed in
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this analysis. An inverse Fourier transform of Eq. [1] along
k, results in:

I(x, qAk) = JJ M(x', y)exp{—i(—1)%x' + \x', V') TE]}
X exp{—ik [y’ + ¢\, y) ]}

X f expf{ik,[x — x' — (—=1)%'N(x', y)]} dk,dx' dy’, [3]

where [ expl{ik [x — x' — (—1)9b "\ (x', y)]} dk, = 8(x
— x' — (=1)9 '\(x’, y')). The pixel shift along k, is
typically small compared to the pixel size and therefore
can be ignored.

The field inhomogeneity \(x', y’) and variations of &
along k, can result in additional ghosting artifacts and
spatially-varying image intensity changes. From Eq. [3], it
follows that the phase accumulation due to A(x', y') is
proportional to k, and TE. EPI phase correction methods
based on non-phase-encoded reference scans, such as a
full separate reference scan (23) or two reference scan lines
(24,25), ignore the phase term exp[—iky -¢"\x, y')] in Eq.
[3]. This term can have confounding effects on the phase
map formation when \(x', y’) is large. A reference scan
with the same amount of phase encoding can be applied to
reduce these effects (26). Consequently, when half-k-space
data acquisition is used, a phase map based on a phase-
encoded reference scan has less off-resonance effects.

The pulse sequence employing the phase-encoded ref-
erence scan scheme is shown in Fig. 1. The phase-encod-
ing blips in the reference scan have the same amplitude as
in the image scan. The first blip in the reference scan was
skipped. In addition, the timing of the EPI data acquisition
in the image scan was shifted by one cycle (T,.) away
from the excitation pulse (see Fig. 1). As a result, the even
k-space lines in the image scan, and the odd k-space lines
in the reference scan have the same amount of phase-
encoding but traverse in opposite directions. A 15-ms
crusher gradient with 80% of the full gradient strength was
applied in each segment to suppress B,-fluctuation-in-
duced temporal signal variations due to the disturbance of
the SSFP. Sliding data acquisition windows between seg-
ments were also implemented. In a multishot case (m
shots), m reference scans were acquired, followed by im-
age scans, with the prephase and TE shift changed for each
shot. Specifically, from shot to shot, the TE shift was
progressively increased by a factor of T,,./m, and the
prephase for the nth shot was calculated using the for-
mula:

prephase = (overscan X m — n + 1) X Ak, [4]

where Ak, is the phase-encoding step in full-k-space im-
aging.

Images were reconstructed in three steps:

1) Even and odd lines were reordered. Navigator-echo
correction for each segment was calculated in image space
as well as in k-space. This was carried out in two steps:

a) A constant phase factor was derived in image space.
The navigator echoes were Fourier-transformed into image
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FIG. 1. Pulse sequence diagram for half-k-
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space and the navigator echo from the first shot was cho-
sen as the reference. For the nth shot, a constant phase
factor ¢, was calculated using a magnitude-weighted
phase average from all data points. This phase factor was
compared with that of the reference navigator (€red- A
constant phase difference for the nth shot p,, was derived
using the formula: p, = @0 — @,

b) The displacement d for each shot was derived in
k-space. Following the Fourier shift theorem, a global dis-
placement d in image space induces a linear phase ramp in
k-space. The phase of the nth navigator echo was fitted to
Aglk] = 2mwkd/N + p, using a k-space signal magnitude-
weighted, least-squares approach (29). The phase of the
navigator echo was median-filtered and unwrapped before
linear fitting.

2) EPI phase correction was performed. The phases of
the image scans were corrected using the reference scans.
Specifically, the reference scan data and image scan data
were Fourier-transformed along the readout direction. The
phases of the even lines of the reference scans were calcu-
lated on a point-by-point basis. The same calculations
were done for the odd lines of the image scan that had the
same amount of phase-encoding but traversed in the op-
posite k-space direction. Phase correction is performed as
follows: let the phase of the ith point at the 2jth line of the
reference scan be e’°4' and the phase of the ith point at the
(2j+1)th line in the image scan be e¢%*11l, The phase in
the (2j+1)th line of the image scan is set to the new value
e ysing the formula:

eilbzlﬂ[i] — 6*1'92j[i] . eiﬁngﬂ[i]. [5]
A threshold of 5% of the averaged amplitude of the pro-
jection data was chosen. The phase correction factor was
set to 1 (no correction) for any data point with amplitude
less than the threshold. After this correction, the even and
odd lines in the image data have the same amount of
k-space shift resulting from gradient timing, eddy currents,
the frequency response asymmetry of the analog filter, etc.
Instead of using the same set of phase correction factors for
all image scans, as in Ref. 26, we calculated the phase
factors for each image separately.

3) Half-k-space phase correction was performed. The
overscan lines from each shot and an equal number of
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low-frequency lines from the other side of k-space were
combined, zero-padded, and Fourier-transformed to form
a phase image. The phase image had low resolution in the
phase-encoding direction. The original k-space data were
Fourier-transformed, phase-corrected using the low-reso-
lution phase map, inverse Fourier-transformed to k-space,
and Hermitian-conjugated and Fourier-transformed to gen-
erate the final image. By interleaving, effectively more
overscan lines were used for the phase map formation. For
example, for a two-shot half-k-space EPI with matrix size
of 128 X 128, 16 overscan lines were acquired in each shot.
A 128 X 64 resolution phase map can be generated, which
was found to improve image quality significantly.

Spin-echo, gradient-recalled, and simultaneous spin-
echo/gradient-recalled half-k-space EPI sequences em-
ploying the described correction scheme were imple-
mented on a 3 T BIOSPEC 30/60 scanner (Bruker Medi-
zintechnik GMBH, Karlsruhe, Germany).

Phantom Study

A grid phantom was used to study the effects of different
correction schemes and the number of overscan lines on
partial-k-space image formation. The phantom was 16 cm
in diameter, with a T% value of about 50 ms. Some small
air bubbles were left inside the phantom to simulate mag-
netic field inhomogeneities. A poorly-shimmed slice was
chosen for this study. The experiment was carried out
using a local gradient coil and an RF coil (30). A compar-
ison between linear (two internal reference scan lines) and
nonlinear (phase-encoded reference scan) phase correc-
tions was made. The scan parameters were FOV
19.2 cm, data acquisition bandwidth = 166 kHz, slice
thickness = 1.5 mm, and matrix = 128 X 128. The number
of overscan lines was systematically changed from 8 to
16 to 32, with TE values of 14, 20.3, and 38.9 ms, respec-
tively.

High-Resolution fMRI Using a Rat Whisker Barrel
Stimulation Model

This method was applied to BOLD fMRI at a spatial reso-
lution of 156 X 156 X 2000 pm?® in a rat whisker barrel
stimulation model. The animal protocols were approved
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by the Laboratory Animal Safety Committee of the Medical
College of Wisconsin.

Animal Preparations

The animal preparation protocol was adapted from Refs.
31 and 32. Eight male Sprague-Dawley rats weighing 250—
350 g were anesthetized with 1-2% (v/v) isoflurane
(isoflurane vaporizer, model 100F; Ohio Medical Products,
Madison, WI) in a (1:1) mixture of O,:air during surgery.
The right femoral artery was cannulated for blood pressure
monitoring and blood gas measurements. The right femo-
ral vein was cannulated for drug and saline delivery. A
Harvard rodent ventilator (model 683; Harvard Apparatus,
South Natick, MA) was used for artificial ventilation. The
tidal volume and frequency of the ventilator were adjusted
to keep blood gases within the normal range. The arterial
blood pressure was continuously monitored. Rectal tem-
perature was maintained at 37°C * 0.5°C by a temperature-
controlled water-heating pad. The heads of the rats were
fixed with an in-house-made bite bar and ear bar to mini-
mize motion artifacts during the fMRI experiments. A neu-
romuscular blocking agent (Gallamine, 250 mg/kg i.v.) was
used during the fMRI experiment to further minimize mo-
tion artifacts. After surgery, the anesthesia was switched
from isoflurane to 5% a-chloralose in propylene glycol,
with an initial dose of 50 mg/kg followed by 40 mg/kg/hr.

Experimental setup

Gradient coil. A 12.5-cm LD., water-cooled, torque-bal-
anced, three-axis local gradient coil designed by Lu et al.
(33) was used in this study. This coil has an efficiency of
2.13mT-m™"-A " along x,2.08 mT-m™" - A" along y, and
412 mT - m™ - A~ along z, and was driven at 96 us rise
time.

RF coils. A saddle coil of 9-cm 1.D. and 10-cm length was
used for RF transmitting, and a 1.5-cm L.D. surface coil was
used for signal reception. The receive coil had a free space
unloaded Q value of 380. The isolation between the trans-
mit and receive coils was about 35 dB under loaded con-
ditions.

Whisker stimulator. An in-house-made whisker stimulator
was used in this study (34). A stimulus waveform of the
desired frequency and duration was generated by a laptop
computer, power-amplified, and used to drive a piezoelec-
tric device. A small comb (1.5 cm long, 0.8 cm high,
12 struts) was connected to the piezoelectric device
through an actuator arm (0.75 m long). The backward/
forward movement of the comb was about 2.5 mm. The
distance between the rat face and the comb was about
1 cm. Before the rat was put into the magnet, the whiskers
on the left side were cut completely and the whiskers on
the right side were cut to a length of about 3 cm, so that
only the long whiskers on the right side were stimulated.
No artifacts induced by the whisker stimulator were ob-
served in this study.

Scan Method

Slice localization to the whisker barrel cortex was deter-
mined as follows: Medial sagittal anatomical images were
scanned using a fast low-angle shot (FLASH)-type se-
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quence with TR = 500 ms, TE = 18 ms, and FOV = 3.5 cm.
The interface between the hard and soft palates was cho-
sen as the reference, which corresponds approximately to
interaural 11.2 mm according to the stereotaxic coordi-
nates of the rat brain. A 2-mm-thick coronal slice with its
center at 4.6 mm caudal to the reference covered the whis-
ker barrel region (35).

The stimulus paradigm was a block design consisting of
four cycles of 64 s off and 32 s on. The scan sequence was
a two-shot partial-k-space EPI with 16 overscan lines in
each shot. The scan parameters were FOV = 2 cm, ma-
trix = 128 X 128, TE = 24 ms, slice thickness = 2.0 mm,
effective TR = 2 s (1 s per shot ), and in-plane resolution =
156 X 156 pm? (voxel volume = 0.049 pl). The experiment
was repeated three times and images were averaged to
improve the SNR. Low-resolution fMRI data were acquired
from each rat before the high-resolution experiment was
conducted. The scan parameters for the low-resolution
fMRI experiment were single-shot full-k-space EPI, FOV =
3.5 cm, matrix = 64 X 64, slice thickness = 2.0 mm, and
in-plane resolution = 547 X 547 pm?® (voxel volume =
0.6 nl). Anatomical images were acquired using the same
sequence and with the same parameters as in the BOLD
experiment so that misregistration between the anatomical
and functional images was minimal. To enhance the con-
trast of the anatomical images, five rats were administered
an intravascular paramagnetic contrast agent (monocrys-
talline iron oxide nanocolloid (MION)) with the iron dose
of 12 mg/kg (36).

RESULTS
Phantom Study

Figure 2 shows the phantom images acquired using differ-
ent phase correction methods with different numbers of
overscan lines. Column a shows the images acquired using
single-shot gradient-recalled EPI (SS-GR-EPI) with linear
phase correction (two internal reference scan lines). Col-
umn b shows the images acquired with SS-GR-EPI using
phase-encoded reference scans. Column ¢ shows the im-
ages acquired using a two-shot (TS) GR-EPI sequence with
the phase corrected by phase-encoded reference scans. All
images were acquired under the same shimming condi-
tions with the same data acquisition bandwidths.

A comparison of the images in columns a and b of Fig.
2 for partial-k-space EPI using SS-GR-EPI shows that as the
number of overscan lines increases from 8 to 32, the image
intensity around strong susceptibility regions is more ho-
mogeneous and distortion is decreased, demonstrating the
benefits of high-resolution phase maps. Images Ia—c (eight
overscan lines) appear to have less susceptibility artifacts,
and are more blurred than the other images. This is due to
the low-pass filter of the low-resolution phase maps. The
arrows in Ila and IIb indicate that images reconstructed
using phase-encoded reference scans have reduced arti-
facts. Ghosting artifacts are more severe in images with
eight (Ia and Ib) or 32 overscan lines (Illa and IIIb) than in
images with 16 overscan lines (Ila and IIb). However, these
ghosting artifacts are caused by different factors. The
ghosting artifacts in images Ia and Ib are due to insufficient
overscan lines (low-resolution phase maps), while the
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FIG. 2. Comparison of ghosting artifacts and
susceptibility effects in partial-k-space image I

formation. Column a and b: SS-EPI images i -

with phase corrected by internal reference
and phase-encoded reference scans, re-
spectively. Column c: TS-EPI images with
phase corrected by phase-encoded refer-
ence scans. The images in the first row used
eight overscan lines; images are blurred due =

to the low-pass filter of the low-resolution

phase maps. The second row
16 overscan lines. lIb has less susceptibility-

used II -t .'._“.'

induced artifacts than lla, as indicated by the

1.
i) 1 R [ R

arrows. Ghosting artifacts are also slightly
decreased. The same observations can be
made in llla and lllb, which used 32 overscan
lines. Interleaving (the third column) further

improved image quality. Scan parameters:

FOV = 19.2 cm, matrix = 128 X 128, FOV =

19.2 cm, data acquisiton bandwidth = 1 -t

111

166 kHz, slice thickness = 1.5 mm.

ghosting artifacts in images Ila and IIIb are due to low SNR
(minimum TE = 38.9 ms). These data indicate that even
though a higher-resolution phase map is preferable,
16 overscan lines are practical for SS-GR-EPI because as
the number of overscan lines increases, TE increases and
SNR decreases.

A comparison of columns b and ¢ of Fig. 2 shows that
images acquired with TS-GR-EPI (column c) have more
homogenous intensities and reduced ghosting artifacts.
The distortions around strong susceptibility regions are
still visible, but are much smaller than in column b, dem-
onstrating the benefits of interleaving. It is worth noting
that image intensity in Illc (16 overscan lines in each shot)
is more homogenous than in Ilc (eight overscan lines for
each shot), and that the distortions around strong suscep-
tibility regions are smaller. Images acquired using TS-GR-
EPI with 32 overscan lines had the best quality in this
study.

These data demonstrate that distortions and susceptibil-
ity artifacts in half-k-space images are reduced by nonlin-
ear phase corrections with phase-encoded reference scans,
and are further improved by k-space interleaving.

Time-Course Stability

Noise sources in fMRI time series include contributions
from intrinsic thermal noise in each individual image as
well as inter-image variations resulting from physiological
fluctuations, cardiac and respiratory motion, and system
instabilities. The latter contributions are serious concerns
in EPI with interleaving, since data are acquired at differ-
ent TRs for image formation. Part of the validation that
allows the sequence presented here to be applicable to
fMRI is to compare time-course noise fluctuations of this
method with standard EPI at the same resolution. When the

b c

resolution is at a cortical laminar thickness level (<200 pm),
image SNR is much poorer in SS-EPI than in multishot
EPI, which could compromise the comparison. We com-
pared time-course stabilities at an in-plane resolution of
537 X 537 pm? (FOV = 3.5 X 3.5 cm, matrix = 64 X 64).
Due to the sensitivity profile of the surface coil, image SNR
in the barrel cortex regions is 170-200 for single- and
multishot EPI (regions 1 and 2 of Fig. 3a), while it is
90-100 in the thalamus (region 3 of Fig. 3a). SNR is cal-
culated by the difference between signal and background
noise divided by background noise, and background noise
is the averaged signal intensity from 40 pixels that are out
of the brain region and free of ghosting. The low SNR in
the thalamus region is used to simulate time-course stabil-
ities at high resolution. In addition, when multishot EPI is
used to acquire data at this resolution, it is more sensible

FIG. 3. a: Image acquired using four-shot EPI with a resolution of
537 X 537 X 2000 pm?. Boxes 1 and 2 indicate pixels in the whisker
barrel cortex regions of both hemispheres that have an SNR of
170-200, and box 3 shows pixels in the thalamus region with an
SNR of 90-100. Each box contains nine pixels. The signal SD
variation over the mean is averaged to quantify time-course vari-
ability. b: A reference image acquired using a FLASH sequence with
a resolution of 137 X 137 X 2000 um?®. No obvious artifacts were
observed in the EPI image.
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Table 1
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Comparison of Time Course SD Over Mean From Regions 1, 2, and 3 of Fig. 3

Phase-encoded
(4-shot)

Phase-encoded
(2-shot)

Regular EPI Phase-encoded

(1-shot) (1-shot)
Region 1 0.88 = 0.17% 0.89 = 0.15%
Region 2 0.89 £ 0.17% 0.87 £ 0.18%
Region 3 1.29 + 0.5% 1.32 = 0.36%

0.73 £ 0.11%
0.76 = 0.18%
1.28 £ 0.45%

0.78 = 0.06%
0.77 = 0.18%
1.02 £ 0.35%

to use full k-space rather than half k-space. As such, all
data for the comparison of time-course stabilities were
acquired using full-k-space EPI Figure 3b is a reference
image acquired using a FLASH sequence with a resolution
of 137 X 137 X 2000 pm?®. No obvious artifacts were
observed in the EPI image (Fig. 3a). TE was kept at 29 ms,
and the effective TR was kept at 2 s for one and two shots,
and 4 s for four shots (1 s per shot) to minimize alterations
in the inflow characteristics. The number of repetitions
was changed so that 100 image frames were acquired in
each experiment. The signal standard deviation (SD) over
the mean was used to quantify time course variability. The
results from three rats are summarized in Table 1. These
data demonstrate that this method and regular EPI have
comparable time-course fluctuations when SS-EPI is used
(when imaging anesthetized rats), and signal fluctuations
in regions of lower SNR are reduced for multishot EPIL.

fMRI Study

A robust BOLD response was consistently detected in all
eight rats. However, with some of the rats it took about
1.5 hr for the BOLD response to stabilize, which is similar
to findings in a rat forepaw stimulation model reported by
Ogawa et al. (37). Functional data analyses were carried
out using the AFNI software package (38). Activation maps
were generated using the cross-correlation method (39).
Figure 4a shows a BOLD activation map (p < 0.005) su-
perimposed on the first EPI anatomical image. Figure 4b is
an enlarged view of the activation map in Fig. 4a. Figure 4c
is the same activation map superimposed on an anatomi-
cal image with contrast enhanced by MION. Figure 4d is
the postcontrast anatomical image without the activation

Post-Contrast

Pre-Contrast

s}

-

i
bt

map superimposed. Figures 4e and f are rCBV maps with
and without activation map superimposition, respectively.
The rCBV map was calculated as follows: let S,,,,, and S,
represent pre- and postcontrast signal intensities, respec-
tively, and assuming that pre- and postcontrast data are
acquired at the same TE, pixel-wise rCBV can be calcu-
lated using In(S,,./S,..)/TE (36). Figure 5 shows the av-
eraged time courses from 20 pixels centered at the arrow in
Fig. 4b. The percent signal changes varied from 1.6% to
6.5%. The averaged percent signal change from eight rats
was about 2.3% at this spatial resolution (156 X 156 X
2000 pm®, 0.049 pl voxel volume), while it was about
1.1% at a resolution of 547 X 547 X 2000 pm?®, (0.6 wl
voxel volume).

Pixels with high BOLD responses are located in both the
surface layers and the deep layers. The arrow in Fig. 4b
indicates 16 pixels with high BOLD response (yellow pix-
els) that appear to be radial to the cortical surface. These
yellow pixels all have low signal intensities (dark spots) in
the postcontrast image (4d) and high rCBV values (bright)
in the rCBV map (4f), indicating relatively high blood
volume weightings in these pixels.

Of the eight rats scanned using the GR-EPI sequence,
two had the highest BOLD response in the deep layers
(IV-VI), and six had the highest BOLD response on the
surface and in the deep layers.

DISCUSSION

In high-resolution fMRI using EPI-based sequences, high
SNR, narrow PSF, minimal distortions, and reasonable
temporal resolution are critical. The technique presented

rCB\

FIG. 4. Cross-correlation activation maps su-
perimposed on different anatomical images.
The first column shows BOLD activation maps
superimposed on the first EPI anatomical im-
age. b: An enlarged view of the activation map
in a. The second column shows MION-en-
hanced anatomical images with and without
superimposition of the activation map, respec-
tively. The third column shows rCBV maps with
and without superimposition of the activation
map, respectively. The arrow in b indicates pix-
els with high BOLD response (yellow pixels)
that appear to be radial to the cortical surface.
These pixels have low signal intensities in the
postcontrast (d) and high rCBV weighting im-
age (f).
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FIG. 5. Time courses averaged from 20 pixels centered at the arrow
in Fig. 4b.

here combines the benefits of half-k-space acquisition, in-
terleaving, and a phase-encoded reference scan scheme for
phase corrections, significantly improving half-k-space
image formation. By using two-shot half-k-space EPI with
three averages, we were able to detect a robust fMRI re-
sponse with a TE of 24 ms and a matrix size of 128 X
128 (voxel volume = 0.049 pl) at a temporal resolution of
2 s.

Susceptibility gradients are linearly proportional to field
strength, and T7 decreases as field strength increases. As a
result, T3 blurring and susceptibility artifacts are more
severe at high fields, which necessitates a narrower data
acquisition window. The partial-k-space technique starts
data acquisition at TE close to zero, which takes advantage
of the high signal intensity at high field strength before the
signal decays away. Phase-encoded reference scans can
reduce susceptibility artifacts, which are further improved
by k-space interleaving. Although the sequence was im-
plemented at 3 T, it can be readily extended to ultra-high
fields to achieve high temporal and spatial resolution in a
straightforward way.

The properties of motion-induced ghosting artifacts and
signal variation in fMRI time courses are different in EPI
phase corrections using internal reference scans compared
to those using separate reference scans. Small motions do
not result in ghosting artifacts in SS-EPI using internal
reference scans, because the data acquisition window is
typically <80 ms in SS-EPI, and the reference data are
acquired within the data acquisition window. As a result,
the reference data are dynamically adapted to motion.
However, motion still causes image displacement and in-
creased signal variations in EPI time courses. In phase
corrections using separate reference scans, the reference
data are typically acquired at the beginning or the end of
the time series. Phase errors due to motion and system
instability during the experiment cannot be corrected by
reference data, and result in ghosting artifacts and in-
creased variations in fMRI time courses. This problem can
become pronounced in multishot EPI because data are
acquired during different TRs. In fMRI of anesthetized rats,
subject motion is not a major issue, and multishot EPI
using phase-encoded reference scans does not result in
increased variations in EPI time courses, as shown in
Table 1. Note that the time-course variations in regions
1 and 2 of Fig. 3 (SNR = 170-200) are very similar in all of
the methods, which indicates that time-course noise in
these regions is dominated by physiological fluctuations.

To avoid compromising the SNR, we used a slice thick-
ness of 2 mm, which covered most of the barrel columns of
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five rows, since each barrel has a diameter of about 350—
400 pm (40). Although the in-plane resolution was 156 X
156 wm?, which approximately matches the thickness of
the cortical layers, overlapping of the activations between
cortical layers can be expected because of the arc-shaped
organization of the barrel columns (40). Nevertheless, the
BOLD response we observed was not uniform across cor-
tical layers. Our data show that the pixels with high BOLD
responses were located on the surface and in the deep
cortical layers, and that most of these pixels were in the
dark spots of the anatomical image after MION adminis-
tration, indicating relatively high blood volume (see Figs.
4b and d). These data support previous theoretical simu-
lations (2—4,41). Further work is needed to quantify the
relationship between the BOLD response and the cerebral
blood volume (CBV).

The localization and functional specificity of the BOLD
response using gradient-echo sequences remain unclear,
particularly at high spatial resolution at high field. Logo-
thetis et al. (42) reported highly layer-specific BOLD re-
sponses in the monkey visual cortex, while Harel et al. (43)
observed a nonspecific BOLD response in the cat visual
cortex. However, our data show that the high BOLD re-
sponses were located on the surface and in the deep cor-
tical layers. These discrepancies may be due to the differ-
ences in animal models and field strengths used in these
studies.

In conclusion, multishot half-k-space EPI enables the
detection of functional activation at a submillimeter reso-
lution at 3 T, with a temporal resolution of 2 s. The benefits
of this technique are expected to increase for high-resolu-
tion fMRI at higher magnetic fields.
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