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A flexible quadrature radiofrequency coil that maximizes the
ignal-to-noise ratio over the field of view of the human brain has
een integrated into a head immobilization and visor system for
MRI at 1.5 T. Head motion is reduced by the visor that incorpo-
ates a head clamp and a simple visual sighting system that
rovides feedback on head position. This system is demonstrated

n serial images by correction of deliberate head motions. The
ensitivity at the cortical surface of fMRI using blood oxygenation
evel dependent contrast is increased significantly above that of the
ommercial rigid volume RF coil under the same acquisition
onditions. This improved performance is demonstrated using
isual activation and eye movement paradigms. © 1999 Academic Press

Key Words: fMRI; coil; immobilization; wide field of view; sur-
ace coil.

INTRODUCTION

The small signal changes resulting from the hemodyn
esponse to neuronal activity that are detected in fMRI1 using
lood oxygenation level dependent (BOLD) contrast are o
rder of 1–3% at 1.5 T (1). This contrast mechanism is bas
n the oxygenation state dependence of the magnetic prop
f blood (2, 3). Studies at higher magnetic fields have dem
trated more robust results but such scanners remain un
on (4–12). Several strategies have been integrated to
rove the performance at 1.5 T to provide greater acce

MRI data from more generally available clinical scann
urface radiofrequency (RF) coils provide improved signa
oise ratio (SNR) by restricting the field-of-view (FOV).
igid volume RF coil provides a wide FOV albeit at a low
NR. We have fabricated a flexible array excitation/recep
F coil that uses quadrature detection and maximizes
lling factor over the whole brain to improve the SNR ove
ide FOV. Head motion is the main source of excessive s
ariation even in cooperative subjects. Rather than using
ar or thermoplastic mask that would be unsuitable for clin

1 Abbreviations used: BOLD, blood oxygenation level dependent;
cho-planar imaging; fMRI, functional magnetic resonance imaging; F
eld of view; MRI, magnetic resonance imaging; NEX, number of excitati
F, radiofrequency; SNR, signal to noise ratio; TE, time to echo; TR, re

ion time.
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tudies, a head clamp has been designed to tighten the fl
F coil around the calvarium. The visor not only restr
xtraneous visual stimuli but has a sighting mechanism
rovide visual feedback as to head position. This clam
ade of acoustical dampening materials to decrease the
round auditory noise.
The presentation of visual stimuli has been done in a nu

f ways including goggles directly over the eyes (13) to rear-
rojection screens positioned on the foot of the patient
14) or mounted within the bore of the magnet (15). Visual
aradigms achieve maximum eye movement when the s

s closest to the eyes. We have used a visor that allow
upine subject to view visual stimuli on a thin rear-projec
creen via an angled mirror. Results from this integrated p
ge are presented for fMRI paradigms using visual stimula
ith and without eye movement.

RESULTS

A head restraining device, known as the head clamp
isor, was constructed from flexible multilayered ortho
ound damping foam and sound damping loaded silicon ru
aterials (Fig. 1). The visor incorporates a mirror and r
rojection screen that is independent of the clamp and h
ack for subject entry. With appropriate foam cushionin
void pressure points on the ear lobes, the clamp tigh
round the calvarium to provide firm support without disc

ort for up to 1 h. A flexible surface coil is mounted within t
ody of the head clamp which mounts directly onto the c
ercial coil mounting system of the patient table of the s
er. This mounting system is normally used for holding b
ral temporomandibular joint surface coils in clinical prac
ut provides the mounting for the visor in the current con
ration.
The effectiveness of the clamp to restrain in-plane axial
otion was evaluated during the fMRI studies for the
aradigms of visual stimulation with centrally fixated che
rboard and visually guided saccades. When using the c
o in-plane motion could be detected for cooperative sub
y visual inspection of axial images displayed in an anima

oop. In-plane translational and rotational motions, estim
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27IMPROVED fMRI AT 1.5 T
rom image registration software, were always less than 1
,30% of the voxel dimension) and 0.5 degrees, respecti
ver time intervals of 10 min used for the fMRI studies. T
ffectiveness of the sighting system in the visor to correc
exion–extension out-of-plane motion is demonstrated in
. The signal intensity of a single voxel changes significa
;50%) at each requested head motion and returns t
riginal value (standard deviation of baseline signal inten
f 2%) as the head is repositioned (Fig. 2a). Such motio
vident in the subtraction image (Fig. 2b) generated from

mage before head motion and at peak displacement. How
he subject is able to bring his head back into alignmen
roduce the original signal intensity to minimize edge arti
n the subtraction image (Fig. 2c).
The performance of the RF coil over the FOV of a hum

rain is demonstrated for gradient-echo and spin-echo e
lanar images in Figs. 3a and 3b, respectively. As the tuni

he coil is dependent on the coupling to the sample and h
he tightness of the clamp, tuning and matching of the co
he appropriate resonance frequency and resistance wi
ubject in position optimizes performance. Adequate RF
tration over the volume of the brain is shown for both
uences by the uniformity of signal intensity from the imag

he cerebral vertex superiorly to the level of the cerebe
nferiorly. The signal loss from the frontal lobes and orbit
ue to the sensitivity of echo-planar imaging to magn
usceptibility effects from the paranasal sinuses. As expe
his is more prominent on the gradient-echo images.

Figure 4 compares the variation of the signal-to-noise
long profiles across the field of view for the flexible coil a

he commercial quadrature head volume coil. The data ind
hat a SNR improvement of up to 50–75% is realized ove
ortex of the temporal and parietal lobes and up to 20–40
btained in the superficial occipital cortex of the brain us

he flexible coil. A small reduction (;10%) in signal intensit

FIG. 1. The flexible coil–clamp–visor assembly with the visor in the o
he visor restricts stray light and allows all screen adjustments to be m
ounting assembly. Padding enclosed in a slip cover over the RF coil
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ccurs in the anterior aspect of the frontal lobes due to
ecreased B1 field in this area.
Given the improvement in SNR and the increased contr

(left) and closed (right) positions showing the easy access for subject p.
e outside the magnet. The head clamp remains in position on the comble
vides comfort and maintains hygiene between subjects.

FIG. 2. Assessment of the visor sighting system to allow cooper
ubjects to reposition their heads in the original position after out-of-p
otion occurs. (a) Time course of signal intensity in a voxel on a high-con
dge showing the large changes in signal intensity associated with
eparate discrete flexion and extension displacements of the head with
o starting location as assessed by the visor sighting system. The
ntensity returns to normal after each movement. (b) Representative subt
f an image prior to motion from the image at peak displacement. The exp
dge enhancement is clearly evident. (c) Representative subtraction of
rior to and after a head motion. Minimal edge effects are present, indic

hat the head was returned to its original position. Signal intensities of (b
c) are on the same scale.
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28 THULBORN AND SHEN
oth in-plane and out-of-plane head motions achieved b
exible coil and clamp–visor system, fMRI experiments w
erformed for comparison to the commercial head coil.
isual activation with the checkerboard paradigm is a w
stablished paradigm and requires only central fixation.
esults in Fig. 5 comparing left and right hemifield activat
re equivalent to results obtained with a surface coil altho

he field of view covers the entire brain. The magnitudes o
hange in signal intensity, measured from the 15 most si
cant voxels (t . 12), were 2.56 1 and 3.96 1.7% for the
eft and right visual cortex, respectively. Such changes
hose reported elsewhere for 1.5 T. The eye movement
igm may be expected to have increased head motion d

he movement of the eyes being coupled to head motion.
otion was not observed with the head clamp–visor sys
his paradigm activates a widely distributed network whic
vident in Fig. 6. The negative activations associated with

emporal lobes bilaterally are in the area of auditory cor
his suggests that the rest condition of central fixation i
ctive listening condition that is less active when atten
witches to the eye movement task. The activation of
rontal eye fields along the precentral sulcus is not as robu
hat in the temporal, occipital, and parietal lobes, prob
eflecting the reduced sensitivity over the frontal lobes evi
n Fig. 4. By comparison, equivalent studies (not sho
erformed with the commercial head coil on the same sub
nder identical circumstances in the same imaging se

FIG. 3. Echo-planar images at 1.5 T acquired using the flexible qu
inuses. There is some peripheral signal loss at the 5 and 7 o’clock positi
mages acquired at standard resolution(3.1 3 3.1 3 5.0 mm3) using flip a
cho-planar images acquired at high resolution(1.6 3 1.6 3 3.0 mm3) us
e
e
e
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roduced much less robust activation as judged by volum
ctivation at a givent-statistic threshold. At a threshold oft .
.5, noactivation was detected in the brain with the comm
ial coil. The magnitude of the signal change in primary vis
ortex (V1/V2) for the most significant 15 voxels (t . 6.6) for
his paradigm was 1.36 0.5% for the correctly tuned flexib
oil.

DISCUSSION

The routine application of fMRI has been challenging
ause of the small signal changes of BOLD contrast at 1
he stability of the scanner and the cooperation of the su
re vital to the success of these experiments. Many ex
ents have used surface coils to achieve the necessary S
roduce results but at the cost of a markedly restricted F
s many cognitive processes are widely distributed ove
rain, surface coils would require the integration of res

rom many experiments. Higher field strength magnets pro
he necessary SNR to achieve whole brain imaging as w
ery high spatial resolution (13, 16). As this technology i
ostly, an alternative solution was sought through the op
ation of the instrumentation described in this report.
The largest source of signal intensity variation that prod

echnical failures in fMRI is head motion. Many algorith
ave been developed to correct for head motion in pos
essing (17, 18). However, minimization of motion durin

ature coil. Magnetic susceptibility artifacts are evident from the frontal
from imperfection of the loop overlaps at this position. (a) Gradient-echo, echo-plana
le5 908, TR 5 6000 ms, TE5 50 ms, and NEX5 1; and (b) spin-echo
TR5 10,000 ms, TE5 71 ms, and NEX5 1.
adr
ons
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29IMPROVED fMRI AT 1.5 T
cquisition should be encouraged. The clamp provides s
ive proprioceptive feedback to the subject with minimal h
otion so that the subject is aware if his head moves. The

ighting system also provides sensitive visual feedback fo

FIG. 4. (a) Reference image showing the position of the lateral left–
nd anterior–posterior profiles of the signal to noise ratio shown in (b) an
ignal intensity profiles of the flexible coil (E) and commercial birdcage he
oil (F) are shown in the (b) left–right direction and (c) anterior–poste
irection.
r tha
si-
d
or
e

ooperative subject so that if the head does move, it ca
eturned to the original position immediately. This minimi
ost images and the considerable amount of time and co
ational resources taken in postprocessing to perform im
eregistration.

Although the visual feedback system is a cognitive tas
tself, it is a constant load over the experiment. The rea

ent system does not interfere with activation maps of p
igms in which central fixation is maintained throughout
aradigm as it becomes a constant across conditions.
aradigm in which the eyes are not fixated (visually gu
accades) in all conditions, the visual alignment system i
sed continuously but head position can be verified a

ransitions between conditions in less than a second.
inimizes its effects on the analysis of the task under in

igation. Our experience is that if interference occurs,
elow the reproducibility level of the activation maps deri
ith t tests.
Echo-planar imaging produces an acoustically unfavor

nvironment for studies of acoustical stimuli (19, 20). The use
f acoustical dampening materials has reduced, althoug
liminated, this concern. The clear deactivation in the aud
ortex shown in Fig. 6 attests to the need to choose the
ondition carefully to avoid attention shifting due to scan
oise.

CONCLUSIONS

The current equipment allows whole brain fMRI at 1.5
his is suitable for mapping studies as used clinically

anguage mapping in presurgical planning for epilepsy (9, 21).
owever care must be taken when applying more sophisti
nalyses in which quantitative results are sought (22, 23) as the
ensitivity over the FOV is not uniform. This limitation al
pplies to surface coils with smaller FOV. Given the lack
cceptable activation maps with the commercial head
nder the same abbreviated paradigms, the current equip
lls an important gap between the surface coil and the vo
oils for fMRI applications covering the entire human brai
.5 T.

EXPERIMENTAL

a) Visor with Biofeedback of Head Position

In addition to minimizing head movement, the interpreta
f fMRI data from visual stimuli requires undistorted vis
timuli and elimination of stray light. The visor, a sepa
omponent from the head clamp described below, ac
lishes these goals by using a thin rear-projection sc
ounted on the front end of a fiberglass form molded to

ircular curvature of the bore of the magnet. This shape m
mizes the size of the screen within the curved surface
voids the lights along the top of the patient tube. A sin
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30 THULBORN AND SHEN
ngled large acrylic mirror (McMaster-Carr Supply Co., D
on, NJ) is used to view the entire screen from the su
osition (Fig. 7a). Visual stimuli such as sentences for rea
re presented by appropriate top–bottom and left–right r
als at the computer and projector. A horizontal threa
tretched across the visor perpendicular to the light path

FIG. 5. Activation map for comparison of right and left hemifield visua
howing robust activation in the primary visual cortex. The left and right occ
he activation is limited to the visual cortex, the entire brain is visualized. T
etect the activation. The smaller positive and negative values are the thre
f slices5 7, matrix5 1283 64, FOV5 40 3 20 cm2, slice thickness5 5 m
bm
-
e
g
r-

is
e-

ween the mirror and the screen thereby bisecting the s
orizontally (Fig. 7b). A spot placed on the center of the sc

s adjusted to be in alignment with the subject’s center of v
nd the thread. This sighting system is readily and rap
djusted by the MR technologist for different subjects
anually moving the spot marked on a sticky transpa

tivations superimposed over one of the acquired gradient-echo, echo-plas
l cortices show opposite activations by design of the paradigm andanalysis. Although

color scale refers to thet values for the positive and negative tails of thet test used to
lds for each tail. The acquisition parameters were TR5 1500 ms, TE5 50 ms, numbe
and gap5 1 mm in the oblique axial plane.
l ac
ipita
he
sho
rent
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31IMPROVED fMRI AT 1.5 T
FIG. 6. Activation map for visually guided saccades at at threshold of 3.5 superimposed over the acquired gradient-echo, echo-planar images showin
ctivations in the frontal, parietal, and occipital lobes as well as deactivations in the temporal lobes (vertical white arrows). The wide field of view demonstrate

he widely distributed activation due to this paradigm. Areas of activation include frontal eye fields (a), intraparietal sulci (b), primary visual cortex (c and als
hown in Fig. 5) and associative visual cortex (d). Such results were not achieved under the same conditions with the commercial head coil. The coloale refers
o thet values for the positive and negative tails of thet test used to detect the activation. The smaller positive and negative values are the thresholds
ail. The acquisition parameters were TR5 3000 ms, TE5 50 ms, number of slices5 14, matrix5 128 3 64, FOV5 40 3 20 cm2, slice thickness5
mm, and gap5 1 mm in the axial plane.



p th
s om
f am
o as
s tio
T fro
s on
t o
i tw
c

(

ible
p th
i sis
o o-
p sit
o nd
p ck
S of
g e R
c un

d arr
S nts;
( ck,
A ro
s ces
s from
v ead
s ther
a and
c the
s flex-
i are
t

( oil

V
f ra-
t amp
d oops
( f
fl lle,
P and

th from the
p ts, tht
o place
m diagram of
t
(
t shorteni
t e s

32 THULBORN AND SHEN
lastic tape up and down following the verbal directions of
ubject until alignment is achieved with the subject in a c
ortable position. This sighting system provides a visual fr
f reference to ensure that if head motion does occur,
wallowing, the head can be returned to the original posi
he use of the horizontal thread avoids parallax errors
tereoscopic vision. The visor reduces flexion and extensi
he head whereas the head clamp reduces side-to-side m
n the cooperative subject. The configuration of these
omponents in the magnet is shown in Fig. 7c.

b) Head Motion Restraining Device

The multilayered clamp (Fig. 7d) incorporates the flex
rinted circuit board RF coil (described below) between

nner and outer structures. The inner wall of the clamp con
f two parts: (i) cushioning pad (0.25 in. thick, ACOR Orth
edic Inc., Cleveland, OH) made from three different den
rthotic foam layers that provides acoustical dampening a
illow for the subject; and (ii) a Teflon sheet (0.03 in. thi
mall Parts Inc., Miami Lakes, FL) with a dielectric rating
reater than 60,000 V to ensure subject isolation from th
oil. The outer structure consists of three parts: (i) so

FIG. 7. Schematic diagram of the visor showing (a) side elevation wi
rojector; (b) end elevation from the inside (subject’s view) showing the
n the screen, and the horizontal thread aligned through the spot; and
agnet. The patient table is in the lower portion of the bore. The diame

he concentric layered cross-section of the head clamp with a head in p
B) silicon rubber (0.25 in. thick); (C) Teflon sheet (0.03 in. thick) coverin
hin foam rubber pad with exchangeable pillow slip and a cushioning p
he Velcro strap that extends across the open diameter at the top of th
e
-
e
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n.
m
of
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e
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amping loaded silicone rubber (0.25 in. thick, McMaster-C
upply Co.) to protect the RF coil and electronic compone

ii) semi-rigid sound damping orthotic foam (0.5 in. thi
COR Orthopedic Inc.) to support the coil; and (iii) Velc
traps for closure (Fig. 7d). The total of six layers redu
ound transmitted pneumatically and conducted by bone
ibrations through the patient table while providing stable h
upport. Ear plugs (30 dB) are still used routinely to fur
ttenuate background sound. The flexibility of the clamp
oil allows optimum use with different head sizes. After
upine subject is positioned with his/her head within the
ble RF coil supported by the clamp, the sides of the clamp
ightened by means of a Velcro strap.

c) Flexible Quadrature Transmit and Receive Surface C

To maximize SNR by matching the filling factor to the FO
or whole brain imaging, a EPI-compatible, flexible, quad
ure surface coil was constructed to fit within the head cl
escribed above. This symmetric coil consists of three l
two 4.53 6.0 in. loops and one 5.53 5.5 in. loop) made o
exible printed circuit board (Compunetix Inc., Monroevi
A). Such board material is reliable, both electrically

ngled mirror, rear-projection screen, fiberglass housing, and the light pa
ntouring of the screen to the shape of the bore of the magnet with lighe spo
front elevation of the magnet bore with the visor–clamp–table mount inin the
of the bore is 55 cm. Other dimensions are as shown. (d) A schematic

ion is shown with the different layers: (A) semi-rigid othotic material (0.5 in. thick);
he flexible circuit board coil and silicone rubber protecting the capacitors; and (D)
0.25 in. thick). The whole structure is flexible and can be narrowed byng

tructure.
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33IMPROVED fMRI AT 1.5 T
echanically, with 2000 V of dielectric strength and 50,
ycles of flexing life. An additional Teflon sheet (1/32 in. thi
mall Parts Inc.) with dielectric strength higher than 60,00

urther electrically isolates the subject from the RF coil.
chematic diagram of the circuit is shown in Fig. 8. The de
f the hybrid transmitter/receiver switch and baluns have
escribed elsewhere (24). The coils have distributed fixe
apacitance to reduce electrical losses. Variable nonmag
rim capacitors (Voltronics Corp., Denville, NJ) are used
atching and tuning the circuits to the required frequenc

d) Imaging Protocol

All MR imaging was performed on a 1.5-T whole body scan
55-cm clear bore magnet, Signa, General Electric Medical
ems, Milwaukee, WI) equipped with resonant gradient, e
lanar imaging (EPI) (Advanced NMR Systems, Inc., Wilmi

on, MA) and data handling capabilities designed for fMR
reviously described (7, 9). Human subjects (n 5 6) were health
olunteers who provided written consent as approved by
nstitutional review board. Compatibility with echo-planar im
ng was investigated with both spin-echo and gradient-echo E

FIG. 8. Schematic diagram of the circuit for the flexible head coil oper
n quadrature excitation/reception mode. The B1 field created by the Helm
air (coils labeled 1 and 2) is perpendicular to the B1 field created by su
oil 2. The hybrid T/R switch and baluns are shown without details as the
escribed elsewhere (16). The two side loops (1, 3) are folded perpendicular

he central loop (2), as marked by the dashed lines. The capacitances ar5
6 pF, b5 22 pF, c5 2–40 pF, and d5 82 pF.
PIf
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tic
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uman brain. Variation in SNR across the FOV was measur
ssess sensitivity distribution. The acquisition parameters fo
ient-echo echo-planar imaging were TR5 6000 ms, TE5 50
s, FOV5 40 3 20, voxel size5 3.1 3 3.1 3 5.0 mm3, slice

hickness/gap5 5/1 mm, and number of slices5 9. The acqui
ition parameters for spin-echo, echo-planar imaging were T5
0,000 ms, TE5 71 ms, FOV5 403 20, two-shot mosaic (25),
lice thickness/gap5 3/1 mm, and number of slices5 9, giving
voxel size5 1.6 3 1.6 3 3.0 mm3.
To demonstrate the use of the sighting system within

isor, a series of 600 gradient-echo, echo-planar images
cquired with flexible coil–visor system. On command fr

he operator at intervals during the acquisition, the sub
uickly and maximally flexed her head and then returned t
riginal head position as judged by the sighting system.
ubtraction of the images acquired before and after the dis
ead movements were compared to subtractions of im
efore and during each head displacement.
Two visual paradigms were used to test the head res

evice. The flashing (8 Hz) alternating hemifield, black
hite checkerboard paradigm was used to measure SNR
ercentage of signal change performance of the flexible
nd the commercial quadrature birdcage head coil (Ge
lectric Medical Systems). The paradigm compared ce
xation (30 s, rest condition) to right or left hemifield flash
heckerboard (30 s, active condition) for five cycles of e
emifield stimulation. The visually guided saccade task
sed to investigate sensitivity of activation over a more wi
istributed activation pattern (26). This paradigm used bloc
f central fixation (30 s, rest condition) alternating with peri
f saccades to a spot of light appearing randomly at six

ocations along the horizontal meridian subtending 26
iewing angle (30 s, active condition).
As there is no universally accepted approach to the ana

f fMRI data, a conservative approach was chosen (27). Image
ata from both paradigms were analyzed using custom
igned software in which condition 1 (rest) was compare
ondition 2 (active) via a paired two-tailed Studentt test (28).
or the flashing checkerboard, conditions 1 and 2 were lef
ight hemifield stimulation, respectively. For the visua
uided saccade paradigm, conditions 1 and 2 were ce
xation and saccades to unpredictable targets, respective
orrection was required for head motion but in-plane h
otion was estimated using a published algorithm for mea

ng such motion (29). Although cardiac and respiratory da
ere acquired during imaging, no physiological correct
ere applied to the results presented (30).
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