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In this study the influence of a large variety of imaging param-
eters on the signal increase (AS) and the contrast-to-noise ratio
(CNR) of functional magnetic resonance imaging experiments was
determined using FLASH imaging at 2 T. During visual stimula-
tion of the brain we detected significant variations of AS as a
function of the echo time (30 ms: 3.5 = 0.4%, 60 ms: 6.8 = 0.7%),
slice thickness (2.5 mm: 6.8 = 0.7%, 10.0 mm: 3.3 = 0.3%), and
pixel size (4.69 mm: 3.1 = 0.3%, 1.88 mm: 5.9 = 0.5%). Significant
changes of AS with flip angle occurred for TE = 20 ms (15°: 2.1 =
0.2%, 60°: 3.2 = 0.5%). At TE = 30 ms there still was a slight
increase (15°: 3.0 = 0.4%, 60°: 3.8 = 0.5%), while at TE = 50 ms
no changes of AS could be detected with flip angle. Furthermore,
AS decreased with the use of first-order flow and motion compen-
sation (off: 5.8 = 0.6%, on: 4.5 = 0.5%). The purpose of this study
was to identify the optimal imaging parameters for blood oxygen-
ation level dependent contrast using FLASH imaging at 2 T.
Relying on a time normalized contrast-to-noise ratio (CNR") we
found the following parameters to be optimal: TE ~ 40-50 ms, a
rather low spatial resolution (slice thickness =~ 5.0-7.5 mm, pixel
size ~ 2.3-4.6 mm, matrix size 64 x 48), and flip angles lower
than 30°. Flow compensation should not be applied, and a rather
low bandwidth of ~2.5 kHz is favorable, as it yields a superior
signal-to-noise ratio. © 1999 Academic Press

Key Words: fMRI; FLASH; CNR; imaging parameters.

INTRODUCTION

tion can only be detected if the signal increase due to activatic
exceeds the baseline signal fluctuations due to noise. The tir
normalized contrast-to-noise ratio (CNRi.e., the ratio of the
signal increase and the standard deviation of random sigr
fluctuations, normalized by the square root of the acquisitio
time, can thus be used as a quantitative measure for the qua
of a fMRI experiment.

The purpose of this study was to experimentally determin
the optimal values for a large variety of imaging parameter
with respect to the signal increase and the noise characteris
of FLASH imaging at 2 Tesla.

SUBJECTS AND METHODS

MR Methods

Functional imaging was performed on a 2.0 T Brukel
TOMIKON S200 Spectrometer (Bruker Medizintechnik, Et-
tlingen, Germany) using the body coil for excitation and &
linear receive-only head coil for signal detection. Eight health
volunteers (two women, six men, ages 25 to 35) were th
subjects of the study. Written informed consent was obtaine
from all subjects prior to investigation. Foam pads were used
minimize head movement during examinations.

Since the first functional magnetic resonance imagingn:('s,u"’lI stmulatlon was perfqrmed using homepwlt goggle
emitting red light. The stimulation paradigm consisted of thre

(fMRI) experiments had been conducted, ), it is well ) . ) ) :
known that the results are very sensitive to the imaging pagnods of darkness alternating with a red light flashing at 8 H

rameters 8). The observed signal changes are mainly due {69 23- For each subject up to 30 fMRI experiments were
alterations in blood oxygenation (blood oxygenation level d@€rformed with different imaging parameters. The duration c
pendent (BOLD) effect)4—6), since the increase in blood flow@ Single experiment was always limited to about 4 min. This i
by far exceeds the physiological oxygen demaBd7). Ob- why not all experiments were conducted with the same numb
served signal changes depend on echo tfn&)( field strength Of images (NI). Depending on the acquisition time for 1 image
(3,5, 9-1), spatial resolution12—14, and various other pa- 6, 10, or 20 images were collected per on/off period, whicl
rameters 14, 15 as well as on the imaging sequence used. /&sulted in a total NI of 18, 30, or 60 per experiment. The
large variety of studies were performed in order to characteriggperiments were always conducted in the same successi
different features of BOLD imaging depending on physiologsowever, for each subject, the full set of experiments was spl
ical properties as well as on physical properties of the imaging individually into two or three sessions of about n2th on
sequencesl{, 15-20. In a restricted experiment time, activa-different days, to limit the fatigue of the subjects.
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Imaging Protocol experiment showed severe motion artifacts. In order to allow

First, a set of three orthogonal scout images (sagittal, corS(;[-eady state to be established the very first point in ea

nal, and axial) and 15 high-resolutioh,-weighted sagittal experiment was excluded from evaluation. Since the sign

; N . : time course is governed by the delayed hemodynamic respor
images were acquired in order to localize the appropriate plfa%e2 23 to the stimulation paradigm, the first point of each
for the functional imaging study. One oblique slice was the eri,od was discarded with Nt 18 or ,\’” — 30" with NI = 60

placed along the calcarine cortex. Volume-selective shlmmlt first two points were discarded. This means that the sign

of a 10-cm-thick axial slice centered around the visual cortex . .
was performed for each subject. averages in restS.(t)) resp. active stat€S,.(t)) were cal-

- ) . culated in the steady-state regions of the signal time cours
In preliminary experiments, appropriate parameters oflg

T%-weighted FLASH sequence were determined which yield?(?r statistical evaluation, correlation with a boxcar referenc

reliable activation in several subjects. This basic sequence Wunctlon was computed with APNI (R. Cox, Medical College
e

then repeated in every session for each subject. The param ??%ISCOHSIH). A level of significance df = 0.002, corre-

ers . ; .
. ) sponding to threshold values for the correlation coefficient c
for the basic sequence were chosen as follows:=TEO ms, _ - - _ —
. . . o r = 0.8 for NI = 18, r,, = 0.6 for NI = 30, andr,, = 0.44
TR = 83 ms, flip angle (FA) 15°, Gaussian excitation puls - : : : -
. : . or NI = 60 was used. Each pixel with correlation coefficient
with pulse length 90@s, pixel size 2.34 mm (rectangular FO r > ry, inside the visual cortex was counted as activatég),
30 X 22.5 cm and matrix 12& 96), slice thickness (ST) 5 nd ti:e relative sianal increase '
mm. An extremely low bandwidth (BW) of 2.5 kHz was used g '
because it provided the highest possible SNR with a minimal
TE of 30 ms. The sequence contained RF spoiling, but no flow (Sacl(1)) — (Seeslt))
compensation (first-order flow and motion compensated gradi- AS = (S0} ' (1]
ent waveforms in read and slice encoding direction). The

acquisition time for one imagel(.,) was 8 s inthis case, thus . o . .
a total of 30 images could be acquired in about 4 min. Thfring activation was computed. For comparison of the differ

sequence was then used as a basis, from which all variati§hé Parameter settings the mean signal increase over subje:

were derived. The basic parameters were chosen to allow the

parameters to be varied one by one, keeping the remaining 3 AS0
basic parameters constant. The final protocol consisted of 10 AS=———,
subsets of experiments, where the following parameters were

varied independently:
was computed, wheréAS,,) = X,x AS,/N. is the mean

e TE from 30 to 60°ms (for TE 60 ms: TR 93 rf_r% 9 .S) signal increase for a single subject, andenotes the number
e FA from 15 to 60° at different echo and repetition tlmesof subiects included for evaluation
-TE 20 ms/TR 40 md/,., 4 s/NI 60 ) '

For the calculation of the contrast-to-noise ratio of the ex
ig 28 ngg gg 227‘“'%': :i)’\(lylilgg periments an estimate of the baseline fluctuations was al
“TE 50 ms/TR 83 ms, phase rewinded needed. However, the global signal-to-noise ra®id),(

e ST from 2.5 to 10 mm

e pixel sizes from 1.17 to 4.69 mm: (S(x, ¥))
-FOV from 24.0 to 30.0 cm (matrix size 128 96) SNR="""75" [3]
-matrix size from 64 to 256 (FOV 30.0 cm):

64 X 48: T, 4 s/INI 60 . . . . . o
256 X 192: TE 55.4 ms/TR 113 nikl, 22 s/NI 18 with the average signal in a region of interest (ROI) inside
e BW from 2.5 to 15.0 kHz ‘ (S(x,y)) and the standard deviation of noise in a ROI outsid

of the brainoy, only gives a lower limit for the magnitude of

the baseline fluctuations, since it is not sensitive to time-cour:
Unless stated otherwise, TE was 50 ms, TR 83 ms, FA 1¥riations caused by physiologic processes, artifacts, or syste

FOV 30 X 22.5 cm, matrix 128< 96, ST 5 mm, BW 2.5 kHz, instabilities. Therefore,

Taq 8 s, NI 30.

(2]

n

e flow compensation on/off.

i t
Analysis SNR, = ;(Sé(:;) ' 4]
The data analysis was performed on an external Silicon
Graphics Indy workstation. Minimum head movement was
verified by playing the images through a cine loop. A wholeith the average time-course sig&(t)) and the activation-
subset of experiments of a subject was discarded if at least amgependent standard deviation,
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o(S(t)) mm (128 matrix, FOV 24 cm). These changes were mainl

5 . caused by the different matrix sizes; the moderate changes in F(
_ \/E(Sfes{t) — (Sesl)))* + 2(Saelt) — (Sacl))) did merely influence\S At 1.17 mm (256 matrix, FOV 30 cm)

2m—-1 ' no signal change could be determined, since only a single subji

[5] showed significant activation with this matrix size. This was

obviously caused by the rather low SNR and the small number

was determined as a measure of time-course fluctuatioli82ges per experiment. With different flip angles, a significar
where m denotes the number of time points in rest respicrease ofAS could only be detected for TE 20 ms/TR 40 ms,

activated state which were used for the calculation of the tilfé1ereASincreased from 2.3 0.2% at 15° to 3.2= 0.5% at 60°.
averages and standard deviation. For TE 30 ms/TR 63 mg\Sstill showed a tendency to rise from

On the basis of these quantities CNR was calculated, whidt9 = 0.4% at 15° to 3.8= 0.5% at 60°; at TE 50 ms/TR 83 ms,
can be generally defined as the ratio of the relative Sig,{gpwever, no variation could be detected with spoiled and re
increaseA S and the magnitude of time-course fluctuati@® Winded FLASH. Application of flow compensation led to a de-
(20). Since the relative magnitude of time-course fluctuatioréease ofASfrom 5.8+ 0.6% without to 4.5+ 0.5% with flow
can be considered the reciprocal value of SNR, compensation.

AS Influence on CNRand CNR;
CNR = 5SS = AS- SNR.
Generally, we found SNR to be about half the value of SNR.
e subject average of the SNR of the basic experiment was 90
, whereas the corresponding SiNRvas 42+ 8. CNR' and
CNR;, averaged over subjects are shown in Figs. 2 to 6. GNR
is at least a factor of 2 lower than CNRand it decreases faster
o . N Zpi( ASpix - SNRyi) toward unfavorable imaging conditions. Figure 2 shows the d
CNR;i = (AS;i* SNR;i N [7] .
act pendence of CNRand CNR;, on the echo time. One can see tha
CNR" continuously rises toward an echo time of 60 ms, wherez
was calculated. Finally, CNR was averaged over all includedCNRy;, declines and shows a flat peak at about 40-50 ms. Tt
subjects. For comparison, we also determined the global implies that the optimal TE lies somewhat bel@y as indepen-
dent measurements in three different subjects consistently yield
2,SNR/SNR e a T3 of about 60 ms in the visual cortex.
T h (8] For slice thickness (Figs. 3a and 3b), both curves show a cle

maximum at~5.0-7.5 mm, where CNRends to the higher and

which gives the highest possible CNR in the absence of additioffl e 0 the lower value. CNRand CNR; also show a distinct
time-course fluctuations, where SNRs the SNR of the first dependence on pixel size (Figs. 3d and 3e). While CstBadily
image of the corresponding experiment compared to the baSigreases for pixel sizes between 1.88 and 4.69 mm, LNR
experiment (SNR.) averaged oven subjects. Since the mea-'€Mains rather constant over the whole range. ,
surement time is an essential factor in fMRI we finally determineq FOr €xperiments with different flip angles, the distinct behavio
a time-normalized CNRresp. CNR,.. As shorter measurement©! CNR" and CNR, is most likely due to flow artifacts which
times allow for averaging, where SNR increases with the squ&lgteriorate image quality at higher flip angles. At echo times of 2

root of the acquisition time, we calculated these quantities as @1d 30 ms the peak values of C[iFseem to be shifted slightly
toward lower flip angles compared to CRIFig. 4). For a TE of

50 ms (spoiled and rewinded FLASH), CI§jiReven drops off for

. . . T
In order to take into account the influence of any possible pleg
time-course instability,

CNR= AS-SNR, = AS

CNR" = ?E and CNR}, = &/ﬁ'x [9] flip angles higher than 15° (Fig. 5). Hence, flip angles lower tha
V lacg VTacq 30° seem to be optimal for fMRI experiments, even though CNR
peaks for flip angles between 30 and 45°. The results for spoile

RESULTS and rewinded FLASH at TE= 50 ms are rather similar for flip

angles between 30 and 60°. HowevAS CNR', and even
CNRyi clearly show higher values for rewinded FLASH.

Figure 1 shows the variation d&fSincluding those parameters As far as bandwidth is concerned, one can see in Figs. 6a a
where significant changes occurréincreased with echo time 6b that CNR and CNR), decrease rapidly toward higher BW.
from 3.5+ 0.4% at 30 ms to 6.& 0.7% at 60 ms and decreased’he increase of CNR at a BW of 15 kHz is most likely
with slice thickness from 6.8& 0.7% at 2.5 mm to 3.3 0.3% at artifactual because of low SNR (see discussion below). Appl
10 mm. The variation oAS with pixel size ranged from 3.1 cation of flow compensation seemed to reduce the contrast-
0.3% at 4.69 mm (64 matrix, FOV 30 cm) to 590.5% at 1.88 noise ratio since both CNRand CNR}, tended to be higher

Influence oMAS
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FIG. 1. Signal increas@d S depending on (a) echo timea (= 6), (b) flip angle at TE= 20 ms fi = 5), (c) pixel size = 8), (d) slice thicknessn =
7), (e) bandwidthif = 7), and (f) flow compensatiom(= 5). The error bars indicate the standard error aveubjects.

without flow compensation (Figs. 6d and 6€). This is obviouslyA/A,..) increased together with CNRoward 4.69 mm (Figs.
due to the reduceds, since the SNR was slightly higher with3d-3f). The other exception is the dependence on BW, whe
flow compensation. CNRy, shows an increase at BW 15 kHz, while CN&dN .,

consistently decrease toward a higher bandwidth (Figs. 6a—6
Influence on N,

Generally, the number of activated pixels largely varied over DISCUSSION

subjects and conditions. However, in Figs. 2 to 6 one can sg '

that the subject average M, closely resembles the behaviosrm(ﬁuence of Echo Time

of CNR", and especially of CNR. One exception is the In agreement with the literatur8,9, 14, we found a linear
dependence on pixels size where the activated &tga- increase ofAS with echo time. As expected due to the field
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FIG. 2. (a) CNR, (b) CNR;,, and (c)N,, depending on echo timen(= 6). The error bars indicate the standard error avsubjects.

strength dependence of the BOLD contrast](1), the signal linear with field strength. According to the literature, the CNR
changes from 3.5 0.4% at 30 ms to 6.& 0.7% at 60 ms lie of any BOLD contrast experiment should be optimal for FE
well between signal changes reported by other groups at highér since the absolute signal increase shows a maximum at tt
and lower field strengths. At 4 T, Menaat al. (8) found an time (8, 11, 2Q. However, this is only true if noise does not
increase in signal from=2.5% at 10 ms to~13% at 60 ms increase with echo time. In this study we found a maximur
(=7% at 30 ms). At 1.5 T, Thompsaat al. (14) reported an CNR;, at ~40-50 ms, while CNRcontinued to rise up to the
increase from=0.7% at TE= 10 ms to~1.6% at TE= 30 ms. maximal TE= 60 ms. Since the measurementTdf, in three
At echo times higher than 38 ms this group found a higdlifferent subjects consistently yielded a value of about 60 m:
intersubject variability, which could be due to an insufficienive concluded that the optimal value for TE lies somewhe
shim in the clinical environment. Gagit al. (11) investigated belowT%. Similar results were also found by Fraletal. (12),
the field strength dependencef® and found for TE= T% (88 who also measured &% of about 60 ms &2 T and con-
ms, 69 ms, 32 ms) 13.3 2.3, 18.4=* 4.0, and 15.1+ 1.2% cluded that TE~ 30—-40 ms is a good compromise betweer
for large vessels, and 14 0.7, 1.9+ 0.7, and 3.3+ 0.2% in good oxygenation sensitivity and SNR. This distinct be
tissue at 0.5, 1.5, and 4 T, respectively. From this, in combiavior of CNR and CNR}, reveals that the decrease in SNR
nation with SNR measurements, they concluded that the CNiRh TE is substantially stronger than the decrease of SNF
increase in tissue is stronger, while that in vessels is less th@ane explanation is that the observed signal changes are pal

3.0 : : ‘ ' e - - 100
L5l ] 0.76 1 a0l ]
. } 2072 60
< a 0. r b 4 r 1
Z 20f | ][ 1 & ‘ i J[ 4
© S oest ] 401 ]
1.5 —} oof 1
1.0 ) ) ) . 0.64+ ‘ ) ) ] 0
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
a ST [mm] b ST [mm] ¢ ST [mm]
30 ) i ! ' T ' 150 [ T ! 4
J[ 0.75 ¢ 1
[ - 73]
2.5 5 e
& 2070 1 < 100¢ ]
g2op [ 2 |
S o065k } 1 ¥ i 1
% g 50 1
(EI : 8 %
{ 0.60F 1 =
2 3 4 5 2 3 4 5 2 3 4 5
d pixelsize [mm] e pixelsize [mm] f pixelsize [mm]

FIG. 3. Dependence of CNRCNRy;, andN, on (a—c) slice thicknessi(= 7) and (d—f) pixel sizer{ = 8). In (f) N, is corrected for the different pixel
sizes by multiplication with the ratid/A,.., WwhereA is the area of the respective pixel aAg..is the area for the basic pixel size 2.34 mm. The error bar:
indicate the standard error oversubjects.
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caused by pixels near larger venules, which show a lowfluence of Spatial Resolution
T% (8,11 and thus also a lower optimal TE. However,

it cannot be excluded thath was lower than 60 ms in indi-

Our finding of increased signal changes with increased sp

vidual subjects, as this parameter was not determined in d@ resolution is in agreement with the concept of reduce
partial volume effects. Frahnet al. (12) found the signal

case.
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FIG. 6. Dependence of CNRCNRy;, andN,, on (a—c) bandwidthr{ = 7) and (d—f) flow compensatiom(= 5). The error bars indicate the standard
error overn subjects.

increase to rise to twice its original value when reducing thengle, which suggests that inflow effects could possibly b
slice thickness by 50%; an equal reduction in matrix size feieglected at this echo and repetition time, at least up to fli
identical ROIs did not show an effect on the observed signahgles of 60°. This view seems to be confirmed by Thompsc
change. Lakt al. (13) detected high focal signal changes wittet al. (14), who even found a slight decrease &6 with
increased spatial resolution, suggesting macrovasculature tarfigeased flip angle. However, we also observed increased flc
involved (13). Thompsonet al. (14) also found an increasedartifacts at higher flip angles, especially caused by large
signal change with reduced slice thicknessl (5% at 10 mm, visible vessels, which suggests that we nevertheless have
~2.8% at 3 mm) but their finding of increased signal changgke into account the effects of increased flow. Dayal. (16)
with increased FOV is inconsistent with the other studies. fgund significant inflow effects using FLASH with flip angles
the present study we found no significant variation of the signgl 40°. In their study signal changes were considerably er
change with FOV, whereas doubling of matrix size and reduganced with a slice-selective inversion prepulse and suppress
tion of slice thickness significantly increased the obsetv&d \ith 3 global inversion prepulse or saturation slabs around tt
The increase of CNRat pixel size 4.69 mm (64 matrix) is jmaging slice. However, they did not study the dependence
solely due to the re_duced scan time. Without consideration ﬂ_;\@ inflow effect on echo and repetition time. Frabtal. (15)
the measurement time CNR is about constant for the mate¥;ia( that inflow contrast is maximized at short EELQ ms),
.SIZGS 64>< 48 and 128X 96, as the decrease of SNR _and_thghort R &70 ms), hlgh ﬂlp angles_%40°), and thin slices
increase INAS nearly compensate each other. Taking |nt()S4 mm) but they did not quantify concomitant signal in-
account the increase in the size of the activated area we ¢aQ,qaq. However, the time courses in visual cortex at long T
conclude that it would be favorable to use a reduced matrix Siggio are shown in their Fig. 3 do not indicate a considerabl
in concert with a rather small FOV, as the decrease in SNR o qe ofAS with flip angle. According to the theoretical

with FOV reduction can easily be compensated by a higr\%rk of Gaoet al. (25), who analyzed the influence of in-

number of images. creased flow on the fMRI signal changes, there is a stror
influence not only from the parameters of the imaging se
quences mentioned above but also from the flow patterns, t

The increase oA S with flip angle at short echo times andinitial baseline velocity, and the ratio of blood to gray matte:
concomitant short repetition times is consistent with the ideéthin the pixel. They found that under certain circumstance
that the observed signal increase is directly influenced byflow can also lead to a signal decrease. They conclude th:
changes in blood flow9( 15, 1§. At an echo time of 50 ms, in combination with the BOLD effect, the inflow of blood can
however, we could not detect any increaseAS$ with flip lead to an increase, as well as to a decrease, of the signal. T

Influence of Flip Angle
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means that the lack of an increaseA does not necessarily EPI time series at different echo times; they found the noise
imply the absence of inflow effects. Also, phase changes duerorease with echo time and also at least 30% of the total noi
increased in-plane flow during activation lead to confoundirtgeing due to cardiac and respiratory motion. In FLASH imag
signal changes which, according to them, could be diminished), this motion occurs during the relatively long image acqui
by application of flow compensating gradient waveforms in tretion period and leads to increased fluctuations in the imag
phase and frequency encoding direction. It remains uncleéatensity, which might be reduced by the use of navigato
whether the use of flow compensation in the readout and slieehoesZ6). However, CNR, is further diminished by another
encoding direction always leads to a slightly diminished signaffect. Pixels with large signal changes often also show larg
increase, as observed by us; this needs further investigatiffactuations, since they are usually located at larger vesse
Gaoet al. (25) also stated that in conventional gradient echehere pulsatile flow and phase shifts occBix. (This leads to a
pulse sequences the signal change due to inflow is dominansinall CNR;,, since the combination of large signal increase
cortical draining veins, whereas the inflow contribution imnd fluctuations directly compensate each other because
capillary areas is negligible. However, in larger vesselsTthe pixelwise calculation. For calculation of CNRhe opposite
relaxation times can be considerably short@r 1), which effect occurs: even a small number of large pixel values lea
might cause a diminished inflow signal at longer echo timés an elevated mean valueS, while SNR is not influenced,
due to intravascular dephasing. On the other hand, drainwgich finally results in an elevated CNRThis shows that the
venous vessels are also known for large susceptibility-induc€MR" is overestimated if determined from the global SNR an
signal changes3j, which might by far exceed the changes duAS. On the other hand, CNR probably underestimates the
to inflow. Probably these explanations all hold true in certainue contrast-to-noise ratio, since the baseline time course
situations, which means that inflow can considerably confouadtivated pixels certainly shows increased deviations in rea
results of functional imaging studies. Also taking the decreatien to the stimulus. We tried to minimize this effect by
in CNRjx and N, at higher flip angles into account, it isdiscarding the first (two) data point(s) in each period, in orde
certainly favorable to use small flip angles lower than 30°. to avoid nonequilibrium effects, but there still remain contri-
butions, e.g., due to the transient poststimulus undersho
Significance of SNR and CNR which may be as large as the positive signal response to t
stimulus @2, 23. Probably, these influences additionally vary
Our results demonstrate that the quality of a fMRI experwith the imaging conditions. Nevertheless, the overall behavic
ment does not only depend ohS but also on the noise of CNRy certainly yields useful clues for the determination of
characteristic of the imaging experimeB60). In most cases, an the optimal parameter values, since it is highly sensitive to ar
increase iNAS is accompanied by a decrease in SNR. Thiastability in the pixel time course. The global CNFSNR, and
means that one has to choose a compromise where SNR is Highnumber of activated pixels provide additional informatior
enough andAS is still large enough to be detectable. Ato avoid misinterpretations.
quantitative measure for this optimal parameter value is CNR
or CNRj. Thg glopal CNR gives an upper Iimit for the,Acquisition Time and SNR
contrast-to-noise ratio. It assumes that the baseline fluctuations
are only due to random fluctuations of a constant noise levelAlthough a low BW provides a good SNR, it also cause:
which can be determined by the SNR of the first image. Sinsevere chemical shift artifacts and blurring. Thus it was nc
this assumption is certainly not valid in real experimentalear if the lowest BW would be the optimal value. Addition-
situations, we preferred CNR since it takes into account theally, the prolonged acquisition time enhances the sensitivity 1
dynamic noise characteristic of the imaging sequences upontion. IndeedAS increased slightly toward a BW of 15 kHz,
different parameter settings. This quantity is highly sensitive tmd CNR}, showed a minimum at medium bandwidth. This
any kind of instability in the pixel time course which can bd&ehavior might suggest that the use of a higher BW could
due to system instabilities as well as artifacts (e.g., flow &vorable. However, the concomitant strong decrease of SN
higher FA) and physiological fluctuations. This means th&NR", andN, indicated an artifactual increase &5, caused
optimization of SNR, is vital, since time-course stability is by the selective detection of high signal changes due to the lo
extremely important for the detection of small signal changeSNR at a BW of 15 kHz. This means that activation in pixels
For parameters which influencgéS as well as SNR,, the with low AS,, disappears and thaS as well as CNE; is
optimal value is given by the maximum of CR If only artificially elevated.
SNR,, is influenced, the maxima of CNRand SNR,, coin- One reason for the superiority of a small BW is the Idrg
cide. We generally found that SNR and especially CNR, in human brains at 2 T. Prolonged acquisition time improve
was substantially lower than the global quantities SNR atf@\NR as long as there is still enough signal to detect. Tr
CNR". It is obvious that SNR, has to be significantly smaller expected optimum for the SNR lies at an acquisition time equ:
than SNR because of additional physiological fluctuati@®.( to 1.26- T% (27). Consequently, high BW and concomitant
Thomas and Menon2() investigated the noise spectrum irshort acquisition times usually used in FLASH imaging lead t
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a significant loss in SNR, particularly in tissues with Iofip  studies. However, parameters which systematically yielded
This is one of the reasons why EPI is widely used in fMRI. A$mall N, such as high BW, short TE, and very small pixel
low resolution, EPI offers an acceptable image quality in larggze, are obviously inappropriate for reliable detection of act
portions of the brain. Additionally, EPI offers intrinsi€% vation. This is mainly due to very low SNR (high BW, small
weighting and very short image acquisition times, whichixel size) or smalAS (short TE).

highly diminish motion sensitivity in concert with the possi-

bility of high volume coverage. However, in the lower parts of CONCLUSION

the brain, EPI suffers not only from signal loss but also from

severe image distortions. This problem is particularly severe atThe following parameter values were found to be optimal
higher field strengths. One possibility to overcome the limit&in echo time of 40 to 50 ms, a rather low spatial resolution (S
tions of both methods is to use a FLASH-EPI-Hybrid methods5 mm, pixel size~2.3-4.6 mm, matrix 64< 48), and small
which on the one hand reduces susceptibility artifa2®, @nd flip angles lower than 30°. As FLASH methods, especially ir
on the other hand also allows relatively fast acquisition &ingle-slice mode, are prone to inflow effects, the latter als
images with optimized SNR29, 30. Hillenbrandet al. (30) seems favorable because of additionally reduced inflow sen:
recently verified that the SNR of a FLASH-EPI-Hybrid methodVity. In terms of maximal CNR, flow compensation should
can be optimized according T by the use of an appropriatenot be applied as it slightly reduc@&sS. Furthermore, a rather
number of echoes per excitation, as well as an optimized flgw BW of 2.5 kHz is favorable in spite of some artifacts, since
angle. Compared to a FLASH image with the same bandwidihyields superior SNR. Application of a phase rewinder in-
an EPI-FLASH-Hybrid yields a gain in SNR as long as thereases SNR and improves the results slightly.

acquisition time per excitation is not longer than 1.28. The

concomitant increase in repetition time also allows the use of ACKNOWLEDGMENTS

higher flip angles, which additionally improves SNR9L The authors thank Dr. P. M. Jakob and Dr. E. Hofmann for helpful discus
EPI-FLASH-Hyb'nd sequences have already' been applied 0 o T P
fMRI (19, 29. Since the signal increase mainly depends on
echo time, field strength, and spatial resolution, maximal CNR
should be obtained, if, at optimal TE and spatial resolution, the
flip angle and number of echoes are optimized for maximal. k. k. kwong, J. W. Belliveau, D. A. Chesler, I. E. Goldberg, R. M.
SNR. However, care has to be taken to avoid specific artifacts weisskoff, B. P. Poncelet, D. N. Kennedy, B. E. Hoppel, M. S.

and to diminish motion sensitivity through the use of navigator Cohen, R. Turner, H.-M. Cheng, Th. J. Brady, and B. R. Rosen,
echoes 28) Dynamic magnetic resonance imaging of human brain activity dur-

ing primary sensory stimulation, Proc. Natl. Acad. Sci. USA 89,
5675-5679 (1992).

Number of Activated Pixels 2. S. Ogawa, D. W. Tank, R. Menon, J. M. Ellermann, S.-G. Kim, H.
Merkle, and K. Ugurbil, Intrinsic signal changes accompanying
Generally, the number of activated pixels showed a large sensory stimulation: Functional brain mapping with magnetic
deviation over subjects in all experiments. This was probably resonance imaging, Proc. Natl. Acad. Sci. USA 89, 5951-5955
due to interindividual variations as well as to limitations of this  (1992) _ _ _
study. The length of the full experiment, and the fact that only- E: M- Haake, A. Hopkins, S. Lai, P. Buckley, L. Friedman, H.
li d b b d bably led t | effect Meltzer, P. Hedera, R. Friedland, S. Klein, L. Thompson, D. Detter-
Ong S !Ce cou € observed, pro .a y e . 0 several efiects, man, J. Tkach, and J. S. Lewin, 2D and 3D high resolution gradient
which influenced the number of activated pixels. We observed echo functional imaging of the brain: Venous contributions to signal
that the number of activated pixels tended to decrease duringin motor cortex studies, NMR Biomed. 7, 54-62 (1994).
sessions. This may be partly due to the fact that the basic S. Ogawa, T. M. Lee, and B. Barrere, The sensitivity of magnetic
sequence was already rather optimal. However, recessive at-resonance image signals_of a rat brain to changes in the cerebral
tention, increasing drowsiness, and motion of the subjects E’fg”;gs blood oxygenation, Magn. Reson. Med. 29, 205-210
probably also led to diminished activation. Motion could affect ) .
the results in several respects: While larger motions mainl5' S. Ogawa, R. S. Menon, D. W. Tank, S.-G. Kim, H. Merkle, J. M.
; P : 9 . = y Ellermann, and K. Ugurbil, Functional brain mapping by blood
occurred between experiments, and led to slight variations of oxygenation level-dependent contrast magnetic resonance imag-
the imaging plane, small motions during the experiments sim- ing: A comparison of signal characteristics with a biophysical
ply degraded the quality of the functional image. This session model, Biophys. J. 64, 803-812 (1993).
effect was partly counteracted by the individual splitting of thes. S. Ogawa, T. M. Lee, A. R. Kay, and D. W. Tank, Brain magnetic
sessions which resulted in an irregular distribution of the résonanceimaging with contrast dependent on blood oxygenation,
L . . Proc. Natl. Acad. Sci. USA 87, 9868-9872 (1990).
breaks. In addition to this, the subjects were contacted several . S .
times during the sessions to maintain their attention. An eve7n' P. T. Fox and M. E. Raichle, Focal physiological uncoupling of
. _g . - . N cerebral blood flow and oxidative metabolism during somatosen-
better elimination of session effects might be be achieved by a sory stimulation in human subjects, Proc. Natl. Acad. Sci. USA 83,

randomization of the paradigm; this will be done in further 1140-1144 (1986).
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