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In this study the influence of a large variety of imaging param-
ters on the signal increase (DS) and the contrast-to-noise ratio
CNR) of functional magnetic resonance imaging experiments was
etermined using FLASH imaging at 2 T. During visual stimula-
ion of the brain we detected significant variations of DS as a
unction of the echo time (30 ms: 3.5 6 0.4%, 60 ms: 6.8 6 0.7%),
lice thickness (2.5 mm: 6.8 6 0.7%, 10.0 mm: 3.3 6 0.3%), and
ixel size (4.69 mm: 3.1 6 0.3%, 1.88 mm: 5.9 6 0.5%). Significant
hanges of DS with flip angle occurred for TE 5 20 ms (15°: 2.1 6
.2%, 60°: 3.2 6 0.5%). At TE 5 30 ms there still was a slight
ncrease (15°: 3.0 6 0.4%, 60°: 3.8 6 0.5%), while at TE 5 50 ms
o changes of DS could be detected with flip angle. Furthermore,
S decreased with the use of first-order flow and motion compen-

ation (off: 5.8 6 0.6%, on: 4.5 6 0.5%). The purpose of this study
as to identify the optimal imaging parameters for blood oxygen-
tion level dependent contrast using FLASH imaging at 2 T.
elying on a time normalized contrast-to-noise ratio (CNRn) we

ound the following parameters to be optimal: TE ' 40–50 ms, a
ather low spatial resolution (slice thickness ' 5.0–7.5 mm, pixel
ize ' 2.3–4.6 mm, matrix size 64 3 48), and flip angles lower
han 30°. Flow compensation should not be applied, and a rather
ow bandwidth of '2.5 kHz is favorable, as it yields a superior
ignal-to-noise ratio. © 1999 Academic Press

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

INTRODUCTION

Since the first functional magnetic resonance ima
fMRI) experiments had been conducted (1, 2), it is well
nown that the results are very sensitive to the imaging
ameters (3). The observed signal changes are mainly du
lterations in blood oxygenation (blood oxygenation level
endent (BOLD) effect) (4–6), since the increase in blood flo
y far exceeds the physiological oxygen demand (5, 7). Ob-
erved signal changes depend on echo time (5, 8), field strength
3, 5, 9–11), spatial resolution (12–14), and various other pa
ameters (14, 15) as well as on the imaging sequence use
arge variety of studies were performed in order to charact
ifferent features of BOLD imaging depending on physio

cal properties as well as on physical properties of the ima

equences (11, 15–20). In a restricted experiment time, activa-d
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ion can only be detected if the signal increase due to activ
xceeds the baseline signal fluctuations due to noise. The
ormalized contrast-to-noise ratio (CNRn), i.e., the ratio of th
ignal increase and the standard deviation of random s
uctuations, normalized by the square root of the acquis
ime, can thus be used as a quantitative measure for the q
f a fMRI experiment.
The purpose of this study was to experimentally determ

he optimal values for a large variety of imaging parame
ith respect to the signal increase and the noise characte
f FLASH imaging at 2 Tesla.

SUBJECTS AND METHODS

R Methods

Functional imaging was performed on a 2.0 T Bru
OMIKON S200 Spectrometer (Bruker Medizintechnik,

lingen, Germany) using the body coil for excitation an
inear receive-only head coil for signal detection. Eight hea
olunteers (two women, six men, ages 25 to 35) were
ubjects of the study. Written informed consent was obta
rom all subjects prior to investigation. Foam pads were us
inimize head movement during examinations.
Visual stimulation was performed using homebuilt gog

mitting red light. The stimulation paradigm consisted of th
eriods of darkness alternating with a red light flashing at 8
20, 21). For each subject up to 30 fMRI experiments w
erformed with different imaging parameters. The duratio
single experiment was always limited to about 4 min. Th
hy not all experiments were conducted with the same nu
f images (NI). Depending on the acquisition time for 1 ima
, 10, or 20 images were collected per on/off period, w
esulted in a total NI of 18, 30, or 60 per experiment.
xperiments were always conducted in the same succe
owever, for each subject, the full set of experiments was
p individually into two or three sessions of about 1.5 to 2 h on

ifferent days, to limit the fatigue of the subjects.
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163FLASH fMRI AT VARIOUS IMAGING PARAMETERS
maging Protocol

First, a set of three orthogonal scout images (sagittal, c
al, and axial) and 15 high-resolutionT1-weighted sagitta

mages were acquired in order to localize the appropriate p
or the functional imaging study. One oblique slice was t
laced along the calcarine cortex. Volume-selective shimm
f a 10-cm-thick axial slice centered around the visual co
as performed for each subject.
In preliminary experiments, appropriate parameters

*2-weighted FLASH sequence were determined which yie
eliable activation in several subjects. This basic sequenc
hen repeated in every session for each subject. The param
or the basic sequence were chosen as follows: TE5 50 ms,
R 5 83 ms, flip angle (FA) 15°, Gaussian excitation pu
ith pulse length 900ms, pixel size 2.34 mm (rectangular FO
0 3 22.5 cm and matrix 1283 96), slice thickness (ST)
m. An extremely low bandwidth (BW) of 2.5 kHz was us
ecause it provided the highest possible SNR with a min
E of 30 ms. The sequence contained RF spoiling, but no
ompensation (first-order flow and motion compensated g
nt waveforms in read and slice encoding direction).
cquisition time for one image (Tacq) was 8 s inthis case, thu
total of 30 images could be acquired in about 4 min.

equence was then used as a basis, from which all varia
ere derived. The basic parameters were chosen to allo
arameters to be varied one by one, keeping the rema
asic parameters constant. The final protocol consisted
ubsets of experiments, where the following parameters
aried independently:

● TE from 30 to 60 ms (for TE 60 ms: TR 93 ms/Tacq 9 s)
● FA from 15 to 60° at different echo and repetition tim

-TE 20 ms/TR 40 ms/Tacq 4 s/NI 60
-TE 30 ms/TR 63 ms/Tacq 7 s/NI 30
-TE 50 ms/TR 83 ms, RF spoiled
-TE 50 ms/TR 83 ms, phase rewinded

● ST from 2.5 to 10 mm
● pixel sizes from 1.17 to 4.69 mm:

-FOV from 24.0 to 30.0 cm (matrix size 1283 96)
-matrix size from 64 to 256 (FOV 30.0 cm):

64 3 48: Tacq 4 s/NI 60
256 3 192: TE 55.4 ms/TR 113 ms/Tacq 22 s/NI 18

● BW from 2.5 to 15.0 kHz
● flow compensation on/off.

Unless stated otherwise, TE was 50 ms, TR 83 ms, FA
OV 303 22.5 cm, matrix 1283 96, ST 5 mm, BW 2.5 kHz
acq 8 s, NI 30.

nalysis

The data analysis was performed on an external Si
raphics Indy workstation. Minimum head movement
erified by playing the images through a cine loop. A wh

ubset of experiments of a subject was discarded if at least oi
o-
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xperiment showed severe motion artifacts. In order to all
teady state to be established the very first point in
xperiment was excluded from evaluation. Since the s

ime course is governed by the delayed hemodynamic res
22, 23) to the stimulation paradigm, the first point of ea
eriod was discarded with NI5 18 or NI 5 30; with NI 5 60

he first two points were discarded. This means that the s
verages in rest̂Srest(t)& resp. active statêSact(t)& were cal-
ulated in the steady-state regions of the signal time co
or statistical evaluation, correlation with a boxcar refere

unction was computed with AFNI (R. Cox, Medical Colle
f Wisconsin). A level of significance ofP # 0.002, corre-
ponding to threshold values for the correlation coefficien
th 5 0.8 for NI 5 18, r th 5 0.6 for NI 5 30, andr th 5 0.44
or NI 5 60 was used. Each pixel with correlation coeffici
. r th inside the visual cortex was counted as activated (Nact),
nd the relative signal increase,

DSpix 5
^Sact~t!& 2 ^Srest~t!&

^Srest~t!&
, [1]

uring activation was computed. For comparison of the di
nt parameter settings the mean signal increase over su

DS5
¥n^DSpix&

n
, [2]

as computed, wherêDSpix& 5 ¥ pix DSpix/Nact is the mean
ignal increase for a single subject, andn denotes the numb
f subjects included for evaluation.
For the calculation of the contrast-to-noise ratio of the

eriments an estimate of the baseline fluctuations was
eeded. However, the global signal-to-noise ratio (24),

SNR5
^S~ x, y!&

sN z 1.5
, [3]

ith the average signal in a region of interest (ROI) ins
S( x,y)& and the standard deviation of noise in a ROI out
f the brainsN, only gives a lower limit for the magnitude

he baseline fluctuations, since it is not sensitive to time-co
ariations caused by physiologic processes, artifacts, or sy
nstabilities. Therefore,

SNRpix 5
^S~t!&

s~S~t!!
, [4]

ith the average time-course signal^S(t)& and the activation

nendependent standard deviation,
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s~S~t!!

5 Î¥~Srest~t! 2 ^Srest~t!&!
2 1 ¥~Sact~t! 2 ^Sact~t!&!

2

2m 2 1
,

[5]

as determined as a measure of time-course fluctua
here m denotes the number of time points in rest re
ctivated state which were used for the calculation of the
verages and standard deviation.
On the basis of these quantities CNR was calculated, w

an be generally defined as the ratio of the relative s
ncreaseDS and the magnitude of time-course fluctuationsdS
20). Since the relative magnitude of time-course fluctuat
an be considered the reciprocal value of SNR,

CNR5
DS

dS
5 DS z SNR. [6]

n order to take into account the influence of any possible p
ime-course instability,

CNRpix 5 ^DSpix z SNRpix& 5
¥pix~DSpix z SNRpix!

Nact
[7]

as calculated. Finally, CNRpix was averaged over all includ
ubjects. For comparison, we also determined the global

CNR5 DS z SNRrel 5 DS z
¥nSNR/SNRbase

n
, [8]

hich gives the highest possible CNR in the absence of addi
ime-course fluctuations, where SNRrel is the SNR of the firs
mage of the corresponding experiment compared to the
xperiment (SNRbase) averaged overn subjects. Since the me
urement time is an essential factor in fMRI we finally determ
time-normalized CNRn resp. CNRpix

n . As shorter measureme
imes allow for averaging, where SNR increases with the sq
oot of the acquisition time, we calculated these quantities a

CNRn 5
CNR

ÎTacq

and CNRpix
n 5

CNRpix

ÎTacq

. [9]

RESULTS

nfluence onDS

Figure 1 shows the variation ofDS including those paramete
here significant changes occurred.DS increased with echo tim

rom 3.56 0.4% at 30 ms to 6.86 0.7% at 60 ms and decreas
ith slice thickness from 6.86 0.7% at 2.5 mm to 3.36 0.3% at
0 mm. The variation ofDS with pixel size ranged from 3.16

.3% at 4.69 mm (64 matrix, FOV 30 cm) to 5.96 0.5% at 1.88 n
s,
.
e

ch
al

s

el

al

sic

d

re

m (128 matrix, FOV 24 cm). These changes were ma
aused by the different matrix sizes; the moderate changes in
id merely influenceDS. At 1.17 mm (256 matrix, FOV 30 cm
o signal change could be determined, since only a single s
howed significant activation with this matrix size. This w
bviously caused by the rather low SNR and the small numb

mages per experiment. With different flip angles, a signifi
ncrease ofDS could only be detected for TE 20 ms/TR 40 m
hereDSincreased from 2.16 0.2% at 15° to 3.26 0.5% at 60°
or TE 30 ms/TR 63 ms,DSstill showed a tendency to rise fro
.06 0.4% at 15° to 3.86 0.5% at 60°; at TE 50 ms/TR 83 m
owever, no variation could be detected with spoiled and
inded FLASH. Application of flow compensation led to a
rease ofDS from 5.86 0.6% without to 4.56 0.5% with flow
ompensation.

nfluence on CNRn and CNRpix
n

Generally, we found SNRpix to be about half the value of SN
he subject average of the SNR of the basic experiment was6
0, whereas the corresponding SNRpix was 426 8. CNRn and
NRpix

n averaged over subjects are shown in Figs. 2 to 6. CNpix
n

s at least a factor of 2 lower than CNRn, and it decreases fas
oward unfavorable imaging conditions. Figure 2 shows the
endence of CNRn and CNRpix

n on the echo time. One can see t
NRn continuously rises toward an echo time of 60 ms, whe
NRpix

n declines and shows a flat peak at about 40–50 ms.
mplies that the optimal TE lies somewhat belowT*2, as indepen
ent measurements in three different subjects consistently y
T*2 of about 60 ms in the visual cortex.
For slice thickness (Figs. 3a and 3b), both curves show a
aximum at'5.0–7.5 mm, where CNRn tends to the higher an
NRpix

n to the lower value. CNRn and CNRpix
n also show a distinc

ependence on pixel size (Figs. 3d and 3e). While CNRn steadily
ncreases for pixel sizes between 1.88 and 4.69 mm, Cpix

n

emains rather constant over the whole range.
For experiments with different flip angles, the distinct beha

f CNRn and CNRpix
n is most likely due to flow artifacts whic

eteriorate image quality at higher flip angles. At echo times o
nd 30 ms the peak values of CNRpix

n seem to be shifted slight
oward lower flip angles compared to CNRn (Fig. 4). For a TE o
0 ms (spoiled and rewinded FLASH), CNRpix

n even drops off fo
ip angles higher than 15° (Fig. 5). Hence, flip angles lower
0° seem to be optimal for fMRI experiments, even though Cn

eaks for flip angles between 30 and 45°. The results for sp
nd rewinded FLASH at TE5 50 ms are rather similar for fl
ngles between 30 and 60°. However,DS, CNRn, and even
NRpix

n clearly show higher values for rewinded FLASH.
As far as bandwidth is concerned, one can see in Figs. 6

b that CNRn and CNRpix
n decrease rapidly toward higher BW

he increase of CNRpix
n at a BW of 15 kHz is most likel

rtifactual because of low SNR (see discussion below). A
ation of flow compensation seemed to reduce the contra

n n
oise ratio since both CNRand CNRpix tended to be higher
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165FLASH fMRI AT VARIOUS IMAGING PARAMETERS
ithout flow compensation (Figs. 6d and 6e). This is obvio
ue to the reducedDS, since the SNR was slightly higher w
ow compensation.

nfluence on Nact

Generally, the number of activated pixels largely varied o
ubjects and conditions. However, in Figs. 2 to 6 one can
hat the subject average ofNact closely resembles the behav
f CNRn, and especially of CNRpix

n . One exception is th

FIG. 1. Signal increaseDS depending on (a) echo time (n 5 6), (b) flip
), (e) bandwidth (n 5 7), and (f) flow compensation (n 5 5). The error
ependence on pixels size where the activated areaNact z i
y

r
ee

A/Abase) increased together with CNRn toward 4.69 mm (Figs
d–3f). The other exception is the dependence on BW, w
NRpix

n shows an increase at BW 15 kHz, while CNRn andNact

onsistently decrease toward a higher bandwidth (Figs. 6a

DISCUSSION

nfluence of Echo Time

In agreement with the literature (8, 9, 14), we found a linea

gle at TE5 20 ms (n 5 5), (c) pixel size (n 5 8), (d) slice thickness (n 5
s indicate the standard error overn subjects.
an
ncrease ofDS with echo time. As expected due to the field
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166 PREIBISCH AND HAASE
trength dependence of the BOLD contrast (5, 11), the signa
hanges from 3.56 0.4% at 30 ms to 6.86 0.7% at 60 ms lie
ell between signal changes reported by other groups at h
nd lower field strengths. At 4 T, Menonet al. (8) found an

ncrease in signal from'2.5% at 10 ms to'13% at 60 m
'7% at 30 ms). At 1.5 T, Thompsonet al. (14) reported an
ncrease from'0.7% at TE5 10 ms to'1.6% at TE5 30 ms.
t echo times higher than 38 ms this group found a h

ntersubject variability, which could be due to an insuffici
him in the clinical environment. Gatiet al. (11) investigated
he field strength dependence ofDSand found for TE5 T*2 (88
s, 69 ms, 32 ms) 13.36 2.3, 18.46 4.0, and 15.16 1.2%

or large vessels, and 1.46 0.7, 1.96 0.7, and 3.36 0.2% in
issue at 0.5, 1.5, and 4 T, respectively. From this, in co
ation with SNR measurements, they concluded that the

ncrease in tissue is stronger, while that in vessels is less

FIG. 2. (a) CNRn, (b) CNRpix
n , and (c)Nact depending on echo t

FIG. 3. Dependence of CNRn, CNRpix
n , andNact on (a–c) slice thicknessn

izes by multiplication with the ratioA/Abase, whereA is the area of the res

ndicate the standard error overn subjects.
er

h
t

i-
R
an

inear with field strength. According to the literature, the C
f any BOLD contrast experiment should be optimal for TE5
*2, since the absolute signal increase shows a maximum a

ime (8, 11, 20). However, this is only true if noise does n
ncrease with echo time. In this study we found a maxim
NRpix

n at '40–50 ms, while CNRn continued to rise up to th
aximal TE5 60 ms. Since the measurement ofT*2, in three
ifferent subjects consistently yielded a value of about 60
e concluded that the optimal value for TE lies somew
elowT*2. Similar results were also found by Frahmet al.(12),
ho also measured aT*2 of about 60 ms at 2 T and con
luded that TE' 30–40 ms is a good compromise betw
ood oxygenation sensitivity and SNR. This distinct
avior of CNRn and CNRpix

n reveals that the decrease in SNpix

ith TE is substantially stronger than the decrease of S
ne explanation is that the observed signal changes are

(n 5 6). The error bars indicate the standard error overn subjects.

7) and (d–f) pixel size (n 5 8). In (f) Nact is corrected for the different pix
tive pixel andAbase is the area for the basic pixel size 2.34 mm. The error
(5
pec
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167FLASH fMRI AT VARIOUS IMAGING PARAMETERS
aused by pixels near larger venules, which show a lo
*2 (8, 11) and thus also a lower optimal TE. Howev

t cannot be excluded thatT*2 was lower than 60 ms in ind
idual subjects, as this parameter was not determined in
ase.

FIG. 4. Dependence of CNRn, CNRpix
n , andNact on flip angle: (a–c) TE5

rror overn subjects.

FIG. 5. Dependence of CNRn, CNRpix
n , andNact on flip angle: (a–c) TE5
rror bars indicate the standard error overn subjects.
er

ny

nfluence of Spatial Resolution

Our finding of increased signal changes with increased
ial resolution is in agreement with the concept of redu
artial volume effects. Frahmet al. (12) found the signa

ms (n 5 5); (d–f) TE5 30 ms (n 5 5). The error bars indicate the stand

ms, RF spoiled (n 5 7); (d–f) TE 5 50 ms, phase rewinded (n 5 6). The
20
50
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168 PREIBISCH AND HAASE
ncrease to rise to twice its original value when reducing
lice thickness by 50%; an equal reduction in matrix size
dentical ROIs did not show an effect on the observed si
hange. Laiet al. (13) detected high focal signal changes w

ncreased spatial resolution, suggesting macrovasculature
nvolved (13). Thompsonet al. (14) also found an increase
ignal change with reduced slice thickness ('1.5% at 10 mm
2.8% at 3 mm) but their finding of increased signal cha
ith increased FOV is inconsistent with the other studies

he present study we found no significant variation of the si
hange with FOV, whereas doubling of matrix size and re
ion of slice thickness significantly increased the observedDS.
he increase of CNRn at pixel size 4.69 mm (64 matrix)
olely due to the reduced scan time. Without consideratio
he measurement time CNR is about constant for the m
izes 643 48 and 1283 96, as the decrease of SNR and
ncrease inDS nearly compensate each other. Taking
ccount the increase in the size of the activated area w
onclude that it would be favorable to use a reduced matrix
n concert with a rather small FOV, as the decrease in
ith FOV reduction can easily be compensated by a hi
umber of images.

nfluence of Flip Angle

The increase ofDS with flip angle at short echo times a
oncomitant short repetition times is consistent with the
hat the observed signal increase is directly influenced
hanges in blood flow (9, 15, 16). At an echo time of 50 m

FIG. 6. Dependence of CNRn, CNRpix
n , andNact on (a–c) bandwidth (n 5

rror overn subjects.
owever, we could not detect any increase ofDS with flip l
e
r
al

be

e
n
al
c-

of
ix

an
ze
R
er

a
y

ngle, which suggests that inflow effects could possibly
eglected at this echo and repetition time, at least up to
ngles of 60°. This view seems to be confirmed by Thom
t al. (14), who even found a slight decrease ofDS with

ncreased flip angle. However, we also observed increased
rtifacts at higher flip angles, especially caused by la
isible vessels, which suggests that we nevertheless ha
ake into account the effects of increased flow. Duynet al. (16)
ound significant inflow effects using FLASH with flip ang
f 40°. In their study signal changes were considerably
anced with a slice-selective inversion prepulse and suppr
ith a global inversion prepulse or saturation slabs aroun

maging slice. However, they did not study the dependen
he inflow effect on echo and repetition time. Frahmet al. (15)
tated that inflow contrast is maximized at short TE (#10 ms),
hort TR (#70 ms), high flip angles ($40°), and thin slice
#4 mm) but they did not quantify concomitant signal
reases. However, the time courses in visual cortex at lon
hich are shown in their Fig. 3 do not indicate a consider

ncrease ofDS with flip angle. According to the theoretic
ork of Gao et al. (25), who analyzed the influence of i
reased flow on the fMRI signal changes, there is a st
nfluence not only from the parameters of the imaging
uences mentioned above but also from the flow pattern

nitial baseline velocity, and the ratio of blood to gray ma
ithin the pixel. They found that under certain circumstan

nflow can also lead to a signal decrease. They conclude
n combination with the BOLD effect, the inflow of blood c

and (d–f) flow compensation (n 5 5). The error bars indicate the stand
7)
ead to an increase, as well as to a decrease, of the signal. This
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169FLASH fMRI AT VARIOUS IMAGING PARAMETERS
eans that the lack of an increase inDS does not necessar
mply the absence of inflow effects. Also, phase changes d
ncreased in-plane flow during activation lead to confoun
ignal changes which, according to them, could be dimini
y application of flow compensating gradient waveforms in
hase and frequency encoding direction. It remains un
hether the use of flow compensation in the readout and
ncoding direction always leads to a slightly diminished si

ncrease, as observed by us; this needs further investig
aoet al. (25) also stated that in conventional gradient e
ulse sequences the signal change due to inflow is domin
ortical draining veins, whereas the inflow contribution
apillary areas is negligible. However, in larger vessels thT*2
elaxation times can be considerably shorter (8, 11), which
ight cause a diminished inflow signal at longer echo ti
ue to intravascular dephasing. On the other hand, dra
enous vessels are also known for large susceptibility-ind
ignal changes (3), which might by far exceed the changes
o inflow. Probably these explanations all hold true in cer
ituations, which means that inflow can considerably confo
esults of functional imaging studies. Also taking the decr
n CNRpix

n and Nact at higher flip angles into account, it
ertainly favorable to use small flip angles lower than 30

ignificance of SNR and CNR

Our results demonstrate that the quality of a fMRI exp
ent does not only depend onDS but also on the nois

haracteristic of the imaging experiment (20). In most cases, a
ncrease inDS is accompanied by a decrease in SNR. T

eans that one has to choose a compromise where SNR i
nough andDS is still large enough to be detectable.
uantitative measure for this optimal parameter value is Cn

r CNRpix
n . The global CNRn gives an upper limit for th

ontrast-to-noise ratio. It assumes that the baseline fluctua
re only due to random fluctuations of a constant noise
hich can be determined by the SNR of the first image. S

his assumption is certainly not valid in real experime
ituations, we preferred CNRpix

n , since it takes into account t
ynamic noise characteristic of the imaging sequences
ifferent parameter settings. This quantity is highly sensitiv
ny kind of instability in the pixel time course which can
ue to system instabilities as well as artifacts (e.g., flow
igher FA) and physiological fluctuations. This means
ptimization of SNRpix is vital, since time-course stability
xtremely important for the detection of small signal chan
or parameters which influenceDS as well as SNRpix, the
ptimal value is given by the maximum of CNRpix

n . If only
NRpix is influenced, the maxima of CNRpix

n and SNRpix coin-
ide. We generally found that SNRpix, and especially CNRpix

n ,
as substantially lower than the global quantities SNR
NRn. It is obvious that SNRpix has to be significantly small

han SNR because of additional physiological fluctuations20).

homas and Menon (20) investigated the noise spectrum ins
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PI time series at different echo times; they found the noi
ncrease with echo time and also at least 30% of the total
eing due to cardiac and respiratory motion. In FLASH im

ng, this motion occurs during the relatively long image ac
ition period and leads to increased fluctuations in the im
ntensity, which might be reduced by the use of navig
choes (26). However, CNRpix

n is further diminished by anoth
ffect. Pixels with large signal changes often also show l
uctuations, since they are usually located at larger ves
here pulsatile flow and phase shifts occur (3). This leads to
mall CNRpix

n , since the combination of large signal incre
nd fluctuations directly compensate each other becau
ixelwise calculation. For calculation of CNRn the opposite
ffect occurs: even a small number of large pixel values l

o an elevated mean valueDS, while SNR is not influenced
hich finally results in an elevated CNRn. This shows that th
NRn is overestimated if determined from the global SNR
S. On the other hand, CNRpix

n probably underestimates t
rue contrast-to-noise ratio, since the baseline time cour
ctivated pixels certainly shows increased deviations in

ion to the stimulus. We tried to minimize this effect
iscarding the first (two) data point(s) in each period, in o

o avoid nonequilibrium effects, but there still remain con
utions, e.g., due to the transient poststimulus unders
hich may be as large as the positive signal response t
timulus (22, 23). Probably, these influences additionally v
ith the imaging conditions. Nevertheless, the overall beha
f CNRpix

n certainly yields useful clues for the determination
he optimal parameter values, since it is highly sensitive to
nstability in the pixel time course. The global CNRn, SNR, and
he number of activated pixels provide additional informa
o avoid misinterpretations.

cquisition Time and SNR

Although a low BW provides a good SNR, it also cau
evere chemical shift artifacts and blurring. Thus it was
lear if the lowest BW would be the optimal value. Additio
lly, the prolonged acquisition time enhances the sensitivi
otion. Indeed,DS increased slightly toward a BW of 15 kH
nd CNRpix

n showed a minimum at medium bandwidth. T
ehavior might suggest that the use of a higher BW coul

avorable. However, the concomitant strong decrease of S
NRn, andNact indicated an artifactual increase ofDS, caused
y the selective detection of high signal changes due to th
NR at a BW of 15 kHz. This means that activation in pix
ith low DSpix disappears and thatDS as well as CNRpix

n is
rtificially elevated.
One reason for the superiority of a small BW is the longT*2

n human brains at 2 T. Prolonged acquisition time impro
NR as long as there is still enough signal to detect.
xpected optimum for the SNR lies at an acquisition time e

o 1.26 z T*2 (27). Consequently, high BW and concomit

hort acquisition times usually used in FLASH imaging lead to
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significant loss in SNR, particularly in tissues with longT*2.
his is one of the reasons why EPI is widely used in fMRI

ow resolution, EPI offers an acceptable image quality in la
ortions of the brain. Additionally, EPI offers intrinsicT*2
eighting and very short image acquisition times, wh
ighly diminish motion sensitivity in concert with the pos
ility of high volume coverage. However, in the lower parts

he brain, EPI suffers not only from signal loss but also f
evere image distortions. This problem is particularly seve
igher field strengths. One possibility to overcome the lim

ions of both methods is to use a FLASH-EPI-Hybrid meth
hich on the one hand reduces susceptibility artifacts (28), and
n the other hand also allows relatively fast acquisition

mages with optimized SNR (29, 30). Hillenbrandet al. (30)
ecently verified that the SNR of a FLASH-EPI-Hybrid meth
an be optimized according toT*2 by the use of an appropria
umber of echoes per excitation, as well as an optimized
ngle. Compared to a FLASH image with the same bandw
n EPI-FLASH-Hybrid yields a gain in SNR as long as
cquisition time per excitation is not longer than 1.26z T*2. The
oncomitant increase in repetition time also allows the us
igher flip angles, which additionally improves SNR (29).
PI-FLASH-Hybrid sequences have already been applie

MRI (19, 28). Since the signal increase mainly depends
cho time, field strength, and spatial resolution, maximal Cn

hould be obtained, if, at optimal TE and spatial resolution
ip angle and number of echoes are optimized for max
NR. However, care has to be taken to avoid specific arti
nd to diminish motion sensitivity through the use of navig
choes (28).

umber of Activated Pixels

Generally, the number of activated pixels showed a l
eviation over subjects in all experiments. This was prob
ue to interindividual variations as well as to limitations of
tudy. The length of the full experiment, and the fact that
ne slice could be observed, probably led to several eff
hich influenced the number of activated pixels. We obse

hat the number of activated pixels tended to decrease d
essions. This may be partly due to the fact that the b
equence was already rather optimal. However, recessi
ention, increasing drowsiness, and motion of the sub
robably also led to diminished activation. Motion could af

he results in several respects: While larger motions m
ccurred between experiments, and led to slight variation

he imaging plane, small motions during the experiments
ly degraded the quality of the functional image. This ses
ffect was partly counteracted by the individual splitting of
essions which resulted in an irregular distribution of
reaks. In addition to this, the subjects were contacted se

imes during the sessions to maintain their attention. An
etter elimination of session effects might be be achieved

andomization of the paradigm; this will be done in furthe
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tudies. However, parameters which systematically yield
mall Nact, such as high BW, short TE, and very small pi
ize, are obviously inappropriate for reliable detection of a
ation. This is mainly due to very low SNR (high BW, sm
ixel size) or smallDS (short TE).

CONCLUSION

The following parameter values were found to be optim
n echo time of 40 to 50 ms, a rather low spatial resolution
5 mm, pixel size'2.3–4.6 mm, matrix 643 48), and sma

ip angles lower than 30°. As FLASH methods, especiall
ingle-slice mode, are prone to inflow effects, the latter
eems favorable because of additionally reduced inflow s
ivity. In terms of maximal CNRn, flow compensation shou
ot be applied as it slightly reducesDS. Furthermore, a rath

ow BW of 2.5 kHz is favorable in spite of some artifacts, si
t yields superior SNR. Application of a phase rewinder
reases SNR and improves the results slightly.
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