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We investigated the optimal scan time for obtaining the max-
imal signal-to-noise (S/N) ratio in cerebral blood flow (CBF)
measured by PET imaging following 'O-water bolus injection.
We performed sequential measurements with dynamic scans
of six subjects injected at rest while listening to white noise.
Each dynamic data set was edited into images corresponding
to different scan times and were calibrated to CBF images by
the table look-up method. For each scan time, we evaluated
a pixel-by-pixel standard deviation of the CBF for sequential
measurements. The S/N-ratio of CBF in the gray matter was
10.2 £ 1.7 and 13.6 + 2.9 at a 40 and 120 sec scan time,
respectively. The gain of the 120-sec over 40-sec scan time
corresponds to an 80% increase in the number of trials to
reach the same S/N-ratio in a stimulation-activation study.
The simulation study supported the results, in which the
maximal S/N-ratio of the CBF was demonstrated to be 90
and 120 sec at a CBF of 80 and 60 mi/100 mi/min, respec-
tively. It is concluded that the optimal scan time of the '°O-
water bolus injection method is in the interval from 90 to 120
sec.
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Oxygen-lS-labeled water (H,'°O) and PET for meas-
uring cerebral blood flow (CBF) have been widely used as
a tool of neurophysiologic stimulation studies (/,2). How-
ever, as the CBF images are vulnerable to a poor signal-
to-noise (S/N) ratio, it is essential to maximize the infor-
mation in each collection of stimulation trials in an indi-
vidual subject.

The scan time determines not only the counts of the
accumulation integral but also the curvature of the rela-
tionship between the CBF and the time integral. Therefore,
statistical noise in the raw image of the accumulation
integral will not directly be reflected on the CBF image.
Hitherto, a shorter scan time (e.g., 40 sec) has been used
and recommended often (3), but no systematic investiga-
tion has previously been made to optimize the scan time
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for maximal S/N ratio. In this study, we have tested this
relationship employing human PET measurements and
computer simulations.

METHODS

Serial H.'*O dynamic scans with a 20-min scan interval were
measured in six normal subjects. Four dynamic scans of 180-sec
length were repeated for five subjects and six dynamic scans of
195-sec length were repeated for one subject. The subjects laid
on a couch in a resting state with eyes closed and listened to
white noise through small earphones during the study. The in-
jected dose was 35-40 mCi (~0.5 mCi/kg). Images were acquired
with a PET scanner (HEADTOME 1V) (4) with seven simulta-
neous slices of 13 mm interval and a 9-mm effective reconstruc-
tion full-width at half-maximum (FWHM). Scanning com-
menced 20-25 sec after the bolus injection of H,'*O (5). Counts
assessed in the first 90 sec were 600-800 X 10° per slice. Arterial
input function via the radial artery was measured with a 5 ml/
min withdrawal speed using a beta detector (5). Informed consent
was obtained from all subjects.

After the dynamic raw data were edited images were obtained
corresponding to different scan times (40, 60, 90, 120, 150 and
180 sec or 40, 60, 90, 120 and 195 sec) from each scan. CBF was
calculated by an autoradiographic method using the arterial input
function and the table look-up method based on the Kety equa-
tion (35). Curvatures of the nomograms used in the table look-up
method were more bent with increasing scan time (Fig. 1). A
partition coefficient of 1.0 was used. For each scan time, the
mean and standard deviation of the CBF were calculated. Signal
and noise were defined as the CBF mean and the CBF standard
deviation, respectively. Regions of interest (ROIs) were selected
at the sylvian fissure and occipital cortex and at the centrum
semiovale for determination of S/N ratios in the gray and white
matter, respectively. Elliptical ROI (8 X 16 mm and 6 X 24 mm)
were used, respectively.

In addition, a simulation study was performed to estimate the
relationship between the S/N ratio and scan time. A typical
arterial input curve measured in a human study was used. Tissue
curves for various ranges of CBF (20, 40, 60, 80 and 100 ml/100
ml/min), assuming a partition coefficient of 1.0, were calculated.
An integration for different scan times (40, 60, 90, 120, 150 and
180 sec) was then obtained, and the CBF standard deviation as a
product of the square root of the accumulation integral and the
reciprocal of the slope of the nomogram curvature between CBF
and integral was estimated. Finally, a relative S/N ratio as a ratio
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FIGURE 1. Nomograms of the relationship between CBF and
tracer integral. By varying the scan time from 30 to 180 sec, the
integral becomes higher and at the same time the nonlinearity of
the curve increases.

of the given CBF to the above CBF standard deviation was
obtained.

RESULTS

Figure 2 shows the CBF standard deviation images
calculated from the six CBFs measured in one subject.
Noise was diffusely higher in the 40-sec image than in 90-
sec image. Gray matter structures emerging in the 90-sec
CBF standard deviation image reflected an enhanced non-
linear relationship of the CBF and integral. The non-
linearity was more dominant in the gray matter than in
the white matter. The S/N ratio defined as the ratio of
CBF mean to CBF standard deviation is shown in Figure
3. CBFs obtained from six subjects at a 40-sec scan time
were 61.3 = 7.2 and 32.5 £ 12.8 ml/100 ml/min in the
gray and white matter, respectively. S/N ratios were 10.2
+ 1.7 (7.5 £ 1.6) and 13.6 £ 2.9 (11.9 + 2.3) in the gray
(white) matter at 40 and 120 sec scan times, respectively
(Table 1).

The simulation study results agreed well with the above
observations in the subject study (Fig. 4). With 20 ml/100
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FIGURE 2. Mean CBF and standard deviation (SD) images for
a 40- and a 90-sec accumulation scan time edited from dynamic
PET data. Standard deviation was calculated from six serial CBF
measurements on a normal subject at rest and listening to white
noise.
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FIGURE 3. S/N ratio obtained from six serial measurements
performed on a normal subject at rest listening to white noise.
Dynamic PET data were edited into each scan time from 40, 60,
90, 120, and 195 sec scan time. ROIs were selected in the gray
(the sylvian fissure and occipital cortex) and white matter (cen-
trum semiovale).

ml/min in CBF, the S/N ratio increased as the scan time
increased in the simulated scan time range (<180 sec). On
the other hand, with 80 ml/100 ml/min in CBF, the S/N
ratio peaked at a scan time of approximately 100 sec and
slowly decreased thereafter, (Fig. 4).

DISCUSSION

We have previously demonstrated that a longer scan
time would improve the quantitation of CBF while reduc-
ing errors caused by the dispersion and time-shift of the
input function (5,6). In the present study, we investigated
scan time with emphasis on improvement of the S/N ratio.
The S/N ratio is more relevant to stimulation-activation
studies than the quantitative property of CBF. The results
of the present study again showed that the longer the scan
time the better the performance.

We searched for an optimal scan time for the H,'°O
bolus injection method for CBF measurement. It has been
widely believed that in high flow regions the tissue radio-
activity at 40 sec after injection includes little information
on CBF (3), and longer scan times reduce flow informa-

TABLE 1
CBF and S/N Ratio at 40-sec and 120-sec Scan Time
Determined in Six Subjects

Accumulation scan time 40 sec 120 sec
Gray matter* CBF?! 613+ 7.2 595+108
S/N ratio* 102+ 1.7 136+ 29
White matter’  CBF 325+128 30.6+13.3
S/N ratio 75+ 16 119+ 23

* The ROI was selected at the sylvian fissure and the occipital
cortex.

t The unit is mi/100 mi/min.

* Dimensionless signal and noise were given by CBF mean and
CBF standard deviation, respectively.

$ The ROI was selected at the centrum semiovale.
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FIGURE 4. S/Nratio estimated by the simulation study, shown
as a function of scan time for various blood flows (f) (20, 40, 60,
80 and 100 mi/100 mi/min). For f < 60 mi/100 mi/min (solid lines),
the longer the scan time the higher the S/N ratio, except for f =
80 mi/100 mi/min (dashed lines).

tion, due to washout of the tracer from the tissues (7).
However, the present study clearly demonstrates that this
is not the case. From the standpoint of the S/N ratio, we
showed that the optimal scan time would range from 90
to 120 sec, longer than the 40 sec previously described (3)
or the 70 sec as suggested for the largest S/N ratio for
activation of the visual cortex (7).

Our result is intuitively reasonable because the physio-
logic half-life of tissue H,'°O at a flow of 50 ml/100 ml/
min is longer than 80 sec even with input of the unit
impulse, and that with intravenous bolus injection it is
much more than 200 sec. Therefore, the largest fraction
of tracer accumulation reflects washin rather than wash-
out. In other words, the H,'’O bolus injection method uses
the principle of the indicator fractionation (/0) rather than
tracer clearance. Under the circumstances an accumula-
tion time greater than 90 sec will still increase statistical
information and hence improve the S/N ratio of CBF. The
40-sec scan time cannot be the optimum.

Volkow et al. recently described that a shorter scan time
provided the larger change in photic activation (/7). How-
ever, they discussed changes only in the raw images. This
evaluation could cause substantial underestimation of flow
change with increasing scan time (Fig. 1). Comparing
separate images of the uptake phase and the washout phase
during actual stimulation could mislead us to conclude
that a shorter scan time would provide higher sensitivity
for detecting stimulation foci compared to a longer scan
time. The comparison only tells us that the uptake phase
image includes more information on flow than the wash-
out phase image, but this does not mean that a longer scan
time will mean a loss of the flow information. On the
other hand, the present paper demonstrates that extending
the scan time increases the information content by im-
proving the S/N ratio.

The only drawback of the longer scan time is an increase
in the partial volume effect (PVE) due to tissue mixture
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(5). This effect mainly reduces the CBF mean rather than
CBF standard deviation, hence reducing the S/N ratio
with increasing scan time. Therefore, the PVE may shift
the optimum point to a shorter scan time. The results of
Figs. 2 and 3, however, already include this effect. Only
with the extreme case of high CBF > 100 ml/100 ml/min,
the optimal scan time will become as short as 60 sec (Fig.
4). Normally, CBF > 80 ml/100 ml/min is rare. Therefore,
with H,'*O and the current resolution with PET, PVE is
not as important for the S/N ratio as the scan time.

In interpreting human studies, we must take into ac-
count the physiologic fluctuation of brain function at rest.
We hypothesized that physiologic fluctuation of CBF at
rest was steady over the whole period of the study. Conrad
and Klingelhofer demonstrated using Doppler sonography
that CBF fluctuated with uniform frequency over the
current time scales of interest (e.g., a few seconds through
a few minutes) during both rest and visual stimulation (8).
Thus, it is estimated that physiologic fluctuation may
contribute to the production of an equal offset in CBF
standard deviation obtained with the present schedule of
the measurement. We have in part confirmed it by com-
parison with two injection schedules (i.e., the bolus and
slow) which resulted in no significant difference in the
regional CBF standard deviation at rest between the two
schedules (9).

In the simulation study, we assumed that the standard
deviation of a regional value of the raw image was propor-
tional to its square-root. This assumption is valid only in
an ideal situation, in which the random and scatter con-
tributions are uniform over the whole scan length, and
where the distribution pattern of the tracer is unchanged
over the whole scan length. The first condition was met
with the present injection dose and scan setting. However,
this may not be the case for the second condition. Never-
theless, the cortex ROI values may roughly correlate to
the total counts of the image because most raw counts
before the attenuation correction are measured from this
area. Therefore, the assumption can be accepted under the
circumstances of this study.

In this study we used a partition coefficient of 1.0.
However, lida et al. suggested that the distribution volume,
(i.e., a product of partition coefficient and diffusible tissue
fraction) was about 0.7-0.9 (12). The use of a larger
partition coefficient than the true value will straighten the
curvature of the relationship between the CBF and the
integral, and therefore cause underestimation of both CBF
mean and CBF standard deviation each cancelling out the
S/N ratio. Finally, the use of a larger partition coefficient
than the true value may not be reflected substantially on
the S/N ratio.

The improvement in S/N ratio of CBF will reduce the
number of the desired trials needed to obtain significant
statistics. This gain is evaluated by the square of S/N
ratios, since the signal is unchanged and the variance
(square of standard deviation) of measurements is in-
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versely proportional to the number of measurements. This
implies that CBF at a 120-sec scan time in gray matter is
equivalent to (13.6/10.2)? equaling 1.8-fold trials of those
by a 40-sec scan time, that is, the 120-sec scan time
corresponds to an 80% gain in the number of trials as
compared to the 40-sec scan time.

In conclusion, the optimal scan time of PET using the
H.'*0 method is between 90 and 120 sec. The gain of the
120-sec scan time over the 40-sec scan time corresponded
to an 80% increase in the number of stimulation trials
needed to provide the same statistical significance.
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EDITORIAL

Optimization of Regional Cerebral Blood Flow Measurements

with PET

Several methods for measuring re-
gional cerebral blood flow (rCBF)
with PET and 'O-water have been
developed, evaluated and applied.
These include the 'O equilibrium
method (7), the autoradiographic
method (2), and other techniques
which will be referred to, generically,
as dynamic methods (3-7). The com-
mon theoretical basis for these tech-
niques is the Kety model, which as-
sumes a homogenous tissue volume
with respect to blood flow and tissue
type, complete first-pass extraction of
a diffusible, inert tracer, and uniform
distribution of tracer within the tissue
volume. More detailed models of the
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tissue volume have been proposed,
but have not been widely applied. The
Kety model has two adjustable pa-
rameters, blood flow and the tissue-
to-blood partition coefficient. Opti-
mization of blood flow measure-
ments, per se, can be accomplished by
varying: (1) the total observation
period, (2) the scan and blood sam-
pling protocol, and (3) the type and
magnitude of tracer administration.
For example, sharp bolus injection
and continuous administration of
tracer are the two extremes for the
shape of input function. Choosing the
continuous inhalation of C'*O, gas
and the equilibrium method permits
a longer observation period and
higher precision at the expense of in-
creased radiation dose. Making a spe-
cific choice of observation period and

the method of tracer administration
inevitably involves a trade-off among
accuracy, precision, temporal resolu-
tion, and radiation dose to the subject.

An example of a CBF optimization
scheme is provided in the report by
Kanno et al. in this issue of the Jour-
nal, which shows that increasing the
scan time in the autoradiographic
method from 40 to about 100 sec
improved the signal-to-noise (S/N) ra-
tio of flow measurements while hold-
ing the radiation dose to the subject
constant. The value of improved S/N
ratio must be balanced against the loss
of temporal resolution. In some acti-
vation studies, where it is necessary to
maintain physiologic steady-state in
the face of habituation, better tem-
poral resolution may outweigh im-
proved S/N ratio. It is also important
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