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Resampling can be used to compute the null distribution of any
test statistic for the purpose of measuring the significance of
the measured value. This study investigated how well the spa-
tial and temporal correlations of simulated and experimentally
observed fMRI time series were preserved under Fourier and
wavelet resampling methods. The null distributions of a test
statistic estimated by each resampling method were compared.
In addition, both resampling methods were applied to locate
activated voxels in an fMRI dataset and ROC analysis showed
that wavelet resampling performed more accurately than Fou-
rier resampling. Magn Reson Med 51:418–422, 2004.
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Frequently in fMRI data analysis, a test statistic is com-
puted in order to quantify some parameter of interest and
the null distribution of this test statistic is unknown. With
the advance of high-speed computer processors, it is now
possible to utilize nonparametric statistics that involve
resampling the data in order to computationally obtain
this null distribution. Resampling can be applied in time
series analysis methods in order to generate multiple real-
izations of the process from which the original time series
is assumed to originate. To obtain the null distribution of
a test statistic using a resampling technique, the chosen
test statistic is computed in the observed time series. Then
the series is randomly resampled and the test statistic is
computed in the resampled time series. This step is re-
peated many times and the distribution of values from the
resampled series forms the null distribution of that test
statistic (1). In order to obtain the most accurate estimate of
the null distribution, it is important that the resampled
time series possess the same statistical properties as the
experimental data.

A crucial step in this method of statistical inference is
determining the manner in which the data are to be resam-
pled. The simplest technique is to shuffle or randomize the
values of the time series. A version of this method was
used by Biswal et al. (2) to obtain parameter confidence
intervals. However, in order to justify the randomization,
it is required that the data resampled is exchangeable (3,4).
Thus, for observations that are not approximately indepen-
dent, such as fMRI data, resampling in the time domain
will fail to preserve the temporal autocorrelations.

An alternative to time domain resampling is to trans-
form the observed discrete time series, x!tn", to the Fourier
domain (5). Since the components of the Fourier transform
are approximately independent at each frequency, fMRI
data can be resampled in the Fourier domain. If a random
phase shift, #!fn", is added to the Fourier phase $!fn" over
all frequencies fn, a resampled Fourier transform is con-
structed. After taking the inverse Fourier transform, the
resampled time series has the same power spectrum as
x!tn", and thus the same temporal autocorrelation function
(5,6). However, when analyzing multivariate data it is
important to also consider the spatial autocorrelations.
Adding the same random phase shift to the Fourier phases
of all voxels ensures the preservation of the spatial auto-
correlations (6).

Schreiber and Schmitz (7) proposed an improvement to
Fourier resampling based on iteratively refined amplitude-
adjusted Fourier transform (AAFT) surrogates. In this
method the resampled time series is iteratively corrected
to have both the same power spectrum and amplitude
distribution as the observed time series. These two prop-
erties cannot be exactly and simultaneously preserved.
However, the iteration process should continue until the
amplitude distribution is exactly preserved and the dis-
crepancy between the power spectra is minimal.

In a recent study, Bullmore et al. (3) demonstrated that
an alternative to Fourier resampling is to resample after
transformation to the wavelet domain. To resample a time
series using the wavelet method, the series is decomposed
using the fourth-order Daubechies wavelet into its wavelet
coefficients, which are approximately independent. This
particular wavelet was determined to be optimal for fMRI
time series, as it maximizes the decorrelation between the
wavelet coefficients. The wavelet coefficients are per-
muted within each level of detail and then reconstructed
to obtain the resampled time series. While wavelet resam-
pling has been shown to effectively preserve the temporal
autocorrelations present in fMRI data (3), no method has
been suggested thus far for preserving the spatial autocor-
relations. The purpose of this study was to investigate the
preservation of these time series properties and to compare
the relative strengths and weaknesses of Fourier and wave-
let resampling techniques in fMRI studies.

MATERIALS AND METHODS

In this study, data from three right-handed subjects were
resampled using the Fourier and wavelet methods. Data
were acquired on a 1.5 T GE Signa LX using the following
scan parameters: flip angle 90°, TE/TR 40/2000 ms, FOV
24 % 24 cm, 22 slices, slice thickness 7 mm, gap 1 mm, and
a 64 % 64 imaging matrix. The subjects performed an
event-related finger-tapping exercise where visual cues for
tapping were presented randomly in 2-sec blocks. A clus-
ter of 25 voxels was randomly selected from the frontal
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lobe to be resampled 1000 times using five methods of
resampling: Fourier resampling, AAFT resampling, wave-
let resampling using a different permutation vector at each
voxel time series, wavelet resampling using the same per-
mutation vector at each voxel time series, and 2D wavelet
resampling.

Once the five resampled datasets were constructed, we
compared the degree to which the temporal autocorrela-
tions of the observed data were preserved in each set. The
autocorrelation coefficients at 20 lags for each of the 25
time series were computed in the resampled datasets and
the 95% confidence intervals over the 1000 resamplings
were then defined. Our aim was to investigate if the auto-
correlation coefficients of the observed data fit within the
95% confidence intervals of the resampled data over all
lags for all voxels. Next, the spatial autocorrelations of the
voxels in the cluster were compared in the same manner
by computing the 95% confidence intervals of the 25 % 25
matrix of correlation coefficients for each voxel pair.

We then performed a separate analysis involving the
resampling of a single time series using the 1D Fourier and
wavelet methods. In this analysis, we constructed two
simulated time series by adding a 3% signal change of a
block task and an event-related task waveform to Gaussian
noise. These simulated time series were resampled 5000
times. We computed the null distributions of the correla-
tion coefficients for both methods of resampling. Our mo-
tivation for these computations was to determine if the
obtained distributions were identical for both methods of
resampling, as this is required if the assumptions of both
methods are true. We also performed the same procedure
on experimentally obtained time series data. A single
voxel was selected out of the previously analyzed cluster
and resampled 5000 times using both methods. Then a
voxel was selected and resampled from a dataset obtained
with exactly the same scan parameters as detailed above,
with the exception of the utilization of a block task design.
The null distributions were computed for the observed
time series in the same manner as for the simulated time
series.

Next, we performed two separate analyses on a whole-
brain dataset of an event-related finger-tapping task (scan
parameters detailed previously). Correlation coefficients
were computed between the task waveform and the time
series. The time series were resampled 1000 times via
Fourier resampling and wavelet resampling (same permu-
tation vector at each voxel) to compute two null distribu-

tions. To correct for the multiple comparisons problem,
the maximum statistic in the brain was recorded for each
resampling over all 1000 resamplings (a number deemed
satisfactory by Nichols et al. (4)) to form the null distribu-
tion of that statistic. A threshold at the & ' 0.05 level was
applied to the statistical images.

As a final investigation in the differences of Fourier and
wavelet resampling, an ROC analysis was performed. Sim-
ulated data was created using whole-brain resting data.
Activation was added to three clusters of voxels in the
right and left motor cortex and supplementary motor area.
Activation clusters consisted of 25 voxels, such that there
was a total of 75 active voxels in the dataset. To accurately
simulate the BOLD response to neural activity, activation
was added to range from a 1–5% increase in signal inten-
sity. Forty percent of the total active voxels were at 0–1%,
20% at 1–2%, 20% at 2–3%, 10% at 3–4%, and 10% at
4–5%. Once the simulated datasets were constructed, cor-
relation coefficients between the voxel time series and the
task waveform were computed. We resampled all time
series using both the Fourier resampling method and the
wavelet resampling method that uses the same vector to
permute the coefficients. We used the computed distribu-
tions to calculate the ROC curves of true-positive rate vs.
false-positive rate for both methods following the proce-
dure of the established ROC technique (8,9).

RESULTS

The results of the comparison of the preservation of the
temporal and spatial autocorrelations of the five different
methods of Fourier and wavelet resampling are shown in
Tables 1 and 2. The percentages reported in Table 1 are
percentages of the total comparisons for which the ob-
served temporal autocorrelation coefficients fit into the
resampled confidence intervals. As expected, the Fourier
and AAFT resampling methods preserved these autocor-
relations exactly. Wavelet resampling using the same and
different permutation vectors performed similarly, pre-
serving the temporal autocorrelations for an average of
92.9% of the comparisons, while the 2D method was less
accurate, preserving only 79.7% of the comparisons.

Table 2 presents the percentages of the total compari-
sons for which the observed spatial autocorrelations fit
into the resampled confidence intervals. Again, the Fou-
rier and AAFT methods exactly preserved the autocorre-
lations. Wavelet resampling with a different permutation

Table 1
Percentages of Comparisons for Which Temporal Autocorrelations Were Preserved Using the Five Methods of
Fourier and Wavelet Resampling

Fourier
resampling

AAFT
resampling

Wavelet resampling—
different permutation

vector

Wavelet
resampling—same

permutation
vector

2D wavelet
resampling

Dataset 1 100% 100% 92.8% 93.2% 79.2%
Dataset 2 100% 100% 91.2% 90.8% 78.8%
Dataset 3 100% 100% 94.8% 94.6% 81.2%
Average 100% 100% 92.9% 92.9% 79.7%

The numbers indicate the degree to which the observed temporal autocorrelations fit into the confidence intervals of the resampled
temporal autocorrelations.
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vector at each voxel preserved the correlation coefficients
with an average comparison percentage of only 60.9%.
Using the same permutation vector at each voxel greatly
improved the ability to preserve the spatial relationships
between voxel time series, with an average comparison
percentage of 92.0%. 2D wavelet resampling did not per-
form as well, preserving an average of 69.8% of the total
comparisons.

The next stage of this study investigated if identical null
distributions were computed for a test statistic using Fou-
rier and wavelet resampling. Figure 1 presents the null
distributions obtained via both methods of 1D resampling
for the simulated and experimentally observed block stim-
ulus time series. It is clear from Fig. 1a,c that the two
distributions obtained for the simulated time series did not
agree. This was true also for Fig. 1b,d for the experimental
data. In Fig. 2 the same sort of effect was seen for the
event-related stimulus. The Kolmogorov-Smirnov test for
determining if two samples come from populations with a
common distribution was then applied to each of the four
comparisons of Fourier and wavelet resampling. The null
hypotheses that the distributions were the same for each
type of resampling were rejected in all four cases (& '
0.05). Quantile–quantile plots are shown in Fig. 3 to fur-

ther illustrate this result. In these plots, the straight line
(red) indicates the reference line. If two samples come
from the same distribution, their qq-plot should fall along
this line. The middle values of these plots characterize the
bulk of the data, while the high and low values at the tails
are of the most interest when classifying distributions. In
three of the four cases, there was a clear deviation at the
tails (Fig. 3a,c,d). The result of the fourth case in experi-
mental data with a block task waveform was less convinc-
ing (Fig. 3b). However, even in this case the K-S test was
able to reject the null hypothesis that the distributions
were identical.

Statistical maps are shown in Fig. 4 (& ' 0.05) for the
results of the correlation analysis using Fourier and wave-
let resampling as a method of statistical inference. Corre-
lation values ranged from –0.5334 to 0.8009 in the ob-
served data. Fourier resampling determined the minimum
critical value to be –0.5735 and the maximum critical
value to be 0.5872. Thus, 34 voxels were determined to be
positively correlated at the selected level of significance,
and no voxels were negatively correlated. The voxels that
were significantly correlated were located in a cluster in
the left motor cortex. Wavelet resampling determined the
critical values to be –0.4239 and 0.4254. In this case, 83

Table 2
Percentages of Comparisons for Which the Observed Matrix of Spatial Autocorrelations Fit Into the Confidence Intervals of the
Resampled Spatial Autocorrelations as Determined by the Five Methods of Fourier and Wavelet Resampling

Fourier
resampling

AAFT
resampling

Wavelet resampling—
different permutation vector

Wavelet resampling—
same permutation vector

2D wavelet
resampling

Dataset 1 100% 100% 44.0% 92.3% 63.0%
Dataset 2 100% 100% 73.0% 90.7% 71.0%
Dataset 3 100% 100% 65.7% 93.0% 75.3%
Average 100% 100% 60.9% 92.0% 69.8%

FIG. 1. Histograms of the distributions of the correlation coeffi-
cients with the block task waveform for simulated and experimental
data obtained via 1D Fourier (a,b) and wavelet resampling (c,d). The
distributions determined by the two different methods are not iden-
tical.

FIG. 2. Histograms of the distributions of the correlation coeffi-
cients with the event-related task waveform for simulated and ex-
perimental data obtained via 1D Fourier (a,b) and wavelet resam-
pling (c,d). Again, the distributions determined by the two methods
differ.
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voxels were determined to be positively correlated and 21
were negatively correlated, for a total of 104 voxels that
were significantly correlated with the reference waveform.
A cluster of these voxels was located in the left motor
cortex and this cluster was somewhat larger than the cor-
responding one found via Fourier resampling. In addition,
two positively correlated voxels were found in the supple-
mentary motor area: a positively correlated cluster was
found in the ipsilateral cerebellum and a negatively corre-
lated cluster was found in the right motor cortex.

Our last investigation of the differences between Fourier
and wavelet resampling was the ROC analysis. The results
of that analysis are shown in Fig. 5 and the plot of true-
positive rate vs. false-positive rate clearly shows a greater

performance of the wavelet resampling method in the
analysis of an fMRI whole-brain activation dataset.

DISCUSSION

The purpose of this study was to compare the different
techniques of Fourier and wavelet resampling such that
researchers may more accurately determine which ap-
proach is applicable to their individual needs. We first
tested how the Fourier and wavelet resampling methods
were able to preserve the temporal and spatial autocorre-
lations of fMRI time series. It is important to reiterate that
preservation of the spatiotemporal properties of the time
series under investigation is crucial when using the non-
parametric methods to computationally determine the
proper null distribution of the test statistic. In this partic-
ular analysis, the cluster investigated was randomly se-
lected from a region in the frontal lobe. As the method of
resampling follows a hypothesis-testing framework, we
felt it necessary to investigate the preservation of the spa-
tiotemporal properties of this inactive region of the brain,
a region under the null hypothesis. It is possible that the
results presented are influenced by the region of the brain
studied. More work is needed to determine if there is a
spatial heterogeneity to the preservation of temporal and
spatial autocorrelations of resampled fMRI time series.

In addition, we computed the null distributions for the
correlation coefficient between the task waveform and the
observed time series using both methods in order to verify
that the distributions obtained were not identical for either
the simulated or experimental time series analyzed, using
both block and event-related task designs. Although not
the preferred method of analyzing fMRI data, correlation
analysis was selected in this study due to its simplicity,
ease of use, and familiarity to the fMRI community. For the
analyses of a real dataset, it appeared that the method of
Fourier resampling was more conservative than wavelet
resampling at the 5% significance level. That is, fewer
voxels were significantly correlated with the reference
waveform according to the results of the analysis of this
method.

We conclude, based on the results of the ROC analysis,
that wavelet resampling is a superior method to Fourier
resampling in the analysis of fMRI data. Although we

FIG. 3. Quantile–quantile plots for the distributions computed via
1D Fourier and wavelet resampling. The reference line (red) indi-
cates the case of identical distributions and the values at the tails
are of the most interest when classifying distributions. In three of the
four plots seen there is a clear deviation at the tails (a,c,d). The result
of the fourth case in experimental data with a block task waveform
is less convincing (b). However, the two-sample Kolmogorov-Smir-
nov tests rejected the null hypothesis that the distributions were
identical for all four cases (& ' 0.05).

FIG. 4. Significant positive correlations between
the reference waveform and the voxel time series
in contiguous axial slices as determined by Fourier
resampling (a) and the method of wavelet resam-
pling that uses the same permutation vector at
each voxel (b).
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followed the traditional ROC method in fMRI, it is unclear
at this point if the chosen analysis parameters adversely
affected the outcome. For instance, it is unknown whether

the cluster size, location, or activation amplitude influ-
enced the results in any way. Further details should be
investigated in determining the relationship between these
factors and ROC results in fMRI analysis methods.
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