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Abstract

In analyses of event-related functional magnetic resonance imaging (fMRI) experiments, de-
tecting and adjusting for physiological, scanner, and unknown but repeatable noise components
generally increase the power to detect the true fMRI signal. In a series of single-trial-type fMRI
experiments, however, attempts to model unexpected cyclic trends were found to be unrelated
to known physiological and scanner cycles and not due to the expected hemodynamic response.
These unexpected cyclic trends were also found to be observable in more complex designs. Spec-
tral and cepstral analyses attributed the cyclic trends to ripple effects induced by the choice of
interstimulus intervals (ISIs) in the design. Further investigation exploring the effects of varying
and randomizing the ISIs with and without noise found that, although the spectral and cepstral
properties varied with the design, the frequency [periodicity] of the ripples remained relatively
constant as a function of the ISIs. Cepstral analysis of an fMRI experiment, preferably in the
design stage, can identify likely ripple effects that are not necessarily eliminated by randomizing
the ISIs, thereby preventing possible loss of detection power due to inappropriately controlling

for these surrogates of ISI design effects. Alternative designs can also be considered.
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1 Introduction

Statistical features of the design of fMRI experiments must be tailored to the goals of the
experiment. The type of stimuli, the expected evoked responses, measurement issues, and the
selection of stimulus times (STs) or interstimulus intervals (ISIs, the time from the initiation of
one stimulus to the initiation of the next one) must be carefully considered in order to maximize
hemodynamic response detection power or estimation efficiency. This article investigates the effects
of the choice of ISIs in an event-related fMRI experiment when the goals of an fMRI experiment

include the fitting of a nonlinear hemodynamic response function (HRF).



Event-related fMRI experiments are generally considered preferable to experiments with block
designs when concerns over possible habituation or anticipation could seriously violate the assump-
tion of linear-time-invariant (LTI) hemodynamic responses (Dale and Buckner 1997). Liu et al.
(2001) demonstrated that block designs are advantageous for signal detection in single-trial-type
fMRI experiments, while event-related designs are preferable for estimating the HRF. These findings

were supported for multiple-trial-type designs in Liu and Frank (2004) and in Liu (2004).

With respect to the selection of ISIs, Josephs et al. (1997) used relatively long (with respect to
the volume acquisition time, TR), equally spaced ISIs in order to allow multiple acquisitions of the
complete time course of each hemodynamic response. They alternated the onset times of the stimuli
so that they were either between volume acquisitions or at the midpoint of the volume acquisitions.
This was done so that the peaks and troughs of the HRF could be more accurately estimated. Price
et al. (1999), using a fixed IST and TRs between 1 and 2 times the ISI, demonstrated the importance
of varying the onset times of the stimuli relative to the TR. They showed clear disadvantages of
having the TR be an integer multiple of the ISI, leading to acquisition times that are the same
relative times during the time course of the HRF. Serious underestimation or overestimation of the

HRF can occur, along with the attendant loss of statistical power in tests for activation.

For designs with a constant ISI, Bandettini and Cox (2000) found that for event-related fMRI
experiments that have stimulus durations shorter than 2 seconds the optimal ISIs ranged from 10 to
12 seconds. They observed that shorter ISIs caused the HRF's to overlap, resulting in a loss of signal
amplitude relative to baseline and the presence of a “pseudo pre-undershoot” due to the failure of
the HRF to return to baseline prior to the next stimulus. Birn et al. (2002) found that shorter ISIs,
on the order of 2 seconds, were optimal for designs that permitted variable ISIs. This was also the
conclusion of Dale (1999), who found that alternating between task and rest states as quickly as
possible gave the best HRF estimation. There remain widely varying opinions regarding the choice
of optimal statistical designs for fMRI experiments, and Dale’s (1999) comment remains valid: “It
has been widely argued, based on empirical as well as theoretical evidence, that using ISIs of at
least 15 sec is optimal and that using shorter ISIs results in a severe reduction in statistical power.
However, numerous studies have shown highly reliable event-related fMRI response estimates using

ISIs as short as seconds or less”.



The present article was motivated by the desire to select ISIs for a series of fMRI experiments on
1991 Persian Gulf War veterans. This extensive series of experiments is designed to better identify
and define suspected brain abnormalities among veterans suffering from what is now termed the
Gulf War Syndrome; see Haley et al. (2008) and the references therein. Of particular importance in
some of these experiments is the desire to fit a statistical model that describes the form of the HRF.
The model might use a canonical form for the HRF and fit only scale parameters or it might be a
nonlinear form such as a two-gamma model in which location, scale, and shape parameters are to
be estimated. In part, interest in fitting such nonlinear models results from the potential to detect
differences in parametric maps of the parameter estimates, maps that might provide important

characterizations of differences in the HRFs between syndrome and control groups.

During a pilot study of the test protocols on a single subject, a perplexing issue arose while
fitting models to the fMRI data. This issue was confirmed with the testing of a second subject
months later using the same protocol. The experiment consisted of having the subjects silently
repeat nonsense words after hearing them. Figure 1 shows the fMRI time courses from 4 voxels in
the auditory cortex from the second subject. The time courses are of residuals from a quadratic
drift fit to the fMRI signals, with a separate fit for each voxel. Superimposed is a nonparametric
second-order loess curve fit (Cleveland and Devlin 1988, R Development Core Team 2008; span =
0.25) to the residuals, with a separate fit to each time course. The unexpected issue is the apparent
cyclic behavior in the time courses. Cyclic behavior like this not only appeared in a large number
of voxels in the auditory cortex but also in the average across 161 voxels chosen from a preliminary
assessment of the presence of an HRF signal. Moreover, the cyclic pattern remained even after
the fitting of a six-parameter two-gamma HRF to the drift residuals. The similarity of this cyclic
behavior in many of the individual voxels, in the averages, and in the residuals for both of the

subjects was unexpected.

[Insert Figure 1]

Many articles on model fitting for fMRI data indicate the presence of low-frequency behavior of

the observed signal, often ascribed to scanner instabilities, patient cardiac and respiratory cycles, or



to unknown temporal confounds (e.g., Friston et al. 1995, Holmes et al. 1997, Zarahn et al. 1997,
Friston et al. 2000, Liu et al. 2001, Lundquist 2008). Suggestive, but certainly not conclusive,
in the low-frequency trend in the cyclic patterns in Fig. 1 is that the patterns might be due to
the statistical design itself; i.e., to the choice of ISIs. At the bottom of each graph in Fig. 1, the
triangles indicate the stimulus times. There are clusters of relatively rapid stimulus times and gaps
of less frequent stimulus times. The reason the cyclic patterns, and the possibility of the design
causing them, are so surprising is that the ISIs were randomly and relatively uniformly selected

from candidate ISIs of 2,4,...,20 seconds.

Properly accounting for trends in the statistical modeling of fMRI data is required for the
computation of correct standard errors and, hence, the validity of statistical inferences. Little is
known about the effects of the choice of ISIs on the possible inducement of cyclic trends. The intent
of this article is to investigate the effects of such trends and their accommodation in the modeling

of fMRI data.

2 Methods

Cyclic behavior in fMRI time series can be induced in a number of ways. The possible effects
of equipment and patient physiology have been well documented (see the references cited above).
While ascribing such cyclic behavior to causes is often less important than properly accommodating
it in the statistical analysis of the resulting data, identifying one important cause can sometimes
alleviate the problem altogether — when the cause is the design of the experiment through the

selection of ISIs.

Bogert et al. (1962) define echos as time series that are composed of delayed and possibly
amplified versions of a fundamental component series. Similarly, Shumway et al. (1998) define
ripple events as signals “that are often regularly grouped in space and time” . In both contexts,
signals are produced in a regular, repeated fashion that affect the spectral properties of observed
time series. Of importance to the consideration of modeling fMRI time series is that the ripple

effects can induce periodic behavior of the observed time series. With fMRI time series, the ripple



effects are produced by repeated stimuli causing repeated activation of brain regions.

For a stimulus-induced ripple event with m delays T}, the resulting time series observed at times

t; can be expressed as

2(t) =Y ylti = Ty) +es, (1)

where Ty = 0 and y(t) = 0 if t < 0. If the sampling times are assumed to be equally spaced with

sampling interval A, then ¢; = iA. The HRF ripples can be modeled as

y(ti —T5) = h(t; — 15 0) + vy, (2)

where h (t; 0) is the HRF. The errors e; and v;; will be specified subsequently. The functional form

of the two-gamma HRF used in this work is

h (t;0) = ey ([wi (t) exp {1 — w1 ()} — e [wa (t) exp {1 — w2 (£)}]*) (3)

where wy(t) = t/dy for k = 1,2; h(t;0) = 0 for t < 0; and @ = (ay, a9, c1,co,dy,da). If all the
parameters except cj are specified, (3) is referred to as a canonical HRF. Calculations reported
below using (3) have parameter values 8 = (12.98,27.01,5.87,13.55,5.08,0.47), values obtained from

the pilot study.

The cepstrum was introduced by Bogert et al. (1962) to detect echo or ripple effects. They
recommended treating the log-spectrum of the data as one would a time series, but with frequency
replacing time. Let logP.(f) denote the log-spectrum. As a function of the frequency f, the log-

spectrum is approximately

logP;, (f) = logP, (f) + log ZZCOS{27Tf (T; =Tr)}| - (4)

Jj=1k=1

(@)



If the ripple delays are equally spaced, then Tj,1 —T; = 7 and

m
logP, (f) = logP, (f) +log{(m +1) + 2> (m+ 1 — j) cos (27 fj7)}, (5)
j=1
which has multiple cyclic patterns with periods of 1/j7,j =1, 2,..., m. Hence, the cepstrum, which
is the spectrum of logP,(f), has, apart from noise effects, peaks at the delays T; — T},. For constant
delay ripples, the peaks occur at multiples of the constant delay 7 with decreasing magnitudes.
The clarity with which the cepstrum enables the identification of ripples depends on the relative
magnitudes of the first and second terms in (4) and (5), as well as the magnitudes of the error

terms in (1) and (2).

3 Results

3.1 Noise-free Signals

Ripple effects are most strikingly evident when ISIs are equally spaced and the model contains
no random errors. Figure 2 shows the time course, spectrum, and two cepstral plots for a signal
consisting of the two-gamma HRF (3) convolved with stimuli equally spaced every 30 sec. The
time course is T = 300 sec. with sampling every 1 sec. for this time course and all others except
those using the stimulus vector from the pilot study, for which T = 304 sec. and samples are
taken every 2 sec. Figure 2(a) shows the time course, with the stimulus times shown at the bottom
of the graph. The spectrum (calculated using the function spectrum in R: R Development Core
Team 2008) in Fig. 2(b) highlights the cyclic pattern in the ripples, with the decreasing peaks
occurring at frequencies that are multiples of 1/7 = 1/30 = 0.033. Figure 2(c) shows the graph of
the cepstrum calculated from the detrended log-spectrum, where the detrending was accomplished
using a nonparametric loess fit with a span of 0.25. The cepstral values are graphed as a function
of ripple delay times. The dominant peak is at 30 sec. and smaller peaks occur at multiples of this

primary ripple delay time. Peaks occurring at ripple delay times are often more readily apparent



when the cepstrum is calculated from the original spectrum, not the log-spectrum. Figure 2(d)
illustrates the enhanced clarity of the peaks when the cepstrum is calculated from the spectrum.

This enhanced clarity is especially important when the signals are noisy.

[Insert Figure 2]

In order to minimize anticipation or habituation, varying the ISIs in an fMRI design is widely
advocated. Figure 3 shows plots of the spectrum and cepstrum for a design with three ISIs: 4, 5,
and 8 sec. In Figs. 3(a) and (b) the design consists of cyclic repetitions of the ISIs: 4, 5, 8, 4, 5,
8, etc. Note that a complete cycle of all 3 ripple delays occurs every 17 sec. The individual delay
times of 4, 5, and 8 sec. are not identifiable in either figure. Rather, the complete-cycle peaks are
evident in the spectrum in Fig. 3(a) with decreasing magnitudes at frequencies that are close to
multiples of the primary frequency f = 1/17. The complete-cycle ripple effects are evident in the
cepstral plot in Fig. 3(b), where the primary peak is again close to 17 sec. The delay time of 17 sec.
is indicated by the blue line and the secondary peaks at multiples of 17 sec. are indicated by the
red lines. Less smoothing of the cepstrum (a modified Daniell smoothing kernel with parameters
(1,1) in R was used) would make these peaks even more pronounced. Some of the spectral and
cepstral peaks do not occur exactly at frequencies that are multiples of 1/17 and delay times that
are exact multiples of 17 sec., respectively, due to the equally spaced mapping of the frequencies
to and from the frequency domain interval of [0, 0.5]. Nevertheless, the dominant complete-cycle

ripple delays at or near 17 sec. are clearly evident.

[Insert Figure 3]

Figures 3(c) and (d) show the spectrum and the cepstrum for a randomization of the design with
ISIs of 4, 5, and 8 sec. The randomization was performed separately within each 17 sec. complete
cycle in order to ensure that each of the ISIs occur approximately an equal number of times while
retaining the complete-cycle delay time of 17 sec. The 17 sec. complete-cycle peak is evident in the
spectrum in Fig. 3(c) but the subsequent peaks at harmonics of f = 1/17 are not clearly depicted.

There is a dominant peak in the cepstrum in Fig 3(d) but it is not at a time delay of 17 sec. It



occurs at approximately 25 sec. The other, smaller peaks would not be sufficient to identify the
complete-cycle ripple delay of 17 sec. or any of the individual ripple delays. Figures 3(c) and (d)
depict only one possible realization of the effects of randomization. Other randomizations produce

peaks at different delay times.

Figure 4 illustrates a final variation on the spectrum and cepstrum for cyclic versions of the
ISIs. The signal was generated by repeating an ISI sequence of {10, 20, 20, 10}. Superimposed in
red on the signal in Fig. 4(a) is a loess fit similar to that in Fig. 1. Superimposed in blue is a sine
function with period of 60 sec., the combined period of the ISIs. The two curves overlap except at
the very extreme ends of the graph. One might expect from Fig. 4(a) and the results shown in
Figs. 3(a) and (b) that the spectrum and the cepstrum would have peaks at 1/7 = 1/60 = 0.017
and 7 = 60 sec.), respectively. However, the primary peaks in the spectrum highlight the individual
ripple delays, 10 and 20 sec. The peak with the greatest magnitude is at a frequency of 1/20. The
peak with the other dominant magnitude is at f = 1/10, which is a harmonic (f = 2/20) of the
20 sec. delay time frequency. Barely noticeable are small peaks at additional harmonics f = 3/20
and 4/20. The cepstrum has 3 primary peaks, at 20, 40, and 60 sec., and a smaller one at 80 sec.

These are all multiples of the primary delay time, 20 sec.

[Insert Figure 4]

The spectrum in Fig. 5(a) for the noise-free signal using the stimulus times from the pilot
study mentioned in the introduction does not indicate a frequency that is identifiable with ripple
delays. Figure 5(a) has the appearance of a spread spectrum over peak signal frequencies that
range approximately from 0.05 to 0.08 Hz. That there is a range of frequencies is not unexpected
because there are 10 different ISIs in the stimulus vector. The dominant peak in the cepstrum in
Fig. 5(b) at approximately 40 sec. is longer than the individual delay times suggested by peaks
in the spectrum, 10 - 20 sec. The primary peak in the cepstrum is due to the apparent cycle in
the spread spectrum that is highlighted by the red loess fit in Fig. 5(a). The spread spectrum
encompasses a range of approximately 0.13 Hz, which corresponds to a period in the original time

scale of 39 sec. Although the nonparametric loess fits in Fig. 1 are not truly cyclical, the long delay



time indicated in Fig. 5(b) is consistent with the visually suggestive long periods in Fig. 1.

[Insert Figure 5]

3.2 Effects of Noise

There are two levels of noise specified in (1) and (2). Each can affect the ability to identify
cyclic patterns in fMRI data due to the selection of ISIs. The noise in (1) can be depicted as
measurement error; i.e., due to all sources that prevent the hemodynamic response y(t) from being
observed exactly. These sources include patient movements, scanner imperfections, etc. The HRF
noise in (2) includes patient physiology, magnetic field inhomogeneities, improper specification of
the approximating HRF, etc. that prevent the HRF from each stimulus from being exactly the
same in the absence of measurement error. While most statistical models include only the errors
in (1), these two types of error have very different effects on the ability to identify cyclic patterns

in fMRI data that are due to the design.

To illustrate the effects of these two types of noise, the ISIs of Figs. 2 and 4 were used with the
same HRF but with noise added. In Fig. 6(a) and (b) the spectrum and cepstrum are shown when
only measurement error with o = 3 from (1) is added. The ripple effects that are clearly evident in
the spectrum in Fig 2(b) are masked in Fig 6(a) due to the presence of measurement errors. The
cepstrum in Fig 6(b) more clearly indicates the presence of ripple delays of around 30 sec. in spite

of the presence of measurement errors.

[Insert Figure 6]

When HRF noise from (2) with o = 2 is also added, the combined sources of noise further mask
the clarity with which the ripples are depicted in the spectrum in Fig. 6(c). The cepstrum in Fig
6(d), however, again clearly identifies the single ripple delay time of 30 sec.

The clarity with which the ISI cyclic behavior is observable in the spectrum also changes with

10



multiple ISIs when the signal is itself noisy. Figures 7(a) and (b) display the spectrum and cepstrum
for signals produced from the cyclically repeated ISI sequence 10, 20, 20, and 10 sec. when only
measurement error is added. The dominant peaks in Figs. 4(b) and (c) are still evident in Figs.
7(a) and (b); however, when both HRF noise and measurement error are modeled, the spectrum
in Fig 7(c) does not indicate any ripple effects. The cepstrum in Fig 7(d) does highlight the ripple

delay time of 20 sec., along with additional peaks at multiples of 20 sec.

[Insert Figure 7]

The spectra for the signal with random errors using the stimulus times from the pilot study are
very different and depend on whether only measurement errors are added, Fig. 8(a), or both HRF
errors and measurement errors are added, Fig. 8(c). These graphs can look very different with each
realization of the errors. While the cepstral plots in Figs. 8(b) and (c¢) have noticeable differences,
there are some features of each that enable ripple effects that have delay times close to those in
the error-free signal to be identified. In Fig. 5(b) a dominant peak at 40 sec. and a smaller one at
60 sec. were clearly visible. In Fig. 8(b) the dominant peak occurs at near 40 sec. The secondary
peak at 60 sec. cannot be determined from this cepstrum. The peaks in Fig. 8(d) are at delay

times near 40 and 60 sec. but the relative magnitudes of the peaks are different from those in Fig.

5(c).

[Insert Figure 8]

An interesting feature of Figs. 6 - 8 is the effect of noise on the presence and detection of
ripple effects. In each of the figures, the addition of noise increases the magnitudes of the spectral
and cepstral peaks. This is evident from the scales on the vertical axes. Measurement error
alone produces spectral and cepstral plots that have peak magnitudes similar to or greater than
the magnitudes in the corresponding plots in Figs. 2, 4, and 5. Addition of HRF noise to the

measurement errors greatly increases the magnitudes of the peaks.

11



3.3 Diagnosing Ripple Effects

Pivotal to the determination of whether an observed cyclic pattern in fMRI data is due to the
design through the ISIs or due to scanner or patient cycles are the ISIs themselves. A cepstrum
can be calculated for the vector of stimulus times and compared to the cepstrum from the observed
fMRI data. Figure 9 displays cepstra for the stimulus times in all of the examples covered: (a) 30
sec. ripple delays; (b) cyclically permuted ripple delays of 4, 5, and 8 sec.; (¢) cyclically permuted

ripple delays of 10, 20, 20, and 10 sec.; and (d) the random uniform ISIs of the pilot study.

The major peaks in Figs. 9(a) - (c) are all consistent with the corresponding cepstral peaks in
the error-free signals and the signals containing errors. In a few instances the relative magnitudes
of the peaks change but the ripple delay times are readily identified. In Fig. 9(d) the primary peak

at the delay time of 40 sec. is prominent. A secondary one at approximately 60 sec. is also visible.

[Insert Figure 9]

Figure 10 displays cepstra that were calculated from the 4 individual voxels in Fig. 1. All of
these cepstra have primary peaks near 40 sec. and smaller but visible ones between 60 and 70 sec.
These ripple delay times are consistent with those of the stimulus times and the calculations in

Figs. 5 and 8.

[Insert Figure 10]

4 Discussion

The key to correctly detecting that cyclic patterns in fMRI data are due to the design and not
due to scanner or subject cycles is understanding that the design and its properties are known.
To the extent that the observed fMRI data exhibit cyclic patterns similar to those in the stimulus

times, the observed patterns are a natural result of the design and are not features that need to be

12



modeled or accommodated. Modeling natural cyclic patterns that are due solely to the selection of
ISIs could reduce the ability to correctly model nonlinear HRF's because some of the actual signal
might be confounded with the cyclic pattern of the ISIs. Genuine sinusoidal patterns due to patient
effects, scanner effects, or the measurement process should be modeled because they contribute to

external noise from known sources that could mask the HRF signal.

It might be expected that randomization of the ISIs would compensate for any deleterious
effects of the ISIs on the detection of the fMRI signal. While this might be true, whether this is
true depends on the randomization pattern of the ISIs. The properties of the stimulus pattern,
through the use of spectral and cepstral analysis, should be performed in order to assess the effects

of the ISIs, preferably prior to the final selection of a design.

The two sources of error, measurement error and HRF noise, were introduced in order to inves-
tigate the extent to which different sources of error affect cepstral plots and the identification of
ripple delay times. Comparisons of the results in Figs. 6 - 8 indicate that the cepstra do indeed
change but the identification of the ripple delay times is remarkably stable. This is especially true
for the primary ripple delay times in Figs. 6 and 7 for which there are repeatable complete-cycle
ripple times. The addition of measurement error and HRF noise generally enhances the ripple

effects.

The figures in this article demonstrate that the spectra and the cepstra highlight different cyclic
properties of a time series, especially in the presence of substantive noise. The importance of a
cepstral analysis is that it can help ascertain whether the choice of ISIs causes a ripple effect in
fMRI data. If cyclic behavior is detected for a design and such behavior can be related to the ISI
pattern, there is no need to model the cyclic trend and adjust the model for the fitted pattern. If a
cepstral analysis of stimulus times for a proposed design indicates the likelihood of cyclic behavior

in the resulting fMRI data, alternative deigns can be investigated prior to selecting a final design.
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Fig. 1: Residuals from a quadratic drift fit for 4 voxels in the auditory cortex. Nonparametric loess
curve fit in red. Stimulus activation times indicated by the green triangles.
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Fig. 2: Noise-free HRF signal with equally spaced (7 = 30 sec.) stimulus times. (a) Time course
with stimulus activation times indicated by the green triangles; (b) Spectrum with peaks at multi-
ples of 1/7; (c) Cepstrum (i.e., spectrum of the detrended log-spectrum) with decreasing peaks at
multiples of the 30 sec. ripple delay time; (d) Cepstrum of the detrended spectrum (i.e., spectrum
of the detrended spectrum).
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Fig. 3: Noise-free HRF signal with cyclically repeated ISIs of 4, 5, and 8 sec. (a) Spectrum with
decreasing peaks at or near frequency multiples of f = 1/17; (b) Cepstrum of the detrended spectrum
with complete-cycle delay time of 17 sec. indicated by the blue line, multiples of the delay time
by the red lines; (c¢) Spectrum for randomized ISIs; (d) Cepstrum of the detrended spectrum for
randomized ISIs.
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Fig. 6: HRF signal with equally spaced (30 sec.) stimulus times and noise. (a) Spectrum with only
measurement error; (b) Cepstrum of the detrended spectrum, with only measurement error; (c)
Spectrum with HRF noise and measurement error; (d) Cepstrum of the detrended spectrum, with
HRF noise and measurement error.
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Fig. 7. HRF signal with repeated ISI sequence of {10, 20, 20, 10} and noise. (a) Spectrum with
only measurement error; (b) Cepstrum of the detrended spectrum, with only measurement error;
(c) Spectrum with HRF noise and measurement error; (d) Cepstrum of the detrended spectrum,
with HRF noise and measurement error.
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Fig. 8: HRF signal using the pilot study stimulus times and noise. (a) Spectrum with only measure-
ment error; (b) Cepstrum of the detrended spectrum, with only measurement error; (¢) Spectrum
with HRF noise and measurement error; (d) Cepstrum of the detrended spectrum, with HRF noise
and measurement error.
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Fig. 9: Cepstra of the detrended spectrum for stimulus times. (a) Constant ripple delay = 30 sec.;
(b) Cyclicly repeated ripple delays: 4, 5, 8 sec.; (c¢) Cyclicly repeated ripple delays: 10, 20, 20, 10
sec.; (d) Stimulus times from the pilot study.
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