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Abstract: Fractal processes, like trees or coastlines, are deﬁned by self-similarity or power law scaling controlled by a single exponent, simply related to the fractal dimension or Hurst exponent (H) of the process. Multifractal processes, like turbulence, have more complex behaviours deﬁned by a spectrum of possible local scaling behaviours or singularity exponents (h). Here, we report two experiments that explore the relationships between instrumental and cognitive variables and the monofractal and multifractal parameters of functional magnetic resonance imaging (fMRI) data acquired in a no-task or resting state. First, we show that the Hurst exponent is greater in grey matter than in white matter regions, and it is maximal in grey matter when data were acquired with an echo time known to optimise BOLD contrast. Second, we show that latency of response in a fame decision/facial encoding task was negatively correlated with the Hurst exponent of resting state data acquired 30 min after task performance. This association was localised to a right inferior frontal cortical region activated by the fame decision task and indicated that people with shorter response latency had more persistent dynamics (higher values of H). Multifractal analysis revealed that faster responding participants had wider singularity spectra of resting fMRI time series in inferior frontal cortex. Endogenous brain oscillations measured by fMRI have monofractal and multifractal properties that can be related to instrumental and cognitive factors in a way, which indicates that these low frequency dynamics are relevant to neurocognitive function. Hum Brain Mapp 29:791–801, 2008. V 2008 Wiley-Liss, Inc. C
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INTRODUCTION Many biological systems, including the brain, have fractal properties in space and time [Achard et al., 2008; Anderson et al., 2006; Goldberger et al., 2002; Havlin et al., 1999; Maxim et al., 2005; Wright et al., 2001]. The characteristic attribute of a fractal process is self-similarity, i.e., the properties of a fractal process will be at least approximately the same over a range of scales of magniﬁcation [Bovill, 2000; Fielding, 1992]. Fractal signals are typically long-memory processes with a slowly decaying autocorrelation function [Bullmore et al., 2004; Fielding, 1992]. In the frequency domain, this corresponds to a 1/f-like spectral density function, with the lower frequencies having greater power and the slope of a straight line ﬁtted to the log periodogram being deﬁned as the spectral exponent, i.e., S(f)  fg or log S(f)  glog f. The spectral exponent g is simply related to the fractal dimension D and the Hurst exponent, H, of the process [see Bullmore et al. [2004] for general review]. It has already been shown that functional MRI time series demonstrating blood oxygenation level-dependent (BOLD) contrast are fractal with 1/f-like power spectra [Maxim et al., 2005; Woolrich et al., 2001; Zarahn et al., 1997] and can be well modelled as fractional Gaussian noise with 0.5 < H < 1 [Fadili and Bullmore, 2002; Maxim et al., 2005]. The Hurst exponent has previously been estimated from fMRI experiments where participants were scanned in a single consistent state, for example, during continuous performance of an emotional task [Anderson et al., 2006] or while lying quietly at rest in the scanner [Maxim et al., 2005; Wink et al., 2006]. The Hurst exponent of steady-state fMRI time-series is known to be sensitive to acute pharmacological challenge [Wink et al., 2006], early Alzheimer’s disease [Maxim et al., 2005] and attention deficit-hyperactivity disorder [Anderson et al., 2006]. These studies suggest that long-memory dynamics in fMRI are relevant to cognitive function and could represent the hemodynamically convolved signature of very slow (infraslow; hmax and W2 5 HWHM for h < hmax. wavelet coefﬁcients {wk,j} each uniquely deﬁned by its location (or time, k 5 1, 2, 3,. . ., K) and scale (j 5 1, 2, 3,. . ., J), where larger scales conventionally correspond to lower frequencies (Fig. 2b). 2. Take the absolute value of the wavelet coefﬁcients and connect the local maxima in scale j 1 1 to proximally located maxima in the immediately smaller scale j. This reduces the scalogram to a set of M connected curves that track maxima across scales. The local maxima are subsequently replaced by their supremum value over all scales connected by the mth (m 5 1, 2, 3,. . ., M) curve |wsup(m)|; see Figure 2c. 3. The partition function of order q at scale j, Z(j, q), is calculated for each scale of the transform by summing the supremum coefﬁcients for all curves at all scales to the power q, i.e. Zðj; qÞ 
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4. The partition functions are related to the self-similarity exponents of order q by the relation log Zðj; qÞ  sðqÞ log j þ CðqÞ meaning that the self-similarity exponents s(q) 5 qh(q) 2 1 (Fig. 2d) can be estimated by the gradient of a straight line ﬁtted to a double log plot of the partition function Z(j, q) versus scale j, for each q. 5. Finally the singularity spectrum D(h) (Fig. 2e) is obtained by the Legendre transform of the singularity exponents: DðhÞ ¼ qhðqÞ  sðqÞ where hðqÞ 



dsðqÞ dq



Applying this analysis to an illustrative functional MRI time-series (see Fig. 2), the singularity spectrum has a maximum when hmax  0.5 and D(hmax)  0.9. It is noticeable that there is fractal support for singularity compo-
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nents over a wide range of local scaling behaviours, 0.2 < h < 1.2, indicating that the time-series has multifractal structure.



entered into a repeated measures ANOVA to assess the main effects of tissue and TE and a tissue 3 TE interaction.



Functional MRI Experiments: Acquisition and Analysis



Cognitive Correlates of Long-Memory Parameters in Resting Data



Both functional MRI experiments involved healthy participants who had provided informed consent in writing. All scanning was conducted using a MedSpec S300 scanner (Bruker Medical, Ettlingen, Germany) operating at 3.0 T in the Wolfson Brain Imaging Centre, Cambridge, UK. The experiments were approved by the Addenbrooke’s NHS Trust Local Research Ethics Committee. Data were processed with the Camba software library (Brain Mapping Unit, University of Cambridge, UK: http://www-bmu.psychiatry.cam.ac.uk/software/).



In this experiment, healthy volunteers ﬁrst performed a fame decision/facial encoding task during fMRI acquisition. Then they were scanned again, about 30 minutes later, while lying quietly in the scanner at rest. The purpose of this design was to investigate possible associations between behavioural performance on the fame decision task and long-memory properties of the subsequently acquired resting data; and to relate the anatomy of such associations to the functional anatomy of the systems activated by the task. A group of 11 different healthy participants (5 male, 6 female; aged 20–25 years, mean 6 standard deviation (SD) 5 22.36 6 1.86 years) were studied. During the task, a set of visual stimuli were presented (4 s per stimulus) comprising 40 famous faces, 40 unfamiliar faces and 40 ﬁxation crosses in a randomised order; see Bernard et al. [2004] for task details. Participants were instructed to press one of two response buttons to indicate whether a face was famous or not; to press either button at each presentation of the ﬁxation cross; and to try to memorise the faces so that they would recognise them in a subsequent recognition task. Over the course of 8 m 15 s, 450 EPI data volumes were acquired with the following parameters: TR 5 1,100 ms; TE 5 30 ms; image matrix size 5 64 3 64 3 21; voxel dimensions 5 3.75 3 3.75 3 4.00 mm3. The ﬁrst six volumes were discarded to avoid T1 equilibration effects, leaving 444 volumes available for activation mapping (described below). Twenty-ﬁve to thirty-ﬁve minutes after completion of the fame decision task, participants were scanned again in a no-task or resting state (eyes closed) for 9 m 36 s, while 524 EPI data volumes were acquired (with parameters identical to the fame decision task); the ﬁrst 12 volumes were subsequently discarded leaving 512 images available for fractal analysis. The analysis of the data acquired during the task focused on identiﬁcation of brain regions that were signiﬁcantly activated or deactivated by the experimental contrast between correctly-identiﬁed famous and non-famous facial encoding trials. A general linear model, with a design matrix created by convolution of the experimental contrast with a model of the hemodynamic response function [Glover, 1999], was regressed onto the pre-processed time series at each voxel [Bullmore et al., 1996; Suckling et al., 2006]. The resulting F statistic maps were registered in MNI standard space by an afﬁne transformation to the ‘EPI’ template available in the SPM software library (http://www.ﬁl.ion.ucl.ac.uk/spm) and the observed median F statistic—a measure of within-group activation— was tested for statistical signiﬁcance by a cluster-level



Effects of Tissue Type and Echo Time on the Hurst Exponent One hundred and thirty-six 3D gradient-echo echoplanar imaging (EPI) volumes were acquired from 11 healthy participants (7 male, 4 female; aged 22–56 years, mean 6 standard deviation 5 35 6 10 years) with the following parameters held constant: repetition time (TR) 5 1,100 ms; image matrix size 5 64 3 64 3 21; voxel dimensions 5 3.125 3 3.125 3 5.000 mm3. Within a single scanning session, each participant was scanned ﬁve times with echo times (TE) 5 22.5, 40, 60, 80 and 100 ms. During each 2 m 30 s period of scanning, participants were instructed to lie quietly in the scanner with their eyes closed but not to fall asleep. The order of scanning was counterbalanced for TE over all participants. The ﬁrst eight images were discarded to allow for T1 saturation effects, leaving 128 volumes available for estimation of the Hurst exponent. Temporal and spatial motion correction algorithms were initially applied to individual 3D EPI volumes [Bullmore et al., 1996; Suckling et al., 2006] before maps of H and r2 were computed in acquisition space and registered into a standard stereotaxic space by an afﬁne mapping. At each intracerebral voxel in standard space, median H was computed across the group for each TE value; and the value of TE at which H and r2 were maximal was also identiﬁed. To obtain regions of interest (ROIs) sampling grey and white matter, one axial slice (z 5 128 mm) of the corresponding tissue probability maps in the Montreal Neurological Institute (MNI) standard space [Mazziotta et al., 2001] was selected and thresholded to identify regions with high tissue occupancy, and consequently avoid voxels representing tissue mixtures. Thresholds were adjusted (0.67 for grey matter, 0.73 for white matter) to obtain an adequate sample (>1,000) of voxels and so that the ROIs were almost exactly the same size (1,060 voxels for grey matter, 1,062 voxels for white matter) to ensure balance in subsequent statistical testing of H and r2. The median value across participants at each voxel was obtained and
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permutation test described in detail elsewhere [Bullmore et al., 1999, 2001; Suckling and Bullmore, 2004; Suckling et al., 2006]. Brieﬂy, maps of median F statistics under the null-hypothesis of no task activation were estimated from time-series following wavelet permutation [Bullmore et al., 2001] and mapped into standard MNI space. Probabilistic thresholding was performed in two-stages: First at the voxel-level, all values at all intracerebral voxels from the permuted response maps were pooled to sample the nulldistribution. Voxels with values less than the critical value at P < 0.05 were set to zero, whilst those exceeding the critical value were shrunk towards zero by subtracting the critical value. This procedure resulted in sets of threedimensional voxel clusters in the observed and permuted response maps. Cluster-level statistics were then computed as the sum of suprathreshold voxel statistics for all clusters in all maps. Statistical thresholding at the cluster-level proceeded by pooling cluster statistics from permuted response maps to sample the appropriate null-distribution. Critical values for cluster-level statistics were calculated such that the number of type I errors expected under the null-hypothesis 
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