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Abstract Aging is normally associated with increased predictability of neurophysiological processes. To test the related prediction of age-related increase in the Hurst exponent, H, of functional MRI time series, and its possible cholinergic mechanisms, two groups of healthy participants (old [mean age = 65 years]; young [mean age = 22 years]; N = 11 per group) were scanned twice at rest, following placebo and a muscarinic receptor antagonist, scopolamine 0.3 mg. Older age was associated with significant increase in H of fMRI time series in bilateral hippocampus. Similarly, scopolamine was associated with increased H in left hippocampus; and there was an age-by-drug interaction in medial temporal lobe whereby older participants specifically had increased H following scopolamine. Scopolamine also enhanced fronto-hippocampal lowfrequency coherence, and this could be correlated with its effect on hippocampal H. Thus, increased persistence of hippocampal dynamics in older subjects is demonstrable by resting fMRI; scopolamine mimics these effects, especially in older subjects, implying a cholinergic mechanism for age-related change; and cholinergic effects on hippocampal dynamics are associated with enhanced functional connectivity between frontal cortex and hippocampus. © 2005 Elsevier Inc. All rights reserved. Keywords: Functional connectivity; Acetylcholine; Neuroimaging; Pharmacological MRI; Hippocampus; Fractal; Scopolamine



1. Introduction A fractal theory of aging proposes that physiological processes normally tend to become dynamically less complex, as measured by fractal dimensions and related metrics, as people become older [13,14]. There is some evidence in support of this view from electroencephalographic (EEG) studies of brain aging that have shown a low-frequency shift in the EEG power spectrum [17]. Functional magnetic resonance imaging (fMRI) studies of aging to date have generally used a cognitive activation paradigm to engender a task-related signal, which is then tested for age modulation by cross-sectional ∗ 1
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comparison of old and young individuals performing the task. This approach has yielded important insights but it can be difficult to disambiguate confounding effects of differential task performance, or compensatory activation in older participants, from primary age-related changes in brain function [25]. A complementary fMRI strategy is to investigate spectral or fractal properties of data acquired in a no-task or resting state condition. This approach side-steps many of the confounds associated with cognitive activation studies of aging but it has not previously been reported. What are the possible mechanisms for age-related reduction in neurophysiological complexity of large-scale brain systems? Age-related reductions in cognitive capacity have been correlated with cell loss in cholinergic and other brainstem nuclei that provide a widespread, ascending input to multiple cortical and subcortical regions [2,27]. Experimental
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studies have shown that destruction of cholinergic nuclei, or pharmacological blockade of muscarinic or nicotinic acetylcholine receptors, can cause both cognitive (especially memory) deficits [10], and changes in the electrophysiological activity of hippocampus and the cortical EEG [4,8,38]. We were therefore interested in the hypothesis that cholinergic mechanisms might explain age-related change in fractal properties of neurophysiological time series. The word fractal was introduced by Mandelbrot [24] to define a large class of mathematical and natural objects that share the property of self-similarity. A typical biological fractal, like a tree, shows approximate or statistical self-similarity over several scales of measurement, e.g., one of the main branches of a tree will have approximately the same structure, after magnification, as the whole tree. Fractal properties have been described for several physiological processes and anatomical structures using a variety of mathematical methods (see [7] for a review of fractals in relation to neuroimaging). The irregular geometric structure of fractals can be quantified in terms of their generally non-integer fractal dimensions. For example, a physiological time series, such as the electrocardiogram or EEG, will have a (Hausdorff) fractal dimension somewhere between 1 (the fractal dimension of a straight line) and 2 (the fractal dimension of a spaceoccupying plane). Fractal time series can also be analyzed in the frequency domain where they typically demonstrate a 1/f power spectrum which can be plotted as a negatively sloping straight line relationship between log(power) and log(frequency); and the gradient of this line (also known as the spectral exponent) is simply related to the Hausdorff dimension of the time series [31]. In recent years, wavelets have emerged as a class of mathematical tools that are particularly well suited to analysis of self-similar or fractal data and wavelet-based methods have been quite extensively applied to aspects of structural and functional MR images of human brain [7]. Here we quantified fractal complexity of neurophysiological processes in terms of the Hurst exponent, estimated in functional magnetic resonance imaging (fMRI) data recorded from normal human volunteers lying quietly at rest in the scanner. The Hurst exponent 0 < H < 1 is closely related to the Hausdorff fractal dimension 1 < FD < 2 of a time series with topological dimension T = 1. Values of H > 0.5, or equivalently FD < 1.5, indicate relatively persistent, predictable, long memory dynamics. We have previously shown that for most fMRI time series recorded from cortical and subcortical regions, in normal elderly volunteers, H is in the range 0.5–1; and that patients with early Alzheimer’s disease had significantly increased H (reduced fractal complexity), compared to healthy elderly volunteers, in medial temporal and other brain regions [26]. In a two-way factorial design, we studied two groups of participants (old and young) using fMRI on two occasions, once following treatment with scopolamine hydrochloride (a mixed M1/M2 muscarinic receptor antagonist) and once following placebo. We predicted that both older age



and scopolamine treatment would be associated with relatively increased values of the Hurst exponent in fMRI time series. As we show below in detail, these primary predictions were supported by the data, and the main loci of both drug and age effects were in the medial temporal lobes. In a subsidiary analysis, we explored effects of age and drug on frequency-specific functional connectivity (partial coherence) between hippocampus and other brain regions, motivated by the hypothesis that local changes in hippocampal dynamics might be linked to more distributed changes in hippocampal connectivity.



2. Methods 2.1. Study sample Twenty-three, right-handed, healthy volunteers took part in the study. Data from one subject was omitted due to a scanner malfunction leaving 22 subjects for analysis: 11 young (6 female, 5 male; mean age = 22.4 years, range = 20–25 years), 11 old (6 female, 5 male; mean age = 65.3 years, range = 60–70 years). The groups were matched for education (t = 1.48, d.f. = 20, P = 0.15). All participants had a normal clinical examination to exclude any medical, neurological, or psychiatric disorder, or any contraindication to MRI. Heart rate and blood pressure were measured at the start of every scanning session. Repeated measures ANOVA showed no significant group differences in these systemic cardiovascular parameters (heart rate: F = 0.0001, d.f. = 1,13, P = 0.91; systolic blood pressure: F = 1.779, d.f. = 1,13, P = 0.21; diastolic blood pressure: F = 2.05, d.f. = 1,13, P = 0.17). In order to exclude possible non-clinical dementia cases in the old group, older subjects were screened using the minimental state examination (MMSE; maximum score = 30): mean = 29.6, range = 29–30. Additionally all subjects were screened radiologically for brain structural lesions. Within the older group, one subject was currently medicated with thyroxine and one subject was undergoing hormone replacement therapy. All participants gave informed consent in writing. The protocol was approved by the Addenbrooke’s NHS Trust Local Research Ethics Committee. 2.2. Study design We used a randomized, double blind, placebo-controlled design. Participants were scanned using functional MRI in two separate sessions scheduled at least 1 week apart. Sixty minutes before each fMRI session, participants received one of two treatments: (i) scopolamine hydrochloride 0.3 mg (0.75 ml) subcutaneously; or (ii) normal saline placebo (0.75 ml) subcutaneously. The order of treatments was counterbalanced across subjects. Immediately before and after each scanning session, subjective drug effects such as level
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of sedation were assessed using visual analog scales [39]. These scales quantify on a continuous scale, ranging linearly between two contrasting emotions, the subjective emotional experience of the participant at the time of testing. 2.3. FMRI data acquisition T2* -weighted, gradient-echo echoplanar imaging (EPI) data depicting blood oxygen level dependent (BOLD) contrast were acquired using a Bruker Medspec scanner (Ettlingen, Germany) operating at 3T in the Wolfson Brain Imaging Centre, Cambridge, UK. During data acquisition, participants were instructed to lie quietly in the scanner with their eyes closed. In each session, 524 volumes comprising 21 slices of data were acquired parallel to the intercommissural (AC-PC) line with the following parameters: TE = 30 ms, TR = 1100 ms, flip angle = 65◦ , slice thickness = 4 mm plus 1 mm interslice gap, inplane resolution = 3.75 mm. The first 12 images were later discarded to allow for T1 equilibration, leaving a time series of 512 points available for analysis at each voxel. Functional MRI datasets were corrected spatially and temporally for subject head movement [6]. Final translations required for realignment along orthogonal axes were tested in a multivariate ANOVA, but no significant main effects of group (F = 0.928, d.f. = 6,15, P = 0.503) or drug (F = 0.414, d.f. = 6,15, P = 0.858) were demonstrated; nor was the group × drug interaction significant (F = 0.516, d.f. = 6,15, P = 0.787). In short, there was no evidence for a significant effect of the experimental factors of interest on involuntary head movement during scanning. 2.4. FMRI data analysis: estimation of H and ANOVA The Hurst exponent is a scalar measure of the predictability or persistence of fractal processes such as fractional Brownian motion or fractional Gaussian noise [3]. We have previously shown that the spectral exponent γ of resting cortical fMRI time series, after adequate pre-processing to eliminate effects of head movement, generally lies in the range −1 < γ < 1 associated with fractional Gaussian noise (fGn) [26]. In this case, the Hurst exponent H of the time series is closely related both to its spectral exponent by the formula γ = 2H − 1 and to its fractal (Hausdorff) dimension D by the formula D = T + 1 − H where T = 1 is the conventional, Euclidean dimension of the time series [7]. The Hurst exponent of each time series was estimated by maximum likelihood in the wavelet domain [11,26]. The resulting whole brain maps of H were co-registered in Talairach space by an affine transform. A mixed effects analysis of variance (ANOVA) model, with drug as the within-subject factor and age as the between-subject factor, was estimated with the 22 estimates of H at each voxel as the dependent variable; statistical significance of the main effects and interaction was tested by a permutation test on local voxel clusters of large F-statistics [33]. The threshold
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for cluster-level significance was set at P < 0.001 such that we expect less than one false positive test per map. Brain regions associated with significant age, drug and age × drug effects were further investigated by analysis of regional mean H and regional mean time series estimated in individual subjects. 2.5. FMRI data analysis: estimation of hippocampal connectivity Functional connectivity has been broadly defined as a statistical association or dependency between anatomically distinct neurophysiological time series [1,12,19]. To test our subsidiary hypothesis of age and/or drug related changes in functional connectivity of hippocampus, we first estimated the regional mean time series for each subject in six major brain regions anatomically defined by a prior, regionally parcellated template image [36]. The six, approximately lobar, regions were prefrontal/premotor, orbitofrontal, temporal, parietal, occipital, and limbic/subcortical. To estimate the degree of functional link between these regions and the left hippocampus (at the locus of age and drug effects on H) we used partial coherency [5]. Partial coherencies are equivalent to partial correlations, but are calculated in the frequency domain. They give the exclusive degree of association between two regions, at a given frequency, after discarding indirect associations due to any of the other remaining regions [29,34]. Following the previous studies showing significantly stronger resting state correlations at low frequencies [29,30], we focused on the partial coherency measures in the range defined by the first third of the Fourier coefficients, i.e., 0.0035–0.1538 Hz (highlighted band in Fig. 4a). Finally, to avoid reporting all values in this interval, a single figure summarizing all partial coherencies included was obtained through integration over that band. This is the partial mutual information [30], and is an association estimate bounded in the [0,1] interval. Analysis of variance (ANOVA) models were fitted to individual estimates of the normalized partial mutual information between left hippocampus and all other brain regions; the resulting P-values for main effects of age, drug and age × drug were adjusted for multiple comparisons by a Bonferroni procedure. Only the drug effect on prefronto/premotor–hippocampal coherence remained significant. This effect was explored in greater anatomical detail by fitting ANOVA models to the normalized partial mutual information between hippocampus and smaller regions of prefrontal and premotor cortex. In view of the heuristic nature of this analysis, second-stage hypothesis testing was not controlled for multiple comparisons. For prefrontal and premotor cortical regions where there was a significant drug effect on coherence with left hippocampal time series, we estimated the scopolamine–placebo difference in normalized partial mutual information for each subject and correlated this with the scopolamine–placebo dif-
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ference in hippocampal Hurst exponent, likewise estimated within each subject.



3. Results 3.1. Effects of age on Hurst exponent There was a significant main effect of age on the Hurst exponent H of resting fMRI time series in bilateral medial temporal lobe structures, including hippocampus, amygdala and parahippocampal gyrus; Talairach coordinates of peak effects in right and left hippocampus were {38,−14,−12} and {−40,−18,−8}; see Fig. 1. There was also an effect of age on H in the medial cerebellum with Talairach coordinates of peak effect at {−12,−54,−24}. In all these regions, H was increased in older subjects. As shown in Fig. 2, the median value of regional mean H in left hippocampus was 0.60 (interquartile range, 0.57–0.65) for young subjects and 0.69 (interquartile range, 0.62–0.73) for old subjects. The nature of these differences in the Hurst exponent is illustrated by the representative regional mean time series sampled from right hippocampus in a single young subject and a single old subject; Fig. 3. The old time series, with larger Hurst exponent, shows increased positive autocorrelations and an increase in the negative slope of a straight line fitted to the plot of log(power) versus log(frequency), indicat-



ing relatively reduced power at high frequencies. However, the Hurst exponent is most directly related to the slope of a straight line fitted to the plot of the log of the variances of the wavelet coefficients of the time series at scales 1–6 versus scale (scale 1 representing the highest frequency and scale 6 the lowest frequency components). This plot distinguishes the two time series most clearly from each other. 3.2. Effects of drug on Hurst exponent There was a significant main effect of drug on the Hurst exponent in right medial temporal lobe structures including hippocampus, amygdala and parahippocampal gyrus; Talairach coordinates of peak effect in left hippocampus were {−36,−24,−16}; see Fig. 1. In these regions, the Hurst exponent was increased by scopolamine compared to placebo: median H in right hippocampus was 0.60 (interquartile range, 0.57–0.66) for data acquired following placebo and 0.69 (interquartile range, 0.62–0.73) for data acquired following scopolamine (see Fig. 2). 3.3. Effects of age × drug on Hurst exponent There was a significant interaction between age and drug in right medial temporal lobe structures, caudate nucleus and right pre-central gyrus; Talairach coordinates of peak interaction in right hippocampus were {32,−18,−12}; see Fig. 1.



Fig. 1. Brain maps of the effects of age, drug and age × drug on the Hurst exponent H of resting fMRI time series. A two-way ANOVA model was fit at each voxel and F-statistics were tested for significance by a cluster-level permutation test. (Top panel) Main effect of age: old subjects have significantly increased H, compared to young subjects, in bilateral medial temporal lobe structures and medial cerebellum. (Middle panel) Main effect of drug: scopolamine treatment is associated with significantly increased H, compared to placebo, in left medial temporal lobe structures. (Bottom panel) Age × drug interaction: effects of scopolamine on H are modulated by age in right medial temporal lobe structures. For all maps, the right side of the brain is represented by the left side of the image; the origin of the x and y dimensions of Talairach space is indicated by the cross-hair; the z coordinate of each section, i.e., mm below the intercommissural plane, is indicated by numbers adjacent to each section. See Fig. 2 for box-plots of regional mean H extracted from these loci of significant factorial effects.
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Fig. 2. Box-plots illustrating effects of age (left panel), drug (middle panel), and age × drug (right panel) on the Hurst exponent of resting state fMRI time series. Each box-plot summarizes median (white bar), interquartile range (black box) and range (dotted lines) of regional mean Hurst exponent estimated for each subject in brain regions demonstrating a significant effect of age (left medial temporal lobe), drug (right medial temporal lobe) and age × drug (left hippocampus) as shown in Fig. 1.



In these regions, H was increased by scopolamine in older subjects and decreased by scopolamine in younger subjects; Fig. 2. 3.4. Subjective correlates of hippocampal H There was a negative correlation at trend level between left hippocampal Hurst exponent (at the locus of drug effect) and subjective ratings (using a visual analogue scale) on the scales of “mentally slow” to “quick-witted” (r = −31, P = 0.04) and “calm” to “excited” (r = −0.33, P = 0.03). In short, subjects who had larger positive values of H tended to rate themselves as less quick-witted and excited on average over the course of the scanning session. 3.5. Effects of age and drug on hippocampal coherence with other brain regions There was a significant effect of drug on low-frequency coherence between left hippocampus and both temporal and



frontal lobes; see Table 1. However, only the effect of drug on fronto-hippocampal connectivity survived a Bonferroni correction for multiple comparisons. This last effect was explored in greater anatomical detail by fitting ANOVA models to the normalized partial mutual information between hippocampus and smaller regions of prefrontal and premotor cortex (due to their heuristic nature these analyses were not controlled for multiple comparisons). Table 1 P-values for multiple two-way ANOVA models incorporating age and drug as explanatory factors and partial coherence between left hippocampus and other brain regions as dependent variables Region



Main effect of age



Main effect of drug



Age × drug interaction



Prefrontal/premotor Orbitofrontal Temporal Parietal Occipital Limbic/subcortical



0.48 0.82 0.065 0.23 0.10 0.88



0.0026 0.49 0.0037 0.48 0.37 0.75



0.51 0.84 0.69 0.90 0.61 0.82
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Fig. 3. Right hippocampal fMRI time series for one young and one old individual. In all panels, results for the younger subject are in red and for the older subject in black. (Top left) Young and old mean-corrected time series (the old time series is offset for clarity); H = 0.96 for the old and H = 0.69 for the young time series. (Top right) Plots of log(smoothed periodogram) vs. log(frequency) of young and old time series; straight lines indicate fitted power laws and highlight somewhat reduced high frequency spectral density in the old time series. (Bottom left) Plots of autocorrelation functions for young and old time series. The first few autocorrelation coefficients have larger positive value in the old time series. (Bottom right) Plots of log2 (wavelet variance) vs. scale of the discrete wavelet transform of young and old time series; larger scales correspond approximately to lower frequencies in the Fourier domain; the slope of the fitted straight lines is 2H − 1.



Specifically, hippocampal coherence with the following frontal regions was significantly modulated by drug: left precentral gyrus (P = 0.002), right pre-central gyrus (P = 0.01), right dorsal superior frontal gyrus (P = 0.002), left middle frontal gyrus (P = 0.036), left inferior frontal gyrus (opercular) (P = 0.007), left supplementary motor area (P = 0.02), and left medial superior frontal gyrus (P = 0.033). For all these regions, scopolamine enhanced functional coherence with hippocampus in the frequency range 0.0035–0.1538 Hz. The effect is illustrated in greater detail for right dorsal superior frontal gyrus (lateral premotor cortex) in Fig. 4. For this region only, we also found a significant positive correlation between the effects of scopolamine on hippocampal Hurst exponent and its effects on fronto-hippocampal coherence; see Fig. 4.



4. Discussion 4.1. Age-related increase in hippocampal Hurst exponent We have found that healthy elderly volunteers (with mean age approximately 65 years) had significantly increased Hurst exponent of resting fMRI time series compared to a group of younger volunteers (with mean age approximately 22 years). This difference was identified in bilateral medial tem-



poral lobe structures (principally hippocampus) and medial cerebellum, illustrating the advantageous spatial resolution of fMRI, compared to electrophysiological techniques, for limbic and subcortical localization of age-related physiological changes. Age-related increase in the Hurst exponent is consistent with a fractal theory of normal aging [13,14], since increased H implies reduced fractal dimension and increased persistence or predictability of hippocampal dynamics. Physiological and anatomical changes in medial temporal lobe have previously been described both in normal aging, mild cognitive impairment, and Alzheimer’s disease [21,32,35,37]; but we believe this study is the first to demonstrate reduced fractal complexity of hippocampal dynamics by analysis of resting fMRI time series measured in healthy



Fig. 4. Effects of scopolamine on fronto-hippocampal coherence at low frequencies. (Top panel) Box-plots summarizing median (white bar), interquartile range (black box) and range (dotted lines) of normalized partial mutual information between premotor/prefrontal cortex and left hippocampus in old (O) and young (Y) subjects following placebo (P) and scopolamine (S). (Middle panel) Group mean fronto-hippocampal partial coherency functions for young subjects following placebo (blue line) and scopolamine (red line). The shaded panel indicates the range of low-frequency coherency (0.0035–0.1538 Hz) summarized by the partial mutual information. (Bottom panel) Scatterplot of individual scopolamine–placebo (S–P) differences in hippocampal Hurst exponent (x-axis) vs. S–P differences in normalized partial mutual information between hippocampus and lateral premotor cortex. Y denotes young, and O denotes old subjects. The gradient of the fitted line is 0.54 (P = 0.02).
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elderly volunteers. Bearing in mind the results of our previous work [26], demonstrating significantly increased H of fMRI time series in medial temporal and other brain regions in patients with early Alzheimer’s disease, we suggest that fractal complexity of resting state hippocampal dynamics, quantified by the Hurst exponent of fMRI time series, may provide a novel marker of a pathophysiological continuum ranging from healthy youth via healthy aging to incipient neurodegenerative disorder. 4.2. Mechanisms of age-related change in hippocampal dynamics Medial temporal lobe receives a rich cholinergic projection from the septal nuclei of the basal forebrain; medial cerebellum also receives a cholinergic projection from the nucleus basalis of Meynert (NBM) [27]. Thus, the localization of age-related changes in the Hurst exponent of fMRI data provides some circumstantial evidence for cholinergic mechanisms in the generation of these changes. More direct evidence is provided by the observation that scopolamine (compared to placebo) had effects on hippocampal dynamics that were similar in terms of location, sign and magnitude to the effects of age. On average over both age groups, scopolamine increased the Hurst exponent in right medial temporal lobe from a median value of 0.6 (following placebo) to a median value of 0.69. Reduced high frequency power or increased persistence in these fMRI data following a muscarinic antagonist is arguably consistent with prior electrophysiological data demonstrating neocortical activation or reduced slow wave activity following stimulation of NBM [9,28] or administration of cholinergic agonists [38] and reduced high frequency EEG power following selective (immunotoxic) lesions of the basal forebrain corticopetal cholinergic system [4]. The map of significant age × drug interaction additionally identified a region of left hippocampus where older volunteers specifically demonstrated increased H following scopolamine treatment. These data indicate that pharmacological blockade of M1/M2 muscarinic acetylcholine receptors can mimic quite faithfully the neurophysiological correlates of normal aging. They also show that older subjects may be particularly sensitive to the pseudo-aging effects of muscarinic receptor antagonism. A parsimonious explanation is that normal age-related loss of basal forebrain cholinergic neurons causes age-related change in fractal dynamics of hippocampus. Therefore, pharmacological blockade of cholinergic transmission transiently induces similarly reduced fractal complexity of hippocampal dynamics; and older subjects, who may be expected to have inherently reduced density of cholinergic projections to medial temporal lobe, are especially likely to demonstrate physiological effects of anticholinergic treatment. We note that, although an increasing number of studies now use fMRI to measure a cognitive signal modulated by drugs, so-called “pharmacological MRI” [18], there
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have been no previous reports in humans of drug-related effects demonstrated by analysis of fMRI data acquired in the resting-state or no-task condition. Non-cognitive paradigms could be attractive in pharmacological MRI for some of the same reasons that they could be useful in developmental studies: they circumvent interpretational issues arising due to drug effects on task performance and its functional compensation. This is the first report of drug effects on spectral or fractal properties of resting fMRI data at a univariate level of analysis. 4.3. Cholinergic effects on fronto-hippocampal coherence We have also reported for the first time a multivariate analysis of drug effects on inter-regional functional coherence measured in resting fMRI data. There was clear evidence of enhanced low-frequency coherence between premotor/prefrontal cortex and the medial temporal lobe region which showed significant effects of age and scopolamine on H. There are comparable prior reports of cholinergic modulation of EEG coherence [20] and age-related change in hippocampal connectivity measured using fMRI [15]. There is also evidence for age- and Alzheimer-related changes in hippocampal connectivity from independent component analysis of default mode networks in resting fMRI [16]. It is, perhaps, intuitively to be expected that increased persistence of hippocampal dynamics might propagate or ramify more extensively in terms of altered low-frequency coherence between hippocampus and other brain regions. At a finergrained anatomical level, this association between increased hippocampal persistence and increased fronto-hippocampal coherence seemed strongest in lateral premotor cortex but our analysis of drug effects on coherence at a sub-lobar level was not controlled for multiple comparisons. So this result should be regarded as “proof-of-concept”, indicating that it might be interesting to consider drug effects on resting coherence, and in relation to drug effects on univariate fMRI dynamics, in larger studies. 4.4. Electrophysiological cross-validation Many human EEG and experimental studies have reported changes in spectral properties of electrophysiological signals (relatively increased low-frequency power due to older age or cholinergic receptor blockade [4,9,28]) that are somewhat analogous to the changes in Hurst exponent of fMRI data reported here. But the sampling interval for fMRI in this study was 1.1 s, implying a Nyquist frequency of approximately 0.5 Hz. So the fMRI data are naturally tuned to a frequency range an order of magnitude lower than the 2–40 Hz range traditionally considered by electrophysiologists, and this makes it difficult to cross-validate our results by direct comparison to most prior EEG studies. For example, no EEG study has previously measured inter-regional coherence in the very low-frequency band, 0.0035–0.1538 Hz, that we found to be



most sensitive to effects of scopolamine measured with fMRI. There are recent reports of very low-frequency oscillations in primate electrophysiological recordings that could be more directly related to fMRI data [22]; and similarly long period dynamics in human EEG have been shown to have fractal or scaling properties [23]. It would be interesting to measure age and drug effects simultaneously in resting EEG and fMRI data but this experiment has not been reported yet. Perhaps the strongest assertion currently tenable is that age and cholinergic effects on neurophysiological data may be “scale invariant”, both being associated with a shift towards lower frequencies in whatever frequency range is mandated by the measurements and their analysis. 4.5. Methodological issues We have used a maximum likelihood estimator, implemented in the wavelet domain, to estimate the Hurst exponent in each fMRI time series. This algorithm has previously been described and validated in detail, and evaluated in terms of its bias and efficiency relative to several other possible estimators of the Hurst exponent in time and wavelet domains [11,26]. We have also previously shown that estimation of the Hurst exponent in this way has greater sensitivity to detect pathophysiologically increased persistence or predictability of fMRI dynamics in patients with Alzheimer’s disease than an equally parsimonious (first order autoregressive) time domain analysis [26]. The permutation-based methods used for inference on cluster-level statistics in our factorially designed experiment have also previously been described in detail, and shown to have superior sensitivity compared to parametric or non-parametric tests at voxel level [33]. In short, we are confident in the validity and sensitivity of the innovative image analytic methods deployed here to demonstrate age- and drug-related changes in fMRI time series. However, the time series are not long, at least by electrophysiological standards, and the sample size is modest. Both factors might be expected to impact on the power of the experiment to refute the null hypothesis. So although the medial temporal lobe clearly appears to be the locus of the most salient effects in these data, it is plausible that a more powerful study, involving longer time series acquired from more subjects, might demonstrate additional loci of age and drug effects outside the medial temporal lobe and cerebellum. Finally, two possible confounds need to be considered in interpretation of these results. First, changes in local hemodynamics and inter-regional coherence could be determined by age-related atrophy of grey matter in hippocampus and frontal cortex. Our preferred interpretation, in terms of age-related change in ascending cholinergic innervation, is supported by the close parallels shown here between the effects of age and scopolamine on hippocampal function. However, the possibility of functional changes driven by senescent atrophy could be addressed in future by combined analysis of structural and functional MRI data from young and old samples. Second, scopolamine has effects on systemic cardiovascular param-
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eters (pulse, blood pressure) which could be more severe in elderly subjects, and these systemic vascular effects might be expected to modulate properties of resting state BOLD data. We suggest systemic effects will need to be monitored more closely in future studies but they seem unlikely a priori to explain our observations, which are localized quite specifically to hippocampus, mimicked by effects of age, and evident at low frequencies compared to the likely frequency interval of aliased cardiac pulsation. 4.6. Implications for future research Pathophysiological change in fractal dynamics and functional coherence of brain regions could be relevant to many CNS disorders and their pharmacological treatment. Noncognitive strategies for human pharmacological MRI are potentially interesting because they facilitate the investigation of unconscious or cognitively disabled patients, who would be unable to co-operate effectively with standard activation paradigms. They could also provide a useful biomarker for translational research in drug development, linked to directly comparable resting state fMRI studies in small animal models.
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