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Emotional task-dependent low-frequency fluctuations and
methylphenidate: Wavelet scaling analysis of 1/f-type
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Abstract

Ion channel currents, neural firing patterns, and brain BOLD signals display 1/f-type fluctuations or fractal properties in time. By design,
fMRI methods attempt to minimize the contribution of variance from low-frequency physiological 1/f-noise. New fMRI methods are described to
visualize and measure 1/f-type BOLD fluctuations in volunteers recalling affectively neutral or emotional memories or meditating (i.e., attending
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o breathing) then retrospectively rating emotional content. A wavelet scaling exponent (α) was used to characterize signals from 0.01562
.5 Hz in cerebellar lobules VIII to X of the vermis (posterior inferior vermis; PIV), a region coordinating balance, eye tracking, locomo
ascular tone, and a possible site of pathology in attention deficit hyperactivity disorder (ADHD).
esults: Changes inα and emotional measures were correlated in PIV voxels (r = 0.622, d.f. = 14,P < 0.0005), but not other regions examined
ontrast, conventional means and standard deviations of PIV voxels were unchanged. Methylphenidate, shown to decrease slow oscillat
asal ganglia [Ruskin DN, Bergstrom DA, Shenker A, Freeman LE, Baek D, Walters JR. Drugs used in the treatment of attention-deficit/hy
isorder affect postsynaptic firing rate and oscillation without preferential dopamine autoreceptor action. Biol Psychiatry 2001;49
bolished task-dependentα changes in the PIV of an adult with ADHD. Wavelet analysis of long BOLD time series appears well suited to
hysiology and studies of pharmacologically modulated cerebellar–thalamic–cortical function in ADHD or other psychiatric disorders.
2005 Elsevier B.V. All rights reserved.
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. Introduction

There is a growing interest in the role of low-frequency
0.01–0.1 Hz) fluctuations in brain hemodynamics (Obrig et al.,
000; Biswal et al., 1995, 1996, 1997; Biswal and Ulmer, 1999),
EG (Freeman et al., 2003; Linkenkaer-Hansen et al., 2001,
004; Stam and de Bruin, 2004) and neural firing rates from

he basal ganglia, cerebellum and frontal lobes (Allers et al.,
002; Ruskin et al., 1999; Walters et al., 2001) during percep-

ion (Billock, 2000; Billock et al., 2001; Mitina and Abraham,
003; Rainer and Miller, 2000; Takehara et al., 2002; Zhou et al.,
004), sensorimotor integration (Miyazaki et al., 2004; Wing et
l., 2004) and behavioral state change (Anderson et al., 1993,
999; Anderson, 2000; Poupard et al., 2001). Dopamine (DA)
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agonists and antagonists, particularly stimulants employ
treat psychiatric disorders such as attention deficit hyperac
disorder (ADHD), have been observed to modulate mult
ond fluctuations in neural firing in the basal ganglia (Honey and
Bullmore, 2004; Li et al., 2000; Ruskin et al., 1999, 2001, 20)
and possibly the cerebellum (Walters et al., 2001). Ruskin et al
(1999)observed that basal ganglia regions, including cau
(Cu), putamen (Pu), globus pallidus (GP) and substantia
pars reticulata (SNpr), show DA agonist-induced modula
of mean firing rate, oscillatory period, and internuclear p
relationships over periods of 2–60 s, mediated by the ipsila
subthalamic nucleus (STN). DA agonists can increase reg
ity and correlations in cell firing in the basal ganglia and nar
the range of oscillatory fluctuations (Ruskin et al., 2000, 200)
or reduce low-frequency BOLD oscillations in cortex (Li et al.,
2000). Ruskin et al. (2003)observed that unilateral lesions
the STN blocked DA agonist effects ipsilaterally, but did
eliminate slow firing rate fluctuations, suggesting a possible

165-0270/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2005.09.020
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gin for oscillations in basal ganglia cerebellar–thalamic–cortical
efferents (Hilker et al., 2004; Houk et al., 1996; Kimura et al.,
2004; Nagao, 2004; Stein and Aziz, 1999; Yamamoto et al.,
2004). The method reported here, along with other recent work
(Priori et al., 2004; Magill et al., 2004), reinforces the view that
low-frequency oscillations in neuronal activity, metabolism, and
hemodynamics are strongly influenced by the dynamics of brain
stem monoamines (Mandell and Selz, 1993; Selz and Mandell,
1991).

Over the past decade, physiological fluctuations observed in
BOLD fMRI experiments (Biswal et al., 1995) have gained new
recognition as a possible source of brain state-dependent sig-
nals (Anderson, 1997, 2001; Anderson et al., 2002a,b; Maas
et al., 1997a) rather than merely being unwanted physiological
“colored” noise to be “whitened” (Bullmore et al., 1996, 2001,
2003; Fadili and Bullmore, 2002, 2004; Muller et al., 2003).
Slow BOLD fluctuations at 0.1 Hz or lower frequencies can be
described as “fractal in time” and are characterized by a 1/f-
type spectrum (Bullmore et al., 2001, 2003). Fluctuations of
neurobiological processes across many levels of brain function
from ion channel current flows to global EEG display a 1/f-
type spectrum (Anderson, 2000; Anderson and Mandell, 1996;
Bieberich, 2002; Gisiger, 2001; Musha, 1981). Neurobiological
1/f-type fluctuations are characterized by long-range correla-
tions, or persistent (Hurst parameter > 1/2) fluctuations; these
are mathematically isomorphic descriptions (Bassingthwaighte
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tical problems inherent in estimating hemodynamic responses
to time-varying stimuli against slowly varying background fluc-
tuations.

Wavelet analysis is indeed superb for separating experimental
effect from physiological variation, asBullmore et al. (2001)
have pointed out. We take a complementary approach, proposing
that multiscale physiological variation contains useful and valid
information and is not merely noise. Rather than using wavelet
analysis to remove the effects of physiological fluctuations in the
fMRI data, we employ wavelet transforms to study the state- or
drug-dependent characteristics of the fluctuations themselves.

2. Materials and methods

2.1. Subjects and procedures

Four volunteers, three males (one with ADHD) and one
female, served as subjects in this study, which was approved by
the McLean Hospital Institutional Review Board (seeTable 1for
subject information). All images were collected on a 1.5-T mag-
netic resonance scanner (Echospeed, General Electric Medical
Systems, Milwaukee, WI) equipped with a whole-body, resonant
gradient set and a quadrature RF head coil (Ultracoil Head Coil,
Pathway Medical Technologies, Redman, WA). Three or four
sets of 640 T2* weighted images (gradient echo, TE = 40 ms,
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t al., 1994; Lowen and Teich, 2005; Thurner et al., 19).
ecently, 1/f fluctuations have also been observed in a
rray of human experimental paradigms (Gilden, 2001; but see
agenmakers et al., 2004), and there are indications that th

uctuations are also influenced by the motor or perceptual ta
y shifts in attention (Anderson and Mandell, 1996; Jeong et
998; Wing et al., 2004). The growing literature reports of co
itive and brain 1/f-type fluctuations argues for the developm
f new methodological approaches to assess then in BOLD
xperiments. We report here methods for the study of beha
tate-dependent and pharmacological manipulations of 1/f
uations in long-term BOLD MRI image sequences.

There are several reasons to explore new analytical met
uch as wavelet analysis, to study 1/f-type BOLD fluctuati
raditional Fourier analysis of these 1/f-type noise proce
ften proves problematic (Mandelbrot, 1999; Ward, 2002), par-

icularly in fMRI (Bullmore et al., 2003). Such signals typicall
xhibit baseline shifts or trends, which can confound clas
ourier techniques. Removal of these putative trends pri
ourier analysis often results in the distortion of the prim
ignal of interest along with the trend. Wavelet analysis, in
rast, employs basis functions that are by construction insen
o shifts and, with few exceptions, insensitive to trends.
hermore, wavelet basis functions at different frequencie
cales share the same shape, making them ideal for the
is of fractal signals, which contain statistically similar patte
n different time scales. In contrast, basis functions in Fo
nalysis all have different shapes. Despite long-term correl

n the time domain of the signal under study, wavelet tr
orms yield coefficients that do not exhibit significant correla
Lowen and Teich, 2005). This effectively eliminates the stat
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R = 1000 ms, flip angle = 66, thickness = 5 mm, skip = 0; in
lane resolution = 3.125 mm× 3.125 mm)] were collected

hree axial planes through the eyes, anterior temporal lobe
erebellum (Lobules VI–VIII) of each subject. Images for
hree sets were corrected for in-plane frame-to-frame m
ith the DART registration algorithm (Maas et al., 1997b).
efore entering the scanner each volunteer was instructed
equence, (1) recall an emotionally neutral memory, (2) rec
motionally intense memory (i.e., argument with a loved o
nd (3) relax and focus on their breathing (no memory).
ubjects were instructed to keep their eyes open, and to
ize movements. One male subject with a clinical diagnos
DHD, off medication for 24 h prior to scanning, underw
second set of scans (the same emotional states in the

rder) 20 min following ingestion of a prescribed dose of M
10 mg) while supine. Subjects rated emotions experienced
one = 0 to extreme = 4 during each condition using an ab
iated profile of mood state (POMS; 1975 version, Educati
nd Industrial Testing Service, San Diego, CA 92107) for e
ondition shortly after leaving the scanner. Eight possible e
ional responses were measured (anxiety, tension, ange
ess, hopelessness, panic, nervousness, and guilt) and su
y subject and task (seeTable 2).

able 1
ubject characteristics

ubject Sex Age (years) Weight (k

M 40 75
F 28 54
M 37 77
M 30 82
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Table 2
Total profile of mood states (POMS) scores collected post-scan from all subjects

Subject Neutral Emotional Meditation

1 2 8 0
2 4 10 7
3 0 4 0
4 0 4 0
1B 3 8 0
1P 1 4 0

2.2. Fractal exponents

For each of the (64× 64× 3 or 4; x, y, slices) voxels, the
corresponding voxel time series s(n) was extracted from each
fMRI data set (seeFig. 1A). From s(n) the mean and variance
were calculated. The results from subject 1 form columns A and
B in Fig. 2, respectively. Nexts(n) was convolved with a Haar
wavelet (seeFig. 1B) of scale 2, generating a wavelet transform
at that scale. The variance of the transform (in contrast to the
variance of the original voxel time series) was obtained. The
process was performed for each voxel and for each fMRI data
set at scales of 2, 4, 8, 16, 32, and 64. An image of the wavelet
variance at a scale of 64 appears as column C inFig. 2. Finally,
the six wavelet transform variances for each voxel time series
were fit to a straight line on a log–log plot, yielding a wavelet
fractal exponentα for each voxel (seeFig. 1C). The exponent
was mapped to a color, ranging from red for +2.00 to blue for

Fig. 2. For each voxel in the time seriess(n) the mean (A) and variance (B) were
calculated for the neutral memory (N), emotional memory (E) and meditation
(M) tasks for a single inferior slice. Column (C) is the variance of the convolution
of s(n) with a Haar wavelet of scale 64. Column (D) are exponent color maps
of derived exponentsα from the log–log linear fit of six wavelet-transformed
variances for scales 2, 4, 8, 16, 32, and 64 at each voxels(n). Exponents were
averaged{α} for each 4× 4 ROI (indicated by the white box in column D) on the
lower slice encompassing the posterior inferior vermis. Significant slope changes
were observed for the neutral vs. emotional memory (two-tailed,* P = 0.043) and
emotional memory vs. meditation (two-tailed,##P = 0.0028) 11 min tasks.

−1.00. Voxels for which the variance did not exceed 46 were
deemed to have insufficient signal to yield accurate results, and
were set to black. Similarly, voxels for which the residual error
exceed 1/36 of the average wavelet variance after the linear fit
were also rejected and set to black. (The values 46 and 1/36
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ig. 1. (A) Plot of the intensity (arbitrary units) of a representative cerebel
f translated and dilated Harr wavelet functions at different scales, which
ransform variances vs. six wavelet scales for the voxel time series in (A) and a
ime series were computed from the linear fit to the log–log plot (αbrain= 0.737, in
nalogy to other complex systems (see Section4), an exponentα > 0.5 for the cerebe
uring this behavioral state among observed neuronal fluctuations at six time
oise-induced fluctuations in a phantom voxel, indicating significantly fewer lo
xel time series from subject 1 with a TR = 1 s over 640 s ofmeditation. (B) Illustration
equentially convolved with the voxel time series. (C) A log–log plotof the six wavele
phantom time series (not shown previously). Wavelet fractal exponentsα for a given
tercept = 121.781,r = 0.977;αphantom= 0.061, intercept = 98.176,r = 0.27). By
llum signifies a scaling relationship, characteristically long-range and persistent,

scales. On the contrary, an exponentα = 0.061 was computed for potential instrument
ng-range correlations at these timescales.
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were obtained empirically). This procedure resulted inα maps
displayed in column D ofFig. 2. For the first three columns in
Fig. 2, monotonically increasing transforms similar to histogram
equalization were applied to the data just before generating the
images shown, in order to improve visibility.

2.3. Statistical methods

A variety of methods exist for determining whether two dis-
tributions differ in mean, median, or other centering measure.
Parametric methods depend on the distribution having a partic-
ular form, generally Gaussian or normal. The data shown here,
like many physiological data, do not follow a Gaussian form
(Bassingthwaighte et al., 1994; Lowen and Teich, 2005). We
therefore employed a non-parametric statistical method: receiver
operating characteristic area or ROC (Swets, 1988), functionally
equivalent to the Mann–WhitneyU-test or Wilcoxon rank-sum
test. We define a region of interest (ROI) for two conditions.
We then gradually increase a threshold from negative infinity to
positive infinity. For each threshold value we plot a point (x, y)
wherex (respectively,y) is the proportion of values in the first
(respectively, second) ROI below the threshold. All curves gen-
erated by this procedure start at (0, 0), increase monotonically,
and end at (1, 1). For perfect separation the curves pass through
the point (0, 1) and have unit area; interchanging the ROIs yields
a area.
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Fig. 4. Matched T1 slices (left) for the ROC color significance maps (right) of
the emotional memory (E) vs. meditation (M) contrast for all subjects. Subjects
1, 2 and 1B have higher POMS score totals for the emotional memory task, than
did subjects 3, 4 and 1P (seeTable 2). The approximate location of the sampled
ROI is indicated by the black box in the first column of T1 weighted images and
white box in the first column of significance maps.

Fig. 5. Illustration of the dramatic reduction of ROC significance for the neutral
(N) vs. emotional memory (E) contrasts at 40 min post methylphenidate inges-
tion (bottom) compared with high ROC significance for the same contrast during
the unmedicated baseline state (top). The approximate location of the sampled
ROI is indicated by a white box in the first column of significance maps.

hood of that pixel formed one ROI, while the corresponding
neighborhood in the row directly below (or at the top, for the
last row) formed the other ROI. The corresponding bonferroni-
corrected significance from the ROC test appears in the same
location inFig. 3. TheP-value ranged from 1.0, corresponding
to an ROC area of 0.5 and no statistical significance (displayed
as blue) to 3. 5× 10−12 corresponding to an ROC area of 0.0
or 1.0 and maximum statistical significance (displayed as red).
Fig. 4 show this significance for all subjects and slices while
Fig. 5 depicts the emotional-meditation ROC comparison of
fractal exponents in an ADHD subject at baseline and following
oral methylphenidate.

3. Results

The algorithms implemented in “C” take less than 5 min per
subject to complete motion correction, wavelet exponent fits
and ROC analysis on a dual processor 2 GHz personal com-
puter. For subject 1 recall of emotional memories elicited a
post-scan score of 8 on the POMS scale, higher than for either
neutral memory or meditation (seeTable 2). The average wavelet
curve that passes through the point (1, 0) and has zero
f the data from the two ROIs are indistinguishable, the c
ill follow the line y = x and have an area of 0.5. For a giv
umber of voxels in the two ROIs, and the difference betw

he resulting curve area and 0.5, a significance value eme
Fig. 3displays the significance values computed directly f

ig. 2, columns A–D. For each pixel inFig. 1a 7× 7 neighbor

ig. 3. Receiver operating characteristic (ROC) area significance maps fo
arisons of each pixel in the neutral (N) vs. emotional (E) tasks; E vs. medi
M) tasks; or M vs. N tasks; mean (A), variance (B), Haar wavelet of sca
C) or exponent color maps (D) given for a single slice inFig. 1. For each pixe
n a task image, a 7× 7 neighborhood of that pixel formed an ROI (indicated
hite box) that was compared with a corresponding ROI in the contrasting
he bonferroni-corrected difference in ROC curve area for two ROI’s comb
ith the total number of voxels result in significance values that ranged fro

blue) to 3.5× 10−11 (red). Significant changes in average slope for the pos
nferior vermis ROI (seeFig. 1) are visually apparent here for the E vs. M a

vs. N comparisons. Significant changes of higher magnitude in other re
uch as the right cerebellar hemisphere (RCH) and basilar pons (BP) a
vident.
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Table 3
Average wavelet exponent{α}± standard error by subject and task for a 4× 4
ROI centered on the poster inferior vermis (1B = subject 1 baseline; 1P = subject
1 post oral MPH)

Subject Neutral Emotional Meditation

1 0.124± 0.001* 0.055± 0.000## 0.160± 0.001
2 0.044± 0.001 0.023± 0.001# 0.128± 0.001
3 0.097± 0.001 0.097± 0.001 0.154± 0.002
4 0.236± 0.003 0.183± 0.001 0.273± 0.003
1B 0.325± 0.003*** 0.084± 0.001#### 0.503± 0.005
1P 0.148± 0.001 0.138± 0.002 0.332± 0.004†

Statistical significance for ROC comparisons of{α}.
* Neutral vs. Emotional:P < 0.05.

*** Neutral vs. Emotional:P < 0.001.
# Emotional vs. Meditation:P < 0.05.

## Emotional vs. Meditation:P < 0.01.
####Emotional vs. Meditation:P < 0.0001.
† Meditation vs. Neutral:P < 0.05.

exponent{α}, for a 4× 4 voxel ROI centered on the poste-
rior inferior vermis (see boxFig. 2D) underwent a change
from fluctuations with 1/fα spectrum, with{α}= 0.124 dur-
ing the recall of neutral memories over 10 min to{α}= 0.055,
over the next consecutive 10 min recalling emotional memo-
ries. During the last 10 min (meditation), the spectral form of
BOLD fluctuations was characterized by{α}= 0.160. Fluc-
tuations occurring during the emotional task when compared
with the corresponding regions during the meditation task were
accompanied by an increase in the ROC significance for larg
regions of the slice, principally in the right cerebellar hemisphere
(RCH; seeFig. 2D).

Results for subject 2 further support the association of ele
vated post-scan POMS scores of emotional experience (se
Table 2) with a similar increase in the spectral slope of{α}
and in ROC significance for large regions of several slices, pre
dominately temporal lobe regions (seeFig. 4). For {α} in a
4× 4 ROI positioned over the right temporal lobe all tasks were
significantly different using a two-tailed contrast (N versus E:
P < 0.05; E versus M:P < 0.00001; M versus N:P < 0.01). In
contrast, subjects 3 and 4 had substantially lower POMS rat
ings of emotional response, consistent with little change in{α}
(seeTable 3) or the ROC statistic across the slices examined
(seeFig. 4). However, A 4× 4 ROI positioned over the basi-
lar pons in subjects 3 and 4 did detect significant change in th
neutral versus meditation tasks (subject 3,P = 0.0006; subject
4 ts, a
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4. Discussion

We report a novel and sensitive fMRI method to observe
and compare state-dependent 1/f–type low-frequency fluctua-
tions. The method utilized long (11-min), continuous sequences
of images for processing, which were much longer than both
the 10–60 s blocks typically used in standard fMRI experiments
and the data sets studied with other wavelet processing meth-
ods (Basar et al., 1999; Brammer, 1998; Breakspear et al., 2004;
Bullmore et al., 2001, 2003, 2004; Fadili and Bullmore, 2002,
2004; Long et al., 2004; Muller et al., 2003; Ruttimann et al.,
1998; Shimizu et al., 2004; von Tscharner and Thulborn, 2001).
As such, it is doubtful that subjects would remain in a single
stationary mental state for the entire scan period. In fact, all sub-
jects prior to scanning were asked to think of several memories
to recall during the task to attempt to maintain a “steady-state”
of mental activity during the task condition. Also, the order
of tasks was not randomized, the antithesis of standard linear
and autoregressive models used for statistical analysis of fMRI
data (Bandettini et al., 1993; Bullmore et al., 1996; Locascio et
al., 1997; Worsley et al., 2002). A consensus is emerging that
the long memory or 1/f-type fluctuation characteristics of fMRI
time series originates in the fractal nature of brain physiology
(Anderson, 2000, 1997, 1998; Anderson et al., 1999; Bullmore
et al., 2003), which is the current focus of our methodologi-
cal development (Illustrated inFig. 1C). In contradistinction to
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, P = 0.002). When the PIV was examined over all subjec
orrelation between the change inα and total POMS score wi
ask was significant (r = 0.622, d.f. = 14,P < 0.0005).

Scans for ADHD subject 1 were repeated 2 years follow
nitial test, with and without MPH. A similar change in{α}
nd ROC statistic for the emotional task versus meditation
licited (seeTable 3) for the two medication-free scans, t
ears apart (seeFig. 4). However, ingestion of MPH abolish
ask-evoked changes inα and the ROC statistic over all con
ions of the task with one exception, meditation versus ne
emory, whereα remained relatively large regardless of M

seeTable 3andFig. 5).
e
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ullmore et al. (2003), who place emphasis on the decorre
ng properties of the discrete wavelet transform to render
eries “white,” the goal of the current fMRI methodology is
ccurately sample 1/f-type fluctuations during the task. In

ramework, these fluctuations can be optimally analyzed
isualized using one wavelet transform per data set, index
single slope, the wavelet exponentα.
Color maps ofα condense temporal information in the s

ial context of the slice, allowing an overview of relatio
mong brain regions. Furthermore, nonparametric ROC
sis enables pixel-wise comparison of changes inα over similar
lices and structures following conditions that involve emoti
r pharmacological manipulations.

In general, there are a number of possible scan arti
uch as scanner stability, which can limit the applicatio
his method. In addition, we did not extensively characteriz
nfluence of low-frequency subject motion artifacts, or resp
ion and blood pulsations and their possible impact on me
ensitivity (Eke et al., 2000). Translation and rotational mov
ent was removed by the DART algorithm (Maas et al., 19
hich is ideally suited to correct these types of motion in the

ime series that we collected. How slow, out of plane mo
ay influenceα is currently unclear. Subject factors, such

atigue, habituation, weight, age, drug status, and neurolo
esions could also substantially influence our particular, an

ore general, application of this methodology. All of these
erns, however, were diminished by the robust emotiona
harmacological nature of the regionally selective, fractal

ng of BOLD fluctuations that we observed. However, all th
otential confounds would impart similar effects on all vo

ime series; it is extremely unlikely that these sources of ar
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would alter time series in so widely differing ways as to yield
different fractal exponents across different voxels.

In this preliminary study, using a single wavelet scaling expo-
nentα to succinctly summarize the contributions of fluctuations
over a range of time scales, we observed an apparently robust
correspondence between changes in 1/fα BOLD fluctuations
in brain regions and post-scan subjective ratings of emotional
experience in four subjects, one with a diagnosis of ADHD.
Also, in the subject with ADHD, oral MPH was observed to
substantially reduce ROC significance for fluctuations associ-
ated with the recall of an emotional experience in the PIV (see
Fig. 5). This observation is concordant with findings byRuskin
et al. (1999), who observed a similar reduction in multisecond
oscillations of neural firing rates in the SNpc and GP follow-
ing MPH, using Morlet wavelets.Walters et al. (2001)have
previously reported multisecond oscillations in the rodent cere-
bellum: however, these oscillations were not consistently altered
by the DA agonist apomorphine. Our midline ROI encompassed
the PIV: a region rich in the dopamine transporter-IR in the pri-
mate (Melchitzsky and Lewis, 2000) and [C11]altropane binding
“hotspots” in adult human PIV (Anderson et al., 2005). Recently,
we have observed rate-dependent alterations of T2 relaxation
times (T2-RT) in the vermis of ADHD children who were treated
with different pre-scan doses of MPH (Anderson et al., 2002a)
and PIV T2-RT in normal adults receiving MPH during scanning
(2002b). Also, emotional behavior and aggression in ADHD
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and indirect pathways of the striatum (Graybiel and Kubota,
2003).Mandell and Selz (1993)proposed that observed dynamic
information state ranges of bursting brain stem biogenic amine
projection neurons (Selz and Mandell, 1991) are reflected in
global cortical oscillations, imparting coherence to the EEG, and
thus, to behavioral states. The emotional- and pharmacological-
state directed shifts in the fractal scaling of midline cerebellar
BOLD fluctuations we have observed could impinge on and cou-
ple with monoamine fractal clustering mechanisms proposed
by Mandell and Selz (1993), by way of fastigio-intralaminar,
-PPN, -VTA, -SN, -locus ceruleus, or -rapha influences, mani-
festing spike sequences in global behavioral 1/f-type fluctuations
in autonomic, attentional and intentional time series.

The PIV is a multifunctional cerebellar region, evolutionarily
enlarged in predatory mammals to facilitate rapid shifts of senso-
rimotor coupling during the tracking and pursuit of prey in both
quadrupeds and sea mammals (Paulin, 1993, 1997; Guillaume
et al., 2000). In humans its additional roles include: coordinat-
ing balance, breathing, eye tracking, locomotion and vascular
tone, especially during the supreme evolutionary challenges of
bipedal motion and language production. It has not escaped our
notice that many of the behaviors coordinated in whole or in
part by the PIV also have long-range power-law scaling charac-
teristics with 1/f-type fluctuations (e.g., walking; standing; eye
movements; blood flow; breathing; sleep states; language:Aks
et al., 2002; Anderson et al., 1998; Bassingthwaighte et al., 1994;
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d arrier
w ich
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p ace,
m cilla-
t tion,
nd fragile X children, both disorders with possible PIV pat
gy, is dose-dependently modulated by MPH (Casat et al., 1995
agerman, 2002; Klein et al., 1997).
The cerebellum, particularly the midline regions, co

otentially play a lead role in directing motor system osc
ions (Mori et al., 2004a,b, 2000; Yamamoto et al., 2004). By
ay of fastigial projections to intralaminar thalamus (Okumura
t al., 2001; Gonzaloruiz and Leichnetz, 1990; Larsell et
972; Melik-Musyan and Fanardjyan, 1998), and pedunculo
ontine tegmental nucleus (PPN;Hazrati and Parent, 1992),

he vermis could provide behavioral state-dependent mo
ion of a critical gaiting region for BG, STN, and PPN (Kimura
t al., 2004). The PPN issues collaterals back to the fast
ucleus (Ruggiero et al., 1997) and is thought to be critical

he effects of fastigial electrical stimulation-evoked cerebro
ular waves coupled with EEG desynchronization (Fadiga et al.
968; Golanov et al., 2000; Paton et al., 1991).

The midline cerebellum also projects medial-to-lateral ac
opamine cell body zones (Ikai et al., 1992, 1994; Snider et a
976; Snider and Snider, 1982; Tellerman et al., 1979), possibly
ynchronizing DA bursting in parallel with efferents from
PN (Capozzo et al., 2003; Lokwan et al., 1999) which might

arget DA release via temporal “T-zip codes” to overlapp
nd interdigitating striato-nigro-striatal BG loop system c
artments (Haber, 2003). These compartments are defined

arge cholinergic striatal interneurons called tonically active
ons or TANs (Graybiel and Kubota, 2003), which establish
nique T-zip code and a narrow range of time scales (Cromwell
nd Schultz, 2003) defined by IL and limbic input (Eblen and
raybiel, 1995). TANs appear to lie at striosome-matrix b
ers, where sensorimotor associations gives rise to the
-

t

uarte and Zatsiorsky, 2000, 2001; Hausdorff et al., 2001;
l., 2004; Voss and Clarke, 1975). In particular, the vermis ha
n interesting and enigmatic role in emotional expression
otor coordination. For example, surgical lesions of the
erformed in the course of removal of fourth ventricle tum

requently render children and adults mute for a time follow
ecovery from surgery (Ildan et al., 2002; Schmahmann, 20
teinlin et al., 2003). After recovery and the return of spee

he porosity or emotional tone of the speech is lost, and chi
ften also lose emotional coordination (Levisohn et al., 2000
iva and Giorgi, 2000). Schizophrenia and autism, both psyc
tric conditions associated with various forms of midline c
ellar pathology (Heath et al., 1982; Deicken et al., 2001), are
lso associated with defects in the perception and transmiss
motional information (Ornitz, 1970; Schmahmann, 2000). Our
nding of a significant correlation between changes in emot
tate and wavelet exponent unique to PIV supports an obs
ion by Shaffer (1981; cited inWing et al., 2004) that emotion
re expressed by intended variations in movement timing
ocal porosity; musical production; dance:Juslin and Laukka
003; Madison, 2000; Manaris et al., 2003) aspects of whic
isplay power-laws (Tuller et al., 1997; Voss and Clarke, 197).

s 1/f-type emotional-motor production variability perceiv
Bhattacharya et al., 2001, Jeong et al., 1998) and if so, then
oes it serve the brain as a neurobiological broad-band c
ave (Lowen et al., 1997, 1999; Teich and Lowen, 1994; Te
t al., 1996) for the reception, translation and retransmissio
motional experience (Jeong et al., 1998)? Perhaps the PIV is
sychologically critical neurodynamic sensory-motor interf
odulating and demodulating brain stem carrier wave os

ions, to be expressed in the coordination of attention, inten
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emotional, motor control, and the observed power-law varia-
tion in motor production. Our results would be consistent with
emotional and pharmacological modulation of a low-frequency
cerebellar carrier wave.

ADHD is also associated with defects in the PIV (Berquin
et al., 1998; Castellanos et al., 2001; Bussing et al., 2002) and
with difficulties in emotional and physical coordination, balance,
hyperactivity and language processing. Many of these defects
are ameliorated or eliminated by oral treatment with MPH. We
observed that low-frequency oscillations are more extensive in
the cerebellum before medication and that, following MPH, the
oscillations are greatly diminished in this region. The ROC sig-
nificance of differences between the baseline and emotional, and
emotional and meditation tasks were substantial for the ADHD
subject without MPH during both baseline scans, which were
two years apart. However, these differences, except for medi-
tation, were completely disrupted by MPH. This may indicate
that the PIV, for the reasons discussed above, is a focal site of
MPH action and that meditation, as a form of self-initiated inter-
nal biofeedback, can potently augment{α} despite the action of
MPH. Other ADHD subjects will need to be tested to replicate
and extend these observations with this methodology. Additional
measures such as baseline activity, the morphology and vol-
ume of the PIV and other brain regions, diagnosis, and PIV
[C11]altropane binding density could be useful as covariates.
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