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ractal  analysis  reveals  subclasses  of  neurons  and  suggests  an
xplanation  of  their  spontaneous  activity
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 i g  h  l  i  g  h  t  s

Dynamics  of  single  neurons  in  an  anesthetized  animal  model  were  analyzed  via fractal  methods.
Detrended  fluctuation  analysis  (DFA),  a kind  of fractal  analysis,  was  utilized  to bolster  the  case  for two  subclasses  of mitral  cells.
Fractal  methods  (DFA)  captured  differences  in  dynamics  at longer  time  scales  between  two  groups  of neurons;  a difference  not  revealed  by  standard
statistical  methods.
One  group  of neurons  demonstrated  dynamics  in  the  1/f  spectrum.
Self-organized  criticality  is  one  explanation  of  dynamics  that  fall  within  the  1/f  spectrum,  and  is  thus  a  potential  mechanism  driving the  spontaneous
activity  of particular  classes  of neurons.
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a  b  s  t  r  a  c  t

The  present  work  used  fractal time  series  analysis  (detrended  fluctuation  analysis;  DFA)  to  examine  the
spontaneous  activity  of single  neurons  in  an anesthetized  animal  model,  specifically,  the  mitral  cells  in
the rat  main  olfactory  bulb. DFA  bolstered  previous  research  in  suggesting  two  subclasses  of  mitral  cells.
Although  there  was  no difference  in  the  fractal  scaling  of  the  interspike  interval  series at  the  shorter
timescales,  there  was  a significant  difference  at longer  timescales.  Neurons  in Group  B exhibited  fractal,
power-law  scaled  interspike  intervals,  whereas  neurons  in  Group  A exhibited  random  variation.  These
results  raise  questions  about  the  role  of  these  different  cells  within  the olfactory  bulb  and  potential
explanations  of their  dynamics.  Specifically,  self-organized  criticality  has  been  proposed  as  an  explanation
of fractal  scaling  in  many  natural  systems,  including  neural  systems.  However,  this  theory  is based  on
lfactory bulb
elf-organized criticality
pontaneous activity

certain  assumptions  that  do  not  clearly  hold  in  the case  of spontaneous  neural  activity,  which  likely
reflects  intrinsic  cell  dynamics  rather  than  activity  driven  by  external  stimulation.  Moreover,  it  is unclear
how  self-organized  criticality  might  account  for the  random  dynamics  observed  in  Group  A,  and  how
these random  dynamics  might  serve  some  functional  role  when  embedded  in  the typical  activity  of  the
olfactory  bulb.  These  theoretical  considerations  provide  direction  for  additional  experimental  work.
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1. Introduction
It is easy to think that what matters most about neurons is how
they respond to stimulation and whether or not they produce action
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ig. 1. Examples from recordings of the two classes of mitral cells, labeled A and B
lots  below on the left show the mean rate of activity in spikes/s. The plots on the rig
rom  [45].

otentials. Such a conception suggests neurons function as simple
n-off switches that change their state in response to inputs from
ther neurons. However, there is increasing evidence that such
odels (e.g., integrate-and-fire models) do not accurately describe

eal neurons [1,2]. Neurons are better understood as complex sys-
ems unto themselves that can exhibit dynamics that are nonlinear
3,4], stochastic [5], and subject to strong contextual effects [6]. As

 complex system unto itself, a single neuron has its own  dynamics
eparate from those evoked by external stimulation. These intrin-
ic dynamics can be referred to as the “spontaneous activity” of a
euron. Spontaneous activity in neurons has previously been con-
idered unstructured and uncorrelated noise [7]. Contrary to this
iew, recent work has begun to provide evidence that spontaneous
ctivity is not merely random noise [8], but is revealing of the
nherent complex dynamics of neurons [9,10].
Research on the complexity of brain dynamics has tended to
ocus on how information propagates across large networks of neu-
ons. Specifically, several studies have suggested that the brain
ends to be organized near a critical state, wherein activity spreads
e top of each set of plots, is a short sample of spontaneous action potentials. The
esent interspike interval (ISI) histograms for each cell. Reproduced with permission

in coherent “avalanches” of activity [11–14]. Theoretically, this
organization is optimal for information transmission and process-
ing, as the activity neither expires quickly nor spreads too widely
across the network [15,16]. There are several biologically-plausible
models of how the brain might self-organize to this critical state
[17,18] without intervention by external forces or agents, involving
only relatively simple rewiring rules, changes in synaptic effi-
cacy, or a balance of excitatory and inhibitory connections [19–23].
Importantly, networks in this critical state show fractal dynam-
ics, in which the avalanches have no one characteristic scale, but
instead obey power-law scaling relations [24,25]. ‘Fractal scaling’
refers to a self-similar, scale invariant relationship between the
fluctuation sizes in a system (i.e., avalanches) and how often fluctu-
ations of that size occur, so that fluctuations across all scales show
the same basic pattern (i.e., size-frequency relationship) [25–27].
This kind of fractal scaling, sometimes called “pink noise”, has
been discovered in a range of behavioral, physical, and physiolog-
ical data, including earthquakes [28], heartbeats [29], and human
reaction times [30]. In nature, such scaling appears to be more the
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ule than the exception [31]. In neurological signals, fractal scal-
ng seems to pervade every level of organization, from ion channel
ehavior to whole brain activity [32–36]. At the level of individ-
al neurons, fractal scaling exists in the spike rate or interspike

nterval series, with fluctuations in the firing rate of the neuron
beying a power-law relation. However, it is true that such sys-
ems do not display fractal scaling at all times, and that deviations
rom fractal scaling can have important implications concerning
he function and health of the system [37,38]. For instance, fractal
nalyses can reveal differences in heartbeat dynamics of people
ith congestive heart failure [39], reaction times during condi-

ions of increased uncertainty [40], sex differences in brain matter
nd dyslexia [41,42], and brain activity during different sleep cycle
hases [43]. Thus, studying such deviations can provide insight into
he relationship between the functional organization of the system
nd the resulting dynamics [30].

The present work applies fractal analysis to the spontaneous
ctivity of single neurons in an anesthetized animal model; specif-
cally, mitral cells located in the rat main olfactory bulb. Previous
esearch suggests that spontaneous activity could be inherent to
he cells themselves, rather than driven by centrifugal inputs to
he bulb or by activity in receptor neurons [44]. Other research has
rovided physiological evidence for the existence of two classes of
itral cells [45], suggesting that different kinds of cells might serve

ifferent functional roles within the bulb. This past work identi-
ed these two classes of cells based on summary statistics of the
ariability in their spiking activity, though they might also be dis-
inguished by their dynamics. Even to the untrained eye, the time
eries and distributions displayed in Fig. 1 suggest different pat-
erns of variation. We  submitted the data from this earlier study
45] to fractal analysis, both to bolster the case for two subclasses
f mitral cells and to point the way to an account of the intrinsic
ynamics that drive their spontaneous activity.

. Materials and methods

We  utilized detrended fluctuation analysis (DFA) [34] to ana-
yze a previously published data set concerning the spontaneous
ctivity of two different subclasses of mitral cells in the main olfac-
ory blub of rats [45]. This data set had previously been analyzed
y an examination of the standard linear statistics of the single cell
ecordings (e.g., mean spike rate). A hierarchal cluster analysis of
hese statistics suggested the existence of two different subtypes of

itral cells. The present analysis determined whether these groups
ould also be distinguished in terms of the dynamical structure of
heir activity.

The details of the data collection can be found in the orig-
nal article [45]. In short, spontaneous single-unit activity was
ecorded from mitral cells recorded in vivo from the main olfac-
ory bulb of freely breathing anesthetized rats. The anesthetic
lane was adjusted and maintained such that a toe pinch desyn-
hronized the EEG without causing limb withdrawal. Mitral cells
ere identified before each recording using the depth where the

lectrically-evoked field potential from the lateral olfactory tract
eversed polarity [46], the ability to drive the cell antidromically
rom the posterior piriform cortex, and histological confirmation of
he electrode tip’s position (dye spot) in the mitral cell body layer.

Spontaneous activity varied across units from 4.6 to 35.0
pikes/s, the latency to generate an antidromic action potential
rom 2.0 to 11.4 ms,  and the coefficient of variation (CV) in inter-
pike interval from 0.87 to 7.11 ms.  The mean spontaneous activity

or all mitral cell recordings was 17.38 ± 8.3 spikes/s. Hierarchical
luster analysis showed at least two subclasses of mitral cells. Post-
oc MANOVA indicated significant differences between the two
roups based on mean rate, latency, and CV in interspike interval
Letters 626 (2016) 54–58

(Wilks’ � = 0.1741, F[3,25] = 40.47, p < 0.001). Examination of post-
hoc univariate tests showed the groups differed significantly only
in mean rate (F[1,27] = 106.91, p < 0.01).

The spontaneous activity of 29 cells was recorded for an average
of 540 s (range 100–1243 s), yielding a “spike time” series for each
cell. The original analysis suggested that 8 of these cells fell into one
category (Group A) and 21 into another (Group B). As a first step
in the present analysis, it was necessary to determine what series
to submit to fractal analysis. The raw series of spike times could be
collated into either an interspike interval (ISI) series or into a spike
rate series, quantifying the number of spikes per unit time (1 s). In
fact, the original article presented the data in both ways [45]. We
chose the interspike interval series for two  reasons. First, ISI was
more sensitive in terms of reflecting variation in the cells’ behavior.
Second, the ISI series were much longer, which is preferable for
fractal analyses. From the original data set we selected recordings
that provided an ISI series of at least 4096 observations, and this led
to a final sample of 14 series, with 4 and 10 series from Groups A
and B, respectively. Although we  do provide a cursory explanation
of the DFA technique below, detailed description of these analyses
is beyond the scope of this paper [25,47,48].

2.1. Fractal scaling in interspike interval series

DFA is one method for analyzing the fractal scaling of time series
[49]. DFA works by assessing a scaling relation between the amount
of variation in the series around local linear trends and the asso-
ciated timescale (i.e., number of samples). The output of DFA  is
the Hurst exponent (H), where H ≈ 0.5 indicates random, uncorre-
lated variation (“white noise”), H ≈ 1.0 indicates fractal, power-law
scaling (“pink noise”), and H ≈ 1.5 indicates of Brownian motion
(“brown noise”) [47]. Hurst exponents can serve as indicators of
system complexity [50], where ‘complexity’ refers to degrees of
interaction among spatial and temporal aspects of a system. Expo-
nents in the lower (H ≈ 0.5) and higher ranges (H ≈ 1.5) suggest the
behavior results from an organization defined by weak interactions
between system components, while exponents near H ≈ 1 indi-
cate an organization defined by the relatively strong interactions
that lead to critical state behavior [51]. Additionally, DFA expects
series of fractional Brownian motion (fBm) type, and thus series of
a fractional Gaussian noise (fGn) type should be integrated prior to
DFA [26,27]. Preliminary analyses suggested the current ISI series
were fGn type series, and so they were integrated before DFA. Sec-
ond, given the length of the ISI series (4096 points), the minimum
and maximum window sizes were 8 and 1024 points, respectively.
Finally, we  used overlapping windows (50%) to provide better esti-
mates of variability for each window size.

3. Results

Examination of the DFA plots (Fig. 2) suggested two scal-
ing regions: one for shorter timescale, smaller windows (i.e.,
8–64 points), and one for longer timescale, larger windows (i.e.,
128–1024 points). For each ISI series, we  calculated Hurst expo-
nents for both scaling regions. A 2 (group) × 2 (scaling region)
mixed ANOVA on these Hurst exponents suggested a significant
interaction effect (F[1,12] = 4.86, p = 0.048). There was no differ-
ence in the shorter timescale scaling of Group A (M = 0.38, SD = 0.09)
and Group B (M = 0.43, SD = 0.06), with cells in both groups falling
near the region of random variation (H ≈ 0.5). However, there was
a significant difference between the groups at the longer timescale

(t[12] = −2.8, p = 0.016), with cells in Group B (M = 0.98, SD = 0.27)
showing much “pinker” variation than cells in Group A (M = 0.57,
SD = 0.14). This pattern of results is shown in the average DFA plots
in Fig. 2.
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tion of biological systems [30,59]. Notwithstanding such debates,
ig. 2. Averaged DFA plots for ISI series from Group A (circles) and Group B (trian-
les) at both the shorter (empty) and longer timescales (filled).

As the sample size and dynamics of both groups were small, we
onducted additional tests to verify the above effects. Specifically,
e tested the four ISI series from Group A against sets of four series

rom Group B. Of the 210 unique sets from Group B, over half (52.4%)
howed statistically higher longer-timescale exponents at the 0.05
evel, and the majority (81.4%) was statistically higher at the 0.10
evel. These tests also revealed generally good effect sizes; with the

ajority (62.9%) yielding a Cohen’s d between 1.0 and 1.5. Although
hese tests are not entirely conclusive, they do suggest the differ-
nce between the groups is reliable within the present sample of
ells. Hence, these results suggest that the longer timescale fluc-
uations in ISI for cells in Group A are far more random than the
ractal, power-law scaling evident in the cells from Group B.

. Discussion and conclusion

We  applied fractal analysis to the spontaneous activity of neu-
ons in the rat main olfactory bulb with the goal of providing
urther evidence of subclasses of mitral cells [45] and of gaining
nderstanding about the processes governing spontaneous activ-

ty. The analysis confirmed that the two groups differed in spiking
ynamics. One group of cells (Group B) revealed dynamics that fell
ithin a pink noise, scaling region (i.e., H ≈ 1.0), but the other did
ot (Group A). However, the analysis spawned a new question:
hat can account for the fractal dynamics exhibited in spontaneous

ctivity in Group B neurons, and why is this fractal scaling absent
n Group A neurons?

As mentioned above, past research on complexity in brain
ynamics has suggested that power-law scaling is indicative of
elf-organized criticality (SOC) [14,52]. Again, the basic idea is that
eural systems, at all different scales, tend to organize near crit-

cal states. When a system exhibits SOC, it is ordered enough to
aintain spatial/temporal structure, but disordered enough to be

daptable to varying dynamics [52–54], which promotes optimal
nformation flow. Though finding fractal scaling in the Group B neu-
ons is consistent with SOC, we are left with two  major questions.
irst, because the fractal scaling we found is in the spontaneous
ctivity of the mitral cells, how do existing models of SOC apply to
ases of minimal connectivity or truly isolated neurons? Second,
ow does the more random spiking dynamics of Group A neurons
elate to these cells’ function within the olfactory bulb?

Regarding the first question, SOC accounts of neural activity tend
o focus on large networks of neurons [19–23]. In these models, the
ritical state behavior of the entire network, or “order parameter,” is
enerally thought to emerge from “control parameters” defined at

he scale of interacting neurons; such as synaptic efficacy. Adjusting
hese control parameters can move the system between subcritical,
ritical, and supercritical states. Gal and Marom [55] developed a
Letters 626 (2016) 54–58 57

dynamical mean-field-like model of SOC in single neuron activity:

·
x = −f (y)x + g(x)(1 − x),

where the excitability of the neuron is the order parameter
·
x and

the stimulation rate is the control parameter (�). Such models are
inappropriate for the current data set. Although cells in the cur-
rent data set were connected to other cells, they did not receive
external stimulation. This raises an important issue, as SOC rests
on an assumption of two timescales of activity: an external driving
process and an internal relaxation process [53,54]. In the case of
single neuron activity, it is possible that incoming synaptic stimu-
lation functions as the external driving process for a neuron’s action
potentials. Stimulation builds up gradually and continuously and,
once it reaches a threshold level, yields a spike that disperses energy
in a rapid, discrete burst. In the case of spontaneous activity, the cell
has been isolated from input from other neurons, and so this driv-
ing process is not tenable. Currently, it is unclear what other driving
process might be able to meet the assumptions of SOC.

One alternative involves centrifugal input to the olfactory bulb.
Several studies have implicated centrifugal inputs to the main
olfactory bulb in olfactory behaviors. For example, cholinergic input
to the olfactory bulb from the horizontal limb of the diagonal band
influences odor discrimination and olfactory perceptual learning
and memory [56,57]. Previous research indicates that the mean
rate of spontaneous activity in the olfactory bulb was not signif-
icantly affected by blocking input from the olfactory epithelium
in the nose [44]. However, this was  not the case for centrifugal
input. Thus, it is possible that the spontaneous activity of mitral
cells is not entirely inherent to the cells, but is instead driven by
centrifugal input. Another alternative implicates the ion channel
dynamics. If the spontaneous activity is inherent to the cell, it might
be driven by the intrinsic dynamics of the ion channels, which
in principle can obey power-law scaling relations [33]. We  sug-
gest additional experiments blocking centrifugal input to the main
olfactory bulb via the lateral olfactory tract. These experiments
could determine how blocking centrifugal input affects sponta-
neous activity in mitral neurons, and would further clarify what
processes drive this activity.

In regards to the second question, discussions of SOC are often
accompanied by a discussion of “universality classes” [37,58]. A uni-
versality class refers to system-level behaviors that follow identical
quantitative rules, despite being comprised of different material
elements [58]. As a potential universality class, SOC can be pos-
tulated as an account for the critical behavior and fractal scaling
dynamics in natural, complex spatial and temporal systems com-
prised of very different material substrates [53]. In short, SOC
suggests a universal form of system organization, and the perva-
siveness of fractal scaling might reflect the adaptive nature of this
organization [31,37]. What remains unclear is whether deviations
from fractal scaling truly implicate different functional organiza-
tions or universality classes [38]. If so, the random scaling observed
in Group A cells could have deeper implications concerning the
organization of the olfactory bulb. Why  would the olfactory bulb
be comprised of neurons with different scaling dynamics if, in fact,
power-law scaling behavior is optimal for information processing?
How might the dynamics of Group A cells differ during typical
functioning when not blocked from their connections to receptor
neurons?

The relationship between 1/f  signals and SOC are already a
contested issue, especially as relates to the structure and func-
the abundance of empirical evidence of fractal scaling in neural
systems motivates the need for a theoretical framework to under-
stand such experimental results. Universality classes such as SOC
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[59] E.-J. Wagenmakers, S. Farrell, R. Ratcliff, Human cognition and a pile of sand: a
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ay  be needed to explain past and current experimental results
nd to point the way towards future research. Although, further
heoretical and empirical work is needed to investigate the rela-
ion between neural activity and self-organized dynamics, we  have
emonstrated that fractal analysis can be a fruitful method when

nvestigating neural dynamics and can point the way towards
eeper theoretical understanding via universality classes such as
elf-organized criticality.
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