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Abstract Images of human erythrocytes from a healthy
donor were recorded under differential interference con-
trast (DIC) microscopy; they were acquired rapidly
(~336 Hz) and the intensity of the centermost pixel of
each cell was recorded for ~ 60 s (20,000 values). Various
techniques were used to analyze the data, including detr-
ended fluctuation analysis (DFA) and multiscale entropy
(MSE); however, power spectrum analysis was deemed the
most appropriate for metrifying and comparing results.
This analysis was used to compare cells from young and
old populations, and after perturbing normal conditions,
with changes in temperature, adenosine triphosphate (ATP)
concentration (using NaF, an inhibitor of glycolysis, and
o-toxin, a pore-forming molecule used to permeabilize red
cells to ATP), and water transport rates [using glycerol, and
p-chloromercuriphenylsulfonic acid (pCMBS) to inhibit
aquaporins, AQPs]. There were measurable differences in
the membrane fluctuation characteristics in populations of
young and old cells, but there was no significant change in
the flickering time series on changing the temperature of an
individual cell, by depleting it of ATP, or by competing
with the minor water exchange pathway via AQP3 using
glycerol. However, pCMBS, which inhibits AQPI, the
major water exchange pathway, inhibited flickering in all
cells, and yet it was restored by the membrane intercalating
species dibutyl phthalate (DBP). We developed a computer
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model to simulate acquired displacement spectral time
courses and to evaluate various methods of data analysis,
and showed how the flexibility of the membrane, as defined
in the model, affects the flickering time course.
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Abbreviations

AQP Aquaporin

ATP Adenosine triphosphate

DBP Dibutyl phthalate

DEP Diethyl phthalate

DFA Detrended fluctuation analysis
DIC Differential interference contrast
MSE Multiscale entropy

NMR Nuclear magnetic resonance
pCMBS  p-Chloromercuriphenylsulfonic acid
RBC Red blood cell

RF Radio frequency

t Time

TEP Triethyl phosphate
Introduction

Rapid undulatory motion (flickering) in human erythro-
cyte (RBC) membranes was first described in 1890
(Browicz 1890) and these observations were later con-
firmed in 1901 (Cabot 1901). With the advent of phase-
contrast microscopy nearly 50 years later (Pulvertaft
1949) redescribed the phenomenon. Flickering has since
been revisited sporadically in the literature, with more
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recent studies using modern digital imaging and processing
techniques to characterize underlying frequencies of
membrane undulations, reporting a range of 0.2-30 Hz
(Krol et al. 1990). The maximum amplitude of the undu-
lations has been estimated at 0.4 um (Krol et al. 1990),
~5% of the average RBC diameter of 7.5 um, or 40% of
the thickness of the cell of ~1 um. Attempts have also been
made to elucidate the cause of the undulations, but a con-
sensus has not been reached, probably because of the
physical nature and numerical structure of the recordings.

Initially, the observed undulations were described as
“thermally driven Brownian motion” of the lipid bilayer
brought about by molecules colliding with it (Pulvertaft
1949). A correlation between flickering in populations of
cells and metabolism/transport was discovered (as early as
almost 60 years ago) through the introduction of chemical
inhibitors including the —SH-group reagent, iodoacetamide
(Blowers et al. 1951). This result implied that flickering in
RBC membranes may have an important biological func-
tion (Kuchel and Benga 2005).

More recently the mechanism of membrane fluctuations
has been ascribed to ATP-dependent phosphorylation of
structural proteins associated with the membrane (Levin
and Korenstein 1991). This may be the consequence of
strongly buffered energy-driven maintenance of cell
integrity, postulated to be through the dissociation of actin
from spectrin at nodes in the RBC cytoskeleton (Gov and
Safran 2005), which could contribute to the energy
expenditure that is unaccounted for in human RBCs
[~50% of the total ATP flux (Kuchel and Benga 2005)].

Recent work has shown that there is a significant lag
period between the depletion of ATP (caused by blocking
glycolysis) and gross changes in cell shape through
echinocytosis (Pages et al. 2008). The conclusion from the
latter study is that fluctuations in the gross RBC mor-
phology are, to a large extent, independent of ATP
concentration.

Despite its long history of study, the mechanisms of
membrane flickering are poorly understood, despite
ascribing a vital cell physiological role to autonomous
motion of the RBC and cells in general. We posit that the
ability to flicker gives the RBC a self-mediated mechanism
which allows it to more easily “wiggle through” the nar-
row capillaries in the body that measure as little as 4 um in
diameter (Agar and Board 1983), approximately half that
of the RBC. The spleen imposes the smallest apertures
through which RBCs must pass in vivo: as little as 0.5 pm
(Agar and Board 1983). Without their autonomous move-
ments, the flow of RBCs through the bloodstream could
much more easily become impeded in these narrow aper-
tures. This hypothesis has been explored previously (Krol
et al. 1990) but more evidence is required to assign energy
expenditure, and to rule out simple Brownian motion of the
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lipid bilayer as the basis of flickering (Strey et al. 1995).
Another plausible hypothesis is that flickering evolved to
reduce the effect of unstirred regions on solute flow within
the cell by continuously mixing the cell contents. This is
also only conjecture and the physiological relevance of
flickering begs further investigation.

The purpose of the present study was to characterize
further the dynamics of the membrane flickering phenom-
enon in human RBCs using DIC microscopy with recently
available higher-speed imaging (>300 Hz) than used
before, a factor of 10 greater than in Costa et al. (2008).
Both new and classical data processing techniques were
used to address the following hypotheses: (1) membrane
fluctuations are dependent on factors including tempera-
ture, ATP concentration, water transport rates, and RBC
age; and (2) it is tightly controlled, befitting an important
biological function. In perturbing normal conditions
in vitro, we aimed to measure changes in the dynamical
nature of the fluctuations with a view to understanding the
underlying causal mechanisms.

A Monte Carlo computer simulation of the system was
constructed which generated a time course of spatial fluc-
tuations with the aim of understanding how numerical
perturbations to the system affect the statistical properties
of the complex multiscale temporal structure of a typical
time series (Blowers et al. 1951). These were then com-
pared with data from RBCs to posit fundamental principles
relating to membrane/cytoskeletal properties which give
rise to the observed fluctuations.

Materials and methods

D-Glucose, sodium chloride, and sodium dihydrogen ortho-
phosphate were obtained from Asia Pacific Specialty
Chemicals Ltd., Sydney, NSW. Heparin was from David
Bull Laboratories, Mulgrave, Victoria. o-Toxin (from
Staphylococcus aureus), bovine serum albumin, glycerol,
microscopic latex spheres, manganese chloride, penicillin-G,
p-chloromercuribenzenesulfonate (pCMBS), poly-L-lysine,
sodium fluoride, streptomycin sulfate, and triethyl phosphate
were from Sigma Chemical Co., St Louis, MO, USA.

Microscopy experiments

Human RBCs were obtained by venipuncture from the
cubital fossa of a healthy donor (D.S.). The cells were
washed centrifugally three times (10 min, 3,000xg, 5°C)
in a solution of isotonic saline consisting of 154 mM NaCl,
10 mM glucose, 283 mOsm kg~'. The buffy coat was
removed by vacuum-pump aspiration. The final wash was
performed after the addition of 0.5% w/v of bovine serum
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albumin (BSA) (pH 7.4) to the isotonic saline solution, and
only the topmost fraction was collected for experiments
since this fraction contained the youngest RBCs. For the
experiments in which young and old RBCs were used, the
cells were further centrifuged (30 min, 10,000xg, 30°C)
and the topmost and bottommost fractions were recovered
(Ballas et al. 1986). In all cases the packing density
(hematocrit) of RBCs was adjusted to ~0.05. Circular
glass coverslips (42 x 0.17 mm) were treated with 2 mM
poly-L-lysine (Sigma), the excess of which was subse-
quently washed off with distilled water. The coverslips
were then dried for 3 h at 65°C and treated with 0.5% w/v
BSA saline. Aliquots of 40 pL. RBCs suspended in 0.5% w/v
BSA saline (hematocrit ~0.005) were transferred into an
8-mm-diameter well in a 0.3-mm-thick copper shim spacer,
coated with high-vacuum grease, and sandwiched between
two coverslips. The sample in the overflow volume served
to seal the chamber. The coverslips were fixed into a
PeCon perfusion chamber, with solutes perifused using a
Gilson peristaltic pump (Gilson Inc., Middleton, WI) and
temperature controlled using a PeCon Tempcontrol 37-2
digital unit. The DIC microscopy images were recorded
digitally at 20°C, 25°C, 31°C, and 37°C with a 100x oil-
immersion objective on a Zeiss Axiovert 200 M micro-
scope, with a monochrome HSm digital camera (Zeiss,
Jena, Germany). The images and movies were exported
using Stallion software (3i; Intelligent Imaging Innovations
Inc., Denver, CO) and these data were further processed
using purpose-written algorithms programmed in Math-
ematica (Wolfram Research, Champaign, IL) (Wolfram
2007).

3P nuclear magnetic resonance (NMR) experiments

These were conducted on a Bruker (Karlsruhe, Germany)
AMX 400 spectrometer with a 9.34-T wide-bore vertical
magnet (Oxford Instruments, Oxford, UK). A 10-mm
broadband probe was used with the inner coil tuned to the
resonance frequency of *'P, and the outer coil to the fre-
quency of 'H. Triethyl phosphate (TEP) of a known con-
centration was added to all samples as a >'P chemical-shift
(0.44 ppm) and intensity reference (4 mM) (Kirk et al.
1986). Spectra were acquired with rapid radiofrequency
(RF) pulsing and continuous broadband proton decoupling
(WALTZ-16) (Shaka et al. 1983). The acquisition time
was 0.34 s and the spectral width was fixed at 6,000 Hz;
and the relaxation delay was 1 s. The number of transients
per spectrum was 630 with an experiment time of 15 min;
the signal-to-noise ratio of the ATP-yP peak at the begin-
ning of the experiments was 10 and 14, at 25°C and 37°C,
respectively. The variable temperature unit was set to 23°C
or 35°C to give sample temperatures of 25°C or 37°C,
respectively, due to the heating associated with broadband

decoupling. Free induction decays were zero-filled with
8,192 data points, and 6 Hz exponential multiplication was
applied before Fourier-transforming the data.

Water transport

The water exchange time (7,) was measured by a Mn>'-
doping 'H nuclear magnetic resonance (NMR) method
(Conlon and Outhred 1972) on a Bruker Mini-Spec MQ20
operating at a frequency of 20 MHz for 'H nuclei, as
previously described (Benga et al. 2002). Briefly, samples
for NMR measurements of the water proton relaxation
times (T»; the prime denotes the fact that this is a com-
posite relaxation time) were prepared by gentle mixing of
0.4 mL RBCs and 0.2 mL doping solution (40 mM MnCl,,
100 mM NaCl). The transverse relaxation time of the water
in the cell interior (7,;) was measured on packed cells
(hematocrit >95%) from which the supernatant, with no
added Mn?*, had been removed by centrifugation. As
shown by Conlon and Outhred (Conlon and Outhred 1972),
T,.' and T,; are the parameters that are required to estimate
the water diffusion exchange time, 7., by using the
equation:

1 1 1

= 1
T. Tx' T M

Brownian motion

Solid latex spheres (~ 15 pm in diameter) (Sigma) were
prepared and images recorded using the same method as
for RBCs, except the spheres were not attached to the
coverslips. They were suspended in BSA saline and
adjusted to temperatures of 20°C, 25°C, 31°C, and 37°C
and images were recorded using a 100x oil-immersion
objective on the Zeiss Axiovert 200 M microscope with a
monochrome HSm digital camera, as above.

Theory of methods

In the following section, various data processing tech-
niques, some of which have been used previously to
characterize RBC flickering (Costa et al. 2008), are out-
lined in order to give our implementations and extensions
of them in Mathematica. These were applied to the data,
the results of which are summarized in Figs. 1 and 2.

Synthetic noise
To generate synthetic data for use in testing the data pro-
cessing algorithms, white and red noise were generated

using the following function (Coza and Morariu 2003;
Gardiner 2004);
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Fig. 1 Synthetic white- and red-noise data generated using Eq. 2 a—c¢
show time series generated using oo = 0.0 (pink), 0.95 (black), and 1.0
(blue), respectively; and d—f show power spectra, DFA, and MSE

f(t) = Z O‘f(lifl) +N(:“> O->7 (2)

where N is the length of the time series, o is the correlation
coefficient, and N is a random, normally distributed, real
number with mean p and standard deviation ¢. The time
series was described as white noise when o < 1 and red
noise when o = 1.0. Examples of the noise produced by
this method are shown in Fig. la—c, with o = 0.0, 0.95,
and 1.0. The values of N were generated in Mathematica
using Rule 30 of the one-dimensional cellular automaton
(Wolfram 1983).

Power spectrum

The Fourier transform (see Appendix), X(f), was computed
according to Eq. 5, on a Log-Log scale, and nonlinear
regression used to fit a straight line to the spectra. For
brevity, these are hereafter referred to as “power spectra.”
To account for white noise, data were weighted such that
the weight at frequency f, was e 'Y,

Applying power spectrum analysis to synthetic red noise
data, generated using Eq. 2, yielded trends that were non-
linear and linear (with a slope of 1.0), respectively
(Fig. 1d). The information obtained from the slope pertains
to the rate of decay of the amplitude of the Fourier trans-
form versus the corresponding frequency.

Mathematical model

A computer simulation was developed to facilitate under-
standing of the numerical structure of the time series that
were obtained from real flickering cells. The model was
based on an idea that is best described by analogy: mem-
brane measurements of flickering can be visualized as if the
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analyses of these data, respectively. The red, tan, and green trendlines
correspond to o = 0.0, 0.95, and 1.0, respectively

monitored pixel is a buoy in an ocean. The buoy is
impacted upon by waves propagating from sources ran-
domly placed around it, and it responds by a change in its
altitude from sea level. The time course generated by
sampling the buoy’s altitude (at time intervals J7) is:

> i), (3)
i=1

where N is the length of the time series, and is equal to
the total sampling period divided by dz; f; is the ith wave
that the buoy encounters; / is the duration of wave f;
(I was chosen to be the time at which f; decays to 1% of its
initial value); r is the time at which the buoy encounters
the ith wave; and s is the magnitude of the wave. In other
words, the time series is the superposition of all the waves
that the buoy encounters over the sampling period. The
choice of N + [ iterations of f; was arbitrary but it
allowed for an average of one wave per time point. The
time courses and power spectra did not change
significantly beyond ~N/4 iterations of f. For the
simulations, ¢ was a randomly chosen integer such that
1 — 1 <r <N, and s was a randomly chosen real number
such that —1 < s < 1. The following empirical function
described the wave f;:

ﬁ — (l _ r)fNe—0.00195(f—r)><s, (4)

where ¢ is time; and N (i.e., alef) is interpreted as a physical
rigidity factor.

Results

See the Appendix for a discussion, in the present context,
of the Fourier transform, wavelet transform, magnitude
mode, DFA, and multiscale entropy analyses.
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Fig. 2 RBC flickering analysis methods. a A typical discocytic RBC
chosen for analysis. The empty white squares indicate the regions of
interest (ROIs); the one outside of the cell was used for detrending the
data acquired from the ROI in the center of the cell. The scale bar
indicates 5 pm. b Typical time series acquired from the RBC central
ROI after detrending; and ¢ and d are its Fourier transforms on a
linear scale, and Log;o—Log( scale, respectively. The thick red line
through d is the least-squares best fit using exponentially decreasing
weights, and has a slope of —0.618. e Wavelet transform of b; blue
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indicates zero to low power, white indicates mid-level power, and red
indicates high power; and the dark blue cone around the outside of
the data is the “cone of influence” (Torrence and Compo 1998).
f Magnitude-mode spectrum of data similar to b (see text). g Detrended
fluctuation analysis (DFA) of the data, with slope of 1.10 indicated by
the thick red line; inset shows the same data with two lines fitted with
slopes of 0.94 and 1.14 indicated by the green and purple lines,
respectively. h MSE analysis of the data in b with complexity index
(Costa et al. 2008), 12.11
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Pixel intensities

Time-lapse DIC microscopy recordings (20,000 frames at
~336 frames s~ ') of fresh RBCs were analyzed. Figure 2
gives a summary of the data processing techniques that were
used. Figure 2a shows a frame from a typical RBC time
course at 37°C using the 100x oil-immersion objective. It
represents a matrix of 12-bit numerical pixel intensity values
that were determined by the difference in thickness of the
imaged object (measured along the vertical axis) between
the beams of light split by the Nomarski prism in the DIC
microscope (Cogswell and Sheppard 1992). Four-pixel
binning enabled an increase in the rate of image capture by
decreasing the camera exposure time to 1 ms. The region of
interest (ROI) within the RBC, indicated by the white square,
was monitored over time, and the square next to the RBC was
the pixel used for baseline correction. The data series
(Fig. 2b) had pixel intensities that oscillated randomly about
a mean value, with a long-period baseline.

Fourier transform

Figure 2c shows the Fourier transform of the time series of
Fig. 2b, with its exponentially decreasing amplitude as
frequency decreases; this is a so-called red noise spectrum
(Gardiner 2004; Milotti 1995). Note the absence of any
distinct resolved peaks in the Fourier transform of the data.
Thus, there is no single frequency at which the RBCs
flickered over the entire time course; instead there was a
range of frequencies, most prominently between 0.015 and
10.0 Hz. However, there appeared to be weak signals
between ~ 10 and 60 Hz, and white noise beyond ~ 60 Hz.

Power spectrum

Figure 2d shows the power spectrum analysis of the
flickering time course. This type of analysis had been used
previously to interpret red noise fluctuation data from cells
(Coza and Morariu 2003). Here, the analysis was extended
by fitting a line to the RBC data, to metrify the red noise;
and exponentially decreasing weights were used to account
for the white noise in the Fourier spectrum. This noise was
visibly prevalent and interfered with the fitting of the
power spectrum at frequencies lower than ~5.5 Hz; this
was evidenced by the gradually increasing cone of ampli-
tude values beyond this frequency. These data yielded a
slope (the characteristic metric) that was used to compare
spectra between different experiments.

Wavelet transform

To detect temporally localized signals of a particular fre-
quency, the Morlet wavelet transform was applied to the
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time series (Fig. 2e; blue color code indicates zero to low
power, white indicates mid-level power, and red indicates
high power). The analysis showed that there were sparsely
spaced peaks representing several frequencies that could be
resolved; however, the lack of extended contiguous high-
power peaks implied that there was no single frequency at
which the RBCs flickered. The wider, high-power peaks
toward the top of the two-dimensional (2D) spectrum
corresponded to frequencies (~0.2 Hz) that were lower
than those expected for flickering. These peaks were
attributed to gross movements in the position of the cell,
possibly caused by thermally driven water currents.

Magnitude-mode spectrum

The magnitude-mode spectrum shown in Fig. 2f was
obtained by acquiring 100 x 10 s (3,360 frames) of ROI
data for an individual cell. Image acquisition was started
and stopped after 10 s, then the camera view was autofo-
cused using a Laplacian method in the Stallion software,
taking ~4 s; the process was repeated 100 times. The
analysis exposed a range of low frequencies, but there was
no single resolved peak. Again, the conclusion from these
data was that there was no characteristic frequency at
which the RBCs flickered.

Detrended fluctuation analysis

When applied to the data in Fig. 2b, the DFA (Fig. 2g),
produced a series of points that had an upward trend, going
from left to right. A single line was fitted through these
data, but a higher-degree fit, using two line segments
(illustrated in Fig. 2g inset), gave a better description of the
data. This was also the case when DFA was used to analyze
heart interbeat interval data from normal and congestive
heart failure patients (Peng et al. 1995). This behavior was
identified and has been explored previously (Morariu et al.
2007); however, an explanation for it remains elusive. The
behavior was consistent with all of the data obtained from
the flickering experiments; the difference between the
slopes of the two curves was on average ~ 13%. Moreover
the position of intersection between the two lines varied
between time courses. Because of this, a robust metric that
allowed comparison between experiments using this
method was not achieved.

Multiscale entropy analysis

MSE analysis produced a curve with exponentially
decreasing entropy as the scale increased, with a positive
offset baseline (Fig. 2h) that differed between cells. Costa
et al. (2008) integrated the curve over each of the six scale
values to produce a metric-value called the “complexity
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index,” and this was used to compare their experimental
results. This metric disregards the profile of the MSE curve
that contains information about the decay of entropy as the
scale value increases.

Power spectrum analysis was used to compare time
series from different experiments. A justification for this is
provided in the “Discussion”.

Temperature/Brownian motion

Individual RBCs and latex spheres were monitored at dif-
ferent temperatures to determine whether the analysis of
the flickering time series was affected (results summarized
in Fig. 3a). Vibrations from refrigeration devices would
have interfered with the results, so all cooling was per-
formed with a heat block attached to an ice-cooled-water
gravity delivery system. Each cell and latex sphere was
first recorded at 20°C, then 25°C, 31°C, and 37°C and
finally back to 25°C. For RBCs, at 20°C, the slopes of the
power spectra plots were on average ~6% less than at
25°C. There was little change in slope between 25°C and
37°C. Thus the temperature changes imposed on the RBCs
had an insignificant effect on the metric from the power
spectra (Fig. 3a, solid line). The latex spheres on the other
hand responded to the changes in temperature more
noticeably with a systematic decrease in the absolute value

of the power spectrum slope with increased temperature
(Fig. 3a, dashed line). It is worth noting though that the
recorded time courses and Fourier spectra appeared similar
to those of the RBCs.

ATP concentration

Assessment of the dependence of flickering on ATP con-
centration was performed in two ways: (1) through the
addition of 154 mM sodium fluoride to fresh cells at 37°C,
which blocked enolase, and hence inhibited glycolysis
(Kuchel et al. 2004) and caused ATP depletion in ~ 1.5 h
(Pages et al. 2008), and (2) through the addition of «-toxin
from S. aureus to fresh RBCs, which brought about ATP
permeability of the RBCs, allowing serial dilutions of the
ATP concentration in the suspension. Both experiments
were performed in parallel with equivalent *'P NMR
experiments to confirm complete depletion of intracellular
ATP. The former experiment was performed so that an
individual cell was monitored at 37°C before, and every
30 min for 2 h after, addition of sodium fluoride, and then
again after isotonic saline was perifused. The monitored
cells were visibly undergoing echinocytosis with type 2 or 3
echinocytes [a classification scheme based on Bessis (1972)
was used] forming within the 2 h incubation. Cells which
evolved further than this, i.e., type 4 or 5 echinocytes,
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Fig. 3 Power-spectral analysis of data acquired from RBCs under
various experimental conditions. a, b, d, e Show the results obtained
from each individual cell (a) (solid red line) and each latex particle
(dashed green line) monitored at 20°C, 25°C, 31°C, and 37°C and
then again at 25°C; b with NaF added, and then perifused out after 2 h
(inset shows the morphology of one of the cells used in the analysis;
flickering was present in cells undergoing echinocytosis); d with the
addition of 20% glycerol; and e with the addition of pCMBS and
subsequent addition of dibutyl phthalate (DBP). The red line is to
guide the eye and indicates that the same cell was monitored after the

Slope (arbitrary units)

perturbation of normal conditions. ¢ Results obtained from cells
which have undergone treatment with o-toxin from S. aureus. The
inset shows the y-, a-, and f-peaks of ATP from the corresponding *'P
NMR spectra. Each successive wash reduced the intracellular ATP
concentration by ~50%. The same individual cells could not be
monitored due to hemolysis occurring in the suspension. The error
bars indicate the standard deviation of the estimate of the metric.
f Histogram showing the slopes of the young (blue) and old (red)
populations
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detached from the glass coverslip, and so were not con-
sidered. Despite morphologically evolving, the cells gave
approximately the same power spectrum metric as they did
prior to incubation with NaF (Fig. 3b). Their morphology
was unchanged after the NaF was replaced with saline.

Individual RBCs could not be monitored in the o-toxin
perifusion experiments since lysis was prevalent at low
hematocrits. Instead, a suspension of packed cells (ht
~0.9) was incubated with «-toxin, then centrifugally
washed in two volumes of ATP-free phosphate buffered
saline (PBS), and fractions removed for microscopy
(repeated eight times). The cells did not undergo echino-
cytosis despite being depleted of ATP (confirmed using
*'P NMR). Again, the power spectra metrics did not
change by a significant amount between the time courses
for the o-toxin experiments (Fig. 3c).

RBCs that had been metabolically perturbed in vitro to
the extent that they were spherocytosed (e.g., after the
addition of hexafluoride) did not flicker. A blood donor,
however, with hereditary spherocytosis produced cells that
not only responded normally with volume changes in
response to changes in osmolality, and morphology chan-
ges in response to interaction with borosilicate glass, but
also flickered normally (detailed results not shown).

Water transport

Perturbations in water transport were also made in two
ways, namely, perifusion of: (1) 20% glycerol and (2)
pCMBS [10 nmol (mg membrane)fl] (Benga et al. 1986)
into a suspension of fresh RBCs. Both were performed so
that individual cells were monitored before and after the
addition of the interfering substance. Glycerol exerted an
insignificant effect on the RBC flickering time courses and
analyses (Fig. 3d); however, pCMBS caused cessation of
flickering after incubation for 30 min at 37°C. Dibutyl
phthalate (DBP) was subsequently perfused into the sus-
pension, causing the monitored cells to flicker again
(Fig. 3e).

There was an increase of ~45% in the mean residence
time of water in pCMBS-treated cells after 30 min at 37°C
estimated using NMR spectroscopy, and a subsequent
decrease in mean residence time of ~300% after incu-
bating cells with 5 mM DBP for 40 min at 37°C.

Cell age

Upon high-speed centrifugation, a suspension of RBCs in
saline became partitioned with the densest (oldest) cells
sedimenting to the bottom of the cell pellet, while the least
dense (youngest) moved to the top (Ballas et al. 1986). To
determine the effect of cell age on the characteristics of
flickering, time courses of 100 young and 100 old cells
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were recorded at 37°C (Fig. 3f). Cell age had a small effect
on the average power spectrum metric in both populations
(the average metric of the old cells was ~9% lower than
the young cells). The range of values in the old population
was significantly higher (~55%). To test the statistical null
hypothesis that the two populations were indistinguishable
from one another, a Wilcoxon rank-sum test with conti-
nuity correction and a Welch two-sample ¢ test were used.
The analysis returned P values of 0.0012 and 0.0031,
respectively, and led to rejection of the null hypothesis.
The following hypothesis/question was also tested:
given an individual cell from either population, could it be
determined from the analyses if the cell is young or old?
For this, the cumulative distribution functions of the two
populations were used. This yielded a P value of 0.551;
hence there is only a ~50% probability of being certain
that a cell is from either the young or old population.

Mathematical simulation

The details of the flickering model are given in the “Theory
of methods.” It was based on the idea that waves propagate
from sources on or just below the cell surface, like an
earthquake under the ocean.

The consequences of RBC aging were simulated, using
Eq. 4, by varying the value of the rigidity factor, N, from 0.35
to 0.43 for new and old cells, respectively, with N = 20,000.
For comparison, simulations using X = 0.1, 0.7, and 1.0
were included and are summarized in Fig. 4. Simulated data
were processed in the same way as for the real RBC mea-
surements. Performing the simulation 100 times was
expected to yield approximately the same power spectrum
metric for each simulation, however an average slope of
—0.623 £+ 0.049 and —0.551 % 0.051 was measured for the
new and old cells, respectively (these values were compa-
rable with those obtained from the DIC microscopy exper-
iments). The histograms in Figs. 4e and f show that the
simulation yielded a metric of —0.713, and then at a different
time with the same parameters yielded a metric of —0.468, a
phenomenon also observed in the RBC experiments. This
result brings to light the complexity and randomness of the
recordings of flickering that were acquired.

Figure 4a shows a comparison of the waves used to
generate the time courses. It shows that the rate of decay of
the wave is proportional to the rigidity factor, and is
analogous to waves through the RBC membrane.

Figure 4b—d shows the effect of the contributions from
white noise highlighted by the black data (generated by the
camera in the RBC experiments; the level of this noise was
determined empirically).

Figure 4d shows the efficacy of the fitting method,
which yielded a metric that was unaffected by the synthetic
noise. Line fitting of synthetic-noise-free data is indicated
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Fig. 4 Computer simulations of RBC flickering using Eq. 4 with
rigidity factors, N = 1.0 (light blue), 0.7 (green), 0.43 (tan, represents
old cells), 0.35 (pink, represents young cells), and 0.1 (dark blue),
respectively. a Shape of the slope-perturbing wave that was used for
each of the time courses in (b). ¢ and d Corresponding Fourier
transform and power spectra with slope for the fitted lines (thick red
line, and thick black line for those with noise) of —0.195, —0.446,

by the thick red line, while the noisy data are indicated by
the thick black line.

Figure 4e, f shows simulations of the age population
study X = 0.43 (old cells) and 0.35 (young cells) for 100
and 10,000 cells, respectively.

Discussion

Membrane flickering is a readily visualized process, and
yet it is poorly characterized and its underlying mecha-
nisms are poorly understood. It occurs in many cell types:
nucleated and nonnucleated including monocytes, lym-
phocytes, 3T6 fibroblasts, cardiomyocytes (Krol et al.
1990), murine lymphoma B and T cells (Mittelman et al.
1991, 1994), and protoplasts (Miller 1963). It has previ-
ously been shown to be affected by cell age (Costa et al.
2008) and cellular ATP concentration (Gov and Safran
2005). Indeed, it was determined that the only prerequisites
for a cell to display flickering are: (1) zero surface tension,
(2) high fluidity of the cell interior, and (3) inequality of
refractive indices of the extra- and intracellular compart-
ments (Brochard and Lennon 1975). Our experiments were
performed using advanced image processing techniques
that enabled exploration of the possibility of temperature
and water transport affecting flickering properties. A
computer model was developed to examine the numerical
structure of the acquired time series. Because of the high
variability of the slope of the power spectra, measured in

7T T—

Intensity
(arbitrary units)

0.1 [ 10 100
Frequency (Hz)

—0.565 (—0.534 with noise), —0.621 (—0.615 with noise), and
—0.827, where X =1, 0.7, 0.43, 0.35, and 0.1, respectively. The
black data in b and d for X = 0.43 and 0.35 represent synthetic noise
added to the time course to simulate noise originating from the
camera in the DIC microscopy experiments. The histograms in e and
f show the results of running the simulation 100 and 10,000 times,
respectively, for both X = 0.43 (red) and 0.35 (blue)

the cell age experiments, perturbations in the flickering of
individual cells, rather than populations of cells, were
measured in most of the experiments.

One of the seminal papers on RBC flickering (Brochard
and Lennon 1975) showed successfully for the first time
that the observed fluctuations could be quantified by
measuring (1) the mean amplitude of the cell thickness
fluctuations, (2) the frequency spectrum, and (3) a two-
point spatial correlation function. We focused on the fre-
quency spectrum measurement of RBC flickering since this
was the most straightforward to acquire and to compare
between samples, and also since this paper contains a
fundamental flaw in their analysis of the data. They fitted a
straight line to the high-frequency part of the frequency
spectrum, which we showed contains noise of sufficient
amplitude to interfere with straight-line fitting.

The following section gives justification for the image
acquisition and data processing techniques used in our
study.

Image acquisition

Previous studies: (1) used phase contrast and (2) chose
pixels at the boundaries of the cell (Costa et al. 2008; Gov
and Safran 2005; Strey et al. 1995). In the present work, for
each imaged cell, only the pixel that was closest to the
center of the cell’s dimple was chosen, since this is the
largest region of the cell where the normal to the surface is
facing directly toward the camera. It represented an area of
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~77 nm?. This area was chosen so that cell movements
and gross volume fluctuations did not interfere with the
recorded time courses of fixed light intensity. Only con-
tributions from small, localized volume fluctuations and
membrane undulations were therefore recorded. It is clear
that the effect of gross, whole-cell movement by Brownian
motion will be superimposed on true membrane flickering
if a pixel at the edge of the cell is the source of the time
series, as opposed to the flat depression in the center of the
cell that was used. This area also produced the greatest
average values in the range of pixel intensities, over the
time courses. Increasing the voxel size (from a 1 x 1 pixel
to2 x 2or3 x 3 pixels) had little effect on the form of the
acquired data over a time course. The choice of a 1 x 1
pixel minimized the effect of movements of the cell, which
were observed even with poly-L-lysine treatment of the
glass coverslips.

The preference for the use of DIC microscopy over other
optical methods is based on three of its features: (1) DIC
microscopy produced greater contrast from RBC samples,
which is reflected in the range of relative pixel intensities
produced by the two methods (in 300 frames of acquired
data, phase contrast produced a dynamic range of 82, while
DIC microscopy produced a dynamic range of 185 pixel
intensity values), (2) the acquisition time for DIC micros-
copy images was significantly less (for comparison, the
light intensity was fixed, and the acquisition time adjusted
to maximize the dynamic range of the camera for an RBC
under phase contrast and DIC; acquisition times were 367
and 69 ms, respectively), allowing both greater acquisition
rates and minimizing photochemical damage to the cells,
and (3) unlike phase contrast, DIC microscopy does not
produce size/halo artifacts in the RBC samples, so the
images do not require postprocessing.

Note that both phase contrast and DIC microscopy rely
on the thickness and refractive index of a sample in order to
generate contrast in the image. DIC could not be used,
however, to measure the actual amplitudes (distances
moved) of fluctuations since factors such as baseline pixel
intensity varied from one cell to the next. The time courses
were baseline-corrected by subtracting the trend given by
the pixel intensities from a region of interest (ROI) outside
of the cell (the empty white square next to the RBC in
Fig. 2a) to account for changes in average light intensity,
prior to data processing.

Data processing

The only technique that emerged as potentially containing
discriminatory information, useful for comparing flickering
of RBCs of different ages, and under different experimental
conditions, was power spectrum analysis. The power
spectrum analysis produced a metric (the slope) for each
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experiment allowing ready comparison between cells under
various experimental conditions. To ascertain whether the
information obtained from this analysis was different from
DFA or MSE analysis, young and old RBCs were studied.

Evaluation of numerical properties of DFA, MSE,
and power spectrum analysis

One hundred cells from both the young and old popula-
tions were studied using the three techniques mentioned
in the heading. The analysis produced a large range of
values for both populations, and the metrics overlapped
(Fig. 3f). For this comparison, pairs of time series were
considered (one from the young and one from the old
population) which produced power spectrum metrics that
were within 1% of each other. In other words, only the
time courses from which the analyses of a young cell and
an old cell resulted in approximately the same metric
were considered.

DFA and MSE analysis were compared to determine
whether they provided different information about these
cells than the power spectrum. Assuming that this was the
case, the difference between the cells from the two dif-
ferent populations would be >1%; however, this was not
the case. The slope of the line fitted to the DFA graph
changed by an average of 47% less, and the MSE com-
plexity index changed by an average of 62% less, than the
power spectrum metric. This implied that the DFA and
MSE analysis yielded no more information about the time
series than the power spectrum. For completeness, all three
techniques were applied to all of the data acquired in the
study. Consistently, between time series, an increase in
power spectrum metric correlated with an increase in DFA
and a decrease in MSE metrics.

None of the three techniques took into account ampli-
tude of fluctuations, only relative Fourier power decay as
frequency increased in the case of power spectrum analy-
sis, relative residuals between different scales of detrended
data in the case of DFA, and long-range correlations in data
in the case of MSE. The main quantifiable difference
between the three techniques was computation time, which
was significantly less for the power spectrum analysis.
Therefore this technique was used to analyze subsequent
time series.

Time series variability

There was a high degree of variability between different
time courses, reflected in the analysis of the time series
acquired for the magnitude-mode processing. Imaging
data from a single cell (100 x 10 s, each separated by
~4 s for autofocusing) gave an average power spectrum
metric of —0.599 £ 0.053. Greater variability was
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encountered in the experiments in which data were
recorded from different cells, e.g., the different average
metrics of —0.612 & 0.69 and —0.556 £ 0.075 for young
and old cells, respectively.

Although the trends in the power spectra obtained from
RBCs were linear, the slopes were <1, implying that the
recorded time courses were not simply describable as red
noise. A simple interpretation is that the metric would be
affected by the rigidity of the RBC membrane since the
amplitude of fluctuations through a stiffer membrane
would more rapidly decay because of elastic dampening.
This idea was explored further and is described in the final
section under “Mathematical simulation.”

Temperature

Increases in temperature have a marked stimulatory effect
on the activation and steady-state kinetics of all enzymic
and chemical processes in RBCs (Agar and Board 1983;
Bernhardt and Ellory 2003; Khan et al. 2000), as well as
the kinetic energy of particles undergoing Brownian
motion (Einstein 1905) and the flexibility of the lipid
bilayer (Garrett and Grisham 1999). Passive cation per-
meability in RBCs, however, has been shown to increase at
low temperature (Stewart et al. 1980). The present results
of flickering analysis of RBCs indicated that temperature
had an insignificant effect on the spectral features of
flickering.

RBCs: There was a small change in the slope of the
power spectra from each individual cell between 20°C and
25°C, and an insignificant change in the slopes of the
power spectra of these cells from 25°C to 37°C, (Fig. 3a,
solid line). The interpretation of this was: (1) while the rate
of frequency decay may have been approximately the same
between experiments, other factors may have been influ-
ential, such as fluctuation amplitude, which cannot be
measured directly using the DIC methodology, and (2)
motility is important for RBC survival; so changes in
environmental temperature may be accounted for by an, as
yet, unknown process. This unexpected result has been
shown previously (Fricke and Sackmann 1984). However it
was worthwhile confirming such an important result with
more recent imaging technology and modern data pro-
cessing techniques.

Latex spheres: Upon changing the temperature of the
system, the Brownian motion of the latex spheres (which
was clearly visible when viewed under the microscope)
changed significantly, as shown by the dashed line in
Fig. 3a. We interpreted the decrease in the absolute value
of the slope as implying that the higher frequencies were
more prominently represented at higher temperatures.
Therefore, the rate of exponential decrease in Fourier
amplitude versus frequency had decreased.

ATP concentration and cell pathology

The dependence of cell membrane fluctuations on ATP
concentration has been the subject of previous studies (Gov
and Safran 2005; Levin and Korenstein 1991; Tuvia et al.
1998). It is claimed that ATP-depleted cells flicker with
lower amplitudes than fresh cells or ATP-repleted cells.
Moreover, the inhibition of cellular ATPases was reported
to reduce flickering amplitude, though this result has
recently been disputed (Evans et al. 2008).

Spectrin  association/dissociation: Gov and Safran
(2005) proposed that the transient, rapid, ATP-dependent
dissociation/association of spectrin filaments from actin in
the RBC cytoskeleton could account for the observed
membrane flickering. They posited that the cell expends
significant amounts of energy through the hydrolysis of
ATP in order to increase the amplitude of the membrane
fluctuations, and these aid in overall cellular motility.

A protrusion of ~40 nm occurs when one spectrin
molecule transiently dissociates from the hexagonal-junc-
tion network (Gov and Safran 2005). Flickering-based
protrusions of ~400 nm occur in RBCs (Krol et al. 1990),
so a minimum of 271 of these junctions are required
(assuming that all of them collapse either inwards or out-
wards), or ~2,500 spectrin molecules to produce dis-
placements of distances in the range measured by DIC
microscopy. However, synchronization of the dissociation/
association of spectrin molecules on this scale is unlikely to
occur, and so alone cannot account for RBC flickering.
However, our results cannot invalidate those conclusions
drawn in the above-mentioned articles since we were only
able to measure flickering frequency, and not amplitude. In
other words, it is conceivable that ATP consumption plays
a role in RBC flickering amplitude; however, our record-
ings and analysis were unable to detect it.

Hereditary spherocytosis: This condition is character-
ized by defects in the genes that code for proteins involved
in cytoskeleton composition and maintenance, including
spectrin, actin, band 3, protein 4.1, and most commonly
(and in the case of the above-mentioned blood donor with
hereditary spherocytosis) ankyrin (Gallagher and Forget
1998), which mediates the attachment of integral mem-
brane proteins to the spectrin-actin-based cytoskeleton
(Bennett and Baines 2001). These RBCs are typically
smaller in diameter (~5 pum) and are less flexible because
of membrane loss (Agar and Board 1983). Assuming that
flickering is facilitated by ATP-dependent dissociation of
spectrin, abnormalities in these integral cytoskeleton pro-
teins would likely perturb flickering. Indeed Krol et al.
(1990) found that these cells flicker with a lower ampli-
tude, but this is more likely to be due to the increase in
lipid membrane tension than dysfunctional spectrin ATP-
ases. This implies that the cytoskeleton and specifically
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spectrin-associated ATPases are not involved in facilitating
flickering.

NaF and a-hemolysin: NaF blocks enolase and inhibits
glycolysis (Kuchel and Benga 2005), causing ATP deple-
tion and echinocytosis over ~2 h (Blowers et al. 1951).
These cells flickered normally over the period that they
were monitored (Fig. 3b), indicating that transition to
echinocytes type 2 and 3 have an insignificant effect on
flickering.

o-Toxin normally exists as a monomer, and integrates
into lipid membranes (Bhakdi and Tranumjensen 1991),
where it forms a heptameric pore [creating a pore of
diameter ~5 nm and height ~9 nm (Gouaux 1998),
which allows hemoglobin leakage] through which normally
impermeable molecules such as ATP can diffuse (Lind
et al. 1987). Repeatedly centrifugally washing the cells in
two volumes of ATP-free physiological saline caused a
significant reduction in the intracellular ATP concentration
(confirmed with 3p NMR), and after ~4 repetitions, the
signals from the o-, -, and y-peaks in the NMR spectra
were too low in signal-to-noise ratio to detect (Fig. 3c),
indicating an ATP concentration <~0.3 mM. For the
microscopy experiments, the suspension was washed eight
times to ensure depletion of intracellular ATP, and the
flickering was monitored after each wash. These cells did
not form echinocytes, possibly due to the pores relieving
tension on the lipid membrane. Again, the flickering
remained relatively constant (Fig. 3c). There was greater
variability in these experiments since individual cells could
not be monitored. These results imply that flickering is
independent of ATP concentration.

Water transport

Every intracellular water molecule in an RBC is replaced
~100 times a second through membrane-inserted aqu-
aporins AQP1 and AQP3 (Roudier et al. 1998; Yang et al.
2001). Unlike AQP1, AQP3 is resistant to pCMBS, which
explains the small mercury-insensitive component of water
permeability, and is permeable to glycerol (Bernhardt and
Ellory 2003). AQP1 is more abundant, with ~ 120,000—
160,000 copies per cell (Yang et al. 2001). Water exchange
in human RBCs is known to be much faster than is
seemingly necessary (Kuchel and Benga 2005). It has been
hypothesized that this high rate may be related to facili-
tating membrane fluctuations (Kuchel and Benga 2005).
Water transport may influence RBC flickering by causing
localized volume fluctuations due to inhomogeneities in
water flux.

Increasing the viscosity of the medium with 20% (v/v)
glycerol had little effect on the features of flickering
(Fig. 3d) and brought about only a small change in water
mean residence time (~ 6% higher than normal).
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pCMBS gradually inhibited flickering in all RBCs over
~30 min (Fig. 3e). p>CMBS is membrane impermeant and
reacts selectively with sulthydryl groups. It can therefore
bind to proteins in the RBC membrane including AQP1
and decrease water exchange rate by ~50% (Benga et al.
1986). pCMBS is nonspecific, however, and inhibits
nucleoside transport in rat RBCs (Jarvis and Young 1986)
so the inhibition of flickering may be due to binding to
many other proteins, thus rigidifying the membrane.

The cells maintained their discocyte shape throughout
typical time courses and were stable over the 3 h that
they were monitored. They did not flicker after washing
the excess pCMBS out of the suspension with PBS. They
did flicker, however, after perifusing 5 mM DBP [and
to a lesser extent, diethyl phthalate (DEP)] into the
suspension (flickering was unchanged in fresh cells incu-
bated with DBP or DEP). DBP is used as a plasticizer
and can be used, like its analogue DEP, to separate RBCs
from water in a saline suspension (Hansen et al. 2001).
RBCs in vivo, which had been treated with DEP, had a
longer lifespan than those that were not treated (Lovric
et al. 1985). Therefore, it was concluded that DEP inte-
grates into the membrane and increased filterability. The
mean residence time of water in cells treated with
pCMBS was increased by ~45%, but the addition of
DEP and DBP caused it to markedly decrease, while
staying unchanged in cells that were incubated only with
DEP and DBP. These results indicate a strong link
between water transport through the RBC membrane, and
flickering in RBCs.

Cell age

The differences in flickering between old and young RBCs
have been the subject of a recent study (Costa et al. 2008).
The motivation for the work is the identification of those
features of the RBC that determine its survival in the cir-
culation. RBCs are formed and released from the bone
marrow and circulate for ~ 120 days before they are
destroyed. Circulating RBCs therefore represent a full
range of young and old cells. Toward senescence, a number
of processes occur, including membrane loss and an
increase in cell density and stiffness (Waugh et al. 1992).
Indeed, there must exist markers associated with the RBC
toward the end of its life to facilitate targeting for
destruction via the spleen; this appears to be the cell’s
filterability (Agar and Board 1983). We aimed to elicit
differences in flickering characteristics between young and
old cells using the analysis.

Costa et al. (2008) found that there were demonstrable
differences between the two populations using DFA and
MSE. However, with our data, these techniques proved to
be non-discriminatory for metrifying cells of different ages.
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Similar experiments were performed and processed using
power spectrum analysis and, on average, while both
populations produced very similar results, there were subtle
differences in the two, as shown in the histogram of values
in Fig. 3f. The imaging techniques were different from
those used by Costa et al., i.e., a greater imaging rate
(336 Hz cf. 34 Hz) as well as a larger voxel size (77 nm?
cf. 4 nm?); however, this had little apparent impact on the
form of the time series.

Our conclusions are that: (1) the populations were dif-
ferent to an extent that they were distinguishable from one
another; however, (2) assuming a homogenous field of
young and old cells, it is impossible (~ 50% probability of
getting the correct assignment) to determine from the
analysis whether an individual observed cell is young or
old. While cell age had a measurable effect on flickering
when populations of cells were compared, the differences
were insufficient to be able to predict the age of an indi-
vidual cell. This showed that flickering is buffered to an
extent that vast differences in cellular age (at least
100 days, >80% of an RBC’s entire lifespan) are insuffi-
cient to perturb it significantly.

Varying the temperature of the suspension between
20°C and 37°C had an immeasurable effect on flickering.
This was also evident in experiments where cellular ATP
was depleted and medium viscosity increased with 20%
glycerol. Permanent cessation of flickering was achieved
when cells were incubated with pCMBS, and a further
recovery of flickering with DBP.

Mathematical simulation

The purpose of the computer model was (for the first time
to our knowledge) to provide insight into the underlying
mechanisms that bring about the acquired RBC flickering
time courses. It is important to note that the analogy on
which the model is based in the “Theory of methods” is a
gross simplification of the RBC membrane. While we can
view only the surface of the RBC using DIC microscopy, it
is well established that the RBC membrane is a composite
structure consisting of a fluid lipid—protein bilayer and a
quasi-two-dimensional spectrin—actin network (Agar and
Board 1983). Both components contribute to thickness
fluctuations in the cell and this is described in detail by
Zilker et al. (1992). Our intention, however, was not to
model the viscoelastic properties of the membrane, but to
formulate a model that yielded realistic empirical data
suitable for testing the various data processing protocols.
Indeed, the results obtained from it closely represented
those seen in the experiments. Figure 4 shows that the
metric (slope of power spectrum) differed between young
and old cells because the propagation of waves through the
latter was more damped, and so decayed more rapidly.

Moreover, it validated the power spectrum line-fitting
method.

Conclusions

Previous results (Costa et al. 2008) that showed a demon-
strable difference in some features of RBC membrane
flickering brought out by signal processing in the old and
young populations of RBCs were confirmed. However, a
novel approach to the experiments was used here, namely:
(1) choosing to monitor the central pixel of an RBC, (2)
using DIC microscopy with (3) high-speed imaging, and
(4) power-spectral analysis with line fitting. The study was
extended by: (1) measuring individual cells upon pertur-
bation of the normal conditions: (a) temperature, (b) ATP
concentration, and (c) water diffusion; and (2) developing
a computer simulation of the time series acquired from
typical young and old RBCs.

The results showed that RBC flickering frequency was
resistant to perturbations in temperature. We measured the
effect of varying the sample temperature and found an
insignificant change in the power spectrum metric. Thermal
fluctuations would be expected to show an Arrhenius
dependence of the metric on temperature, but this was not
the case. On the other hand, when Brownian motion was
measured by using rigid latex spheres, there was a strong
correlation between the power spectrum metric and the
temperature of the system. This is strong evidence that the
phenomenon in the RBC is more than thermally driven;
other enzymic/cytoskeletal processes which are tempera-
ture compensated (i.e., operate in the same way over a wide
temperature range such as is found between the core body
temperature and the extremities of, say, the fingers) are
postulated to be involved in RBC membrane flickering.

Flickering was also resistant to perturbations in ATP
concentration, and to changes in viscosity and inhibition of
AQP3 by glycerol. One explanation for these results is that
the analysis is insensitive to the type of changes in flick-
ering that these perturbations bring about. High variation
was seen amongst different time courses recorded from the
same cell within a few minutes of each other (this phe-
nomenon was observed in the computer simulations also).
The changes in flickering that the perturbations brought
about may be too low to overcome this randomness and so
may be invisible to the analyses. Our statistical analysis
indicated that, at least with the present methods of time
series analysis, a cell could not be designated, with a high
level of confidence, as old or young based on its flickering
metric.

Annotated Mathematica programs that perform the
analysis of flickering time series are available from the
authors.
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Appendix

This section is presented as a prelude to the analyses of
time series that are derived from the well-known Fourier
transform.

Fourier transform

The Fourier transform, a linear operator, maps one function
of a given independent variable (time) onto another func-
tion of a so-called conjugate variable (frequency) (Butz
2006). The Fourier transform decomposes a function into a
continuous spectrum of its frequency components, and the
inverse transform synthesizes a function from its spectrum
of frequency components. Similarly, the discrete Fourier
transform maps a time series onto a finite spectrum of its
frequency components (Bracewell 1999).

The Fourier transform of a complex-valued Lebesgue-
integrable function, x(¢) is defined in discrete-series pro-
cessing as the function

X(f) = / x(t)e 2, (5)

for every real number f.

When the independent variable ¢ represents time (with
SI unit of seconds), the transform variable f represents
ordinary frequency (in Hertz). The complex-valued func-
tion, X, is said to represent x in the frequency domain, i.e.,
if x is a continuous function, then it can be reconstructed
from X by the inverse transform

o0

W= [ x(), 0

—00

for every real number ¢, and premultiplied by a scaling
parameter (here, given the arbitrary value 1.0).

The interpretation of X is aided by expressing it in polar
coordinate form

X(f) = A(f)e V), (7)
where

Af) = IX() (8)
is the amplitude, and

®(f) = Angle(X(f)) 9)

is the phase.
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Then the inverse transform can be written

o0

*(t) = / A(F)eCH o) gf, (10)

—00

which is a recombination of all the frequency components
of x(¢). Each component is a sinusoid expressed in complex
form, 2 i, whose amplitude is A(f) and whose initial phase
angle (at t = 0) is O(f).

Wavelet transform

It is important in many situations to obtain the temporal
structure of the frequency content of a time series in a
transparent way. One way to obtain both time and fre-
quency localization is to use a windowed Fourier trans-
form. As the name suggests, the signal is multiplied by a
window function b(t — f,), where b(f) is nonzero only in a
finite region at and beyond ¢ = 0. Then the Fourier trans-
form of x(¢) b(t — ty), is

X(f, 1) = /x(t)b(t—to)e*iﬁdt. (11)

This gives the frequency content of the signal near
t =ty It is clear that only the signal around ¢ = 1,
contributes to X(f,7y), since this is the part of the signal
that is “seen” through the window, while the rest is cut off
by the function b(¢). As the window is moved along the
time axis, different parts of the signal are “seen,” this
accomplishes the aim of finding a time—frequency
description of f{(r).

The continuous wavelet transform of a discrete sequence
X, is defined as the convolution of x, with a scaled and
translated version of y/(¢), the “mother” wavelet (Torrence
and Compo 1998)

Wo(s) = Nzw [ﬂ] (12)

N

where N is the total number of points in the time series;
Y is the mother wavelet scaled by the real factor s and
translated along the localized time index n; Jt is the time
separation between points in the series; and the asterisk
denotes the complex conjugate of the respective function.
By varying n and s through appropriate ranges, an image is
constructed showing both the amplitude of any features
versus the wavelet scale.

The choice of the mother wavelet, (), is to some extent
arbitrary but the particular choice is very important as it
determines the features that are enhanced after its convolu-
tion with the data. In the present work, the Morlet wavelet
(Goupillaud et al. 1984) was used, whose equation is
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rheione7 (13)

Magnitude-mode processing

Magnitude-mode processing has been used to recover
dispersion-mode information from Fourier transforms for
applications in ion cyclotron resonance, infrared interfer-
ometry, and NMR spectroscopy (Brenna and Yeager 1995;
Williams and Marshall 1992). It is calculated using the
following equation:

m(f) = 3 \Re(X,() +Im(X,())’, (14)
i=1

where m(f) is the magnitude-mode spectrum, N is the
number of time series acquired, and Re(X;(f)) and Im(X;(f))
are the real and imaginary parts of the ith Fourier spectrum,
respectively.

Detrended fluctuation analysis

Detrended fluctuation analysis (DFA) (Peng et al. 1995)
gives a measure of how fluctuations in a time series differ
from the trend obtained from different scales of windows of
that time series. Essentially, a time series, X = {x, X5,...,xn}

k
of length N is integrated, as y(k) = > x; — Xaye, Where X,ye
i=1

is the mean of X. The integrated time series, y(k), is then
divided into windows of equal length, n. A linear trend is
found for the data points in that window [let y,,(k) represent
the y-coordinate of the straight-line segments], and this is
then subtracted from those data points (thereby detrending
it). The root mean squares (RMS) of the residuals is calcu-
lated by

1 N

F(n) = | =Y (k) = ya(k))*. (15)

N k=1

The computation is repeated over all time scales (“box
sizes”) to give a relationship between F(n), the average
fluctuation as a function of box size, and the box size, n.
When fitted to a line, DFA gives a measure of the extent of
randomness of a signal. A slope of nonlinear trend
represents a time series of uncorrelated randomness;
while a linear trend with slope 1.0 indicates red noise;
i.e., the time series has long-range correlations and exhibits
scale-invariant properties (Fig. le).

Multiscale entropy

Multiscale entropy (MSE) (Costa et al. 2002) analysis
quantifies the extent of irregularity of a time series over a
range of scales. For this method, a moving average of run

length, s (the scale), of the time series is taken and sample
entropy is calculated using the method outlined in Richman
and Moorman (2000). Briefly, consider the time series of
length N: X = {x;, Xa,..., xy}. Consider the m-length
vector u,,(i) = {x;, Xii 150, Xy}, 1 <1 <N —m+ 1. Let
n;'(r) represent the number of vectors u,,(j) that are prox-
imal to the vector u,,(i), i.e., the number of vectors whose
Euclidean distance from each other is less than or equal to
r, dlu,(j), u,@] <r. The proximity distance, r, was
defined as 15% of the standard deviation of the time series
X. The probability that vector u,(j) is proximal to the
vector u,,(i) is

n’(r)

Cl'(r) =—"+—"—. 16
n) = (16)
Richman and Moorman (Richman and Moorman 2000)

defined the value of the sample entropy as

m+-1
Sg(m,r,N) = —In <7Uum(£;)>, (17)
where U™(r) and U™ '(r) are similar to C"(r) and C""'(r),
except for the special properties which result from the
calculation of Shannon’s entropy (Shannon 1948), namely:
(1) the distance between two vectors is the absolute
maximum difference between their components, (2) self-
matches are excluded, i.e., vectors are not compared
against themselves, and (3) given a particular time series
with N data points, only the first N — m vectors of length
m, u,,(i) are considered, ensuring that, for 1 <i < N — m,
the vector u,,, (i) of length m + 1 is also defined. Thus

S

S "

i=1 i

Sg(m,r,N) = —1In

where n;" and n/"*" differ from n/" and n/"*" in that self-
matches are not considered.

The scale (s) is then iterated and the process repeated
over a range of scales. In the case of white noise, maximum
entropy occurs at the smallest scale, and decays over
subsequent scales. In contrast, red noise represents fluctu-
ation complexity over multiple scales, so the MSE remains
relatively constant (Fig. 1f).
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