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Complex dynamics of human red blood cell flickering: Alterations with in vivo aging
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Human red blood cells (RBCs) exhibit vibratory motions, referred to as “flickering.” Their dynamical
properties, classically attributed to thermal mechanisms, have not been fully characterized. Using detrended
fluctuation analysis and multiscale entropy methods, we show that the short-term flickering motions of RBCs,
observed under phase contrast microscopy, have a fractal scaling exponent close to that of 1/f noise and
exhibit complex patterns over multiple time scales. Further, these dynamical properties degrade with in vivo
aging such that older cells that have been in the circulation longer generate significantly (p<<0.003) less
complex flickering patterns than newly formed cells. Quantitative assessment of multiscale flickering may
provide a way of measuring RBC functionality. Membrane models need to account for the complex properties
of these motions and their changes with in vivo senescence.
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Human blood contains three major cellular components:
red blood cells (RBCs), white blood cells (leukocytes), and
platelets. Newly formed (“new”) RBCs are released from the
bone marrow and circulate for approximately 120 days be-
fore they are removed by the macrophages in the liver and
spleen. Thus, circulating RBCs represent a continuum of new
to senescent (“old”) cells. As RBCs age in vivo a number of
processes occur, including membrane loss and increase in
cell density and stiffness [1].

The RBC membrane has a vibratory motion, called “flick-
ering,” which was observed decades ago [2]. The maximum
amplitude of this motion is of the order of 0.4 um [3], i.e.,
approximately 5% of the average RBC diameter (~7.5 um).
The overall frequency range of flickering has yet to be de-
termined. Previous studies reported values ranging from 0.2
to 30 Hz [3,4].

Flickering was initially attributed solely to thermal mem-
brane fluctuations; subsequently an energy driven mecha-
nism was proposed [5]. However, the bioenergetic bases of
flickering remain unresolved [6]. Here, we address the pos-
sibility that flickering has a complex temporal structure and
an undiscovered biologic role.

The dynamics of membrane diameter changes was ana-
lyzed previously [7] from the perspective of quarter power
law scaling [8]. However, quantification of the multiscale
complexity of the overall membrane dynamics and changes
with in vivo aging have not been investigated.

The purpose of this study was to further assess the dy-
namics of flickering in light of the following hypotheses: (1)
RBC membrane fluctuations are complex over multiple time
scales, and (2) the dynamical properties change with in vivo
aging: old cells generate less complex dynamical patterns
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than new cells. These joint hypotheses derive from a concep-
tual framework built on studies showing that (i) healthy
physiologic control systems reveal complex spatiotemporal
patterns at multiple levels of resolution, and (ii) dynamical
complexity degrades with aging and disease [9-13].

We analyzed time lapse phase contrast microscopy re-
cordings (5000 frames at 34 frames per s) of 26 fresh RBCs
(13 new and 13 old ones) from five healthy adult donors
(Fig. 1) [14]. Each frame (Fig. 1) is a matrix of numerical
values (pixels), which are determined by the thickness of the
imaged object (measured along the vertical direction) and the
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FIG. 1. (Color online) Consecutive pseudocolored phase con-
trast images (30 seconds apart) of a new (top plots) and an old
(bottom plots) red blood cell (RBC). Changes in color (unitless
scale) are due to membrane oscillations. White arrows point to a
domain with relatively high amplitude flickering. For representa-
tional purposes, the background and the “halo” surrounding the cell
(a phase contrast imaging artifact) were removed. (The range of
values is higher for the old RBC than for the new one because the
former is thicker than the latter and therefore appears brighter under
positive phase contrast microscopy [15].)
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differences between its refractive index and that of the sur-
rounding medium. The pixel size is 0.0625 um. From the
recording of consecutive frames, we derived the time series
of light intensity fluctuations for individual pixels (Fig. 2).
Dynamical analyses testing the hypotheses above were based
on the quantification of these time series.

To quantify the overall dynamical complexity of RBC
membrane flickering, for each pixel we calculated (1) a frac-
tal exponent using the detrended fluctuation analysis (DFA)
algorithm, a modified root mean square analysis of a random
walk [16], and (2) a complexity index derived using the mul-
tiscale entropy (MSE) method [11]. These two algorithms
quantify different, yet complementary, properties of complex
signals.

The DFA algorithm measures the correlation properties of
a signal. Briefly, the algorithm quantifies the relationship be-
tween F(n), the root mean square fluctuation of an integrated
and detrended time series, and the observation window size,
n. F(n) increases with window size according to F(n) ~n®. If
a=0.5, the time series represents uncorrelated randomness;
if a=1 (1/f noise), the time series has long-range correla-
tions and exhibits scale-invariant properties; if a=1.5, the
time series represents a random walk (Brownian motion).

The MSE method [11,12] quantifies the degree of irregu-
larity of a time series over a range of scales. Briefly, the

Scale factor

method comprises three steps: (1) a coarse-graining proce-
dure used to construct a set of derived time series represent-
ing the system’s dynamics over a range of scales, (2) quan-
tification of the degree of irregularity for each coarse-grained
time series using an entropy measure, sample entropy [17],
and (3) calculation of the complexity index, C,. The se-
quence of entropy values for a range of scale is called the
MSE curve.

For complex signals, such as 1/f noise time series [12],
entropy is constant for all scales because at all levels
of resolution the signal exhibits complex fluctuations. In
contrast, for uncorrelated (white) noise time series, entropy
monotonically decreases with scale because the signal con-
tains maximum information for scale one and no new details
(information) are revealed on larger scales. Therefore, not
only the absolute values of entropy but also the profiles
of the MSE curves have to be taken into consideration
to quantify the overall complexity of a time series. To calcu-
late the complexity index, we integrated the entropy values
over a preselected range of scales and multiplied the result
by 1 or —1, depending on whether the slope of the MSE
curve was positive or negative, respectively. In this study,
the maximum scale selected was 6, which was determined
taking into consideration the length of the original time
series [17].
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Figure 1 shows consecutive pseudocolored phase contrast
images of a new and an old RBC. These images suggest
differences in spatial-temporal properties between new and
old RBCs.

Figure 2 shows representative examples of two time se-
ries: one of a pixel from the new (top panel) cell and another
of a pixel from the old (second panel) cell membrane in Fig.
1. The third and fourth panels show the power spectra for
these two time series. Neither shows a dominant frequency.
The fifth and sixth panels show the analyses of the same time
series using DFA analysis and the MSE method, respectively.

Figure 3 displays the coefficient of variation, the « expo-
nent, and the multiscale complexity index maps obtained by
analyzing the pixel time series from the new and old RBCs
in Fig. 1.

The coefficient of variation maps reveal that the new cell
has a more heterogeneous pattern of fluctuations than the old
one. Dynamical heterogeneities (“subdomains”) have been
observed on scales both shorter [4] and longer [18] than
those studied here.

The a maps show relatively higher exponents for the
older cell, indicating that with in vivo aging the dynamical
properties of the flickering change toward Brownian motion.
The exponents vary approximately between 0.8 and 1 for the
new cell, and between 0.9 and 1.2 for the old cell (Fig. 4).
These relatively tight intervals support the robustness of the
findings and are not unexpected since the membrane is scaf-
folded to an interconnected cytoskeleton. The scaling region,
which is limited by the sampling frequency and time series
length, extends from approximately 0.1 to 30 s.

Multiscale complexity maps (Fig. 3, lower panels) show
that the time series from the new cell are more complex than
those of the old cell for the range of the time scales analyzed
(0.029-0.176 s). Results obtained for the overall cell popu-
lation we studied (Table I) are consistent with those pre-
sented above for the two representative cells in Figs. 1-4.

Both the a exponent and the C; are independent of the
time series variance. Their values are determined solely by
the correlations among the data points and the richness of the
dynamical structures. All three maps indicate dynamical het-
erogeneities. However, regions with high amplitude fluctua-
tions (red areas in the top panels of Fig. 3) are not necessar-
ily more complex than the others. Further, no clear
relationship exists between the amplitude of the fluctuations
and the a exponent.

Since the noncellular background represents uncorrelated
(white) noise of lower amplitude than the flickering, qualita-
tively similar results for the DFA and MSE analyses are ob-
tained whether or not the background is subtracted from the
time series of individual pixels [12,16]. We also verified that
averaging adjacent pixels (e.g., 3 X 3 squares) did not quali-
tatively change the results.

Our results are notable for the following findings: (1)
flickering of the human RBC membrane, especially in newly
formed cells, shows robust long-range correlations, consis-
tent with a scale-free pattern and a high degree of multiscale
complexity; (2) dynamical complexity degrades with in vivo
aging of the RBCs, evidenced by significantly lower MSE
values and by a change in the « exponent toward a more
Brownian pattern; (3) degradation of complexity at the cel-
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FIG. 3. (Color online) Quantitative analysis of the membrane
fluctuations of a new (left panels) and an old (right panels) RBC
from the same subject. Top plots show the coefficient of variation
(standard deviation divided by mean value) maps. Middle plots
show the « (fractal) exponent maps calculated using DFA. Bottom
plots show the complexity maps calculated using the MSE method.
Values of the parameters used to calculate sample entropy were
m=2 and r=0.15 [11]. The complexity index was obtained by inte-
grating the values of entropy between scales 1 and 6, inclusively.
Colors code for the amplitude of the measured variable. To con-
struct the maps, we analyzed the time series of individual pixels
(such as those presented in Fig. 2). The maps of the coefficient of
variation show that the membrane of new RBCs displays different
domains of activity. In the online color version, red (blue) regions
correspond to areas with relatively high (low) amplitude fluctua-
tions. Old cells appear more homogeneous. The a maps show that
toward the end of the RBC circulatory life, the dynamical properties
of membrane fluctuations are closer to Brownian motion (a=1.5)
than at the beginning. Consistent with these results, multiscale com-
plexity maps show that the membrane dynamics of new RBCs are
more complex than those of old RBCs. A blue rim, visible in some
of the maps, corresponds to the interface between the thinner cen-
tral (“drum”) region and the outer (“tire”) area of the cells.

lular level with in vivo aging supports the more general con-
cept of multiscale complexity loss with aging and disease at
all levels of biologic organization [10].

From a practical viewpoint, recording and analysis
of complex RBC membrane oscillations may lead to a
robust high-throughput means to screen for improved
blood storage conditions and interventions that yield
more viable and functional RBCs for transfusion [19].
The dynamical analysis that we present here may also
provide a way of assessing drug toxicity. To be determined
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FIG. 4. (Color online) Histograms of the a exponent (left panel)
and of the complexity index (right panel) for the new and old RBCs
used to construct the maps shown in Fig. 3.

is whether a decrease in flickering complexity with senes-
cence has a role in RBC recognition and removal by mac-
rophages. Possible relationships between structural and
dynamical heterogeneities merit investigation. Finally,
current models of membrane cytoskeletal dynamics [20]
need to be tested to verify if they account for this class of
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TABLE I. Dynamical measures computed for the new (N=13)
and old (N=13) RBCs. q; is the percentage of pixels with scaling
exponent a>1, which indicates dynamical properties closer to
Brownian noise. C; is the complexity index (unitless) obtained by
integrating the sample entropy values between scales 1 and 6, as
described in the text. Values are given as mean = SD. The p values
were calculated using the Mann-Whitney test.

Measure New RBCs Old RBCs p value
ay (%) 24*34 21.8+16.6 2x107*
o' 11.6=0.32 10.1+0.40 3%x1073

correlated multiscale fluctuations and changes with in vivo
aging.
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