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Collective cell migration in tissues occurs throughout embryonic
development, during wound healing, and in cancerous tumor
invasion, yet most detailed knowledge of cell migration comes
from single-cell studies. As single cells migrate, the shape of the
cell body fluctuates dramatically through cyclic processes of exten-
sion, adhesion, and retraction, accompanied by erratic changes in
migration direction. Within confluent cell layers, such subcellular
motions must be coupled between neighbors, yet the influence
of these subcellular motions on collective migration is not known.
Here we study motion within a confluent epithelial cell sheet,
simultaneously measuring collective migration and subcellular
motions, covering a broad range of length scales, time scales,
and cell densities. At large length scales and time scales collective
migration slows as cell density rises, yet the fastest cells move in
large, multicell groups whose scale grows with increasing cell den-
sity. This behavior has an intriguing analogy to dynamic heteroge-
neities found in particulate systems as they become more crowded
and approach a glass transition. In addition we find a diminishing
self-diffusivity of short-wavelength motions within the cell layer,
and growing peaks in the vibrational density of states associated
with cooperative cell-shape fluctuations. Both of these observa-
tions are also intriguingly reminiscent of a glass transition. Thus,
these results provide a broad and suggestive analogy between cell
motion within a confluent layer and the dynamics of supercooled
colloidal and molecular fluids approaching a glass transition.

active matter | cell mechanics | jamming | collective cell dynamics |
nonequilibrium

he collective motion of cells within a tissue is a fundamental

biological process, both in health and in disease; for example
it is essential to embryonic morphogenesis, organ regeneration,
and wound repair (1-4). However, while the motion of individual
cells is well understood, collective motion of a large number of
cells such as in tissues is only understood in specific instances.
Moreover, the transition of the motion of single cells to the
collective motion of many cells has not been as extensively
studied. This transition is well represented by single monolayers
of cells; as they become confluent, the motion of the cells
becomes increasingly collective, depending on the presence of
their neighbors (5). During collective migration within confluent
cell layers, cell sheets flow like a fluid yet remain fixed and solid-
like at short time scales, with the motion of each cell constrained
by the crowding due to its neighbors (5-7). This solid-like char-
acter over short times and collective flow over longer times is
reminiscent of many crowded particulate systems, which undergo
a transition from a supercooled fluid-like state to a glass-like
state. By analogy, the collective motion of cells might be de-
scribed by a similar transition: as cell density rises, neighboring
cells restrict the motion of each cell, forcing cells to move in
groups. However, single cells are highly deformable and their mo-
tions are self-generated; thus to understand the duality of the
fluid-like and solid-like properties of a cell layer, it is essential
to measure cell motion at both the multi and subcell scale. More-
over, cell shape can exhibit significant fluctuations even within
confluent layers, and the relationship between such subcell fluc-
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tuations and multicell migration remains obscure (4, 8). Careful
measurement of the correlation between subcell fluctuations and
multicellular motion as cell density increases is essential to devel-
op a full understanding of this transition. Such results are also
crucial to explore the intriguing analogy between the collective
motion of cells and the emergence of collective motion in parti-
culate supercooled fluids approaching a glass transition.

Here we investigate the motion of cells within a confluent layer
over a broad range of time and length scales, quantifying both
collective cell dynamics, such as migration, as well as single-cell
dynamics, such as self-diffusivity, and internal deformations. We
find that motion within the cell layer is intriguingly analogous
to that within a supercooled fluid, approaching a glass-like state
with increasing number-density of cells. We observe pronounced
signatures of supercooled fluids within the cell layer: dynamic
heterogeneities in cell migration, a non-Arrhenius dependence
of relaxation times on cell density, and peaks in the vibrational
density of states (DOS). Within the cell layer, however, the details
of these characteristic motions arise from single-cell-body defor-
mations and cell proliferation: it is this internal activity that
distinguishes confluent tissue-cell dynamics from more tradi-
tional molecular or colloidal glass-forming systems.

Results

A confluent island of Madin-Darby canine kidney (MDCK) cells
is grown on a flat, 100 pm thick poly-acrylamide gel (Fig. 14). The
gel is functionalized with Collagen I and the shear modulus of the
gel is chosen to match the cell shear modulus of 420 Pa; this has
the effect of mimicking the chemical and materials properties
of real tissue (9-11). Approximately 5,000 cells are deposited
in a drop at the center of the gel and allowed to settle. After
the cells have adhered to the surface, the dish is filled with media
and transferred to an environmentally controlled chamber on a
microscope, maintained at 37 °C and 5% CO,. We study motion
within the cell layer by collecting time-lapse, phase-contrast
images over the course of several days, and we count the cells
to monitor the evolution of cell density; the cell layer is confluent
and, thus, as cell density increases, the projected area per cell
decreases (6). To follow in time the evolution of cell motion
and density, each set of 200 images are grouped and analyzed as
separate datasets of duration 200 min, unless otherwise indicated.

Multicell Migration and Dynamic Heterogeneities. To quantify
motion on multicell length scales, we employ a Particle Image
Velocimetry (PIV)-like analysis that measures a displacement
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Fig. 1. MDCK cells within a confluent monolayer migrate in a spatially
heterogeneous manner (A, B). The average area of contiguous regions of
the fastest velocity vectors defines &,, the area of dynamic heterogeneities
(B, white regions). As cell density rises, £, grows from an area of about 10 cell
bodies to 30 cell bodies (C, inset: &, in pm?). The average migration speed of
cells within the entire field of view, v, decreases with increasing cell density
(D). (Scale bar, 100pm.).

field between images in time. Each image is divided into 1,024
subregions, and the peak position of the 2D spatial autocorrela-
tion function of each subregion at successive time points pro-
duces a displacement vector for each subregion across the entire
image. Short-time, subcellular motions add random fluctuations
to the frame-by-frame displacement field, d(r,¢), and the displa-
cement autocorrelation function exhibits a rapid decay at short
times, and a plateau at lag times between 100 and 200 min. Thus,
before breaking the displacement field into groups of length
200 min, we use a running boxcar-average of 100 min over the
full dataset, determining a well defined migration velocity field
in space and time, v(r,t). We observe that cells within the conflu-
ent layer are confined by their neighbors and move with a nearly
constant velocity over time scales of hundreds of minutes
(Fig. S1).

The resulting migration velocity fields are spatially heteroge-
neous, exhibiting a variation in magnitude from region to region.
There is no apparent structural heterogeneity in cell density that

that used in dense colloidal systems: we identify the fastest 20%
of all migration velocity vectors at each time point and calculate
the average area of the subregions that contain the selected
vectors and are contiguous; this determines &, in each 200 min
dataset (Fig. 1B). The cell density increases with time; concomi-
tantly the dynamic heterogeneities grow in spatial extent. At the
lowest cell densities the dynamic heterogeneity comprises an area
of about ten cells; however there is a marked increase in this
size scale as the cell density increases. The size of the dynamic
heterogeneities saturates at a spatial extent of an area of about
30 cell bodies, but decreases again beyond a cell density of
approximately 2,800 mm~2 (Fig. 1C).

To quantify the migration rate, we calculate the speed from
the averaged-velocity fields, v = (|v(r.f)|),,, where angle brackets
indicate an average over the position of the velocity vectors, r.
throughout the entire field of view, and an average over time,
t, throughout each 200 min period. Although &, grows with
density, v decreases, shown in Fig. 1D. This combination of grow-
ing dynamic heterogeneities and slowing migration speed with
increasing cell density is strikingly reminiscent of the nature of
the relaxations observed in supercooled fluids approaching the
glass transition, suggesting the possibility of an analogy between
cell motion within a confluent layer and the crowding within a
particulate system approaching a glass transition with increasing
density (12, 13).

The Dynamic Structure Factor of Confluent Cell Motion. To further
explore possible analogies between glass-forming systems and
collective migration within confluent cell layers, we search for
other signatures of the glass transition by measuring the dynamic
structure factor, S(q.w) of the confluent cell layer. The dynamic
structure factor is traditionally measured with inelastic neutron,
X-ray, or light scattering methods, and we adapt a similar method
for the analysis of time-lapse images of cell motion; this provides
dynamical information over a wide range of wavelengths and fre-
quencies. Formally, the dynamic structure factor is the modulus-
squared of the time and space Fourier transform of a dynamic
variable such as electron density or neutron density (14). By
analogy, we use the image intensity to determine S(q,®) of the
cell layer; this characterizes dynamic fluctuations in cell shape
at short wavelengths, and also in cell density at long wavelengths.
We assume the sample is isotropic, and orientationally average
to determine S(q.w); an example is shown in Fig. 24.

To describe the data, we use the damped harmonic oscillator
(DHO) model, often employed to measure the dynamics of fluids
and disordered materials,

correlates with cell motion, suggesting that the large scale hetero- S(q.0) 1To(q) Q(g)r(q)
geneities in the migration velocity field are dynamic in nature — =1,(q) 2 +1(g) .
: - ; i S(q) ®* + (3T0(9))? [? - Q(q)]* + @’T?(q)
(Fig. S2). To characterize the spatial extent of the area containing 2 0
these dynamic heterogeneities, £,, we employ a method similar to [1]
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Fig.2. The dynamicstructure factor S(g,®) of the migrating cell monolayer is calculated to quantify cooperative and self motions over a broad range of length
scales and time scales (A). An example slice through S(g,w) at ¢ = 0.8 rad pm~" shows that the spectral line shape is well described by the DHO model, consisting
of a diffusive Rayleigh peak (red line) and a Brillouin peak (blue line) (B). The spectrum of diffusing particles is dramatically different than the DHO spectrum, as
seen on a log-log plot (C, diffusing particle data: empty black square, red line: Rayleigh peak fit, cell data: filled black circle, blue line: DHO fit).
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The first term is a Rayleigh peak, with amplitude /y(g), and
width [y(g), and quantifies self-diffusivity. The second term is a
Brillouin peak, with amplitude I(g), width I'(g), and peak position
Q(g), and reflects an elastic response to density fluctuations
(15). Both terms are essential to describe the cell data, as show
in Figs. 2 B and C. To confirm the essential requirement of the
Brillouin peak to describe the data for confluent cell layers, we
compare these data to that obtained from simulations of particles
undergoing diffusive motion, which can be accurately described
by the first term alone; the fit to the diffusive motion yields the
correct diffusion coefficient, provided the data are corrected by
the experimental resolution, given by the reciprocal of the experi-
mental duration as shown in Fig. S3. We therefore correct the
measured width of all data by 27/(3.33 h) = 1.88 h™!.

Non-Arrhenius Self-Diffusivity within the Monolayer. The width of
the central peak provides a probe of the short-time random fluc-
tuations of the cell motion. We find that I'y(g) ~ g2, allowing us to
extract a diffusion coefficient by averaging over the high g-range,
Dy = (q7*To(q)),> which is well defined at all cell densities. Inter-
estingly, we find that D decreases with increasing cell density, as
shown in Fig. 34 and (inset). We calculate an average speed over
a short duration, 7, from /D, /7, and compare this to the average
speed from the PIV analysis; for all = within the range 100 < 7 <
200 min. we find that the migration distance is larger than the
diffusion distance at all cell densities measured. Surprisingly,
however, extrapolating to somewhat larger cell densities suggests
that these lengths converge, whereupon self-diffusive motion
overtakes cooperative migration, as shown in Fig. 3B. This con-
vergence defines a transition density: below this density cells
move greater distances by directed migration than by stochastic
motions, whereas above this density, individual cell motion is
predominantly diffusive-like, and cell layer motion is similar to
that of concentrated deformable particles (16). Interestingly, this
transition from collective relaxation to highly constrained loca-
lized motion of cells is reminiscent of a glass transition controlled
by cell density; for all z within the range 100 <7 <200 min.
this occurs at the density where the lengths converge, ¢, =
2800 mm™.

To further characterize the approach of fluid-like cell motion
to a glass-like state we plot the inverse diffusivity as a function of
cell density, and fit the data with the Avramov-Milchev (AM)
equation, Dj' = Dyl exple(o/0,)%], where o is the cell density,
D« is the diffusivity at zero density, ¢ is the dimensionless
activation energy at the glass-transition density, o, is the glass-
transition density, and o is a fragility parameter (Fig. 3C). The

AM equation describes stress relaxation times as a function of
temperature in glass-forming molecular fluids and as a function
of density in glass-forming colloidal fluids (17). Therefore, by
analogy, we identify the cell density with the volume fraction
in colloidal suspensions, which corresponds to the inverse tem-
perature in molecular glass formers. From the fit we obtain
Dpax = 30+ 4 ym? h~!, showing that diffusive-like motions of
cells within a confluent layer are more than an order of magni-
tude slower than the anomalous migration of isolated MDCK
cells (18). By contrast, within the confluent cell layer, D, arises
from very different dynamics, as migrating cells have been shown
to pass through a kinetic phase transition as cell density is
increased from subconfluent densities to confluent densities (5).
Glass-like relaxation within the cell layer is captured by the
parameters a and e. For “strong” glasses, a = 1, whereas for
the most fragile glasses, a ~5-6; we find that within the cell
layer, a = 2.4 £ 0.1, indicating that the cell layer is analogous
to a moderately fragile glass-forming fluid. Interestingly, we find
that ¢ = 1.8 + 0.1, suggesting that the relative width of the acti-
vation energy spectrum at o, is large compared to that of most
molecular glasses, in which ¢~ 30. Similar results are obtained
by fitting our data with another widely used description of
non-Arrhenius relaxations in glass-forming systems, the Vogel-
Fulcher-Tamman (VFT) equation (19). Although the underlying
details of the AM and VFT models differ, and the VFT predicts a
divergence in Dy! which we cannot observe (20), both models
reveal the same relaxation behavior in the cell system: collective
migration within a confluent cell monolayer exhibits behavior
that is remarkably reminiscent of the non-Arrhenius relaxation
within a moderately fragile glass-forming fluid (21).

Density of States within the Confluent Cell Layer. An additional
means of analyzing the information provided by S(q,®) is through
the DOS, which provides an additional point of comparison
to glass-like behavior. The DOS in 2D is given by n(w) =
2g72¢q(dq/dw), where, dq/dw is the reciprocal of the group
velocity, ¢ = dQ(q)/dq. Because there is no well defined cutoff
in our system, such as an intermolecular spacing, and we analyze
fluctuations in the cell layer down to subcellular length scales,
we arbitrarily choose the pixel size to define the maximum wave
vector, ¢nax = 27/(1.55 pm). This choice of g,,,, affects the over-
all scale of n(w), but does not change the w-dependent features.
The dispersion relations exhibit two important features that
affect the DOS. At low g, corresponding to length scales just
larger than the cell size, Q(q) flattens out, and at higher g, Q(q)
develops an inflection point, shown in Fig. 44. At these frequen-
cies where the group velocity is reduced, there is an increase in
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Fig.3. The width of the Rayleigh peak, I'y(q), is the g-dependent inverse relaxation time, and is equal to Dy g% (A, empty black square: ¢ = 1,479 mm~2, empty
red circle: o = 2,088 mm~2, empty green triangle: 6 = 2,214 mm~2, empty inverted blue triangle: 6 = 2,634 mm~2). The average of ['y(q)/q? over high g yields a
well defined self-diffusivity, Dy (4, inset). Migration distances over 200 min. durations, by diffusion and migration, are calculated from v and Dy, showing that
collective migration decreases to levels of self-diffusive motion with increasing cell density. At the highest density, insufficient dynamic range in 5(q,w) pre-
vented the extraction of a diffusivity. (B). An Arrhenius plot of D; as a function of cell density illustrates the analogy between motion within the cell monolayer
and particulate supercooled fluids approaching a glass transition (C, blue line: AM equation fit, red line: VFT equation fit).
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Fig. 4. Analysis of the Brillouin peaks in S(q,w) yield dispersion relations of cell motion, Q(q), at each cell density (A). The DOS of cell motion, extracted from
Q(q), exhibits two sets of peaks, analogous to boson peaks in supercooled fluids (B). The peaks at lower frequencies and wave vectors correspond to the time
scale and length scale of cell shape oscillations; the peaks at higher frequencies and wave vectors correspond to the time scale and length scale of cell divisions
(C, D). (o5 = 1,550 mm~2, 6, = 1,480 mm=2, 51, = 1,880 mm=2, 51, = 2,090 mm=2, 614 = 2,210 mm™2, 645 = 2,550 mm~2, and 645 = 2,630 mm~2)

the DOS. The excess in DOS is frequently measured in reference
to the Debye-approximation for the DOS, which scales like @ in
2D; thus n(w)/w exhibits peaks corresponding to the reductions
in dQ(q)/dq, as shown in Fig. 4B.

At the lowest cell densities, 7(w) /@ resembles that of molecu-
lar and colloidal fluids: there is a single, dominant peak at
low frequencies and the DOS decreases and flattens out at high
frequencies, as shown in Fig. 4B (22). This peak is commonly
called the boson peak; in supercooled fluids, the boson peak
arises from damped oscillations of long lived molecular structures
(23, 24). This peak shifts to lower frequency with increasing cell
density; the associated time scale of this peak, * = 2z/wpear,
increases from approximately 1 h to 1.6 h, as shown in Fig. 4C.
By locating the corresponding g-value in Q(g), we find that the
wavelength of this oscillation, 1* = 2z/g*, does not shift drama-
tically relative to cell size as a function of cell density; approxi-
mating the cell length as [, ~6~'/?, we find A* = 1.19 £0.14 [,
shown in Fig. 4D. Typical migration time scales over the length
of a cell body are much larger than an hour, as can be determined
from Fig. 3B, however, cell body shape fluctuations during coop-
erative migration within the layer can be seen directly, and appear
to have a time scale comparable to an hour. Furthermore, it is
natural that the Fourier-mode corresponding to the inchworm-
like, antiparallel oscillations of cell shape during migration have
a reduced group velocity, relative to neighboring modes in Q(q).
Thus, we believe that the low-o peak in the DOS arises from
coupled cell body shape fluctuations within the migrating cell
layer, where 7* and A* provide a direct measure of the oscillation
period and wavelength.

As cell density rises, we observe that the division time per cell
remains constant and, thus, the number of cell divisions per unit
area increases. There is a characteristic type of motion associated
with divisions; the parent cell separates into two daughter cells,
each less than one-half the parent cell size, moving antiparallel
to one another over the course of one-half to 1 h. This type of
highly correlated motion of daughter cell pairs is analogous to
the short-wavelength longitudinal standing-wave mode in atomic
systems; neighboring atoms oscillate out of phase with a corre-
sponding group velocity of zero. Consistent with this picture,
we observe a second peak in the DOS at short wavelengths
and high frequencies corresponding to the characteristic length
scale and time scale of cell division motion; t* ~ 0.4 to 1 h, and,
in units of cell lengths, /., * = 0.39 + 0.05 (Fig. 4 C and D). We
check these values by direct inspection of the time-lapse movies;
the size and time scale of separating daughter cells is always
within this range. Thus, as density rises and o, is approached,
migration, diffusion, and cell-body deformations dramatically
slow within the cell layer, while the spatial density of cell divisions
rises and persists as an increasingly dominant source of high-
frequency motion.
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Discussion

This study uncovers a conceptual foundation for understanding
collective cell migration by exploring several analogies between
confluent cell layer motion and classical glass-forming particulate
systems. The growth of dynamic heterogeneities and the reduc-
tion in diffusive motion with increasing cell density, and the
existence of peaks in the DOS, demonstrate several connections
between cell monolayer migration and classical particulate glass-
forming systems. We extend this analogy further by comparing the
fragility analysis of the cell layer to the fragility of atomic and
molecular glasses (Fig. 3C). From the fit to the VFT equation
and the glass-transition density, ¢, = 2,800 mm~2, we extract a
glass-transition diffusivity, D, = 4.17 4 0.15 pm? hr™". In particu-
late glass-forming fluids, the temperature at which the single
particle relaxation time reaches 100 s is defined as the glass-tran-
sition temperature, T,. We search for a similar time scale to
define the glass-like state of cell layers from D, and o,: at o,
the only motion in the cell layer will be associated with divisions.
Within one division time, all of the material within each cell is
partitioned into two halves of each cell body. We find that the
length scale of this single-cell motion is ~(} ¢;!)!/?, and the time
scale associated with this motion, 7, ~§ o' D' is 42.8 h. We
directly measure the average division time, and, remarkably,
we find it to be 44.1 h. Thus, there is a fundamental time scale
associated with the glass-like state of the cell monolayer: the cell
division time. This role of division time in the glass-like dynamics
of a cell monolayer illustrates just one of several important dra-
matic differences between cell systems and traditional particulate
systems; to understand the glass transition in cell systems will
require accounting for nonequilibrium particles that generate
forces internally, actively and passively change shape, as well as
proliferate.

An important feature of the cells is the evolution of their
density with time. This process is analogous to aging, and other
time-evolving systems also exhibit relaxation due to dynamic het-
erogeneities, similar to those observed here. For example, foams
evolve in time as the local stresses within them change due to
the coarsening of the bubbles, and this drives relaxation due
to dynamic heterogeneities (25, 26). However, the time scales
of the coarsening and the relaxations are very different. The tem-
poral evolution of the cells also occurs on a much longer time
scale than does the relaxation due to the dynamic heterogene-
ities. However, the relaxation of the cell layer is due to active
motion generated directly by the cells whereas the relaxations
in foams are ultimately thermally driven, assisted by the coarsen-
ing of the bubbles. Perhaps the closest analogy to the behavior of
the cell layer is that of soft, deformable spheres; they exhibit non-
Arrhenius relaxation behavior as they approach the colloidal
glass transition, suggesting that relaxations might occur through
dynamic heterogeneities (16). Dynamic heterogeneities in soft
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sphere systems have been observed in simulations and, recently,
experimentally but only in 2D (27, 28). By contrast, nothing what-
soever is known about the approach to a glass-like state in systems
of active deformable objects that internally generate forces, such
as the system of cells studied here. Accordingly, the connections
observed between dynamic heterogeneity, non-Arrhenius relaxa-
tion, and excess DOS within a confluent cell layer can lay a broad
groundwork for future understanding of the glass transition in
active particle systems.

It has been predicted that over long time scales, tissues flow
like fluids and their internal motions are mediated by a balance
of cell proliferation and apoptosis; viscoelastic relaxations within
tissue fragments, cell spheroids, and single cells occur over time
scales less than a few hours, yet cell division times exceed time
scales of days (29-33). Our results are complementary: if cell den-
sity is below 6,, then confluent cells flow like a fluid over time
scales longer than the relatively short viscoelastic relaxation times
of about an hour. However, if the cell density is above o,, then the
behavior of the cell layer is reminiscent of a glass, and structural
relaxations are only observed over the much longer time scale of
cell division, exceeding days. This glass-like behavior of confluent
cells has direct implications to well known types of collective
migration; in wound healing assays, for example, in which large
groups of cells are removed from a confluent layer, the cell den-
sity is reduced to zero at the edge of the wound and cells rapidly
migrate inward to fill the wound. Our results suggest that the
dramatic reduction of cell density at the edge of a wound is ana-
logous to a localized reduction of particle density within a colloi-
dal glass, or analogous to a localized increase in temperature
within a molecular glass, creating an effectively melted region of
the wounded cell layer. Many mechanical and chemical signals
essential to drive the wound healing process are well known,
and our results provide a framework for understanding the result-
ing collective dynamics of wound healing (34, 35). The role of
glass-like dynamics in other instances of collective motion within
healthy, diseased, and developing tissues remains to be explored,
but the several clear signatures of glass formation within the con-
fluent cell monolayer, observed here, will serve as a foundation
for future work.
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Materials and Methods

Cell Culture and Substrate Preparation. Previously published methods are used
to make the polyacrylamide substrates (11, 36, 37). The gel shear modulus is
420 Pa, controlled by the monomer and cross-linker concentrations. Strain Il
MDCK cells are cultured in MEM with Earle’s salts supplemented with 5%
FBS, 2 mM L-glutamine, 100 UmL™" penicillin and 100 pg mL~" streptomycin.
Approximately 5,000 cells are seeded in a small drop at the center of the gels.
After the cells are left to adhere for 30 min at 37 °C and 5% CO,, the dish is
filled with media and transferred to an environmentally controlled chamber
on a microscope, also maintained at 37 °C and 5% CO,.

Phase-Contrast and Fluorescence Imaging. Near the center of the layer, two
separate images are collected at a frame rate of once per minute. The cells
are imaged in phase contrast, and beads attached to the inside of the Petri
dish bottom are imaged in FITC fluorescence. To dedrift the data, the Petri
dish bottom images are used instead of the cell layer images. This procedure
mitigates the potential problem that collective motion may occur on length
scales larger than our field of view, making true collective motion indistin-
guishable from mechanical stage drift.

PIV Analysis and Cell Counting. Custom PIV and image segmentation software
was written in MATLAB. The accuracy of automated cell counting was
checked by manually counting cells in several frames during each 200 min
time period. The manual counts agreed with the automated counts to within
the standard deviation of the mean automated count. In the PIV analysis,
each image was broken into 1,024 regions of 16 x 16 pixel?.

Calculation of the Dynamic Structure Factor. The Fast Fourier Transform is used
to calculate S(q,w), and in order to remove long-wavelength and low-
frequency artifacts, the mean intensity in time and space is subtracted (38).
Writing the time-lapse image sequences as i(r, t), the dynamic structure factor
is S(q,@) = (|FFT,¢[i(r,t)]|?),. in which the angle brackets indicate an average
over the azimuthal angle in 2D g-space. Frequencies and wave vectors are
sampled at integer factors of z/L, where L is the duration of the dataset
or the spatial extent of the image.
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