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information; that is, by checking on which 
side of the separating hyperplane they lie. 
The proximity to such a plane (characterized 
by the vector Φ in Fig. 1) was then used 
to define a new quantity called softness. 
The authors suggest that understanding 
the evolution of softness is tantamount to 
constructing a theory of glass dynamics. 
The originality of their approach lies in 
being agnostic about conjectured physical 
processes or theoretical hypotheses.

As with all machine-learning methods, 
developing an intuitive understanding of 
the results is not an easy task. However, 
Schoenholz et al. made two simplifying 
choices that allowed them to obtain key 
insights into the nature of softness. They 
employed: (1) linear support vector 

machines, which assume that the surface 
dividing stuck and moving configurations 
can be represented by a hyperplane; 
and (2) structure functions that mostly 
contain well-understood descriptors. As a 
result, they were able to deduce that softness 
is primarily determined by the density of first 
neighbours. Future studies will assess whether 
the use of more sophisticated, nonlinear 
machine-learning algorithms and completely 
general descriptors of atomic structure can 
improve the definition of nontrivial measures 
of glassiness. At the same time, additional 
work is needed to draw a more intuitive 
connection to the physical mechanisms 
that underpin the glass transition. Not only 
machines, but also materials scientists may 
learn something in the process. ❐
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Fluctuations have been a source 
of fascination for scientists from 
the very early stages of modern 

physics — largely because they bridge the 
microscopic and global manifestations of 
all statistical systems. But understanding 
non-equilibrium — and, in particular, 
thermostatted — steady states is a tall order, 
and experimental realizations of controllable 
active processes are scarce. Now, as they 
report in Nature Physics, Herve Turlier and 
collaborators1 have reached into the world 
of biology to combat these challenges, using 
shape fluctuations observed in red blood 
cells (pictured) to demonstrate a violation 
of the fluctuation–dissipation theorem. In 
doing so, they have succeeded in resolving 
a long-standing debate on the existence of 
active fluctuations in these cells.

Even in the early days of statistical 
physics, it was understood that it is 
not possible to distinguish a statistical 
fluctuation in thermal equilibrium from a 
small mechanical perturbation that puts 
the system out of equilibrium. Over the 
years, assumptions about conservation of 
energy, time-translation invariance, time 
reversibility and causality have given rise to 
linear response theory, which is today at the 
very core of modern physics. A hallmark 
of this framework is the fluctuation–
dissipation theorem, which states that if 
detailed balance applies, the response of 

the system, quantified by the impedance of 
a physical variable, is predicted by thermal 
fluctuations in the same variable.

The near-equilibrium condition, however, 
imposes limits on the formalism, which, 
clearly, can be violated by living matter — 
the existence of which is based on defying 
equilibrium, yet maintaining order at the 
expense of energy consumption. Obviously, 
this makes living matter a prime example 
of an active system, typically with a well-
defined temperature. It is therefore only 
natural that models of biological origin play 
a pivotal role in the development of non-
equilibrium physics2. However, due to its 
softness, living matter also exhibits strong 
thermal fluctuations, and it is not necessarily 
easy to distinguish between passive and 
active components of the system.

An additional difficulty with biological 
matter is its complexity. Obtaining 
systematic measurements is a daunting 
task and ingenuity is required on the part 
of the experimentalist to obtain clear, fully 
reproducible results. Understanding the 
stochastic shape changes apparent in red 
blood cells is no exception. Over the years a 
multitude of fluctuation spectra have been 
measured, combining diverse methods and 
cell preparations, which could not be cast 
into an overarching framework.

Actually, the first observation of flickering 
in the red blood cell plasma membrane dates 

as early as 18903, but whether or not these 
fluctuations are active has been the subject of 
controversy in recent years. Whereas some 
research suggested that they are thermal 
in origin4–7, others maintained that they 
constitute an ideal system in which to study 
non-equilibrium phenomena8–12. The most 
solid argument supporting the existence of 
active fluctuations in red blood cells, prior to 
the work of Turlier and colleagues1, emerged 
from the comparison of spectra obtained 
from normal cells and those depleted of ATP 
(adenosine triphosphate)8. However, these 
results were not fully conclusive, because 
the mechanical properties of the membrane 
change with the concentration of ATP 
and this, in turn, also affects the passive 
membrane fluctuations.

One of the problems in settling the debate 
was the need for high-accuracy experiments 
over a broad range of timescales5, which 
is possible today with only a few, recently 
developed techniques8,12. In spite of these 
challenges, Turlier et al.1 not only obtained 
passive measurements of shape fluctuations, 
but they were also able to accurately 
determine the frequency-dependent 
response function for the same cell, with an 
active microrheology set-up5,8.

Using the fluctuation–dissipation theorem, 
they showed that cells depleted of their 
energy source, which comes in the form of 
ATP, displayed thermal fluctuations, whereas 
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ATP-enriched cells violated the theorem. 
More specifically, the authors found clear 
evidence for non-equilibrium driving 
coming from the dissipation of metabolically 
derived energy in the low-frequency regime. 
At higher frequencies, on the other hand, 
thermal excitations were found to dominate 
the spectrum. This measurement is thus a 
definitive proof for the existence of the active 
component in the fluctuations, putting an old 
controversy to rest. 

Although the existence of active 
fluctuations is now indisputable, their origin 
remains unclear. The authors tackled this 
issue by providing an analytic, self-consistent 
model for the membrane, which comprises 
a network of spectrin filaments attached to a 
lipid bilayer. Using the model, they showed 
that the excess area of the lipid bilayer could 
generate and counterbalance pre-stress in 
the spectrin network. Metabolic regulation 
of the spectrin mechanics, therefore, yields 
active fluctuations, which may be mediated 
by the membrane curvature. This means that 
direct active forces may not be necessary 
to generate the relevant modulation of the 
spectrum. However, although this model 
puts forward an interesting idea based on the 
frictional coupling between the membrane 
and the spectrin, it suffers from limitations 
with respect to the geometries imposed on 
the mean cell shape. 

These limitations are overcome through 
a complementary simulation study in 
which the experimental set-up is modelled 
realistically, but the spectrin network is fully 
homogenized. Here, the active stimulation is 
based on stochastic monopolar and dipolar 
excitations of generic origin. Nevertheless, 
irrespective of the force-generating protocol, 
the simulations perfectly match the 
measured spectrum.

The excellent agreement of the 
simulations and theory with the experiment 
shows that both spectrin-related and 

unrelated mechanisms could be the origin 
of the observed phenomenon. Hence, the 
question of the dominant contribution 
remains open. This issue can only be resolved 
by further experiments designed to identify 
the actual, and possibly multiple, sources of 
active fluctuations in red blood cells. 

Perhaps more importantly, Turlier et al.1 
provide a new system for studies of non-
equilibrium physics and, at the same time, 
open the question as to why cells invest 
energy into the stochastic modulation 
of shape. Do these fluctuations have a 
physiological significance or are they merely 
a consequence of a competing process 
taking place on the membrane? These two 
complementary yet interconnected themes 
will fuel inspiration for a number of future 
studies, assuring the exciting development of 
research on red blood cells — and biophysics 
in general. ❐
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