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Thermodynamic tradeoffs in sensory adaptation: the energy-speed-accuracy relation∗
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INTRODUCTION Adaptation is a fundamental
function of living systems. Importantly, adaptation al-
lows sensory systems to maintain high sensitivy over a
wide range of backgrounds. An everyday example is the
adaptation of the activity (a) of mammalian photore-
ceptors to prolonged light stimuli (s), by the action of
a chemical “memory” (m) through a negative feedback
(Fig. 1).

Figura 1. A Topology of a sensory system: a stimulus (s)
enhances the activity (a) of a receptor, which through a mem-
ory (m) mediated feedack recovers to a target value a0. B
Adaptive response of the activity a of a sensory system to
a step signal. After a transient peak at, the final activity
af recovers to the target a0 with accuracy 1/ε at a speed
ωad = 1/τad.

When leaving a dark room the immediate response of
the eye is strong. Right after, the eye becomes insen-
sitive as it is overstimulated by light. However, a few
seconds later it adapts to its “ready-to-sense” state, and
is then capable of resolving small relative differences in
light intensity.

Although the benefits of adaptation are well known, its
costs remain poorly understood. In this work we argue
that sensory adaptation is a dissipative phenomena, and
try to elucidate the energetic cost of sensory systems in
maintaining an adapted state.

THE GENERAL CONTINUOUS MODEL We
analyze the stochastic dynamics of the generic feedback
circuit in Fig. 1 responsible for sensory adaptation tho-
rugh Langevin and Fokker-Planck equations. We show
that adaptation processes are inherently dissipative, as
they violate detailed balance. As a consequence, continu-
ous energy consumption (entropy production) is required
to stabilize the adapted state.

Figura 2. A low memory level balances a low background
signal to maintain the activity near the adaptaed state 0.5.
This is done at the expense of energy dissipation, as can be
readily seen by the pressence of phase-space fluxes.

By using probability flux conservation (Fig. 2), we an-
alytically derive a universal relation between the Energy
dissipation rate (Ẇ ), the adaptation Speed (ωad), and
the adaptation Accuracy (1/ε), the ESA relation:

Ẇ ∼ −ωadcσ
2
a log(ε/εc) (1)

Where σ2
a is the variance of activity fluctuations, c de-

pends on the model details, and kBT = 1.
E. COLI CHEMORECEPTOR: MODEL AND

EXPERIMENTAL VERIFICATION We then fo-
cus on the E. Coli chemoreceptor, the best known exam-
ple of sensory adaptation. Since the reaction rates are
well known, we can perform extensive simulations of the
undergoing chemical kinetics.

Through simulations we recover the ESA relation in
Eq.1, where ωad is the rate of the reactions which violate
detailed balance. For ε ∼ 1% as meaured, each transition
dissipates ∆W ≡ Ẇ/ωad ∼ 30kBT , roughly the energy
of the S-adenosylmethionine (SAM) molecule hydrolized
in the chemotaxis pathway.

Our theory predicts that a reduction in the ammount
of available SAM in a cell does not change the adaptation
accuracy 1/ε, as ∆W ∼ 1SAM is the same. However Ẇ
will decrease, and hence so will ωad. We measure in vivo
the response of deenergizing cells. While their adapta-
tion accuracy remains constant, there is a clear decrease
in adaptation speed ωad. This confirms the theoretical
prediction derived from the ESA reltion.
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