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Metastatic cancer cells detect the direction of lymphatic flow by self-communication: they secrete
and detect a chemical which, due to the flow, returns to the cell surface anisotropically. The secretion
rate is low, meaning detection noise may play an important role, but the sensory precision of this
mechanism has not been explored. Here we derive the precision of flow sensing for two ubiquitous
detection methods: absorption vs. reversible binding to surface receptors. We find that binding
is more precise due to the fact that absorption distorts the signal that the cell aims to detect.
Comparing to experiments, our results suggest that the cancer cells operate remarkably close to the
physical detection limit. Our prediction that cells should bind the chemical reversibly, not absorb
it, is supported by endocytosis data for this ligand-receptor pair.

Metastasis is the process of cancer cells spreading from
the primary tumor to other parts of the body. A major
route for spreading is the lymphatic system, a network
of vessels that carry fluid to the heart. Particular cancer
cells detect the drainage of lymphatic fluid toward the
vessels and move in that direction [1]. Experiments have
shown that the detection occurs by self-communication:
the cells secrete diffusible molecules (CCL19 and CCL21)
that they detect with receptors (CCR7) on their sur-
face [2]. The flow affects the distribution of detected
molecules thereby provides information about the flow
direction. This flow detection mechanism, termed ‘au-
tologous chemotaxis,’ has been observed for breast can-
cer [2], melanoma [2], and glioma cell lines [3], as well
as endothelial cells [4], and has been studied using fluid
dynamics models [2, 5, 6].

The flow is slow. Lymphatic drainage speeds near
tumors are typically v0 = 0.1−1 µm/s [7, 8], and the
speed decreases further with proximity to the cell surface
due to the laminar nature of low-Reynolds-number flow.
In contrast, a secreted molecule diffuses with coefficient
D = 130−160 µm2/s [5], covering a distance equivalent
to the cell radius (a ≈ 10 µm [2]) in a typical time of
a2/D and giving a “velocity” of D/a = 13−16 µm/s.
The ratio of these velocities ε ≡ v0a/D = 0.006−0.08,
called the Péclet number, is small, indicating that diffu-
sion dominates over flow in this process.

Also, the secretion rate is low. Cells secrete 0.7−2.3×
10−15 g of CCL19/21 ligand in a 24-hour period (Fig.
3F in [2]), which given the molecular weights of these
ligands (11 and 14.6 kDa, respectively [9]), corresponds
to a secretion rate of ν = 1200−5200 molecules per hour.
Yet, cells begin migrating in a matter of hours [2].

The slow flow and low secretion rate raise the question
of whether autologous chemotaxis is a physically plau-
sible mechanism for these cells. Is a couple thousand
molecules, biased by such a weak flow field, enough to
determine the flow direction? If so, with what preci-
sion? Although this mechanism has been modeled at the
continuum level, the question of sensory precision has
remained unexplored.

At the same time, the question of sensory precision has
been heavily explored for other cellular processes, begin-
ning with the early work of Berg and Purcell [10], and
extending to more modern works on concentration sens-
ing [11–18], gradient sensing [19–23], and related sensory
tasks [24–27]. Yet, the mechanism of autologous chemo-
taxis has thus far evaded this list, despite its importance
to cancer biology and its potential for interesting physics.

Here we combine stochastic techniques from sensory
biophysics with perturbation techniques from fluid dy-
namics to derive the fundamental limit to the precision
of flow sensing by self-communication. We consider two
ubiquitous methods of molecule detection: absorption vs.
reversible binding to receptors (Fig. 1). For both, we find
a Berg-Purcell-like expression that is ultimately limited
by the Péclet number, the secretion rate, and the inte-
gration time. Comparing to the experiments, this ex-
pression places a stringent limit on the level of precision
that is possible for these cells, suggesting that they de-
tect the flow direction near-optimally given the physical
constraints. Finally, we predict that reversible binding is
more precise than absorption due to the fact that absorp-

O
ut[16]=

-4
-2

0
2

4

-4 -2 0 2 4

r
<latexit sha1_base64="E5pP9BnIaaLTpVeDQBuda56+WDs=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUVINS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTVjzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmhD8FZfXiftasW7rlSbN+V6LY+jAOdwAVfgwS3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8A222M8A==</latexit>

✓
<latexit sha1_base64="wjlet/D87hWoalbxR0JScOLbDxU=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI8FLx4r2A9oQ9lsJ+3azSbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZgBKRS0UKCEbqKBRYGETjC5nfudJ9BGxOoBpwn4ERspEQrO0ErtPo4B2aBccavuAnSdeDmpkBzNQfmrP4x5GoFCLpkxPc9N0M+YRsElzEr91EDC+ISNoGepYhEYP1tcO6MXVhnSMNa2FNKF+nsiY5Ex0yiwnRHDsVn15uJ/Xi/FsO5nQiUpguLLRWEqKcZ0/jodCg0c5dQSxrWwt1I+ZppxtAGVbAje6svrpF2relfV2v11pVHP4yiSM3JOLolHbkiD3JEmaRFOHskzeSVvTuy8OO/Ox7K14OQzp+QPnM8fokOPIg==</latexit>

�
<latexit sha1_base64="UCo1fmcOUuSBKTBCb5bGsNwjZgo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqwR4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaZREbFytuXV3CbRJvILUoEBnXP0aTWKSCioN4Vjroecmxs+wMoxwuqiMUk0TTGZ4SoeWSiyo9rPlrQt0ZZUJCmNlSxq0VH9PZFhoPReB7RTYRHrdy8X/vGFqwpafMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJuk16t5NvfHQrLVbRRxluIBLuAYPbqEN99CBLhCI4Ble4c0Rzovz7nysWktOMXMOf+B8/gAR1I45</latexit>

a
<latexit sha1_base64="QpdaHAtULVhjrSKI0wwDhZf7M2g=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUpINS2a24C5B14uWkDDkag9JXfxizNEJpmKBa9zw3MX5GleFM4KzYTzUmlE3oCHuWShqh9rPFoTNyaZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTVjzMy6T1KBky0VhKoiJyfxrMuQKmRFTSyhT3N5K2JgqyozNpmhD8FZfXiftasW7rlSbN+V6LY+jAOdwAVfgwS3U4R4a0AIGCM/wCm/Oo/PivDsfy9YNJ585gz9wPn8AwamM3w==</latexit>

c(~x, t)
<latexit sha1_base64="U/mp0KECSdD1msmMJ2PywDtuVz0=">AAAB83icdVDLSsNAFJ34rPVVdelmsAgVJCRpaOuu4MZlBfuAJpTJdNIOnUzCzKRYQn/DjQtF3Poz7vwbJ20FFT1w4XDOvdx7T5AwKpVlfRhr6xubW9uFneLu3v7BYenouCPjVGDSxjGLRS9AkjDKSVtRxUgvEQRFASPdYHKd+90pEZLG/E7NEuJHaMRpSDFSWvJwxZsSnN3PL9XFoFS2zKtGzXFr0DItq247dk6cult1oa2VHGWwQmtQeveGMU4jwhVmSMq+bSXKz5BQFDMyL3qpJAnCEzQifU05ioj0s8XNc3iulSEMY6GLK7hQv09kKJJyFgW6M0JqLH97ufiX109V2PAzypNUEY6Xi8KUQRXDPAA4pIJgxWaaICyovhXiMRIIKx1TUYfw9Sn8n3Qc066azq1bbjZWcRTAKTgDFWCDOmiCG9ACbYBBAh7AE3g2UuPReDFel61rxmrmBPyA8fYJ3DqRjA==</latexit>

D
<latexit sha1_base64="3jfulM7leFq4yiTdKYgbciPNMjs=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDevCYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZKjbt+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzVh1Z9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aVXK3lW50rgu1apZHHk4g3O4BA9uoAb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AZW1jMI=</latexit>

~v(~x)
<latexit sha1_base64="7NYCHR+phoU1esAIdbY55fFZIwE=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWomyHTam13BTcuK1hbaIeSSTNtaOZBkhksQ//EjQtF3Pon7vwbM9NSfB243MM595Kb40acSYXQp1FYW9/Y3Cpul3Z29/YPzMOjexnGgtAOCXkoei6WlLOAdhRTnPYiQbHvctp1p9eZ302okCwM7tQsoo6PxwHzGMFKS0PTHCSUpMm8kveH+fnQLCML2VV0WYfIqlVtu96EtoVyrEgZLNEemh+DUUhinwaKcCxl30aRclIsFCOczkuDWNIIkyke076mAfapdNL88jk808oIeqHQFSiYq983UuxLOfNdPeljNZG/vUz8z+vHyms4KQuiWNGALB7yYg5VCLMY4IgJShSfaYKJYPpWSCZYYKJ0WKU8hGaG+t+/r8h91bJrVu32otxqLOMoghNwCirABlegBW5AG3QAAQl4BM/gxUiNJ+PVeFuMFozlzjH4AeP9C/2QlAA=</latexit>

↵
<latexit sha1_base64="iPx6xOLRVeal5btTi9GmPNJD/60=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFYwX5AG8pku2nXbjZhdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWD2aSMD/CoeQhp2is1OqhSEbYL1fcqjsHWSVeTiqQo9Evf/UGMU0jJg0VqHXXcxPjZ6gMp4JNS71UswTpGIesa6nEiGk/m187JWdWGZAwVrakIXP190SGkdaTKLCdEZqRXvZm4n9eNzXhtZ9xmaSGSbpYFKaCmJjMXicDrhg1YmIJUsXtrYSOUCE1NqCSDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNoPAIz/AKb07svDjvzseiteDkM8fwB87nD4ubjxg=</latexit>

�
<latexit sha1_base64="WmlJN5HicNt/sO7eP6dMZOsx688=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dtbWNza3tks75d29/YPDytFxyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O72Z++4lrIxL1iJOUBzEdKhEJRtFKfi/kSPuVqltz5yCrxCtIFQo0+5Wv3iBhWcwVMkmN6XpuikFONQom+bTcywxPKRvTIe9aqmjMTZDPj52Sc6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7YheMsvr5JWveZd1uoPV9XGbRFHCU7hDC7Ag2towD00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx/D8I6k</latexit>

�
<latexit sha1_base64="WmlJN5HicNt/sO7eP6dMZOsx688=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dtbWNza3tks75d29/YPDytFxyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2O72Z++4lrIxL1iJOUBzEdKhEJRtFKfi/kSPuVqltz5yCrxCtIFQo0+5Wv3iBhWcwVMkmN6XpuikFONQom+bTcywxPKRvTIe9aqmjMTZDPj52Sc6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7YheMsvr5JWveZd1uoPV9XGbRFHCU7hDC7Ag2towD00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx/D8I6k</latexit>

(a) (b)

(c)

ẑ
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FIG. 1: Flow sensing by self-communication. (a) A cell
isotropically secretes molecules (red) that diffuse and drift
along laminar flow lines (blue). The cell detects the molecules
by (b) absorption or (c) reversible binding to receptors.
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tion necessarily reduces the anisotropy in the detected
signal, a prediction that we test with endocytosis data
on the CCL19/21-CCR7 ligand-receptor pair.

Consider a spherical cell with radius a that secretes
molecules isotropically with rate β ≡ ν/4πa2 per unit
area, in the presence of a fluid flowing with velocity v0
(Fig. 1). At low Reynolds number and high environmen-
tal permeability, laminar flow lines obeying Stokes’ equa-
tion [10] form around the cell [Fig. 1(a), blue]. However,
in the tumor environment and in experiments, the per-
meability K is low (κ ≡

√
K/a ∼ 10−3 [2]), and the flow

lines obey the more general Brinkman’s equation [28].
For a sphere at steady state they are given by [29]

~v(r, θ, φ) = v0 cos θ

[
1− ζ

ρ3
+

3κ

ρ2

(
1 +

κ

ρ

)
e−(ρ−1)/κ

]
r̂

− v0 sin θ

1 +
ζ

2ρ3
− 3

2ρ

(
1 +

κ

ρ
+
κ2

ρ2

)
e−(ρ−1)/κ

 θ̂.
(1)

Here, ρ ≡ r/a and ζ ≡ 1 + 3κ + 3κ2, the flow is in the

ẑ direction (θ = 0), r̂ and θ̂ are the radial and polar
unit vectors, and ~v is independent of φ by symmetry. In
the limit κ → ∞, Eq. 1 reduces to Stokes flow; we are
interested in the opposite limit. Note that ~v = 0 at the
cell surface r = a.

The molecules diffuse with coefficient D and drift along
the flow lines [Fig. 1(a), red]. This process creates
a stochastically evolving concentration field c(r, θ, φ, t)
with a mean distribution c̄(r, θ, φ, t), where the bar rep-
resents the ensemble average over many independent re-
alizations of the system. The mean follows the diffusion-
drift equation, which at steady state reads

0 =
∂c̄

∂t
= D∇2c̄− ~v · ~∇c̄. (2)

We consider two cases for molecule detection at the
cell surface: absorption [Fig. 1(b)] or reversible recep-
tor binding [Fig. 1(c)]. In the former, there exists a flux
boundary condition at the cell surface,

−D ∂c̄(r, θ)

∂r

∣∣∣∣
a

= β − αc̄(a, θ), (3)

where α is the absorption rate per unit area, and c̄(r, θ)
is independent of φ and t by symmetry and the system
being in steady state, respectively. We also require that
the concentration vanish at infinity.

We define the dimensionless concentration χ ≡ c̄a3 and
velocity ~u ≡ ~v/v0. In terms of the dimensionless radial
distance ρ and the Péclet number ε, Eq. 2 at steady state
becomes 0 = ∇2

ρχ − ε~u · ~∇ρχ. Because ε is small, we
use a perturbative solution χ = χ0 + εχ1. However, in
problems with diffusion and background flow, a single
perturbative expansion cannot simultaneously satisfy the

boundary conditions at r = a (Eq. 3) and r →∞ (c̄→ 0)
due to the particular spatial nonuniformity of ~u [30]. The
resolution is to split the solution into an inner part χ(ρ, θ)
that satisfies the boundary condition at the cell surface
and holds when ρ is order one, and an outer part X(s, θ)
that satisfies the boundary condition at infinity and holds
when s = ερ is order one. We match χ andX by requiring
them to be equal at each order in ε as ρ→∞ and s→ 0,
respectively.

To zeroth order, the inner solution satisfies Laplace’s
equation, 0 = ∇2

ρχ0, the general solution to which con-
sists of spherical harmonics and powers of ρ [31]. For the
outer solution, we write Eq. 2 in terms of s and X, which
reads 0 = ∇2

sX−~u · ~∇sX. One can define a perturbative
expansion for X, but we show [31] that only the leading
terms of X and ~u matter. The latter is ~u = ẑ, corre-
sponding to the uniform flow far from the cell where X
applies. The solution to this equation satisfying X → 0
as s→∞ consists of modified Bessel functions and spher-
ical harmonics [31].

We find that the matching condition requires all but
one term in χ0 and X to vanish [31], yielding

χ0 =
γ

ρ
, X =

εγ

s
e−s(1−cos θ)/2, (4)

where γ ≡ β̃/(1 + α̃), and β̃ ≡ βa4/D and α̃ ≡ αa/D
are dimensionless secretion and absorption rates, respec-
tively. We see that to leading order, the concentration
falls off with distance, and far from the cell it is largest
in the flow direction (θ = 0).

To obtain the anisotropy near the cell, which is essen-
tial for the flow sensing problem, we must go to the next
order. χ1 satisfies 0 = ∇2

ρχ1 − ~u · ~∇ρχ0, which is the
Poisson equation with ~u (Eq. 1) and χ0 (Eq. 4) provid-
ing the source term. This equation can be solved using
a Green’s function, with coefficients determined by Eq. 3
and matching to X in Eq. 4 [31]. The result is

χ1 =
γ

2

{
α̃

(1 + α̃)ρ
− 1 +

cos θ

4

[
(1− α̃)w

(2 + α̃)ρ2
+ f(ρ, κ)

]}
,

(5)
where w ≡ 1+κ−1−κ−2e1/κE1(κ−1) is a monotonic func-
tion that limits to 2 (κ� 1) and 1 (κ� 1), f(ρ, κ) is an
α-independent function [31], and E1(x) ≡

∫∞
1
dt e−tx/t.

We see that χ1 acquires a cos θ anisotropy largest in the
flow direction (θ = 0). We have checked by numerical
solution of Eq. 2 that for ε ≤ 0.1, Eq. 5 is accurate to
within 0.4% at the cell surface [31, 32].

Information about the anisotropy, and thus the flow
direction, comes from the front-back asymmetry in the
absorptive flux of molecules αc at the cell surface over a
time T , which is captured by weighing each absorption
event by its location represented as cos θ. Normalizing
this by the mean number of absorbed molecules, we de-
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fine the anisotropy measure [19, 23]

A ≡
∫ T
0
dt
∫
a2dΩ αc(a, θ, φ, t) cos θ

T
∫
a2dΩ′ αc̄(a, θ′)

, (6)

where dΩ = dφ dθ sin θ, and the cosine extracts the asym-
metry between the front (θ = 0) and back (θ = π). Us-
ing the solution for χ in Eqs. 4 and 5 and the fact that
f(1, κ) = w, the mean evaluates to [31]

Ā =
wε

8(2 + α̃)
(7)

to leading order in ε.
Eq. 7 gives the mean anisotropy but ignores the

counting noise due to diffusive molecule arrival. The
equivalent expression to Eq. 6 that accounts for dis-
crete molecule arrival is [19] A = N̄−1

∑N
i=1 cos θi,

where θi is the arrival angle of the ith molecule, and

N =
∫ T
0
dt
∫
a2dΩ αc(a, θ, φ, t) is the total number of

molecules absorbed in time T . The mean of this expres-
sion is given by Eq. 7 [31]. The variance is calculated by
recognizing that molecule arrivals are statistically inde-
pendent and that N is Poissonian [19] (which we have
checked even with flow using particle-based simulations
[31, 32]). The result is [31]

σ2
A =

1

N̄
=

1

νT

(
1 + α̃

α̃

)
(8)

to leading order in ε. This expression includes (as does
Eq. 14 below) a factor of 3 that arises from each direc-
tionally independent component of the variance. We see
that the variance in the anisotropy scales inversely with
the mean number of absorbed molecules.

Combining Eqs. 7 and 8, we obtain a relative error of

σ2
A

Ā2
=

64(1 + α̃)(2 + α̃)2

w2ε2νT α̃
&

282

ε2νT
. (9)

In the second step, we have set w to its maximal value of 2
for κ� 1 (as in the experiments [2]) and recognized that
the expression has a minimum at α̃∗ = (

√
17 − 1)/4 ≈

0.78. The minimum arises from the following trade-
off: strong absorption maximizes the number of detected
molecules and therefore reduces noise (Eq. 8); but it also
causes molecules to be absorbed immediately after re-
lease, preventing them from interacting with the nonzero
flow away from the cell surface and therefore reducing
the mean (Eq. 7). Eq. 9 sets the fundamental limit to the
precision of flow sensing by molecule absorption, depen-
dent only on the Péclet number ε and the total number
of secreted molecules νT .

We now consider the case of reversible receptor binding
[Fig. 1(c)]. Calling b(θ, φ, t) the surface concentration of
bound receptors, we have

∂c

∂t
= D∇2c− ~v · ~∇c+ ηD +

(
−∂b
∂t

+ β + ηβ

)
δ(r − a),

∂b

∂t
= λc(a, θ, φ, t)− µb+ ηb, (10)

where the term proportional to the delta function con-
tains the boundary condition at the surface. Here λ ≡
ka(R/4πa2 − b) ≈ kaR/4πa

2 and µ are the binding and
unbinding rates, respectively, where ka is the intrinsic
ligand-receptor association rate, and R is the number of
receptors per cell. Because binding is reversible, there
are correlations between the bound receptor concentra-
tions at different regions of the cell surface. Therefore,
we cannot use the Poisson counting technique (Eq. 8) to
calculate the noise. Instead, we include Langevin noise
terms in Eq. 10 to account for these correlations. These
terms have zero mean, are uncorrelated with each other,
and satisfy [18, 23, 33, 34]

〈ηD(~r, t)ηD(~r ′, t′)〉 = 2Dδ(t− t′)~∇r · ~∇r′ [c̄(~r)δ(~r − ~r ′)],
〈ηβ(Ω, t)ηβ(Ω′, t′)〉 = βδ(Ω− Ω′)δ(t− t′), (11)

〈ηb(Ω, t)ηb(Ω′, t′)〉 = 2µb̄ δ(Ω− Ω′)δ(t− t′),

where c̄(r, θ) and b̄(θ) = λc̄(a, θ)/µ are the mean concen-
trations in steady state. Binding and unbinding equili-
brate in steady state, such that c̄(r, θ) is given by the
previous solution (Eqs. 4 and 5) but with α = 0. The
approximation in the definition of λ above neglects re-
ceptor saturation, which is valid because c̄(a)/Kd =
ν/4πaDKd ∼ 10−4, where we have used the isotropic
approximation for c̄(a) (Eq. 4, α = 0) and a dissociation
constant of Kd = µ/ka ∼ 1 nM for the CCL19/21-CCR7
ligand-receptor pair [35, 36].

In the reversible binding case, the anisotropy is defined
as the average of the cosine over the angular distribution
of bound receptors and the integration time T ,

A ≡
∫ T
0
dt
∫
a2dΩ b(θ, φ, t) cos θ

T
∫
a2dΩ′ b̄(θ′)

. (12)

Because b̄(θ) = λc̄(a, θ)/µ, the means of Eqs. 6 and 12
take equivalent forms. Therefore, to leading order in ε,
the mean of Eq. 12 is simply Eq. 7 with α = 0,

Ā =
wε

16
. (13)

To solve Eqs. 10-12 for the variance, we Fourier transform
them in space and time, calculate the power spectrum of
A, and recognize that σ2

AT is given by its low-frequency
limit [11, 18, 22, 23]. The result is [31]

σ2
A =

1

νT

(
7

9
+

2

λ̃

)
(14)

to leading order in ε, where λ̃ ≡ λa/D. The two
terms are from noise due to (i) secretion and diffu-
sion, and (ii) binding and unbinding, respectively. The
derivation of Eq. 14 assumes that T � {τ1, τ2}, where
τ1 ≡ a2/D ∼ 1 s is the characteristic time for a ligand
molecule to diffuse across the cell, and τ2 ≡ (1 + λ̃)/µ ≈
λ̃/µ = R/4πaDKd ∼ 1−10 s is the receptor equilibration
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timescale [18]. For τ2 we take R ∼ 104−105 CCR7 re-
ceptors per cell [35, 37] and λ̃� 1, which corresponds to
diffusion-limited binding as further discussed below. Be-
cause cells migrate over hours, we see that T � {τ1, τ2}
should indeed be valid.

Combining Eqs. 13 and 14, we obtain the relative error

σ2
A

Ā2
=

1792

9w2ε2νT

(
1 +

18

7λ̃

)
&

50

ε2νT
. (15)

In the second step, we again take w = 2 and λ̃ � 1.
Comparing Eqs. 9 and 15, we see that reversible binding
achieves

√
282/50 ≈ 2.4 times lower error than absorp-

tion. The reason is that absorption (Eq. 7), but not
binding (Eq. 13), reduces the anisotropy. Absorption is
an active modifier of the signal created by secretion and
flow, whereas reversible binding is a passive monitor.

How do our results compare to the experiments on
metastatic cancer cells? The inequality in Eq. 15 pro-
vides the fundamental detection limit. We plot this ex-
pression as a function of T in Fig. 2 using the maximal
experimental values of ε = 0.08 and ν = 5200/hr [2]
to obtain the minimum possible error. We see that low
errors are not possible in a few hours; even 10% error
would take over 150 hours to achieve. Yet, the cells are
observed to migrate over a 15 hour period [2]. In this
time frame, it is not possible to achieve less than 30% er-
ror (Fig. 2). The situation is likely worse, given that the
cells presumably begin migrating well before the 15-hour
mark, and given that we have neglected any internal sig-
naling noise. Thus, we see that the sensory performance
is severely limited by the experimental parameters and
the physics of the detection process. We conclude that
these cells operate remarkably close to the fundamental
detection limit.

We find that absorption is less precise than reversible
binding (Eqs. 9 and 15). A ubiquitous mechanism of lig-
and absorption is endocytosis, wherein bound receptors
are internalized into the cell. Therefore, we predict that
the degree of CCR7 endocytosis in response to CCL19/21
binding is low. This prediction can be tested with endo-
cytosis data on this ligand-receptor pair. Specifically, to
achieve optimal absorption in Eq. 9 (α̃∗ ≈ 0.78), ab-
sorption would need to occur at a rate of 4πa2α∗c̄(a) =
να̃∗/(1 + α̃∗) ∼ 25 min−1, where we have used the
isotropic approximation for c̄(a) (Eq. 4). However, the
rate of CCR7 endocytosis in response to CCL19/21 bind-
ing is many times slower at about 1 min−1 [38]. Thus,
the degree of endocytosis is much lower than required for
the absorption mechanism, as predicted.

We also find that reversible binding is most precise
when the parameter λ̃ = Rka/4πaD is large (Eq. 15).
Writing this parameter as λ̃ = (ka/4π`D)(R`/a), where
` is the receptor lengthscale, we see that the first factor is
the ratio that determines whether ligand-receptor bind-
ing is diffusion-limited (ka � 4π`D) or reaction-limited
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FIG. 2: Fundamental limit to the precision of flow sensing.
Maximum experimental values ε = 0.08 and ν = 5200/hr [2]
are used for minimum error (solid line). Cells migrate within
15 hours [2] (dashed line). Lowest possible error is 30%.

(ka � 4π`D). With the known values of R and a and
a typical receptor lengthscale of ` ∼ 10 nm, the second
factor evaluates to 10−100. Therefore, the requirement
that λ̃ � 1 is equivalent to the statement that bind-
ing is either diffusion-limited or weakly reaction-limited.
Given the high sensory performance implied by Fig. 2 and
the low degree of endocytosis found above, we thus pre-
dict that CCL19/21 binding to CCR7 is either diffusion-
limited or weakly reaction-limited. We are not aware of
kinetics data that would test this prediction.

Our finding that reversible binding is more precise than
absorption is the opposite of what was found for the de-
tection of an externally established concentration gradi-
ent [19]. The reason is that in our problem absorption
removes molecules at the source, whereas in that prob-
lem molecules are replenished by a source at infinity. De-
pletion at the source prevents interactions with the flow
and therefore weakens the anisotropy. Additionally, our
models do not include any additional noise sources from
processes internal to the cell such as protein signaling or
gene expression. Because any such process would simply
add a fixed amount of noise, our finding is unaffected by
the inclusion of internal dynamics, and Eq. 15 remains a
theoretical minimum to the error in flow sensing.

The severity of the limit in Fig. 2 raises the question
of whether metastatic cancer cells benefit from additional
sensory mechanisms not accounted for in our modeling.
The precision of flow sensing may be affected by geo-
metric properties of the cell such as a nonuniform distri-
bution of receptors or aspherical morphology. We find
that receptor clustering has a negligible effect on the
anisotropy but that an ellipsoidal cell [39, 40] can de-
crease its sensory error by elongating in the direction
of the flow [31, 32]. Further investigation of the effects
of cell geometry would be an interesting topic for fu-
ture work. Some chemoattractants including CCL21 are
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known to bind to extracellular matrix fibers and be sub-
sequently released by proteases [41–44]. This effect has
been shown in continuum models of autologous chemo-
taxis to substantially increase the anisotropy [4, 5], al-
though the impact on the noise is unknown. It is also
important to recognize that these cells do not perform
flow sensing in isolation. Indeed, studies have shown
that their migration is (i) increased in the presence of
another cell type (fibroblasts) [45], (ii) decreased at high
cell densities [46], and (iii) reversed at even higher cell
densities (although reversal is attributed to a separate
pressure-sensing mechanism) [46]. The extension of our
work to multiple cells remains to be explored. Finally, re-
cent work has highlighted the benefit of on-the-fly sensing
[25, 47], where an agent makes (and continually updates)
its decision during the integration time, instead of after-
ward as assumed here. On-the-fly sensing may play an
important role for these cells.

We have derived the fundamental limit to flow sensing
by self-communication and shown that it strongly con-
strains the performance of metastatic cancer cells. Our
work elucidates the physics behind a fascinating detec-
tion process and provides quantitative insights into a crit-
ical step in cancer progression.

This work was supported by Simons Foundation grant
376198 and National Science Foundation grant MCB-
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