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Abstract
Erythrocyte sedimentation rate (ESR) is a clinical parameter used as a nonspecific marker for inflammation, and recent studies have 
shown that it is linked to the collapse of the gel formed by red blood cells (RBCs) at physiological hematocrits (i.e. RBC volume 
fraction). Previous research has suggested that the observation of a slower initial dynamics is related to the formation of fractures in 
the gel. Moreover, RBC gels present specific properties due to the anisotropic shape and flexibility of the RBCs. Namely, the onset of 
the collapse is reached earlier and the settling velocity of the gel increases with increasing attraction between the RBCs, while the gel 
of spherical particles shows the opposite trend. Here, we report experimental observations of the gel structure during the onset of the 
collapse. We suggest an equation modeling this initial process as fracturing of the gel. We demonstrate that this equation provides a 
model for the motion of the interface between blood plasma and the RBC gel, along the whole time span. We also observe that the 
increase in the attraction between the RBCs modifies the density of fractures in the gel, which explains why the gel displays an earlier 
onset when the aggregation energy between the RBCs increases. Our work uncovers the detailed physical mechanism underlying the 
ESR and provides insights into the fracture dynamics of an RBC gel. These results can improve the accuracy of clinical measurements.
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The erythrocyte sedimentation rate (ESR) is one of the most widely used nonspecific inflammation marker. The underlying physics 
mechanism was recently demonstrated to be the gravitational collapse of the gel formed by the erythrocytes, whose maximal velocity 
is not reached immediately. Here, we present microscopic observations of reorganization of the erythrocyte gel during the initial ac
celeration. We use these observations to build a consistent physical model of the motion of the erythrocyte gel interface over the 
whole time span. Our model calls for an update in the clinical protocols to introduce a lower bound in the ESR normal range. Such 
lower bound would allow a new clinical utilization of the ESR to detect rare diseases, such as neuroacanthocytosis syndromes.
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Introduction
The erythrocyte sedimentation rate (ESR) is a blood test that 
measures how quickly red blood cells (RBCs) settle in a test 
tube, and has been used for centuries to diagnose and monitor in
flammatory diseases (1–5). It is a nonspecific test that is sensitive 
to increases in fibrinogen and other plasma components (6–8). 
Recent research has shown that it may also be useful in detecting 
abnormally shaped RBCs (9–11). Despite its widespread use, the 
physical mechanisms governing the ESR are not yet fully under
stood. It has recently been demonstrated that the cause of this 
sedimentation is the gravitational collapse of the percolating net
work, also known as gel, formed by the RBCs (12, 13). Similar to 
colloidal gels, this collapse presents an initial delay, during which 
no or negligible sedimentation is observed (14–23). The origin of 

colloidal gel sedimentation delay is still debated; however, it is 
likely to be associated with gel aging and the development of 
cracks for fluid flow within the gel (15, 16, 18, 21, 23–25). 
Surprisingly, contrary to colloidal hard sphere suspensions, an 
increase in attractive interactions between RBCs results in gel de
stabilization, leading to faster structure rearrangement and ap
parition of cell-depleted cracks, which collapses faster (13, 26). 
This feature likely contributed to the establishment of the ESR 
as a medical tool, as a reduced delay and an increased collapse 
velocity are additive for the typical medical readout, which con
siders the average velocity of the interface during the first hour 
(1, 5, 6). In this study, we conducted experiments at different 
length scales to investigate the dominant mechanism of the frac
ture process in RBC gels, and compare it to a theoretical model 
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from prior literature (27). We demonstrated that higher RBC ag
gregation energy results in more fractures in the gel. Moreover, 
we derived a new equation for the delay part of our previous mod
el for the macroscopic interface velocity (12, 13). Therefore, the 
model described in the current manuscript is based on an under
lying physical justification and can be applied to clinical samples 
without losing the details of the sedimentation onset, to which the 
1-h measurement is sometimes limited (28, 29). These fundamen
tal findings can be used to extract more rigorous parameters, in
dependent from the donor hematocrit, from ESR measurements 
in clinical context (28).

Microscopic experiments
Microscopic scale observations of the fracture
We performed experiments using light sheet microscopy (Z1, 
Zeiss, Jena, Germany), as described in a previous methodological 
publication (26). This technique allows enough resolution to ex
tract the velocity field of the RBCs in the obtained image sequen
ces using particle image velocimetry (PIV, through PIVLab (30)), 
but only probes a small part of the gel close to its lateral edge. 
More accurately, only a depth of ≈ 100mmon an area around 
1 mm2 could be observed, while the whole cylindric sample has 
a height around 3 cm and a diameter of 1.6 mm. The area where 
the PIV could reliably be performed is even smaller, since absorp
tion and diffraction of the laser light decrease the overall intensity 
of the picture around 700  μm from the border of the sample. It is 
worth noting that raw images from the light sheet microscope also 
reveal a lubrication layer between the Teflon container and the 
sedimenting cells (see Supporting Information and Fig. S1 for 
more details), confirming that adhesion of RBCs on the container 
wall is negligible (31).

As illustrated in Fig. 1, and displayed in Movies S1 and S2, 
when repeating experiments with samples from the same sus
pension, we obtained qualitatively different behaviors of the vel
ocity field, even though the global interface velocity is 
reproducible. Specifically, we noted instances where the gel flu
idized within the field of view, while in other cases, it exhibited 
a cohesive behavior, resembling a solid translation. However, we 
also extracted a more global parameter by extracting the vel
ocity of the interface of the RBC gel. In order to accomplish 
this, we detect the position of the interface by locating the 
height with the strongest vertical intensity falling edge. This is 
achieved by averaging the vertical intensity over a horizontal 
width of 250  μm at each point to ensure both robust and accur
ate detection of the interface position. The average velocity 
reached by the interface is reproducible within experimental ac
curacy, which implies that the macroscopic dynamics of the en
tire sample is reproducible. Notably, velocities significantly 
higher than the interface velocity are observed within the gel 
when the velocity field is not homogeneous (Fig. 1(A–E)). 
However, when a nearly solid translation of the RBC gel is ob
served in the field of view (Fig. 1(B–F)), the peak velocity ob
served in the velocity probability density function (PDF) 
matches the interface velocity. This suggests that the RBC gel 
undergoes partial fluidization from an initial streamer, as ob
served in numerical simulations of similar gel settling (27), but 
this fluidization does not spread throughout the entire sample. 
Consequently, the rest of the sample follows the overall com
paction of the structure, which ultimately determines the sur
face velocity. In order to confirm and generalize these 
conclusions, we also performed observations at bigger scales, 
as described in the next sections.

Mesoscopic scale observation of the fracture
To investigate the larger scale structure of RBC gels, we utilized 
microscopy with infrared light transmission through thin sam
ples. We followed a similar procedure outlined in a previous paper 
which used blue light (26); however, we replaced the blue LED 
source with a halogen lamp (Nikon, LHS-H100P-1). The emitted 
light was filtered by an infrared long pass filter with a cutting 
wavelength of 950 μm (Neewer, IR950). Using infrared light pro
vided us with higher transmission through RBCs, revealing greater 
detail in the structure than the blue light, which was less sensitive 
to the thickness of the sample. However, since RBCs still have a 
higher absorption in infrared range than plasma (32–34), we still 
see darker areas where a significant number of RBCs are present. 
We previously performed this kind of imaging with blue light, to 
obtain a better contrast. However, the transmission through 
RBCs is then so low that only part of the structure homogeneity 
could be observed (26). The lighter parts in the observed struc
tures are therefore depleted in RBCs, as observed for the stream
ers in recent numerical simulations of gel settling (27). We 
conducted experiments with an adjusted hematocrit of ϕ = 0.45 
and various dilutions of autologous plasma with serum. Serum 
can be considered as plasma without fibrinogen, as the coagula
tion cascade occurs prior to serum extraction. This method al
lowed us to dilute the fibrinogen content while retaining other 
plasma proteins, which effectively tunes the attractive forces be
tween RBCs (13, 28, 35, 36). We observed significant differences in 
the RBC gel structure for relative concentration of plasma in the 
liquid phase varying from 0.7 (e.g. 0.7 mL of plasma are mixed 
with 0.3 mL of serum) to 1 (RBCs are suspended in pure plasma). 
We were able to image an area of almost 1 cm × 0.87 cm in the 
samples, with a total width × height × thickness of 
≈ 1.7 cm × 7 cm × 150mm. As shown in Fig. 2(A–D) and Movies 
S3–S6, this setup revealed that during the initial stages of the sedi
mentation process, the RBC gel fractures, resulting in vertically 
oriented streamers at various horizontal intervals. To quantify 
the evolution of the characteristic distance D between the stream
ers, we computed the position of the first nonzero maxima of the 
horizontal autocorrelation of the image. Those quantity shows 
strong fluctuation; however, after a transition time of ≍ 4,500 s, 
it shows a clear decreasing trend for all fibrinogen concentrations, 
see Fig. 2(E). With increasing fibrinogen concentrations, i.e. stron
ger RBC interactions, the distance D between the streamers de
creased significantly, as shown in Fig. 2(F).

In order to make sure that the structures observed arise from 
the backflow of the plasma, we performed experiments where 
the plasma is mixed with some Percoll solution, in order to match 
the density of the RBCs. (For the specific donor of RBCs in Movies 
S7 and S8, this meant using a mixture with 67% volume of 
Percoll and 33% of autologous plasma. Osmolarity was adjusted 
to 300 mOsm by adding the required amount of NaCl to the liquid.) 
The percoll solution is convenient as it is a suspension of bio
coated nanoparticles of silica, which also act as a depletion agent 
between RBCs and maintains a similar network structure (37) (see 
also the comparison between aggregates in plasma and Percoll in 
Fig. S2, for which we measured similar fractal exponents). As illus
trated in the Supporting Information (Movies S7 and S8), one does 
not observe any streamers in these experiments. If no secondary 
flow is observed (Movie S7), the gel does not become heteroge
neous, while if some secondary flows are observed (small bubble 
in Movie S7 rising from the lower left corner, big bubble in Movie 
S8), heterogeneity in the structure appears. However, the morph
ology of these possible heterogeneities is different from the one 
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reported in the main article, as they are related to single event and 
do not possess a common preferential orientation. The areas de
pleted in RBCs are oriented perpendicularly to the motion of 
RBCs rather than parallel to their global translation in the case re
ported in plasma (Fig. 2).

In summary, our experimental observations demonstrated 
that the RBC gel is locally fluidized into streamers at the initial 
stage of its sedimentation, due to the backflow of plasma, in a pro
cess similar to the observations reported in simulations of the on
set of colloidal gel settling (27). However, the fluidization of the 
structure never occurs over the whole sample. Eventually, the 
network of streamers stabilizes, i.e. the streamers stop forming 
or growing, and the RBC network undergoes a smoother reorgan
ization, which can be described as the compression of a porous 
material (12).

Macroscopic scale measurements
At larger scales, one observes a motion of a sharp interface be
tween cell-free plasma and sedimenting RBCs. The average vel
ocity of this interface over the first hour is actually the 
parameter measured to perform an ESR test. This measurement 
is typically done by assessing the position of the interface at the 
beginning of the experiments and after 1 h of leaving the sample 
at rest. To complete our observations with macroscopic data, we 
conducted experiments similar to those in a previous study (13), 
where we manipulated the concentration of fibrinogen by mixing 
serum and plasma for suspensions of RBCs, with the hematocrit 
held constant at ϕ = 0.45. The experimental setup is depicted in 
Fig. 3(A), with image analysis data presented in Fig. 3(B and C). 
For a further detailed explanation of the picture postprocessing, 
please refer to our earlier methodological publication (28). 

The velocity points in Fig. 3(B) are extracted as follows. We first 
compute the finite difference between two successive height 
measurements (Fig. 3(C)), divided by the time interval of 60 s be
tween two consecutive pictures. The resulting values are fitted 
by a smoothing spline. The smoothing spline is then evaluated 
at the time of the images to obtain the open circles in Fig. 3(B).

Modeling equations and comparison to 
macroscopic measurements
Equations of interface motion
In a previous manuscript by Varga et al. (27), the instability that 
causes the formation and spread of a fluidized portion of a settling 
gel, known as a “streamer,” was investigated both analytically and 
numerically. However, their model contains several geometrical 
constants and parameters that are difficult to estimate experi
mentally. In this paper, we present an approach for simplifying 
their model by using only the leading terms to derive a system 
of differential equations that can be fitted to experimental data 
with just two fit parameters.

To ensure clarity, we will begin by defining the key parameters 
of the gel. The RBCs in the gel have a characteristic radius of a ≈ 
4 μm and experience surface attraction that is described by a po
tential well with a depth of U of [10 to 20] kBT and a width Δ be
tween [10 to 100] nm (35, 38–42). For consistency, we used the 
approximation that U ≈ FΔ, where F is the characteristic disaggre
gation force of the cells in plasma and Δ is the potential well width. 
Typical measurements of disaggregation force between RBCs in 
plasma are between 4 and 8 pN (39). Since we considered a value 
of Δ ≈ 10−8 m (40), we then obtain U to be 4 × 10−20 J to 8 × 10−20 J, 
i.e. 10 to 20 kBT, with T = 300 K. The surrounding fluid has a 
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Fig. 1. Flow field characterization using light sheet microscopy. Two representative identically repeated experiments (first and second lines) are shown 
with samples from the same RBC suspension, locally showing qualitatively different velocity fields. A, B) Reconstructed images, with sampled velocity 
field at the end of the experiments (resp. ≈ 10 and 20 min). See Movies S1 and S2 for the whole characterization. C, D) Evolution of the PDF of the velocity 
modulus over time. E, F) Comparison of the velocity of the interface with the velocity of the flow field and its average modulus. In the upper row, the 
experiment displays a complex velocity field (a) due to a partial gel fluidization, which propagates from the right of the image (see Movie S1). The 
corresponding PDF (C) starts with a peak that gradually disappears as the network loses its integrity, while the average velocity (E) increases above the 
velocity of the network interface. In the lower row, the experiment exhibits a cohesive downward velocity with no significant fluidization (B, Movie S2). 
Instead, the gel reaches a cohesive downward velocity. The PDF D) shows a peak that persists over time and closely follows the interface velocity F). The 
maximal interface velocity in both experiments (E and F) is similar (around 1.3 μm/s), consistent with the maximum macroscopic interface velocity for 
similar samples (hematocrit ϕ = 0.45) (12).
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viscosity of η ≈ 10−3 Pas (43), and both the RBCs and fluid mole
cules have thermal energy kBT. However, the density difference 
ρ between the cells and the fluid is 10 to 100 kg/m3 (44). 
Additionally, we will refer to the geometrical constants di intro
duced by Varga et al. (27) in their model. As defined in Varga 
et al. (27), those constants are unknown, independent of any phys
ical quantity and of the order unity.

The growth of the streamer radius R over time t is determined 
by Eq. 2.10 in Varga et al. (27):

dR
dt

=
K

ϕ1/3 R−1/3eR/R∗ , (1) 

where K =
2d1d2

9
a1/3Ue−U/(d3kBT)

ηΔ2 (2) 

and R∗ =
2
d4

kBT
ρga2Δ

. (3) 

From its definition, R∗ can be described as an effective gravitation
al length. Assuming that all dimensionless geometrical constants 

di are of the order of unity, we can estimate K ∈ 
[10−11 to 10−7] m4/3/s and R∗ ∈ [10−5 to 10−4] m. It is worth noting 
that this equation is written for the case where the fractal expo
nent of the percolation network is approximated to df ≈ 2. This as
sumption is supported for blood by previous literature, as 
discussed more in detail in the Supporting Information (section 
“Fractal exponent of RBCs aggregates” and Fig. S2) (13, 45–47). 
The simulations performed by Varga et al. also covered volume 
fractions up to 0.5, but potential discrepancies arising from this 

parameter are discussed in the Supporting Information (section 
“High volume fraction”).

We assume that the plasma flows mainly through the streamer, 
i.e. that the permeability κ of the undisturbed gel is negligible. This 
assumption is consistent with the fact that the initial velocity of 
the gel interface is below the experimental resolution. We also dis
regard the inverse Navier’s slip length, λ, at the border of the 
streamers. Under these assumptions, Eq. 2.13 of Varga et al. (27) 
determines the average upward plasma velocity, 〈uf〉, as 
〈uf〉 = K2R4, with K2 = π

8
ρg

ηD2, where the distance D is assumed by 
Varga et al. to be equal to the cross-sectional length of the sample 
L. Note that this expression of K2 is valid only if there is a single 
streamer, as observed in numerical simulations performed on a 
spatially limited system. However, we experimentally observed 
several streamers, as illustrated in Fig. 2(A–D). This implies that 
we should rather consider D to be the characteristic distance be
tween two neighboring streamers at the interface of the gel, i.e. 
D2 = L2/N, with N the number of streamers which are distributed 
all over the cross-section area of the sample. Assuming volume 
conservation, the velocity of the interface can then be expressed as

dh
dt

= −〈uf〉
(1 − ϕ)

ϕ
= −K2R4 (1 − ϕ)

ϕ
, (4) 

where the average volume fraction ϕ of the gel is dependent on 
both the initial volume fraction ϕ0 and height h0, due to volume 
conservation of the RBCs. Specifically, ϕ can be expressed as 
ϕ = ϕ0 h0/h.

Experimentally, we observed that the growth of streamer ra
dius R is limited over time. Intermediate-scale experiments 
(Fig. 2, Movies S3–S6) indeed showed that the diameters of the 

A B C

D
E F

Fig. 2. Mesoscopic structures revealed by infrared light transmission through thin samples. A–D) Images captured after apparition of the streamers (i.e. 
after ≈ 1 h 15 min), showcasing samples with decreasing concentrations of fibrinogen from A) to D). Corresponding movies of the full experiments A)–D) 
are provided as Movies S3–S6, respectively. E) Time evolution of the characteristic distance between the streamers, computed as the position of the first 
nonzero maxima of the horizontal autocorrelation of the images. F) PDF of the first nonzero peak of the horizontal autocorrelation function, after 4,500 s 
(i.e. the data shown as inset in panel e). Inset shows averaged distance between the streamers plotted against the relative concentration of fibrinogen (Rel. 
Fib. Con.), for two different donors. As the fibrinogen concentration increases, the characteristic distance between the streamers decreases.
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streamers saturate, and their positions stabilize. The discrepancy 
could be attributed to one of the assumptions made in Varga 
et al.’s model (27), which states that the volume fraction of par
ticles inside the streamer is constantly similar to the bulk volume 
fraction. This approximation is explicitly mentioned when they 
assess the number of particles in a streamer, and implicitly used 
when they assessed the value of the flux of particles per unit 
area into and out of the open streamer jin and jout (Eqs. 2.7 and 
2.8 in Varga et al. (27)). However, both their numerical simulations 
and our experiments demonstrate that the volume fraction within 
the streamers decreases. Since both fluxes are proportional to 
3ϕ/(4πa3), if the volume fraction ϕ inside the streamers decreases 
significantly, these fluxes should therefore vanish, which explains 
that the streamers stabilize and the gel interface reaches a max
imal velocity.

As shown by Darras et al. (12), once the maximal velocity and 
underlying structure of the gel are achieved, the collapse of the 
RBC gel can be modeled as a porous medium compressing under 
its own weight. The velocity of the interface is described as 
dh/dt = − ρga2

γη
(ϕm−ϕ)3

ϕ(1−ϕ) , where ϕm is the maximal volume fraction 
reached by the RBCs in the gel at the end of the sedimentation pro
cess, and γ is a dimensionless characteristic time of the system. 

More accurately, γ = κ0a2

A2 , with κ0 the dimensionless scaling con
stant in the Carman–Kozeny relationship, a the characteristic 
size of RBCs and A is the characeristic size of the pores in the 
gel. In summary, the interface velocity can be expressed as

−
dh
dt

= min
K2R(t)4 (1 − ϕ)

ϕ
ρga2

γη
(ϕm − ϕ)3

ϕ(1 − ϕ)
,

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(5) 

with R(t) from Eq. 1. This equation can be fitted to macroscopic ex
perimental data, using in total four fit parameters K, K2, γ, and ϕm.

Model fitting
To numerically solve Eq. 5, an initial value R(t = 0) is required. 
However, the choice of this value has little effect on the time 
when dR/dt diverges as long as R0 ≪ R∗. This is because analytical 
results from Varga et al. (27) also predict a finite time divergence 
of dR/dt for R(0) = 0 (see their Eq. 2.15 and Fig. 7). Therefore, 
we used R(0) = 1μm, which is the same order of magnitude as 
the holes observed in 2D percolating networks of RBCs (13). We ini
tially used R∗ as a fit parameter, constrained in the range of 

5 mm

A

C D

B

Fig. 3. Macroscopic measurements of ESR. A) Image of a cuvette used for macroscopic experiments, annotated with the measured heights. B) Velocity of 
the interface along time for a representative experiment. Points are data gathered from experiments, while the continuous curve is the first line of Eq. 5
(i.e. the prediction of Eqs. 1 and 4) combined and the dashed curve is the second line. Values of the fit parameters for Eq. 5 are obtained by fitting the 
position of the interface (panel C). C) Evolution of the RBC gel height along time. The points are measurements from image analysis, and the curves depict 
fits from Eq. 5. D) Evolution of the K2 parameter from Eq. 5, as a function of the relative fibrinogen concentration. Different symbols are associated to 
different donors. As expected from the decreasing trend observed in Fig. 2(F) and K2 ∝ D−2, increasing fibrinogen concentration results in an increase in K2.
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[10−5 to 10−3] m based on estimations from d4 = 1 and 
ρ ∈ [10 to 100] kg/m3, which led to R∗ ∈ [5 × 10−6 to 5 × 10−4] m. 
However, the choice of R∗ in this interval did not have a significant 
influence on the sum of the square residuals of the initial fits we 
tried. The obtained values of R∗ all fell within the range of 
(3.0 ± 0.1) × 10−4m. Therefore, we used thereafter R∗ = 3 × 10−4, m 
as a fixed parameter for all fits. As Eq. 5 is highly nonlinear, the 
success of the fit convergence depends on the initial guess of the 
other fit parameters. To simplify this problem, we first estimated 
the values of ϕm and γ through fits using the previous approxima
tion that h(t) = h0 if t < t0 (13) (and therefore independent from R(t), 
K or K2). These estimated values of ϕm and γ were then used as ini
tial guesses for the fit of Eq. 5. Additionally, we set the initial value 
of K2 such that both time derivatives in Eq. 5 were equal at 
R = 50mm. This R = 50mm corresponds to the radius of the 

depleted areas observed for the full plasma sample (Fig. 2(A), 
Movie S3). The parameter K is calculated through its definition 
in Eq. 1 with  d1 = d2 = 1, Δ = 10−8 m, and U = 15 kBT, which yielded 
K ≈ 10−9 m3/4/s as the initial guess. The fits obtained using this 
protocol are in good agreement with measured data, as shown 
in Fig. 3(B and C). The parameter K2 exhibits a significant trend 
as a function of the fibrinogen concentration, as illustrated in 
Fig. 3(D), while the values of K are almost constant within the 
range of (7 ± 2) × 10−10 m4/3/s (see Fig. S4). The behaviors of γ 
and  ϕm are consistent with the trends reported in Dasanna 
et al. (13), see also Fig. S4. As expected, due to the decrease in 
interdistance D between the streamers as the concentration 
of fibrinogen increases, we observe that K2 ∝ D−2 increases 
with increasing fibrinogen concentration. This change in the 
geometry of the gel structure is probably related to the change 
in pore size that static 2D networks of RBCs exhibit when their 
interaction energy is modified (13). Indeed, a higher amount of big
ger pores in the initial network implies more probable seeding 
points for the fracture of the gel. The porosity of the collapsing 
gel therefore increases with an increase in the fibrinogen 
concentration.

Implications for clinical ESR tests
In current medical applications, only two time-point measure
ments are considered to estimate the average sedimentation vel
ocity during the first hour of the sedimentation process. Some of 
the current features of the standard ESR measurement are that 
there is no lower bound for the normal range, and no correction 
as a function of the sample hematocrit is universally recognized 
(48–51). Previous clinical studies have already highlighted that 
the lack of lower bound is related to the fact that the maximum 
velocity is often reached after the first hour, where the measure
ment is done (20, 29, 52). Since both time derivatives in Eq. 5
have a different dependency with ϕ, it is now clear from our model 
that a simple scaling of the one time-point measurement cannot 
be rigorously obtained. However, if one records regularly the pos
ition of the interface over a longer period of time ( ≈ 2 h, as already 
suggested in some protocols (9, 11, 20, 29)), as is now easily en
abled by automation, one can extract the maximum velocity 
|dh/dt|, which scales as |dh/dt| ∝ (ϕm−ϕ)3

ϕ(1−ϕ) (12). This more detailed 
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Fig. 4. Measurements of instantaneous sedimentation velocities for 
several initial volume fraction. Measurements were performed as 
described in a previous study, with a single donor but various initial 
hematocrits (9). The individual concave lines correspond to the part of the 
fits obtained with the first line of Eq. 5, for each sample. The common 
convex curve, on which all data obtained during the second phase of the 
sedimentation process (second line of Eq. 5) collapse, is the curve 
obtained with the average values of fit parameters γ = 0.43 and ϕm = 0.84.

A B C

Fig. 5. Measurements of control and NAS samples. A) Example of curves obtained for NAS patient and healthy control (symbols are experimental data), 
along their fit of Eq. 5 (curves). This pair of curves has a behavior close to the average of their respective population. Full data have been acquired during a 
previous study (9). The vertical dashed line highlights the time t = 1h, where Δh where extracted and to which the fits were restricted. B) Extreme examples 
of sedimentation curves, with the highest Δh(1h) for the patient, and the lowest Δh(1h) for the control. One can see that the healthy control presents a long 
delay before reaching its maximum velocity, which is still higher than the one of the NAS curve. C) Distribution of standard ESR values obtained for the 
various samples after 1 h, compared to the distribution of γ values obtained for both populations, obtained by fitting the sedimentation height every 
minute for 1 h. A significant difference is observed in both distributions (the t-test P-value is 3.2 × 10−10 for Δh and 1.2 × 10−11 for 1/γ). However, a larger 
difference is observed between the distributions of 1/γ: the ratio of the averages is 〈Δh(1h)〉C/〈Δh(1h)〉NAS = 8.8 and 〈γ〉NAS/〈γ〉C = 11.3. Moreover, both 
populations of Δh(1h) overlap, while even the outliers for the 1/γ distribution of the NAS samples are below the lowest value for healthy controls. 
The horizontal solid line is a guide for the eye.
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analysis protocol could therefore provide a lower bound for the 
normal range of ESR, which could be used as a clinical tool to de
tect rare diseases, such as neuroacanthocytosis (NAS) syndromes, 
which presents a significantly slower ESR (9, 11). Figure 4 illus
trates that the second line of Eq. 5 indeed provides a master curve 
on which instantaneous velocity measurements collapse, inde
pendently from the initial volume fraction. In order to illustrate 
the gain that such analysis would provide in clinical context, we 
analyzed the curves we collected in a previous study (9), compar
ing healthy donors and NAS syndrome patients (Fig. 5). For a fair 
comparison, our fits were performed only by considering data 
points gathered in 1 h. Not only does our γ parameter offers a 
measurement independent from the initial volume fraction, 
but it also provides a stronger difference between both sample 
populations (see Fig. 5(B and C)). Indeed, the ratio for average 
values of the traditional ESR measurement after 1 h is 
〈Δh(1h)〉C/〈Δh(1h)〉NAS = 8.8, while the ratio of average γ is 
〈γ〉NAS/〈γ〉C = 11.3. While the measurements at 1 h for the trad
itional ESR readout overlap across control and NAS population, 
the distributions of the γ parameter do not. While these data are 
only preliminary and further clinical results are required to con
firm a substantial gain, our results and model clearly call for the 
establishment of a revised protocol and standard values of the 
ESR, including a lower value for healthy samples.

Conclusions
The experiments performed at various length scales have re
vealed that the initial collapse of the RBC gel is initiated by local 
instabilities that lead to the appearance of multiple streamers. 
The spatial distribution of these streamers depends on the inter
action energy between the cells. This is consistent with earlier ob
servations that higher aggregation between RBCs results in larger 
pore sizes, thereby increasing the possible seeding points for the 
emergence of streamers within the bulk. The increase in the aver
age distance between the streamers qualitatively explains the 
macroscopic characteristics of the collapse: with higher cell ag
gregation, more streamers appear and the gel collapses sooner. 
On a fundamental level, these results lead to a continuous model 
for the gravitational collapse of a gel with a delayed onset. We 
have successfully connected the microscopic rearrangements of 
the gel structure to the macroscopic velocity of the gel interface. 
It is worth noting that the physical peculiarities of RBC aggregates 
are crucial for the aforementioned mechanisms. Indeed, the in
crease in sedimentation velocity with higher aggregation energy 
is due to the geometry of the RBC aggregates, which therefore con
tributes to making them a unique suspension. Understanding 
these peculiarities is of immense significance, particularly in clin
ical contexts. The present results provide a systematic approach 
to extract detailed parameters of the ESR, which can lead to a 
more rigorous and precise description of the sedimentation vel
ocity than the current clinical standard, which only considers 
the average sedimentation velocity during the first hour by two 
time-point measurements.

Materials and methods
Blood sample collection and experiments were approved by the 
“Ärztekammer des Saarlandes,” ethics votum 51/18, and per
formed after informed consent was obtained according to the 
Declaration of Helsinki. Blood was collected in standard 
Ethylenediamine tetraacetic acid (EDTA)-anticoagulated blood, 
as well as standard serum tubes.
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