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Laser scanning microscopy is widely used to measure blood hemodynamics with
line-scans in physiological and pathological vessels. With scans of broken lines, i.e.,
lines made of several segments with different orientations, it also allows simultaneous
monitoring of vessel diameter dynamics or the activity of specific cells. Analysis of red
blood cell (RBC) velocity from line-scans requires specific image-processing algorithms,
as angle measurements, Line-Scanning Particle Image Velocimetry (LSPIV) or Fourier
transformation of line-scan images. The conditions under which these image-processing
algorithms give accurate measurements have not been fully characterized although the
accuracy of measurements vary according to specific experimental parameters: the
vessel type, the RBC velocity, the scanning parameters, and the image signal to noise
ratio. Here, we developed mathematical models for the three previously mentioned line-
scan image-processing algorithms. Our models predict the experimental conditions in
which RBC velocity measurements are accurate. We illustrate the case of different vessel
types and give the parameter space available for each of them. Last, we developed a
software generating artificial line-scan images and used it to validate our models.

Keywords: laser scanning microscopy, blood velocity, image processing, line-scan, modeling, multi-photon,
blood hemodynamics, vessels

Abbreviations: f, Fraction of Nyjnevessel where the scanning velocity is constant; Drpc, size of an RBC; Drpcapp, size of the
shadow left by an RBC over the line-scan image along the distance axis; AXmoy, displacement of a RBC from one line to
the successive one; ¢, variable used to characterize the relative orientation of RBC flow and scanning. ¢ equals 1 if scanning
and RBC flow are oriented in the same direction and ¢ equals —1 if scanning and RBC flow are opposite; f, focal length of
the objective; Fp, acquisition frequency of pixels; He, Hematocrit; Yiyback» fraction of forward scanning time needed for the
scanner to scan back go back from the end of the line to the beginning of the next one; Yyessel> fraction of line within the
vessel; J, scanner inertia; Npoy, number of pixels by which RBCs move from one row of the line-scan image to the next one;
NpyLineVessel, number of pixels per line within the vessel; Nscan/rpc, number of scanned lines on which the RBC appears
minus one; Njie, number of lines separating the two lines cross-correlated with the LSPIV algorithm; Py, pixel size; RBC,
Red Blood Cell; Tau, rotor Torque; Tyine, scanning time from the beginning of one line to the beginning of the next one;
Vscan» Scanning velocity.
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INTRODUCTION

Blood flow dynamics is a major functional reporter of the
pathophysiology of most organs. In the brain, functional
hyperemia, a local increase of blood flow triggered by neuronal
activation, is used as a proxy to map brain activation (ladecola,
2017). At the cellular resolution, blood velocity measurements
are commonly performed with laser scanning microscopy, either
with one-photon excitation and confocal detection for superficial
vessels (Dirnagl et al, 1992; Villringer et al., 1994; Zhong
et al., 2008), or with multi-photon excitation for deeper vessels
in tissue (Kleinfeld et al., 1998; Chaigneau et al., 2003; Shih
et al, 2012; Kong et al., 2016; Kisler et al., 2018). Accurate
measurement of RBC velocity with laser scanning microscopy is
therefore essential for quantitative comparison of data acquired
in different animals, different experimental conditions or using
other techniques. RBC velocity is usually assessed with line-
scans, i.e., repetitive scanning along a longitudinal portion of
the central axis of a vessel. As blood velocity is mostly laminar
(Rovainen et al., 1993; Logean and Riva, 2003; Zhong et al., 2011;
Kornfield and Newman, 2015), RBCs usually come one after the
other on the vessel axis. Consequently, line-scans produce space-
time (XT) images in which each RBC leaves an oblique shadow.
RBC velocity is calculated from these shadows using two types
of algorithms: first, image-processing algorithms, which provide
an apparent velocity of RBC (Vrpcapp); second an algorithm that
takes into account the scanning velocity, and its direction relative
to RBC flow, to calculate the real RBC velocity from Vrpcapp
(Chaigneau et al., 2019).

Here we focus at the first analysis step based on image-
processing algorithms. The appearance of line-scan images and
their processing depend on the types of vessels studied and
RBC velocity. Initial studies, which were performed in capillaries
where RBC velocity ranges from nearly zero to about 1 or 2 mm/s,
used angle measurement either after binarization (Dirnagl et al.,
1992; Villringer et al., 1994; Chaigneau et al., 2003; Zhong et al.,
2008) or by application of shearing deformation on line-scan
images (Kleinfeld et al., 1998). RBC velocity measurements were
then extended to larger vessels, i.e., arterioles and venules, where
velocity is higher and its quantification becomes a technical
challenge in terms of image acquisition and analysis (Hutchinson
et al,, 2006; Kang et al., 2006; Shih et al., 2009; Drew et al., 2010;
Rungta et al., 2018). For this reason, a variety of image processing
algorithms have been developed: line fitting (Zhang et al., 2005),
Radon Transform (Drew et al., 2010; Chhatbar and Kara, 2013;
Joseph et al., 2019), Line-scan Particle Image Velocity (LSPIV)
(Kim et al., 2012), and Fourier Transform (Autio et al., 2011;
Rungta et al., 2018). All these image-processing algorithms have
been successfully used, but in specific experimental conditions.
Nevertheless, as vessels are tortuous and with various lengths
in a focal plane, the experimental conditions rarely match the
scanning conditions for which each individual image-analysis
algorithm was developed. Consequently, experimenters cannot
easily choose the best algorithm and the right acquisition
parameters to get accurate blood velocity measurements.

Here, we developed mathematical models of the “Angle”
(Dirnagl et al., 1992; Kleinfeld et al., 1998; Drew et al., 2010;

Chhatbar and Kara, 2013), the LSPIV (Kim et al., 2012) and
the “Fourier transform” (Autio et al., 2011; Rungta et al., 2018)
algorithms to determine the conditions under which blood
velocity can be measured with a chosen level of error, while
simultaneously monitoring calcium signals in the neuropil. We
also provide a software generating artificial line-scan images
that can be used to test and validate the models for any
experimental condition.

MATERIALS AND METHODS

Definition of Variables

We considered a line-scan image where the scanned segment was
made of a segment within a vessel of Npyjinevessel Pixels and a
segment out of the vessel of Npyiineoutvessel Pixels (Figure 1A).
This last segment can be used to collect calcium signals from
the vessel wall (endothelial cells, mural cells, astrocytes) from
nearby neurons, or to simultaneously measure the dynamics of
the vessel diameter.

We defined the following parameters to perform our analysis:
YFlyback 18 the fraction of time for the scanners to come back from
the end of the line to the beginning of the next one over the time
for the scanners to scan the broken line yvege is the fraction of
line within the vessel:

NpyLinevessel

VVesse NpxLineVessel + NPxLineOutVessel
During acquisition, experimenters also control the pixel size (Py)
and the pixel clock (Fp) which is the acquisition frequency of
pixels. Their product gives the scanning velocity (Vgcan). Using
these parameters, the time from the beginning of one line to the
beginning of the next one (Trine) can be calculated:

Trine = (1 + YFlyback) (NpatLineVessel T NpxLineOutVessel) /Fp

This can be reformulated:
Trine = (1+ yFlybuck) NpsLineVessel / (Fp VVessel) (1)

Pre-processing of Line-Scan Images

Before analysis of RBCs velocity with the considered algorithms,
line-scan images undergo two steps of preprocessing. The first
one is a cropping step. Indeed, because of inertia of the scanning
system, the instantaneous scanning velocity (Vscan™") does not
always match the target scanning velocity, i.e., the product of
the pixel size by the pixel clock. The scanning system stops at
the beginning of each segment of the broken line, and then
accelerates until it reaches its target velocity, and then decreases
close to the end of the segment until it stops at the end. To
prevent scanning velocity changes from biasing RBCs velocity
measurements, images are cropped to remove the regions where
the scanning velocity is not the target one (i.e., not constant). The
extent of this regions can be estimated from the rotor inertia and
Torque: for small angles, Vcan can be estimated by the product of
the focal length of the objective (f) by the angular velocity of the
scanning system (w):

Vinst ~ fu)

scan
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FIGURE 1 | Analysis of the “Angle” image-processing algorithm. (A) Scheme of a typical line-scan (XT) image with its parameters. X is the distance along the
scanned segment; NpxLinevessel @Nd NpyiineOutvessel @re the respective number of pixels of the sections within and out of the vessel, and g is the fraction of N| inevessel
where the scanning velocity is constant. T is the axis of time repetitions. (B) Principle of the “Angle” line-scan image-processing algorithm. The angle of the stripe left
by the RBC (a) with the horizontal axis is used to calculate VRBCappA”g‘e. Nscan/rec is the number of lines in which a single RBC leaves a dark shadow. (C)
V,:;B(;app’*”g'e vs. Nscan/rBc Was calculated from Equation (4) for a range of Py, with yvessel = 1, Fp = 200 kHz, Npxinevessel = 50, J/(ft) = 2 108 s2/m and
Yryback = 0.5. (*) The dashed line gives Vrgcapp "% corresponding to AVegcapp,VRacapp = 10%. (D) VRgcapp"¥® vs. Nscan/rac Was calculated from Equation (4)
for a range of Fp, With Yvessel = 1, Px = 0.5 oM, Npxiinevessel = 50, J/(ft) = 2 1078 s2/m and yryoack = 0.5. (*) The dashed line gives Vrgcapy” "9 corresponding to
AVRacapp™ % VRecape "Y€ = 10%. (E) VRgcapp "% Vs. Nscan/rec Was calculated from Equation (4) for a range of yyessel, With Fp = 200 kHz, Py = 0.5 um,
Nextinevessel = 50, J/(ft) = 2 1078 s?m~" and yrypack = 0.5. () The dashed line gives Vrgcapp"9® corresponding to AVegcapp "9/ Vegcapp "9 = 10%. (F)
AVRecapp™ "% VRacapp "Y€ Vs. VRacapp”"9° was calculated from Equation (6) for a range of Fp with Py = 0.5 um, Nexinevessel = 50, J/(ft) = 2 1078 s/m,
Yeyback = 0.5 and Yvessel = 1. (G) AVRacapp™"%® Vrscapp "9 vs. Py was calculated from Equation (6) for a range of yvessel With Nextinevessel = 50, J/(ft) = 2 1078
$2/m, YAyback = 0.5, Fp = 200 kHz and Vegcapp = 2 mm/s.

The angular velocity can be calculated from the fundamental
principle of dynamics, knowing the scanners inertia (J) and the
rotor Torque (1):

; dw
1=]—
dt
Therefore, acceleration of the scanners can be estimated by:

dvinst N f‘t

scan
J

dt

Therefore, the number of pixels that needs to be cropped at each
edge of each section (N¢rop) is the ratio of the target velocity by
the acceleration of the scanners normalized by the pixel clock:

Nerop is @ linear function of J/t, which ranges from 1078
s? to 107% s? for standard systems. Therefore, the lower the
ratio J/t is, the lower is the number of pixels that need to
be cropped. N¢rop increases with the pixel size and the pixel
clock. Nerop is inversely proportional to the focal length of
the objective which ranges from 2 to 15 mm for high NA
water immersion objectives used in multiphoton microscopy.
As the higher the magnification is, the lower the focal length
of the objective, the higher N¢yop is. Experimental pixel sizes
range from 0.1 to 1 pm. and acquisition frequencies range
from 50 kHz to 1 MHz. In many conditions, N¢rop equals zero
(Supplementary Figures 1A,B). This is the case if J/t < 8
1078 s2 and F, < 200 kHz. Therefore, in these conditions, the

N PxFIZ, J 5y Scanners velocity is always the target one except at the points
crop — ft @) at the end of the segment. For higher pixel clocks, Nerop can
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reach tens of pixels and the variations in scanning velocity need
to be considered.

The fraction of Npjpeyessel Where the scanning velocity is
constant is thus:

2N, 2P Fy ]
le_ crop —1— xX<p (3)
NPxLineVessel NPxLineVesself T
The second pre-processing step is a filtering step that consists
in application of filters (often median filters, that does not alter
shapes) to reduce noise.

Mathematical Modeling

Numerical simulations were performed with Microsoft Excel.
YFlyback Was set to 0.5 and J/t = 3.7 1078 2 (galvanometer
system Cambridge Technology 8315). The diameter of RBCs
(Drgc), which varies depending on RBC orientation and vessel
(Chaigneau et al., 2003), was set to 6 pLm.

Artificial Line-Scan Images

We developed a software with NI LabVIEW 2020 to generate
artificial line-scan images as described in Supplementary
Figures 2A,B and Supplementary Information. This
software can be downloaded from GitHub: https://github.com/
EmmanuelleChaigneau/Create_simulated_RBC_xtfast_Image.
Using it, we generated 1.2 s long artificial line-scans of constant
velocity (Vrcapp image) as in Supplementary Figure 2C. The
distribution RBCs was set to be randomly varying using a flat
distribution. The tube Hematocrit (H;) was set to 35% which is
the average of published values: for the cortex 22, 47, and 37%
(Santisakultarm et al., 2012; Lyons et al., 2016; Li et al.,, 2019),
and 35% for the olfactory bulb (Lyons et al., 2016). White noise
was added to all images so that the amplitude of noise was 1.5
times larger than the difference of amplitude between “black”
pixels of RBCs and “white” pixels of plasma.

To test for our models when the RBCs flow is laminar, the
number of pixels on the distance axis was set to 50 or 100, F,
was set to 200 kHz or 1 MHz, Ypiypack was set to 0.5, Vrpcapp ™ ¢
ranged from 0 to 20 mm/s and Vs ranged from 0 to 200 mm/s.

In arteries and venules which are large enough so that RBCs
could change their radial position, the flow of RBCs is not always
laminar and the trajectory of some RBCs move in or out of
the imaged line. This effect can be visualized when the scanned
line is very long, as in Figures 1, 2 from Drew et al. (2010). To
address these conditions, we created artificial line-scans in which
a fraction of RBCs get “defocused,” i.e., move in or out of the
scanned line. We set VrRpcapp image ¢ 5 realistic value for a small
artery or venule: 5.33 mm/s. We set the scanning parameters
so that RBCs velocity would be calculated with an error below
10% with each of the three considered algorithms based on our
models: Npypinevessel = 120, Px = 0.8 um and F, = 400 kHz. We
applied increasing levels of RBCs defocusing for 0-100% RBCs.

Analysis of Line-Scan Images

Each image was first pre-processed using median filters to
reduce noise without altering the shape of RBCs shadows. Then
pre-processed images were split into 0.1 s long sections and

each section was processed by each image-analysis algorithm
giving VRBCapPA“gle, VRBCapPLSP IV and VRBCapp TF For the angle
algorithm we used the method from Kleinfeld et al. (1998), for
the LSPIV algorithm the method from Kim et al. (2012) and for
the “Fourier transform” the method from Rungta et al. (2018).
The first and the last sections were discarded to avoid edge
effects. The relative error was calculated as (VRBCappAlg"mhm—
VRBCappI“““ge)/VRBCappIm“ge for each 0.1 s long section. Then the

maximum relative error over the ten computed points that was

. Computed i Image Image
defined as: 12?1(0(‘/”@?? VRBCapp) / VRBCapp-

RESULTS

Mathematical Models for Image Analysis
Algorithms
Strategy Followed
For each considered image-processing algorithms, we analyzed
the conditions to get the relative error on the apparent velocity
of RBC below an error level (P%), and the range of apparent
velocities of RBC that can be reached in these conditions. We
considered RBC speeds from 0.1 mm/s which can be measured
in capillaries to 20 mm/s which is reached in larger arteries.
We assumed that line-scan images had been pre-processed
(see Methods section “Pre-Processing of Line-Scan Images”).
We investigated the impact of every parameter that can be
experimentally controlled: the number of pixels within the vessel
(NpxLinevessel)» the fraction of pixels within the vessel (Yyessel), the
fraction of time for the scanners to come back from the end of the
line to the beginning of the next one over the time for the scanners
to scan the broken line (Yiyback), the pixel size (Px) and the pixel
clock (Fp). The pixel size and the pixel clock are often merged
into a single parameter: Ve, which is their product. Scanning
velocities usually range between 20 and 100 mm/s even if they
can go down to 5 mm/s and up to 200 mm/s (Kleinfeld et al.,
1998; Chaigneau et al., 2003; Schaffer et al., 2006; Autio et al.,
2011; Kim et al., 2012; Chhatbar and Kara, 2013; Kornfield and
Newman, 2015; Dunn et al., 2018; Kisler et al., 2018).

In this manuscript we used only positive values for all
velocities. When the relative directions of scanning and RBC flow
needed to be considered, an extra variable was used for the sign.

1st Algorithm: “Angle”

We first investigated the image-processing algorithms where the
apparent velocity is calculated from the angle (a) between the
shadows left by RBCs and the distance axis (Figure 1B) (Dirnagl
et al,, 1992; Kleinfeld et al., 1998; Drew et al., 2010; Chhatbar and
Kara, 2013). This angle is measured either directly (Dirnagl et al.,
1992) or by application of shear stress to the line-scan image until
the shadows left by RBCs appear to be horizontal (Kleinfeld et al.,
1998). The apparent velocity is the inverse of tangent of o scaled
by the units on the horizontal and the vertical axes of the line-scan
image, respectively, Py and Tpine:

Angle by

V =
RBCapp Tline tan o
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FIGURE 2 | Analysis of the “LSPIV” image-analysis method. (A) Principle of the “LSPIV" image processing algorithm and specific parameters considered in the
modeling. Drecapp is the size of the shadow left by an RBC, and H; is hematocrit. AXmoy is the displacement of a RBC from one line to the successive one. Two
lines from the spatiotemporal image separated by Nrjine lines are selected. Their intensities are then cross-correlated and the maximum of the cross-correlogram is
found, giving Nrine AXmov. VRBG app 1S the ratio of AXmoy by Tiine- (B) VRgcapp ™" vs. Nmoy Was calculated from Equation (8) for a range of Nrine With yvessel = 1,
Npxtinevessel = 50, Veiyback = 0.5 and Vsan = 100 mm/s. (*) The dashed line gives Vrgcapp=>""- (C) AVRacapp " /Vrecapp >
from Equation (10) for a range of Vscan With yvessel = 1, Nextinevessel = 50, Yryback = 0.5 and Nrine = 1. (D) AVRacapp >/ Vracapp > vs. Vscan Was calculated

PxLineVessel

PV vs. Vracapp =S was calculated

(Continued)
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FIGURE 2 | from Equation (10) for a range of yvessel With Vagcapp = 5 MmV/s, Neyinevessel = 50, Yriyback = 0.5 and Nrine = 1. (E) AVRacapp->"" NVracapp =" vs.
Npxtinevessel Was calculated from Equation (10) for a range of Nrjne With Vagcapp = 5 Mm/s, Vscan = 100 mmV/s, yryoack = 0.5 and yvessel = 1. (F) VRgcapp™>"
PIV - ax Were calculated vs. Py from Equation (11) and Equation (13), respectively, for a range of yvessel With forward scanning, P = 10%,
Npxtinevessel = 50, Fp = 200 kHz, J/(ft) = 2 1078 s2/m, yryoack = 0.5 and Nrine = 1. (G) VRacapp™>""V minp% and Vagcape >V max were calculated vs. Fp, from Equation
(11) and Equation (13), respectively, for a range of yyessel With forward scanning, P = 10%, Npxinevessel = 50, Px = 0.5 pm, J/(ft) = 2 1078 s2/m, YFlyback = 0.5 and
max Were calculated vs. Npyinevessel from Equation (11) and Equation (13), respectively, for a range of Nrjine With
forward scanning, P = 10%, Fp = 200 kHz, Px = 0.5 pm, J/(ft) = 2 1078 s2/m, Yriyback = 0.5 and yvessel = 1. (I-K) Respectively as (F-H) for reverse scanning.

LS|
and VRBCapp

Nriine = 1. (H) VRBCappLSPIVm/nP% and vRBCappLSP‘V

\%
minP %

Tan a can be calculated from the number of pixels on the adjacent
and opposite sides of the a angle:

Nscan/rRBC
tana =

BN PxLineVessel

where Nscan/rBc + 1 is the number of scanned lines on which the
RBC appears on the cropped line-scan image (Figure 1B). Using
equations (1) and (3):

2PXF§ 7
B NPxLineVesselft) YVesselPpr (4)

(1 + yFlyback) NScan/RBC

a

Angle
VRBCapp =

Nscan/rRBC takes integer values due to line-scan image pixelation,

SO VRBCappAn=‘3le can only take discrete values (Figures 1C-E).

VRBCappA“gle increases with Py, Fp and yvesel (Figures 1C-E).
Therefore, these parameters may need to be increased to reach
the largest apparent velocities of RBCs.

The error on VRpcapp™ "8 (AVRpcapp"8€) is set by the
acquired line-scan image pixelation and corresponds to an error

of one line in estimating Ngcan JRBC:

2P:F}]
Ayl _ (1- Noommovewa?) YVessel PxFp B
RBC -
“wr (1 + yFlyback) (NScan/RBC - 1)
1 il P,F, Angl
T Nowrv. f1 ngle
NPJcLineVes.wzlf.E yVessel xp _ VRBéapp

(1 + yFlyback) N}%zg (NSccm/RBC - 1)

The relative error on the apparent RBC velocity is thus:

AVigtay 1 :
Vﬁggl:pp B (Nscan/rBC — 1) ®
This can be reformulated:
N
(1 + YFl)’b“Ck) Vggfjlspp ©6)

2PXF§] Angle
(1 _ W) Yvessel PxFp — (1 + YFlyback) VRBCapp

With the “angle” algorithm, the relative error on RBC apparent
velocity increases with Vrpcapp Angle (Figure 1F). Thus, setting
a maximum error level on the relative error on RBC apparent
velocity will set an upper limit on the apparent velocity of

RBCs. In addition, the relative error on the apparent velocity of
RBCs decreases when Py, F, O Yyegsel increase (Figures 1EG).
Consequently, the larger Py, F, or Yyessel are, the lower the error
is. So having part of the broken line out of the vessel will reduce
the accuracy of measurements.

From Equation (5), to get the relative error on RBC apparent
velocity below P%, we need:

Nscanrac > 1+ 100/P.

Therefore, the maximal measurable apparent velocity allowing
the relative error on RBC apparent velocity below P% is:

(1 2P F2]

NPxLineVesseLfT

) YVesselPpr

1+ &PO) (1 + YFlyback)

VA ngle _
RBCapp maxP% —

™)

VRBCapp Angle by has thus the same dependence to scanning

parameters as VRBCapp Angle (Figures 1C-E dashed lines
next to (*)).

2nd Algorithm: LSPIV

We then investigated the LSPIV image analysis method from Kim
et al. (2012). With LSPIV, two rows from the spatio-temporal
image, which correspond to two recordings of fluorescence over
the broken line starting at two time-points, are selected and
cross-correlated to determine the displacement of RBCs from
one recording to the other (Figure 2A). The apparent velocity
of RBCs is then calculated as the ratio of this displacement
by the time separating the two rows. The two rows can be
successive or more distant, hence a new parameter Nrjype,
which correspond to the number of lines separating them.
Nriine = 1 corresponds to successive lines. The cross-correlation
is performed in the Fourier space.

Defining Axpoy as the displacement of RBCs from one line
to the successive one. The values that Axpoy can take depend on
the choice of Ny Indeed, the cross-correlation step gives the
product Njine. Axmoy Which needs to be a multiple of the pixel
size. Calling Ny, oy this number of pixels:

NTline AXmov = Nmov Px

Therefore:
Nmov PX

AXpoy =
o NTline

If Nfine = 1, AXmoy needs to be a multiple of the pixel size, but
if Njine > 1, AXmov takes values which are fractions of the pixel
size. The apparent velocity is calculated as:

AXinoy
Tline

VLSPIV _ Ntine AXmov _

RBC -
“wp Nline Tline
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Therefore:

YvesselNmov Vscan

LSPIV  _
VRBCapp - (

®)

1+ yFlyhack) NiineNpxLineVessel

Here, the pixel size and the pixel clock can be merged in a single
parameter: the scanning velocity. Therefore, they have the same
influence on RBCs velocity measurements. Ny,oy and Ny, take
only integer values due to line-scan image pixelation, so Vrpcapp
LSPIV: can only take discrete values (Figure 2B). Increasing Ny,
allow reaching lower values of the apparent velocity. The error on
Vrpcapp-'1 is set by image pixelization within a row and can
therefore be calculated by replacing Ny,oy by 1 in equation (8):

LSPIV YVessel Vscan
A VRBCapp - N N )
(1 + YFlybuck) TLinetN PxLineVessel
Hence:
LSPIV
A VRBC“PP _ YVessel Vscan (10)
LSPIV - LSPIV
VRBCapp (1 + yFlybuck) NTLineNpxLineVessel VRBCapp

With LSPIV, the relative error on the apparent velocity
of RBCs decreases when the apparent velocity of RBCs
increases (Figure 2C). Thus, setting a maximum error
level will set a lower limit on VRBCaPPLSPIV. Furthermore
AVRBCaPPLSPIV/VRBCaPpLSPIV increases linearly with Vicap
(Figures 2C,D). Consequently, Vscn needs to be reduced to
measure accurately the lower values of Vrpcapp LSPIV The relative
error on the apparent velocity of RBCs increases with Yvessel
too (Figure 2D). Therefore, using a line comprising a segment
out of the vessel increases the accuracy of LSPIV measurements.
In addition, the relative error on the apparent velocity of
RBCs is inversely proportional to Nryjne and Npypinevessel
(Figure 2E). Therefore, choosing lines composed of many pixels
and increasing Ny, during analysis increases the possibility to
measure accurately lower values of VRBCappLSPIV.
To get AVRBCappLSPIV/VRBCappLSPIV < p%, we need:

100y vessel Viscan
p (1 + yFlyhack) NrLineNpxLineVessel

LSPIV
= VRBCupp

Thus, the minimum apparent RBC velocity that can be measured
is:
100 ¥ vesset Vscan

VLSPI |4
1+ yFlyback) NTLineNpxLineVessel

RBCappmin P% — P (

(11)

It corresponds to Npoy = 100/P in equation (8). It varies
with Vean, ie., to the pixel size and acquisition frequency,
with Yvessel, With Njine and Npylinevessel @s the relative error
does (Figures 2F-H). Consequently, the lower the velocities of
interest, the smaller pixel size, acquisition frequency and Yvessel
are needed, and choosing lines composed of many pixels and
increasing Ny during analysis is necessary.

Velocity measurements can be accurate only if the cross-
correlation is accurate. We estimated that a minimum of 2
shadows is needed for a successful cross-correlation. Accounting
for the plasma around them at the chosen hematocrit (H;) level

(Figure 2A), the length of broken line that can be used for cross
correlation needs to be larger than2 Drpcapp/Hy, where Drpcapp
is the size of the shadow left by a RBC and is given by Chaigneau
etal. (2019):

VRBCapp

DrBcapp = Drpc(1 + ¢ )

scan
Drgc is the real size of a RBC, with unsigned values for Vi, and
VRBCapps and € = 1 if scanning and RBC flow are oriented in the
same direction or € = —1 if scanning and RBC flow are opposite.
Therefore:
VLSPIV
2Drpc(1 + e 722

H;

BNPxLineVessel Py >

Using equation (3):

LSPIV

V a
. 2P.F}] N o 2DRBC(1+87§‘;§§:P)
- PxLineVessel 'x —
Z\,PxLineVesself'c nerese Hy

Distributing and rearranging, this gives a condition on the
number of pixels within the vessel:

LSPIV
2 Drpe VRBCapp
1+e
P,F,

2PXFI§]
ft

The largest apparent RBC velocity that can be measured with the
LSPIV algorithm (V{igpclz;p may) 18 set by possibility to follow RBC
shadows during cross-correlation. It is the ratio of the maximum
distance 2 RBCs can move within a line, by the time between the

cross-correlated lines:

NPxLineVessel = (12)

th

BNpxLineVessel Px _ZDRBCapp
2

VLSPI Vv _
RBCappmax —

NrLineTLine

This can be reformulated (see Supplementary Information 1.1):

2P2F;]
VLSPIV YVessel Px (NPxLineVessclPpr i 2DRBCFp)

RBC = 13)
appmax 2 (1 + VFbeack) PyNrLineNpsLineVessel + 2€ Vvessel DrRBC

The largest apparent RBC velocity that can be measured with
the LSPIV algorithm increases with the pixel size (Figures 2E]),
but it has a bell-shaped dependency to the acquisition frequency,
first increasing, then reaching a maximum before decreasing
(Figures 2G,]). Therefore, in the range of experimental values
for the pixel size and the acquisition frequency, the inertia term
has only an impact when varying the acquisition frequency.
Reducing yyesse] reduces Vlﬁgl)cl;;p max (Figures 2EG) and thus
could impact the possibility to measure the largest velocities.
V}%SBPCI;;}) max 18 also larger when scanning is opposite to RBC
flow (Figures 2I-K), increasing the range of parameters giving
accurate measurements. Therefore, it is beneficial to scan
opposite to the RBC flow. The maximum apparent RBC velocity
that can be measured increases with Npyj inevessel (Figures 2H,K)
but decreases when Ny, increases. Therefore, choosing lines
composed of many pixels and decreasing Ny, during analysis

is necessary to reach the highest values of V]ﬁlsfg;;p.
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The same logic gives another constrain on the minimum
NpxLineVessel to reach VRBCaPpLSPIV. Indeed, the length of the line
within the vessel that can be used to compute velocities needs
to be large enough to fit the shadow of two RBCs and their
movement over Nji,e lines at VRBCaPpLSPIV (Figure 2A):

LSPIV
BNPxLineVesselPX = Z(NTlineTlineVRBCapp"f‘DRBCupp)

This can be reformulated (see details in Supplementary
Information 1.2):

LSPIV ZVVesselpiFf,]
2 yVesselDRBC Ppr + EVRBCapp + fi‘f

YVesseIP,chp -2 (1 + yFlyback) NrLinePx V}%}S;}ga‘;p

N PxLineVessel =

3rd Algorithm: Fourier Transform of Image

We last modeled the conditions to use the Fourier Transform
image analysis method (Autio et al., 2011; Rungta et al,, 2018).
This method uses the 2D Fourier Transform of the line-scan
image to calculate the apparent velocity of RBCs. The 2D
Fourier Transform of the line-scan image can be described
by a series of distributions. At each time frequency (frj) can
be associated a distribution of spatial frequencies fyx(frj). The
2D Fourier Transform of the line-scan image is the sum of
these distributions: > fx(fr;) (Figure 3A). The apparent velocity

1
is calculated in two steps: First for each time frequency frj,
the expected value fyo(fr;) of the spatial frequencies fy(fr;) is
calculated. Then the relation between fyo(fri) and fr; is fit by a
first order polynomial whose first order coefficient is Vrpcapp' -
Accurate calculation of spatial frequencies requires that the

14 . . ..
d VWessel PxF (14) length of broken line used to calculate the spatial frequencies is
b, < ——vese TP .
And Nrrine < 2(TH¥rpbact) Viges large enough to fit two RBC shadows and the plasma in between
A B
fT AVRBCappFT/ VRBCappFT (%)
100
P, (um)
- 1
80 -
VRBCapp . (())g
2P, £ (f 60 - = 0.1
XO( T)
40 -
1 fx ‘
2Px 20\
0 . : : .
0 50 100 150 200
NPxL\neVesseI
C D T E FT
AVRBCappFT/ VRBCappFT (%) VRBCapp min (mm/s) VRBCapp min (mm/s)
100 25 f“ 254
‘ F. (kHz) | V..., (Mm/s) YveTe;
80 - — 1000 20| - 1288 20 — 075
‘ 500 ‘ \ 50 0.5
| = 0.2
60 - == 200 151 | — 20 15 e
= 100
40 10 1
20 g’ 5
0 JE— ; of—m—r———""""
0 50 100 150 200 0 50 100 150 200
NPxLineVesse\ NPmeeVessel Vscan (mm/s)
FIGURE 3 | Analysis of the “Fourier-transform” image-analysis method. (A) Principle of the “Fourier Transform” image-processing algorithm: modulus of a
Fourier-transformed spatiotemporal image (magnified for the purpose of clarity) with time frequencies (fr), spatial frequencies (fx), maximal spatial frequency
Fxmax = 1/(2Px), expectancy of the spatial frequencies fxo(fri) for some temporal frequencies (fr;) (orange dots) and standard deviation of the spatial frequencies (o).
The relation between fxo(fri) and fr; is fit by a first order polynomial whose first order coefficient is VRBCappF T(orange full line). Its upper point was shifted by oy to get
VRBG app' | + AVRac app' | (0range dashed line). (B) AVRac app' ' /VREC app | Was calculated vs. Npyiinevessel from Equation (18) for a range of Py with F, = 200 kHz
and J/(fr) = 2 1078 s?/m. (C) AVRac app' | /VRBC app’ | Was calculated vs. Npyinevessel from Equation (18) for a range of Fy, with Py = 0.5 wm and J/(fx) = 2 1078
s2/m. (D) Vgac appFTmm vs. NpyLinevessel Was calculated from Equation (20) for a range of Vscan With yvessel = 1 and yrypack = 0.5. (E) Vrac app”min Vs, Vgcan Was
calculated from Equation (20) for a range of yvessel With Npxinevessel = 50 and yrypack = 0.5.
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them at the chosen hematocrit level (Figure 2A). This expression
was already calculated (Equation (12)) for the LSPIV algorithm:

LSPIV
Nowr - 2Drec " EVRBCapp 2PxF§] 15)
PxLineVessel — H,P, P, Fp f'E

The major source of error on VRBCapp ET i5 due to estimation of
fro(fri). AVRBCapPFT can thus be estimated by a displacement
by oy, the standard deviation of fyo(frj), at the limiting
spatial frequency which is Nyquist frequency 1/(2Px)

(Figure 3A). The corresponding temporal frequency is:
VFT

RBCapp __ FT FT 1
2P, T (VRBCapp+AVRBCapp)(2Px Ox)
Therefore:
VFT
AVET _ RBCapp
RBCapp — ( T
20, Py )

ox can be calculated from the distribution of fi(fr;) whose
probability density function is (Rungta et al., 2018):

BNPxLineVesselP,sinc? (nBNPxLineVessel Py (f M (fT,) — x0(fTi)))

Where sinc stands for the sinus cardinal function, which is the
ratio of the sinus function by the identity function.
This gives (details in Supplementary Information 1.3):

1/2
PyF}]
ft

The error on the apparent velocity AVRBCappFT can now be
expressed as a function of VRBcappF T,

1

(16)

Ox X

NpxLineVessel
2Px]-[( X Xrée essel ___

Vie
FT ~ app
AVRBCapp ~ 2\ 1/2 17)
NpxLineVessel _ w —1
R 2 ft
And
FT
A VRBCapp 1
FT ~ (18)
\%
RBCapp

PxFﬁf)”z_l
ft

T (NPxLigeVessel _

From this expression, the relative apparent velocity depends on
NpxLineVessel» Px» Fp and the ratio of the scanner inertia over
the rotor Torque. The relative apparent velocity decreases when
NpxLineVessel increases (Figures 3B,C). Therefore, the higher
NpyLineVessel 1S the more accurate VRBCappF T is. The impact of the
pixel size on the relative apparent velocity is limited (Figure 3B)
but reducing the acquisition frequency allows to use lower values
of NpxLinevessel (Figure 3C).

To get the relative error on the apparent RBC velocity below
P%, we need:

100+ P 2  P<FyJ

NpxLineVessel = 2(( ) + -

P ft

The minimum velocity is set by pixelation of the modulus of
the Fourier Transformed spatiotemporal image (Figure 3A). It

) (19)

is the ratio of the pixel size of the temporal frequency axis by the
maximal spatial frequency:

FT _ Tline
VRBC appmin = 1
2Py
This can be reformulated:
2y \%
FT _ Vessel V scan
VRBCappmin - (20)

a +VFlyback)NPxLineVessel

Again F, and Py can be merged into a single parameter: the
scanning velocity. The minimum velocity is proportional to Vcan
and Yvessel and inversely proportional to Npypinevessel. Therefore,
measurement of low RBC velocities requires using either low
scanning velocities, or many pixels per line, or a line comprising
a portion out of the vessel (Figures 3D,E).

Parameter Space Ensuring Accurately
Velocity Measurement Over a Given

Range

Using these models, it is now possible to determine the image-
analysis method and the experimental parameters which ensure
that the error on apparent velocities measured is within the range
of accepted values.

1st Algorithm: Angle

For the “angle” method, conditions on Npyjinevessel> Px and
Fp, are induced by the maximal measurable apparent velocity
allowing an apparent speed error below P% (Equation (7)).
To measure VRpcapp < VRBCapp maxP%, We need (details in

Supplementary Information 1.4):

ZYVesselPJZCF;]
NPxLineVessel > —
ngle
fT(YVesselPpr_ (1+&PO) (1+yFlyback) VRBgapp)
(21)
And .
(1+ 13%) (14+VEiyback) VRBCapp
* = (22)

YVessel F P

Together, Equations (21) and (22) allow to calculate the
parameter space for the “angle” algorithm.

2nd Algorithm: LSPIV

For the LSPIV method, the parameter space is given by
several equations: the minimum number of pixels necessary
to use the LSPIV method is set by Equations (12) and
(14) calculated before. Other constraints on Npypinevessel COMe
from Equation (11), which gives the minimal measurable
apparent velocity allowing an error below P%. To measure
VRBCapp Y > VRBCapp "1 minpo, e need:

100 Yyessel Vscan
NpxLineVessel = LSPIV
a +YFlyback) PNTLine VRBCapp

(23)

Together, Equations (12), (14), and (23) allow to calculate the
parameter space for the LSPIV algorithm.
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FIGURE 4 | Parameter space and image-analysis algorithms that can be used with typical vessel types. Graphic showing the possible experimental conditions (P,
NpxLinevessel) @nd image-analysis algorithms for typical vessels calculated from Equations (12), (14), (15), (21)—(24) for an error level of 10% with Drgc = 6 wm,
H; = 0.35 and yyessel = 0.5. (A=C) Anterograde scanning and Fp, = 200 kHz. (D-F) Retrograde scanning and F,, = 200 kHz. (G-l) Retrograde scanning and
Fp =1 MHz. The parameter space satisfying the conditions to get accurate velocity measurement is colored in green for the “Angle” algorithm, in orange for the
LSPIV algorithm and in blue for the Fourier Transform algorithm. For some combinations of scanning parameters, colors are overlaid. (A,D,G) Example of a
parenchymal arteriole with 8 mm/s < Vrgg app < 12 mm/s. (B,E,H) Example of a venule or a precapillary arteriole with 2 mm/s < Vgrgg app < 4 mm/s. (C,F])
Example of a capillary with 0.1 mm/s < VRpc gpp < 1 mm/s.

3rd Algorithm: Fourier Transform of Image

For the Fourier transform method, the parameter space is
also given by several equations. Accurate calculation of spatial
frequencies requires that the length of broken line used to
calculate the spatial frequencies is large enough to fit two

RBC shadows and the plasma surrounding them at the chosen
hematocrit level which gives Equation (15). Another condition
comes from the necessity to keep the relative error on the
apparent RBC velocity below P%, which is given by equation
(19). In addition to that, a condition on Npylijevessel COMeS
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from the minimum velocity from Equation (20). To ensure that
VRBCapPFT > VRBcappFTmin, it is necessary that:

2 YVesseIVscan
( 1 +yFlyback) Vﬁgcapp

NpxrineVessel = (24)

Together, Equations (15), (19), and (24) allow to calculate the
parameter space for the Fourier Transform algorithm.

Parameter Space of Typical Vessels

The scanning parameter space can be drawn using Equations
(12), (14), (15), (21), (22), (23) and (24) (Methods section
“Mathematical Modeling” and Figure 4). We considered
3 types of vessels: A pial arteriole with a large velocity
(8 mm/s < Vgpcapp < 12 mm/s), a venule or a precapillary
arteriole with 2 mm/s < Vgpcapp < 4 mm/s and a capillary
with small velocity (0.1 mm/s < Vrpcapp < 2 mm/s). The
parameter space was investigated for anterograde and retrograde
scanning, for various pixel clocks. For every type of vessel, using
retrograde scanning was beneficial as it enlarged the parameter
space for both the LSPIV and the FT algorithms (Figures 4A,B
vs. Figures 4D,E).

For the pial arteriole (Figures 4A,D,G), the “Angle” algorithm
can only be used with the largest pixel clock and large pixel
sizes, which correspond to large scanning velocities. The LSPIV
algorithm and the Fourier Transform algorithm can both be used
over broad parameter spaces which overlap nearly completely for
the lowest pixel clocks.

The parameter space of the venule or precapillary arteriole
(Figures 4B,E,H) shows that the three image-processing
algorithms can be used but over different regions of the parameter
space. The “Angle” algorithm can be used for the large scanning
velocities. The LSPIV algorithm can be used over a broad
parameter space and the Fourier Transform algorithm can be
used over a parameter space even larger, which includes the
parameter space of the LSPIV algorithm.

The parameter space of the capillary (Figures 4C,EI) shows
that the “Angle” algorithm can be used over a large region of
the parameter space for every pixel clock. It is the most adapted
image-processing algorithm for capillaries. The LSPIV algorithm
and the Fourier Transform algorithms can be used too for the
lowest pixel clock but only over the same small region, with small
pixel sizes, which correspond to small and very large number of
pixels within the line.

For each type of vessel, there is a region of the
parameter space where none of the studied image-processing
algorithms can be used.

Tests of the Three Image-Processing

Algorithms With Artificial Line-Scans

We last controlled the validity of our models using artificial
line-scans of known constant velocity. We processed images
using the three studied algorithms and compared computed
velocities to the image velocity. We had to use artificial line-
scans as the velocity of real line-scan images would be unknown,
making comparison with computed velocities impossible. For
this purpose, we developed a software generating artificial
line-scan images (described in Supplementary Information) and

. . . I
used it to get images of constant velocity (Verxslanpr

scanning conditions as described in section “Materials and
Methods.” Artificial line-scans were analyzed with each image-
processing algorithm, as described in “Materials and Methods,”
giving the relative error of each algorithm for each artificial line-
scan.

The relative error was compared to the predictions of our
models for a 10% error level. For each algorithm, for every
combination of scanning parameters satisfying the conditions
defined by our models, the relative error of the corresponding
algorithm was within the chosen level of accuracy (Figure 5).

Finally, we examined the accuracy of RBCs velocity
measurements in situations where the flow of RBCs is not
perfectly laminar, and the trajectory of some RBCs get
“defocused™ i.e., move in or out of the imaged line (see the
example in Figures 1, 2). We created artificial line-scans with
increasing levels of RBCs defocusing (see Methods section
“Artificial Line-Scan Images”) and set the scanning parameters
so that, in the in absence of RBCs defocusing, Vrpcapp would
be calculated with an error below 10% with each of the three
considered algorithms based on our models. We applied the three
studied algorithms on these images and compared computed
velocities to the image velocity (Supplementary Figures 3B-D).
RBCs defocusing did not impact a lot the error on RBC velocity
measurements. With the “angle” algorithm, it increased only
when all RBCs defocused. With the LSPIV algorithm and the
Fourier transform algorithms, it increased slightly. In every case,
the error remained below 10%. Therefore, RBCs defocusing
has little impact on our model predictions to get accurate
velocity measurements.

) in various

DISCUSSION

Importance of Accurate Velocity

Measurements

Laser scanning imaging is a technique of choice to investigate
blood flow dynamics in wild type animals (Kleinfeld et al., 1998;
Chaigneau et al., 2003; Shih et al., 2012; Schmid et al., 2019) and
in several models of disease, as diverse as Alzheimer’s disease
(Kisler et al., 2017), HIV (Silva et al., 2014), cancer (Brown et al.,
2001; Kamoun et al., 2010; Santisakultarm et al., 2014), traumatic
brain injury (Bragin et al., 2017), ischemia (Shih et al., 2009;
Ishikawa et al., 2016; McConnell et al., 2016; Liu et al., 2018), or
inflammation (Honkura et al., 2018). RBC velocity measurements
are not limited to the brain (Santisakultarm et al., 2014;
Silva et al., 2014; Ishikawa et al., 2016; McConnell et al., 2016;
Bragin et al,, 2017; Liu et al., 2018) becoming common for the
kidney (Kang et al., 2006; Dunn et al., 2018), the retina (Kornfield
and Newman, 2015), the skin (Brown et al., 2001), the hindlimb
(Lasch et al,, 2018), the mammary fat pad (Kamoun et al,
2010), or the ear (Honkura et al., 2018) in various conditions.
This stresses that, to compare velocity data acquired in various
experimental conditions, within and in between laboratories,
both at resting state and in response to any physiological
stimulus, accurate measurements are paramount, particularly if
velocity differences amount to as little as a few percent.
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FIGURE 5 | Errors in velocities computed with each of the image-analysis algorithms for various of acquisition parameters and comparison with our models for a
10% error level. Artificial line-scans of constant velocity (Vrgcape "29¢) were processed with each algorithm: (A,D) angle; (B,E) LSPIV, full line (Ntjne = 1), dashed lines
(NTiine = 2) and dotted lines (Njine = 5); (C,F) Fourier Transform, and the relative error was calculated (see methods) in two scanning conditions: (A-C)
NpxLinevessel = 100, (D=F) Npyiinevessel = 50, with F, = 200 kHz. When the scanning conditions met the criteria in which our model predicts a signal over noise be-low
10%, a full symbol was used. In other conditions an empty symbol is used.

Our Models

Our models are nearly exclusively based on experimental
parameters. For the LSPIV model, we imposed that two RBCs
are scanned per line to get a successful cross-correlation, mostly
because when a single RBC shadow appears on one line and
two shadows appear on the next line, the cross-correlation has
significant chances to be incorrect. This assumption proved true
when running the LSPIV algorithm with artificial line-scans.
On a wider scale, analysis of artificial line-scans has shown
that in the scanning conditions defined by each of our models,
the accuracy of the computed velocities always matched the
defined criteria, showing that our models are sufficient to get
accurate measurements.

Parameter Space and Image-Analysis
Algorithms

Our models show that each image-processing algorithm has
a specific dependence on each scanning parameter and this
specificity needs to be taken into account to perform accurate
measurements. RBC velocity is a determining criterion. Among
the algorithms we modeled, the “Angle” algorithm (Dirnagl et al.,

1992; Kleinfeld et al., 1998) is the most suitable to measure
velocity in capillaries whereas the LSPIV (Kim et al, 2012)
and Fourier Transform (Rungta et al., 2018) algorithms are the
most suitable for large artery measurements. In intermediate
range of velocities, each algorithm is suitable over a specific
parameter space that needs to be calculated. The parameter space
often comprises a region where no algorithm is suitable. Note
that retrograde scanning is always advisable as it enlarges the
parameter space, particularly in the large range of RBC velocities.

CONCLUSION

Overall, the combination of our new software providing
artificial line-scan images and the mathematical models
for the “Angle” algorithm, the LSPIV and the Fourier
Transform image-processing algorithms allow vascular
biologists to choose the right algorithm and the experimental
parameters that will give RBC velocity values with a chosen
level of accuracy. This will enable unbiased and accurate
comparisons of blood hemodynamic parameters in control and
pathological animal models.
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