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Methods for Measuring Blood Flow 

The brain is one of the most important organs of the human body. The blood flow velocity in the brain is an important parameter 

of blood supply and hemodynamics in the brain. The measurement of this parameter can quantitatively reflect the physiological 

and pathological conditions of the brain, such as nerve cell activity, cerebrovascular embolism, and peripheral blood flow 

abnormalities caused by Senile Dementia [1–5].  The ability to measure blood velocities is critical for studying vascular 

development, physiology, and pathology. Therefore, how to quantitatively measure brain blood flow velocity at the single vessel 

level has been a research hotspot in brain science.  Techniques based on different principles have been developed for 

hemodynamic analysis.  At the macroscopic scale, intrinsic optical imaging [6] and laser speckle [7] imaging can obtain 

information about blood oxygen and blood flow changes, but they are not suitable for blood flow measurement of blood vessels 

below the cortical surface. Laser Doppler imaging, functional magnetic resonance imaging, optical coherence tomography, and 

functional ultrasound can penetrate beyond the surface of the cortex to image deep inside [8–12], but all have the low spatial 

resolution. Confocal laser scanning microscopy (CLSM) has been widely used at the microscopic scale for vascular blood flow 

velocity measurement. The use of line scanning and single-photon excitation imaging, combined with automatic detection and 

fluorescent-labeled red blood cell (RBC) tracking algorithms, has increased the feasibility of blood flow analysis at the single-

vessel level. However, the depth of single-photon imaging is limited, and blood flow velocity can only be measured at the surface 

of blood vessels. Two-photon laser scanning microscopy (TPLSM) has shown tremendous promise in analyzing blood velocities 

hundreds of micrometers deep in animals with cellular resolution. For this reason, TPLSM has been the tool of choice for studying 

hemodynamics at high resolution in mice [13–15]. 

In a mouse model, TPLSM can image fluorescent labeling deep in the brain with spatial resolution better than 1 μm. For in 

vivo studies, fluorescent labels can be endogenous or exogenous dyes, but many studies take advantage of the specificity of 

labeling specific cells or structures using genetic strategies. For the brain, the easiest way to label the blood vessels is an 

intravenous injection (usually in rodents via the tail or retro-orbitally) of dextran-conjugated dyes [14,16]. Circulating cells, 

including red and white blood cells, do not take up the dextran-conjugated dye, so they appear as dark patches within the vessels. 

TPLSM is a scanning microscope that moves the focus of a laser through the sample and measures the fluorescence produced at 

each spot. However, most TPLSM scan across the image region one line at a time and require at least 0.5 ms per line. The majority 

of red blood cells in capillaries are moving fast enough that full frame images will not capture the same blood cells in successive 

frames, thus making it impossible to quantify blood flow speed. To increase time resolution the laser focus is repeatedly scanned 

along the length of a vessel segment, called a “line-scan,” instead of scanning a full image plane, essentially capturing a very 

thin image in the middle of the blood vessel (Figure S1). Scan speeds are generally fast enough that they will easily capture the 

same red blood cells in multiple successive line scans, thus enabling the speed of the cells to be measured. This data is often 

displayed by aligning the sequential line scans so that time is along the vertical axis and the path is along the vessel on the 



horizontal axis, also known as a kymograph, or space-time image [17]. A stationary object, which is always in the same part of 

the vessel, will result in a straight, vertical line. Red blood cells moving along the length of the vessel generate diagonal streaks. 

The slower the cell moves, the more vertical the streak. The faster the cell moves, the more horizontal the streak. The speed of 

the red blood cell along the vessel is proportional to the inverse of the slope of the streak, or the cotangent of the angle made 

with the horizontal axis. We can measure the speed by measuring the angle of these streaks (Figure S1). 

 

Figure. S1. Schematic of the axial linear scan 

Quantifying blood flow velocity by determining the Angle of the fringes is suitable for calculating slow blood flow velocity. 

In measurements of arteries or large diameter vessels with fast blood flow rates, red blood cells move too quickly to be tracked 

individually as continuous streaks in the space-time data. A line-scanning particle image velocimetry (LS-PIV) was reported in 

reference [18] to calculate the velocity. the LS-PIV determines the RBC displacements between pairs of line-scans using spatial 

cross-correlation analysis. This approach enables the quantification of blood velocities from capillaries to high-flow 

abnormalities deep within the living animal. Quantitative peak blood flow velocity up to 84 mm/s. 

The Principle Of LS-PIV 

RBCs appear dark amid fluorescently labeled plasma. Two successive line scans are recorded along the central axis of the vessel, 

capturing the displacement (Δχ) of a red blood cell across time intervalΔt. The line scans are Fourier-transformed, cross-

correlated with a symmetric phase-weighted filtering operation, and inverse Fourier-transformed. A peak detection operation is 

performed to locate the correlation peak corresponding to the red blood cell displacement, which is converted to velocity by 

dividing by the time interval between the scans ( V(t)=Δχ/Δt ). The specific steps of the LS-PIV algorithm are shown in Figure 

S2. 

 

 
Figure. S2. Illustration of generalized LS-PIV[18]. 
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