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Abstract 

Red blood cell (RBC) dynamics in capillaries is a useful diagnostic tool for many 

diseases. Previous study showed that optical flow estimation (OFE) is capable of 

accurately calculating RBC velocities using image registration technique. The 

computational fluid dynamics (CFD) method is explored in this study to calculate the 

RBC velocity in capillaries of finger nail-fold for six cases. The two-dimensional 

capillary images were reconstructed to three-dimensional, assuming circular cross 

sections. The no-slip boundary conditions were applied on the vessel walls. The initial 

velocity of the RBC going into each capillary was calculated by OFE. The velocities of 

multiple points along each capillary calculated by CFD, VCFD, were compared with OFE 

calculations, VOFE. The calculated RBC velocity was in the range of 56-685 μm/s. The 

average difference (VCFD-VOFE) with one standard deviation is -2.66 ± 18.61 μm/s for all 

the 48 calculation points, and 0.03 ± 0.12 μm/s for all except one points (47 points), 
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indicating that CFD can provide a reasonable accuracy in RBC velocity calculation in 

finger nail-fold capillaries.  

 

Introduction 

Microcirculation plays an essential role in biological tissues to supply oxygen and 

nutritive substances and to remove waste products. Red blood cell (RBC) dynamics in 

capillaries has been well understood in relation to certain diseases, such as Raynaud’s 

phenomenon
1,2

, hypertension
3,4

 or diabetes
5,6

, for examples. To provide the blood flow 

information, we previously developed an RBC velocity measurement system based on the 

optical flow estimation (OFE) method
7-9

 which processes capillaroscopy images of finger 

nail-fold.  

The computational fluid dynamics (CFD) approach to calculate RBC velocity 

consists of the searching of flow patterns in a given geometry and applying the 

initial/boundary conditions for flow variables. The CFD techniques were used to 

investigate the hemodynamic factors, such as deformation of erythrocytes (i.e., red blood 

cells, RBCs)
10-12

, blood viscosity
11,13

, wall shear stress
13-15

, and blood velocity
11,13,17,18

 in 

the complex three-dimensional(3D) blood microvessels. Those studies demonstrated that 

the CFD approach can provide not only the motion information of blood flow but also the 

deformation of RBCs flowing in the microvessels. Furthermore, Sun and Munn
16

 used the 

lattice Boltzmann simulation to analyze the efficient flow of RBCs and white blood cells 

(WBCs) passing through the microvessels. They also provided the complete solution of 

the blood flow field and quantification of the RBC and WBC forces in complex vessel 

networks. Thus, the numerical modeling can provide a useful tool to analyze the blood 

flow in a complex vessel geometry. 

In this study, CFD was applied to estimate the capillary blood flow in finger 

nail-fold based on the optical images acquired by the video capillaroscopy system
7
. The 

CFD performance, and the comparison between CFD and OFE calculations are presented. 

The validation of the method is analyzed in this paper. 

 

Materials and Methods 

Capillaroscopy system 

The lighting and sampling scheme of the capillaroscopy system, which consists of 

an optical microscope, a charge coupled device (CCD) video camera, an LCD monitor, 

and a video recorder. The closed-circuit video system M320 (JMC Corporation, Kyoto, 

Japan) is shown in Fig. 1. The video recorder acquires real-time blood flow video of 

microcirculation at ×380 magnification, with a spatial resolution of 1.42 μm and image 
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sampling rate of 30 frames per second. The static image pixel matrix size is 720×480. 

Each video sequence was recorded for a total of 10 seconds. Image signals are also output 

to a computer via an image capture card. White LED light sources are embedded around 

the objective lens. The light sources illustrate with a specific oblique angle in order to 

minimize the specular reflection. 

 

Image Data 

Six right-handed healthy male human (age of 20–30 years old) participated in the 

study. Subjects were recruited from colleagues, and were diagnosed with no Raynaud’s 

phenomenon, hypertension
 
or diabetes within 6-months. In each stage of flow condition, 

three sections of the capillary for RBC velocity were examined including arteriolar limb 

(section I), curve (section II) and venular limb (section III). Several points were selected 

in each section. The segmentation of the three sections is shown in Fig. 2. A RBE image 

acquired by the capillaroscopy system is shown in Fig. 3 as an example. Average RBC 

velocities for all the 3 sections and at selected points were calculated through image 

processing for the duration of 10 seconds. 

 

CFD Blood Flow Estimation - Finger Nail-fold Capillary Geometric Reconstruction 

To perform a CFD simulation of blood flow in a finger nail-fold capillary, a 

three-dimensional description of the vessel lumen is required. Finger nail-fold capillary 

images, acquired from the capillary blood flow video recorder, were processed to extract 

geometric shapes representing the vessel lumen boundary of the capillaries. The capillary 

wall was reconstructed based on the two-dimensional (2D) geometry of the finger 

nail-fold capillary, assuming circular cross sections. The length of each section and the 

width of the cross section along the nail-fold capillary in 2D images were used for the 

characteristic values of the 3D capillary geometric dimensions. The reconstruction 

geometry of a nail-fold capillary wall inherently determines the blood flow movement. 

As demonstrated in Fig. 4, a 3D finger nail fold capillary wall for Case 1 was 

reconstructed by the commercial software ESI-GEOM (ESI Group, Huntsville, AL, USA) 

for the CFD simulation. The nail-fold capillary walls were assumed to be rigid in 

simulations. The flow-in velocity at the beginning of the arteriolar section, Vin, 

calculated by the optical flow estimation method (as shown in Table 1-2), was assigned as 

the inlet velocity in the reconstructed 3D vessel, and the velocity calculation by CFD for 

the other seven selected points was based on this inlet velocity. 

 



 4 

CFD Blood Flow Estimation - Governing Equations for Blood Flow in Nail-fold 

Capillaries 

The blood flow in the finger nail-fold capillary was modeled by employing the 

incompressible Navier-Stokes equations as follows: 
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, where t  is time,   is the density, p is the pressure,   is the blood viscosity. The 

blood velocity components in x, y and z directions are denoted as u, v and w. The 

components of gravitational acceleration in these directions are denoted by xg , yg , and 

zg , respectively. The above differential equations were implemented in each node of a 

3D mesh. The gravity effect was ignored in this study. The no-slip boundary conditions 

were applied on the vessel walls and a uniform velocity profile was used at the inlet. The 

blood was approximated as a Newtonian fluid with a density of 1050 kg/m
3
 and a 

dynamic viscosity of 0.035 kg/m/s (Cole and Watterson 2003)
17

.  

 

Visual inspection validation 

In this study, the blood flow calculated using OFE estimation was regarded as the 

standard, and the validation of CFD simulation is based on the comparison to the OFE 

calculation. The accuracy of the OFE estimation was assessed by visual inspection (VI) 

method
18

. The frame-to-frame VI method calculates the blood flow by observing the 

movement of cells or plasma gaps between two continuous frames. With greatly 

improved image contrast after image pre-processing, the frame-to-frame VI method can 

estimate the blood flow velocity with a high accuracy. A drawback of the VI method is 

that the estimation of RBC movement between two frames is subjective and varies with 
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observers. Such observer dependency was eased by visually measuring the velocity from 

the slopes of stripes on the space-time diagram and averaging it with the result of the 

frame-to-frame method to obtain the reference velocity. In fact, the combination of two 

VI methods was used to validate OFE method. 

 

Results 

In the CFD simulations, the inlet velocity was the only parameter estimated by the 

OFE. Figure 6 shows that the outlet velocities by the CFD modeling with different 

element numbers for Case 1. The calculated velocities of various grid sizes were almost 

identical to each other at each distance, indicating that the CFD numerical results is grid 

independent. Figure 7 shows the velocity contours in the 3D capillary calculated by CFD 

at selected points for Case 1. By adjusting the z coordinates, an optimal point can be 

found such that the velocity calculated by CFD is close to that measured by the OFE 

method.  For instance, for velocity V1 in Case 1, the relative difference between the 

CFD calculation and the OFE calculation was less than 0.2% at a z value of either 0.83 or 

-0.83 m. The Nail-fold capillary velocities simulated by the CFD method did not differ 

appreciably from those calculated by the OFE method with the same xy coordinates, 

except for V6 in Case 1 (Table 1). This difference may be due to that the cross section at 

V6 may not be circular and it is much narrower in the z direction. The cross section area 

was thus smaller than it appeared. The CFD method underestimated velocity using a 

larger cross section area based on the circular cross section assumption.   

Table 2 summarizes the comparison for the 6 cases studied. The largest difference 

between the CFD and OFE calculated RBC velocity appeared in Case 1 due to the largest 

difference at V6. At 4 m away from the center of vessel, the relative differences of 

velocity between the CFD calculation and the OFE calculation for all other points were 

less than 0.1%. The overall average difference with one standard deviation for all the data 

points, total of 48, is -2.66 ± 18.61 μm/s, while the corresponding value if V6 in Case 1 is 

excluded is 0.03 ± 0.12 μm/s.  

 

Discussion 

Using the inlet velocity estimated by the OFE method, the CFD method gave a 

reasonably good agreement for blood flow velocities of most other selected points with 

the OFE calculations. At the same depth (z value), the difference of the velocity between 

the CFD method and the OFE method was small. Case 1 is a good example of such 

comparison (Table1). 

The CFD method may underestimate the velocity for points that are close to the 
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capillary wall in the 3
rd

 dimension direction (z direction) due to overestimation of the 

cross section. The point V6 in Case 1 is such an example.  

The capillary diameter change determines the variation of RBC velocity in the finger 

nail-fold capillary. When the capillary diameter variation is small, the velocity variation 

is small. It is also noticed when the variation of the size of the capillary diameter was 

smaller in the arteriolar and venular sections, the CFD method predicted the velocity in 

the finger fold capillary accurately. 

In our six numerical simulation cases, with the capillary diameter ranging from 8.98 

to 21.72 μm, the calculated maximum velocity was about 685.35 μm/s. For the six cases, 

the maximum Reynolds number was less than 0.003, indicating smooth laminar flow in 

all the CFD calculations. As the agreement between OFE and CFD calculations were 

good for these points, the CFD method thus has larger errors for these very high blood 

flow velocities. The reason may be that the blood in narrow capillary vessels (internal 

diameter < 500 μm) behaves as a non-Nontonian fluid. In such blood vessels, the 

viscosity of blood depends upon the vessel diameter. This flow behavior is known as the 

Fåhraeus-Lindqvist effect
19

. As blood flow in small vessels with internal diameter of 

20-500μm displaying a multiphase suspension of deformable particles, a continuous 

model of blood flow is not adequate if the motion of individual red blood cells are in 

suspension flow. In our CFD simulations, the fluid of blood was modeled as single 

viscous phase. This may lead to errors in velocity estimation when the capillary vessels 

are narrow. 

 

Conclusion 

In this study, we presented an image-based CFD modeling with realistic finger nail-fold 

capillaries. The CFD simulation results demonstrate that the model is capable of 

predicting the velocity distributions with a reasonable accuracy. 
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Table 1. Blood flow estimation for Case 1 as an example. The largest discrepancy point is 

in bold fonts. 

Case 1 Average 

velocity by 

CFD 

Average velocity 

by OFE 

VCFD-VOFE 

 

(μm/s) (μm/s) (μm/s) 

Vin 191.70 191.70 < 0.01 

V1 280.70 280.73 -0.03 

V2 330.57 330.58 > -0.01 

V3 300.32 300.33 -0.01 

V4 418.76 418.76 > -0.01 

V5 515.46 515.46 > -0.01 

V6 314.58 443.47 -128.89 

Vout 214.28 214.28 > -0.01 

average 320.80 336.91 -16.12 

stdev 105.33 113.76 45.57 

 

 

Table 2. Comparison summary for the 6 cases studied. The average differences (Mean 

diff) between the CFD and the OFE calculated velocities (VCFD-VOFE) and one standard 

deviation (stdev) of the differences for all the points in each case were listed in this table. 

 

Case 1 2 3 4 5 6 

Mean diff -16.12 0.20 < 0.01 > -0.01 > -0.01 > -0.01 

stdev 45.57 0.28 < 0.01 < 0.01 < 0.01 < 0.01 

 

 

Figure Legends 

Fig.1. Capillaroscopy system for lighting and a sampling. M320 (JMC Corporation, 

Kyoto, Japan) uses a closed-circuit video system consisting of a CCD video 
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camera, a LCD monitor, and a video recorder. 

Fig.2. Definition of arteriolar limb (section I), curve segment (section II) and venular 

limb (section III). 

Fig.3. Red blood cell flow image for Case 1 from the capillaroscopy system. 

Fig.4. 3D capillary wall reconstruction based on the 2D finger nail-fold capillary image 

of Case 1. 

Fig.5. Accuracy of optical flow estimation. The results of visual inspection were regarded 

as the reference for OF. Data from 6 capillaries in resting condition were 

presented. 

Fig.6. The outlet velocities with different element numbers for Case 1. 

Fig.7. The velocity contours on the cross-sectional plane for Case 1 at selected points. 
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