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X-ray imaging is used to visualize the biofluid flow phenomena in a

nondestructive manner. A technique currently used for quantitative visualiza-

tion is X-ray particle image velocimetry (PIV). Although this technique

provides a high spatial resolution (less than 10 mm), significant hemodynamic

parameters are difficult to obtain under actual physiological conditions because

of the limited temporal resolution of the technique, which in turn is due to the

relatively long exposure time (�10 ms) involved in X-ray imaging. This study

combines an image intensifier with a high-speed camera to reduce exposure

time, thereby improving temporal resolution. The image intensifier amplifies

light flux by emitting secondary electrons in the micro-channel plate. The

increased incident light flux greatly reduces the exposure time (below 200 ms).

The proposed X-ray PIV system was applied to high-speed blood flows in a tube,

and the velocity field information was successfully obtained. The time-resolved

X-ray PIV system can be employed to investigate blood flows at beamlines with

insufficient X-ray fluxes under specific physiological conditions. This method

facilitates understanding of the basic hemodynamic characteristics and

pathological mechanism of cardiovascular diseases.
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1. Introduction

Disorders in the circulatory vascular system are one of the

main causes of mortality. Wall shear stress was recently

identified as an important parameter in angiogenesis and

cardiology, and a key player in cardiovascular diseases such as

atherosclerosis (Malek et al., 1999) and cardiogenesis (Hove et

al., 2003). In vivo measurement is essential for the hemo-

rheological analysis of abnormal blood flows related to

cardiovascular diseases. Noninvasive imaging techniques with

a high spatial resolution are required to obtain detailed

information on opaque blood flows in a circulatory vascular

system.

In vivo experimental hemodynamic studies were performed

using various medical imaging techniques, such as magnetic

resonance imaging (MRI) (Bonn et al., 2008; Canstein et al.,

2008) and echocardiography (Kheradvar et al., 2010; Kim et

al., 2004; Niu et al., 2010). Even though the three-dimensional

velocity information of a blood flow can be measured using

MRI, the MRI method cannot be used for in vivo blood flow

analysis because of its insufficient spatial and temporal reso-

lution. Ultrasound imaging was combined with particle image

velocimetry (PIV) to create the Echo PIV technique (Kim et

al., 2004), which implements a trade-off between the pene-

tration depth and the spatial resolution of velocity field

measurement. Therefore, Echo PIV and MRI both suffer from

limited spatial resolution when used in diagnostic in vivo

measurement of microscale biofluid flows.

The synchrotron X-ray imaging technique provides in vivo

measurements with a high spatial resolution because of its

advanced detection system and the penetration ability of its

hard X-ray beam. As a result, this imaging technique was used

to investigate biofluid flow phenomena in living organisms

(Ahn et al., 2010; Kim & Lee, 2010; Kim et al., 2011; Lee &

Kim, 2008; Lee & Lee, 2011; Westneat et al., 2003). The X-ray

PIV technique was developed to investigate blood flow at a

high spatial resolution by combining the X-ray radiography

and PIV velocity field measurement techniques (Lee & Kim,

2003, 2005a; Lee et al., 2009). The X-ray PIV technique has

been used to measure several types of liquids flowing inside

opaque conduits (Im et al., 2007; Kim & Lee, 2006; Lee & Kim,

2005b). This technique has recently advanced to the level
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of three-dimensional velocity field

measurement (Dubsky et al., 2010, 2012;

Fouras et al., 2007; Irvine et al., 2008,

2010; Jung & Lee, 2012; Lee et al., 2011)

and in vivo blood flow measurement

(Jung et al., 2012a).

Although the X-ray PIV system

allows high spatial resolutions of less

than 10 mm, important hemodynamic

parameters, such as wall shear stress

under a specific physiological condition,

are difficult to obtain because of their

limited temporal resolution. In X-ray

fluoroscopy, image intensifiers have

been used to intensify the fluorescence

for easy observation (Krohmer, 1989).

Recently, the image intensifier was

employed in the X-ray PIV velocity

field measurement (Jamison et al., 2012).

This previous work measured blood

flows in a carotid artery. This ex vivo

experiment was performed at the

SPring-8 synchrotron which provides

the highest X-ray flux in the world.

The present study is focused on how

to improve the temporal resolution of

X-ray PIV measurements at beamlines

with insufficient X-ray fluxes. By adopting an image intensifier,

we could overcome the low light efficiency of conventional

lens-coupled image detection systems. In addition, it was

verified that proper digital image processing methods are

inevitable and useful to improve the image quality and to

enhance measurement accuracy. The proposed X-ray PIV

system was used to measure high-speed blood flow in a tube;

thus, quantitative velocity field information was successfully

obtained.

2. Time-resolved X-ray PIV system

The exposure time used for the image acquisition should be

shortened to improve the temporal resolution of an X-ray

imaging technique. The exposure time can be reduced by

enhancing the photon flux of the illumination source or by

using a high-performance imaging device. The first approach

is practically impossible for individual researchers because

upgrading a synchrotron light source is a long-term project

and too expensive. Therefore, the second method of

improving the temporal resolution was adopted in this study.

An image intensifier was attached in front of a high-speed

camera to amplify the incident light.

Fig. 1(a) shows how an image intensifier, which is a

photosensitive vacuum tube, intensifies the incident light.

Light is absorbed by the photocathode and causes electrons to

be emitted into the vacuum. These electrons are accelerated

by an electric field between the photocathode and the micro-

channel plate (MCP), which is a thin plate consisting of

approximately ten million parallel channels. The MCP voltage

applied across the MCP creates an electric field inside each

channel to accelerate the electrons. The electrons collide with

the channel walls during their travel, which causes the emis-

sion of secondary electrons. This process of collision and

emission of electrons is repeated many times in each channel,

which results in the amplification of the number of electrons.

The electrons leaving the MCP channels are accelerated by

the electric field applied between the MCP and the anode

screen. As electrons strike the anode screen, the energy of the

electrons is converted back into light. Light intensity is greatly

enhanced by this procedure, thereby dramatically reducing the

image acquisition time. As a result, the temporal resolution of

the X-ray imaging method is greatly improved.

A schematic diagram of the time-resolved X-ray PIV

system is shown in Fig. 1(b). The experiment was carried out

at 6D beamline of the Pohang Light Source (PLS-II, a third-

generation synchrotron source) in South Korea. The

maximum beam current and storage energy of the PLS-II are

400 mA and 3 GeV, respectively. A 100 mA beam current was

used in this study. The unmonochromatic beam (white beam)

with 1 mm-thick silicon as an attenuator had physical dimen-

sions of 60 mm (horizontal) � 5 mm (vertical). The energy

bandwidth and corresponding median energy were 18.577

and 23.537 keV, respectively. The test samples were placed

approximately 30 m downstream from the source, and the

image detector (camera) was positioned 30 cm downstream

from the sample. The size of the X-ray beam illuminating the

test sample was adjusted to that of the field of view (FOV) by

using a slit module to avoid accidental exposure of the sample

to the X-ray beam. Aluminium sheets were placed at the beam
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Figure 1
(a) Light intensification procedure in the image intensifier. (b) Schematic diagram of the time-
resolved X-ray PIV system.



inlet of the experimental hutch in the pathway of the X-ray

beam to attenuate the high-energy light flux, even when no

X-ray image was acquired. In addition, a mechanical shutter

only opened when an X-ray image was captured. Thus, the test

sample and image detector were protected from being irra-

diated by the strong synchrotron X-ray beams.

An X-ray image of subnanometer wavelength was

converted into a visible image by passing it through a thin

CdWO4 scintillator crystal. A gold-coated mirror reflects the

visible image to avoid direct exposure of the camera to hard

X-rays. The image was magnified with an objective lens and

recorded by a high-speed complementary metal oxide semi-

conductor (CMOS) camera (Photron, FASTCAM ultima

APX) at a resolution of 1024 � 1024 pixels. An image inten-

sifier (Lambert Instrument, HiCATT) was positioned in front

of the camera. The FOV with a 10� objective lens attached in

front of the camera had approximate physical dimensions of

1.6 mm � 1.6 mm. X-ray images of the blood flow in an

opaque silicon tube were consecutively captured.

3. Performance test of the time-resolved X-ray PIV
system

The minimum exposure times required by the X-ray PIV

system, with and without an image intensifier, to acquire an

X-ray image of a resolution standard (X500-200-30; Xradia)

were compared to evaluate the performance of the proposed

X-ray PIV system. X-ray images of a living mosquito were also

obtained, and the velocity field information of blood flow in an

opaque silicon tube was measured using the proposed time-

resolved X-ray PIV system.

3.1. Image processing to improve image quality

Raw X-ray images are of low contrast and exhibit granu-

larity because of the short exposure time and the structural

features of the image intensifier. Therefore, digital image

processing is required to improve the quality of images before

applying a PIV algorithm to the images. Flat-field correction, a

type of background subtraction method, is commonly used to

manipulate X-ray images (Jung et al., 2012b). This method is

useful for reducing the effects of the stationary structure of the

image intensifier and the inhomogeneity of the X-ray beam. A

median filter is also applied to reduce the noise and preserve

the edges in the images. X-ray beam fluctuations caused by

instabilities in the electron beam orbit of the synchrotron

facility affect the acquired images because of the short expo-

sure time. This negative effect can be overcome using a

spatial-frequency filter. The image contrast is also enhanced

to improve visibility by using the contrast-limited adaptive

histogram equalization (CLAHE) algorithm, which partitions

an image into contextual regions and applies the histogram

equalization method to each region (Pisano et al., 1998). Once

the distribution of gray values is evened out, the hidden

features of the image become more visible. The full gray

spectrum is used to express the image in this process.

Fig. 2 compares the processed image with its original raw

image. The left side represents images of whole blood flow

seeded with 14 mm silver-coated hollow glass particles in an

opaque silicon tube with a diameter of 1500 mm. Compared

with the raw image, the processed image exhibits significantly

improved image contrast and signal-to-noise ratio (SNR). A

cross-correlation PIV algorithm was applied to evaluate the

digital image processing procedure. The resultant instanta-

neous velocity vectors are shown on the right side of Fig. 2. For

the raw image, the peak position of the cross-correlation

function used to obtain the displacement vectors of individual

particles in the PIV analysis does not change, owing to the low

SNR and poor image contrast. Therefore, inaccurate velocity

information that identified the flow as almost stationary was

obtained, although the motion of the flow was apparent in the

consecutive flow images. By contrast, correct velocity infor-

mation was successfully obtained from the processed images

because of the high image contrast and good SNR. Digital

image processing improves not only the image visibility but

also the accuracy of PIV measurement.

3.2. Comparison of temporal resolution

The minimum exposure times with and without the image

intensifier were compared to check the temporal resolution of

the present X-ray imaging system. For this comparison, a

resolution standard (X500-200-30; Xradia) was used as a

stationary test object. Typical X-ray images captured with the

minimum exposure time are shown in Fig. 3(a). Without the

image intensifier, no recognizable image was obtained when

the exposure time was shorter than 8 ms. Conversely, the

minimum exposure time was reduced to 50 ms when the image
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Figure 2
Comparison of the raw image (a) with the processed image (b). The left
side shows images of whole blood flow seeded with silver-coated hollow
glass particles in an opaque silicon tube, and the images on the right
represent the instantaneous velocity vectors extracted from the left-side
particle images.



intensifier was used. Even though the image intensifier slightly

increased the noise level of X-ray images, the standard test

patterns are clearly visible. The X-ray imaging system

proposed in this study greatly improved the temporal resolu-

tion with a reasonable spatial resolution of less than 5 mm.

Therefore, the system can be used to measure hemodynamic

parameters under a specific physiological condition.

An X-ray image of a living mosquito was also captured to

verify the practical feasibility of the proposed X-ray PIV

system for investigating the biofluid flow phenomena in living

organisms. A typical X-ray image is shown in Fig. 3(b). The

high-speed CMOS camera can record images at a full reso-

lution of 1024 � 1024 pixels at 2000 frames per second (fps).

Imaging at a higher frame rate is possible at a reduced reso-

lution. Imaging feasibility was evaluated by varying the

exposure time at a fixed frame rate of 2000 fps. The microscale

morphological structures of the antenna, tracheal, clypeus,

tentorium, proboscis, food canal and cardo-stipital rod inside

the head of the mosquito were successfully observed at a

minimum exposure time of 160 ms. The tracheal and cardo-

stipital rods are closely related to the movements of the

antenna and proboscis, respectively. Kim et al. (2011) inves-

tigated the overall sucking mechanism of a female mosquito

by capturing consecutive X-ray images at 30 fps. A more

detailed sucking mechanism could be obtained if the X-ray

images were captured in the same experiments at a much

higher frame rate (shorter exposure time) by using the

proposed system. This new X-ray imaging system shows a

strong potential for use in diagnosing various biofluid flows in

living organisms.

3.3. Velocity field measurement of whole blood flow

The proposed time-resolved X-ray PIV system was applied

to measure the velocity fields of the flow of whole blood (40%

Hematocrit) seeded with 14 mm silver-coated hollow glass

particles in an opaque silicon tube with a diameter of 1500 mm.

The blood was supplied by a syringe pump at a flow rate of

2 ml min�1. X-ray images were consecutively acquired at

2000 fps with an exposure time of 160 ms. The ratio of the

exposure time to the time interval is important for improving

the measurement accuracy (Fouras et al., 2007); therefore, the

present experimental condition with suitable digital image

processing techniques improved the measurement accuracy.

As shown in Fig. 2, the seeded tracer particles are apparent

in the X-ray images, and no optical distortion occurred in the

region near the tube wall. The quantitative instantaneous

velocity field was obtained by applying a cross-correlation PIV

algorithm to a pair of X-ray images. Fig. 4(a) illustrates the

mean velocity field statistically obtained by ensemble aver-

aging 200 instantaneous velocity fields. The mean velocity has

a maximum value at the center of the tube, and has smaller

values near the tube wall. The mean velocity field resembles

the velocity field commonly observed in a fully developed flow

inside a circular tube.

Fig. 4(b) shows a typical amassed velocity profile across the

tube diameter, which was extracted from the mean velocity

field in Fig. 4(a). The solid dots denote the experimental data

obtained in this study, and the parabolic line represents the

theoretical velocity profile. Based on the in vitro measurement

of blood flows in our previous work (Kim & Lee, 2006), a

potential region exists in which the velocity gradient is negli-

gible because of the yield stress effect of the blood flow, even

though the potential region is very small. In this study the

blood cells were not directly visualized, and the velocity field

was measured by seeding silver-coated hollow glass particles

with a diameter of 14 mm into the blood flow. The yield stress

effect was not clearly observed at the center region of the tube

due to technological limitation, even though whole blood was

used as the working fluid.

For laminar flows in a circular tube installed vertically, the

velocity profile can be evaluated using the Navier–Stokes

equations and Poiseuille’s law,

UðrÞ ¼ Vmax 1� r=Rð Þ
2

� �
; ð1Þ

where R is the radius of the circular tube. Based on a previous

study (Lee & Kim, 2003), the velocity information is amassed

in X-ray PIV measurements. The amassed velocity profile is

expressed as

UðrÞ ¼ ð2=3ÞVmax 1� x=Rð Þ
2

� �
; ð2Þ
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Figure 3
(a) Typical X-ray images of a resolution standard (X500-200-30; Xradia)
captured at the minimum exposure time (texp) with and without the image
intensifier. (b) X-ray image of the head of a living mosquito.



where x is the radial position at the projection plane. The

calculated theoretical flow rate based on the amassed velocity

profile is about 2.073 ml min�1. The experimental results

measured with the time-resolved X-ray PIV system are in

agreement with the theoretical results.

The difference in velocity is only approximately 3.67%.

The maximum velocity at the tube center is approximately

25.21 mm s�1, and the corresponding Reynolds number is

13.42 based on the following physical properties of the tested

blood: a dynamic viscosity of 3 � 10�3 kg m�1 s�1 and a blood

density of 1065 kg m�3. These values are significantly higher

than the values in the previous study, wherein the maximum

velocity and Reynolds number are approximately 0.5 mm s�1

and 0.49, respectively (Kim & Lee, 2006). Although the frame

rate is fixed at 2000 fps to measure the velocity information

of the entire tube at the highest spatial resolution of the high-

speed camera used in the present study, the maximum

measurable velocity can be increased by increasing the frame

rate. The exposure time used in this experiment is 160 ms,

which results in a maximum possible frame rate of 6250 fps.

This result implies that the measurable maximum velocity can

be increased approximately three times by capturing X-ray

images at a higher frame rate and at a reduced spatial reso-

lution. However, the measurement accuracy will be slightly

decreased because the ratio of exposure time to time interval

is increased (Fouras et al., 2007). Given further supplementa-

tion, this new X-ray PIV system could be used to examine

blood flows under actual physiological conditions.

4. Conclusion

A new time-resolved X-ray PIV system was proposed to

investigate biofluid flow at beamlines with insufficient X-ray

fluxes under certain physiological conditions. In this study

an image intensifier was attached to a high-speed camera to

reduce the exposure time and improve the temporal resolu-

tion of the X-ray imaging system. The incident light flux was

amplified by emitting secondary electrons in the MCP of the

image intensifier. The performance of the proposed system

was evaluated by comparing the minimum exposure time

required for image acquisition. Compared with the long

exposure times used in previous research (approximately

10 ms), the exposure time in the proposed system is signifi-

cantly reduced to less than 200 ms. In addition, the new X-ray

PIV system was applied to high-speed blood flow in a tube,

and the velocity field information was successfully obtained

after proper digital image processing. The time-resolved X-ray

PIV system could be used to investigate blood flow under

actual physiological conditions in the near future. Eventually,

this system will greatly contribute to the hemodynamic and

pathological analysis of cardiovascular diseases and clinical

diagnosis.
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