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Construction of a cone-beam computed tomography
(CBCT) system for laboratory research usually requires
integration of different software and hardware compo-
nents. As a result, building and operating such a
complex system require the expertise of researchers
with significantly different backgrounds. Additionally,
writing flexible code to control the hardware compo-
nents of a CBCT system combined with designing a
friendly graphical user interface (GUI) can be cumber-
some and time consuming. An intuitive and flexible
program structure, as well as the program GUI for CBCT
acquisition, is presented in this note. The program was
developed in National Instrument's Laboratory Virtual
Instrumentation Engineering Workbench (LabVIEW)
graphical language and is designed to control a cus-
tom-built CBCT system but has been also used in a
standard angiographic suite. The hardware components
are commercially available to researchers and are in
general provided with software drivers which are Lab-
VIEW compatible. The program structure was designed
as a sequential chain. Each step in the chain takes care
of one or two hardware commands at a time; the
execution of the sequence can be modified according
to the CBCT system design. We have scanned and
reconstructed over 200 specimens using this interface
and present three examples which cover different areas
of interest encountered in laboratory research. The
resulting 3D data are rendered using a commercial
workstation. The program described in this paper is
available for use or improvement by other researchers.
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terface, software design, LabVIEW

BACKGROUND

C one-beam computed tomography (CBCT)

imaging is experiencing a widening use in

medical imaging applications. Most of this expan-

sion is due to the ease with which it can be

incorporated or combined with already existing

medical procedures such as radiography for

cancer treatment planning and x-ray-guided inter-

ventions. Much of the optimization and charac-

terization of CBCT systems or CBCT algorithms

are done on laboratory systems or custom-built

machines1,2 which are operated using in-lab-

developed software. The coding language is

subject to different factors such as researcher

backgrounds, instrumentation drivers, complexity

of the tasks, execution speed, or computational

level required (i.e., low-level or high-level).

Standard programming software such as the C

language, Basic, or Java is well established and

offers many coding options to the system pro-

grammer. However, the creation of a program

which controls a complex system such as a CBCT

machine, using standard languages, could require

substantial time and expertise for coding. Some of

these issues can be addressed using a graphical

programming language such as LabVIEW (Labo-

ratory Virtual Instrumentation Engineering Work-

bench, National Instruments Corp., Austin, TX,

USA) which is a development environment

offering fast and intuitive coding with compatible

drivers for much laboratory equipment. Referen-

ces to usage of LabVIEW for different medical

imaging tasks are quite diverse: CT reconstruc-

tion,3 real-time measurements,4 simulations for
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medical imaging systems,5 or libraries for DICOM

format handling.6 Some groups have already

reported usage of LabVIEW software for control

and data acquisition in a CBCT sytem7,8 or phase

contrast CT system9 without offering detailed

description of the software such as program

structure, hardware control, flexibility, and syn-

chronization, etc. In this work, we describe our

approach to control such a self-built, flexible

CBCT system using a software developed in

LabVIEW. The work we present requires IMAQ

Vision which is an additional library to the basic

LabVIEW software. This library takes care of the

acquisition, processing, and analysis of images.

The system has been used in various configurations

with different x-ray generators.

MATERIALS AND METHODS

Cone-Beam Micro-CT Setup

We built a CB micro-CT machine from com-

mercially available components: an x-ray tube, a

rotary stage, and a high-resolution detector. The

schematic of the small sample dedicated system

configuration is shown in Figure 1 although we

have used the system in other portable config-

urations enabling it to be temporarily set up in a

commercial x-ray room using a portable plat-

form10 for larger objects. The dedicated system

configuration was designed to be used in the non-

destructive study of small specimens, for example,

small animals, small organs, and small devices,

such as vascular stents.

The x-ray source for the dedicated configura-

tion is an UltraBright, Microfocus X-ray Tube

(Oxford Instruments, Scotts Valley, CA, USA).

The x-ray tube has a round, stable focal spot on a

tungsten target anode. The size of the focal spot

varies with the x-ray parameters between 12 and

40 mm. The maximum power is 80 W at 80 kVp

with a maximum current of 2 mA at lower volt-

ages, and the beam is filtered by a 254-mm

beryllium window. The x-ray tube is cooled using

acustom-made aluminum heat sink and a set of

fans. As a safety precaution, the temperature is

monitored, and the x-ray tube is switched off if its

temperature rises above 70-C. The tube is mounted

on a custom-made positioning stage, Figure 1,

which allows x (along the stage), z (vertical), and

angular alignment. The x-ray tube controller can be

set in either manual or remote-control mode. In

remote-control mode, the x-ray tube is controlled

via a serial port with the signals determined by the

exposure parameters set by the user in the interface

(described below). All the hardware devices are

controlled or communicate with the computer using

serial ports. Because of the large number of the

devices that need to be controlled, we used

commercially available USB to serial cable con-

verters to account for all the ports needed.

During one complete scan, the x-ray tube is

continuously on. Thus, a shutter system is used to

Fig 1. Cone-beam micro-CT setup in dedicated configuration.
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control the x-ray beam exposure to the scanned

object and the detector. The shutter consists of a

lead sheet, 2 mm thick, which is moved in and out

of the x-ray beam using two linear solenoids. The

solenoids are controlled by an electronic circuit

connected to a serial port.

For the portable configurations, the system is

somewhat altered because no shutter is needed,

but a trigger pulse from the commercial x-ray

system which simply indicates when the x-ray

exposure is Bon^ is used to synchronize the data

acquisition and turntable motion.

The scanned object is positioned on a stepper-

motor-driven rotary stage (Velmex, Bloomfield,

NY, USA) which is used to rotate the object

during acquisition. The motor stage is operated

using a step-and-shoot approach and has a gear

ratio of 72:1 corresponding to an angular incre-

ment of 0.0125- per step, and it can rotate with a

maximum speed of 50-/s. The x-ray tube, the

shutter (for the dedicated configuration), and the

rotary stage are coordinated through the serial

ports of the computer.

The x-ray detector is a micro-angiographic

detector11 developed by our group. The detector

is made from a CCD coupled to a CsI phosphor

using an approximately two to one minifying fiber

optic taper. The field of view has an active matrix

of 1,024�1,024 pixels with an effective pixel size

of about 45 mm. The detector has five ports:

power port, image data port, serial port, trigger in,

and trigger out. The data port is connected to the

LVDS port of a RoadRunner image acquisition

board (BitFlow Inc., Woburn, MA, USA) using a

data cable (Model CAB-SMD12). The serial port

is used to set parameters of the detector such as

integration time, camera gain, triggering mode,

and binning mode. The BitFlow board is provided

with a LabVIEW software which is added to the

software Badd-ons^ library.

LabVIEW Software

The entire CBCT acquisition is controlled using

a LabVIEW program. For scientists who are

unfamiliar with the software environment,

programming in LabVIEW occurs in two win-

dows. The first window is the Block Diagram

where the code development takes place; the other

window is the Front Panel where the graphical

user interface (GUI) is created. The creation of the

GUI is similar to the creation of a slide in a

PowerPoint presentation; the programmer can

select the objects such as controls, devices, plots,

or displays from the menu and drop them onto the

Front Panel. The position, size, and appearance

can be changed using the mouse keys. Before

going into the details of the program, it should be

mentioned that once the programmer adds a

variable or control in one of the windows, the

same object is created in the other. However, there

exists the possibility to hide the controls or

variables in the GUI. In the GUI that we built

for the CBCT machine, we displayed only the

variables which are related to the CBCT acquisi-

tion. This GUI is presented in Figure 2 for the

dedicated configuration and has four main parts:

stage control, x-ray parameter control, image

processing, and display control.

The x-ray tube control panel (upper middle

position in the GUI) contains two sliding bars

corresponding to the kilovolt peak (kVp) in

kilovolt units and the power in watts (W) and a

drop-down menu with three options: adjust

parameters, keep parameters, and turn-off x-ray

tube. The x-ray parameters indicated in the GUI

are converted into hexadecimal strings and then

sent to the x-ray tube controller via a serial port.

The system is set up so that an adjustment of the

x-ray parameters can be done while acquiring and

viewing a set of test images to allow optimization

of the image quality. Once the operator is satisfied

with the image quality, the x-ray parameters are

set, and the x-ray control is deactivated by

selecting a Bkeep parameters^ option in the drop-

down menu above the sliding bars.

The stage control parameters are located in the

panel in the left upper corner of the GUI. The user

can set the stage in computer remote mode by

clicking the activate stage button (the default

status of the stage is set for manual control).

Once the stage is in the computer-controlled

mode, the user must set (a) the angle increment

in degrees in the box labeled Step, (b) the number

of projections to be acquired in the number of

images’ box, and, finally, (c) the speed of the

stage (degrees per second) which can be set by

using the round dial on the right side of the stage

control panel.

The acquired image (1,024�1,024 pixels, 16-

bit unsigned) is displayed automatically upon

acquisition in a window in the lower left of the

298 IONITA ET AL.



GUI. Most of the image processing, analysis, and

display are done using a set of subroutines

provided with the LabVIEW IMAQ Vision li-

brary. The displayed image is gain- and offset-

corrected using previously acquired and stored

flat-field images whose file location is indicated in

a box above the image. The flat-field images were

acquired for every 10th kVp. The dark image used

in the correction process is always the same for a

given detector, so we chose to specify its location

only in the code in the Block Diagram. Various

display functions commonly provided by image

display programs, such as zoom, pan, and differ-

ent shapes of ROI’s, can be initiated by clicking

on appropriate symbols located at the left side of

the BDisplay^ in Figure 2. The displayed gray

scale can be adjusted by using the BWindow/

Level^ settings located in the upper right corner of

the GUI. The minimum and maximum values are

indicated on the sliding bars, and the type of

interpolation function is selected from the drop

menu labeled BOperator^. These inputs are used to

map pixel values to image intensity via a look-up

table (LUT) subroutine. The interpolation function

can be linear, exponential, logarithmic, inverse,

inverse-square, etc. For further monitoring of the

Fig 2. GUI created using LabVIEW for the control of the cone-beam micro-CT consisting of an x-ray tube control panel, a rotary stage
control panel, and an image display panel with image monitoring capabilities, e.g., line profiles and histogram.
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acquisition, a line profile from the current image

and a histogram of the image are displayed in two

plots on the lower right part of the GUI. The

location of line profile in the image is specified by

the user in the BLine Profile^ box. A set of

controls for data playback, or viewing of other

image stacks, is just below the displayed image.

The buttons below the image are designed for

image stack navigation. The capability for byte

swapping is available by clicking the button in the

BByte Order^ box to the left of the dialog box for

the path of the BCorrected Image^.
The program flow is illustrated in Figure 3

using a modified Gantt chart. The largest arrow

(bottom of the figure) indicates the order in which

the commands are executed. The acquisition starts

with the activation and initialization (first column)

of the hardware components: the x-ray shutter,

rotary stage, x-ray tube, and detector (camera); at

this point, we also load the files necessary for flat-

field correction and initialize the variables used in

the program. The initializations are done by

sending ASCII codes provided by respective

manufacturers to the appropriate serial ports.

Different features such as the bin mode with a

camera gain or the triggering mode are selected at

this point. For this CBCT setup, we use the

camera in the same conditions, and the commands

and controls are hidden in the GUI. For any

change, the user can either change these values in

the Block Diagram or make them active in the

Front Panel of the GUI. The other various arrows

indicate the status of respective hardware at the

times between commands.

The acquisition itself occurs in a timed DO-

WHILE loop which is indicated by the top black

arrow in Figure 3 between the START and

CHECK positions (bottom arrow). The commands

inside the loop are executed sequentially from left

to right. The completion of one loop of the

commands between these positions corresponds

to the acquisition of one projection. The execution

of the loop is conditioned by completion of the

scan or by error occurrence. The command

sequence is divided into four stages which are

indicated on the timeline of Figure 3. In the first

Fig 3. Diagram of the algorithm for cone-beam micro-CT projection acquisition. The times were obtained using a computer equipped
with a Pentium 4 processor at 2.6 GHz.
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stage, the x-ray parameters are adjusted. The

condition shown with a rhombus inside the first

stage indicates the possibility of skipping the

Badjust parameters^ step if the Bkeep parameters^
option has been selected. This option saves comput-

er time because the program would otherwise be

writing a command string to the x-ray controller to

adjust the x-ray parameters for every projection.

Image acquisition occurs in the second stage of

the loop. During this stage, two separate processes

are done simultaneously, i.e., image acquisition

and shutter control. The image acquisition is done

using a LabVIEW subroutine provided by the

frame grabber manufacturer (BitFlow Inc.). Dur-

ing the acquisition stage, the shutter is opened for

a specified period of time and then closed. The

exposure time is usually set to 300 ms. Shorter

exposures may result in low photon statistics per

pixel and poor image quality, whereas longer

exposure times may result in increased dark

current. The synchronization between acquisi-

tion-and-readout and x-ray exposure is vital for

accurate and reproducible data because exposure

of the pixel array during readout can introduce

faulty values in the acquired image. For synchro-

nization, the shutter opens at the same time that

the acquisition subroutine is called, and then the

shutter starts closing shortly (5 ms) before the

exposure time is over. There is a slight variation

in the pixel intensity across the image, which is

due to the shutter motion. However, the shutter

motion is reproducible, and the variation is re-

moved by a standard gain-and-offset correction12

(also known as flat-field correction), which is

performed in the third stage.

The resultant image is displayed for evaluation.

The operator can then choose to save the files

if the quality of the image is satisfactory. The two

processes, acquisition and correction, involve

1,024�1,024�16 bit images and take a total time

of about 700 ms.

The fourth stage (Fig. 3) is dedicated to the

display of the data acquired and the rotation of the

object in preparation for the next exposure

sequence. The acquired images are adjusted using

the window-level LUT subroutine described pre-

viously. The images are displayed automatically

on the GUI. A selected profile in the image and a

histogram of the image are displayed in real time

for estimation of the signal as well as the

background values. Simultaneous with these pro-

cesses, a command is sent to the rotary stage to

rotate the object by the angle specified by the

operator in the GUI.

For the portable configuration,10 the turntable,

high-resolution detector, and control and acquisi-

tion computer is brought into one of the two

standard angiographic suites we have available

(Model Infinix or Model CAS-8000v, Toshiba

Medical Systems Corp., Tustin, CA, USA), and a

coaxial cable carrying the trigger signal is input to

the control computer. The LabVIEW program is

simplified to eliminate the need to control the

x-ray shutter. The x-ray parameters are set

manually on the commercial system’s console,

and the delay between pulses must be set to permit

sufficient time for the rotary stage to move to the

next position. The remainder of the image

acquisition, stage control, image processing, and

display remain the same as that for the dedicated

configuration.

Sample Scanning and Rendering

In this report, we show the scan results obtained

for the three sample objects using the dedicated

configuration. Although we have built in the

capability to change the source-to-image distance

(SID) and the source-to-object distance (SOD)

using an optical positioning rail on which all

components are mounted, the SID was kept

constant at 84 cm for the samples demonstrated

in this study. The first sample was a mouse thorax

approximately 2 cm in diameter, the second was a

mouse jaw, and the third was a stented aneurysm

specimen; the SOD was 80 cm. The samples were

scanned using increments of 1- for a full 360-
rotation. The mouse thorax scan, Figure 4a, b, was

done postmortem, and the x-ray parameters used

were 60 kVp, 1 mA (60 W), and 300 ms exposure

Fig 4. Micro-CBCT scan results: (a), (c), and (e) central slice reconstruction; (b), (d), and (f) Vitrea 3D rendering of object (see text for
the description of objects). The samples were scanned using increments of 1- for a full 360- rotation and 300 ms exposure per frame.
The mouse thorax scan was done postmortem, and the x-ray parameters used were 60 kVp and 1 mA (60 W). For the mouse jaw sample
with soft tissue chemically removed, the x-ray parameters were 45 kVp and 1 mA (45 W). The stent-treated aneurysm specimen was
perfused with iodine contrast to visualize the lumen and the aneurysm (lighter gray level in the picture), and the x-ray parameters were
60 kVp and 1.1 mA (50 W).

b
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per frame. According to the specifications of the

x-ray generator for these parameters, the focal

spot size was 30 mm.13

The mouse jaw scan of Figure 4c, d was done

for a dentistry research project studying the bone

loss in the jaws of knockout mice. The length of

such a sample was about 8 mm in length and

3 mm in diameter; the soft tissue was removed

chemically before the scan. The x-ray parameters

were 45 kVp and 1 mA (45 W), the exposure time

per frame was 300 ms, and the SOD was 50 cm.

The treated aneurysm specimen in Figure 4e, f

was taken from a canine aneurysm model and was

used to observe the healing effect caused by the

treatment of aneurysms treated with stents of

different design.14 The sample was perfused with

iodine contrast to visualize the lumen and the

aneurysm. The vessel diameter was 4 mm, and the

aneurysm dome was 10 mm high. The x-ray

parameters used were 60 kVp, 1.1 mA (50 W)

and SOD was 45 cm.

The images were reconstructed with a Feldkamp

algorithm.15 The reconstructed volumes were

(512)3 pixels, with voxel sizes of 45 mm. The

reconstructed slices were converted to standard

DICOM format and transferred to a Vitrea 2

workstation for the 3D rendering (Vital Images,

Minnetonka, MN, USA).

RESULTS

For this hardware configuration and software

code, the acquisition of one projection takes about

1.1 s and occurs in the DO WHILE loop between

BStart^ and BCheck^ in Figure 3. If the x-ray

parameter adjustment is skipped, then the acqui-

sition of one projection takes about 1 s. Initiali-

zation takes about 380 ms and occurs only once

when the program is started.

The results of the reconstruction are presented

in Figure 4. We show typical slices on the left and

3D-rendered volumes on the right for the three

different objects: a mouse thorax in the first row, a

mouse jaw imaged using high magnification in the

middle row, and explanted aneurysm treated with

a stent in the last row.

The small x-ray focal spot allows usage of the

high magnification without significant increase in

geometric unsharpness. For the stented aneurysm

sample, the white dots which can be seen in the

CT slices are the stainless steel struts of the stent.

The diameters of these wires are about 100 mm;

in general, such a detailed image of an endovas-

cular stent cannot be achieved with standard

clinical x-ray systems.

In over 3 years of use, the setup has run without

major software glitches. We trained three under-

graduates in less than 2 h to operate the system

acquiring extensive amounts of data without any

difficulties for both our lab and collaborators.

The CBCT system we presented is known to the

different groups at our university such as the

Dentistry, the Physiology, and the Bioengineering

Departments and is used extensively for CT scans

of devices or samples that required detailed

nondestructive investigations.

DISCUSSIONS

In this work, we reported on our approach to

developing the software control of a custom-built

cone-beam micro-CT system using LabVIEW

including details related to the control of the

hardware components, image acquisition and

processing, and GUI. We now discuss aspects of

this system concerning timing, hardware versatil-

ity, limitations, and suggestions for system

improvement.

The times displayed in the Gantt chart in Figure 3

are dependent on the tasks the user demands from

the system and the hardware components and

configuration. In our case, most of the time is used

by the Image Acquisition stage due to the relatively

large time (about 300 ms) needed for the exposure

of the detector. This part takes about 60% of the

time needed for one projection acquisition. The

exposure time per frame of 300 ms was chosen

based on our measured dark field (no x-ray

exposure) pixel values for the detector. We found

that for exposure times above 300 ms, the pixel

values, although still small, were twice the 10 gray-

level value obtained at short exposure times (out of

a range of gray levels up to 4,096 or 12 bits). The

acquisition time can be further reduced if a more

powerful x-ray tube is used. In our case, for the

dedicated configuration, we chose to trade the x-ray

power for a small focal spot (between 12 and

40 mm) which is needed for high magnification

micro-CT scans; however, for the portable config-

uration using the commercial high-power x-ray
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generators, we use shorter exposure times below

100 ms when scanning larger objects such as head

phantoms at technique parameters up to 150 kVp

and 1,000 mA.

The flat-field correction that we used applies

only if the detector has a linear response with the

exposure. We verified that the detector response

was linear within a 1% error. Although a few tens

of pixels did not respond linearly, we identified

the location of those pixels and applied a localized

median filter in the corresponding area to avoid

ring artifacts in the reconstruction.

The CBCT GUI presented contains only the

controls which we considered to be significant for

the CT acquisition: x-ray parameter adjustments,

acquired projection display, rotary stage control,

tools for image display adjustments, and image

quality assessment. Most of the hardware controls,

such as hardware access ports, execution time

control, and hardware initialization, are hidden in

the GUI. However, these controls are available in

the LabVIEW Block Diagram Panel, and they can

be made accessible in the GUI by any operator by

unselecting Bhidden^ option in the properties of

the variable.

The software is flexible to changes or additions

of different hardware. The RS232 serial control is

standard for most laboratory equipment (micro-

focus x-ray tubes, motorized stages, etc.). To

adapt our program to a different hardware, the

user must change the strings sent to the serial

ports according to the specifications of the

equipment provider. Changes to the image acqui-

sition part are also straightforward. The subrou-

tines that we used to control the camera were

provided by BitFlow, and they are standard for

most of the frame grabbers. However, if the x-ray

detector uses a standard connection such as the

Camera Link, then the subroutines for image

acquisition are provided by the National Instru-

ments with the IMAQ Vision libraries.

CONCLUSIONS

We described a practical way to control a cone-

beam micro-CT system using the LabVIEW

graphical language for two configurations: one

fixed for use with a dedicated x-ray generator, and

one portable for use in a commercial angiographic

suite. The graphical nature of the language, the

simplicity of the GUI design, and the availability

of the drivers for a very large number of hardware

components and systems make LabVIEW a

powerful tool for the design and implementation

of a complete micro-CT system with flexible con-

figurations. The program described in this study is

available to other researchers upon request.
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