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An assessment of the usefulness of handheld X-ray devices in 
general radiography based on a performance evaluation 

experiment 

INTRODUCTION 

Because of the COVID-19 pandemic, the number of 
hospitalized patients worldwide has increased to the 
extent that hospitals are saturated, and the frequency 
of radiography procedures has increased accordingly. 
To judge the recovery process of patients infected 
with SARS-CoV-2, chest computed tomography (CT) 
and general chest radiography are being actively  
performed (1). Various problems can be encountered 
in the process of transporting a patient to the                 
radiology department. Complications related to 
transportation occur in more than 70% of critically ill 
patients, and the risk of cardiopulmonary arrest has 
been found to greatly increase when patients’               
ventilators are replaced with portable ones (2-6). 

Additionally, in the process of transporting an 
infected patient from the isolation ward or negative 
pressure ward to the radiology room, transmission of 
the virus to surrounding healthcare providers,           
related workers, patients, and their family members 
can increase (4, 7). The usefulness of radiation devices 
that can be transported to patient rooms and perform 
radiography procedures there has been highlighted 
in various studies (2, 8-11). Chest radiography in a         
patient’s room using a portable radiation device is 

the most commonly performed examination today           
(12-15). The Republic of Korea has excellent access to 
medical care, and because of the influence of medical 
insurance and medical expense insurance, and the 
rapid aging of the population, the number of uses of 
diagnostic radiography rapidly increased from 312 
million in 2016 to 370 million in 2019 (16). In addition 
to this trend, from 2016 to 2018, the number of         
diagnostic radiation generators increased from 
22,191 to 26,642 and the number of computed             
tomography procedures increased from 9,454 to 
12,805. As of 2018, a total of 88,294 diagnostic              
radiation generators were installed and operated in 
the Republic of Korea (17). As the demand for               
radiographic examinations increases, it is necessary 
to promote the use of portable radiation devices that 
not only reduce the burden on hospitals, other                 
medical facilities, and healthcare providers, but also 
minimize the transportation of patients with                     
life-threatening conditions. 

In the last 20 years, digital-based radiation               
detectors have replaced screen-film detectors, and 
post-processing functions paired with image              
acquisition devices have made high-quality images 
possible while reducing radiation dosages (15, 18-20). 
Digital-based detectors reconstruct low-dose images 
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using post-processing functions and store them in a 
picture archiving and communication system so that 
the images can be viewed anytime, anywhere, and by 
anybody who has access (20-22). Through this image 
acquisition and sharing process, various efforts are 
being made to reduce the risk of re-exposure to             
patients and the overall radiation dose exposure.  
Owing to this trend in medical diagnostic procedures, 
clinical trials using handheld X-ray devices (HXDs) 
and digital-based detectors for chest imaging are  
increasing. 

After the Kevex X-Ray Corporation first developed 
military use of HXDs in the United States in 1993, 
nearly 95% of HXDs were used for dental                         
radiography (23). By expanding the use of HXDs,             
radiologic technologists can take radiographs in         
various places without the need for patient                   
movement, and it is believed that not only can the 
critical risk to patients from movement be minimized, 
but also that various benefits can be provided to the 
many people who cannot access medical facilities. 
These devices are light, have good battery durability, 
are compatible with various detectors, and are                
expected to replace stationary X-ray devices (SXDs), 
which are often greater in volume. Based on these 
advantages, HXDs are used in screening clinics, island 
healthcare systems, local public health centers,  
emergencies where it is difficult to install SXDs, and 
radiation protection facilities. Without the need to 
transport patients suspected of being COVID-19-
positive to hospitals, diagnostic images can be           
acquired using an HXD and a portable radiation 
shielding partition. Therefore, this study assessed the 
safety and usefulness of HXDs by comparing the               
performance of one type of HXD with that of an SXD 
based on the International Electrotechnical                
Commission (IEC) 60601 standard and image quality 
through phantom imaging. 

 
 

MATERIALS AND METHODS 
 

Experimental materials 
For comparison of device performance, both HXD 

(Mine 2.7, HDT, Republic of Korea) and SXD                    
(GXR-40S, DRGEM, Republic of Korea) were                     
irradiated under the same conditions (figure 1). 

The equipment used for performance evaluation 
was a multifunction meter (RMI 240A, Gammex, USA) 
to measure the tube voltage, an ion chamber (2026C, 
Radcal Corporation, USA) to measure the first              
radiation, a survey meter (451P-RYP, Fluke Biomedi-
cal, USA) to measure the secondary radiation, and a 
star test pattern (07-509-2, Cardinal Health, USA) to 
measure the focal spot size. To evaluate the quality of 
the acquired images and simulate patient imaging, an 
opaque chest phantom (76-683, Cardinal Health, 
USA), an opaque skull phantom (76-618, Cardinal 
Health, USA), a transparent knee phantom (76-075, 
Cardinal Health, USA), a transparent elbow phantom 
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(76-067, Cardinal Health, USA), and a transparent 
hand phantom (76-018, Cardinal Health, USA) were 
used. 

 
 
 
 
 
 
 
 
 

For the HXD, the tube voltage was fixed at 70 kVp 
(kilovoltage peak), the tube current was 2 mA 
(milliampere), and the focal spot size was 0.4 mm. 
When acquiring an image, the exposure time of HXD 
can be adjusted from 0.01–1.30 seconds. The                   
source-to-image distance can also be adjusted by  
setting an appropriate length based on the body part 
being radiographed. The detector that was used with 
the HXD was a digital-based detector composed of a 
CsI/GOS scintillator using an a-Si TFT-type sensor. 
The pixel size was 3072 × 3072 mm2 and the pixel 
pitch was 140 μm. The detector measured 460 × 460 
× 15 mm3 and 3.5 kg, including the battery. When 
using an HXD, radiographs can be produced by      
pressing an exposure button. There is also a remote 
control that can minimize exposure to radiation 
workers and allow HXDs to be operated from a              
distance of 2 m or more. In settings where there may 
be no SXDs installed, such as a screening clinic, an 
island, or a public health center in a provincial area, 
the combination of a detector stand for the digital 
radiography detector and a tripod for the HXD can be 
used to perform radiography procedures; this                
experiment was conducted according to these                
conditions (figure 2). 

For the SXD, the tube voltage was adjusted to              
40–125 kVp, the tube current was 10–500 mA, and 
the exposure time was 0.001–10 s. For comparison, 
the tube voltage of both the HXD and the SXD was set 
to 70 kVp and the product of tube current radiation 
time to 2 mAs (milliampere seconds). The detector 
used with the SXD was a computed radiography              
detector with a maximum resolution of 4020 × 4892 
and a pixel pitch of 175 μm. The detector measured 
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Figure 1. X-ray devices used in the experiment (a) handheld           
X-ray device front view, (b) handheld X-ray device upper view, 

(c) stationary X-ray device. 



350 × 450 × 15 mm and 1.5 kg. 
 

Tube voltage accuracy test 
Radiation exposure from an X-ray device depends 

primarily on the X-ray tube voltage (kVp), tube                
current (mA), and exposure time (sec) (24). Thus, it is 
important to check these parameters to confirm the 
accuracy of device performance (25). First, to measure 
the accuracy of the tube voltage of the two devices, 
the product of the tube voltage and tube current               
irradiation time was set to 70 kVp and 2 mAs,             
respectively. A multifunction meter was used for the 
measurement, and the source-to-image distance was 
fixed at 40 cm. The percentage average error (PAE) 
was calculated using equation 1 for the measured 
results after conducting three investigations. 

  

    (1) 
 

Where; Xp is the set value, and X is the average 
value of the measured values. 

 

X-ray reproducibility and linearity test 
In addition to measuring the accuracy of the           

radiation voltage, it is important to check the              
reproducibility and linearity of the radiation dose to 
confirm the accuracy of device performance (25). To 
measure the reproducibility and linearity of the            
radiation dose, the tube voltage of the two devices 
was fixed at 70 kV, and the tube current–exposure 
time product was measured at 0.5, 1, and 2 mAs to 
measure the appropriate radiation dose. An ion 
chamber was used for the measurements, and the 
source-to-image distance was fixed at 100 cm. The 
reproducibility of the radiation dose was evaluated 
by deriving the coefficient of variation (CV), as shown 
in equation 2, for the measured results by irradiating 

three times for each mAs condition. In addition, the 
linearity of the radiation dose was evaluated by             
calculating the radiation dose per mAs for the               
radiation dose measured under each mAs condition, 
and by deriving the linearity coefficient, as shown in 
equation 3. 

 
              (2) 
 

 (3) 
 

In equation 2, S is the standard deviation of the 
measured dose, X is the average of the measured             
values, Xi is the measured value of the ith dose, and n 
is the number of measurements. 

 

Leakage dose measurement test 
The leakage dose depends on the type of radiation 

device, the distance from it, and the size of the                 
exposure field. However, according to the 2006              
National Academy of Sciences Biologic Effects of              
Ionizing Radiation Committee report, even a small 
leakage dose can affect patients or medical staff (26-27). 
Because of the nature of HXD, radiologic                          
technologists and other operators are likely to be 
physically close together. Therefore, it is important to 
measure the leakage dose of radiation devices. To 
measure the leakage dose of the HXD, radiation was 
delivered with a tube voltage of 70 kVp and tube             
current–exposure time product of 1 mA. A survey 
meter was used for measurements, and                           
measurements were performed three times each in 
the up, down, left, right, front, and rear directions of 
the HXD. To increase the measurement sensitivity, 
the distance between the focus and radiation device 
was fixed at 10 cm. Regarding the front direction of 
the HXD, a lead plate with dimensions of 5 × 5 cm2 
and 3 mm was placed in front of the collimator of the 
device to shield the primary radiation and measure 
the secondary radiation. 

 

Focal spot size accuracy test 
The effective focal spot size varies depending on 

the tube operating conditions; however, the error 
rate of the device must be within 50% to be                   
recognized as capable of radiography imaging (28). To 
measure the focal spot size, the tube voltages of both 
the HXD and SXD were fixed at 70 kV, and the tube 
current–exposure time products were fixed at 0.5 
mAs. The star test pattern was used for                            
measurement, and the distance between the focus 
and the star test pattern was fixed at 40 cm. The focus 
and the image receptor, which is the source-to-image 
distance, were fixed at 80 cm to calculate the focal 
spot size by doubling the magnification of the image. 
The distance from the center of the star test pattern 
image taken from each device to the blurred part of 
the pattern in the four directions was measured, as 
shown in figure 3. Subsequently, the focal spot size 
was derived by substituting the measured length into 
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Figure 2. A detector stands capable of holding the detector 
and a tripod capable of holding the handheld X-ray device. 



equation 4. 
 

    (4) 
 

Where; N is the angle of the pattern, D is the 
measurement distance of the image, and M is the 
magnification used to obtain the focal spot size F. 

Phantom radiograph test 
Phantoms were used to facilitate comparative 

analysis (29). To evaluate the image quality and             
simulate patient imaging, five types of phantoms 
were used. To acquire the posterior-anterior/
anterior-posterior (PA/AP) images, both the HXD and 
SXD were radiated with a tube voltage of 70 kVp, a 
tube current–exposure time product of 1 mAs, and a 
source-to-image distance of 150 cm in combination 
with an opaque chest phantom for the human body 
model. To acquire the skull AP image, an opaque skull 
phantom was used as the human body model. Both 
the HXD and SXD were radiated with a tube voltage 
of 70 kVp, a tube current–exposure time product of 1 
mAs, and a source-to-image distance of 100 cm. To 
acquire the knee AP and elbow AP images, a                    
transparent knee phantom and a transparent elbow 
phantom were used as the human body models. Both 
devices were radiated with a tube voltage of 70 kVp, 
a tube current–exposure time product of 0.4 mAs, 
and a source-to-image distance of 100 cm. Finally, to 
acquire hand PA images, a transparent hand              
phantom was used as the human body model. Both 
devices were radiated with a tube voltage of 70 kVp, 
a tube current–exposure time product of 0.2 mAs, 
and a source-to-image distance of 100 cm. 

 
 

RESULTS  
 

Tube voltage accuracy test 
HXD had tube voltages of 71, 70.7, and 70.7 kVp, 

with an average of 70.8. SXD had tube voltages of 
69.6, 69.6, and 69.9 kVp, with an average of 69.9. The 
PAE values for HXD and SXD were -0.01% and 0.01%, 
respectively. 

 

X-ray reproducibility and linearity test 
The measured radiation doses and CVs of each 

device are listed in Table 1. HXD showed a CV             
minimum of 0.001 and a maximum of 0.003, while 

SXD showed a CV minimum of 0.005 and a maximum 
of 0.050. In this experiment, both HXD and SXD had a 
CV of 0.05 or less, indicating reliable device                
performance. 

The radiation doses and linearity coefficients per 
milliampere for each device were calculated using 
equation 3 and are listed in table 1. The mAs linearity 
coefficient for HXD was 0.01 when 0.5 mAs was            
compared with 1 mAs, 0.01 when 0.5 mAs was                
compared with 2 mAs, and 0.00 when 1 mAs was 
compared with 2 mAs. The average linearity                    
coefficient was 0.01. In the case of SXD, the linearity 
coefficients were 0.02, 0.02, and 0.05 in the same             
order of comparison as that of HXD, and the average 
linearity coefficient was 0.03.  

Leakage dose measurement test 
The average of the leakage dose values measured 

by location was 0.03 μSv for the upper half, 0.02 μSv 
for the lower half, 0.10 μSv for the left, 0.09 μSv for 
the right, 0.02 μSv for the front, and 0.02 μSv for the 
rear. The left (0.10 μSv) and right (0.09 μSv) sides of 
the radiation device had the highest values, and the 
other sides measured between 0.02–0.03 μSv (figure 
4).  

Focal size accuracy test 
The focal spot size of the HXD was 0.62 mm in the 

direction of the long axis of the X-ray tube and 0.57 
mm in the direction perpendicular to the long axis of 
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Figure 3. Experimental result of star test pattern of (a) 
handheld X-ray device (b) stationary X-ray device. 

  
Handheld X-ray  

device (HXD) 
Stationary X-ray 

device (SXD) 
0.5 mAs 1 mAs 2 mAs 0.5 mAs 1 mAs 2 mAs 

Radiation dose 
(mR) 

2.66 2.66 2.66 2.66 2.66 2.66 
5.36 5.36 5.36 5.36 5.36 5.36 

10.78 10.78 10.78 10.78 10.78 10.78 
Average 

Measurement 
2.45 2.45 2.45 2.45 2.45 2.45 

Coefficient  
Variant (CV) 

0.003 0.002 0.001 0.005 0.050 0.027 

Radiation dose 
per mAs (mR/mAs) 

5.30 5.37 5.40 4.91 5.16 5.42 

Average Linearity 0.01 0.03 0.00 0.02 0.02 0.05 

Figure 4. Distribution of scatter radiation exposed by handheld 
X-ray device.  

Table 1. Reproducibility and linearity of the handheld X-ray 
device and the stationary X-ray device. 



the X-ray tube. The focal spot size of the SXD was 
1.28 mm in the direction of the long axis of the X-ray 
tube and 1.17 mm in the direction perpendicular to 
the long axis.  

 

Phantom radiograph test 
The chest PA/AP radiographic images taken from 

each device are shown in Figure f (a, b). In addition, 
the original radiation conditions of the SXD, which 
were 120 kVp, 4 mAs, and source-to-image distance 
of 180 cm, were used to compare the results of chest 
radiography (figure 5 [c]). The results from the skull 
AP image (a-1, b-1), knee AP and elbow AP images (a-
2, a-3, b-2, b-3), and hand PA images are shown in 
figure 6 (a-4, b-4). 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

DISCUSSION 
 

Currently, more than 95% of HXDs are used in 
dental imaging, however, their application is            
expanding to other major medical fields. In clinical 
practice, performing chest radiography with an HXD 
has several advantages. These devices are, on                
average, 100 times lighter than SXDs, and often use a 
lithium-ion battery, which has high efficiency.            
Furthermore, HXDs can easily be used in various 
places with a single charge, including outside the  
hospital environment, and are generally less           
expensive than SXDs (30). 

In line with this global trend, the accuracy of the 
tube voltage, reproducibility of the X-ray dose,              
linearity, leakage dose, accuracy of the focal spot size, 
and phantom images were analyzed to evaluate the 
diagnostic image quality. The accuracy of the tube 
voltage and the reproducibility and linearity of the             
X-ray dose were measured to reduce the frequency of 
patient reimaging as a performance evaluation of the 
devices. Both the HXD and SXD experiments were 
conducted under the same conditions, and the results 
were compared to evaluate their performances. The 
PAE value of the tube voltage was -0.01% for HXD, 
and the error of the tube voltage was 0.01% for SXD, 
which is lower than the standard of 10%. According 
to the International Electrotechnical Commission 
(IEC) 60601-2-54 standard, the PAE of the tube               
voltage must be within ±10% of the set value;              
therefore, both devices showed accurate tube              
voltages (31). 

Furthermore, the reproducibility and linearity of 
the radiation dose were used to evaluate the                 
performance and reliability of the devices, and the 
average CV of the radiation dose emitted under the 
same conditions was 0.002 for the HXD. According to 
the IEC 60601-2-54 standard, the reproducibility of 
the radiation dose evaluates the performance and 
reliability of an X-ray device. Therefore, the CV of the 
X-ray dose emitted under the same conditions should 
be less than 0.05 (31). 

Evaluating secondary radiation to radiologic      
technologists or other medical staff is very important, 
especially in emergencies where radiologic               
technologists cannot stand behind the radiation 
shielding partition and must hold the HXD to               
complete the radiography procedure, such as when 
mounting the HXD on a tripod is not feasible.  

According to the recommendations of the               
National Council on Radiation Protection and                
Measurements Report (NCRP) No. 10, when a              
diagnostic radiation generator is used outside a           
medical institution in an area where a mobile               
radiography transport bus cannot travel, a radiation 
shielding partition must be installed. The leakage 
dose measured from behind the partition should be 
less than 1 mSv/year (32-33). All six sides of the HXD 
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Figure 5. Chest phantom  
images of (a) handheld X-ray 

device (70 kvp, 1 mAs), (b) 
stationary X-ray device (70 
kvp, 1 mAs), (c) stationary         

X-ray device (120 kvp, 4 mAs). 

Figure 6. Comparison of phantom radiography images.               
Radiography images of handheld X-ray device (a-1). skull 

phantom radiograph, (a-2) knee phantom radiograph, (a-3) 
elbow phantom radiograph, (a-4) hand phantom radiograph; 

Radiography images of stationary X-ray device: (b-1). skull 
phantom radiograph, (b-2) knee phantom radiograph, (b-3) 

elbow phantom radiograph, (b-4) hand phantom radiograph. 



were measured, and the leakage doses from the right 
and left sides were 5 times more than those from the 
rear side. One study focusing on the dental use of an 
HXD evaluated the radiation dose and found that a               
2–3 times higher dose was exposed near 140° and 
220° of the handles (34). Another study evaluated the 
leakage dose using a dental HXD, with the highest 
dose in the vicinity of the left palm, and found that 
the average exposure was 0.031 mSv (35). Radiological 
technologists should physically be behind these             
devices rather than on the side to avoid exposure to 
leaked doses when performing imaging. In addition, 
assuming even the highest leakage dose when using 
an HXD according to these standards, medical staff is 
considered safe from exposure to leakage dose               
because the leakage dose is 0.26 mSv/year without 
the use of a partition. 

In general, if an image is enlarged for image               
evaluation, the intrinsic resolution of the detector 
improves; however, the overall resolution is lowered 
because the effect of blurring according to the size of 
the focal spot is large. The accuracy of the focal spot 
size was measured to determine the resolution of the 
images. It should be constructed so that all                    
straight-line intersection areas of the X-ray device 
pass through the radiation aperture of the device. 
According to the IEC 60601-2-54 standard, the            
measured focal spot size must have an error rate 
within ±50% of the nominal focal spot size provided 
by the device manufacturer (31). In this experiment, 
the average of the long-axis direction and the vertical 
direction of the HXD was 49%, which had an error 
rate of less than 50%. Because the HXD pixel size of 
the image receptor is 127 μm, when the beam is 
aligned correctly, the focal spot point in the long-axis 
direction of the X-ray tube forms on four horizontally 
parallel pixels (0.508 mm). Therefore, considering 
the pixel size of the image receptor, the error rate of 
the focal size in the long-axis direction of the X-ray 
tube was 22%, which matches the nominal focal size. 

Finally, to compare the image quality, including 
resolution and contrast, five types of phantoms were 
photographed under the same exposure conditions in 
both devices. Two images taken using 70 kV and 2 
mAs through chest phantom imaging were compared, 
and the resolution of the images taken with the HXD 
was found to be clearer, as were the pulmonary blood 
vessels, diaphragm, thoracic intervertebral disc, and 
bronchial tubes of the entire lung field. In addition, 
capturing images using 120 kV and 4 mAs, which are 
the existing imaging conditions of an SXD, resulted in 
a resolution and sharpness similar to those of an SXD. 
Therefore, when the HXD was used with a small dose, 
it was possible to obtain an image with a resolution 
and clarity similar to that of existing X-ray imaging. 

Although various performance evaluations have 
been conducted, there are some limitations. First, 
because only one type of HXD was analyzed, it was 
difficult to generalize the findings to other HXDs.  

Second, the image quality results were derived using 
phantoms, as opposed to patients in a clinic.                  
However, this study was conducted to reduce the 
disadvantages of the current medical market and to 
evaluate the suitability of HXD in a pandemic               
situation. 

 
 

CONCLUSION 
 

This study evaluated the performance of an HXD 
in contrast with an SXD to determine whether HXDs 
are suitable for use during a pandemic and to ensure 
that proper image quality can be obtained both inside 
and outside a hospital. The accuracy of the tube             
voltage, reproducibility of the X-ray dose, linearity, 
leakage dose, accuracy of the focal spot size, and 
quality of the phantom images were obtained and 
compared. The value for diagnosis was optimal, and 
it was concluded that the leakage radiation dose 
would be safe at 0.26 mSv/year without using a              
radiation shielding partition. Ultimately, it was found 
that images of appropriate quality can be obtained 
with an HXD without causing significant exposure to 
medical staff, the general public, or patients outside 
hospitals. 
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