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A B S T R A C T   

Rationale and objectives: To evaluate the usefulness of temporal subtraction using the bone sup
pression method in digital chest radiography for the detection of pulmonary lesions. 
Materials and methods: The images of 31 patients with pulmonary lesions and 19 normal cases 
were included in the study. Conventional and bone suppression temporal subtraction were per
formed in the 50 cases selected and used for an observer performance study. Five radiologists 
participated in the study, and the differences between using conventional and bone suppression 
temporal subtraction were assessed using jackknife free-response receiver operating characteristic 
analysis. 
Results: The average figure-of-merit values for all radiologists increased significantly using the 
bone suppression method, from 0.619 (conventional) to 0.696 (p = 0.032). The average sensi
tivity for detecting pulmonary lesions improved from 67.9% to 75.4%, and the average number of 
false-positive per case decreased from 0.336 to 0.252 using bone suppression temporal 
subtraction. 
Conclusion: Bone suppression temporal subtraction processing can assist with the detection of 
subtle pulmonary lesions in digital chest radiographs.   

1. Introduction 

Chest radiography is fundamental for the detection and follow-up of several pulmonary diseases; however, the lung anatomy is 
complex, and the range of diseases possibly present is extensive. As a result, even experienced radiologists occasionally miss tumors 
considered detectable [1]. Temporal subtraction (TS) is an image processing technique that subtracts from the current chest radiogram 
a previous corresponding image from the same patient. This method improves the sensitivity of nodule detection [2,3]. 

On the other hand, TS requires two images acquired at different times; therefore, accurate alignment of the images is crucial. A 
certain extent of misalignment usually remains in different parts of the image after rough alignment is obtained, and nonlinear 
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ating characteristic; FWHM, full width at half maximum; JAFROC, jackknife free-response receiver operating characteristic; ROC, receiver operating 
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deformation processing is performed on the previous image to correct any differences in position [4]. However, artifact reduction is 
also necessary because differences in positioning at the time of imaging can cause bone-related artifacts, possibly resulting in false 
positive findings [5-7]. 

Recently, an image-processing technique called bone suppression (BS) processing has been developed and reported to be clinically 
useful [8-10]. BS attenuates the rib and clavicle signals in chest radiographs, and BS-processed images are similar to soft tissue images 
obtained using dual-energy subtraction [11]. Therefore, TS images obtained using BS processing are expected to reduce bone-related 
artifacts and enhance the lesion contrast. This improvement could help detect some lesions that may be missed using conventional TS. 
However, to the best of our knowledge, no studies have evaluated the clinical usefulness of TS images obtained using the BS technique. 
Therefore, this study aimed to examine the difference between conventional TS (C-TS) and TS using BS (BS-TS) in the detection of 
pulmonary lesions using a jackknife free-response receiver operating characteristic (JAFROC) observer experiment. We also evaluated 
the clinical utility of BS-TS images to identify lesions difficult to detect using conventional TS. 

2. Material and methods 

2.1. Case selection 

Our institutional review board approved this study, and the need for informed consent was waived due to its retrospective nature. 
All cases were selected by an image inspector, with 17 years of experience, among patients with pulmonary nodules or infiltrating 
shadows identified on computed tomography (CT) scans at our hospital between April 2017 and March 2021, having normal findings 
on previous CT scans. Since this study aimed to evaluate the clinical utility of BS-TS for pulmonary lesions and diseases difficult to 
detect, the cases used in the visual evaluation were selected focusing on such images. The subtlety of the pulmonary lesions in the data 
used was determined based on the definitions in a publicly available digital image database of chest radiographs [12]. We selected 31 
patients with lung diseases (19 with primary lung cancer, eight with lung metastases, and four with pneumonia); they comprised 18 
males and 13 females, with ages ranging from 44 to 88 years (mean: 72 years; Table 1). The mean lesion diameter among the 31 cases 
was 20 mm (range: 10–40 mm). The levels of subtlety for lesion detection were as follows: 3 (10%) of the lesions were obvious, 3 (10%) 
relatively obvious, 8 (26%) subtle, 6 (19%) very subtle, and 11 (35%) extremely subtle. The current and previous chest radiograms of 
the normal cases were obtained from 19 patients who underwent CT examinations for various clinical reasons and were found to be 
negative (Table 2). 

The 50 patients thus selected were divided into two databases: database A, consisting of C-TS images and current and previous chest 
radiographs, and database B, comprising BS-TS images. The interval between the dates of current and previous chest radiographs 
ranged from 105 to 1285 days (mean: 527 days). 

2.2. Digital radiography and temporal subtraction 

All chest radiograms were acquired using the flat-panel detector system AeroDR 1717HQ (Konica Minolta Inc., Tokyo, Japan) and 
processed using an imaging workstation CS-7 (Konica Minolta Inc.). The imaging parameters were as follows: source-to-image dis
tance: 200 cm; voltage: 100 kV; Cu filtration: 0.1 mm; automatic exposure control: (+); and grid ratio: 12:1. The images were 
transferred to a TS processing workstation, Senciafinder (Konica Minolta Inc.), for C-TS. BS-TS was performed using an improved 
version of the TS software with additional BS processing functions. Fig. 1 shows the flowcharts for C-TS and BS-TS. The amount of 
deformation of the two images in the lung field region is calculated by performing a global matching process for the overall position 
and a local matching process for regional shapes during the C-TS. These matching processes control the alignment targets by opti
mizing the size of the region of interest during the template matching process. Warping allows nonlinear image deformation of the 
previous radiographs based on the amount of deformation calculated from the global and local matching processes. The C-TS is 
performed by subtracting the deformed previous image from the current one. 

The BS-TS adds BS processing to reduce bone-related artifacts in the lung fields. Furthermore, subsequent matching processing 
using the BS images allows positioning based on the fine soft tissues, reducing artifacts related to these tissues, such as blood vessels. 

2.3. Observer performance study 

The observer experiment was conducted using an independent rating with a continuous confidence method. Five radiologists, with 
5–7 years of experience, were selected as observers. Three of them were assigned to read the images from database A and the other two 
from database B. Four weeks later, the first three radiologists read the images from database B and the other two from database A to 

Table 1 
Characteristics of patients with pulmonary diseases.   

Male (18) Female (13) Total (31) 

Range Mean Range Mean Range Mean 

Age (years) 44–88 71.7 61–83 71.8 44–88 71.7 
Height (cm) 149.3–195 167.8 143.7–162.5 152.7 143.7–195 161.5 
Weight (kg) 42.5–86.1 64.3 34.8–60.6 48.7 34.8–86.1 57.8  

T. Takaki et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e13004

3

eliminate the reading-order effect. ROC Viewer (ver. 2020.7.6.1, JSRT, Kyoto, Japan), a software developed for receiver operating 
characteristic (ROC) observer experiments, was used for this study [13,14]. The observational experiments were performed using a 
3-megapixel 20.8′′ monochrome high-resolution LCD monitor (Eizo RadiForce GS-310, Eizo Nanao Corp., Ishikawa, Japan). 

Table 2 
Characteristics of patients without pulmonary disease.   

Male (12) Female (7) Total (19) 

Range Mean Range Mean Range Mean 

Age (years) 30–89 64.2 38–91 67.1 30–91 65.3 
Height (cm) 153.6–180.2 167.2 129.7–165 149.7 129.7–180.2 160.8 
Weight (kg) 40.1–89.3 65.9 30–65.6 47.9 30–89.3 59.3  

Fig. 1. Flowcharts for conventional temporal subtraction (TS, left) and TS with bone suppression (BS-TS, right). The BS-TS adds BS processing after 
lung and region detection. In addition, subsequent matching processing is performed using bone attenuation images. This process allows positioning 
based on fine soft tissues and generates images with reduced artifacts. 

Fig. 2. True positive (TP) determination in free-response receiver-operating characteristic observer experiments. TP was judged when a part of the 
lesion was included within a pre-defined margin from the location of the grading mark. 
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The observers clicked the mouse on the current original image in the area suspected to contain a new shadow, referring to the 
original current and previous chest radiographs and C-TS or BS-TS images, and recorded their confidence level using the rating bar 
provided. A training was conducted beforehand with cases not previously used in other observational studies. The observers had 
unlimited image evaluation time and were informed in advance that the databases included images with and without pulmonary 
lesions; however, they were blinded to their proportions. 

2.4. Statistical analysis 

The observer-experiment statistical processing was performed using the software ROC Analyzer (ver. 2020.11.15.0; JSRT) [13,14]. 
A lesion was judged as true positive when at least a portion was included within a predetermined fixed margin from the location of the 
grading mark. The margin was circular with a diameter of 10 mm (Fig. 2). The gold standard to evaluate the diagnostic performance (i. 
e., the lesion center X, Y coordinates on a chest radiogram) was determined by the image inspector using the CT images as reference. 
The diagnostic performance was evaluated using JAFROC analysis; this method has been proposed to estimate when a difference in the 
detection of lesions, including their location, is statistically significant. This analysis is based on a free-response receiver-operating 
characteristic (FROC) paradigm and accounts for reader variability [15]. The JAFROC analysis calculated a figure-of-merit (FOM) 
value equivalent to the area under the ROC curve. The FOM value was calculated with JAFROC using the sensitivity [16] and the 
number of false positives (FPs) per case, and then the statistical significance of the difference between C-TS and BS-TS was assessed 
using the Jackknife method [17]. P-values <0.05 were considered statistically significant. 

3. Results 

3.1. Artifact reduction 

Figs. 3 and 4 show cases in which lesions were easily recognized by BS-TS. Fig. 3(a) shows the previous radiograph and Fig. 3(b) 

Fig. 3. Images used for temporal subtraction (TS). (a) Previous radiograph. (b) Current radiograph. (c) computed tomography image. (d) Con
ventional TS image. (e) Improved TS image acquired with bone suppression (BS) processing. The rib artifacts are reduced with BS-TS, and nodule 
areas are easily recognized. 
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shows the current radiograph. As seen in Fig. 3(c), despite the relatively large lesion, it was difficult to detect the lesion with C-TS 
because the position of the rib was different between the previous and current radiograph (Fig. 3(d)). On the other hand, BS-TS could 
easily detect lesion because it could reduce rib artifacts (Fig. 3(e)). BS-TS was also effective in reducing artifacts at the lung apex. 
Artifacts were generated in conventional subtraction images due to the different height of the clavicle, the lesion were difficult to 
detect (Fig. 4(a–c)). On the other hand, the BS-TS reduced clavicle artifacts and improved the visibility of the lesion (Fig. 4(d)). Fig. 5 
shows a histogram created from the values of the pixels in the right upper lung field region in BS-TS and C-TS images (same case as 
Fig. 4). If an ideal temporal subtraction image had been created (i.e., the previous and present images were perfectly aligned), the full 
width at half maximum (FWHM) of the histogram created from the pixel values would be 1. However, if artifacts are present, the 
FWHM increases with the number of artifacts [18]. The calculated FWHMs for BS-TS and C-TS were 18 and 25, respectively; therefore, 
the physical characterization proved that the artifacts were reduced using BS-TS processing. 

3.2. Diagnostic value 

The sensitivity increased for all observers with the use of BS-TS images, from 67.9% with C-TS to 75.4%. The average FPs/case 
decreased for all observers, except observer C, from 0.336 to 0.252. The mean FOM values were 0.619 and 0.696 for C-TS and BS-TS, 
respectively, with a statistically significant difference (p = 0.032). Tables 3 and 4 show the sensitivity, FPs/case, and FOM of the 
observer experiments for C-TS and BS-TS. Fig. 6 shows the mean FROC curves for the diagnostic performance using C-TS and BS-TS; 
this parameter improved with the use of BS-TS images. 

Observer C had a slightly increased FPs/case value using BS-TS; the lesion causing this increase was recognized as a rib artifact on 
the C-TS image, whereas the BS-TS image produced a faint artifact that was interpreted as a positive detection (Fig. 7). 

Fig. 4. Images used for temporal subtraction in a patient with a lesion near the clavicle. (a) Previous radiograph. (b) Current radiograph. (c) 
Conventional temporal subtraction image. (d) Improved temporal subtraction image acquired with bone suppression (BS) processing. The clavicle 
artifacts were reduced by the BS processing. 
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4. Discussion 

Our results showed that the average sensitivity to detect subtle pulmonary lesions increased, and the FPs/case decreased with the 
use of BS-TS. The overall observer’s ability to detect new lesions increased significantly with the use of BS-TS; this method allowed the 
enhancement of changes in the density of faint lesions, providing higher image quality than C-TS. 

Compared with C-TS, TS obtained using dual-energy subtraction can reduce artifacts; however, these images require dedicated 
hardware and software, and the radiation dose for patients is high [19-22]. On the other hand, the BS-TS method used in the present 
study does not require dedicated hardware and software and can produce results similar to those reported in dual-energy subtraction 
studies [23-26]. Furthermore, BS-TS images are generated from standard chest radiographs without increased radiation doses for the 
patients. 

We focused our analysis on lesions and diseases that were difficult to detect on conventional TS images, aiming to verify whether 
the TS detection assistance could be improved with BS. More than half of the lesions included in the database were subtle or very 
subtle. This specific selection may have resulted in the low overall performance (low FOM) of the observer experiment in the present 

Fig. 5. Histograms of lung field regions in bone suppression (BS-) and conventional (C-) temporal subtraction (TS) images. The full width at half 
maximum (FWHM) of the histograms was used as a measure of the artifacts; this value increases with the number of artifacts. The calculated FWHMs 
were 18 and 25 for BS-TS and C-TS, respectively, indicating that BS-TS images are characterized by fewer artifacts than C-TS images. 

Table 3 
Sensitivity, number of false positives, and FOM for conventional TS.  

Observer Sensitivity (%) FPs/case FOM 

A 68.8 0.28 0.633 
B 66.7 0.16 0.631 
C 64.6 0.40 0.608 
D 60.4 0.46 0.581 
E 79.2 0.38 0.642 
Average (SD) 67.9 0.336 0.619 ± 0.02 

FOM, figure-of-merit; FPs, false positives; SD, standard deviation; TS, temporal subtraction. 

Table 4 
Sensitivity, number of false positives, and FOM for TS using bone suppression.  

Observer Sensitivity (%) FPs/case FOM 

A 75 0.18 0.704 
B 77.1 0.12 0.700 
C 81.3 0.42 0.712 
D 62.5 0.26 0.662 
E 81.3 0.28 0.704 
Average (SD) 75.4 0.252 0.696 ± 0.02 

FOM, figure-of-merit; FPs, false positives; SD, standard deviation; TS, temporal subtraction. 
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Fig. 6. Comparison of the average free-response receiver operating characteristic curves for the performances of the five radiologists using con
ventional (C-) and bone suppression temporal subtraction (BS-TS) images. The average sensitivity improved from 67.9% in C-TS to 75.4% with the 
use of BS-TS. 

Fig. 7. Original and processed chest radiographs. (a) Previous radiograph. (b) Current radiograph. (c) Conventional temporal subtraction (TS) 
image. (d) Improved TS image using bone suppression (BS) processing. Faint rib artifacts are shown in the circle, caused by the intensity of BS 
processing. As with conventional TS images, the observer should be familiar with the pattern of artifacts in BS-TS images. 
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study. The sensitivity of the BS-TS images using a database with several subtle lesions was 75.4% in the present study. Shiraishi et al. 
reported a sensitivity of 54.66% with very subtle lesions and 29.6% with extremely subtle ones, though that study did not use TS [12]. 
We believe that BS-TS is useful for detecting subtle pulmonary lesions. However, our results cannot be directly compared with those 
obtained in previous studies due to differences in the databases. Therefore, further studies using the same databases will be required to 
validate the performance of our BS-TS method. 

In regard to the artifact in the BS-TS image misinterpreted by observer C, there are two possible causes: the first is that the rib 
attenuation process was not applied properly to the previous and present images, resulting in residual bone signal in the BS-TS images; 
the BS processing shows a tendency to be less effective on the rib ends [11], possibly due to anterior rib remnants. The second possible 
reason is that bone remnants may have been present in the previous or present image, caused by residual signals in the posterior part of 
the ribs. Therefore, the observer must be familiar with the typical artifact patterns when reading BS-TS and C-TS images. 

In addition, several observers commented on artifacts near the diaphragm in BS-TS images. BS-TS emphasizes density changes in 
faint lesions; therefore, the contrast is enhanced during post-processing compared with C-TS. As a result, artifacts near the diaphragm 
caused by different respiration phases are emphasized, and undetectable areas are thought to be more pronounced. TS images can 
improve the detection rate of nodules near the diaphragm [3], and a future challenge is to reduce artifacts in this area by developing a 
method to reduce differences caused by respiration. 

This study had some limitations. First, most of the reference standards for the presence of pulmonary lesions were pathologically 
proven; however, some were established only by a consensus panel. This limitation is common in CAD evaluation studies. Second, the 
radiographic interpretation time was not considered, and the performance of radiologists is based on both diagnostic accuracy and 
interpretation time [27]. Third, this is a retrospective study; further prospective studies with a greater number of cases are likely 
necessary to confirm the clinical usefulness of BS-TS. Fourth, this was a preliminary study with a small number of cases. Fourth, this 
was a preliminary study with a small number of cases. The sample sizes were considered based on previous TS observer performance 
study papers [28-30], however, it is also affected by statistical differences between the systems under evaluation. Fifth, this study did 
not examine whether the effect of temporal subtraction images on observer ability depends on clinical experience. Further observer 
performance studies including experienced radiologists with a larger number of cases are likely necessary to confirm the clinical 
usefulness of this computerized method. 

5. Conclusion 

This study demonstrated that BS-TS processing can reduce rib and clavicle artifacts, and this method can assist in the detection of 
subtle pulmonary lesions in digital chest radiography. 
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