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Background: The traditional criterion for the diagnosis of implant loosening in total hip arthroplasty 
(THA) was once defined as a radiolucent line of >2 mm in width, based on plain radiography. Recent 
progress in imaging technology has allowed for the identification of complete radiolucent lines of ≤2 mm 
around the whole prosthesis as the basis for diagnosing component loosening in the absence of component 
migration. This study aimed to compare the sensitivity and specificity of digital tomosynthesis with metal 
artifact reduction with those of radiography and conventional computed tomography (CT) for detecting 
radiolucent lines of ≤2 mm surrounding cementless femoral stems of different widths.
Methods: The medullary canals of 4 cadaveric femurs were broached to 13 mm in diameter. Cylindrical 
cementless femoral stems with diameters of 9, 10, 11, 12, and 13 mm were sequentially inserted into 
each femur, creating 5 groups of radiolucent lines 2.0, 1.5–1.6, 1.1–1.2, 0.5–0.6, and 0 mm in diameter, 
respectively. Imaging by tomosynthesis, radiography, and CT was conducted for each radiolucent line 
model. The width information of the radiolucent line models was used as a reference standard for calculating 
sensitivity and specificity: observations in the group of 0 mm were used for calculating specificity, and those 
in the other four groups were used for sensitivity. The differences in sensitivity and specificity between the 
imaging methods were compared with chi-square test, and the 95% confidence intervals of improvements 
in the sensitivity and specificity of tomosynthesis compared with radiography and CT were calculated using 
mixed effects models.
Results: The overall sensitivity of tomosynthesis (63.3%) for detecting radiolucent lines ≤2 mm wide 
was significantly higher (P<0.017) than that of radiography (20.5%) and CT (50.2%), an improvement of 
58.2%±3.1% (95% CI, P<0.001) and 21.7%±7.1% (95% CI, P<0.001) compared to radiography and CT, 
respectively. The sensitivity values for detecting radiolucent lines in all four groups by tomosynthesis and 
CT were significantly higher than those of radiography (P<0.017). Tomosynthesis also had significantly 
higher sensitivity than CT (P<0.017) in detecting radiolucent line ≤1.2 mm wide. The specificity of TMAR, 
radiography, and CT for detecting radiolucent lines was 87.5%, 92.5%, and 82.5%, respectively, with no 
significant difference (P>0.017). 
Conclusions: Digital tomosynthesis with metal artifact reduction had significantly higher sensitivity 
than radiography for detecting radiolucent lines ≤2 mm wide surrounding cementless femoral stems. It also 

1800

	
^ Hao Tang: ORCID ID: 0000-0001-5048-4806; Xingjian Huang: ORCID ID: 000-0003-2266-2630; Xiaoguang Cheng: ORCID ID: 0000-

0002-4596-8248; Dejin Yang: ORCID: 0000-0001-5030-2937; Yong Huang: ORCID ID: 0000-0003-4099-6984; Yixin Zhou: ORCID ID: 
0000-0002-9682-0577

https://crossmark.crossref.org/dialog/?doi=10.21037/qims-19-1018


1787Quantitative Imaging in Medicine and Surgery, Vol 10, No 9 September 2020

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(9):1786-1800 | http://dx.doi.org/10.21037/qims-19-1018

Introduction

Cementless prostheses in hip arthroplasty can achieve 
excellent results. The advantages of using cementless 
prostheses include avoiding cement-related complications, 
such as thermal necrosis of the bone, and achieving long-
term fixation. Estimates suggest that the number of 
cementless prostheses used will continue to rise worldwide (1). 
When assessing patients who have undergone cementless 
total hip arthroplasty, it is important for hip arthroplasty 
surgeons to assess the stability of implants. For this purpose, 
imaging techniques, such as standard radiography and 
computed tomography (CT), are the most widely employed 
methods (2,3). Spot welds, which are the radiological 
signs of osteointegration sites, are crucial to confirming 
the biological fixation of cementless components (3-8).  
Similarly, radiolucent lines (RLLs) play a vital role in 
diagnosing long-term arthroplasty component loosening 
(5,9-11). However, there is little literature reporting the 
diagnostic sensitivity and specificity of different imaging 
modalities for detecting RLLs of various widths. This is due 
to the difficulties of obtaining a gold standard of imaging 
for the detection of RLLs. Additionally, there are no clinical 
methods currently available, since the gap between metal 
surface and bone is destroyed upon removal of the stem in 
revision THA surgeries. 

Despite this, radiographs are often confusing, with 
overlapping structures and no allowance for any spatial 
resolution in depth direction. Sequential X-rays do not have 
the same rotation or projection and are therefore difficult 
to compare, especially for small imaging details (12,13). 
While CT minimizes the overlapping of structures by cross-
sectional images and facilitates spatial bone stock analysis, 
metal artifacts may distort the bone-implant interface, causing 
RLLs to be underestimated or even unidentifiable (14).  
Single energy metal artifact reduction is a new technique 
that has been clinically applied and has improved this 
issue. Moreover, it has been reported that dual-energy 

computed tomography, combining metal artifact reduction 
with monochromatic imaging provided images with fewer 
artifacts. Despite the progress in metal artifact reduction, 
the established exposure to high doses of ionizing radiation 
associated with CT, compared with tomosynthesis, is 
potentially harmful to patients’ health (15,16).

Tomosynthesis is a promising, novel technique which can 
improve depth resolution while reducing metal artifacts. 
In contrast to conventional tomography, a series of images 
are acquired in a single sweep of the X-ray tube by modern 
tomosynthesis, with a lower radiation dose. Serial section 
images are then mathematically reconstructed using various 
algorithms (17-20). In a recently introduced algorithm 
for tomosynthesis with metal artifact reduction (TMAR), 
projected images are first separated into metal and metal-
free images according to the highest density of the range of 
interest. These images are both repeatedly approximated to 
reduce metal artifacts before they are ultimately merged (21). 
By comparison to conventional tomosynthesis, the major 
advantages of TMAR include reconstruction of serial image 
sections with a single scan and its enhanced ability to reduce 
artifacts. TMAR can be advantageous when compared to 
conventional radiography and CT due to its improvement 
in reducing overlapping structures and metal artifacts, 
respectively, while reducing radiation exposure by 84% 
(13,21,22).

The traditional radiographic criteria of cemented and 
non-cemented hip arthroplasty prosthesis loosening were 
described over 30 years ago as an RLL >2 mm wide around 
the entire circumference of the cement-bone or metal-
bone interface, based on plain radiography (5,7). However, 
Patel et al. reported that as many as 16.3% of components 
were without frank signs of loosening via radiography and 
CT detection. In the latter case, loosening was observed 
intraoperatively (10). This indicates that the traditional 
radiographic diagnostic criteria failed to identify a 
substantial number of loose components at an early stage. A 
recent study reported that a continuous RLL of <1.0 mm in 

displayed higher sensitivity than CT for detecting radiolucent lines ≤1.2 mm in width. With a higher rate of 
detection for radiolucent lines narrower than 2 mm, tomosynthesis has the potential to improve the accuracy 
of early diagnosis of cementless THA stem loosening in clinical practice.
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width was important in the diagnosis of loose components 
without obvious subsidence, migration or RLL >2 mm 
width, which was historically set as the criteria for cemented 
fixation component loosening. Technical progress in TMAR 
might improve the detection rate of continuous RLLs, 
at a much narrower width than 2 mm (Figures 1,2) (11).  
This indicates that TMAR might be a useful method in the 
differential and early diagnosis of femoral stem loosening. 
However, few studies have evaluated the validity and 
reliability of TMAR, CT, and radiography in detecting RLL 
of different widths surrounding cementless femoral stems in 
hip arthroplasty. 

This study aimed to compare the sensitivity and 
specificity of digital tomosynthesis with metal artifact 
reduction (TMAR) for detecting RLLs surrounding 
cementless femoral stems of different widths with those of 
radiography and CT. We raised two major hypotheses:

(I)	 TMAR provides higher sensitivity and specificity 
for detecting RLLs <2.0 mm wide compared to 
radiography and CT; 

(II)	 CT has higher sensitivity and specificity for detecting 
RLLs <2.0 mm wide compared to radiography.

To examine these hypotheses, an in vitro diagnostic 
cadaveric study was performed to determine the sensitivity 
and specificity of TMAR, CT and radiography for detecting 
RLLs of different widths.

Methods

Radiolucent line model

After the study had received approval from the ethics 
committee in our hospital (code: JLKSZD201706-04), a 
cadaveric model of radiolucent lines was prepared. Four 
cadaveric femurs of similar diaphysis intra-medullary 
diameter measured by CT (13–14 mm) were prepared 
with serial broaches to a diameter of 13 mm. A cylindrical 
femoral stem with two longitudinal fins in the anterior 
and posterior directions (High Rough 160 Stem, Beijing 
Chunlizhengda Medical Instrument Co., Ltd, Beijing, 
China) was used for implantation (Figure 3). The prosthesis 
is made from titanium alloy with extensive plasma spray 
coating and was designed for cementless fixation. The 
femoral stem prostheses had diameters of 9, 10, 11, 12, and 
13 mm, and were sequentially placed into each femur; thus, 

Figure 1 Clinical case 1. A 69-year-old woman with deteriorating mechanical pain in the hip 1.5 years after the hip hemiarthroplasty, and (A) 
Radiography showed a segmental radiolucent line <2 mm wide (triangles) without conclusive evidences of loosening, while (B) tomosynthesis 
revealed a narrow, continuous radiolucent line surrounding the femoral stem (arrows), and (C,D,E) conventional CT showed heavy metal 
artifacts mimicking osteointegration (triangles), which were found to be (F,G,H,I) connective tissue covering proximal porous coating with 
no evidence of osteointegration (arrows) in the retrieved prosthesis.
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each stem was implanted 4 times into each cadaveric femur. 
The specimens were verified by visual confirmation and 
tomosynthesis images to exclude any bone fracture during 
the repeated implantation procedures. To maintain a central 
position in the prepared femoral canal, the stems were 
wrapped with radiolucent adhesive tapes to a diameter of  
13 mm (Figure 3). Because of the longitudinal fins, the 
width of the gaps formed between the metal and bone 
differed in the sagittal and coronal planes. The extra  
0.8 mm thickness in the sagittal fins also worked as press fit 
of the No. 13 stem and helped to create the 0-mm model in 
the sagittal plane. The width ranging from 0 to 2 mm was 
calculated in millimeters according to the following formula 
(Table 1):

Gap width = (broach diameter – stem diameter)/2
The prepared femoral canals were then filled with 1% 

agarose before implantation as a means of mimicking interface 
tissue. This reduced air artifact between the bone and metal, 
which can interfere with the imaging procedures (Figure 3). 

Imaging examinations

All cadaveric models underwent three imaging examinations. 
Posterior-anterior and lateral view radiographs were 
obtained with digital radiograph equipment (KODAK 
DIRECTVIEW DR7500, Kodak, Carestream Health). 
Images were taken at a tube voltage of 80 kV and 25 mAs 
(active image area, 43×43 cm, image matrix size, 3000×3000, 
pixel pitch, 143 μm) with a focus-detector distance of  
100 cm (Figures 4,5). 

The AP and latera l  v iew TMAR examinat ions 
were obtained with commercially available equipment 
(SONIALVISION safire II, Shimadzu, Kyoto, Japan). 
Seventy-four low-dose projection images were collected 
at a tube voltage of 80 kV and a current of 400 mA within 
5 seconds. During the TMAR data acquisition, the X-ray 
tube moves in a linear fashion in one direction, while the 
flat-panel-detector moves in the opposite direction. The 
scanning rotation angle was from −20 to +20 degrees 

Figure 2 Clinical case 2. A 72-year-old man with thigh pain 2 years after total hip arthroplasty. (A) Radiography showed no sound evidence 
of femoral stem loosening, while (B) tomosynthesis depicted a complete fine radiolucent line <1 mm in width (arrows) enveloping the 
prosthesis. Possible “osteointegration” (triangles) was found on the coronal section of CT (C), and there was no corresponding evidence of 
osteointegration on the retrieved prosthesis (D,E). 
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in the standard AP and lateral views, with the center of 
rotation focused on the cadaveric femur. For the AP and 
lateral views, 61 images (matrix size 1024×1024) were 
reconstructed at a 2 mm pitch. The factors for metal 
reduction algorithm for image optimization were as follows: 
metal size (medium), object thickness (120 mm), object 
starting height (20 mm), reconstruction region (from 1 cm 
above the superior tip to 2 cm below the distal tip of metal 
stem), iterations (4 times). The two reconstructed central 
slices in the coronal and sagittal TMAR images were used 
for evaluation (Figures 4,5).

CT images were obtained using 320-section equipment 
(Aquilion ONE, Toshiba, Tokyo, Japan) with axial sections 

of 1.0 mm thickness (120 kV, 250 mA and 125 mAs, field 
of view dimension 37.9 cm, rotation time 0.5 seconds, 
matrix size 512×512). Data were used to reconstruct 
sagittal, coronal, and axial images with a thickness of 
1.0 mm using an algorithm of Adaptive Iterative Dose 
Reduction (AIDR) (23,24). The two reconstructed central 
slices in the coronal and sagittal CT images were used for 
evaluation (Figures 4,5).

The effective doses (ED) in radiography and TMAR at 
the level of the cadaveric model were calibrated by using 
RTI WinODS 2.0 software with the dose area product 
(DAP) measured via a DAP meter (DoseGuard 100, 
RTI Electronics, Mölndal, Sweden). The mean volume 

Figure 3 Radiolucent line models preparation process. (A) Each femoral stem, with diameters ranging from 9 to 13 mm, was wrapped with 
transparent tape so that (B,C,D,E,F,G) the outer diameter reached 13 mm. (H) Then, the cadaveric models were filled up with 1% agarose 
in the prepared canal before implantation.
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CT dose index (CTDIvol) was 14.8 mGy, and the mean 
Dose Length Product (DLP) was 488 mGy.cm. The 
effective doses in CT were calculated using the DLP and k 
coefficients (0.015) from the European Guidelines (25). 

Image assessment

An RLL was defined as a radiolucent zone between the 
implant and the surrounding bone parallel to the implant 
surface (3,6,26,27). The cementless hip prosthesis was 
divided into 14 zones on the AP and lateral views of femoral 
stems (Figure 6) (7,9,28,29). Five blinded senior orthopedic 
surgeons (10–25 years of clinical experience) evaluated 
these images independently. Images were evaluated on 
an image workstation equipped with a computer (Z-420, 
Dell, Round Rock, Texas, USA), a screen with resolution of 
1280×1024 pixels (SMD19102, Eizo Nanao Corp., Tokyo, 
Japan). Guidance before assessment included an explanation 
of the study design, criteria of assessment, and methods of 
recording results. Each image was evaluated for 1 minute 
before the results were recorded.

The presence or absence of an RLL was recorded at each 
of the 12 Gruen zones of the femoral stem, except for zones 
4 and 11. RLLs with similar widths were combined into 
one group and there were 5 groups of RLLs for statistical 
analysis (0, 0.5–0.6, 1.1–1.2, 1.5–1.6, and 2.0 mm). The 
sensitivity for detecting RLLs in the four groups (0.5–0.6, 
1.1–1.2, 1.5–1.6, and 2.0 mm) was calculated for each given 
width of the RLL model by each method. A false-positive 
diagnosis was defined as an RLL diagnosis in the group 
of 0 mm width, which was used to calculate specificity 
(true negative diagnosis) for each imaging modality. As 
there were 120 observations for each width of RLL in the 
single coronal or sagittal plane (6 zones × 4 specimens × 
5 observers =120). The total number of observations was 

120 for RLL group 2.0 mm, 240 for 1.5–1.6 mm, 240 for 
1.1–1.2 mm, and 240 for 0.5–0.6 mm, and 360 for 0 mm, 
respectively.

Statistical analysis

Using the RLL model as the gold standard, sensitivity was 
calculated for overall data and for each group of RLLs  
>0 mm wide. The group of RLLs 0 mm in width was used 
to calculate the specificity of each imaging modality. The 
chi-square test was utilized to compare the differences in 
sensitivity and specificity between each imaging method. 
Using binary logistic regression as the statistical model 
and the three imaging modalities as the covariant, the 95% 
confidence intervals of improvements in sensitivity and 
specificity were calculated through mixed effects models, 
utilizing the observation data of the most senior evaluator 
(evaluator C, Table 2). All statistical analyses were performed 
using a standard, commercially available statistical software 
package (SPSS version 15.0; IBM, Armonk, NY, USA), 
and the level of significance was set at P<0.017 for multiple 
comparisons between the three imaging modalities using 
Bonferroni correction.

Research ethics standards compliance

The study was approved by the ethics review committee 
in our hospital. With cadaveric femurs as the research 
materials, this study did not involve human participants or 
animal procedures performed by any of the authors.

Results

The overall sensitivity of TMAR, CT, and radiography 
for detecting RLLs of all widths was 63.3%, 50.2%, and 

Table 1 The measured diameter of each femoral stem and the corresponding width of the RLL model as a reference standard for imaging 
examinations 

Stem
Diameter in coronal 

plane (mm)
Diameter in sagittal 

plane (mm)
Diameter of last 

broach (mm)
Width of RLL in 

coronal plane (mm)
Width of RLL in 

sagittal plane (mm)

No. 9 9.0 10.1 13.0 2.0 1.5

No. 10 9.9 10.7 13.0 1.6 1.2

No. 11 10.8 12.1 13.0 1.1 0.5

No. 12 11.8 13.0 13.0 0.6 0.0

No. 13 13.0 13.8 13.0 0.0 0.0

RLL, radiolucent line. 
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Figure 4 Serial anterior-posterior view images. The cadaveric radiolucent line models implanted with stems of 9–13 mm in diameter were 
scanned in anterior-posterior view of (A,B,C,D,E) radiography, (F,G,H,I,J) tomosynthesis with metal artifact reduction, and (K,O) computed 
tomography.

A B C D E

F G H I J

K L M N O



1793Quantitative Imaging in Medicine and Surgery, Vol 10, No 9 September 2020

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(9):1786-1800 | http://dx.doi.org/10.21037/qims-19-1018

Figure 5 Serial lateral view images. The cadaveric radiolucent line models implanted with stems of 9–13 mm in diameter were scanned in 
lateral view of (A,B,C,D,E) radiography, (F,G,H,I,J) tomosynthesis with metal artifact reduction, and (K,O) computed tomography.
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Figure 6 A schematic drawing of the Gruen zones. The femoral stem was divided into 14 zones for recording radiolucent lines based on 
Gruen’s method.

20.5%, respectively. The overall sensitivity of TMAR was 
significantly higher than that of radiography (58.2%±6.0% 
i m p r o v e m e n t ,  P < 0 . 0 0 1 )  a n d  C T  ( 2 1 . 7 % ± 7 . 1 % 
improvement, P<0.001). The sensitivity of CT was 
significantly higher than that of radiography (36.5%±6.5% 
improvement, P<0.001) (Table 3, Figure 7). TMAR had 
significantly higher sensitivity than CT (P<0.001) in 
the narrow RLL groups (the 1.1–1.2 mm group and  
0.5–0.6 mm group) (Table 3, Figure 8). The rates of correct 
observations by each evaluator for each RLL group of 
different width are shown in Table 2.

The specificity of TMAR, CT, and radiography for 
detecting RLLs was 87.5%, 82.5%, and 92.5%, respectively. 
The specificity of CT was significantly (−11.1%±7.8%) 
lower than that of radiography (P<0.001) (Figure 7). 

The 95% confidence intervals of improvements in 
sensitivity and specificity between the three imaging 
modalities evaluated by a single rater for each group of RLL 
are listed in Table 3. 

Intraobserver reliability was shown to be strong for all 
three imaging modalities, as demonstrated by robust Kappa 

values (Table 4). However, the interobserver reliability 
of radiography was less favorable compared with that of 
TMAR and CT, as measured by the Intraclass correlation 
coefficient (Table 4).

The mean effective dose was 7.98 mSv for CT, 1.12 mSv 
for TMAR and 0.86 mSv for radiography.

Discussion

This study revealed that the sensitivity values of TMAR 
and conventional CT for assessing RLLs of different widths 
surrounding cementless femoral stems were significantly 
higher than those of radiography. In addition, TMAR 
showed a significantly higher sensitivity than CT for 
assessing narrower RLL widths (1.1–1.2 and 0.5–0.6 mm 
groups) (Figure 8, Table 3). The detection of continuous 
RLL provides evidence for the diagnosis of component 
loosening (Figures 7,8) (11). The TMAR technique provided 
a promising alternative imaging method to improve the 
diagnostic accuracy for detecting RLLs. 

Traditionally, an RLL was not deemed clinically 
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significant until a width of 2 mm was achieved. However, 
this historical consensus based on radiography was 
inaccurate, where a portion of components not achieving 
this criteria were found to be loose (4-7,10). This study 
demonstrated that radiography had a lower sensitivity than 
CT and TMAR in detecting RLLs at all widths ≤2.0 mm. 
These findings are in agreement with a previous report, 
indicating that a continuous RLL narrower than 1.0 mm in 
width, detected by tomosynthesis, plays an important role in 
diagnosing loose components with no obvious subsidence, 
migration, or RLL >2 mm in width (Figures 7,8) (11).

The inferior sensitivity of radiography in detecting 
RLLs ≤2.0 mm in width was caused by its low in-depth 
resolution: signs of an RLL at the bone-implant interface 
frequently overlapped with projections of trabecular bone, 
especially in the proximal femoral aspect, which can be 
frequently deemed as spot welds. Conventionally, contrast 
arthrography has been conducted to confirm a continuous 
RLL narrower than 2 mm. However, those narrow RLLs 
can still pass undetected by radiography (30,31). Recently, 
progress in metal artifact reduction has allowed RLLs to 

be detected with TMAR without the concerns associated 
with invasive procedures and complications linked to using 
contrast media.

One study reported that conventional CT had an even 
lower detection rate for complete RLLs ≤1.0 mm wide 
than radiography (11). This was partially due to the high 
susceptibility of fine RLLs to distortion by metal artifact 
at the metal–bone interface. This distortion is partially 
attributable to the low in-plane resolution on conventional 
CT imaging (Figure 7,8 ) .  Our study showed that 
conventional CT using AIDR achieved improved sensitivity 
and specificity for detecting RLLs in all groups ≤2.0 mm 
(Figure 8, Table 3). This finding is interesting, as it shows 
that CT with AIDR algorithm was superior to radiography 
for the evaluation of narrow RLLs. This improvement 
might be due to different equipment and algorithms being 
used compared to those employed in the clinical literature. 
Alternatively, it could be due to less metal being used 
and the absence of bone remodeling phenomenon in the 
experimental setting. 

Recently, there have been advancements in dual-energy 

Table 2 True positive and true negative rates by each individual evaluator for RLL groups of different widths for the three imaging methods

Imaging 
modality

Evaluator

Groups of RLL with different width (mm)

Sensitivity Specificity

2.0 1.5–1.6 1.1–1.2 0.5–0.6 0.0 

TMAR A 87.5% 50.0% 64.6% 41.7% 91.7%

B 83.3% 75.0% 72.9% 54.2% 83.3%

C 79.2% 85.4% 79.2% 52.1% 95.8%

D 70.8% 60.4% 52.1% 54.2% 87.5%

E 70.8% 54.2% 39.6% 37.5% 79.2%

CT A 75.0% 72.9% 56.3% 45.8% 81.9%

B 54.2% 52.1% 27.1% 25.0% 77.8%

C 66.7% 68.8% 41.7% 31.3% 75.0%

D 41.7% 50.0% 27.1% 27.1% 83.3%

E 79.2% 77.1% 37.5% 35.4% 91.7%

Radiography A 45.8% 64.6% 37.5% 16.7% 91.7%

B 41.7% 12.5% 18.8% 10.4% 83.3%

C 25.0% 22.9% 4.2% 14.6% 91.7%

D 33.3% 20.8% 10.4% 14.6% 100.0%

E 20.8% 12.5% 4.2% 10.4% 95.8%

RLL, radiolucent line; TMAR, tomosynthesis with metal artifact reduction; CT, computed tomography.
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monochromatic imaging CT, which has shown promising 
effects in periprosthetic imaging of hip arthroplasty when 
combined with metal artifact reduction software (32-35). 
This technique may significantly improve the diagnostic 
accuracy of CT imaging for periprosthetic RLLs, compared 
to single energy CT scanning. However, the ability of MAR 
was reported to positively correspond to the energy level of 

dual energy CT and the smaller size of metal implants (34). 
Despite its potential to reduce the metal artifacts of hip 
arthroplasty to the level comparable to or better than that 
of TMAR, its irradiation exposure significantly exceeds that 
of TMAR.

Although TMAR and CT had a similar level of accuracy 
in the groups with 2.0 mm and 1.5–1.6 mm RLLs, the data 
from the current study indicated that TMAR had higher 
sensitivity for detecting RLLs at 1.1–1.2 and 0.5–0.6 mm 
wide. Minoda et al. conducted a diagnostic study of a  
2 mm-wide RLL model in knee arthroplasty of swine 
femurs and reported that the accuracy of CT was lower 
than that of TMAR (36). Gomi quantitatively studied the 
imaging quality of TMAR, MARCT, and non-MAR CT. 
TMAR showed an improved ability to enhance the visibility 
of a hip prosthesis, and removal of ghosting artifacts. This 
is consistent with our finding that a reduction in metal 
artifacts improved the sensitivity of detecting RLL ≤2 mm 
wide (29). To our knowledge, the reason for there being 
fewer metal artifacts in TMAR originates from the ability 
to adjust the scanning direction of the X-ray tube parallel 
to the longitudinal axis of the stem. This alignment of the 
X-ray tube rotation to the longitudinal axis of the implanted 
THA stem is almost impossible for CT. Also, the higher in-
plane spatial resolution of our TMAR equipment (0.3 mm 
pixel size) compared to CT (1 mm pixel size in coronal 
and sagittal view) is another reason for the improved 
performance of TMAR in the detection of narrow RLLs.

The current study revealed that metal artifacts 
associated with conventional CT may affect the raters’ 
judgment for RLLs ≤1.2 mm width (Table 3). Although it 
is possible that the metal artifacts in CT can be further 
decreased by MAR algorithms and improve the diagnostic 
accuracy, the significantly higher radiation exposure of 
CT in comparison with TMAR may still be an important 
concern. For arthroplasty patients, regular follow-up 
requires an imaging modality with high accuracy and 
minimized radiation dose, making TMAR an attractive 
and viable method. However, TMAR also features some 
disadvantages. CT images can be reconstructed arbitrarily 
in any direction from a single scan at a minimum of 
0.5 mm slice thickness, while TMAR needs two data 
acquisitions for the coronal and sagittal views and may 
only achieve a slice thickness of approximately 2 mm 
as the minimum. Additionally, different acquisition 
equipment and reconstruction algorithms may lead to will 
lead to varying imaging quality. The accuracy of TMAR 
in detecting RLLs should be evaluated by each company 

Table 3 Improvements (95% CI) in sensitivity and specificity for 
all groups of RLLs and each group of RLLs of different widths, 
calculated by mixed effects models 

Width of RLL and imaging 
modalities

Improvement (95% 
CI) (sensitivity)

P

All groups of RLL

TMAR vs. CT 21.7%±7.1% <0.001* 

CT vs. radiography 36.5%±6.5% <0.001* 

TMAR vs. radiography 58.2%±6.0% <0.001* 

0.5–0.6 mm

TMAR vs. CT 24.5%±13.6% 0.009* 

CT vs. radiography 18.2%±11.6% 0.029 

TMAR vs. radiography 42.7%±12.0% <0.001* 

1.1–1.2 mm

TMAR vs. CT 39.1%±12.5% <0.001* 

CT vs. radiography 36.5%±9.7% <0.001* 

TMAR vs. radiography 75.6%±8.5% <0.001* 

1.5–1.6 mm

TMAR vs. CT 10.1%±11.2% 0.212 

CT vs. radiography 52.1%±12.1% 0.082 

TMAR vs. radiography 62.3%±10.9% 0.079 

2 mm

TMAR vs. CT 4.2%±16.8% 0.731 

CT vs. radiography 50.0%±17.3% <0.001* 

TMAR vs. radiography 54.0%±16.8% <0.001* 

0 mm Specificity

TMAR vs. CT 6.9%±8.4% 0.220 

CT vs. radiography −11.1%±7.8% 0.021 

TMAR vs. radiography −4.2%±7.0% 0.403 

CI, confidence interval;  RLL, radiolucent l ine; TMAR, 
tomosynthesis with metal artifact reduction; CT, computed 
tomography; *, P<0.017 was considered to be statistically 
significant.
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Figure 7 Overall sensitivity and specificity results. The overall sensitivity and specificity of the three imaging modalities for detecting 
radiolucent lines ≤2 mm wide were calculated. The χ2 and P values for comparisons of sensitivity and specificity between the three imaging 
modalities are listed below the graph. *P<0.017. NS, no significant difference.

Figure 8 The results of subgroup sensitivity analysis. The sensitivity of the three imaging modalities for each group of radiolucent line 
models with different widths. The χ2 and P values for comparisons of sensitivity between the three imaging modalities for each subgroup are 
listed below the graph. *P<0.017. NS, no significant difference.
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supplier.
We acknowledge that there are several limitations to 

our study. First, soft tissue-free cadaveric femurs cannot 
mimic the biological bone remodeling of radio-opaque lines 
caused by loose femoral stems, which may have made the 
RLLs more detectable. Therefore, it is possible that the 
sensitivity data were underestimated for all three imaging 
modalities. However, the means of determining the true 
gap widths between metal and bone for a retrieved implant 
has previously been lacking, and 1% agarose has been 
proven to mimic the granulation tissue effect (36). Second, 
we investigated a single type of titanium stem extensively 
coated with plasma spray. The type of metal, coating, and 
stem design may influence the imaging of an RLL. The 
results of this study may not be directly applicable to other 
types of prosthesis. Third, further studies may be required 
to evaluate the effect of different MAR-CT methods, 
such as the dual energy method, combining MAR and 
monochromatic imaging (37,38). Despite these limitations, 
the current study is still closely relevant to our clinical 
practice, as conventional CT remains the mainstream 
method available to most surgeons. Furthermore, MAR-
CT cannot overcome the problem of irradiation and is 
unsuitable for long-term, repeated examinations during 
regular follow-up. Fourth, the axial planes of CT were 
not evaluated because there were no axial images for 
comparison with TMAR and radiography.

The current study indicates that TMAR, with an 
improved detection rate for RLLs narrower than 2 mm 
compared to radiography and CT, has the potential to 
improve the accuracy of diagnosing cementless femoral 

component loosening in clinical practice.
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Table 4 Interobserver and intraobserver reliability for each group of RLLs of different widths

Reliability Item
Groups of RLL with different widths (mm)

Overall 2.0 1.5–1.6 1.1–1.2 0.5–0.6 0.0 

Interobserver reliability (ICC)

TMAR 0.853 0.842 0.777 0.828 0.812 0.697 

CT 0.832 0.758 0.754 0.832 0.761 0.753 

Radiography 0.658 0.672 0.668 0.564 0.733 0.427 

Intraobserver reliability (Kappa value)

TMAR 0.841 1.000 0.833 0.663 0.913 0.778 

CT 0.855 0.780 0.789 0.915 0.685 0.514 

Radiography 0.833 0.750 0.823 0.826 0.804 0.409 

ICC, intraclass correlation coefficient; RLL, radiolucent line; TMAR, tomosynthesis with metal artifact reduction; CT, computed 
tomography.
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