European Radiology (2019) 29:1258-1266
https://doi.org/10.1007/s00330-018-5717-3

MUSCULOSKELETAL

@ CrossMark

Comparison of radiographs, tomosynthesis and CT with metal artifact
reduction for the detection of hip prosthetic loosening

Romain Gillet' @ - Pedro Teixeira' - Chloé Bonarelli' - Henry Coudane? - Francois Sirveaux? - Mathias Louis” -
Alain Blum’

Received: 17 May 2018 /Revised: 18 July 2018 / Accepted: 14 August 2018 /Published online: 7 September 2018
© European Society of Radiology 2018

Abstract

Objectives To evaluate the diagnostic performance of digital tomosynthesis (DTS) for the diagnosis of hip prosthesis loosening
(PL) compared with conventional radiographs and CT with metal artifact reduction (CT-MAR).

Methods Forty-nine patients with painful hip prosthesis were prospectively included and underwent anteroposterior and
lateral radiographs, anteroposterior DTS and CT-MAR of the hip. This study was approved by the local ethics commit-
tee, and all patients signed an informed consent form. Images were evaluated independently by two radiologists.
Periprosthetic radiolucent lines wider than 2 mm found in two or more Gruen or De Lee and Charnley zones were
considered diagnostic of PL. All cases of PL were confirmed surgically. Patients with a stable radiological follow-up for
at least 1 year with an alternative cause for the symptoms or with no surgical evidence of PL were considered PL
negative.

Results There were 21 cases of PL, 9 unilateral and 12 bilateral. For both the acetabular and femoral sides, DTS had a specificity
for PL detection similar to that of conventional radiographs and CT-MAR (98.5-100%, 96.9%—100% and 96.9-95.4% respec-
tively for both readers) and a sensitivity similar to conventional radiographs (39.9—45.4% versus 33.3-51.5% for both readers)
but lower than CT-MAR (84.85% for both readers). The interobserver agreement was 0.84 for CT-MAR, 0.53 for DTS and 0.39
for conventional radiographs.

Conclusion DTS has a similar diagnostic performance to radiographs for the diagnosis of PL with a better interobserver agree-
ment. The sensitivity however remains lower than that of CT-MAR.

Key Points

* Plain radiograph is still the first imaging step when hip prosthesis loosening is suspected.

* Interobserver agreement is better with digital tomosynthesis than radiographs.

* Sensitivity of CT with state-of-the-art metal artifact reduction is superior to that of digital tomosynthesis.

Keywords Prosthesis loosening - Diagnostic techniques and procedures - Hip replacement arthroplasty - Interobserver variation -
Tomography, x-ray computed

Abbreviations

BMI Body-mass index

CT-MAR Computed tomography with metal
artifact reduction algorithms
Digital tomosynthesis

PL Prosthesis loosening
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Introduction

Total hip arthroplasty (THA) is a frequently used procedure
with high success rates. The number of THAs is expected to
increase in the next decade [1]. Despite its good clinical out-
comes, follow-up surgery is necessary in about 1% of all THA
cases [2] due to mechanical loosening and wear in 42% and
11% of cases respectively in France [3]. Prosthesis loosening
(PL) can be radiologically or clinically silent, hence the ne-
cessity for a reliable imaging method for early diagnosis in
routine follow-up, especially in patients with hip pain [4, 5].

Conventional radiographs are the first imaging modality
used for routine follow-up in cases of painful THA [6], but
suffer from low sensitivity in depicting periprosthetic
osteolysis due to superimposition issues [7]. Multidetector
CT is frequently used in addition to radiographs for the imag-
ing evaluation of a symptomatic THA as this method can
detect soft tissue, bone and metal hardware complications.
The diagnostic performance of CT for PL can be further im-
proved by metal artifact reduction algorithms (MARs) [8—14].
MRI can also be useful in this setting [15, 16] but requires
optimized protocols for MAR with longer acquisition times
compared with radiographs and CT with MAR (CT-MAR)
[17, 18].

Digital tomosynthesis (DTS) is a recent emerging imaging
technique derived from radiographic tomography with various
clinical applications described in the literature [19-21]. It pro-
vides multiple section planes obtained from several projec-
tions of various angles. It has been almost 10 years since the
introduction of DTS in THA imaging [22]. Previous studies
comparing DTS with conventional radiographs and computed
tomography for the diagnosis of PL have suggested a better
performance of DTS for PL and osteointegration identification
[23-27]. However, these studies were performed without the
use state-of-the-art MAR techniques on CT, which has been
shown to increase CT diagnostic performance [9].

The aim of this study is to compare the diagnostic perfor-
mance of DTS with that of conventional radiographs and CT-
MAR using surgical results and clinical follow-up as the stan-
dard of reference and to propose an optimal strategy in imag-
ing workup of patients with a painful THA.

Material and methods
Patient selection

From January 2012 to January 2016 patients with painful
THA that underwent hip DTS were consecutively included
in a prospective study approved by the local ethics committee.
All patients were over 18 years old and signed an informed
consent form. Imaging findings were correlated with surgical
findings and with clinical and radiological follow-up. Patients

that were treated conservatively without clinical or radiologi-
cal follow-up 1 year after the end of the inclusion period were
excluded.

Imaging

All patients underwent radiographic evaluation
(anteroposterior views of the pelvis and anteroposterior and
urethral profile views of the hip), anteroposterior DTS and
CT-MAR images of the pathological hip.

Conventional radiographs and digital tomosynthesis

Radiographs and DTS were performed using a flat panel de-
tector (Definium 8000; GE Healthcare). Radiographs were
obtained with a tube voltage of 75 kV and a variable mA
(maximum 800 mA) depending on patient body habitus.
DTS acquisitions were performed with 85 kV and 125 mA,
with a pixel spacing of 0.2 % 0.2 mm. The source-detector
distance was set to 100 cm. There was a movement from -
20° to +20° of the x-ray tube for DTS, resulting in 60 coronal
slices, obtained in 10 s, reconstructed using filtered back pro-
jection. Radiation dose assessment was performed as de-
scribed by Gothlin and Geijer [26] on a set of five patients
not included in image analysis.

CT acquisition

CT images were acquired on a 320 detector-row CT scanner
(Aquillion one, Canon Medical Systems). Patients were posi-
tioned supine with the hip extended. A helical acquisition was
performed with a z-axis coverage starting 3 cm proximal to the
acetabular roof and ending 1 cm distal to the lower extremity
of the femoral component of the prosthesis. The acquisition
parameters were 135 kV and 100400 mAs depending on
patient body habitus, gantry rotation time in 1 s, slice thick-
ness 0.5 mm, FOV 32 cm and matrix 512 x 512. Images were
reconstructed in the axial, coronal and sagittal planes with 1.5
mm slice thickness with both bone and soft tissue kernels.
Images were reconstructed with a metal artifact reduction al-
gorithm based on single-energy raw-data extrapolation (single
energy metal artifact reduction—SEMAR, Canon Medical
Imaging) commercialized and available for clinical use [9,
28]. Dose-length product was assessed and effective doses
were calculated using a x coefficient of 0.015 [29].

Image analysis

Images were evaluated independently by two radiologists
(R.G. and C.B.), with 4 and 6 years of clinical experience,
blinded to clinical and surgical patient data. Imaging studies
were anonymized and displayed in random order on a dedi-
cated workstation (Vitrea console, Vital Solutions—Canon
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Medical Systems) with soft tissue and bone window settings
of W400/L50 and W2700/L350 respectively. A training ses-
sion with radiographs, DTS and CT-MAR was performed
among the readers with images from ten patients not included
in this study.

Images were evaluated in four readout sessions (con-
ventional radiographs only, DTS only, CT-MAR only and
radiographs associated with DTS) with at least a 2-week
interval between them. The presence or absence of cement
was noted for each imaging technique and for each pros-
thetic component. Regardless of the image modality, im-
age analysis was based on the evaluation of each zone of
Gruen and De Lee and Charnley for the presence or ab-
sence of periprosthetic radiolucency (Fig. 1) [30, 31].
Only coronal and sagittal CT images were used to allow
a direct inter-modality correlation of the Gruen and De
Lee and Charnley zones.

Periprosthetic radiolucent lines (radiolucent bone lysis
adjacent to the prosthetic components) wider than 2 mm
found within two or more adjacent Gruen or De Lee and
Charnley zones were considered diagnostic of PL. For pres-
ence or absence of PL, all available images were evaluated
(anteroposterior and profile radiographic views,
anteroposterior DTS views and all CT-MAR reformats).
The number of radiolucent zones (RLZs) for each imaging
technique was calculated. For the intermodality comparison
ofthe number of RLZs, only the coronal CT-MAR reformats
and anteroposterior radiographic views were used to allow a
direct comparison with DTS images (anteroposterior only).

The presence of bone or prosthetic material fractures was
also assessed. Imaging findings were correlated with surgical
signs of PL. Patients were considered PL negative if they had
a negative radiological follow-up of at least 1 year, an alterna-
tive diagnosis explaining patient’s symptoms or no surgical
evidence of PL.

Statistical analysis

The sensitivity, specificity, positive and negative predictive
value for each reader and each imaging technique for PL de-
tection in the acetabular and femoral prosthetic components
separately or in association were calculated. Sensitivities and
specificities of each image modality were compared using the
McNemar test. Interobserver agreement was assessed using
the Cohen kappa test. Kappa values of 0-0.20 were consid-
ered slight agreement, 0.21-0.40 fair, 0.41-0.60 moderate,
0.61-0.80 substantial and 0.81—1 excellent agreement. The
significance of age differences in the groups evaluated was
assessed with the Mann-Whitney U Test. Paired comparison
of the number of RLZs found for each imaging technique was
performed by using a paired Student’s t test. The threshold of
statistical significance was set to p < 0.05.
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Results

We selected 63 patients; 14 were excluded because they did
not undergo surgery and/or were lost during follow-up. Thus,
the final population consisted of 49 patients (23 female, 26
male, male/female ratio = 1.1) with a mean age of 65.1 + 13.5
years ranging from 27-87 years and a BMI of 28.01 + 6
ranging from 19.8-42.6. Thirty-four patients had an
uncemented prosthesis; 15 had a cemented one. There were
21 cases of PL (10 in cemented and 11 in uncemented pros-
theses), 12 of both acetabular and femoral component loosen-
ing and 9 of acetabular component only, in 15 males and 6
females, with significantly more males than females (p =
0.047). On the other hand, there was no significant difference
between the age (67 £ 11.4 versus 63.11 £+ 14.8 years, p =
0.242) and the BMI (28.44 + 5.79 versus 27.62 £ 591, p =
0.632) of patients with and without PL.

Kappa values for each modality and each prosthetic
component are shown in Table 1. Compared with conven-
tional radiographs and DTS, the interobserver agreement
was higher with CT-MAR regardless of the prosthetic
component considered (0.39 versus 0.52 and 0.83 respec-
tively). When conventional radiographs and DTS were
evaluated in association, the interobserver agreement im-
proved (0.64) but remained lower than that of CT-MAR.
The prosthetic component had a considerable impact on
kappa values. The interobserver agreement of DTS was
slightly lower than for the other modalities in the femoral
component (0.53 versus 0.69 for both conventional radio-
graphs and CT-MAR). The interobserver agreement was
much lower in the acetabular compared with the femoral
component with conventional radiographs (0.18 versus
0.69). This difference was less striking with DTS (0.49
versus 0.53) and reversed with CT-MAR (0.87 versus
0.69). When conventional radiographs and DTS were
evaluated in association, the interobserver agreement in
the acetabular component improved (0.18 versus 0.49 ver-
sus 0.6 in conventional radiographs, DTS and both in
association respectively) but remained lower than that of
CT-MAR (0.87).

Sensitivity, specificity, positive and negative predictive
values of each imaging technique for the diagnosis of PL
for both readers in the acetabular component, femoral com-
ponent and both are shown in Table 2. The sensitivity of
conventional radiographs and DTS for the detection of PL,
alone or in association, was poor, varying from 33.3—
57.1%. The sensitivity was slightly better for PL detection
in the acetabular component with respect to the femoral
component varying from 47.6-57.1% and 33.3-41.6% re-
spectively. For both readers, CT-MAR was more sensitive
(90.4-95.2%) than the other imaging modalities for the
diagnosis of acetabular PL (for reader 1, p = 0.026 for
reader 1 for each imaging technique, for reader 2, p =
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Fig. 1 Normal AP radiograph (a), digital tomosynthesis (b) and coronal
CT-MAR reformat (c) of a right sided uncemented THA in a 53-year-old
female. Gruen zones 1 to 7 and DeLee and Charnley zones I, 11, III are

0.005 compared with radiographs, 0.016 compared with
DTS and 0.026 compared with radiographs + DTS) (Fig.
2). The diagnostic performance of CT-MAR for the diag-
nosis of femoral PL was lower (66.6—75%) and there was
no statistically significant difference with respect to con-
ventional radiographs and DTS (p > 0.2). Specificity
values for PL detection were high regardless of the imag-
ing modality and prosthetic component (94.5-100%). In

Table 1 Interobserver agreement for each imaging technique according
to each component and for global prosthesis loosening
Technique and prosthesis component Interobserver
agreement (kappa)
Radiographs/femoral component (FC) 0.6928
Radiographs/acetabular component (AC) 0.1833
Tomosynthesis/FC 0.5385
Tomosynthesis/AC 0.4974
CT-MAR/FC 0.697
CT-MAR/AC 0.8757
Radiographs + tomosynthesis/FC 0.6928
Radiographs + tomosynthesis/AC 0.6023
Radiographs/both components 0.3929
Tomosynthesis/both components 0.5275
CT-MAR/both components 0.8363
Radiographs + tomosynthesis/both components 0.6442

delineated and annotated in (a). Gruen zones 8 to 14 were evaluated on
lateral radiographs and sagittal CT-MAR reformats (not shown here)

one case the diagnosis of PL was not reached with DTS
because of the absence of lateral views. In this case PL
could be confirmed with conventional radiographs.

The number of RLZs depicted for each reader, each imag-
ing technique and each prosthetic component is shown in
Table 3. For both readers, more peri-prosthetic RLZs were
depicted with CT-MAR than with radiographs (mean 6.18 +
8.65 versus 2.69 = 5.53 positive RLZs per patient) (p =
0.0003), DTS (mean 4.43 + 5.49 versus 1.77 + 3.44 positive
RLZs per patient) (p = 0.0001) (Fig. 3) and both conventional
radiographs and DTS (mean 6.18 + 8.65 versus 3.02 + 6.01
positive RLZs per patient) (p = 0.0011). A similar number or
RLZs were identified with conventional radiographs and DTS
(mean RLZs per patient of 1.78 & 3.44 and 1.88 + 3.33 respec-
tively) (p = 0.506). However, a significantly higher number of
RLZs were identified when these two modalities were associ-
ated (mean RLZs per patient 0f 3.02 + 6.01 versus 2.69 +5.53,
p < 0.004, for radiographs alone, and mean RLZs per patient
0f2.29 £ 3.83 vs 1.77 + 3.44, p = 0.0008, for DTS alone).

For radiographs, the mean area-product dose was 1.835
+0.575 Gy.cm” (range = 1.12-2.74) and the mean effective
dose 0.532 + 0.167 mSv (range = 0.325-0.795). For DTS,
the mean area-product dose was 0.742 + 0.308 Gy.cm?
(range = 0.33-1.1) and the mean effective dose 0.215 =
0.089 mSv (range = 0.139-0.319). For CT-MAR, the mean
dose-length product was 579.1 + 177.766 mGy.cm (range
= 340.2—-1584.53) and the mean effective dose 0.8686 +
0.266 mSv (range = 0.5103-2.3767).
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Table 2  Diagnostic performance of each imaging technique for each reader for acetabular component, femoral component and global prosthesis
loosening

Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2
Acetabular component Se Se Sp Sp PPV PPV NPV NPV
Radiographs 57.14 333 96.43 100 92.31 100 75 66.67
Tomosynthesis 57.14 42.86 96.43 100 92.31 100 75 70
CT-MAR 95.24%* 90.48* 96.43 96.43 95.24 95 96.43 93.1
Radiographs + tomosynthesis 57.14 47.62 96.43 100 92.31 100 75 71.74
Femoral component Se Se Sp Sp PPV PPV NPV NPV
Radiographs 41.67 3333 97.3 100 83.33 100 83.72 82.22
Tomosynthesis 25 3333 100 100 100 100 80.43 82.22
CT-MAR 66.67 75 97.3 94.59 88.89 81.82 90 92.11
Radiographs + tomosynthesis 41.67 33.33 97.3 100 83.3 100 83.72 82.22
Prosthesis Loosening Se Se Sp Sp PPV PPV NPV NPV
Radiographs 51.52 33.33 96.92 100 89.47 100 79.75 74.71
Tomosynthesis 45.45 39.39 98.46 100 93.75 100 78.05 76.47
CT-MAR 84.85* 84.85% 96.92 95.38 93.33 90.32 92.65 92.54
Radiographs + Tomosynthesis 51.52 42.42 97.01 100 89.47 100 80.25 77.38

Se Sensitivity, Sp Specificity, PPV Positive predictive value, PVN Predictive negative value

*Statistically significant values
Discussion

Radiographs presented a fair reproducibility and poor sensi-
tivity for PL detection. The use of DTS (alone or in associa-
tion) did not improve the sensitivity of conventional radio-
graphs for the diagnosis of PL. The best interobserver

agreement however, was reached when conventional radio-
graphs were associated with DTS, with kappa values improv-
ing from fair to substantial (kappa 0.64). Additionally, a sig-
nificantly greater number of RLZs were identified when con-
ventional radiographs were combined with DTS compared
with radiographs and DTS alone (10-20% increase). CT-

Fig. 2 AP radiograph (a), digital tomosynthesis (b and ¢) and
coronal CT-MAR reformat (d) of a right-sided uncemented THA
in a 60-year-old male with acetabular cup loosening. Acetabular
osteolysis (white arrow) is not seen on radiograph but is well
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depicted with tomosynthesis as it extends into zone II and III and
is also seen on CT-MAR. Osteolysis in zone 1 is also depicted by
the three imaging modalities (dotted white arrow)
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Table 3 Number of radiolucent

zones (RLZs) depicted by each Radiographs DTS CT-MAR Radiographs + DTS
reader for each imaging technique
R1 R2 R1 R2 R1 R2 R1 R2
Frontal view 56 37 44 42 112 99 61 46
Profile view 22 18 NA NA 50 35 22 18
Total per reader 78 55 44 42 162 134 83 64
Total for R1 + R2 133 86 296 147

“Frontal views” corresponds to anteroposterior radiographs views, anteroposterior tomosynthesis views and
coronal CT-MAR reformats. “Profile views” corresponds to urethral profile radiograph views and sagittal CT-
MAR reformats. “NA” means not applicable, as no tomosynthesis profile views were performed in this study.
Total per reader and for reader 1 and 2 are shown in the two bottom lines

MAR presented a significantly higher sensitivity than and
similar specificity to conventional radiographs and DTS com-
bined with a higher interobserver agreement. The effective
dose of CT-MAR was similar to that of the conventional
radiograph-DTS combination (0.86 mSv and 0.74 mSv re-
spectively). These results indicate that despite the improve-
ments from the addition of DTS over the performance of con-
ventional radiographs, CT-MAR is the best image modality
for the diagnosis of PL. Thus, in clinical practice, DTS can be
recommended in association with conventional radiographs
for the initial evaluation of a painful THA as these methods
can be more available than CT-MAR. Furthermore, DTS can
be performed at the same time as the radiograph and does not
disrupt patient workflow. Nonetheless, when this initial eval-
uation proves inconclusive (no signs of PL or no abnormality

Fig. 3 AP radiograph (a), digital tomosynthesis (b) and coronal CT-
MAR reformat (c) of a left-sided uncemented THA in a 55-year-old
male with acetabular cup loosening. Note the doubtful osteolysis in
zone III on AP radiograph (white arrow), much better seen with

explaining patient symptoms), the use of CT-MAR is
warranted.

The prosthetic component (femoral versus acetabular) had
an impact on the performance of all image modalities evalu-
ated for the diagnosis loosening, a drop in sensitivity (more
noticeable with DTS and CT-MAR, particularly for reader 1)
for the diagnosis of femoral PL compared with acetabular PL.
This reduction in sensitivity in the femoral component was
identified despite a higher interobserver agreement with con-
ventional radiographs and DTS for PL identification in this
region compared with the acetabulum. The lower interobserv-
er agreement for the evaluation of acetabular PL with conven-
tional radiographs and DTS could be explained by the more
complex anatomy of the acetabulum with respect to the prox-
imal femur, which could lead to superimposition pitfalls.

tomosynthesis (white arrow). The extent of osteolysis is clearly

better depicted with CT-MAR and is finally present in zone I, II
and III (white arrows)
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Moreover, a similar drop in sensitivity in the femoral compo-
nent was noted with CT-MAR (66—75% versus 90-95% at the
femoral and acetabular components respectively). These find-
ings are in favor of a worse clinic-radiological correlation for
the diagnosis of femoral PL in the presence of RLZs.

Although conventional radiographs remain the initial im-
aging modality for the evaluation of patients with a painful
THA, the low performance of this method for the diagnosis of
PL is in accordance with previous literature reports [32]. The
presented results differ from those of Tang et al who reported
better performance of DTS compared with CT for the diagno-
sis of PL using a DTS MAR algorithm [27]. Additionally, in a
2008 phantom study, Gomi et al suggested DTS was less
susceptible to artifacts than CT in the presence of metal [22].
These differences are likely related to the different reconstruc-
tion algorithms used for DTS and CT-MAR in the different
studies performed. Metal artifact reduction and low dose al-
gorithms can be applied to this technique with good clinical
outcomes and less cost and radiation dosage than CT [27,
33-41]. For instance, in the study of Tang et al, DTS with
MAR algorithms had a mean effective dose six times lower
than that of CT [27]. Moreover, with different reconstructions
methods in a prosthesis phantom study, Gomi et al found that
radiation levels could be decreased by 20% without
compromising image quality [24], as did Becker et al in
DTS of the wrist, reducing the radiation dose up to 70% with-
out a significant effect on the visibility of anatomic structures,
by modulating acquisition parameters [39]. In addition,
Simoni et al declared that DTS of the feet was about half the
price of CT and 1/5 of contrast-enhanced MRI in this setting
[36]. However, in our opinion, the potential gain in image
quality when using MAR algorithms for DTS is insufficient
to offset a roughly 40% increase in the sensitivity for acetab-
ular PL seen when DTS was compared with CT-MAR.
Finally, the delivered and effective doses presented were low-
er than in previous reports for radiographs, DTS and CT ex-
aminations [25, 27]. These differences can be explained at
least partially by the constant improvements in detector per-
formance and in the efficiency of iterative reconstruction al-
gorithms [9, 42-45].

Our study has a few limitations. Most importantly, the
study population was relatively small with a limited number
of PL cases. Further studies in larger populations are required
to confirm the presented findings and to evaluate diagnostic
performance in specific prosthesis types such as cemented and
uncemented prostheses [26]. Imaging follow-up was not pos-
sible as patients were not followed up with all three imaging
modalities evaluated. Thus, prosthesis migration and progres-
sion in the size of RLZs, which are known diagnostic criteria
for loosening, were not evaluated in this study, which could
have underestimated the diagnostic performance of the image
methods studied [32, 46]. Tang et al found better sensitivities
for DTS than for CT for PL diagnosis, but they did not use CT-
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MAR and TS benefit from metal artifact reduction algorithms
(TMAR) [27]. In our study, DTS did not, underscoring the
relevance comparing CT-MAR and TMAR in this setting.
Some authors suggested that DTS is a potential help for
readers with less clinical experience [47, 48]. This issue was
not assessed in this study.

In conclusion, DTS can assist in the diagnosis of PL because
of its better interobserver agreement than conventional radio-
graphs, especially for acetabular component loosening. CT-
MAR, however, remains the technique with the highest diag-
nostic performance with higher sensitivity and better interob-
server agreement. Thus, radiographs should be coupled with
DTS for the initial evaluation of patients with a painful THA.
CT-MAR can be recommended in cases of inconclusive initial
evaluation (radiographs + DTS). An alternative approach, in
institutions where CT-MAR is readily available, would be to
use this method for the initial evaluation of symptomatic THA,
although this strategy could be less cost effective.
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