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Introduction 
Since the introduction of pyrex glass cups by Smith-Petersen in the 1920s, hip arthroplasty has 

successfully evolved as a regularly performed orthopaedic intervention [1]. However, although 

promising, the results with the early designs were unpredictable. The glass Smith-Peterson 

prosthesis failed under the tremendous forces applied on the hip joint during walking. In the 

ongoing search for materials that can be used for resurfacing or replacing the hip, Dr. Jean 

Judet and his brother, Dr. Robert Judet, of Paris, attempted to use an acrylic femoral head 

prosthesis. This acrylic provided a smooth surface, but unfortunately resulted in early failure 

due to component fragmentation [2]. The development and application of cobalt-chromium 

alloys in the late 1930s resulted in a spectacular improvement in prosthetic designs. The cobalt-

chromium alloy is very strong and resistant to corrosion, and due to these characteristics, it has 

been continually employed in various prostheses since its introduction. Although the press-fit 

femoral head prosthesis or hemiarthroplasty, designed by Thompson and Moore, was popular 

in the 1950s, it was found to be unpredictable due to not only the loosening of its component 

but also persistent arthritic destruction of the socket [3]. Acetabular resurfacing was introduced 

by McKee-Ferrar, Urist, et al. and was based on a metal-on-metal total hip arthroplasty (THA). 

This, however, caused friction and subsequent formation of metal wear particles, resulting in 

prosthesis failure and osteolysis at an early stage [4;5]. 

A breakthrough in the ongoing problems regarding metal wear and prosthesis fixation techniques 

was achieved by John Charnley, a pioneer in hip replacement surgery. With the introduction 

of ultrahigh molecular weight polyethylene (UHMWP) acetabular component, he discovered a 

method to facilitate low friction and obtain a smooth joint surface to articulate with the metal 

femoral head. In order to fixate this polyethylene socket as well as the femoral implant to the 

bone, Charnley used polymethylmethacrylate bone cement. This basic concept of cemented low-

friction torque arthroplasty with metal-on-polyurethane prosthesis is now regarded as the birth 

of ‘total hip replacement’.

Today, total hip arthroplasty (THA) is an effective treatment for all forms of arthritis, fractures, 

failed reconstructions, infections, avascular necrosis, congenital hip diseases, bone tumours and 

hereditary disorders. As a result of its success, the incidence of THA doubled between 1980 

and 1994, and it is estimated that in the Netherlands alone, over 25,000 THAs are performed 

each year [6]. The improved patient outcome after THA consequently reduced the number of 

alternative treatments such as arthrodeses and osteotomies and extended the medical indication 

of THA to younger and older patients. 

Despite the ongoing evolution in the surgical techniques and prosthesis materials, the 

estimated failure rates of all primary THAs ranged between 7% and 17% [1;7]. Approximately 

9% of these failures are due to technical issues or dislocations, and up to 8% failures occur 
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because of prosthesis infection. However, the majority of prosthesis failures (75%) occur due 

to aseptic loosening [1]. Since prosthesis failure often requires a major surgery, an accurate 

diagnosis of prosthesis loosening is of great importance. The causes of aseptic loosening of 

total hip prosthesis are as follows: wear-induced osteolysis, failed ingrowth of the (uncemented) 

prosthesis and mechanical failure or wear of the material [8]. Prosthesis loosening, bone mass 

resorption and prosthesis micromotion may cause pain and disability. However, many factors 

other than hip pathology may cause pain around the hip joint and disability (e.g. spine or knee 

pathology). Therefore, differentiating between hip prosthesis failure and other diseases is a 

challenge for an orthopaedic surgeon. In clinical practice, the diagnosis of prosthesis loosening is 

often based on clinical, laboratory, radiographic and nuclear examinations. However, routine use 

of these tests would exceed financial limits and cause substantial patient morbidity. Therefore, 

for a physician, knowledge regarding the reliability and validity of these tests is a prerequisite. 

Nevertheless, controversy exists regarding the optimal evaluation by and performance of various 

investigations used for this clinical problem [9-17]. This debate may be augmented by the 

fact that the arthrographic techniques are invasive and may impose morbidity. An additional 

complicating factor is that the outcome of imaging investigations depends on the expertise of 

the specialists interpreting the findings; however, little is known about interobserver agreement 

in interpreting imaging modalities [18-20]. Hereafter, this thesis will focus primarily on the use 

of plain radiography, contrast arthrography, nuclear arthrography and bone scintigraphy in 

evaluating patients suspected with an aseptic loosening of THA. Moreover, we evaluated the 

application of positron emission tomography (PET) as a future technique for the assessment of 

blood flow, bone metabolism and prosthesis infection after primary and revision THAs.

Diagnostic Techniques
Plain radiography 
For evaluating prosthetic components in total joint replacement, plain radiography is often used 

as a primary imaging modality. Plain radiography has also been reported as an accurate technique 

for the assessment of cemented and uncemented acetabular components [1;10;12;15;16;21;22]. 

To assess a THA, standard anteroposterior films of the hip and pelvis and true lateral films of the 

affected hip are reviewed. The anteroposterior view of the pelvis is obtained with 15° internal 

rotation of the lower extremity. True lateral films are obtained with the patient in the supine 

position and the X-ray tube at 45° cephalad angle. The film focus is approximately 100 cm. The 

most recent radiograph should be compared with a postoperative radiograph of the primary 

arthroplasty, if available. To assess loosening, the acetabular component is often divided into 

3 segments (medial, axial and lateral), as described by Delee and Charnley. [21] The femoral 

component is interpreted by dividing it into 7 zones, as described by Gruen, McNeice and Amstutz 
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in 1979 [23]. Radiological evaluation is traditionally performed by measuring the radiolucent lines 

in the bone-cement or prosthesis-bone interface, evaluating prosthesis migration, or appraising 

fractures in cement mantle or bone[12;21;24]. However, the accuracy of plain radiography 

to predict the fixation status of symptomatic THA components was studied extensively. The 

reported accuracies of plain radiography range from 50% to 98% [15;25]. 

Subtraction arthrography
Contrast arthrography has been used less frequently for the diagnosis of loosening in cemented 

and uncemented total hip replacements. This technique was improved by the introduction of 

subtraction arthrography and digital subtraction arthrography [26;27]. In subtraction arthrography, 

a contrast medium is injected into the hip joint under sterile conditions and radiographic guidance 

by using a ventral or lateral approach. The contrast fluid is injected until the patient complains 

of pain or until an increase in resistance is experienced. The subtraction technique involves the 

subtraction of the pre-injection and post-injection radiographs. The acetabular component is 

considered loose when contrast is detected at the inferior aspect of the acetabular component 

(axial segment) [28]. The femoral component can be assessed by dividing the stem into proximal 

and distal segments, as described by Barentsz et al. [29], and is considered loose when contrast 

leakage is detected in the distal prosthetic segment [17]. Previous studies have shown varying 

results of the diagnostic performance of contrast arthrography, with accuracies ranging from 

43% to 94% [30;31]. In a study by Warner et al., digital subtraction arthrography showed a 

potential benefit when compared with contrast arthrography [32]. However, randomized or 

prospective comparisons of contrast and subtraction arthrographies have not been performed.

Nuclear arthrography
Similar to contrast arthrography, intra-articular injection of a radionuclide may indicate or confirm 

the diagnosis of prosthetic component loosening. In nuclear arthrography, anterior, posterior and 

lateral images are obtained after injecting a nuclear contrast agent. Images are often reviewed 

in a digital format by superpositioning the nuclear arthrography images over the bone scan; this 

reveals the anatomical orientation. For assessment, the acetabular component is divided into 3 

segments (medial, axial and lateral), as described by Delee and Charnley [21]. The acetabular 

component is considered loose when [1] tracer accumulation is observed at the inferior aspect of 

the acetabular component (axial segment), [2] there is lateral or medial tracking of contrast media 

or [3] both [28]. For the assessment of femoral component loosening by nuclear and subtraction 

arthrographies, the stem is divided into proximal and distal segments, as described by Barentsz 

et al [29]. Similar to subtraction arthrography, in nuclear arthrography, a femoral component is 

considered loose when contrast leakage is detected in the distal prosthetic segment [17]. The 

reported diagnostic accuracies range from 56% to 100% [33-35].
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Bone scintigraphy
Bone scintigraphy is a common diagnostic technique used for evaluating a painful THA; here, a 

radionuclide is injected intravenously in a patient. After the injection, standard anterior, posterior 

and lateral images are obtained using a gamma camera. The static images of the acetabular 

component may be interpreted using the criteria of hip prosthesis loosening established by 

Horoszowski et al. and Delee and Charnley [21;36]. The prosthesis is considered loose when 

there is a moderate increase in tracer uptake in at least 2 zones or an intense uptake in at least 

1 zone [36]. For the femoral component, prosthesis loosening is suspected when there is a mild 

or moderate increase in contrast uptake in more than 2 zones or an intense uptake in at least 1 

zone [36]. Although several reports have suggested the added value of bone scintigraphy, the 

reported diagnostic accuracies varied from 46% to 100% [37;38].

PET  
PET is a relatively new imaging technique that has thus far not been systematically validated 

with regard to its usefulness in evaluating a painful THA. PET offers the possibility to study and 

quantify regional tissue physiology and pathophysiology with a resolution higher than that of 

bone scintigraphy. In PET bone imaging, [18F–] fluoride ions are rapidly cleared from the plasma 

by diffusion through capillary membranes and are eventually incorporated into the bone. By 

using 15O-labelled water, localized increase in the bone blood flow can be measured. By applying 

the [18F–] fluoride ions, distribution of the biological process can be recorded and quantified 

using a mathematical model that describes the kinetics of this tracer as it participates in bone 

metabolism [39].

Studies on the use of the abovementioned diagnostic techniques for assessing patients suspected 

with aseptic loosening of a THA have shown encouraging results.

Based on the various reports on these topics, physicians can confirm the diagnosis of prosthesis 

loosening by using these techniques. However, there are no guidelines on the routine use 

of diagnostic imaging techniques. Besides the evidence on the diagnostic accuracy of these 

techniques, there is an increasing demand for evidence regarding efficient diagnostic algorithms. 

This demand, in part, is based on patient morbidity and is also a result of the combination of 

limited availability of most techniques and an increasingly cost-conscious environment in patient 

healthcare systems. 
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Development of a diagnostic algorithm
In this era of evidence-based medicine, clinicians often refer to scientific literature for high-

quality evidence related to the application of diagnostic imaging tests in an attempt to determine 

the ideal modality for assessing a painful THA. However, studies on diagnostic accuracy are 

often associated with a number of methodological limitations with regard to study design, data 

collection and data reporting. Although a methodologically perfect study is often not feasible 

in clinical practice due to ethical or patient-related issues, these methodological limitations 

may be associated with biased results [40]. In order to provide a comprehensive evaluation of 

the effectiveness of plain radiography, contrast arthrography, nuclear arthrography and bone 

scintigraphy in assessing painful THAs, we followed a stepwise approach. 

1.  Identification of the current clinical practice. 

 We conducted a national survey covering all orthopaedic clinics and investigated the application 

of the 4 diagnostic techniques for assessing painful THAs. The items included in the questionnaire 

were used to obtain insights into the following areas: the availability of tests; the field of interest 

of the orthopaedic surgeon; patient population catered to by the orthopaedic surgeon; and if 

present, the protocol applied for assessing THAs. The participation rate in this survey was 

good: 122 of the 138 hospitals responded (response rate, 88%). We found a high variation 

in the number of hip revisions performed between various hospitals. Of these orthopaedic 

departments, 26% revised less than 10 painful THAs every year, while over 40% performed 

more than 20 revision THAs each year. The departments that indicated revision THA as a 

field of interest (79% of the respondents) performed significantly more revision arthroplasties 

when compared with the departments that were not specialized in revision hip surgery (25 

versus 11 revision THAs per year; p < 0.01). A guideline for the use of diagnostic imaging 

techniques in patients with a painful THA was available in only 36 of the 122 hospitals. Of the 

interviewed orthopaedic surgeons, 94% used plain radiography as the baseline technique for 

the assessment of painful THAs. When plain radiographs were inconclusive, bone scintigraphy 

was used as an additional technique by the majority of the orthopaedic surgeons (79%), while 

subtraction arthrography was used in 14% of the clinics. Subtraction arthrography was used 

as a third optional technique in 68% of the orthopaedic clinics. Nuclear arthrography was 

applied in only 13% of the orthopaedic clinics. We found no significant difference in the order 

of the applied diagnostic techniques between the orthopaedic centres that showed an interest 

in revision arthroplasties and those that showed less interested. In conclusion, a minority of 

the responding departments had guidelines concerning the application of diagnostic imaging 

techniques in patients suspected with total hip prosthesis loosening. Furthermore, although 

a combination of radiographic and nuclear techniques was often used, nuclear arthrography 

was only scarcely used as an applied diagnostic modality.
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2. A systematic review of published evidence to provide information about the effectiveness 

of these diagnostic modalities by identifying, appraising and summarising the results of the 

otherwise large research data. 

 By locating and synthesizing evidence from the primary studies, we attempted to answer 

the question—How can the diagnostic tests be efficiently implemented in clinical practise? 

Furthermore, by identifying the known and unknown facts, this systematic review may help in 

planning a new primary research.

3. Clinical evaluation of primary research questions identified in systematic reviews.

 Following step 2, we studied the diagnostic accuracy, combined accuracy and interobserver 

variability of plain radiography, subtraction arthrography, nuclear arthrography, and bone 

scintigraphy for assessing aseptic acetabular and femoral component loosening.

4. Development and implementation of an evidence-based clinical practice guideline. 

 We believed that by combining steps 1–3, a guideline for the use of these diagnostic techniques 

can be formulated. The aim was to improve the diagnosis and treatment of aseptic THA 

loosening and reduce variations in medical practice, thereby improving the quality of patient 

care in clinical practice, and to encourage further research. 

5. Assessment of residual inefficiency of the diagnostic algorithm (back to step 1). 

 In order to assess the clinical value and residual inefficiency of the diagnostic algorithm 

formulated in step 4, the previously described steps may require revision after this diagnostic 

algorithm is tested through clinical implementation.

Outline of the Thesis
Part I: A Comparison of Radiographic and Scintigraphic Techniques to Assess Aseptic Loosening 

of THA 

In Chapter 1, based on the available literature, we have evaluated the diagnostic accuracy of 

plain radiography, subtraction arthrography, nuclear arthrography and bone scintigraphy for 

assessing the acetabular component suspected with aseptic loosening. Chapter 2 focuses on 

the clinical application of these 4 techniques, their diagnostic accuracy, interobserver variability 

and combined diagnostic accuracy. 

In Chapter 3, based on the available literature, we have evaluated the diagnostic accuracy of 

plain radiography, subtraction arthrography, nuclear arthrography and bone scintigraphy for 
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assessing the femoral component suspected with aseptic loosening. Chapter 4 focuses on the 

clinical application of these 4 techniques, their diagnostic accuracy, interobserver variability and 

combined diagnostic accuracy. 

In Chapter 5, we have evaluated the diagnostic accuracy of contrast and subtraction arthrography 

in the assessment of painful THAs by reviewing the current literature.

Part II: Imaging and quantification of bone metabolism in patients after THA by using PET 

In Chapter 6, we have evaluated PET as an alternative diagnostic technique for patients who 

underwent primary and revision THAs using impacted bone allografts. Blood flow and osteoblast 

activity were evaluated using H2
15O and 18F–; these tests offered the possibility to study regional 

tissue physiology and pathophysiology in patients with bone allografts after revision THAs. 

. 

In Chapter 7, we have evaluated the use of 2-[fluorine-18]fluoro-2-deoxy-D-glucose (18FDG) PET in 

a patient with an unknown focus of infection that caused repetitive THA infection. The potential 

diagnostic value of 18FDG PET in patients suspected with THA infection has been discussed and 

compared with that of conventional radiography and three-phase bone scintigraphy.
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Abstract
This meta-analysis was performed to summarize and compare the diagnostic performance and 

diagnostic accuracy of radiographic and scintigraphic techniques in the evaluation of patients 

suspected of having aseptically loose acetabular components. Twenty-eight studies, published 

between January 1975 and October 2004, presented sufficient data for quantitative analysis. The 

pooled sensitivity and specificity rates for plain radiography were 70% (95% confidence interval [CI] 

= 59%-79%) and 80% (95% CI = 73%-86%), respectively; those for subtraction arthrography were 

89% (95% CI = 84%-93%) and 76% (95% CI = 68%- 82%), respectively; and those for nuclear 

arthrography were 87% (95% CI = 57%- 97%) and 64% (95% CI = 40%-82%), respectively. Finally, 

bone scintigraphy had a sensitivity of 67% (95% CI = 57%-76%) and a specificity of 75% (95% CI 

= 64%- 83%). We found a significantly higher sensitivity for subtraction arthrography as compared 

with plain radiography and bone scintigraphy. Therefore, subtraction arthrography is recommended 

for use as an additional diagnostic technique when plain radiography is found to be inconclusive. 
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Introduction
Hip replacement surgery is one of the most successful ways of treating patients who are suffering 

from painful and diseased hips. However, with the increasing number of patients who are being 

treated with hip arthroplasties, the number of complications and failures are increasing as well. 

Some authors have suggested that 10% of all prostheses will fail within 10 years after implantation, 

mostly due to aseptic loosening [1]. Because this condition requires major surgery, accurate diagnosis 

of loosening is required preoperatively. Apart from unnecessary morbidity, delayed diagnosis may 

cause bone loss, potentially complicating revision surgery. On the other hand, revision surgery also 

carries significant morbidity.

In clinical practice, diagnostic evaluation of a suspected loose hip prosthesis is often based on, 

in addition to clinical evaluation, the use of imaging techniques (eg plain radiography, bone 

scintigraphy). Therefore, for a physician, knowledge regarding reliability and validity of these tests 

is a prerequisite. However, controversy regarding the optimal evaluation and performance of the 

various tests used for this clinical problem exists [2-10]. This debate may be augmented by the fact 

that the arthrographic techniques are invasive, thus imposing morbidity. 

The diagnostic evaluation of acetabular components is more complex than that of femoral 

components [7;11;12]. For some authors, this has been a reason to exclude acetabular components 

in studies evaluating the diagnostic performance of nuclear and radiographic imaging techniques 

[13;14]. On the other hand, other authors report only on the diagnosis of acetabular cup loosening 

[4;15;16].

In the present study, we systematically reviewed relevant studies to estimate the accuracy of plain 

radiography, subtraction arthrography, nuclear arthrography and bone scans, with respect to the 

assessment of acetabular components suspected of aseptic loosening. 

Materials and Methods
Identification of studies
In order to identify relevant studies, we conducted a comprehensive computer literature search 

using the PubMed and EMBASE database using the guidelines developed by Deville et al [17]. 

We used combinations of key words and medical subject headings to identify original full-length 

articles on the use of plain radiography, subtraction arthrography, nuclear arthrography, and bone 

scintigraphy in patients suspected of hip prosthesis loosening.

A sensitive search strategy was used, yielding an excess of 3400 hits, all of which were checked 

for relevance using their titles and abstracts. Our search was completed by manually reviewing the 

reference lists of the retrieved articles, textbooks and reviews to identify additional studies. We 

made no attempt to include conference proceedings and unpublished data. Our search strategy 
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was limited to articles published in the English language, human-adult studies, and studies published 

between January 1975 and October 2004. The search strategy can be found in the addendum of 

this study. 

Study Selection 
Studies were selected independently by 2 authors (OT and PR) and reviewed with regard to their 

eligibility for detailed analysis. A consensus was reached in case of disagreement. We included 

studies that (1) evaluated the diagnostic performance of plain radiographs, subtraction arthrograms, 

nuclear arthrograms or bone scans in patients suspected of having hip prosthesis loosening, (2) used 

a minimal 1-year follow-up period or operation as gold standard, (3) included at least ten patients, (4) 

presented data in enough detail to calculate index test characteristics (ie, sensitivity and specificity), 

and (5) described aseptically loose prostheses only. In the case of an unclear or undifferentiated 

patient group with regard to septic or aseptic loosening of an acetabular component, the study 

was rejected. Reviews, abstracts, editorials, letters, and comments were excluded. During the study 

selection, the reviewers were not blinded from the authors and publication sources.

Assessment of Methodological Quality 
Quality analysis of selected studies was independently performed by the 2 reviewers (OT and PR) 

using a modified version of the checklist designed by the Cochrane Methods Group on Systematic 

Review of Screening and Diagnostic Tests [18]. The criteria cover 2 dimensions: internal validity (used 

to assess the methodological quality of studies) and external validity (used for key characteristics 

of included studies; eg, scanning protocols, interpretation criteria). In the case of poor reporting, 

or when not explicitly mentioned, the items were scored as “can’t tell”. To categorize studies with 

regard to their strength of evidence, we used the criteria as described by the Centre for Evidence-

Based Medicine of the National Health Service Research and Development (http://www.cebm.

net). These criteria describe 5 levels of evidence that correspond to grades of recommendation. 

Level 1 indicates that the reference standard used in a study is applied independently or in a 

blinded fashion; this corresponds to a high grade of recommendation (grade A). Level 4 describes 

a reference standard that is not applied independently and is not assessed blindly; this corresponds 

to a low grade of recommendation (grade C). 

In the case of disagreement between the reviewers, consensus was reached by discussion.

Data Extraction
Data were independently extracted by 2 reviewers (OT, PR) and included demographic and implant 

characteristics (eg, age, sex, type of prosthesis, and prosthesis lifespan). A detailed analysis was 

performed with regard to the imaging procedures, image interpretation, and the effects of time 

as determined by the publication date to form subgroups when possible. Finally, data regarding 

prevalence of loosening and the diagnostic performance indexes (eg, sensitivity and specificity) of 

the imaging test were recorded. 
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Data Synthesis and Statistical Analysis
Contingency tables with 2x2 dimensions were extracted from the original data and used to 

calculate the true-positive rate (sensitivity), true negative rate (specificity), the false- positive rate (1- 

specificity), and the diagnostic odds ratio (DOR) [17;19-22]. The DOR is a measure of diagnostic test 

performance and describes the ratio of the odds of obtaining a positive test result in the patients 

with a loose acetabular component divided by the odds of a positive test result in healthy subjects. 

A DOR higher than 1 indicates discriminative power; the higher the DOR of a test, the higher the 

discriminative power. 

Heterogeneity of the sensitivity and specificity across the studies was tested using Chi-square test 

or Fisher exact tests with k-1 degrees of freedom (k = number of studies). Pooling of data was 

performed if sensitivity as well as specificity were homogeneous [17;19]. In the case of heterogeneity, 

a Spearman’s rank correlation coefficient (ρ) was calculated to measure the extend of correlation 

between sensitivity and specificity. If ρ was lower than -0.40, variation between studies is most likely 

explained by different cut-off points and a summary receiver operating characteristic curve may be 

modelled [17]. For diagnostic techniques showing a correlation coefficient of > –0.4, heterogeneity 

was explored by subgroup analysis [17]. This subgroup analysis was performed using a univariate 

meta-regression analysis to evaluate the effect of prosthesis characteristics, contrast media, and 

the internal as well as the external validity criteria on the diagnostic accuracy (DOR). A Galbraith 

plot was constructed to identify outlier studies [23]. Finally, we explored the heterogeneity of the 

DORs [24]. In the case of remaining heterogeneity between studies, a random effects model was 

chosen [17;24]. The logit-transformed sensitivity, specificity, and corresponding 95% CI of the index 

tests were compared using z-test statistics. A P value lower than .05 was considered significant. 

Results
Descriptive Analysis
The previously described selection criteria yielded 134 articles eligible for further analysis. Twenty-

eight of these presented sufficient data for quantitative analysis, and these are the basis of the 

present analysis [2-12;15;25-40]. The characteristics of the included studies are shown in Figs. 1 

and 2 as well as Tables 1 and 2. We identified 22 comparative studies combining various imaging 

techniques in the assessment of the acetabular component [2;3;5;6;8-12;25-29;31-34;36-38;40]. 

The remaining 6 studies involved contrast arthrography, plain radiography, or bone scintigraphy 

alone [4;7;15;30;35;39]. Eight studies dealt with cemented components [3;4;7-10;27;40], whereas 

3 dealt with uncemented components [10] [5] [15]. Eighteen studies did not provide differentiated 

results in this respect [2;6;11;12;25;26;28-39]. The patients were between 17 and 92 years old. In 5 

studies, no information was reported regarding sex [4;7;11;23;27]; in 7, data regarding age had not 

been reported [4;7;11;23;24;27;30].
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Figure 1. Individual study 
estimates of the sensitivity and 
1-specificity of plain radiography 
(A), subtraction arthrography 
(B), nuclear arthrography (C), 
and bone scintigraphy (D).
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Figure 2. Individual study estimates of the DOR of plain radiography 
(A), subtraction arthrography (B), nuclear arthrography (C), and 
bone scintigraphy (D).

Qualitative Analysis
With regard to the internal validity criteria, 

there was disagreement between the observers 

in 56 of the 224 scores. None of the 28 

included studies were considered as a level-A 

recommendation for diagnostic studies (Table 

2). All had level-of-evidence 4, mostly because 

of the presence of verification bias. Verification 

bias was present when the decision to perform 

an operation was based on the outcome of 

the imaging technique that was investigated. 

There was no randomized study, and 3 studies 

were prospective [32;33;40]. In 9 studies not 

all of the patients underwent a valid reference 

test [7;8;11;29;31;33-35;39]. Only patients who 

underwent a valid reference test (as described 

previously) were included for further analysis. 

In 10 studies, both the femoral and acetabular 

components were described and both cemented 

and uncemented were included [6;10;12;28;32-

37]. Patients were included consecutively in 7 

studies [5;6;8;12;25;28;40]. Inclusion criteria 

had not been described in 9 studies [2;11;15;29-

32;34;35]. In 9 studies, patients with comorbid 

conditions were included, possibly influencing 

arthrography [3;10;15;26;27;32;38-40]. 

Quantitative Analysis
Because we identified evidence of statistical 

heterogeneity in studies describing all 4 modalities, 

we used a random-effects model to derive 

summary estimates of test performances for 

these studies. We found no correlation between 

the methodological quality of the studies and 

the diagnostic performance of the 4 modalities. 

A

C

D

B
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Table 1 Characteristics of included studies. 

Study* Year of 
Publication

Origin Index test Participants, 
No. (%Male)

Age, [Range] No. of 
Acetabular 

Components

Prevalence 
of 

Loosening

Barentsz et al [2] 1986 The Netherlands X,SA 24   (54) 63 [30-81] 22 73%

Cain et al [3] 1990 Australia X,CA 40   (58) 64 [23-87] 33 93%

Carlsson et al [4] 1982 Sweden X 100 (NR) NR 100 30%

Cheung et al [5] 1997 United States X,CA/SA 32   (56) 52 [23-77] 21 29%

Gelman et al [11] 1978 United States X,CA/SA,BS 16   (NR) NR 10 70%

Ginai et al [6] 1996 Netherlands X,SA,BS 70   (24) NR   [34-86] 66 61%

Hendrix et al [29] 1983 United States X,SA 31   (39) 57 [19-83] 31 68%

Koster et al [34] 1993 Germany X,CA,NA 61   (54) 70 [44-84] 31 87%

Li et al [7] 1994 United Kingdom BS 74   (NR) NR 22 45%

Lieberman et al [8] 1993 United States X,BS 54   (41) 65 [35-85] 43 47%

Lyons et al [12] 1985 United States X,SA,BS 50   (44) 75 [23-82] 49 68%

Maxon et al [33] 1989 United States CA/SA,NA 15   (33) NR 13 46%

Miniaci et al [9] 1990 Canada X,CA,NA 64   (42) 69 [30-90] 52 60%

O’neill et al [25] 1984 United States X,SA 55   (56) NR [17-82] 60 58%

Oyen et al [10] 1996 The Netherlands CA/SA,NA,BS 105 (27) 63 [28-85] 107 71%

Ovesen et al [40] 2003 Denmark X,SA,BS 56 (48) 63 [NR] 56 61%

Pearlman et al [26] 1980 United States X,BS 33   (NR) NR 13 85%

Pfahler et al [28] 1998 Germany X,SA,BS 326 (38) 70 [31-92] 326 79%

Philips et al [36] 1982 United States X,SA 101 (50) 56 [17-84] 84 48%

Rosenthall et al [37] 1985 Canada CA,BS 23   (39) F:60[36-89], 

M:57[29-71]

18 NR

Tehranzadeh et al [27] 1981 United States X,CA/SA,BS 89   (42) NR 60 47%

Tehranzadeh et al [32] 1987 United States X,CA/SA 21   (38) 60 [22-79] 15 53%

Udomkiat et al [15] 2001 United States X 50   (48) 53 [23-76] 52 33%

Walker et al [35] 1991 United States SA 69   (70) 64 [26-82] 44 55%

Warner et al [39] 1986 United States SA 23   (52) 56 [32-75] 11 18%

Weiss et al [30] 1979 United States BS 29   (NR) NR 35 29%

Williams et al [38] 1981 United Kingdom CA,BS 30   (50) 73 [59-78] 15 13%

Williamson et al [31] 1979 United States CA,BS 20   (55) 60 [41-76] 23 13%

Number in superscript is the reference number. X= plain radiography, SA=subtraction arthrography, CA= contrast 
arthrography, NA= nuclear arthrography, BS= bone scintigraphy, F=Female, M=Male, NR= not reported. 

Further evaluation of the heterogeneity, by means of meta-regression and subgroup analysis (ie, 

prosthesis characteristics, internal validity criteria) did not identify any source of heterogeneity. 

Plain radiography had pooled sensitivity and specificity rates of 70% (95% CI = 59%-79%) and 

80% (95% CI = 73%-86%), respectively. Six studies investigated the diagnostic performance 

of plain radiography for cemented components [3;4;8;9;27;40]. The pooled sensitivity of 
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radiography of cemented acetabular components was 81% (95% CI = 66%-90%) and we found 

a pooled specificity of 83% (95% CI = 70%-91%). Only 2 studies described the use of plain 

radiography for evaluating uncemented acetabular components; these reported an accuracy of 

76%, and 98% [5;15].

Subtraction arthrography revealed a significantly higher sensitivity as compared with plain 

radiography and bone scintigraphy (P< .05), and had an overall sensitivity of 89% (95% CI = , 

84%-93%) and a specificity of 76% (95% CI = 68%-82%). Ovesen et al reported the only study 

describing results for cemented acetabular components and found a sensitivity of 94% (95% CI 

= 80%-99%) and a specificity of 91% (95% CI = 70%-99%)[40]. 

Nuclear arthrography had an overall sensitivity of 87% (95% CI = 57%–97%) and a specificity of 

64% (95% CI = 40% –82%). Only 2 studies distinguished between cemented and uncemented 

acetabular components [9;10].

Bone scintigraphy had an overall sensitivity of 67% (95% CI = 57%-76%) and a specificity of 75% 

(95% CI = 64%-83%). Five studies described the accuracy of bone scintigraphy for cemented 

components [7;8;10;27;40]. Pooled sensitivity was 63% (95% CI = 38%-82%) and specificity was 

76% (95% CI = 53%-90%). Only one study described the use of bone scintigraphy for uncemented 

femoral components; it reported a sensitivity of 75% (95% CI = 61%-85%) and a specificity of 

41% (95% CI = 18%-67%) [10]. The summary estimates of eligible studies on the various imaging 

techniques are shown in Table 3. 

Discussion
In this systematic review, we assessed the present evidence on plain radiography, subtraction 

arthrography, nuclear arthrography and bone scintigraphy in the diagnosis of aseptic loosening of 

an acetabular component of a total hip prosthesis. Using the data of the 28 included studies, we 

found a pooled sensitivity and specificity rates of approximately 70% and 80%, respectively, for 

plain radiography. Subtraction arthrography has a sensitivity and specificity of approximately 89% 

and 76%, respectively. Nuclear arthrography has a sensitivity and specificity of 87% and 64%, 

respectively. Finally, bone scintigraphy has a sensitivity and specificity of approximately 67% and 

76%, respectively. Subtraction arthrography had a significantly higher sensitivity as compared with 

bone scintigraphy and plain radiography. The pooled specificity of the four diagnostic techniques 

did not show significant differences. 

During our data-analysis, we identified considerable heterogeneity between the reported test 

performances of the eligible studies. Unfortunately, subgroup analyses of prosthesis characteristics 

(eg, use of screw fixation, press-fit prostheses, type of porous coating), could not be performed 

owing to a limited description of prosthesis characteristics in most studies. Description of contrast 

media and the internal and external validity criteria did not identify any source for this heterogeneity. 



32

Table 2. Description of the Internal Validity, Levels of Evidence, and Grades of Recommendation of 
the Included Studies on the Diagnostic Performance of the 4 Imaging Techniques

Clinical Studies Valid Reference
Test in N ≥10

Standardized 
Reference 

test (RT)

Valid RT in 
each patient

Blind 
inter-

pretation*

RT independent 
of Index test  

(IT) †

Comparison of 
index tests (IT’s) ‡

Study Design Missing data 
reported

Level of 
evidence

Grade of recom-
mendation

Barentsz et al [2] Operation Yes Yes E C E Can’t tell not applicable 4 C

Cain et al [3] Operation Yes Yes B D C retrospective Yes 4 C

Carlsson et al [4] Operation Yes Yes B D not applicable retrospective Yes 4 C

Cheung et al [5] Operation Yes Yes B D E retrospective Yes 4 C

Gelman et al [11] Operation Yes No E D A Can’t tell No 4 C

Ginai et al [6] Operation Yes Yes B D A retrospective No 4 C

Hendrix et al [29] Operation Yes No E D C Can’t tell No 4 C

Koster et al [34] Operation Yes No E D E Can’t tell not applicable 4 C

Li et al [7] Operation Yes No B D not applicable retrospective No 4 C

Lieberman et al [8] Operation Yes No B D E retrospective not applicable 4 C

Lyons et al [12] Operation Yes Yes E D E Can’t tell not applicable 4 C

Maxon et al [33] Operation Yes No B D A prospective not applicable 4 C

Miniaci et al [9] Operation Yes Yes A D E Can’t tell not applicable 4 C

O’neill et al [25] Operation Yes Yes E D E retrospective No 4 C

Oyen et al [10] Operation Yes Yes B D A Can’t tell not applicable 4 C

Ovesen et al [40] Operation Yes Yes B D C Prospective not applicalbe 4 C

Pearlman et al [26] Operation Yes Yes B/D C C retrospective not applicable 4 C

Pfahler et al [28] Operation Yes Yes B D E retrospective not applicable 4 C

Philips et al [36] Operation Yes Yes E E D retrospective not applicable 4 C

Rosenthall et al [37] Operation Yes Yes E D E retrospective not applicable 4 C

Tehranzadeh et al [27] Operation Yes Yes D D E retrospective No 4 C

Tehranzadeh et al [32] Operation Yes Yes B D E prospective not applicable 4 C

Udomkiat et al [15] Operation Yes Yes B D not applicable Can’t tell not applicable 4 C

Walker et al [35] Operation Yes No B D not applicable retrospective not applicable 4 C

Warner et al [39] Operation Yes No D E not applicable Can’t tell not applicable 4 C

Weiss et al [30] Both Yes Yes E D not applicable retrospective No 4 C

Williams et al [38] Operation Yes Yes E E E Can’t tell not applicable 4 C

Williamson et al [31] Operation Yes No E E E Can’t tell not applicable 4 C

RT indicates reference test; IT, index test; NA, not applicable. *In this category, “A” indicates an IT independent of the 
RT and vice versa; “B,” an IT independent of the RT but not vice versa; “D,” IT and RT not measured independently of 
each other; and “E,” not reported. † In this category, “C” indicates that the RT was measured in patients selected for a 
variety of reasons; “D,” that the selection of patients for assessment by the RT was not independent of the IT results; 
and “E,” not reported. ‡ In this category, “A” indicates all tests done independently on each patient; “C,” all tests done 
on each patient but not assessed independently; “D,” different tests done on different patients not allocated randomly; 
and “E,” not reported.
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Table 2. Description of the Internal Validity, Levels of Evidence, and Grades of Recommendation of 
the Included Studies on the Diagnostic Performance of the 4 Imaging Techniques

Clinical Studies Valid Reference
Test in N ≥10

Standardized 
Reference 

test (RT)

Valid RT in 
each patient

Blind 
inter-

pretation*

RT independent 
of Index test  

(IT) †

Comparison of 
index tests (IT’s) ‡

Study Design Missing data 
reported

Level of 
evidence

Grade of recom-
mendation

Barentsz et al [2] Operation Yes Yes E C E Can’t tell not applicable 4 C

Cain et al [3] Operation Yes Yes B D C retrospective Yes 4 C

Carlsson et al [4] Operation Yes Yes B D not applicable retrospective Yes 4 C

Cheung et al [5] Operation Yes Yes B D E retrospective Yes 4 C

Gelman et al [11] Operation Yes No E D A Can’t tell No 4 C

Ginai et al [6] Operation Yes Yes B D A retrospective No 4 C

Hendrix et al [29] Operation Yes No E D C Can’t tell No 4 C

Koster et al [34] Operation Yes No E D E Can’t tell not applicable 4 C

Li et al [7] Operation Yes No B D not applicable retrospective No 4 C

Lieberman et al [8] Operation Yes No B D E retrospective not applicable 4 C

Lyons et al [12] Operation Yes Yes E D E Can’t tell not applicable 4 C

Maxon et al [33] Operation Yes No B D A prospective not applicable 4 C

Miniaci et al [9] Operation Yes Yes A D E Can’t tell not applicable 4 C

O’neill et al [25] Operation Yes Yes E D E retrospective No 4 C

Oyen et al [10] Operation Yes Yes B D A Can’t tell not applicable 4 C

Ovesen et al [40] Operation Yes Yes B D C Prospective not applicalbe 4 C

Pearlman et al [26] Operation Yes Yes B/D C C retrospective not applicable 4 C

Pfahler et al [28] Operation Yes Yes B D E retrospective not applicable 4 C

Philips et al [36] Operation Yes Yes E E D retrospective not applicable 4 C

Rosenthall et al [37] Operation Yes Yes E D E retrospective not applicable 4 C

Tehranzadeh et al [27] Operation Yes Yes D D E retrospective No 4 C

Tehranzadeh et al [32] Operation Yes Yes B D E prospective not applicable 4 C

Udomkiat et al [15] Operation Yes Yes B D not applicable Can’t tell not applicable 4 C

Walker et al [35] Operation Yes No B D not applicable retrospective not applicable 4 C

Warner et al [39] Operation Yes No D E not applicable Can’t tell not applicable 4 C

Weiss et al [30] Both Yes Yes E D not applicable retrospective No 4 C

Williams et al [38] Operation Yes Yes E E E Can’t tell not applicable 4 C

Williamson et al [31] Operation Yes No E E E Can’t tell not applicable 4 C

RT indicates reference test; IT, index test; NA, not applicable. *In this category, “A” indicates an IT independent of the 
RT and vice versa; “B,” an IT independent of the RT but not vice versa; “D,” IT and RT not measured independently of 
each other; and “E,” not reported. † In this category, “C” indicates that the RT was measured in patients selected for a 
variety of reasons; “D,” that the selection of patients for assessment by the RT was not independent of the IT results; 
and “E,” not reported. ‡ In this category, “A” indicates all tests done independently on each patient; “C,” all tests done 
on each patient but not assessed independently; “D,” different tests done on different patients not allocated randomly; 
and “E,” not reported.

Furthermore, a visual inspection of 

the plots of sensitivity, specificity, and 

the DOR did not identify a specific 

outlier study that could explain the 

heterogeneity within a group. One of 

the explanations for the unexplained 

heterogeneity is the lack of standard 

interpretation criteria. Furthermore, 

a cause for heterogeneity may be 

the patient population or case-mix. It 

is apparent that test performances, 

specifically in the case of diagnostic 

studies, may fluctuate in the case of 

varying distribution of component 

loosening. However, in the present 

study, analysis of the source of the 

population (eg, teaching hospitals, 

nonreferred patients) did not identify 

this as a source of heterogeneity. 

Similarly, subgroup analysis did not 

identify internal and external validity 

criteria as source of variability between 

studies. Therefore, the meta-analytic 

results of this study may represent the 

most likely estimate of test accuracy 

[19;41]. 

Quality analysis of the selected studies 

was performed using a modified 

version of the checklist designed 

by the Cochrane Methods Group 

on Systematic Review of Screening 

and Diagnostic Tests [18]. However, 

there are other checklists available 

for quality assessment (eg, Arrive et 

al[42]). Although there are similarities 

between the method we used and 

that cited by Arrive et al (eg, study 

design, reference standard, inclusion 
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/ exclusion criteria, spectrum of patients, avoidance of verification bias), we applied the former 

method based on both thoroughness of the current criteria and our previous experiences [43]. 

Our qualitative analysis of the eligible studies identified a number of methodological limitations 

regarding study design, data collection and data reporting. In many diagnostic studies with an 

invasive reference test, such as surgery, more positive than negative test results are verified [41]. 

Hence, the decision to perform the gold standard (surgery) depends on the results of the diagnostic 

test, resulting in a possible verification bias. Indeed, this review showed that most included studies 

only used the results of hip revision surgery as the gold standard. On the other hand, verification 

bias may be less prominent in these studies because acetabular component loosening and femoral 

component loosening may induce a surgical exploration of the hip prosthesis. Hence, also cups 

that were identified as fixed have been explored by surgery. The highly variable prevalence of cup 

loosening, ranging from 13% to 93%, illustrates the differences in patient selection for hip revision 

surgery. 

Other limitations of the included studies relate to the incomplete reporting of methods applied; 

however, to a certain extent, this may have been imposed by journal editors. Only a limited 

number of studies reported data in sufficient detail to enable us to perform a subgroup analysis. 

For example, 8 of the 19 studies concerning plain radiography described subgroups for cemented 

or uncemented prosthesis. Because only 2 studies reported data concerning the uncemented 

acetabular components, a comparison between these 2 groups, although of relevance for the 

clinician, was impossible. Furthermore, none of the eligible studies described observer variability. 

Apart from limitations in the methodological quality of the eligible studies, there are those related 

to meta-analyses, such as publication bias. It is speculated that studies of good quality or those that 

show encouraging results have a higher likelihood of being published as compared with studies of 

low methodological quality or those with negative results [41]. This could consequently result in an 

overestimation of test performance, whereas meta-analyses of diagnostic techniques are specifically 

susceptible for this form of bias. With regard to the current study, this is possibly illustrated by 

the number of publications and consequently the sample size of the studies concerning nuclear 

arthrography. Only 4 studies have been published regarding this technique, whereas for subtraction 

Table 3. Pooled Estimates of the Diagnostic Performance of the 4 Imaging Techniques Used to Diagnose Acetabular 
Component Loosening.

Overall Prevalence of a Loosened 
Prosthesis

Sensitivity (%) Specificity (%) DOR (%)

+ -

Plain radiography 674 408 70% (59-79) 80% (73-86) 14 (7-26)

Subtraction arthrography 319 156 89% (84-93) 76% (68-82) 31 (16-61)

Nuclear arthrography 140 63 87% (57–97) 64% (40–82) 15 (3-74)

Bone scintigraphy 362 243 67% (57-76) 75% (64-83) 6 (3-10)

Pooled estimates were calculated using a random effects model. Values in parentheses are expressed as 95% CI. 
+ indicates loose cup; -, solid cup.
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arthrography 10 studies could be included. Although a methodologically perfect study is often not 

feasible in clinical practice because of ethics- or patient-related issues, methodological imperfect 

studies are likely to provide biased results [41]. It is however possible for diagnostic accuracy studies 

to improve study designs. For example, an independent blind comparison of diagnostic images and 

the reference test avoids review bias.

Conclusion
In this systematic review, we found a significant higher pooled sensitivity for subtraction arthrography 

as compared with plain radiography and bone scintigraphy. Therefore, it seems justified that plain 

radiography, which is often used as a baseline technique in the evaluation of the hip prostheses, 

should be complemented by subtraction arthrography when found inconclusive. However, several 

studies showed methodological limitations. Therefore, considering future studies, we hope that 

investigators will improve their study designs. The use of properly blinded interpreters in combination 

with a consecutive patient selection of a relevant spectrum of patients, with clear eligibility criteria 

and presentation of the results, will improve the methodological design significantly. 
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Abstract
The diagnosis of a loose total hip prosthesis is often established with use of radiographic and 

nuclear medicine techniques, but there is controversy about the relative utility of plain radiography, 

subtraction arthrography, nuclear arthrography, and bone scintigraphy. In this retrospective study, 

we evaluated the sensitivity, specificity, and interobserver reliability of these imaging modalities 

in patients suspected of having aseptic loosening of the acetabular component. 

From 1994 to 1999, eighty-six consecutive patients with pain after a total hip arthroplasty 

were evaluated for possible loosening of the components. The imaging evaluation included 

plain radiography followed by a one-day protocol that included bone scintigraphy, subtraction 

arthrography, and nuclear arthrography. For this study, two experienced nuclear medicine 

physicians and two experienced radiologists, all of whom were blinded with respect to the 

clinical pretest data and the clinical outcome, retrospectively interpreted the diagnostic images. 

The sensitivity and the specificity of each imaging modality were established by comparing the 

findings obtained with each technique with those found at surgery or during the subsequent 

clinical course of the patient. Interobserver variability was determined with the intraclass 

correlation coefficient. 

Plain radiography had a sensitivity of 85% (95% confidence interval, 71 to 94) and a specificity 

of 85% (95% confidence interval, 66 to 96) in detecting aseptic loosening of the acetabular 

component, but it had only fair interobserver variability (intraclass correlation coefficient, 0.37). 

For subtraction arthrography, the sensitivity was 72% (95% confidence interval, 57 to 84), the 

specificity was 70% (95% confidence interval, 50 to 86), and there was good inter-observer 

variability (intraclass correlation coefficient, 0.71). For nuclear arthrography, the sensitivity was 

57% (95% confidence interval, 41 to 71), the specificity was 67% (95% confidence interval, 46 

to 84), and there was fair interobserver variability (intraclass correlation coefficient, 0.24). For 

bone scintigraphy, the sensitivity was 83% (95% confidence interval, 69 to 92), the specificity 

was 67% (95% confidence interval, 46 to 84), and there was moderate interobserver variability 

(intraclass correlation coefficient, 0.43). 

Plain radiography had the highest diagnostic accuracy in the evaluation of aseptic loosening of 

the acetabular component. The diagnostic accuracy was increased when plain radiography was 

combined with bone scintigraphy or subtraction arthrography. However, we found considerable 

interobserver variability in image interpretation, even with experienced radiologists and nuclear 

medicine physicians. 
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Introduction
As much as 10% of all total hip replacements are revised within ten years, usually because 

of aseptic loosening of one or both components [1,2]. A loose total hip prosthesis is usually 

diagnosed on the basis of the clinical evaluation and imaging findings, such as those provided 

by routine radiography, subtraction arthrography, nuclear arthrography, and bone scintigraphy 

[3-11]. Previous reports have been inconclusive about the relative value of these techniques 

[6,8,9,12-17]. A complicating factor is that the accuracy of imaging investigations depends on 

the expertise of the interpreters [18-20]. In this retrospective study, we evaluated the sensitivity, 

specificity, and interobserver agreement of plain radiography, subtraction arthrography, nuclear 

arthrography, and bone scintigraphy in patients suspected of having aseptic loosening of the 

acetabular component. 

Materials and Methods 
Patients 
From 1994 to 1999, eighty-six consecutive patients (with a mean age of seventy-two years) 

who presented to our institution because of pain after a total hip arthroplasty were referred 

to the Departments of Radiology and Nuclear Medicine when both the history (pain in the hip 

during walking or movement) and physical examination (an increase of pain during axial loading, 

rotation, and walking) were suggestive of loosening of one or both of the components. All 

patients were evaluated with plain radiography followed by a one-day protocol that included 

digital subtraction arthrography, nuclear arthrography, and bone scintigraphy. For this study, 

the diagnostic images were retrospectively interpreted by four experts (two nuclear medicine 

physicians and two radiologists) who were blinded with respect to the clinical data and the patient 

outcomes. Thirteen patients were excluded from the study because information from all four 

diagnostic modalities was not available for retrospective analysis, leaving seventy-three patients 

(seventy-three acetabular components) as the study group. The demographic characteristics of 

the patients are presented in Table I. 

Plain Radiography 
We routinely made anteroposterior radiographs of the hip and pelvis and a true lateral radiograph 

of the affected hip. The anteroposterior radiograph of the pelvis was made with the lower 

extremities internally rotated 15°. The true lateral radiographs were made with the patient in 

the supine position with the x-ray tube at a 45° cephalad angle. The table-to-film distance was 

100 cm; there was no correction for magnification. If it was available, an early postoperative 

radiograph of the primary arthroplasty was compared with the most recent plain radiograph. For 
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assessment of the four imaging techniques, the acetabular component was analyzed with use of 

the method of DeLee and Charnley [21]. The acetabular component was considered to be loose 

if there was >2 mm of bone-cement or prosthesis-bone radiolucency, migration of the prosthesis 

of >3 mm, or a change in the amount of lateral tilt of >5° [15,22]. 

Digital Subtraction Arthrography 
The contrast medium of Isovist 300 (iotrolan [0.641 g/mL]; Schering, Berlin, Germany) mixed 

with 10 MBq indium-111-colloid was injected, under sterile conditions, into the hip joint under 

radiographic guidance, with use of an anterior approach and a 17-gauge spinal needle. Aspiration 

of hip fluid was attempted and, if acquired, the material was sent for culture. If hip fluid could 

not be aspirated, a small amount of saline solution was injected and aspirated for culture. The 

contrast medium (10 to 35 mL) was then injected until the patient complained of pain or until an 

increase in resistance was felt in the syringe. Subtraction images were obtained at one frame per 

second, with a maximum of twenty. Then, four representative images were copied to radiographic 

film. Subtraction motion artifacts were compensated by means of pixel shifting. The acetabular 

component was considered to be loose when contrast was detected at the inferior aspect of the 

acetabular component (the axial segment) [8]. 

TABLE I Demographic Data and Implant Characteristics for the Seventy-three Consecutive Patients (Seventy-three 
Acetabular Components) 

Patients

Male 19 (26%)

Female 54 (74%)

Age* (yr) Mean 71.7 (Range 34-84 years)

Implant Characteristics

Longevity of prosthesis* (yr)

Primary prosthesis Mean 7.2 (Range 1-15 years)

Revision prosthesis Mean 5.6 (Range 0.5-12 years)

No. of cemented prostheses 51

No. of uncemented prostheses 22

Diagnosis† (no. of patients)

Degenerative Osteoarthritis 41

Hip Dysplasia 7

Rheumatoid Arthritis 1

Ankylosing Spondylitis 2

Osteonecrosis 2

Trauma 9

Replacement Prosthesis 15

*The values are given as the mean, with the range in parentheses. †Some patients had more than one diagnosis.
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Nuclear Arthrography 
After subtraction arthrography, the patient was asked to walk (about 300 m) to increase intra-

articular pressure in the hip joint and enhance tracer transport along the prosthesis. For nuclear 

arthrography, anterior, posterior, and lateral images (300,000 counts per view) were recorded 

with use of a 15% window and 247 keV photopeak. 

The images were reviewed in a digital format with use of superposition of the indium-111 subtraction 

images over the bone scan, providing anatomical orientation. The acetabular component was 

considered loose if tracer accumulated at the inferior aspect of the acetabular component (the 

axial segment), if there was lateral or medial tracking of contrast media, or both [8]. 

Bone Scintigraphy 
Approximately three hours before the arthrographic procedure, 370 MBq of technetium-99m 

hydroxymethylene diphosphonate was injected intravenously and images were recorded with use 

of a dual-headed gamma camera (Genesys; ADAC Laboratories, Milpitas, California) equipped 

with low-energy high-resolution collimators. Dynamic images were obtained during the first sixty 

seconds by scanning every eight seconds after injection, after which a blood pool image of 120 

seconds was recorded. Static images were recorded two hours after the injection. Static anterior, 

posterior, and lateral images (300,000 counts per view) were made with use of a 15% window 

and 140 keV photopeak (technetium-99m) with an image matrix size of 256 × 256 pixels. The 

static images were interpreted with use of the criteria for hip prosthesis loosening described by 

Horoszowski et al.[23] and the radiographic zones described by DeLee and Charnley [21]. The 

prosthesis was considered to be loose if there was a moderate increase in tracer uptake in at 

least two zones or intense uptake in at least one zone [23]. 

Data Analysis 
Surgical findings were used as the so-called gold standard. A diagnosis of loosening was made 

if motion could be demonstrated between the acetabular component and the pelvis with use 

of the revision instruments or by hand [7,14]. If the patients were managed nonoperatively, the 

prosthesis was considered to be well fixed when the clinical symptoms subsided and subsequent 

radiographic analysis showed no signs of loosening for at least one year. 

Plain radiographs and subtraction arthrograms were evaluated by two experienced radiologists, 

and nuclear arthrograms and bone scintigrams were reviewed by two experienced nuclear 

medicine physicians. All four interpreters were blinded with respect to the patient data, operative 

findings, and results of clinical follow-up. They evaluated the components on each imaging 

examination using a 5-point scale (with 1 indicating loose; 2, possibly loose; 3, equivocal; 4, 

possibly fixed; and 5, fixed). In case of disagreement between the observers, a consensus was 

reached by discussion. 
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Statistics 
Our statistical analysis included the construction of receiver operating characteristic curves. A 

receiver operating characteristic curve is the graphical representation of the trade-off between 

false-negative and false-positive rates for every cutoff. By tradition, the plot shows the sensitivity 

on the y-axis and 1specificity on the x-axis. The more of the curve that is in the left upper 

quadrant, the better the diagnostic accuracy of a particular imaging technique. The closer the 

curve is to a diagonal line, the poorer the accuracy of the technique. The cutoff of a test is 

chosen according to the relative “costs” associated with false-positive and false-negative results. 

The best cutoff is that which maximizes the sum of the sensitivity and specificity, which is the 

point nearest to the top left-hand corner [24]. When the sensitivity, specificity, and accuracy of 

each imaging modality were calculated, scores of 1, 2, and 3 were considered to reflect positive 

results (a loose prosthesis) and scores of 4 and 5 were considered to reflect negative results (a 

fixed prosthesis). Positive predictive values and negative predictive values were calculated with 

the Bayes theorem. 

The predictive values of the diagnostic techniques in relation to loosening of the acetabular 

component were compared by means of multivariate regression models. A p value of <0.05 was 

considered significant (Wald test, two tailed). 

The intraclass correlation coefficient was used to assess interobserver variability. Intraclass 

correlation coefficient values can be interpreted as weighted Kappa values where the weights are 

quadratic. Values range from 0, reflecting no interobserver agreement, to 1, reflecting perfect 

interobserver agreement. 

Figure 1. Flow chart of the patients included and excluded in the current study. For the fifty-two patients who 
underwent revision surgery, the diagnosis of a loose or well-fixed prosthesis was based on the operative findings. For 
the twenty-one patients who did not have surgery, the diagnosis of a loose or well-fixed prosthesis was made on the 
basis of the clinical course and the radiographic diagnosis by the surgeon, radiologist, and nuclear-medicine physician.
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Results 
Patients 
Of the seventy-three patients (seventy-three hips) who underwent all four imaging examinations, 

fifty-two underwent revision surgery and twenty-one were managed nonoperatively. Of those 

who underwent revision arthroplasty, forty-one were found to have a loose acetabular component. 

Patients who were managed nonoperatively were monitored clinically and radiographically every 

six months. Five of the patients who were managed nonoperatively had an acetabular component 

that was considered to be clinically and radiographically loose, but the physical condition of the 

patients precluded surgery. The other sixteen patients who were treated nonoperatively were 

considered to have a well-fixed acetabular component both clinically and radiographically (Fig. 1). 

All cultures acquired during arthrography were negative for aerobic and anaerobic bacteria. 

Cemented Acetabular Component 
Fifty-one of the seventy-three patients had a cemented acetabular component. Thirty-six of them 

underwent revision surgery, and the acetabular component was found to be loose in twenty-eight 

(78%). Of the fifteen patients who were monitored clinically for one year, five were considered 

to have a loose acetabular component and ten were considered to have a solid component. 

When the retrospective independent imaging evaluations were compared with the results found 

at surgery and with the presumed diagnosis based on clinical evaluations in the patients who did 

not undergo revision surgery, plain radiography had a sensitivity of 85% (95% confidence interval, 

68 to 95) and a specificity of 89% (95% confidence interval, 65 to 99). The positive predictive 

value was 93% (95% confidence interval, 78 to 99), and the negative predictive value was 

76% (95% confidence interval, 53 to 92) (Table II). Thus, twenty-eight patients were diagnosed 

correctly as having a loose acetabular component, five patients were incorrectly diagnosed as 

having a well-fixed component (a false-negative diagnosis), and two patients were incorrectly 

diagnosed as having a loose component (a false-positive diagnosis). 

Subtraction arthrography had a sensitivity of 76% (95% confidence interval, 58 to 89), a specificity 

of 72% (95% confidence interval, 47 to 90), a positive predictive value of 83% (95% confidence 

interval, 65 to 94), and a negative predictive value of 62% (95% confidence interval, 38 to 82). 

Twenty-five loose and thirteen fixed cups were diagnosed correctly. There were five false-positive 

and eight false-negative diagnoses. 

Nuclear arthrography had a sensitivity of 67% (95% confidence interval, 48 to 82) and a specificity 

of 72% (95% confidence interval, 47 to 90). We found a positive predictive value of 82% (95% 

confidence interval, 62 to 94) and a negative predictive value of 54% (95% confidence interval, 

33 to 74). Twenty-two loose components were correctly identified. There were five false-positive 

and eleven false-negative diagnoses. 
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Bone scintigraphy had a sensitivity of 85% (95% confidence interval, 68 to 95) and a specificity 

of 61% (95% confidence interval, 36 to 83), which was lower than that of the other imaging 

modalities. Similarly, the positive predictive value was 80% (95% confidence interval, 63 to 92), 

although the negative predictive value was 69% (95% confidence interval, 41 to 89). Twenty-

eight patients had a loose acetabular component correctly diagnosed; seven patients had a 

false-positive diagnosis, and five patients had a false-negative diagnosis. Visual inspection of the 

receiver operating characteristic curves showed that plain radiography was superior to the other 

imaging techniques for detecting loosening of the acetabular component (Fig. 2-A). 

Uncemented Acetabular Component 
Twenty-two patients had uncemented acetabular components. Sixteen underwent revision 

surgery, and six were followed clinically. At the time of surgery, thirteen acetabular components 

were found to be loose. It was determined that the acetabular component was not loose in any 

of the six patients who were followed clinically for one year. When the retrospective independent 

imaging evaluations were compared with the results found at surgery and with the presumed 

diagnosis based on clinical evaluations in those patients who did not undergo revision surgery, 

plain radiography proved to be the best imaging modality to detect loosening in patients with un-

cemented acetabular components. The sensitivity of plain radiography was 85% (95% confidence 

interval, 55 to 98), the specificity was 78% (95% confidence interval, 40 to 97), the positive 

predictive value was 85% (95% confidence interval, 55 to 98), and the negative predictive value 

TABLE II Diagnostic Performance of Plain Radiography, Subtraction Arthrography, Nuclear Arthrography, and Bone 
Scintigraphy in Patients with a Cemented or an Uncemented Acetabular Prosthesis

Sensitivity (95% 
Confidence Interval)

Specificity (95% 
Confidence Interval)

Positive Predictive 
Value (95% 

Confidence Interval)

Negative Predictive 
Value (95% Confidence 

Interval)

Cemented Prostheses (n=51)

Radiography 84.9(68.1-94.9) 88.9(65.3-98.6) 93.3(77.9-99.2) 76.3(52.8-91.8)

Subtraction Arthrography 75.8(57.7-88.9) 72.2(46.5-90.3) 83.3(65.3-94.4) 61.9(38.4-81.9)

Nuclear Arthrography 66.7(48.2-82.0) 72.2(46.5-90.3) 81.5(61.9-93.7) 54.2(32.8-74.4)

Bone Scintigraphy 84.9(68.1-94.9) 61.1(35.7-82.7) 80.0(63.1-91.6) 68.8(41.3-89.0)

Uncemented Prostheses (n=22)

Radiography 84.6(54.5-98.1) 77.8(40.0-97.2) 84.6(54.5-98.1) 77.8(40.0-97.2)

Subtraction Arthrography 61.5(31.6-86.1) 66.7(29.9-92.5) 72.7(39.0-94.0) 54.5(23.4-83.2)

Nuclear Arthrography 7.7(0-36.0) 100(66.4-100.0) 100(0-100) 42.9(21.8-66.0)

Bone Scintigraphy 76.92(46.2-95.0) 77.8(40-97.2) 83.3(51.6-97.9) 70.0(34.8-93.3)

Overall (n=73)

Radiography 84.8(71.1-93.7) 85.2(66.3-95.8) 90.7(77.9-97.4) 76.7(57.7-90.1)

Subtraction Arthrography 71.7(56.5-84.0) 70.37(49.8-86.2) 80.5(65.1-91.2) 59.4(40.6-76.3)

Nuclear Arthrography 56.5(41.1-71.1) 66.7(46.0-83.5) 74.3(56.7-87.5) 47.4(31.0-64.2)

Bone Scintigraphy 82.6(68.6-92.2) 66.7(46.0-83.5) 80.9(66.7-90.9) 69.2(48.2-85.7)
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was 78% (95% confidence interval, 40 to 97). There were two false-negative and two false-

positive diagnoses; eleven patients were correctly diagnosed as having a loose cup. 

Subtraction arthrography had a sensitivity of 62% (95% confidence interval, 32 to 86) and a 

specificity of 67% (95% confidence interval, 30 to 93). The positive predictive value was 73% 

(95% confidence interval, 39 to 94), and the negative predictive value was 55% (95% confidence 

interval, 23 to 83). There were eight true-positive diagnoses, six true-negative diagnoses, and 

three false-positive diagnoses. 

Nuclear arthrography had a sensitivity of 8% (95% confidence interval, 0 to 36) but a specificity 

of 100% (95% confidence interval, 66 to 100). The positive predictive value was 100% (95% 

confidence interval, 0 to 100), and the negative predictive value was 43% (95% confidence 

interval, 22 to 66). There was one true-positive diagnosis, twelve false-negative diagnoses, and 

nine true-negative diagnoses, but there were no false-positive diagnoses.

Bone scintigraphy had a sensitivity of 77% (95% confidence interval, 46 to 95) and a specificity 

of 78% (95% confidence interval, 40 to 97). The positive predictive value was 83% (95% 

confidence interval, 52 to 98), and the negative predictive value was 70% (95% confidence 

interval, 35 to 93). There were ten true-positive diagnoses, seven true-negative diagnoses, and 

two false-positive diagnoses. 

Receiver operating characteristic curves showed that plain radiography and bone scintigraphy 

had a relatively better diagnostic performance than subtraction arthrography and nuclear 

arthrography (Fig. 2-B). 

Interobserver Variability 
With plain radiography, the intraclass correlation coefficient was 0.29 for cemented acetabular 

components (fair interobserver agreement) and 0.53 for uncemented components (moderate 

Figure 2A-B Receiver operating characteristic curves for plain radiography, subtraction arthrography, nuclear 
arthrography, and bone scintigraphy for patients with a cemented acetabular prosthesis (Fig. 2-A) or an uncemented 
acetabular prosthesis (Fig. 2-B). X = radiography, SA = subtraction arthrography, NA = nuclear arthrography, and BS = 
bone scintigraphy



48

interobserver agreement). With subtraction arthrography, the overall intraclass correlation 

coefficient was 0.71. With nuclear arthrography, the overall intraclass correlation coefficient 

was 0.24 (fair agreement), which was mainly due to a poor agreement in the assessment of 

the cemented acetabular components (intraclass correlation coefficient, 0.07). With bone 

scintigraphy, the overall intraclass correlation coefficient was 0.43 (moderate agreement), which 

was mainly due to a fair intraclass correlation coefficient for the cemented components (intraclass 

correlation coefficient, 0.39) (Table III). 

Accuracy of Combined Imaging Examinations 
Multivariate regression analysis was used to determine whether the diagnostic accuracy was 

improved when plain radiography was used in combination with other imaging techniques. Sub-

traction arthrography and bone scintigraphy both had a significant predictive value for acetabular 

cup loosening when used together with radiography (p < 0.05) (see Appendix). The combination 

of a positive subtraction arthrogram and a positive radiograph was associated with a loose cup in 

87% of the hips, whereas the combination of a negative subtraction arthrogram and a negative 

radiograph was associated with a solid cup in 95% of the hips. The combination of a positive 

nuclear arthrogram and a positive radiograph was predictive, but not significantly, of loosening 

of the acetabular component (p = 0.26). 

Discussion 
In clinical practice, plain radiography is the first imaging modality used when evaluating the 

status of a prosthesis, and it has been consistently reported to be an accurate technique to 

assess cemented and uncemented acetabular components [6,9,13,15,21,25]. The reported 

accuracy of plain radiography has ranged from 50% to 98% [25,26]. Lieberman et al. reported 

an accuracy of 97% for the evaluation of cemented acetabular components, and they stated 

that plain radiography is the most effective method to detect component loosening [6]. In a 

study of sixty-four patients, Miniaci et al. found that plain radiography was a more accurate 

TABLE III Results of the Interobserver Variability Analysis*. 

Intraclass Correlation Coefficient Cemented Prostheses Uncemented Prostheses Overall

Radiography 0.29 0.53 0.37

Subtraction Arthrography 0.73 0.65 0.71

Nuclear Arthrography 0.07 0.63 0.24

Bone Scintigraphy 0.39 0.53 0.43

*The intraclass correlation coefficient was used in order to assess interobserver variability. Values range from 0 to 1, 
with values near 0 reflecting low interobserver agreement and values close to 1 reflecting near perfect interobserver 
agreement.
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method than both subtraction and nuclear arthrography for the detection of loose cemented 

prosthetic components [9]. Our data, which showed that plain radiography had an accuracy 

of 82% for uncemented cups and 86% for cemented cups, are in agreement with published 

reports. Importantly, we found only moderate interobserver agreement for plain radiography 

(intraclass correlation coefficient, 0.37). 

Earlier studies have also described considerable inter-observer variability when acetabular 

radiolucencies were evaluated [18]. Kramhoft et al. found a kappa value of 0.48 for radiologists 

and 0.37 for orthopaedic surgeons with regard to the radiographic evaluation of loose or fixed 

acetabular cups [19], and an even lower interobserver agreement between orthopaedic surgeons 

was found for the radiographic evaluation of fixation of cemented total hip prostheses [27]. 

These data indicate that while the overall performance of plain radiography in the evaluation 

of acetabular components is superior to the other methods, diagnostic accuracy is not optimal 

and is compromised by considerable interobserver variability. Improved clinical training and new 

radiographic scoring systems may help to reduce this interobserver variability [27]. 

Bone scintigraphy was the second-best diagnostic test, with an accuracy of 76% for cemented 

cups and 77% for uncemented cups, and with moderate interobserver agreement. These findings 

are consistent with previous reports, in which bone scintigraphy was found to have an accuracy 

ranging from 67% to 90% in cemented cups [6,8,17]. For uncemented cups, an accuracy of 67% 

has been reported [8]. We found that bone scintigraphy improved the accuracy of the diagnosis 

of a loose acetabular component when it was combined with plain radiography. In this regard, 

our findings differ from the findings of Ginai et al., who found no additional value of bone 

scintigraphy and plain radiography in combination with subtraction arthrography [16]. 

Nuclear arthrography was a poor imaging modality to evaluate the acetabular component, with 

an accuracy of 69% for cemented components and 45% for uncemented components, and low 

interobserver agreement. 

These disappointing results could be due to the masking effect of the intra-articular injected 

tracer, which, in the case of the acetabular component, may obscure signs of component 

loosening [28,29]. 

The interobserver agreement for subtraction arthrography had an intraclass correlation coefficient 

of 0.73 for cemented components and an intraclass correlation coefficient of 0.65 for uncemented 

prostheses and was a better diagnostic tool for cemented acetabular cups than for uncemented 

cups. These findings agree with the results of a recent study by Cheung et al., who reported a 

sensitivity of only 50% and an accuracy of 68% for subtraction arthrography of uncemented 

acetabular components [15]. They concluded that this technique is not useful in the assessment 

of uncemented prostheses. The accuracy of subtraction arthrography has been reported to range 

from 76% to 90% for cemented prostheses and from 63% to 93% for uncemented prostheses. 

Ginai et al. found subtraction arthrography to be a better diagnostic tool than other imaging 

modalities, but this has not been confirmed by other investigators [16]. We found subtraction 
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arthrography to be of additional value when combined with plain radiography. It may be a useful 

technique in patients in whom septic loosening of a hip prosthesis is suspected [30]. 

In the present study and in earlier published reports, we found considerable interobserver 

variability for these diagnostic imaging techniques. Since interobserver variability may depend on 

the experience and expertise of the observers, clinical training, and scoring systems, future studies 

are needed to address these topics and to assess their effect on the diagnostic performance of 

these imaging modalities. 

In conclusion, no single imaging technique is ideal for the assessment of acetabular component 

loosening. In this study, plain radiography had the best diagnostic accuracy but a low interobserver 

agreement. We recommend a combination of plain radiography and bone scintigraphy or 

subtraction arthrography for the evaluation of acetabular cup loosening. Additional studies are 

needed to evaluate the effect of interobserver variability on diagnostic accuracy. 
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Appendix Results of the mutivariate logistic reggression analysis of the relative value of the arthrographic techniques 
and bone scintigraphy*

Combinations of diagnostic tests   Probability of loosening

X:pos. ;SA:pos X:pos ;SA:neg X:neg ;SA:pos X:neg ;SA:neg

X & SA 0.87 0.59 0.19 0.05

X:pos. ;NA:pos X:pos ;NA:neg X:neg ;NA:pos X:neg ;NA:neg

X & NA 0.82 0.67 0.13 0.06

X:pos. ;BS:pos X:pos ;BS:neg X:neg ;BS:pos X:neg ;BS:neg

X & BS 0.86 0.60 0.21 0.07

*The probabilities of component loosening are calculated for the different combinations of diagnostic test outcome. 
X: plain radiography; SA: subtraction arthrography; NA:  nuclear arthrography; BS: bone scintigraphy; Pos: positive test 
outcome, suggesting a loosened cup; Neg: negative test outcome, suggesting a solid cup 
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Abstract 
In this meta-analysis we included 32 English-language articles published between January 1975 and 

June 2004 on the diagnostic performance of plain radiography, subtraction arthrography, nuclear 

arthrography and bone scintigraphy in detecting aseptic loosening of the femoral component, 

using criteria based on the Cochrane systematic review of screening and diagnostic tests. 

The mean sensitivity and specificity were, respectively, 82% (95% confidence interval (CI) 76 to 

87) and 81% (95% CI 73 to 87) for plain radiography and 85% (95% CI 75 to 91) and 83% (95% 

CI 75 to 89) for nuclear arthrography. Pooled sensitivity and specificity were, respectively, 86% 

(95% CI 74 to 93) and 85% (95% CI 77 to 91) for subtraction arthrography and 85% (95% CI 79 

to 89) and 72% (95% CI 64 to 79) for bone scintigraphy.  

Although the diagnostic performance of the imaging techniques was not significantly different, 

plain radiography and bone scintigraphy are preferred for the assessment of a femoral component 

because of their efficacy and lower risk of patient morbidity.

56
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Introduction
It has been suggested that 10% of all hip prostheses fail within ten years of implantation [1].  

Several variables such as the thickness of the cement mantle and the proportions of the femoral 

canal are associated with failure of the femoral component. Furthermore, despite improved 

surgical and cementing techniques, more than 20% of revised femoral components need re-

revision within five years of implantation [2]. For revision surgery, accurate and efficient diagnosis 

is needed in selecting patients for operation. Several techniques such as plain radiography, bone 

scintigraphy, and arthrography can be used to evaluate loosening of the femoral component. 

While digital subtraction arthrography has been reported as being superior to radiography 

and bone scintigraphy [3] there is no consensus on an effective diagnostic algorithm [3-15]. 

Using meta-analysis, we have assessed the diagnostic accuracy of plain radiography, subtraction 

arthrography, nuclear arthrography and bone scintigraphy in the evaluation of aseptic loosening 

of the femoral component and compared the methodological quality of these techniques.

Materials and Methods
Sources of data
We searched the Embase (Excerpta Medica, Elsevier) and Pubmed (National Institute of Health, 

USA) databases for English-language medical literature published between January 1975 and 

June 2004, using key words and medical subject headings. Our search identified more than 3400 

studies, all of which were checked for relevance. For this purpose we used titles, abstracts and 

full-text papers. Also the bibliographies of eligible studies, text books and reviews were searched 

to find additional studies. Conference proceedings and unpublished data were excluded.

Selection of studies
Articles meeting the following criteria were included: 1) evaluation of the diagnostic performance 

of plain radiography, subtraction arthrography, nuclear arthrography, or bone scintigraphy; 2) 

re-operation or a minimum follow-up of one year as the ‘gold standard’; 3) a minimum study 

population of ten patients (based upon previously published guidelines) [16] and 4) data of 

sufficient detail to allow calculation of contingency tables and index test characteristics. 

Using these criteria, two authors (OPPT and PGHMR) independently screened and selected 

potentially relevant studies. If there was disagreement, consensus was reached by discussion. 

Reviews, abstracts, editorials, letters and comments were excluded from further analysis. The 

investigators were not blinded to the source and authors of the reports. 
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Quality of the studies
The quality of eligible studies was assessed using criteria based on the systematic review of 

screening and diagnostic tests of the Cochrane Methods Group [17] as follows: 1) application of a 

standardised, valid reference test, performed independently of the index test; 2) the presence of 

verification bias; 3) a description of the study of the design and research planning; 4) definition of 

the epidemiology; 5) details of the patients described; 6) record of the eligibility criteria; and 7) a 

description of the key characteristics of the applied index test. The validity of evidence was graded 

according to the Centre for Evidence-Based Medicine of the National Health Service Research and 

Development (http://www.cebm.net) [18]. This framework features five levels of evidence with 

four corresponding levels of recommendation. Level 1 corresponds to a grade-A recommendation 

[18]. It includes studies performed in an independent and blinded fashion describing an 

appropriate patient population. Level 4 describes non-blinded studies and corresponds to a grade-

C recommendation [18]. The quality assessment was independently performed by two of the 

authors (OPPT, PGHMR). They abstracted data using a standard form which included clinical details 

and characteristics of the implant. Also, data regarding the imaging procedures and interpretation 

were recorded for subgroup analysis. For each study, 2 x 2 contingency tables were reconstructed 

to calculate the characteristics of the index tests.

Figure 1. Galbraith plot of studies describing bone scintigraphy. The study by Ovesen et al [23] was identified as an 
outlier and excluded from further analyses (DOR, diagnostic odds ratio). 

Analysis of the data
Using the 2 x 2 contingency tables, sensitivity, specificity, the true-positive, true-negative and 

false-positive rates, and the diagnostic odds ratio were calculated for each study. Characteristics 

such as imaging protocols, publication data and characteristics of the implant were recorded 

for subgroup analyses. Before accuracy of the various imaging modalities was calculated, 

Ovesen
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heterogeneity was assessed using methods described by Midgette, Stukel and Littenberg [19]. 

Heterogeneity of sensitivity and specificity was tested using the chi-squared or Fisher’s exact 

tests with k-1 degrees of freedom (k = number of studies). In case of homogeneity, the data 

were pooled. In case of heterogeneity, Spearman’s rank correlation coefficient (Greek rho) was 

used to measure the extent of the correlation between sensitivity and specificity. If e was ≥ 

0.40, heterogeneity was explored by subgroup analysis [16]. Univariate meta-regression analysis 

was used to evaluate the influence of the characteristics of the prosthesis, contrast media and 

the internal and external criteria for diagnostic accuracy. A e value ≤ 0.40 suggested that the 

variation between studies may be explained by different cut-off points on a summary receiver 

operating characteristic (ROC) [16]. This represents the optimum operating point of a test and is 

constructed by applying a regression line through the sensitivity and 1 - specificity combinations 

of each study. A curve closer to the left upper quadrant indicates a better diagnostic performance 

for an imaging technique. This is similar to a conventional ROC. A detailed description of methods 

for curve fitting is given by Littenberg and Moses [20]. Outlier studies were detected by means 

of Galbraith plots [21]. The heterogeneity of the diagnostic odds ratio was measured according 

to Fleisch [22].

Results 
Of the 134 eligible articles, 32 gave sufficient data for quantitative analysis [3-6,8-11,13-15,23-43]. 

Of these, 17 involved plain radiography[3-6,8,9,11,13,14,23,27,28,30-33,38,40], nine subtraction 

arthrography[3,4,9,23,27,38,39,43], ten nuclear arthrography[6,24-26,28,29,35,37,42], and 15 bone 

scintigraphy [3,5,9,10,15,23,24,26,30,32-34,36,40,41]. Twenty-eight articles described more than one 

modality. The others described subtraction arthrography, bone scintigraphy or plain radiography alone 

[10,15,38,43]. Seven provided data on cemented femoral components[5,8,13,15,23,24,32], three on 

uncemented femoral components[14,24,25], while the others did not give differentiated results. The 

prevalence of loosening of the femoral component was 71% (48 to 100). 

Qualitative analysis
For internal validity, consensus by discussion was required for 67 of the 256 scores. No study 

had a grade-A level of recommendation and there were no randomised studies. All 32 gave level 

4 evidence, mainly because of the presence of verification bias. There were four prospective 

studies[23,24,36,37]. In only one were the interpretations of the index and reference tests 

performed independently of each other [8]. In 14 studies not all the patients underwent a valid 

reference test [4-6,15,25,29,31,33,35,37,38,42,43]. In all studies, the selection of patients 

for assessment by the reference test was dependent on the result of the index test. Inclusion 

criteria were described in only 19 studies [3,5,8,9,13-15,24,27,29,30,32,37,39-41,43] and 
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exclusion criteria in only six [5,8,15,27,32,35]. Seven included a consecutive patient population 

[5,8,15,23,27,32,35]. 

Quantitative analysis
Sensitivity and specificity (chi-squared test) were heterogeneous for plain radiography (Qsens 

= 50.32: Qspec = 49.46; 16 df), subtraction arthrography (Qsens = 16.53: Qspec = 26.38; 8 

df) and nuclear arthrography (Qsens = 25.42: Qspec = 24.27; 11 df). The Spearman correlation 

coefficient for the four imaging modalities was -0.5 for plain radiography, -0.15 for subtraction 

arthrography, -0.01 for nuclear arthrography and -0.03 for bone scintigraphy. The logarithmic 

transformed diagnostic odds ratio (lnDOR) of the included studies was homogeneous for all 

imaging modalities, except bone scintigraphy. The heterogeneity was due to the low accuracy 

(52%) reported in the study by Ovesen et al [23] which was identified as an outlier on the 

Galbraith plot (Fig. 1). After exclusion of this study, the 1nDOR of the remaining studies was 

homogeneous. 

Subgroup analyses showed no significant correlation between the methodological quality of 

the studies and the diagnostic performance of the four imaging techniques. Also, there was no 

correlation between the date of publication and the reported test performance. Unfortunately, 

too few studies reported the performance of imaging modalities for evaluating different types of 

implant and fixation method (e.g. hydroxyapatite-coated implants) to enable subgroup analyses 

for all groups of interest. 

The sensitivity and specificity of each imaging modality, using a random effects model were 

calculated [44]. Overall, the mean sensitivity and specificity of plain radiography were 82% (95% 

confidence interval (CI) 76 to 87) and 81% (95% CI 73 to 87), respectively. Five studies investi-

gated the diagnostic performance of plain radiography for cemented components [5,8,13,23,32]. 

Pooled sensitivity was 92% (95% CI 77 to 93) and pooled specificity 83% (95% CI 63 to 94). Only 

one study described plain radiography for evaluating uncemented femoral components, reporting 

a sensitivity of 83% (95% CI 59 to 96) and a specificity of 82% (95% CI 48 to 98) [14]. 

Nuclear arthrography had an overall sensitivity of 85% (95% CI 75 to 91) and a specificity of 83% 

(95% CI 75 to 89). Only three studies distinguished between cemented and uncemented femoral 

components [8,24,25]. Sensitivity and specificity for cemented femoral components were 89% 

(95% CI 81 to 94) and 84% (95% CI 69 to 93), respectively; for uncemented components they 

were 67% (95% CI 46 to 84) and 75% (95% CI 48 to 93), respectively. In six studies (177 

patients) 99mtechnetium (Tc) colloid was used as the contrast agent [6,8,28,29,31,42] and in four 

(156 patients) 111Indium (In) colloid was used [21,22,32,34]. Surprisingly, we found no significant 

difference between these subgroups. The pooled sensitivity of arthrography was 86% (76 to 93) 

with 99mTc colloid and 79% (76 to 93) with 111In colloid. The pooled specificity was 84% (95% 

CI 70 to 93) for 99mTc colloid and 81% (95% CI 69 to 90) for 111In colloid. 

Subtraction arthrography had an overall sensitivity of 86% (95% CI 74 to 93) and a specificity 

of 85% (95% CI 77 to 91). Ovesen et al [23] reported the only study describing results for 
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cemented femoral components and found a sensitivity of 93% (95% CI 81 to 99) and a specificity 

of 92% (95% CI 64 to 99). There were no studies specifically describing uncemented femoral 

components. 

Bone scintigraphy had an overall sensitivity of 85% (95% CI 79 to 89) and specificity of 72% 

(95% CI 64 to 79). Four studies described the accuracy of bone scintigraphy for cemented 

components [5,15,21,29]. Pooled sensitivity was 86% (95% CI 80 to 92) and specificity was 

78% (95% CI 66 to 88). Only one study described the use of bone scintigraphy for uncemented 

femoral components, reporting a sensitivity of 82% (95% CI 57 to 96) and a specificity of 43% 

(95% CI 43 to 71) [21]. Figure 2 shows summary ROC curves for the four imaging techniques. 

Discussion 
In this meta-analysis, quantitative analyses revealed that the total pooled sensitivity ranged 

between 82% for plain radiography and 86% for subtraction arthrography, and the pooled 

specificity between 72% for bone scintigraphy and 85% for subtraction arthrography. Although 

many different designs of implant and methods of fixation have been described, few studies have 

distinguished between these variables. In addition, the date of publication did not influence the 

homogeneity of the published data. In clinical practice, plain radiography is the baseline imaging 

technique. Its value in predicting the fixation status of symptomatic femoral components has 

been described extensively and accuracies range from 50% to 98% [5,32]. Unfortunately, few 

studies have reported the accuracy of imaging techniques for both cemented and uncemented 

Figure 2. Receiver operating characteristic curves for the diagnostic accuracy of studies describing plain radiography, 
subtraction arthrography, nuclear arthrography and bone scintigraphy in patients with femoral prostheses.
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components. Cheung et al [14] gave an accuracy of 83% for plain radiography in the assessment 

of uncemented components. This value was not significantly different from the pooled diagnostic 

performance of plain radiography for cemented components. 

The limited number of studies describing uncemented components may be due to a well-known 

problem in meta-analyses, namely publication bias. This implies that studies with statistically 

significant positive results tend to be published more than those with negative results, thereby 

causing overestimation of test accuracies. Conversely, unpublished work has not been peer 

reviewed and therefore methodological quality may be inadequate. 

The diagnostic accuracy of subtraction arthrography ranged from 50% to 96% and, although 

of importance for image interpretation, only Ovesen et al [23] reported specific data for 

cemented femoral components. These authors concluded that the accuracy of diagnosis of a 

loosened femoral component was highest for plain radiography and subtraction arthrography. 

This conclusion is similar to the data and outcome of other authors describing this technique 

[3,4,9,11,24,35,36,40].

As is common in most studies, test performances often report sensitivity and specificity. Because 

of the variation in positive thresholds, these widely recognised measures do not often represent 

the true or optimal performance of a test. Using summary ROC analysis, comparison of test results 

from different studies is less hazardous since this method adjusts for differences in thresholds, 

illustrating the dependence between sensitivity and specificity and offering a better comparison 

between diagnostic tests. The summary ROC curves derived from the available data were 

similar for all techniques. Hence, these curves showed a comparable diagnostic performance for 

subtraction arthrography compared with other techniques. 

Nuclear arthrography had a relatively high diagnostic performance, with an accuracy ranging 

from 75% to 100%. However, there were too few studies to allow subgroup analysis of fixation 

methods [22,39]. We found no difference between the contrast agents 111In colloid and 99mTc 

colloid. This is surprising, since the former, when superimposed over bone scintigraphy, provides 

an anatomical orientation which may facilitate interpretation of data. Bone scintigraphy had 

a sensitivity ranging from 71% to 100% and a specificity from 33% to 100% for predicting 

loosening of the femoral component [9,29,38] Overall, we found a sensitivity of 84% and a 

specificity of 72%, which is moderate compared with the other techniques. Subgroup analysis 

revealed no significant differences between the overall diagnostic performance and that for 

cemented components. Oyen et al [24] reported the only study on the value of bone scintigraphy 

in the assessment of uncemented femoral components, highlighting an accuracy of 63%. 

In most eligible studies, surgery was used as a reference test. As is usual in clinical practice, the 

decision to operate depends on the outcome of the diagnostic test. Therefore it is possible that the 

included studies were confounded by verification bias. Finally, 45% of the included studies did not 

apply an appropriate ‘gold standard’ to all patients, and it was not always applied independently 

of the index test result. The effect of such bias in diagnostic studies is described by Lijmer et al [45] 

and is associated with an overestimation of the diagnostic performance of a test. 
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Since there were no significant differences among the four modalities investigated, plain radiography 

is still the technique of first choice because of low morbidity and cost. Similarly, bone scintigraphy 

may be chosen as an additional technique because of its relative non-invasive character when 

compared with arthrographic techniques, despite their relatively higher diagnostic performance. 

Based upon the data from 32 studies we have therefore found no significant differences in 

diagnostic performance between the various imaging modalities. Given the morbidity of 

arthrographic techniques, we consider plain radiography, supplemented if necessary by bone 

scintigraphy, to be adequate for the evaluation of patients with suspected aseptic loosening 

of the femoral component. However, the methodological quality of the studies included in the 

meta-analysis was limited and this aspect should be improved in future studies. 

No benefits in any form have been received or will be received from a commercial party related 

directly or indirectly to the subject of this article. 
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Abstract 
Plain radiography, subtraction arthrography, nuclear arthrography, and bone scintigraphy are 

imaging techniques commonly used to identify aseptic femoral component loosening. Controversy 

exists about the relative utility of these techniques. 

We evaluated the diagnostic accuracy and interobserver reliability of the four techniques in 78 

consecutive patients (mean age 70 years, range 29–88 years) referred for evaluation of their 

femoral hip prostheses. The standard evaluation protocol consisted of plain radiography followed 

by subtraction arthrography, nuclear arthrography, and bone scintigraphy. Surgery or the 

subsequent clinical course of the patient was used as gold standard. Overall, plain radiography 

had a sensitivity and specificity of 81 and 74%, respectively. Subtraction arthrography had a 

sensitivity of 47% and a specificity of 78%. Nuclear arthrography had a sensitivity of 69% and a 

specificity of 76%, and bone scintigraphy had a sensitivity of 88% with a specificity of 50%.

We found considerable interobserver variability in all four techniques. Multivariate regression 

analysis revealed that bone scintigraphy and nuclear arthrography together made a significant 

contribution to the diagnosis when used in combination with plain radiography and are, when 

plain radiography is inconclusive, useful additional diagnostic techniques for the detection of 

femoral component loosening. 
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Introduction 
Aseptic loosening is the most frequent cause of hip prosthesis failure, and because a growing 

number of patients are being treated with hip arthroplasties, the incidence of prosthetic failure 

is increasing. Aside from clinical evaluation, clinicians often make use of plain radiography, 

subtraction arthrography, nuclear arthrography, or bone scintigraphy to evaluate the femoral 

component. Although these imaging modalities have been described extensively in literature, 

consensus has not yet been reached regarding their performance [1, 2, 4, 5, 7, 9, 11, 13, 14, 16, 

18, 19, 25]. To some extent, the variation in diagnostic strength of a test is dependent on the 

observer, and thus knowledge regarding interobserver variability of a technique is important. 

Unfortunately, this important feature of diagnostic tests has been described in only three studies 

of plain radiography and bone scintigraphy, all of which reported only moderate observer 

agreement in the assessment of hip prostheses, illustrating the diffculties of interpreting hip 

prostheses components [3, 12, 17]. With regard to the acetabular components the interobserver 

variability may in part be contributed to the influence of bladder activity on bone scintigraphies. 

With regard to nuclear-and contrast arthrography, the injection of a large amount of intra-

articular radioactivity or contrast fluid often masks signs of acetabular component loosening. 

Subsequently, interobserver variability may play a less prominent role when interpreting images of 

femoral components. This may explain the higher diagnostic performance of these four imaging 

techniques reported in earlier studies [6, 13, 15]. 

The purpose of this study was to determine the diagnostic accuracy and interobserver variability 

of plain radiography, subtraction arthrography, nuclear arthrography, and bone scintigraphy in 

the assessment of patients suspected of aseptic femoral component loosening. 

Methods 
Patients 
We retrospectively reviewed 78 patients (mean age 70 years, range 29–88 years) who presented 

with a painful hip prosthesis, between January 1994 and June 1999. All patients whose anamnesis 

and physical examination were suggestive of prosthetic component loosening were referred to 

the Department of Radiology and Nuclear Medicine and included in the present study. After plain 

radiography patients were evaluated in a 1 day protocol which included subtraction arthrography, 

nuclear arthrography, and bone scintigraphy. The decision to operate was based on the initial 

outcome of the clinical and diagnostic evaluation. Intraoperatively, a component was considered 

loose if loosening could be demonstrated using revision instruments or by hand. Patients were 

excluded from this study if the imaging data were incomplete, such that retrospective analysis 

could not be performed. 
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Application of radiographic and nuclear contrast agents 
For nuclear-and subtraction arthrography, Isovist 300 (iotrolan 0.641 g/ml; Schering AG, 

Germany) was mixed with 10 MBq Indium-111 colloid in two 10 ml syringes in a 10:1 ratio. The 

contrast medium was injected intra-articularly, using a 17 gauge, 8.9 cm spinal needle inserted 

via a ventral approach under roentgenographic guidance. The mean volume injected was 16 ml 

(range 10–20 ml); the injection was stopped when the patient complained of pain or when an 

increase in resistance was felt in the syringe. In all cases, aspiration of hip fluid (for culture) was 

attempted. If hip fluid could not be aspirated, a second attempt was made after injection of a 

small amount of saline. 

Imaging protocols 
Subtraction images were obtained at a speed of 1 per second with a maximum of 20, from 

which 4 representative images were copied to X-ray film. If the patient had moved during 

image acquisition, pixel shifting was used to correct for artefacts and to obtain images that 

were suitable for interpretation. After subtraction arthrography, the patient was asked to walk in 

the Department of Nuclear Medicine (±300 m), in order to increase inter-articular pressure and 

subsequently improve tracer distribution. 

For nuclear arthrography, we used a 15% window, 247 keV photopeak, and recorded anterior, 

posterior, and lateral images with approximately 300,000 counts per view. Indium contrast 

images were reviewed in a digital format using superposition over the bone scan, providing 

anatomical orientation. 

For bone scintigraphy we used a dual-headed gamma camera (Genesys, ADAC, Milpitas, CA, USA) 

equipped with low-energy high-resolution (LEHR) collimators. After the patient was intravenously 

injected with 370 MBq of Tc99m-HDP, approximately 3 hours before the arthrographic procedure, 

standard anterior, posterior, and lateral images (300,000 counts per view) were made using a 

15% window, 140 keV photopeak (99mTc) with an image matrix size of 256·256 pixels. Two hours 

after tracer injection and subtraction arthrography, third phase static images were recorded. 

Standard anteroposterior (AP) pelvis centered, AP projection of the prosthesis, and true lateral 

films of the affected hip were used in the analysis of the plain radiographs. The anteroposterior 

view of the pelvis was obtained with a 15internal rotation of the hip. The true lateral films were 

obtained in a supine position with the X-ray tube in a 45 cephalad angle. The film focus was 100 

cm; there was no correction for magnification effects. 

Image interpretation 
The diagnostic images were independently interpreted by four experts (two nuclear medicine 

physicians or two radiologists) who were blinded to clinical pre-test data and outcome. For 

interpretation of the femoral components, a 5-point scale was used (1=loose, 2=possibly loose, 

3=unclear, 4=possibly fixed, 5=fixed). The operative findings or a follow-up period of at least 1 

year were used as gold standard. In case of disagreement (scores 1, 2 vs. 4, 5 or 3 vs. 1, 2, 3, 



71
4

Fem
oral com

p
onents; clinical study

CHAPTER

4, 5), consensus was reached by discussion. For interpretation of plain radiographs and bone 

scintigraphs, the femoral components were divided into seven zones as described by Gruen et 

al. [8] in 1979. For the assessment of plain radiographs, we applied the criteria of Lyons et al. 

[15], which included migration of the prosthesis, fractures of the stem or cement, and bone-

cement lucency ‡2 mm. If available, a postoperative radiograph of the primary arthroplasty 

was compared to the most recent plain radiograph. The bone scans were read using the criteria 

applied by Horoszowski et al. [10]. Loosening of the prosthesis was suspected if there was a 

mild or moderate increase in uptake of contrast in more than two zones or intense uptake in 

at least one zone. For the assessment of the femoral component by nuclear-and subtraction 

arthrography, we divided the stem into a proximal and a distal segment, as described by Barentsz 

et al. [1]A femoral component was considered loose if contrast leakage could be detected in the 

distal segment of the prosthesis [18]. 

Statistics 
The interobserver variability was assessed using the Intraclass Correlation Coeffcient (ICC). ICC 

values can be interpreted as weighted Kappa values where the weights are quadratic. Compared 

with a standard Kappa analysis, ICC values can best be compared with weighted Kappa values. 

Values range from 0 to 1, with values near to 0 reflecting low interobserver agreement and 

values close to 1 reflecting high interobserver agreement. In order to graphically assess test 

performance, a Receiver Operator Characteristic (ROC) curve was fitted for all four imaging 

modalities. We compared the predictive values of the diagnostic techniques in relation to femoral 

component loosening by fitting a multivariate regression model. A P value of less than 0.05 was 

considered significant (Wald test, two tailed). 

Results 
Patients 
The data of 78 patients were available for retrospective analysis. The mean time between 

arthrography and surgery was 3 months (range 1–10 months) (see Table 1). Of 54 patients 

undergoing revision surgery, 29 were found to have a loosened femoral component. Twenty-four 

patients did not undergo revision surgery. Three patients were considered to have a loosened 

femoral component, based on the expert opinions of the surgeon, the nuclear physician, and 

the radiologist, but revision surgery was medically contraindicated. All cultures acquired during 

arthrography were negative for aerobic and anaerobic bacteria. A summary of the results found 

at operation and clinical follow-up is given in Fig. 1. 



72

Cemented femoral components 
Of the 55 cemented femoral components, 25 were found to be loose during surgery. Of the 16 

patients who were monitored clinically, 3 had a loose femoral component. Plain radiography had 

a sensitivity of 85.7% (95% CI 67.3–96.0) and a specificity of 63.0% (95% CI 42.4– 80.6). Using 

this technique, 24 patients were diagnosed correctly as having a loose femoral component. In four 

patients the stem appeared to be fixed on plain radiography, but was found to be loose during 

operation. There were ten false-positive cases. Using subtraction arthrography, 13 surgically 

loose and 19 fixed stems were diagnosed correctly. There were 8 false-positive scans and 15 

false-negative scans. The sensitivity of subtraction arthrography was 46.4% (95% CI 27.5–66.1) 

and its specificity was 70.4% (95% CI 49.8– 86.2). With 9 false-positive, 7 false-negative, and 

21 true-positive scores, nuclear arthrography had a sensitivity of 75.0% (95% CI 55.1–89.3) and 

a specificity of 66.7% (95% CI 46.0–83.5), and subsequently a higher overall test performance 

than bone scintigraphy. Bone scintigraphy had the highest sensitivity (89.3%; 95% CI 71.8–97.7) 

Figure 1. Flowchart of included patients in the current study, in the period from 1994 until 1999

Table 1 Demographic characteristics of 78 consecutive patients included in this study

Patients

Male 20 (25.6%)

Female 58 (74.4%)

Age (year) 70 (29-88)

Implant Characteristics

Primary prosthesis (Lifespan yrs) 7.2 (1-15)

Revised prosthesis (Lifespan yrs) 5.6 (0.5-12)

Cemented 55

Uncemented 23

Underlying Hip Disease

Degenerative Osteoarthritis 77

Congenital Hip Displasia 6

Rheumatoid Arthritis 3

Ankylosing Spondylitis 1

Avascular Necrosis 2

Trauma 13

Replacement Prosthesis 15
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but the lowest specificity (37.0%; 95% CI 19.4–57.6). There were 17 false-positive scans, and in 

3 patients a false-negative diagnosis was made. Twenty-five patients were correctly diagnosed as 

having a loosened femoral component (Table 2). 

Table 2 Diagnostic performance of plain radiography, subtraction arthrography, nuclear arthrography, and bone 
scintigraphy in patients with cemented and uncemented femoral prostheses

Sensitivity
(95% CI)

Specificity
(95% CI)

Positive Predictive 
Value (95% CI)

Negative Predictive 
Value (95% CI)

Cemented Prostheses

Radiography 85.7(67.3-96.0) 63.0(42.4-80.6) 70.6(52.5-84.9) 81.0(58.1-94.5)

Subtraction Arthrography 46.4(27.5-66.1) 70.4(49.8-86.2) 61.9(38.4-81.9) 55.9(37.9-72.8)

Nuclear Arthrography 75.0(55.1-89.3) 66.7(46.0-83.5) 70.0(50.6-85.3) 72.0(50.6-87.9)

Bone Scintigraphy 89.3(71.8-97.7) 37.0(19.4-57.6) 59.5(43.3-74.4) 76.9(46.2-95.0)

Uncemented Prostheses

Radiography 50.0(6.8-93.2) 89.5(66.9-98.7) 50.0(7.0-93.2) 89.5(66.9-98.7)

Subtraction Arthrography 50.0(6.8-93.2) 89.5(66.9-98.7) 50.0(7.0-93.2) 89.5(66.9-98.7)

Nuclear Arthrography 25.0(0.6-80.6) 89.5(66.9-98.7) 33.3(0.8-90.6) 85.0(62.1-96.8)

Bone Scintigraphy 75.0(19.4-99.4) 68.4(43.5-87.4) 33.3(7.0-70.1) 92.9(66.1-99.8)

Overall

Radiography 81.3(63.6 -92.8) 73.9(58.9-85.7) 68.4(54.8-85.8) 85.0(70.2-94.3)

Subtraction Arthrography 46.9(29.1-65.3) 78.4(63.6-89.1) 60.0(38.7-78.9) 67.9(53.7-80.1)

Nuclear Arthrography 68.8(50.0-83.9) 76.1(61.2-87.4) 66.7(48.2-82.0) 77.8(62.9-88.8)

Bone Scintigraphy 87.5(71.0-96.5) 50.0(34.9-65.1) 54.9(40.3-68.9) 85.2(66.3-95.8)

Uncemented femoral components 
Of 23 uncemented femoral components, 4 were found to be loose during surgery. Of the eight 

patients who were monitored clinically, all were considered to have a solid femoral component. 

Plain radiography had a sensitivity of 50% (95% CI 6.8–93.2) and a specificity of 89.5% (95% CI 

66.9–98.7). With this technique, 17 prostheses were correctly diagnosed as fixed stems. There 

were two false-negative and two false-positive cases. Subtraction arthrography had identical 

results with sensitivity of 50% (95% CI 6.8–93.2) and specificity of 89.5% (95% CI 66.9–98.7). 

With regard to nuclear arthrography, there was 1 true-positive score, 2 false-positive scores, and 

17 true-negative scores. This resulted in a sensitivity of 25% (95% CI 0.6–80.6) and a specificity 

of 89.5% (95% CI 66.9–98.7). With a sensitivity of 75% (95% CI 19.4–99.4) and a specificity 

of 68.4% (95% CI 43.5– 87.4), bone scintigraphy had the lowest specificity. This effect could 

be attributed to the six false-positive cases in this study. The diagnostic accuracy of the various 

diagnostic techniques is shown in Fig. 2. 

Interobserver variance 
With an ICC of 0.80, observer agreement was good for nuclear arthrography. When differentiated 

for uncemented components the strength of agreement was even better and could be rated 
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as very good (ICC 0.86). Looking at the overall 

agreement when interpreting bone scans, 

an ICC of 0.67 reflects a good strength of 

agreement between observers. Although the 

cemented component had a slightly lower 

ICC of 0.64, interobserver agreement could 

still be rated as good. We found a surprisingly 

poor agreement for plain radiography of the 

uncemented femoral components (ICC= - 0.10). 

The cemented component had an ICC of 0.46, 

suggesting moderate interobserver agreement. 

For subtraction arthrography we found a higher 

overall ICC (0.65), suggesting good observer 

agreement. Interobserver variability was higher 

for cemented components than for uncemented 

components (ICC 0.64 vs. 0.60) (Table 3). 

Multivariate regression 
In the combined group of both cemented and unce-

mented femoral components, the multivariate 

analysis showed a significant predictive value 

(P<0.05) in all individual tests (Tables 4, 5). 

The probability of a solid prosthesis was lowest 

when the plain radiograph was interpreted as 

loose (0.16). If nuclear arthrography findings 

were positive, the chance of a loosened femoral 

component was highest (0.68) in comparison 

with the other imaging techniques. With regard 

to the uncemented femoral components, none 

of the imaging modalities had significant P 

Figure 2. a ROC curves of plain radiography, subtraction 
arthrography, nuclear arthrography, and bone scintigraphy 
in patients with cemented femoral prosthesis. b ROC 
curves of plain radiography, subtraction arthrography, 
nuclear arthrography, and bone scintigraphy in patients 
with an uncemented femoral prosthesis. c ROC curves 
of plain radiography, subtraction arthrography, nuclear 
arthrography, and bone scintigraphy in patients with both 
cemented and uncemented femoral prostheses. X plain 
radiography, SA subtraction arthrography, NA nuclear 
arthrography, BS bone scintigraphy
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values. For cemented components, multivariate regression analysis revealed significant P values 

for all imaging modalities, except for subtraction arthrography (P=0.14). 

In a second analysis, we tried to find which technique was the best adjunct to plain radiography, 

which was used as baseline technique, as it is often in clinical practice. Overall, the combination of 

plain radiography and subtraction arthrography was of non-significant predictive value, whereas 

both nuclear arthrography and bone scintigraphy in combination with plain radiography had a 

Table 3 The Intraclass Correlation Coefficient (ICC) was used to assess interobserver variability. Values range from 0 
to 1, where values nearest 0 reflect low interobserver agreement and values close to 1 reflect perfect interobserver 
agreement

ICC Cemented Uncemented Overall

X-ray 0.46 -0.10 0.47

Subtr. Arthrography 0.64 0.60 0.65

Nuclear Arthrography 0.76 0.86 0.80

Bone Scintigraphy 0.64 0.68 0.67

Table 4 Overall results of the multivariate logistic regression analysis of the relative value of the diagnostic techniques 
in relation to femoral component loosening.

 Overall single tests Probability

 Solid*  Loose** OR(95% CI) S.E. P-value

X 0.16 0.66 10.28(3.48-30.43) .55 .00

SA 0.32 0.62 3.39(1.27-9.01) .49 .01

NA 0.22 0.68 7.32(2.68-19.9) .51 .00

BS 0.17 0.53 5.58(1.68-18.46) .61 .00

*the chance of a solid femoral component, if the tests is interpreted as loose. **: the chance of a loose femoral 
component, if the tests is interpreted as loose. X: plain radiography; SA: subtraction arthrography; NA: nuclear 
arthrography; BS: bone OR: odds ratio; S.E.: standard error; p-value: a significance value less than 0.05 was considered 
significant.

Table 5 Overall results of the multivariate logistic regression analysis of the relative value of the diagnostic techniques 
in relation to femoral component loosening, when plain radiography was used as baseline technique. 

Combinations Probability of loosening

X:pos. ;SA:pos X:pos ;SA:neg X:neg ;SA:pos X:neg ;SA:neg OR(95% CI) P-value

X 0.73 0.59 0.24 0.14 8.67(2.83-26.55) .00

SA 1.86(.61-5.68) .28

X:pos. ;NA:pos X:pos ;NA:neg X:neg ;NA:pos X:neg ;NA:neg

X 0.75 0.46 0.33 0.13 6.0(1.84-19.59) .00

NA 3.5(1.12-10.92) .03

X:pos. ;BS:pos X:pos ;BS:neg X:neg ;BS:pos X:neg ;BS:neg

X 0.74 0.36 0.23 0.05 9.91(3.18-30.86) .00

BS 5.24(1.38-19.78) .01
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significant predictive value. The odds ratio for bone scintigraphy plus plain radiography was higher 

than that for nuclear arthrography plus plain radiography. The probability of prosthetic loosening 

was 0.74 when both plain radiography and bone scintigraphy were positive. The probability of a 

loose femoral component was 0.05 when both plain radiography and bone scintigraphy findings 

were negative (Tables 4, 5). 

Discussion 
In the present study, we found that plain radiography had a high diagnostic performance for 

both cemented and uncemented femoral components. However, it had the lowest interobserver 

agreement of the four imaging modalities evaluated. Both bone scintigraphy and nuclear 

arthrography made a significant contribution to the diagnosis when combined with plain 

radiography. However, we encountered some limitations in the present study. We have not been 

able to retrieve all data regarding the primary prosthesis (e.g., brand, implant design and surface 

finish). Therefore, a subgroup analysis of the various types of prostheses and their modes of failure 

could not be performed. Furthermore, we have applied revision surgery, and a follow-up period 

of at least 1 year as gold standards. Although generally accepted, it may be called in question 

if revision instruments or a surgeon’s hand reliably discriminates between prosthetic fixation 

and loosening. For example, a polished cemented stem with straight design in an intact cement 

mantle can be easily removed during surgery even without ‘‘aseptic loosening’’. In contrast, a 

radiographically loose uncemented porous coated stem can be well fixed during revision surgery. 

Although the authors feel confident with the presently applied standards, validation of these and 

other techniques applied as gold standards for prosthetic loosening may be of great interest. 

Although plain radiography is often the imaging modality of first choice, literature has reported 

varying success in predicting the fixation status of a hip prosthesis. When reviewing literature over 

the two decades regarding radiography in the evaluation of hip prosthesis, and more specifically 

the femoral components, accuracies range from 50 to 98% [6, 14, 23]. Data regarding cemented 

components from the present study revealed an accuracy of 75%. This is consistent with the 

results reported by Miniaci et al. [16] in 1990, with the exception that they had fewer false-

positive radiographs. Lieberman et al. [14] found an even better performance of plain radiography 

for the cemented component: they reported an accuracy of 98%, a sensitivity of 100% and a 

specificity of 92% and stated that plain radiography is the most effective method for detecting 

component loosening. Cheung et al. [5] in 1997 published the only study of plain radiography 

for the assessment of uncemented components and reported an accuracy of 83%, a sensitivity 

of 83%, and a specificity of 82%. We found a similar accuracy (83%). However, interpretation of 

a femoral component can be diffcult, as reflected by the moderate interobserver agreement for 

plain radiography in this study. The complexity of interpreting plain radiographs has long been 
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recognized [3, 12], with a moderate interobserver agreement (kappa 0.48) for cemented femoral 

components being reported. These are the only two studies that investigated the interobserver 

variability in the interpretation of plain radiographs of femoral components. Our results are 

consistent with those of these earlier studies. Interobserver agreement was poor for uncemented 

components with an ICC of -0.10. Although these limitations in image interpretation are not 

translated in the test performance of plain radiography, it is stressed that image interpretation 

may not be reliable using a single observer. A factor possibly contributing to interobserver 

variation is the limited knowledge available regarding loosening patterns of the various implant 

designs and surface finishes. Therefore, future studies are needed to address these topics and to 

assess their effect on the diagnostic performance of these imaging modalities. 

Overall, bone scintigraphy was the second best imaging technique, with a sensitivity of 88% 

and a specificity of 50%. These findings are similar to results published in literature, where bone 

scintigraphy has a sensitivity ranging from 71 to 100% and a specificity ranging from 33 to 

100% for predicting loosening of femoral components [19, 23, 26]. Furthermore, we found that 

bone scintigraphy made a significant diagnostic contribution when it was combined with plain 

radiography. Unlike the interpretation of plain radiographs, the interobserver agreement for the 

interpretation of bone scans was good (ICC cemented 0.64; ICC uncemented 0.68). Ore et al. 

[17] reported a moderate interobserver variation in the interpretation of bone scintigraphy for 

hip prostheses. The difference in results may be because Ore and co-workers did not distinguish 

between acetabular and femoral components. Subtraction arthrography did not perform well 

in this study. We found no significant contribution of the subtraction arthrography when it was 

combined with X-ray. In 1996, Ginai et al. [7] reported subtraction arthrography as giving the 

best results in the prediction of femoral component loosening; however, these authors did not 

distinguish between cemented and uncemented components. With regard to the cemented 

femoral components, this was illustrated by Cain et al. [4] in 1990 who reported an accuracy of 

90%. Results for uncemented components were described by Swan et al. [22], who reported a 

sensitivity of 50%, a specificity of 100% and an accuracy of 83%. Other authors have not reported 

such favorable results. Cheung et al. found an accuracy of 63% for uncemented components and 

concluded that subtraction arthrography is of limited value in predicting the fixation status of 

uncemented femoral components, confirming previous studies [5, 15, 16, 20–22, 24]. We have 

drawn a similar conclusion on the basis of our results. The accuracy of subtraction arthrography 

was 58% for cemented components whereas its sensitivity and specificity for uncemented 

components were 50 and 89%, respectively. Surprisingly, the ICC revealed that overall there was 

a good agreement between the two observers (ICC 0.65). 

Observer agreement for cemented and uncemented prostheses using nuclear arthrography was 

distinctly better, with ICC values of 0.76 and 0.86, respectively. Furthermore, the diagnostic yield 

was significantly greater when nuclear arthrography was combined with plain radiography to 

assess femoral component loosening. Hence, nuclear arthrography had a better performance 

than subtraction arthrography in the evaluation of the femoral component. This, surprisingly, 
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did not result in a similar outcome with regard to its test performance with accuracies of 71% 

in the cemented and 78% in the uncemented groups. This is illustrated in the logistic regression 

analysis in which nuclear arthrography had a significant contribution as complementary imaging 

technique to plain radiography in the assessment of femoral component loosening. 

Conclusion 
The present study revealed that bone scintigraphy and nuclear arthrography are, when plain 

radiography is inconclusive, useful additional diagnostic techniques for the detection of femoral 

component loosening. Furthermore it is stressed that interobserver variability is substantial. Since 

interobserver variability may depend on the experience and expertise of the observers, clinical 

training, scoring systems, and future studies are needed to assess their effect on the diagnostic 

performance of these imaging modalities. 
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Abstract
The objective of this study was to summarize and compare the diagnostic accuracy of contrast 

and subtraction arthrography in the assessment of aseptic loosening of total hip arthroplasties. 

This meta-analysis was performed using methods described by the Cochrane Methods Group on 

Systematic Reviews of Screening and Diagnostic Tests. We included original, English-language 

papers published between January 1975 to October 2004 that examined contrast-enhanced 

arthrography with or without subtraction for diagnosis of loosening of total hip prostheses. A 

qualitative and quantitative analysis was performed by two investigators. 

With regard to the acetabular component, pooled sensitivity and specificity for contrast 

arthrography was 70% (95% confidence interval, 52–84) and 74% (95% CI, 53–87), respectively. 

Subtraction arthrography had a significantly higher sensitivity of 89% (95% CI, 84–93) (p = 0.01), 

with a similar specificity of 76% (95% CI, 68-82). For the femoral component, pooled sensitivity 

and specificity for contrast arthrography were 63% (95% CI, 53–72) and 78% (95% CI, 68–86). 

Pooled estimates for subtraction arthrography revealed a significantly higher sensitivity of 86% 

(95% CI, 74–93) (p = 0.003). Specificity was 85% (95% CI, 77–91) and was similar to the data of 

contrast arthrography (p =0.23). 

Using the present data we found that the subtraction arthrography is a sensitive technique for 

detection of loosening of total hip prostheses, offering added value over contrast arthrography, 

especially for evaluation of the femoral component. 
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Introduction
Contrast enhanced arthrography is a frequently applied diagnostic modality used for the 

detection of hip prosthesis loosening. Since its introduction, this technique was improved by the 

introduction of subtraction arthrography, and digital subtraction arthrography [1,2]. In a study 

by Warner et al., a potential benefit was reported for digital subtraction arthrography compared 

to contrast arthrography [3]. However, randomized or prospective comparisons of contrast and 

subtraction arthrography were not performed. The objective of this meta-analysis was to assess 

the diagnostic accuracy of contrast enhanced arthrography in the patients suspected of a aseptic 

loosened total hip prostheses, and to meta-analytically compare the arthrographic techniques 

currently used in clinical practice. 

Materials and methods
Study identification 
We attempted to identify all studies that examined contrast-enhanced arthrography with or 

without subtraction for diagnosis of loosening of total hip prostheses. In order to identify all 

relevant literature, we developed a computerized search strategy for locating studies published 

between January 1975 and October 2004 in the PUBMED and EMBASE databases. We included 

original, English-language, full-length, human-adult studies, and made no attempt to include 

unpublished data. 

Study eligibility 
Screening and selection of potentially relevant studies for inclusion was performed independently 

by two investigators (O.T. and P.R.). The reviewers were not blinded to the journal, authors, 

institutional affiliation, or date of publication. We included studies that (1) examined the 

diagnostic performance of contrast-enhanced arthrography in patients suspected of aseptic 

loosening of a total hip prosthesis; (2) included at least 10 patients (3) used surgery, or a clinical 

follow-up of at least one year as gold standards; (4) reported the data in sufficient detail to 

calculate a contingency tables and the index test characteristics, (5) reported sufficient detail to 

categorize studies as subtraction arthrography or contrast arthrography. In case of disagreement, 

a consensus was reached by repeated reviewing, and discussion. 

Study quality 
A quality assessment of eligible studies was performed using a modified version of the checklist 

designed by the Cochrane Methods Group on Systematic Review of Screening and Diagnostic 

Tests. The criteria cover two dimensions: internal validity, used to assess methodological quality 
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of studies, and external validity which is used for key characteristics of included studies (e.g. 

scanning protocols, interpretation criteria). Our checklist included assessment of the following 

aspects; (1) application of a standardized and valid reference test, performed independently of 

the index test; (2) the presence of verification bias; (3) study design and research planning (e.g. a 

retrospective or prospective study design); (4) the source of the patient population (e.g. primary 

care or secondary care); (5) patient characteristics (e.g. age, sex); (6) description of eligibility 

criteria; (7) key characteristics of the applied index test. Eligible studies were subsequently 

categorized to their validity of evidence as described by the Centre for Evidence-Based Medicine 

of the National Health Service Research and Development (http://www.cebm.net/levels of 

evidence.asp). This framework features five levels of evidence with four corresponding levels 

of evidence. Level 1 corresponds with level A grade of recommendation, and includes studies 

performed in an independent and blinded fashion describing an appropriate patient population. 

Level 4 describes none blinded studies and corresponds with a grade C level of recommendation. 

Quality assessment was performed independently by two reviewers (O.T. and P.R.). During the 

quality assessment, the reviewers were not blinded for the authors or publication sources. In 

case of disagreement, consensus was reached by discussion. 

Data analysis 
Before calculation of the pooled estimates of contrast-enhanced arthrography, heterogeneity 

was assessed using methods described by Midgette et al. [4]. Heterogeneity of the sensitivity 

and specificity was tested using the Chi-square test or the Fisher’s exact test with k-1 degrees 

of freedom (k: number of studies). The Spearman’s rank correlation coefficient ρ was used in 

order to measure the extent of correlation between sensitivity and specificity. In case ρ was 

>−0.4, we performed a subgroup analysis and used a univariate meta-regression analysis to 

evaluate the influence of prosthesis characteristics, and the internal and external validity criteria, 

on the diagnostic accuracy. A ρ value <−0.40, suggests that the variation between studies may 

be explained by different cut-off points on a Summary Receiver Operating Characteristic (SROC) 

curve. A SROC curve represents the optimum operating point of a test, and is constructed by fit-

ting a regression line through the sensitivity, and 1-specificity combinations of each study. Similar 

to conventional ROC curves, a curve closer to the left upper quadrant indicates better diagnostic 

performance of this particular imaging technique. A detailed description regarding methods 

for fitting the curve is illustrated in the study by Littenberg and Moses [5]. In order to detect 

outlier studies, we construct a Galbraith plot [6]. This plot is constructed by plotting the natural 

logarithm of the diagnostic odds ratio (DOR) on the y-axis against the inverse of the standard 

error on the x-axis. Studies outside the 95% boundaries were considered as outliers. We used the 

data and formula as described by Fleiss to measure the extent of heterogeneity of the DOR [7]. 

In case of remaining heterogeneity between studies a random effect model was chosen. Finally, 

pooled estimates of sensitivity and specificity of contrast and subtraction arthrography were 

compared with a Z-test. A p-value <0.05 was considered as significant. 
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Results
Included studies 
We identified sixty-four potentially relevant studies that had been published since 1975. After 

title, and abstract selection, thirty full text articles were selected presenting sufficient data for 

quantitative analysis [3,8–36]. Twenty-four studies described contrast-enhanced arthrography in 

the acetabular component [3,8–10,12,13,16,18–23,25–33,35,36], eight studies were performed 

using contrast arthrography [9,18,23,25,28,29,32,33], and ten studies reported the use of 

subtraction arthrography [3,8,12,13,16,20,21,30,31,36]. Six studies describing the acetabular 

component did not specify their data with regard to the arthrographic technique applied, and 

were subsequently rejected from further analysis [10,19,22,26,27,35]. Overall, only eight studies 

presented the data stratified for a subgroup analysis for cemented or uncemented fixation 

of the prosthesis [9,10,18,19,25,29,35,36]. The mean prevalence of acetabular component 

loosening was 67%, and 69% in the studies describing contrast, and subtraction arthrography, 

respectively. Twenty-eight studies described the use arthrographic techniques in the evaluation 

of femoral components [3,8–11,13–17,19-36], thirteen studies used conventional contrast 

arthrography [9,11,14,15,17,23–25,28,29,32–34], and nine described subtraction arthrography 

[3,8,13,16,20,21,30,31,36]. Six studies did not report the applied arthrographic technique and 

were subsequently excluded from this meta-analysis [10,19,22,26,27,35]. Eight studies specified 

their data with regard to cemented or non-cemented prostheses [9–11,19,25,29,35,36]. The 

mean prevalence of femoral component loosening in studies describing contrast and subtraction 

arthrography was 74%. 

Figure 1 ROC curves of contrast and subtraction 
arthrography for the Acetabular components.

Figure 2 ROC curves of contrast and subtraction 
arthrography for the Femoral components.
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Qualitative analysis 
None of the included studies met all criteria for the assessment of study quality as designed by 

the Cochrane Methods Group on Systematic Review of Screening and Diagnostic Tests. There 

were no studies with a randomized design, and there were two studies with a prospective study 

design [11,36]. All included studies used a valid reference test, however, in ten studies not all 

patients were submitted to a valid reference test [3,11,15,17,21,23,24,28,30,34]. These patients 

were not included in the present study. In none of the included studies the reference test was 

measured independently of the index test. In all, but one study, the choice of patients who were 

assessed by the reference test was independent of the index test [36]. Eight studies included 

a consecutive patient population [8,11–13,15,18,20,36]. Twenty studies were performed in 

teaching hospitals [3,8,9,11–13,15–17,20,21,23,25,28–32, 34,36]. 

Quantitative analysis 
The lnDOR of subtraction arthrography for both acetabular, and femoral components revealed 

no heterogeneity. We identified evidence of statistical heterogeneity in studies describing 

contrast arthrography in the acetabular components. Subgroup analyses revealed no significant 

correlation between the methodological quality of the studies and the diagnostic performance. 

There was no correlation between the publication date and reported test performances. Since 

the arthrographic criteria for loosening are based on contrast leakage along the prosthesis, we 

investigated the applied imaging protocols and the arthrographic techniques. Most authors 

applied contrast material sufficient to cause pain or until an increase in resistance was felt 

[3,8,9,12,14–16,18,21,24,25,30,31,36]. In three studies a constant amount of contrast material 

was applied [11,17,28]. Twelve studies did not report the amount of contrast material applied 

[12,13,16,20,23–25,29,30,32–34]. Of the studies reporting the amounts of injected contrast 

we found an average of 17.5 ml of contrast material injected intra-articular. Seven studies 

mobilised the patients before the arthrographic procedure in order to increase intra-articular 

pressure [9,11,16,21,28,31,36]. Unfortunately, too few studies described the fixation techniques 

of prostheses, precluding subgroup analysis. Because the heterogeneity could not be clarified 

by the subgroup analysis, we used a random effects model to derive pooled estimates of both 

contrast and subtraction arthrography. (Table 1). 

With regard to the acetabular component, pooled sensitivity and specificity for contrast 

arthrography was 70% (95% confidence interval, 52–84) and 74% (95% CI, 53–87), respectively. 

Subtraction arthrography had a significantly higher sensitivity of 89% (95% CI, 84–93) (p = 

0.01), with a similar specificity of 76% (95% CI, 68–82) (p = 0.8). Four studies described the use 

of digital subtraction arthrography in the assessment of the acetabular component [8,20,30,36]. 

Pooled sensitivity was 87% (95% CI, 81–92) and specificity was 78% (95% CI, 68–86). Manual 

subtraction arthrography was described in seven studies and had a pooled sensitivity of 89% 

(95% CI, 78–95) and a specificity of 75% (95% CI, 64–83) [3,12,13,16,21,30,31]. Two studies 

reported data on the use of contrast arthrography in cemented acetabular components [9,29]. 
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Sensitivities ranged from 68 to 89%, whereas specificities ranged from 90 to 100%. The use of 

contrast arthrography in the assessment of the uncemented acetabular components revealed a 

sensitivity ranging from 29 to 89%, and specificities ranging from 91 to 100% [18,25].

For the femoral component, pooled sensitivity and specificity for contrast arthrography were 

63% (95% CI, 53–72) and 78% (95% CI, 68–86). Pooled estimates for subtraction arthrography 

revealed a significantly higher sensitivity of 86% (95% CI, 74–93) (p = 0.003). Specificity was 

85% (95% CI, 77–91) and was similar to the data of contrast arthrography (p = 0.23). Subgroup 

analysis of four studies describing digital subtraction arthrography revealed a pooled sensitivity of 

90% (95% CI, 68–97) and a specificity of 84% (95% CI, 72–92) [8,20,30,36]. With regard to the 

cemented femoral components sensitivities ranged from 53 to 94% for contrast arthrography, 

whereas specificities ranged from 75 to 88% [9,29]. Two studies described the diagnostic 

performance of contrast arthrography in the assessment of the uncemented femoral component; 

sensitivity ranged from 50 to 57%, and specificities ranged from 60 to 100% [11,25]. 

Subgroup analysis regarding the fixation techniques in studies describing subtraction arthrography 

identified Ovesen et al. as the only study presenting specified data on the cemented acetabular 

and femoral component [36]. He found a sensitivity of 94% and a specificity of 91% for the 

acetabular component, and a sensitivity of 93% and a specificity of 92% for the femoral 

component [36]. None of the eligible studies presented specific data on the use of subtraction 

arthrography in the assessment of uncemented hip prostheses. The summary estimates of eligible 

studies, and studies describing fixation techniques, are shown in Figs. 1 and 2. 

Table 1 Pooled estimates of the diagnostic performance of contrast and subtraction arthrography for the acetabular 
and femoral components

Acetabular components Sensitivity p-value Specificity p-value

Contrast 70%   (95% CI, 52-84) 74%   (95% CI, 53-87)

Subtraction 89%   (95% CI, 84-93) 0.0078* 76%   (95% CI, 68-82) 0.84*

Manual Subtraction 89%   (95% CI, 78-95) 75%   (95% CI, 64-83)

Digital Subtraction 87%   (95% CI, 81-92) 0.70** 78%   (95% CI, 68-86) 0.65**

Femoral components

Contrast 63%   (95% CI, 53-72) 78%   (95% CI, 68-86)

Subtraction 86%   (95% CI, 74-93) 0.003* 85%   (95% CI, 77-91) 0.23*

Manual Subtraction

Digital Subtraction 90%   (95% CI, 68-97) 84%   (95% CI, 72-92)

REM: pooled estimates calculated using a random effect model; 95% CI: 95% confidence interval. * p-values calculated 
for contrast vs. subtraction arthrography using a Z-test. ** p-values calculated for manual vs. digital subtraction 
arthrography using a Z-test.
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Discussion
In this meta-analysis, we found that subtraction arthrography proved to be more accurate than 

contrast arthrography for the assessment of patients suspected of an aseptic loosened hip 

prosthesis. This is contributed to a significantly higher sensitivity for subtraction arthrography 

ranging from 88% (95% CI, 84–92) for the acetabular components, to 80% (95% CI, 74–84) for 

the femoral components, compared to a sensitivity of 74% (95% CI, 65–81) for the acetabular, 

and 61% (95% CI, 54–67) for the femoral component using contrast arthrography. 

Previous studies have shown varying results of the diagnostic performance of contrast 

arthrography with accuracies ranging from 43 to 94% [15,32]. Due to the moderate results 

of contrast arthrography, some authors suggested that contrast arthrography was of limited 

value in the assessment of the acetabular and femoral components [9,18,25,29]. In part this 

has been attributed to prostheses geometrics and biological behaviour [11,25]. Unfortunately 

only a limited number of the eligible studies reported the applied fixation techniques. Hence, 

a subgroup analysis could not be performed validating these statements. An important reason 

for varying diagnostic performances may be the use of different interpretation criteria and can 

also result in varying study results. Using summary ROC analysis, comparison of test results 

from different studies is less hazardous, since this method adjusts for differences in thresholds, 

illustrating the dependence between sensitivity and specificity, offering a better comparison 

between diagnostic tests. The summary ROC curves derived from the available data revealed 

higher ROC curves and summary estimates of test performance for subtraction arthrography 

when compared to contrast arthrography. (Figs. 1 and 2) Better ROC curves confirmed the 

better diagnostic performance of subtraction arthrography for the evaluation of both acetabular, 

and femoral components. Subtraction arthrography was introduced as a major improvement 

compared to contrast arthrography, since subtraction arthrography provided better visualisation 

of small collections of contrast media and therefore improved the detection of prosthetic 

component loosening [37]. Our results support this theoretical advantage since the pooled 

sensitivity is significantly higher compared to that of contrast arthrography. The introduction of 

digital subtraction arthrography was introduced as a further improvement of the arthrographic 

technique. Indeed in some studies the use of digital subtraction arthrography was found superior 

to manual subtraction arthrography [8,33]. However, in this meta-analysis of all available studies 

we found no significant difference in diagnostic performance between digital and manual 

subtraction arthrography for both the acetabular, and the femoral component.

There are some limitations to this meta-analysis. First, we found a limited methodological 

quality of the included studies, mostly due to the presence of verification bias. Furthermore, few 

studies reported on the accuracy of imaging techniques for both cemented and uncemented 

components. However, these limitations apply for both conventional contrast and subtraction 

arthrography studies. 
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Conclusions
In this meta-analysis we found that contrast enhanced arthrography is a useful diagnostic technique 

in the assessment of painful total hip arthroplasties. Moreover, we found that subtraction 

arthrography is a sensitive technique for the detection of loosening of total hip prostheses, 

offering a significant added value over contrast arthrography, especially for evaluation of the 

femoral components. Digital subtraction arthrography had a similar diagnostic performance 

compared to manual subtraction arthrography. 
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Abstract
As a result of a loosened prosthesis, acetabular and femoral bone deficiencies may occur due 

to mechanical wear and osteolysis. During revision surgery, these bone deficiencies may be 

treated with impacted allografts. At present, the rate of success is measured by clinical outcome 

and X-rays made at regular intervals after surgery. It is difficult, however, to detect new bone 

formation. A possible solution is the use of positron emission tomography (PET). The aim of the 

present study was to evaluate bone blood flow and new bone formation in patients after total 

hip revision surgery with impacted bone grafting using H2
15O, [18F]fluoride and PET.

Six patients scheduled for primary hip arthroplasties and four patients treated with total hip 

revision surgery using impacted bone allografts were enrolled prospectively to quantitatively 

assess the process of bone graft remodelling. The study protocol consisted of three repeat 

dynamic H2
15O and [18F]fluoride PET scans in each patient, performed at approximately one day 

before operation, and at two and twelve weeks postoperatively.

Three months after surgery, bone blood flow was significantly higher around the prosthesis 

compared to the contralateral side. In the group of patients undergoing a revision, bone blood 

flow around the prosthesis was 2 to 3 fold higher compared to the contralateral side, but 

differences did not reach significance. Bone metabolism in the periprosthetic region in patients 

undergoing revision was threefold higher 2 weeks post-operatively as compared to the primary 

hip group. Hence, aside from the operation effects, impaction bone grafting induced additional 

fluoride incorporation within 2 weeks post-operatively as compared to patients who received a 

hip prosthesis without bone grafting. However, at 3 months a non-significant difference in bone 

metabolism was seen between patients with and without bone grafts. Linear regression analysis 

showed a significant correlation between Ki and bone blood flow in the same region.

Allogenic bone grafts induce a higher rate of local peri-prosthetic bone formation compared to 

peri-prosthetic bone formation after a primary total hip placement. Furthermore, in vivo coupling 

between bone blood flow and bone metabolism suggests that bone metabolism in allogenic 

bone grafts may partly rely on local bone blood flow adaptations. 
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Introduction
Despite improved surgical techniques and prosthetic materials, reported failure rates of primary 

cemented and uncemented total hip prostheses are significant, varying between 7 and 17% [1]. 

As a result of a loosened prosthesis, acetabular and femoral bone deficiencies may occur due to 

mechanical wear and osteolysis. During revision surgery, these bone deficiencies may be treated with 

impacted allografts. [2;3]. Various studies suggest that results of these operations are encouraging, 

whereas some authors report survival rates up to 100% after 10.4 years (mean ) follow-up [4]. 

At present, the rate of success is measured by clinical outcome. In practice, routine X-rays at 

regular intervals after surgery are compared with previous films for signs of bone ingrowth, 

trabecularization and cortical remodelling. It is difficult, however, to detect new bone formation 

(e.g. trabecularization, cortical remodelling) on radiographs and sometimes it is impossible 

because of metal meshes used for the reconstruction of segmental defects. An alternative is bone 

scintigraphy, which is useful in assessing loosening, fracture unions and bone graft incorporation, 

but which is limited in anatomical precision and accuracy [5]. A possible solution for the latter 

problems is the use of positron emission tomography (PET), which offers the possibility to 

quantify regional tissue (patho)physiology with a higher resolution than that of bone scintigraphy 

[6]. PET allows for the quantification of blood flow, which in itself plays an important role in the 

process of new bone formation after impacted grafting [7;8]. In addition, [18F] fluoride ions can 

be used to study bone formation directly [9]. In the process of bone regeneration osteoblasts 

produce bone matrix, which is mineralized after an interval of some days. Fluoride ions exchange 

with hydroxyl groups in the hydroxyapatite crystal of bone (Ca10(PO4)6OH2), which is formed 

by osteoblasts in the process of mineralization, resulting in fluoroapatite (Ca10(PO4)6F2) [9;10]. 

The aim of the present study was to evaluate bone blood flow and new bone formation in 

patients after total hip revision surgery with impacted bone grafting using H2
15O, 18F- and PET. 

In addition, in order to understand better the biological effect of bone allografts, these results 

were compared with those in patients following primary cemented total hip arthroplasty. 

Materials and Methods
Study design 
Six patients scheduled for primary hip arthroplasties (group A: 0 males, 6 females, mean age 

76 ± 4) and four patients treated with total hip revision surgery (group B: 2 males, 2 females, 

mean age 76 ± 5) using impacted bone allografts were enrolled prospectively to quantitatively 

assess the process of bone graft remodelling and new bone formation. The diagnosis for all 

six primary total hip arthroplasties was primary arthrosis. The indication for all four acetabular 

and three femoral component revisions was aseptic loosening. In all patients cemented total 
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hip prostheses were used. The study was approved by the medical ethics committee of the VU 

University Medical Centre (VUmc). All patients gave written informed consent after being fully 

informed about the purpose of the study and any potential risks. The study protocol consisted 

of three repeat H2
15O and 18F- PET scans in each patient, performed at approximately one day 

before operation, and at two and twelve weeks postoperatively. 

Surgical Procedure
In all patients, a cemented Exetertm (Howmedica, London, UK) total hip prosthesis in a 

posterolateral approach was used. The technique used for impacted bone allografts has been 

described in detail previously [2] [3]. First, segmental defects were closed with wire meshes after 

removal of scar tissue, cement and fibrous interface. Next, deep frozen bone graft chips of the 

VUmc bone bank (cancellous, diameter of approximately 8mm) were inserted and impacted. 

Postoperative Management 
Postoperative management included systemic antibiotics during the first 24 hours, followed by 

anticoagulation therapy for 3 months. Mobilization of patients started with bed exercises on 

the first postoperative day up to a period of three weeks, followed by partial mobilization with 

limited weight bearing on the operated side. Patients were then seen in the outpatient clinic 

at 6 weeks, 3 months, 6 months, and 1 year after surgery. Routine X-rays were performed at 

regular intervals after surgery and compared with previous films for signs of bone ingrowth, 

trabecularization, cortical remodelling and migration.

Data Acquisition 
Dynamic H2

15O and 18F- scans were performed using an ECAT Exact HR+ scanner (Siemens / CTI, 

Knoxville, USA), which records 63 continuous planes in an axial field of view of 15.5 cm. First, a 

10 min transmission scan of the hip region was performed, using three rotating 68Ge sources. 

After bolus injection (15 s; 10 ml/min) using an automated injector (Medrad, Pittsburgh, USA) 

of 1000 MBq H2
15O in an antecubical vein, a dynamic emission scan (in 2D mode) was started. 

The scanning sequence consisted of the following frames: 12x5, 12x10, 6x20, 10x30 s (total: 10 

minutes). During the H2
15O scan, arterial blood was withdrawn continuously (5 ml/min) from 

the distal radial artery using an on-line blood sampler (Veenstra, Joure, The Netherlands). 18F- 

PET acquisition started ten minutes after the H2
15O scan to allow for decay of H2

15O activity. A 

sixty minutes dynamic emission scan was started after iv. injection of 100 MBq 18F –using the 

following scanning sequence: 6x5, 6x10, 3x20, 5x30, 5x60, 8x150, 6x300 seconds. To acquire 

the input function, i.e. the time course of H2
15O and 18F - in arterial plasma, arterial blood was 

withdrawn continuously from the radial artery at a rate of 5 ml/min during the first 10 minutes 

and a rate of 2.5 ml/min thereafter. At set times continuous withdrawal was interrupted to 

collect manual samples. For these samples both whole blood and plasma concentrations were 

measured using a cross-calibrated well-counter. 
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Data Analysis
Dynamic scan data were corrected for decay, dead time, scatter, randoms and (measured) photon 

attenuation and reconstructed as 128x128 matrices using filtered back projection with a Hanning 

filter (cut-off 0.5 cycles/pixel). In order to enhance the anatomical orientation and to facilitate 

correct positioning of the regions of interest (ROI), the last ten frames of the [18F-]fluoride 

scan were summed (20-60 min p.i.). ROI were drawn around the endoprosthesis in an axial 

plane. These ROI were then grouped, to form one single ROI, which was copied, mirrored, and 

positioned onto the contralateral femur or acetabulum at the same level on both [ 18F-]fluoride, 

and H2
15O dynamic scans. In a similar fashion ROI were defined around the allogeneic cancellous 

grafts (within the acetabulum and femoral cavity) of the acetabulum or femur of the operated 

side. Next, both ROI were subtracted from each other, resulting in tissue time activity curves of 

allogeneic cancellous grafts and cortical bone. 

Bloodflow was estimated by fitting H2
15O tissue time activity curves to a single tissue compartment 

model using standard non-linear regression techniques [11] [12]. These time activity curves were 

fitted both with and without including an arterial blood volume (Va) component. In these fits, 

delay and dispersion of the online input function were individually fixed to the values obtained 

from a fit of the total count rate of the scanner, which included these parameters [12]. 

Fluoride kinetics were estimated by fitting tissue time activity curves to a two tissue compartment 

model. The two tissue compartments consisted of the extravascular compartment and bone 

mineral. Four different rate constants (K1, k2 , k3 , k4) describe the exchange of fluoride between 

plasma and tissue and between the two tissue compartments. The net clearance of fluoride from 

plasma to bone mineral is described by the parameter Ki . Ki is calculated with the following 

equation: Ki = K1 * k3/(k2 +k3). The presence of an arterial blood volume (Va) and the fourth 

kinetic parameter (k4) in the fluoride model was evaluated using standard criteria [13;14]. 

Absolute values of blood flow and bone metabolism (Ki) at the operated side were compared 

to those of the contralateral hip region and to pre-operative values using the non-parametric 

Friedman test or Wilcoxon matched pairs test. A p value of less than 0.05 was considered to be 

significant. Results are expressed as mean values with their standard deviation. PET parameters 

Ki and blood flow were correlated using linear regression. 

Results
In five out of thirty scanning sequences the H2

15O scan could not be performed due to problems 

related to the production of H2
15O, and in one occasion to hardware failure of the PET scanner.
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Clinical Outcome 
Clinical outcome was good for all patients. In all cases routine X-rays showed signs of bone 

ingrowth, trabecularization and cortical remodelling. All patients were mobilized using a 

standardized protocol and visited our outpatient clinic as described previously. 

Blood flow 
In the primary group (figure 1a), pre-operative mean bone blood flow was 0.082±0.050 ml⋅min-

1⋅ml-1 in the hip region, where a hipprosthesis had to be inserted, and 0.060±0.033 ml⋅min-1⋅ml-1 in 

the contralateral hip (p=0.22). Two weeks after surgery blood flow was 0.090±0.010 ml⋅min-1⋅ml-1 

around the prosthesis and 0.054±0.014 ml⋅min-1⋅ml-1 at the contralateral side (p=0.11). Three months 

after surgery, bone blood flow was significantly higher around the prosthesis with 0.089±0.038 

ml⋅min-1⋅ml-1 as compared to 0.048±0.010 ml⋅min-1⋅ml-1 at the contralateral side (p=0.043). In the 

group of patients undergoing a revision (figure 1b), bone blood flow around the prosthesis was 2 

to 3 fold higher compared to the contralateral side, but differences did not reach significance.  

Patients undergoing a revision had a higher bone blood flow at the prosthetic side of 0.183 ml⋅min-

1⋅ml-1 compared to the primary group, who had a mean blood flow of 0.090 ml⋅min-1⋅ml-1 (p=0.05), 2 

weeks postoperatively. At the two other time points (pre-operatively and 3 months postoperatively) 

bone blood flow was not significantly different between primary and revision groups. 

Figure 1a. Bone blood flow and 95% 
confidence intervals in the group 
of patients undergoing primary hip 
arthroplasty preoperatively (Scan 1), and 
2 (Scan 2) and 12 weeks (Scan 3) after 
surgery. i: ipsilateral; c: contralateral. 

Figure 1b. Bone blood flow and 95% 
confidence intervals in the group 
of patients undergoing hip revision 
arthroplasty preoperatively (Scan 1), and 
2 (Scan 2) and 12 weeks (Scan 3) after 
surgery. i: ipsilateral; c: contralateral. 
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Bone metabolism
Only in 10 out of 104 comparisons the 4-parameter model was preferred for the description of 

fluoride kinetics, according to standard criteria [14;15]. Therefore, a 3-parameter model (i.e. k4 

was set to zero) was used for analysis of fluoride kinetics. In figure 2, a summary is presented of 

Ki values as measured in both operated and non operated hips of patients undergoing primary 

total hip arthroplasty or hip revision arthroplasty.

In patients undergoing a primary total hip prosthesis (figure 2a), the peri-prosthetic Ki  increased 

non-significantly from 0.0046±0.0023 to 0.015±0.010 min-1 at 2 weeks (p=0.08) and significantly 

to 0.020±0.010 min-1 at 12 weeks (p=0.043). In patients undergoing a primary total hip prosthesis 

implantation bone metabolism in the contralateral hip region increased from 0.0059±0.0051 to 

0.010±0.0035 min-1 at 2 weeks (p=0.08) and to 0.010±0.0036 min-1 at 12 weeks (p=0.043). In 

patients undergoing hip revision surgery (figure 2b), Ki increased from 0.030±0.024 min-1 pre-

operatively to 0.046±0.024 min-1 at 2 weeks after surgery (p= 0.18). At 12 weeks after revision 

surgery the Ki returned to 0.028±0.015 min-1, not different from the pre-operative Ki (p=0.59).

Bone metabolism (Ki) in the periprosthetic region in patients undergoing revision was threefold 

higher 2 weeks post-operatively as compared to the primary hip group (0.046±0.024 vs 

0.015±0.010 min-1, respectively; p=0.036). Hence, aside from the operation effects, impaction 

bone grafting induced additional fluoride incorporation within 2 weeks post-operatively as 

compared to patients who received a hip prosthesis without bone grafting. However, at 3 

months a non-significant difference in bone metabolism was seen between patients with (Ki = 

0.028±0.015) and without (Ki = 0.020±0.010) bone grafts (p=0.556).  

Figure 2a.  Ki of 18F- and 95% 
confidence intervals in the group 
of patients undergoing primary hip 
arthroplasty: preoperatively (Scan 1), 
and 2 weeks (Scan 2) and 12 weeks 
(Scan 3) after surgery. i: ipsilateral; c: 
contralateral. 

Figure 2b. Ki of 18F- and 95% 
confidence intervals in the group 
of patients undergoing hip revision 
arthroplasty: preoperatively (Scan 1), 
and 2 weeks (Scan 2) and 12 weeks 
(Scan 3) after surgery. i: ipsilateral; c: 
contralateral. 
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Correlation between fluoride metabolism and bone blood flow
Linear regression analysis showed a significant correlation between Ki and bone blood flow in 

the same region, with a correlation coefficient of 0.72 (p<0.001), as shown in figure3.

Figure 3. Correlation between Ki of 
18F- and bone blood flow (BF). The 
straight line represents the regression 
line, which is given by Ki = 0.209
*BF – 1.16; r=0.72.

Discussion
In this study blood flow and bone metabolism were assessed in patients undergoing both primary 

and revision total hip arthroplasties. Since the initial trauma of the surgical procedure itself may 

induce increased bone metabolism and/or blood flow, patients undergoing a primary total hip 

arthroplasty were also included, in an attempt to discriminate between effects of the surgical 

procedure and those of bone grafting. A significant increase in peri-prosthetic bone metabolism 

was found in patients in whom allogeneic bone grafts were used as compared to patients where 

no bone grafts were used. Hence, the addition of bone graft induces higher osteoblastic activity 

than surgery or surgical trauma to bone alone. Furthermore, increased uptake of [18F -]fluoride was 

found in the contralateral hip of patients receiving a primary hip prosthesis, indicating increased 

bone formation at the non-operated side. Peri-prosthetic bone blood flow was increased at 2 

weeks and 3 months after surgery. Finally, peri-prosthetic [18F -]fluoride uptake was correlated 

with bone blood flow suggesting that bone formation and bone blood flow are coupled. 

[18F -]fluoride has been applied for the evaluation of bone metabolism and neoplastic diseases 

[10;15-20] [8;21;22]. In the present study this technique was applied to evaluate bone metabolism 

of morsellized allografts in patients treated with total hip revision arthroplasty and primary 

total hip arthroplasties. Patients receiving allogeneic bone grafts had higher [18F -]fluoride 

influx compared to patients undergoing implantation of a total hip prostheses. In an earlier 

study, where a simplified Patlak analysis was used for the calculation of [18F -] fluoride kinetics, 

a 3 to 4 fold higher [18F -]fluoride uptake was found, 1 week after surgery, compared to the 

contralateral bone in the same patient [8]. As the main interest of the present study was bone 

formation and effects of allogeneic bone grafts, a control group undergoing primary total hip 
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implantation was used to account for local surgical trauma. Two weeks after surgery patients 

receiving bone grafts had a three fold higher [18F -]fluoride uptake compared to patients receiving 

a total hip implantation. Hence, these results suggest that allogeneic bone grafts induce rapid 

new bone formation independent of local surgical trauma. In the present analysis a two-tissue 

compartmental model together with nonlinear regression was used to calculate the net rate of 

uptake Ki of 18F-. This was based on a study of Piert et al [23], who demonstrated that the Ki 

obtained from nonlinear regression has been shown to correlate better with histomorphometric 

parameters of bone formation than the Patlak derived Ki. Increased [18F -]fluoride uptake was 

found within 2 weeks after surgery. Whether this rapid increased uptake of [18F -]fluoride is the 

result of new bone formation from the patient’s own osteoblasts or from osteoblasts originating 

from the allograft remains uncertain. Interestingly, an earlier study has shown new bone 

formation and osteogenic activity from bone cells in bone allografts [24]. The osteoinductive 

potential is, however, more likely to result from matrix-associated bone morphogenetic proteins. 

Interestingly, also the contralateral femur of patients receiving a primary hip arthroplasty showed 

an increased level of bone formation. This increase of bone formation at the contralateral side 

could be induced by increased exercise or walking by the patients after surgery compared to the 

exercise level before surgery. On the other hand circulating mediators influencing bone formation 

may also have contributed to the rise of 18F- uptake in the contralateral hip. 

Compared to the contralateral femur, a doubling of blood flow within two weeks after surgery 

was found. In addition, at three months increased bone blood flow values were found compared 

to the contralateral femur. These findings are similar to findings in earlier reports, and are most 

likely the result of surgical trauma, subsequent neovascularization and proliferation of bone grafts 

[8;25;26]. When comparing blood flow between patients treated with a primary and revision 

arthroplasties 2 weeks post-operatively, however, a clear trend of increased flow in the group with 

revision arthroplasty was seen. Lack of statistical significance may be explained by the relatively 

low number of patients. This marked increase in blood flow at two weeks after the use of bone 

grafts may suggest that morsellized bone allografts have an osteogenic effect causing an increase 

in neovascularization and subsequent osteoblast activity. This osteogenic effect of allografts 

has previously been suggested [8], but without verification using a control group (primary 

arthroplasty). Three months after surgery, blood flow stabilized at approximately 150% of the pre-

operative flow value. Blood flow was correlated with Ki , representing net [18F -]fluoride uptake. 

Approximately 50% of Ki variability could be explained by variability in bone blood flow. In an 

earlier study a similar result was found, showing a coupling of porcine blood flow and metabolism 

in high-turnover bone disease [23]. Other factors, such as bone morphogenetic proteins, may also 

have an effect on the alterations in bone metabolism, as 50% of the variation in bone metabolism 

could not be explained by variation in bone blood flow [19]. 
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Conclusion 
Increased bone blood flow indicates early neovascularization within two weeks after implantation 

of allogeneic bone grafts. Allogeneic bone grafts induce a higher rate of local peri-prosthetic 

bone formation compared to peri-prosthetic bone formation after a primary total hip placement. 

Furthermore, in vivo coupling between bone blood flow and bone metabolism suggests that 

bone metabolism in allogeneic bone grafts may partly rely on local bone blood flow adaptations. 

Therefore, PET provides a way to assess the metabolic activity in bone grafts and thus may 

provide an important tool for clinicians to assess in vivo bone graft behaviour which relates to 

clinical outcome.  
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Abstract
A positron emission tomography (PET) scan with 2-[fluorine-18]fluoro-2-deoxy-D-glucose (

18
FDG) 

was performed on a patient with clinical and laboratory signs of infection after a removed hip 

prosthesis but with indistinct signs on the bone scan and radiographs. The PET scan conflrmed 

the clinical and laboratory signs and revealed an unidentified focus of infection in the distal area 

of the right femur.
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Introduction
The diagnosis of septic loosening of a joint prosthesis often can be made on the basis of clinical, 

laboratory, and radiographic examinations. Clinical signs and bone changes on plain radiographs 

may take days or weeks to become evident, however, or are not conclusive. A much used 

alternative for detecting septic loosening is skeletal scintigraphy, which usually shows increased 

uptake after injection of technetium-99m methylene diphosphonate 
99m

Tc-MDP). 
99m

Tc-MDP 

is incorporated in immature collagen and exchanges with the phosphate ion pool. 
99m

Tc-MDP 

is sensitive in the detection of the bone-healing process and infection. It cannot distinguish 

between these and other entities, however, including heterotopic ossification, arthritis, local 

minor trauma, and postoperative effects [1]. A possible alternative is positron emission tomogra-

phy (PET) scanning, which is based on radionuclides that emit positrons in their radioactive decay 

(eg, 
15

O, 
11

C, 
13

N, and 
18

F). After emission, a positron interacts with an electron, in which process 

2 photons are created that travel in almost opposite directions. By placing detectors opposed to 

each other, simultaneous emission of these photons may be recorded by coincidence detection 

[2]. In this case report, we discuss a 2-[fluorine-18]fluoro-2-deoxy-D-glucose (
18

FDG) PET scan 

that was performed on a patient with clinical and laboratory signs of infection of a hip prosthesis 

but with indistinct signs on the bone scan and radiographs. 

Case Report 
A 44-year-old man was referred to us in September 1996. The medical history included multiple 

painful vaso-occlusive crises caused by sickled cells and aseptic necrosis of the left femoral head 

that was treated with a cemented total hip arthroplasty in 1983. The acetabular component was 

revised in 1989 because of aseptic loosening. In 1984, the right hip was treated with a cemented 

total hip arthroplasty, which was revised some years later. 

Figure 1. Static image of the bone 
scan (anterior and posterior view, 
3 hours after injection of 740 
MBq technetium 99m hydroxydi-
methylpyrimidine). Diffuse increased 
uptake is visible extending from the 
acetabulum to the distal third of the 
right femur (long arrows). Tracer 
accumulation in the anterior and 
medial part of the right hip joint 
initially was interpreted as urine 
contamination (short arrow). It was 
concluded that a low-grade infection 
was unlikely because the images 
could be explained by normal 
postoperative changes.
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In 1995, the patient’s right shoulder was operated on, inserting a hemiprosthesis because of 

aseptic necrosis of the caput humeri. In June 1996, the patient presented with pain around 

the right hip, with a C-reactive protein (CRP) value of 283 mg/L and a blood culture positive for 

Staphylococcus aureus. The bone scan and samples taken from the hip revealed no evidence 

of infection, and after treatment with high-dose intravenous penicillin and oral Feneticilline, 

the pain and CRP normalized, and the patient was discharged. In September 1996, the patient 

presented with pain around the right hip and a CRP value of 84 mg/L. This time, however, 

the bone scan showed increased activity in the area of the femur with suspicion for low-grade 

osteomyelitis. As a result of the complex presentation, medical history, and existing sickle cell 

anemia, the patient was referred to our university hospital. Culture samples that were taken from 

the right hip revealed infection with S. aureus. Consequently the patient underwent surgery, and 

Figure 2. Anterior view of the bone 
scan of the distal part of the femora 
and the knees. Minimal increased 
uptake is visible in both distal femora 
(R > L) as well as in both proximal 
tibiae (L > R).

Figure 3. Transaxial 18FDG positron 
emission tomography (PET) image 
(1-cm slice thickness, acquired 1 
hour after intravenous injection 
of 370 MBq of 18FDG). Increased 
uptake is visible from the marrow 
of the right femoral shaft (arrow) 
extending laterally in the soft tissue, 
suggesting infectious involvement 
of bone and soft tissues.
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the infected prosthesis was removed, and after cleaning, gentamicin beads were left behind. 

In October 1996, 2 weeks after the operation, the patient developed a septic episode resulting 

from a central vein catheter infected with Pseudomonas aeruginosa. The patient was treated 

with antibiotics, and the infection was kept under control. In June 1997, after 6 months without 

any signs of infection, revision arthroplasty of the right hip was performed. Arthroplasty with 

cement fixation was performed using impacted grafting with homologous cancellous bone that 

was used to treat bone loss. 

Approximately 3 months after the operation, the patient developed signs of infection, and the 

implant was removed. Culture samples revealed P. aeruginosa of the same strain as cultured 

from the infected central venous catheter. After removal of the infected implant and extensive 

debridement, the patient was treated with local and general anesthetics. At the end of May 

1998, the patient presented with clinical and laboratory signs of infection. 

The bone scan (Fig. 1 and 2) that was performed approximately 6 months after the last operation 

showed increased uptake from the acetabulum to the distal third of the femur, as befitting the 

postoperative status. There were no clear signs for osteomyelitis. The constant reinfection of 

the prosthesis suggested an unknown source of infection, not identified on the bone scan and 

radiographs. A PET scan using 
18

FDG was performed in May 1998 (Fig. 3 and 4). The scan was 

performed using a Siemens (Knoxville, TN)/ CTI ECAT Exact HR+ scanner (axial field of view, 155 

mm), and after injection of 0.37 GBq, 
18

FDG static images were acquired at the level of the pelvis 

and the femur. 

Figure 4. Coronal 18FDG PET image (1-cm slice thickness). 
Increased uptake is present in the proximal and middle 
part of the femur (long arrows). Focal increased uptake 
of 18FDG is seen in the distal area of the right femur, 
suggesting local inflammation (short arrow).
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Figure 5. A radiograph of the right distal femur taken during the operation. In the distal femur, nearest the knee, 
a focus of infection was detected at the tip of the alligator forceps (arrow), which was positive for Pseudomonas 
aeruginosa of the same strain as cultured in 1996 from the central venous catheter.

Diagnosis 
The outcome of the PET scan confirmed the clinical signs of an unidentified infection and 

revealed a markedly increased uptake of 
18

FDG in the distal area of the right femur. This finding, 

in combination with the clinical presentation and the laboratory results, confirmed the suspicion 

for osteomyelitis. During the operation when the gentamicin beads were replaced and cultured, 

the femoral shaft was cleaned completely (Fig. 5). Culture samples, separately taken from the 

distal femur, were positive for P. aeruginosa of the same strain as cultured in 1996 from the 

central venous catheter. It was assumed that the focus of infection in the distal femur played a 

crucial role in the development of infections in the hip. After the successful operation, there were 

no further signs of infection in this patient. 

Discussion 
18

FDG is an analog of glucose, which, after transport across cellular membranes by carrier-

mediated transport, is phosphorylated by hexokinase. After phosphorylation, the FDG-6-PO
4 
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remains trapped in most cells [3,4]. In practice, 
18

FDG and PET scanning are used to measure 

the regional metabolic rate for glucose; these modalities are applied clinically mostly in oncology 

and cardiology. Similar to cancer cells, activated leukocytes and macrophages have an increased 

glycolytic metabolism, whereas leukocytic infiltration is characteristic for most acute infections. 

In various studies, increased uptake of 
18

FDG has been shown in experimental infections, trauma, 

and reactive lymph nodes [3,5–9]. In 1 study, 
18

FDG PET scanning proved to be highly accurate in 

the detection of osteomyelitis in the peripheral skeleton [10]. Compared with imaging modalities 

in conventional nuclear medicine used for the detection of osteomyelitis, such as techne-tium-

99m antigranulocyte antibody scintigraphy (sensitivity, 86%–92%; specificity, 77%– 82%), PET 

has a better spatial resolution, which may affect the sensitivity and specificity [11]. To which 

extent 
18

FDG PET can improve clinical decision making and patient outcome compared with 

other currently available diagnostic tools needs to be established in further studies. If confirmed, 
18

FDG PET may be of considerable benefit in patients suspected to have osteomyelitis. 
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Summary and conclusions
Despite the advances in prosthesis design, prosthesis materials and improvements in operative 

techniques, aseptic loosening of prosthetic components remains the major long-term complication 

after THA [1;2]. Therefore, when a patient presents with pain following THA, the fixation of 

prosthetic components may be questioned [3]. In clinical practice, in addition to an extensive 

history and complete physical examination, radiographic and scintigraphic techniques are often 

used to diagnose a loose hip prosthesis. The characteristics of imaging techniques, including 

routine radiography, contrast arthrography, nuclear arthrography and bone scanning, have 

been studied extensively over the last 2 decades. Although some studies reported that these 

techniques were beneficial in assessing component failure, there is no consensus with regard to 

an efficient diagnostic algorithm for the application of these tests. Therefore, this thesis aimed to 

evaluate the performance of radiography, contrast arthrography, nuclear arthrography and bone 

scintigraphy and to develop a diagnostic algorithm based on the results obtained. This thesis 

focussed on patients suspected with an aseptic loosening of THA. In order to comprehensively 

evaluate the effectiveness of these techniques, a stepwise approach was used. Based on the 

national survey of all orthopaedic departments in the Netherlands, we found that only a minority 

of the responding departments had guidelines concerning the application of diagnostic imaging 

techniques. Subsequently, we performed systematic reviews to summarize the present literature 

evidence on the performance of different diagnostic techniques that are used for evaluating 

patients suspected with aseptic loosening of hip prosthesis. Through a clinical study, we evaluated 

both interobserver variability and diagnostic performance of all the 4 modalities. Moreover, we 

evaluated the application of PET as a possible future technique for assessing bone metabolism 

and infections after primary and revision THAs. 

Part I: A comparison of radiographic and scintigraphic techniques to assess aseptic loosening of 

a THA 

In Chapter 1, we have described a systematic review on the diagnostic performance and 

accuracy of radiographic and scintigraphic techniques for evaluating patients suspected with 

aseptic loosening of the acetabular component. Based on a sensitive search strategy, we selected 

over 3400 studies from the Pubmed and Embase databases and checked all these studies for 

relevance. Twenty-eight studies published between January 1975 and October 2004 presented 

sufficient data for quantitative analysis. During the qualitative analysis, however, several studies 

showed methodological limitations with regard to study design, data collection and data 

reporting. Based on a pooled analysis, we found that subtraction arthrography had a significantly 

higher sensitivity of 89% (95% CI, 84–93) than plain radiography and bone scintigraphy whose 

sensitivities were 70% (95% CI, 59–79) and 67% (95% CI, 57–76), respectively. Therefore, we 
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suggest subtraction arthrography as an additional diagnostic technique when plain radiography 

is inconclusive. Unfortunately, due to insufficient data reporting, a subgroup analysis of the 

prosthesis fixation techniques could not be performed. Therefore, we hope that in future studies, 

investigators improve their study designs and reporting methods. 

In Chapter 2, we have evaluated the sensitivity, specificity and interobserver variability of plain 

radiography, subtraction arthrography, nuclear arthrography and bone scintigraphy in patients 

suspected with aseptic loosening of the acetabular component of THA. From 1994 to 1999, 86 

consecutive patients (mean age, 75 years; range, 34–84 years) with painful THAs were evaluated 

for possible loosening of their acetabular component. Plain radiography exhibited the highest 

diagnostic accuracy in this evaluation (81%–85%). However, considerable interobserver variability 

was found in image interpretation, even with experienced radiologists and nuclear medicine 

physicians. On studying the combinations of these diagnostic techniques, we found that the 

diagnostic accuracy was significantly increased when plain radiography was combined with bone 

scintigraphy or subtraction arthrography. Based on these clinical results, we advise that bone 

scintigraphy should be used as an additional technique along with plain radiography and that 

image interpretation should be performed by at least 2 experienced physicians.

In Chapter 3, we have described a systematic review that summarizes and compares the diagnostic 

performance of radiographic and scintigraphic techniques in evaluating patients suspected with 

aseptic loosening of the femoral component of THA. Thirty-two studies were included using 

the criteria based on the Cochrane Methods Group on Systematic Review of Screening and 

Diagnostic Tests. Quantitative analyses revealed that the pooled sensitivity was 82% for plain 

radiography and 86% for subtraction arthrography and that the pooled specificity was 72% for 

bone scintigraphy and 85% for subtraction arthrography. No significant difference was observed 

between the 4 diagnostic modalities. Similar to the studies on acetabular components, these 

studies showed significant methodological limitations with regard to study design, data collection 

and data reporting during the qualitative analysis. Unfortunately, only few studies reported 

the accuracy of imaging techniques specifically for cemented and uncemented components. 

Therefore, a subgroup analysis based on fixation techniques could not be performed. 

In Chapter 4, we have evaluated the diagnostic accuracy and interobserver reliability of the 

4 techniques in 78 consecutive patients (mean age, 70 years; range, 29–88 years) who were 

referred for the evaluation of their symptomatic hip prostheses. Considerable interobserver 

variability was found among the 4 techniques. Multivariate regression analysis revealed that bone 

scintigraphy and nuclear arthrography significantly contributed to the diagnosis when combined 

with plain radiography. Therefore, when plain radiography is inconclusive, bone scintigraphy 

and nuclear arthrography may be useful additional diagnostic techniques for detecting femoral 

component loosening. 
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In Chapter 5, we have described a systematic review that summarizes and compares the 

diagnostic accuracy of contrast and subtraction arthrographies for assessing aseptic loosening 

of THAs. Contrast-enhanced arthrography is a frequently applied diagnostic modality for the 

detection of hip prosthesis loosening. Although subtraction arthrography is considered a more 

sensitive technique than contrast arthrography, randomized or prospective comparisons of 

contrast and subtraction arthrographies have not been performed. Therefore, the objective of 

this meta-analysis was to assess the diagnostic accuracy and to meta-analytically compare the 

arthrographic techniques currently used in clinical practice. We included original studies written 

in English and published between January 1975 and October 2004; these studies used contrast-

enhanced arthrography with or without subtraction for the diagnosis of loosening of total hip 

prosthesis. By using the present data, we found that subtraction arthrography is a significantly 

more sensitive technique for detecting loosening of total hip prosthesis (sensitivity, 89%; 95% 

CI, 84–93) than contrast arthrography (sensitivity, 70%; 95% CI, 52–84; p = 0.01). Thus, it offers 

added value over contrast arthrography, particularly when evaluating the femoral component.

Part II: Imaging and quantification of bone metabolism in patients after THA by using PET 

In Chapter 6, we have described the results of a study that used PET to visualize and quantify 

bone remodelling in 10 patients treated with primary or revision THAs. Of these patients, 5 were 

treated with unilateral cemented primary THA (group A) and 5 patients were treated for revision 

of one or both the components of total hip prosthesis by using impacted bone grafting to treat 

bone loss (group B). H2
15O and 18F– PET scans were performed 1 day prior to the surgery and 

at 2 and 12 weeks post-surgery. Clinical assessment and radiographs were acquired at the same 

intervals. Data obtained in this setting were analyzed in order to gain insight into the evaluation 

of bone graft remodelling. Three months after surgery, bone blood flow was significantly higher 

around the prosthesis than at the contralateral side. In the group of patients undergoing a revision, 

bone blood flow around the prosthesis was 2- to 3-fold higher than that at the contralateral side, 

but the differences did not reach significance. We found a significantly higher preoperative bone 

metabolism in group B (impacted bone grafting) than in Group A (primary THA; p = 0.024) prior 

to and immediately after the surgery. However, we found a non-significant difference in bone 

metabolism between Groups A and B during the third PET scan (p = 0.556). This may suggest 

that the initial increased bone metabolism is stabilised after bone graft remodelling. Imaging and 

quantification of bone metabolism with PET may be a promising technique for the evaluation of 

bone remodelling in a hip revision surgery. However, clinical applications of this technique should 

be assessed in future studies. 

In Chapter 7, we have discussed the use of 18FDG PET scan in a patient with clinical and laboratory 

signs of infection 2 weeks after the removal of an infected total hip prosthesis; this patient had 
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shown indistinct signs on bone scan and radiographs. The PET scan confirmed the clinical and 

laboratory signs and revealed an unidentified focus of infection in the distal area of the femur. 

Recent studies have illustrated the diagnostic potentials of 18FDG PET in the evaluation of the 

painful hip prosthesis. Cremerius et al described the typical patterns for 18FDG uptake PET 

to detect aseptic loosening and prosthetic infection[4].  However, Zhuang et al found non-

specifically increased FDG uptake patterns around the prostheses which persisted for years and 

included patients without complications[5]. Therefore, further studies are required to determine 

the extent to which 18FDG PET can improve clinical decision making and patient outcome in 

comparison with other currently available diagnostic tools. If confirmed, 18FDG PET may be of 

considerable benefit in patients suspected with an infection. 
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Discussion
To effectively assess a symptomatic total hip prosthesis by using diagnostic imaging techniques, 

validated data on the diagnostic value and combined accuracies of these techniques are 

imperative. We used a stepwise approach to evaluate these diagnostic techniques. 

Step 1: Identification of the current clinical practice
Through our national survey, we found that a guideline for the use of diagnostic imaging 

techniques in patients with a painful THA was available in only 36 of 122 hospitals. For the 

assessment of painful THAs, 94% of the interviewed orthopaedic surgeons used plain radiography 

as a baseline technique. When plain radiographs were inconclusive, bone scintigraphy was used 

as an additional technique by the majority of the orthopaedic surgeons (79%), while subtraction 

arthrography was used in 14% of the clinics. Subtraction arthrography was used as the third 

option in 68% of the orthopaedic clinics. Nuclear arthrography was applied in only 13% of 

the orthopaedic clinics. In conclusion, a minority of the responding departments had guidelines 

related to the application of diagnostic imaging techniques in patients suspected with total hip 

prosthesis loosening. X-ray and bone scintigraphy were the most frequently used diagnostic 

techniques, while nuclear arthrography was only scarcely used as a diagnostic modality. 

 

Step 2: Systematic review of published evidence
In Chapters 1, 3 and 5, we systematically reviewed English-language literature published over 

a period of 25 years on the diagnostic accuracy of plain radiography, subtraction arthrography, 

nuclear arthrography and bone scintigraphy for evaluating aseptic loosening of the acetabular 

and femoral components; the literature was retrieved using the Embase and Pubmed databases. 

A qualitative analysis of the eligible studies identified a number of methodological limitations 

with regard to internal and external study validity. The limited internal validity of most studies 

resulted in grade 4 level of evidence, mostly due to the presence of verification bias. In addition, 

very few studies reported the performance of imaging modalities in evaluating different types of 

implants and fixation methods (i.e. hydroxapatite-coated implants) to enable subgroup analyses 

for all groups of interest. Based on the available data, pooled analyses revealed a significantly 

higher sensitivity of subtraction arthrography than plain radiography and bone scintigraphy for 

the acetabular component. In contrast to the evaluation of the acetabular component, we found 

no significant differences in the diagnostic performances of the 4 modalities in assessing the 

femoral component. 

Step 3: Clinical evaluation
Through a clinical study, we evaluated 86 consecutive patients with a painful THA who were 

examined at our orthopaedic department from 1994 to 1999. Imaging evaluation comprised 
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plain radiography, followed by a 1-day protocol that included bone scintigraphy, subtraction 

arthrography and nuclear arthrography. For this study, 2 experienced nuclear medicine physicians 

and 2 experienced radiologists, all of whom were blinded from clinical pre-test data and clinical 

outcome, retrospectively interpreted the diagnostic images. 

With regard to the identification of acetabular component loosening, we observed that plain 

radiography was the best imaging modality, followed by bone scintigraphy and subtraction 

arthrography, regardless of whether the component was cemented or uncemented. However, 

despite its clinical availability as well as its familiarity among all clinicians, we found a surprisingly 

high interobserver disagreement. 

Previous studies have also reported a considerable interobserver variability when evaluating 

radiographs and bone scans of hip prostheses. [6-8] This variability was demonstrated for both 

radiologists and nuclear physicians as well as for orthopaedic surgeons. This data indicates that 

although these imaging modalities may have a good overall performance in the evaluation of 

THAs, their diagnostic accuracy may be compromised by interobserver variability. Improved 

clinical training, supported by experienced clinicians and radiologists, in combination with 

standardized radiological scoring systems may help reduce the interobserver variability and 

subsequently improve the diagnostic value of these techniques. Although plain radiography is a 

simple procedure with an adequate accuracy, it is often used in combination with other diagnostic 

techniques. In our clinical studies, we calculated the diagnostic value of combined imaging 

techniques. Both subtraction arthrography and bone scintigraphy had a significant predictive 

value for acetabular cup loosening when used along with radiography. We found no additional 

value of combining nuclear arthrography for the assessment of the acetabular component. 

With regard to the femoral component, we found that plain radiography had a high diagnostic 

performance for both cemented and uncemented femoral components. However, it had the 

lowest interobserver agreement among the 4 imaging modalities. As suggested for the inter-

observer variability in the acetabular component assessment, we believe that improved clinical 

training, supported by experienced clinicians and radiologists, in combination with standardized 

radiological scoring systems may help reduce the interobserver variability and subsequently 

improve the diagnostic value of all 4 modalities for assessing the femoral component. While 

assessing the combined accuracy of the 4 diagnostic modalities, we found that both bone 

scintigraphy and nuclear arthrography significantly contributed to the diagnosis when combined 

with plain radiography. Subtraction arthrography was of no additional value in the assessment of 

the femoral component.

In conclusion, we, like the other researchers, found plain radiography to be an accurate baseline 

technique for both acetabular and femoral components. Based on the available data, bone 

scintigraphy may be of additional value for detecting loosening of both these components. 

Some remarks should be made however. As illustrated in our clinical studies (Chapters 2 and 

4), image interpretation for assessing the THA is difficult. We found significant interobserver 

variability among all the techniques. Furthermore, in our meta-analyses (Chapters 1, 3 and 5), 
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we encountered significant limitations in the internal validity of the eligible studies. In addition, 

there are limitations related to meta-analyses, such as publication bias, which when present may 

cause an overestimation of test accuracy. 

Step 4: Development and implementation of an evidence-based diagnostic 
algorithm
Based on our studies, we propose an algorithm for the investigation of patients suspected with 

aseptic loosening of a total hip prosthesis. (Figure 1) In clinical practice, a careful history and 

complete physical examination are the first steps in the assessment of a patient with symptomatic 

artificial hip joint. 

In addition to clinical evaluation, plain radiography is the first imaging modality used when 

evaluating the status of a prosthesis, and it has been consistently reported to be an accurate 

technique for assessing cemented and uncemented acetabular and femoral components. The 

widespread application of this technique is also supported by the data described in both our 

meta-analyses as well as by the data originating from our own clinical studies. 

Bone scintigraphy significantly contributed to diagnostic accuracy when it was combined with 

plain radiography. This outcome was found in the assessment of both acetabular and femoral 

components of THA. This is in accordance with the outcome of our national survey in which 

the majority of the orthopaedic surgeons used this technique in addition to plain radiography. 

Therefore, we advise bone scintigraphy as the second diagnostic ‘step’ in the algorithm. 

Subtraction arthrography significantly contributed to the evaluation of the acetabular component, 

but it showed no significant effect in the evaluation of the femoral component. 

Nuclear arthrography did not exhibit any diagnostic value in the assessment of the acetabular 

component; however, it showed a significant additional diagnostic effect in the evaluation of 

Figure 1 Flowchart of the radiographic and scintigraphic imaging techniques to assess aseptic loosening of a total  hip 
prosthesis.
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the femoral component. The limited value of nuclear arthrography in the assessment of the 

acetabular component could be due to the masking effect of the intra-articularly injected tracer 

that probably obscures the signs of component loosening. 

Since limited data on fixation techniques was available, classification based on fixation techniques 

could not be incorporated in our diagnostic algorithm. 

Note: Although the flowcharts begins with painful hip prosthesis, a clinician will sometimes 

encounter patients with signs of prosthesis loosening on a plain radiograph but without complaints 

of pain, which is often associated with a loosened hip prosthesis. In these cases, we suggest that 

the clinician should follow the algorithm demonstrated via the flow chart in order to definitively 

assess the status of the prosthetic components. This may prevent the delay in the diagnosis of a 

loosened hip prosthesis, which may in turn reduce acetabular or femoral bone resorption. 

Step 5: Assessment of the residual inefficiency of the diagnostic strategy
After the implementation of the diagnostic algorithm developed in Step 4, its clinical efficiency 

should be studied. A prospective randomised diagnostic study may be required to evaluate the 

efficiency and cost of a strict diagnostic algorithm in comparison with those of the practices 

currently followed. 

Conclusions and Recommendations 
In this thesis, we studied the diagnostic value of imaging techniques that are commonly used in 

orthopaedic patients with clinically suspected aseptic loosening of a total hip prosthesis. 

1. Based on the data discussed in this thesis, the recommended algorithm for the use of 

diagnostic imaging techniques in patients with clinically suspected aseptic loosening of a 

total hip prosthesis is presented in Figure 1.

2. In order to enhance the diagnostic value of all the 4 techniques, clinical training should be 

provided for clinicians and radiologists in order to improve the diagnostic value. Ideally, 

a multidisciplinary team that includes an orthopaedic surgeon, a nuclear physician and a 

radiologist should participate in image interpretation. 

3. A prospective randomised diagnostic study is mandatory to evaluate the efficiency and cost 

of a strict diagnostic algorithm in comparison with the practices currently followed. 
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Het gebruik van radiologische en 
nucleaire technieken bij de beoordeling 
van een pijnlijke totale heupprothese; 
een diagnostisch algoritme
Een totale heupprothese (THP) is een van de meest succesvolle behandelingen bij arthrose van 

het heupgewricht. In Nederland worden jaarlijks ongeveer 25.000 heupprothesen geplaatst. Met 

de toename van het aantal mensen dat op deze manier wordt behandeld neemt ook het aantal 

problemen en complicaties betreffende deze heupprothesen toe. Een van de nieuwe uitdagingen 

van de orthopaedische chirurg is dan ook de diagnostiek en behandeling van een patiënt met 

een pijnlijke totale heup prothese. 

Pijnklachten na een totale heup prothese kan meerdere oorzaken hebben. Degeneratieve 

afwijkingen van de knie en rug kunnen bijvoorbeeld pijnklachten geven in de heup regio. Voor 

de evaluatie van een pijnlijke heup is daarom een goede anamnese en lichamelijk onderzoek 

van essentieel belang. Bij de anamnese is de aard en lokalisatie van grote waarde evenals de 

tijd en intensiteit van de klachten. Bij het lichamelijke onderzoek is van belang te letten op het 

looppatroon, pijn ter hoogte van de bursa trochanterica, perifere pulsaties, en het neurologisch 

onderzoek. Bij het functie onderzoek is van belang te letten op de actieve en passieve 

bewegingsuitslagen evenals spierkracht en weerstandstests. 

Na de anamnese en het lichamelijk onderzoek biedt het röntgenonderzoek een schat aan 

informatie met betrekking tot een pijnlijke heupprothese. Een laag antero-posterieure (AP) 

bekken opname en een laterale opname behoren tot de standaard opnames. Er wordt altijd 

gekeken naar seriële onderzoeken bij het beoordelen van migratie, osteolyse, inzakking en 

andere tekenen van loslating van de prothese. Bij verdenking op een loszittende prothese kan 

er aanvullend onderzoek verricht worden met radiologische of scintigrafische technieken. Deze 

kunnen aanvullende informatie geven over de mogelijke loslating van de acetabulum- en/of 

de femorale component van de heupprothese. Echter, op dit moment bestaat er binnen de 

internationale literatuur geen consensus over het te volgen diagnostische algoritme. Om deze 

reden is het voor een behandelaar van belang kennis te bezitten over de diagnostische waarde 

en validiteit van de beschikbare diagnostische technieken. In dit proefschrift presenteren wij de 

resultaten van een landelijke enquête, een overzicht van de literatuur, klinische studies naar de 

diagnostiek van een pijnlijke heupprothese, en een diagnostische richtlijn voor de evaluatie van 

een mogelijk aseptisch loszittende totale heupprothese. Tevens hebben we de mogelijkheden 

onderzocht van positron emissie tomografie (PET) bij het kwalitatief en kwantitatief afbeelden 

van botmetabolisme en infecties na een primaire of gereviseerde totale heupprothese. 
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Enquête  
Alle orthopaedisch chirurgische afdelingen in Nederland ontvingen een schriftelijke enquête 

waarbij gevraagd werd naar de gebruikte diagnostische technieken bij patiënten met verdenking 

op aseptische loslating van een heupprothese. Tevens werd gevraagd naar het bestaan van een 

interne richtlijn en de beschikbaarheid van diagnostische technieken in het eigen ziekenhuis. 

Deze enquête werd verricht om te onderzoeken of er consensus bestond over het gebruik van 

beeldvormende diagnostiek binnen de hiervoor genoemde patiëntenpopulatie. De respons 

was goed, in totaal kwamen 122 formulieren terug van de 138 verzonden enquêteformulieren 

(respons 88%). Er was een grote variabiliteit met betrekking tot het aantal heuprevisies wat werd 

uitgevoerd door de verschillende afdelingen, 26% van de afdelingen in Nederland voerde minder 

dan 10 heuprevisies per jaar uit, terwijl 40% van de afdelingen meer dan 20 heuprevisies per jaar 

verricht. De afdelingen die aangaven dat ze heuprevisies als een aandachtsgebied beschouwden 

(79% van de respondenten) verrichten duidelijk meer heuprevisies per jaar ten opzichte van de 

afdelingen die heuprevisies niet als een aandachtsgebied beschouwden: 25 revisies per jaar 

versus 11 revisies per jaar (p<0.01). Bij een minderheid van de aangeschreven afdelingen bleek 

er een protocol te bestaan met betrekking tot de diagnostiek voor een mogelijk loszittende 

heupprothese (36 van 118). De overgrote meerderheid van de orthopaedisch chirurgen gaf aan 

de gewone röntgenfoto als eerste onderzoek te gebruiken bij de diagnostiek van loslating (94%), 

het skeletscintigram werd door 97 chirurgen (79%) genoemd als tweede in de rij van te gebruiken 

onderzoeken, terwijl contrast arthrografie door 17 (14%) van de chirurgen als tweede techniek 

werd gebruikt. De arthrografie werd door 68% genoemd als derde in de voorkeurslijst van te 

gebruiken onderzoeken. Het nucleaire arthrogram werd slechts door 13% van de orthopaedisch 

chirurgen genoemd als een mogelijk diagnostisch middel. Met betrekking tot deze volgorde 

van de te gebruiken diagnostische onderzoeken waren er geen statistische verschillen tussen de 

orthopaedische centra die heuprevisies wel of niet als een aandachtsgebied beschouwden. De 

röntgenfoto werd als eerste onderzoek genoemd door 96% van de klinieken met revisiechirurgie 

als aandachtsgebied, en door 91% van de centra zonder deze specialisatie. Verder wordt 

de botscan als tweede test toegepast door 81% van de afdelingen met revisiechirurgie als 

aandachtsgebied en in bij 74% van de orthopaedische afdelingen die de revisiechirurgie niet als 

aandachtsgebied hadden. De volgorde van de diagnostische testen was ook niet verschillend 

tussen de centra die frequent heuprevisies (>20 per jaar) uitvoerden t.o.v. de centra die minder 

frequent heuprevisies uitvoerden (<5 per jaar). 

Deel 1: Vergelijking van radiologische en scintigrafische technieken bij de beoordeling van een 

mogelijk aseptisch loszittende heupprothese. 

Deel I, hoofdstuk 1 omvat een systematisch review naar de diagnostische nauwkeurigheid 

van de röntgenfoto, het subtractie arthrogram, het nucleair arthrogram en de botscan, bij 

het beoordelen van een mogelijk aseptisch loszittend acetabulum component van een totale 
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heupprothese. Door middel van een sensitieve zoekstrategie selecteerden wij meer dan 3400 

studies uit de Pubmed en Embase database die allen werden gecontroleerd op relevantie 

voor onze studie. 28 studies, gepubliceerd tussen januari 1975 en oktober 2004, werden 

geïncludeerd voor een kwantitatieve analyse. Bij de kwalitatieve analyse van deze studies viel 

op dat veel van deze studies methodologische lacunes hadden. De gepoolde sensitiviteit en 

specificiteit van de röntgenfoto was respectievelijk 70% en 80%. Het subtractie arthrogram had 

een significant hogere sensitiviteit en specificiteit van respectievelijk 89% en 76%. De sensitiviteit 

en specificiteit van het nucleair arthrogram was 87% en 64%. De botscan had een sensitiviteit en 

specificiteit van 67% en 75% bij het beoordelen van het acetabulum. Gezien de relatief beperkte 

sensitiviteit van de röntgenfoto ten opzichte van het subtractiearthrogram, wordt deze laatste 

techniek geadviseerd te gebruiken als op basis van de röntgenfoto alleen geen zekere diagnose 

is te stellen. Helaas kon er niet in alle gevallen een subgroep analyse worden gedaan naar de 

fixatie technieken van de prothese door het soms ontbreken van deze afzonderlijke gegevens. 

Voorts geldt dat uit dit review alleen diagnostische accuratesse data naar voren komen voor 

de afzonderlijke diagnostische testen. De potentiële aanvullende diagnostische waarde van 

een tweede test in combinatie met een eerdere test kan niet rechtstreeks worden afgeleid uit 

de poolingsdata. Om deze reden hopen wij dan ook dat in toekomstige studies een betere 

studieopzet en verslaggeving wordt toegepast.

In deel 1, hoofdstuk 2 hebben wij de sensitiviteit, specificiteit en interobserver variatie 

onderzocht van de röntgenfoto, het subtractie arthrogram, het nucleair arthrogram en de botscan 

bij het beoordelen van een mogelijk aseptisch loszittend acetabulum component van een totale 

heupprothese. 86 opeenvolgende patiënten die tussen 1994 en 1999 werden onderzocht op een 

mogelijk aseptisch loszittende totale heupprothese werden geïncludeerd. De röntgenfoto had de 

hoogste diagnostische nauwkeurigheid bij de evaluatie van een loszittende acetabulumprothese 

(sensitiviteit 85%, specificiteit 85%). Wij vonden echter een aanzienlijke interobserver variatie bij 

de beoordeling van de verschillende onderzoeken, ondanks de ervarenheid van de beoordelaars. 

Bij het combineren van de verschillende technieken vonden wij een significante verhoging van 

de diagnostische nauwkeurigheid wanneer de röntgenfoto werd gecombineerd met, of de 

botscan, of het subtractie arthrogram. Gebaseerd op deze klinische studie adviseren wij, als op 

basis van de röntgenfoto alleen geen zekere diagnose te stellen is, deze te combineren met de 

botscan. Verder valt te overwegen om gezien de interobserver variatie de interpretatie van deze 

onderzoeken plaats te laten vinden door  twee ervaren beoordelaars.

Deel 1, hoofdstuk 3 omvat een systematisch review naar de diagnostische nauwkeurigheid 

van de röntgenfoto, het subtractie arthrogram, het nucleair arthrogram en de botscan, bij het 

beoordelen van de femurcomponent van een totale heupprothese. Gebaseerd op de criteria 

zoals beschreven door de Cochrane Methods Group on Systematic Review of Screening and 

Diagnostic, werden 32 studies geïncludeerd. Bij de gepoolde analyse vonden wij een sensitiviteit 
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van 82% voor de röntgenfoto tot 86% voor het subtractiearthrogram. Wij vonden een gepoolde 

specificiteit van 72% voor de botscan tot 85% voor subtractiearthrografie. Er waren geen 

significante verschillen tussen deze vier modaliteiten. Net als bij het systematisch review voor 

acetabulum componenten vonden wij aanzienlijke methodologische lacunes in de geïncludeerd 

studies. Helaas kon ook hier niet altijd een subgroepanalyse met betrekking tot fixatietechnieken 

worden uitgevoerd door het ontbreken van afzonderlijke gegevens over deze subgroepen. 

In deel 1, hoofdstuk 4 wordt een klinische studie beschreven naar de diagnostische waarde en 

interobserver variatie van de vier beeldvormende technieken in 78 opeenvolgende patiënten die 

werden verwezen in verband met een mogelijk aseptisch loszittend femurcomponent van een 

totale heupprothese. Bij alle vier technieken bestond er een aanzienlijke interobserver variatie. 

Multivariate regressie analyse liet zien dat zowel de botscan als het nucleair arthrogram een 

significante bijdrage had in de diagnostische nauwkeurigheid als deze werden gecombineerd met 

de röntgenfoto. Daarmee zijn deze beide technieken te overwegen als aanvullende onderzoeken 

wanneer op basis van de röntgenfoto alleen geen zekere diagnose te stellen is. 

Deel 1, hoofdstuk 5 is een systematisch review waarin we de diagnostische nauwkeurigheid 

bestuderen van het contrast arthrogram ten opzichte van het subtractie arthrogram bij de 

beoordeling van een mogelijk loszittende totale heupprothese. Het contrast arthrogram is een 

frequent toegepaste techniek bij de evaluatie van een mogelijk loszittende heupprothese. Hoewel 

in de literatuur wordt beschreven dat het subtractiearthrogram een grotere diagnostische waarde 

heeft ten opzichte van het contrastarthrogram, zijn er tot op heden nog geen gerandomiseerde 

of prospectieve studies over dit vraagstuk verricht. Het doel was dan ook om door middel van 

een meta-analyse deze twee technieken met elkaar te vergelijken. Hiervoor includeerden wij alle 

Engelstalige studies die werden gepubliceerd tussen januari 1975 en oktober 2004. Met behulp 

van een gepoolde analyse vonden wij dat het subtractiearthrogram een significant hogere 

sensitiviteit had van 89% ten opzichte van 70% voor het contrastarthrogram (p=0.01) in het 

bijzonder voor het femurcomponent.

Deel II: Beeldvorming en kwantificatie van botstofwisseling bij patiënten na een totale heup 

prothese door middel van positron emissie tomografie.   

In deel II hoofdstuk 6 beschrijven wij de resultaten van een studie waarin we met behulp van 

de PET scan het botmetabolisme en de doorbloeding visualiseren en kwantificeren. Er werden 

patiënten met een primaire gecementeerde totale heupprothese(groep A) geïncludeerd en 

tevens werden patiënten die een heup revisie moesten ondergaan geïncludeerd (Groep B). Bij 

alle patiënten met een heuprevisie werd gebruik gemaakt van donor bot uit de botbank voor het 

opvullen van de ontstane botdefecten. Dit was niet het geval bij de patiënten die een primaire 

gecementeerde heupprothese kregen. 1 dag voor de operatie,  2 weken en 3 maanden na de 
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operatie kregen de patiënten een PET scan waarbij H2
15O  en [18F-]fluoride werden gebruikt 

als tracer. Hiermee kunnen respectievelijk de botdoorbloeding en het botmetabolisme worden 

bestudeerd. De metingen werden verricht ter plaatse van zowel de geopereerde heup als de 

contralaterale heup. Drie maanden na de operatie vonden wij een significant hogere doorbloeding 

in de contralaterale zijde in groep A (patiënten die een primaire heup operatie ondergingen). In 

de groep B (patiënten die de heup revisie ondergingen) vonden wij een 2 tot 3 maal zo hoge 

doorbloeding ten opzichte van de contralaterale zijde. Dit verschil was echter niet significant. 

Het botmetabolisme in de heup toonde een significante stijging 3 maanden na de operatie 

ten opzichte van de preoperatieve waarde in groep A (p=0.043) . In groep B vonden wij een 

niet significante toename van het botmetabolisme zowel 2 weken na operatie als (p=0.18), als 

3 maanden na de operatie (p=0.59). Wel was het botmetabolisme significant hoger rondom 

de prothese in de groep die een revisie operatie onderging ten opzichte van de groep die een 

primaire heupprothese geplaatst kreeg (p=0.036, 2 weken na operatie). Dit suggereert een 

toename van het botmetabolisme ten gevolge van het gebruik van donorbot. Opvallend was 

dat wij een niet significant verschil in botmetabolisme vonden tussen groep A en B ten tijde 

van de derde PET scan (p=0.556). Dit zou kunnen betekenen dat de initiële verhoging van het 

botmetabolisme stabiliseert na remodelering van het donorbot. In aan analyse naar de relatie 

tussen doorbloeding en botmetabolisme werd hierbij een significante correlatie gevonden 

(p=0.01) wat een samenhang bij klinische patiënten tussen doorbloeding en metabolisme van 

bot lijkt aan te tonen.

Hoewel het gebruik van de PET scan hiermee een veelbelovende techniek lijkt bij het afbeelden 

en kwantificeren van botmetabolisme, moeten de toepassingen nog verder worden onderzocht 

in klinische studies. 

In deel II, hoofdstuk 7 bestuderen wij het gebruik van 2-[fluorine-18]fluoro-2-deoxy-D-glucose  

(18FDG)  in een patiënt met klinische symptomen van een botinfectie na het verwijderen van een 

THP en verhoogde infectieparameters. Er waren hierbij geen duidelijke afwijkingen op de botscan 

of röntgenfoto’s. De PET scan bevestigde de klinische verdenking en toonde een infectiehaard in 

het distale deel van het femur. 

Als toekomstig diagnosticum biedt positron emissie tomografie (PET) een aantal veelbelovende 

mogelijkheden. In dit proefschrift is zowel de diagnostiek van infectie en de beeldvorming 

en kwantificatie van botmetabolisme bestudeerd. Deze mogelijkheden en de potentiële 

voordelen ten opzichte van de conventionele technieken moeten in toekomstige studies verder 

worden uitgediept. Met name omdat PET een duurdere diagnostische techniek is waarbij de 

kosteneffectiviteit bewezen zal moeten worden.
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Tot slot
Met behulp van de gegevens uit de systematische reviews en eigen klinisch onderzoek wordt 

in figuur 1 een diagnostisch stroomdiagram weergegeven welke gebruikt zou kunnen worden 

in de klinische praktijk. Zowel bij het beoordelen van het acetabulum als het femurcomponent 

blijkt de röntgenfoto een beeldvormend onderzoek met een aanzienlijke diagnostische waarde. 

Hier komt bij dat door zowel de beschikbaarheid als de relatief geringe kosten deze techniek met 

recht wordt ingezet als techniek van eerste keuze. Helaas was het, door de beperkte rapportage 

met betrekking tot de verschillende fixatie technieken in de literatuur, niet altijd mogelijk een 

uitspraak te doen over de beoordeling van bijvoorbeeld gecementeerde of ongecementeerde 

protheses. Bovendien werd er een aanzienlijke interobserver variatie beschreven welke de 

betrouwbaarheid van de beoordeling door een enkelvoudige observer beperkt. Voor de 

beoordeling van zowel de acetabulumcomponent als de femurcomponent verbeterde de botscan 

in combinatie met een röntgenfoto de diagnostische waarde significant. Bij de beoordeling van 

de acetabulum component gold ditzelfde voor het subtractie arthrogram maar niet voor het 

nucleaire arthrogram. Omgekeerd had het subtractie arthrogram geen toegevoegde waarde bij 

de beoordeling van de femurcomponent, het nucleair arthrogram echter wel. Deze gegevens 

zijn verwerkt in het diagnostisch stroomdiagram (figuur 1). Met nieuw prospectief patiënten 

onderzoek moet de effectiviteit van dit diagnostisch stroomdiagram nader  bestudeerd worden.

Figuur 1 Stroomdiagram voor het gebruik van radiologische en nucleaire beeldvormende diagnostiek bij de evaluatie 
van een pijnlijke totale heupprothese





Dankwoord







139

D
A

N
K

W
O

O
R

D

Dankwoord 
Dan toch eindelijk die laatste woorden. De ader is gelaten. Het einde is in zicht en het schip 

bijna in de haven. En dat alles dankzij de inspanningen en samenwerking van heel veel collega’s. 

Daarbij ben ik een heleboel ervaring, vrienden, en kennissen rijker na dit samenspel tussen de 

drie betrokken afdeling Radiologie, Nucleaire Geneeskunde en Orthopaedie. Onmisbaar was 

daarbij ook de bijdrage van alle patiënten die hebben meegewerkt aan het klinische deel van dit 

proefschrift. Al deze mensen ben ik zeer dankbaar. 

Dr P.G.H.M. Raijmakers, Beste Pieter, ik weet eigenlijk niet waar ik moet beginnen. Wat begon als 

een subsidieaanvraag ligt dan nu als proefschrift voor je als eindresultaat. Jij was daarbij eigenlijk 

de”backbone” van het gehele project. Je onuitputtelijke geduld, kritische blik, wetenschappelijk 

inzicht en didactische vaardigheden hebben ertoe geleid dat ik de finesses van evidence based 

medicine heb kunnen leren. Ik kan me geen betere onderzoeksbegeleider voorstellen. Dit, 

tezamen met al die kopjes koffie, lunches, cocktails in Wenen en het “discobowlen” doet me 

met weemoed terugdenken aan alle leuke facetten van ons onderzoek maar ook de ontstane 

vriendschap. Mede dank zij jou ben ik geheel verslingerd geraakt aan het onderzoek en ik hoop 

dan ook dat ik nog veel met je mag samenwerken. 

Dr I.C. Heyligers, beste Ide, samen met Jaap en Pieter ben jij de grote initiator geweest van dit 

proefschrift. Wat begon als een wetenschappelijke stage kreeg al snel de vorm van het huidige 

project. Daarbij ben jij voor mij een ongelofelijke steun geweest in mijn carrière in de orthopaedie. 

Niet alleen als co-promotor in het onderzoek was je een grote steun, maar jij gaf me ook de kans 

om te solliciteren naar de opleiding tot orthopaedisch chirurg. Veel dank voor je grenzeloze 

vertrouwen, je positieve instelling en onvoorwaardelijke betrokkenheid. Ik hoop dat we net als in 

Oxford nog eens een rondje kunnen lopen op de St Pieter. 

Prof. dr. G.J.J. Teule, beste Jaap, jij was het die mij interesseerde voor de nucleaire geneeskunde 

en mij aan heeft genomen als junior onderzoeker. Ik vond het daarbij heel bijzonder hoe je als 

hoofd van de afdeling altijd tijd maakte voor het brainstormen over mijn onderzoek. Dit ondanks 

alle drukte die het managen van een afdeling met zich meebrengt. De combinatie van deze 

bijzondere gaven maakt van jou een pluripotente pater familias, die het beste uit iedereen boven 

weet te halen. 

Prof. dr. Wuisman, geschokt en bedroefd heb ik vandaag kennis genomen van het plotselinge 

overlijden van prof. dr. Wuisman. Het afgelopen jaar heb ik een belangrijk deel van mijn opleiding 

bij hem heb mogen volgen. Ik heb hem daarbij leren kennen als een buitengewone opleider, 

markante persoonlijkheid en genie in de wetenschap. Daarbij was hij lid van de leescommissie 
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van dit proefschrift. Ik wens zijn familie, vrienden en kennissen veel sterkte met het verwerken 

van dit grote verlies. 

Prof. dr. A.A. Lammertsma, beste Adriaan, hartelijk dank voor de samenwerking van de afgelopen 

jaren. Je onuitputtelijke onderzoeksdrift heeft enorm inspirerend gewerkt en maakt van positron 

emissie tomografie een ongelofelijk intrigerend vakgebied met vele kanten. 

Dankzij je kritische blik en wetenschappelijke vernuft hebben we nu de eerste vruchten kunnen 

plukken van ons onderzoek. 

Prof. dr. O.S. Hoekstra, beste Otto, dank voor je bijdrage aan dit proefschrift. Als een van de 

vroege voorvechters van evidende based medicine heb ik van jou heel erg veel geleerd over het 

doen van wetenschappelijk onderzoek. Hartelijk dank voor alle bijdrages die jij hebt geleverd 

ondanks jou altijd overvolle agenda. 

Dr. R. Pijpers, beste Rik, dank voor al je hulp bij het herbeoordelen van al die nucleaire studies. 

Het lijkt me leuk om nog eens een wijnproeverij mee te mogen maken. Alhoewel, die cocktail 

shaker hanteerde je ook als de beste. 

Dr. E.F.I. Comans, beste Emile, als een van de PET specialisten stond ook jij aan de basis van ons 

PET protocol. Veel dank voor al je bijdrages voor de PET studie. 

Dr. J. Berkhof, beste Hans, het is bijzonder om iemand te leren kennen die in twee woorden 

begrijpt wat je bedoelt en daarbij binnen luttele mintuten een oplossing biedt voor iets waar ik al 

weken mijn hoofd over heb gebroken. Dank voor al je statistische bijdrages en oplossingen. 

E.F.L. David, M.A. Molenaar, beste dr. David en Rien, elke week stond ik daar dan weer met 

een ongelovelijke stapel foto’s die jullie elke keer weer belangeloos wilden beoordelen buiten 

werktijd. Hartelijk dank voor jullie bijdrage aan dit onderzoek.    

Rob, Susette en Bas, met veel plezier kijk ik terug naar die gezellige momenten tijdens het 

scannen van mijn patiënten. Mede dankzij jullie inzet kon ik mijn data verzamelen die nu de kern 

zijn van ons PET onderzoek. 

Medewerkers van nucleaire geneeskunde en PET en specifiek Gert Luurtsema en Remi Smeets, 

dank voor de goede tijden in de koffiekamer maar ook voor jullie ondersteuning van alles wat te 

maken had met mijn onderzoek. Er gaat niets boven Groningers (ook de import).
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A. Kalwij, beste Amanda, ik had al geleerd dat de secretaresse altijd je beste vriend is. In ons 

geval ging dat zeker op. Dank voor de gezelligheid en al je secretariële ondersteuning die zo 

onmisbaar zijn voor een onderzoeker.

Mijn opleiders Dr Burger, dr Keijser, hartelijk dank voor de ruimte die jullie mij hebben willen 

geven bij de voltooiing van dit proefschrift. Opleiden lijkt mij niet makkelijk …al die bijdehante 

assistenten. 

De assistenten en stafleden Orthopaedie van het MCA Alkmaar wil ik danken voor de mooie 

opleidingjaren die ik tot nu toe heb mogen volgen. Ik hoop dat dit proefschrift sommige vragen 

uit de klinische praktijk vereenvoudigen. 

De stafleden en assistenten Orthopaedie van het VUMC Amsterdam wil ik danken voor hun 

hartelijke en open ontvangst bij aanvang van mijn academische stage. 

Collega’s en vrienden, Freerk Jonker, Stan Vos en Martijn van Dijk, ofwel apen uit de ROGO 

Noord-West. Opleiding in combinatie met onderzoek is taai en daarom heb je elkaar nodig om 

veel te lachen. Ik ben heel blij dat deze aap van mijn schouders is. 

Prof. dr. Borel Rinkes, en stafleden uit het UMCU, nog steeds merk ik wat een ongekend fundament 

u heeft gelegd in mijn vooropleiding. Ik ben u heel erg dankbaar voor de manier waarop u mij 

heeft opgenomen in de familie van de chirurgie. Voor mij blijft de vooropleiding in het UMCU 

een van de mooiste fases van mijn opleiding. Ik hoop dan ook tijdens het chirurgendiner het glas 

met u te mogen heffen.

Leescommissie, veel dank voor uw tijd en interesse in mijn proefschrift. 

Al mijn vrienden, vriendinnen en familie. Bedankt voor jullie interesse en support. Na eindeloos 

verschoven data is het dan eindelijk zover. Het is tijd voor een feestje, en die tap gaat niet meer 

dicht. 

Mijn jaargenoten, eindelijk wat meer tijd en misschien dat 00 nu wat minder rechts achterin kan 

gaan zitten. 

Mijn broers en paranimfen Jochem & Michiel, mooi dat we hier met ons drieën staan. Jochem, 

dank dat je als oudere broer mij bij wilt staan ondanks de drukte thuis met jullie Gijs. Miele, ik 

ben blij dat ik een psychiater bij me heb voor dit spannende moment voor de commissie. 
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Pap en mam, eigenlijk ligt dit proefschrift er dankzij jullie. Jullie steun tijdens de middelbare 

school en universiteit, en de mogelijkheden en ruimte die jullie mij daarbij in mijn jeugd hebben 

gegeven, hebben geresulteerd in deze mijlpaal. Met alleen maar goede herinneringen kijk ik 

terug naar die tijd. Ik had me geen betere ouders kunnen wensen. 

Lieve Renske, eigenlijk heb ik al te lang te veel van onze tijd in dit onderzoek gestoken. Daarmee 

heeft mijn promotie ook van jou een grote opoffering gevraagd. Maar altijd stond je voor me 

klaar met veel liefde en vertrouwen. Dankzij jou realiseer ik me dat er meer in het leven is dan 

orthopaedie. Ik kijk er dan ook naar uit om deze dag samen te vieren. Ik heb je lief.


