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Summary

An increasing number of annual joint replacement operations are performed.
Prosthetic infection and aseptic loosening is very important and distinguishing
between them allows prompt and accurate treatment but there is no consensus

on how best to image these patients.

| also reviewed the role of CT in prosthetic joint imaging with a spectrum of
usual pathologic conditions and CT patterns. This showed that CT plays a
significant role in detecting and demonstrating complications of joint prosthesis
surgery but it may not be sufficient in itself. CT can be combined, in hybrid
imaging, such as SPECT-CT and PET-CT.

| assessed the magnitude of the problem with a retrospective study of painful
prosthetic joints in UHCW from symptom onset to diagnosis. This demonstrated
significant delays in diagnosis and the need for streamlined and reduced
imaging tests with some patients undertaking multiple non-imaging and imaging

tests.

| performed a systematic review of the role of 'F-NaF showed that sodium
fluoride positron emission tomography (*®F-NaF-PET) is a promising tool with
high sensitivity and specificity in the assessment of joint replacements after the
ninth post-surgical month. A further study confirmed the practicality of
performing dynamic '®F NaF PET-CT in detecting aseptic loosening of lower
limb prostheses but future research trials with larger patient populations are

required.



Beam hardening artefacts occur in CT and hybrid imaging of metallic prosthetic
joints. A series of physics experiments to evaluate and correct beam hardening
artefacts was performed to alleviate the problem. Beam hardening artefacts
from prostheses reduce image quality on '®F PET-CT. The experiments
included pre-filtering with Aluminium; dual-energy CT and mathematical
algorithms with MATLAB® filtered back projection. The results showed no
significant difference in artefact reduction between the different methods. The
artefact-reduction techniques introduce other secondary artefacts with

subsequent image quality reduction.

Analysis of data from the prospective dynamic '®F-NaF PET-CT trial showed
inconsistent results due to data corruption and dynamic '®F-NaF data loss but
quantitative methods with Time-Activity Curves and trend line assessment of
9MTc-MDP 3-phase bone scans was more accurate. The trial problems were
identified and suggestions were made for a larger study with opt-in methods for
patient recruitment and more involved use of allied healthcare staff for patient

recruitment.

| designed and obtained funding for a study to use a novel radiopharmaceutical
agent - ®™Tc-Tilmanocept (Lymphoseek®) to assess periprosthetic membranes
in vivo. Lymphoseek® binds to the mannose receptor on the cell surface of
macrophages and multinucleated giant cells which are likely to reflect wear
particle aseptic loosening. Further in vitro periprosthetic membranes tests will
also be performed using immunochemistry. This study has not yet been
performed but it is hoped that a negative Tilmanocept scan would reassuringly

make a diagnosis of wear particle induced aseptic loosening unlikely.
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Chapter 1 Background and History of Joint Prostheses with

Theoretical Framework and Context Information

1.1.1 Abstract

Background: There is a steady increase in the use of prosthetic joint
replacement medical devices to treat arthropathy with about 40,000 joint
replacements of the knee and hip now occurring in the United Kingdom
annually. Diagnosing the complications of joint prostheses often require imaging
and an understanding of historic evolution of the different prosthetic types. This
provides a historical vignette of pros and cons of the original and then
subsequently developed joint prostheses as well as methods employed to
investigate complications of treatment. Tomography was first suggested just
over 100 years ago and Computed Axial Tomography (CT) was first developed
almost 50 years ago. CT scans play an important imaging role before and after
joint implant surgery as well as in hybrid imaging modalities such as SPECT-CT
and PET-CT.

Method: A review of English language publications that significantly impact on
the knowledge of joint implant developers and the history joint prostheses. This
was performed by accessing information on the history of joint prostheses and
pathology carried out through PubMed, EMBASE, Cochrane and Google
Scholar online databases at the same time also focusing on prosthetic materials
and prosthesis patent holders. It chronicled the use of imaging techniques used
in the assessment of joint prostheses as well as the advent of ®F_Fluoride PET
and related PET-CT artefacts. In addition, a comprehensive review of literature
to summarise the role of CT in imaging complications of prosthetic joint surgery
as well as the role of CT before and after joint implant surgery; the development
of metal artefact reduction techniques in CT for prosthetic joint imaging; the
added value of CT in hybrid imaging modalities such as SPECT-CT and PET-
CT and lastly, a collated CT reporting checklist for CT prosthetic joint

assessment was garnered.
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Results: Joint preservation surgery has been in use for almost 200 years. This
chapter provides historical background of the use of joint prostheses and the
use of imaging techniques in the assessment of joint prostheses infection and
loosening, which are significant complications of joint replacement surgery.
There is a wide variety of imaging techniques including "®F_Fluoride PET and
PET-CT, which can produce varying types of confounding imaging artefacts.
Further information is required on the potential role for and the rational use of
'8F_NaF and PET-CT. CT has a role to play in diagnosing and distinguishing
between septic and aseptic prosthetic joint loosening but metal artefact
reduction techniques are often required. A table of useful reporting points and
radiographic CT features for the radiologist to assess along with the significance

of the radiographic features was issued.

Conclusion: The more frequent use of prosthetic joint replacement medical
devices to treat arthropathy and an aging population mean that there is likely to
be a requirement for more resources to diagnose the complications of joint
prostheses. There is a potential role for dynamic sequential multiphase '®F-NaF
PET-CT but this requires further research to identify whether it can cost-
effectively and accurately detect periprosthetic infection and periprosthetic
loosening. The combined use of very sensitive moderately specific dynamic '®F-
NaF PET-CT and a radionuclide predictive biomarker of macrophages in
periprosthetic tissue are likely to increase the efficiency and accuracy of
diagnosis. Furthermore, CT scans and the use of CT in hybrid imaging play an
important role in imaging joint prostheses. The use of a reporting checklist can

be helpful to the radiologist in the assessment of painful prosthetic joints.
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1.1.2 INTRODUCTION

About 40,000 annual joint replacements of the knee and hip occur in the United
Kingdom, using a wide variety of implants (1, 2). Prosthetic infection and
loosening are significant complications of joint replacement surgery (3).
Approximately 0.4 to 4% of these are complicated by deep infection but the true
figure is probably less than 1% (2). Further complications of joint prostheses
include aseptic loosening with an incidence of 2-18% and 2-3% respectively in
the knees and hips (4) but infection has much more devastating consequences
(5). The diagnosis of prosthetic infection and loosening is very important both to
patient wellbeing and mobility as well as the health economy. Treatment of an
infected prosthesis is well in excess of £30,000 (5) and prosthetic infection rates
following surgical revision are considerably higher, with an occurrence rate of
about 40% of patients (5).

The incidence of infection after 2 years is relatively low but not out of the
question, with a rate of less than 0.2% (2). Deep infection is usually preceded
by (superficial) wound infection in up to a third of cases (2, 6). The presence of
pain, fever, restricted joint movement, sinus formation and discharge are
significant indicators of prosthetic joint infection; backed up with radiological
evidence, haematological features and positive microbiological cultures from the
prosthesis (2). Patients invariably have elevated serum inflammatory markers
such as erythrocyte sedimentation rate (ESR) and/or C-reactive protein (CRP).
In fact, the presence of a normal CRP and ESR make deep infection unlikely.
Leucocytosis, on the other hand, is more variable and tends to be raised when
acutely infected (2, 7). The measurement of serum interleukin-6 (IL-6) is more
accurate than CRP, ESR and the white cell count (7). Microbiologically,
coagulase-negative Staphylococcus and Staphylococcus aureus are the
commonest causes; two-thirds of cases tend to be single organism related and

the other third are multi-organism related.

In modern medicine, the use of prostheses in joint replacement now forms an
important part of the management of patients with arthropathy to alleviate pain

and to improve mobility, whilst maintaining stability and preserving joints (8).
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Early surgical attempts to treat joint disease involved joint excisions and
amputations, which were sometimes performed liberally (9, 10). One of the
earliest recorded surgical attempts at treating severe joint disease whilst
preserving the joint was made by Anthony White in Westminster Hospital,
London. Although he was credited with the first excision arthroplasty in 1821,
White did not publish or report this new surgical procedure. Excision
arthroplasty improved patient pain and maintained mobility, but it also resulted
in poor stability (9). Thereafter in 1826, the first osteotomy on a hip was
performed in Philadelphia by John Rhea Barton (9). Some of the other early
attempts at joint surgery also involved total hip arthroplasty techniques to relieve
patient suffering due to joint pain and immobility. Similarly, there were further
surgical attempts to remove arthritis spur calcium deposits and irregular

cartilage in order to make the joint surfaces more smooth (11).

One of the most common indications for early joint replacements was in the
management of tuberculous arthritis (12). There are reports of John Murray
Carnochan, a New York surgeon making the first attempts to use artificial
material to replace joint surfaces by using wood to replace the hip joint in 1840
(11, 13). This was followed by the use of ivory about half a century later by
Professor Themistocles Gluck (12). He pioneered joint replacements and
performed the first human total joint replacement despite suffering severe
criticism from both his peers and superiors he replaced a knee joint in Berlin
using a hinged ivory prosthesis in 1890. Thereafter, Gluck developed models for
replacements of the shoulder, elbow, and wrist (12). In March 1892, Dr Jules-
Emiles Pean in Paris closely followed this by performing a prosthetic shoulder
joint replacement using platinum and rubber which was cemented with plaster
and pumice (14), but the joint replacement only lasted 2 years due to infection
(15). Gluck is known to have contributed significantly to Pean’s work and Gluck
also designed prostheses for several other joints making use of elephant ivory
(14, 16). In 1914, F. Koenig made a subsequent attempt at shoulder prosthesis
implantation, also using ivory (15). Then the use of glass moulds was reported
soon afterwards by Marius Smith-Petersen operating in Massachusetts General
Hospital, Boston, but operating with glass had to be abandoned because some

of the glass moulds broke (17). In New York, further progress was made using

19



modern era monoblock designs for prostheses which were successfully applied

to shoulder replacements by Charles Neer (15, 16).

The first modern era shoulder replacement using anatomically-shaped
prostheses was performed by Krueger in 1950 employing the use of resin and
Vitallium® (15, 18). Vitallium® had been developed in 1932 by Albert W. Merrick
for the Austenal Laboratories® (19) and the Austenal Laboratories® later
patented it on May 15 1934. Vitallium® was initially used as a cast for metal
dentures and consists of an inert alloy with more than 50 per cent cobalt, 10 —
40 per cent of chromium, and was later developed for gas turbine blades in
1941 (20-22). This new alloy was quite revolutionary due to its inert, light,
strong, biocompatible and corrosion-resistant properties; and is still being used
today (19). While the newly patented Vitallium® proved to be a great success,
the hip resurfacing technique was not adequate as a consequence of poor
implant design, inadequate instrumentation, crude surgical techniques and the
use of inappropriate materials, rather than inherent difficulty with the surgical
procedure itself (23). Acrylic material was used in Paris in 1947 in the first
attempt at prosthetic knee replacement with a hinged knee endoprosthesis by
French brothers, Jean and Robert Judet (24-26). Thereafter, the first successful

knee replacement was performed by Moore, using metal in 1950 (25).

One of the pioneers of modern-day total hip replacement was Professor Sir
John Charnley, a British orthopaedic surgeon from Lancashire, England (27).
Charnley developed the low-frictional torque arthroplasty which used dentist's
methacrylate cement for a Moore femoral prosthesis. He developed it at
Wrightington Hospital in Lancashire from 1958 to the early 1960s (27-31). Later
on, due to the failure of approximately 1 out of every 10 prosthesis in a 10 year
period (32), the first hip joint resurfacing was embarked upon in 1951 by Sir
John using Teflon/Teflon bearings, but the Teflon was not robust enough and
succumbed to early damage of the prosthetic material (33). Hip resurfacing
entails surgical excision of diseased femoral head and acetabular surfaces and
then shaping the surfaces as well as replacing the joint surfaces with materials

such as metal or acrylic (33).
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The rising number of hip and knee prostheses implanted yearly in most western
countries, including the United Kingdom (1, 2) is due to a combination of
population growth, worsening obesity (34), a growing number of knee injuries as
well as expanding indications for joint replacements (35). Most contemporary
hip and knee replacements occur due to advanced osteoarthritis (36), with an
increasing number occurring following femoral fractures (36) due to newer
surgical approaches. On the other hand, improved medical therapy of
inflammatory arthropathy means that number of knee and hip joint replacements

due to rheumatoid arthritis are on the wane (36).

Prosthetic infection and loosening are well recognised and significant
complications of joint replacement surgery (3). It is believed that 1 out of every
10 prostheses will fail within 10 years of surgery and that 2 out of every 10
prostheses which necessitates re-revision will fail in 5 years (32). Thus, the
diagnosis of prosthetic infection and loosening is very important both to patient
well-being and mobility as well as the health economy. Generally speaking, the
cure rate of infection is quite similar in both hip and knee prostheses and the
mean time from surgery to diagnosis is just under 14 months but majority of
patients present after 3 months (2). The management of these cases could be
conservative or surgical. Antibiotics, joint lavage and debridement may be
applied acutely whilst one or two-stage revisions for prosthetic infections are

more helpful in chronic cases; amputation is a last resort (2).

Deep prosthetic infections can be classified according to the Coventry
classification which was later modified by Fitzgerald into acute cases which
occur within 2 weeks of surgery; delayed phase (occurring 12 weeks to 2 years
following joint surgery) and presumed haematogenous cases which are usually
those cases which occur after 2 years (2, 37). Prosthetic infections could arise
from contamination during the surgical operation or afterwards by the spread of

blood borne pathogens (2).

Due to the anticipated increase in numbers of both hip and knee arthroplasty
surgery (38), there is likely to be an increased need for assessing complicated
joint prostheses more efficiently. Therefore, research into this area is required

and further advancements in the use of imaging to diagnose and distinguish
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loosening from infected joint prostheses will contribute to knowledge in this field.
Furthermore, | have chosen to investigate patients presenting with painful joint
prostheses because pain is one of the first clinical indications of complications
(39).

1.1.3 Imaging Techniques

There is no consensus on imaging algorithms for the diagnosis of loosening and
infection (32). The usual current imaging investigations used in prosthetic joints
include serial radiographs, ultrasound, Magnetic Resonance Imaging (MRI),
Computed Tomography (CT), contrast arthrography and conventional Nuclear
Medicine studies (40, 41). In the majority of cases, plain films are adequate for
the assessment of prostheses. The sensitivity, specificity and accuracy for the
plain radiographs are approximately 43%, 86% and 64%, respectively (42, 43).
The use of plain radiographs for diagnosing loosening in un-cemented
arthroplasties also has the disadvantage of poorer sensitivity due to the lack of
a cement-bone interface between which loosening lucencies may been
visualized (44). Indications for ultrasound include assessment of soft-tissue
collections, guiding joint aspiration and capsular biopsy (41). Ultrasound can be
particularly useful in the hips and may guide drainage but has no role to play in

diagnosing loosening with accuracy (45).

Radioisotope investigations yield functional detail and are generally highly
sensitive but they relatively less specific for diagnosing infection and loosening
(40, 41) whilst lacking a great deal of anatomical detail (46). Metal-related
artefacts in computed tomography and magnetic resonance imaging scans can
significantly degrade image quality and diagnostic yield (41, 46). Despite CT
and MRI metal-related artefacts, they do have a role in diagnosing
periprosthetic collections, although the significant artefacts in the region of the
prosthesis can render them uninterpretable. The use of artefact-reduction in CT
and MRI could potentially result in an increased usage of CT and MRI in the

imaging of prosthetic joints.
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Newer techniques using PET-CT (Positron Emission Tomography-Computed
Tomography) have been investigated. Although the use of "®F-FDG ("®F-fluoro-
2-deoxyglucose) PET-CT in prosthetic imaging was initially hailed as promising
(3, 39), "®F-FDG uptake in prosthetic joint infection has yielded limited results
(47). The sensitivity, specificity, and accuracy of the combined use of
radiolabelled leukocyte with bone marrow imaging outperforms '®F-FDG in
diagnosing infected hips and knee prostheses (48) as illustrated in a recent
meta-analysis of the use of '®F-FDG-PET in detecting prosthetic hip or knee
joint infection in which 11 studies involving 635 prostheses yielded a pooled
sensitivity and specificity of FDG-PET for the detection of prosthetic hip or knee
joint infection ranging from 68.0-90.8% and 79.7-91.4%, respectively (49).
However, PET-CT research into joint prosthetic imaging using "®F_NaF (Sodium

Fluoride) has also shown promising results (41).

Contrast arthrography is a more invasive test and requires test operators to be
more practically skilled than in other routinely used imaging techniques as a

result this is not a routinely used examination for prosthetic joint assessment.

A meta-analysis of more than 30 wide ranging English-language medical papers
published over almost 30 years between 1975 and 2004 (50) compared the use
of several radiological techniques in the diagnosis of aseptic loosening of hip
prostheses wusing plain radiography, subtraction arthrography, nuclear
arthrography and bone scintigraphy. Although the study demonstrated no
statistical difference in the diagnostic accuracy amongst the different
radiological techniques, plain radiographs and bone scans were proven to be
beneficial for femoral components due to their ease of use, low cost,

noninvasiveness, as well as relative low radiation dose to the patient (32).

Nuclear arthrography is performed using intra-articular injection of a
radionuclide such as non-soluble "'Indium labelled sulphur colloid, in
combination with radiographic contrast. Some authors advocate 20mls of low-
osmolar contrast media with 300 strength combined with 1ml of 10MBq "'In
labelled sulphur colloid (51). This may be performed in combination with a
technetium labelled MDP (Methylene Diphosphonate) bone scan for correlation.

Some of the problems with this technique are that it is an invasive and skilled
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procedure requiring intra-articular injection. In addition, despite being non-
soluble, some of the indium could get absorbed systemically and the presence
of "indium in the urinary bladder is an important indicator of systemic

absorption (52).

Differentiating prosthetic joint infection from aseptic mechanical loosening can
be difficult even with a thorough clinical assessment and a battery of imaging
and non-imaging diagnostic tests (46, 53). Some authors advocate the use of
radionuclide imaging as the mainstay and modality of choice in the investigation
of suspected prosthetic joint infection (46). The use of a combination of
radiolabelled leukocyte and bone marrow scans can improve the accuracy of
bone scans with a combined accuracy of about 90% in diagnosing prosthetic
joint infection (46, 54). There are several important limitations in the use of in
vitro labelled leucocytes (46). The in-vitro labelling process is quite demanding
in terms of staff man-hours and radiopharmacy space and is therefore not
always available. Furthermore, it involves the lengthy handling of human blood

and blood products with its inherent risks (55).

The combination of labelled white cell scans with complementary radionuclide
imaging using bone marrow or bone scans is often required in bone infection.
This not only makes interpretation difficult but also adds to healthcare cost as
well as patient inconvenience (55). Recently discontinued radionuclide infection
agents include murine monoclonal anti-granulocyte antibodies, such as
Fanolesomab (NeutroSpec®) (56) and radionuclide labelled antibiotics have
been investigated for a potential role in prosthetic joint imaging (46). Other
radionuclide infection imaging agents in current use include radiolabelled
antibiotics and '®F-FDG PET (55). In a meta-analysis of monoclonal antibody
fragment imaging in 13 studies involving 522 joint prostheses; there was an
estimated sensitivity and specificity of 83% and 80%, respectively (49).
Analyses uncovered no significant statistical differences between the various
subgroups of monoclonal antibody fragments. For weighted analysis, there was
a sensitivity of 90% for a specificity of 80% (57). *™Tc-sulesomab scan
(LeukoScan®) is one of the more common murine monoclonal antibody
fragments of the 1gG1 class (58). LeukoScan® is a 50 kDa fragment antigen
binding (Fab') that binds to the NCA-90 antigen on the surface of human white
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cells (58). There are varying clinical reports as to whether human anti-mouse
antibody (HAMA\) is a contraindication to LeukoScan® usage since the antibody
fragment is a xenobiotic (58, 59). A sole ®™Tc-sulesomab scan (LeukoScan®)
has 100% sensitivity and negative predictive value but a poor specificity of only
20%. To improve test accuracy and positive predictive value would require
combining the *™Tc-sulesomab scan with a *™Tc- bone scan or a *™Tc-
nanocolloid bone marrow scan (54) but murine monoclonal anti-granulocyte

antibodies have been discontinued (56).

A large number of aseptically loosened prostheses result from
inflammatory/immune reactions (60) which involve histiocytes, giant cells,
lymphocytes and plasma cells (61). The cells secrete pro-inflammatory
cytokines and proteolytic enzymes with resultant osteolysis and loosening (61).
Loose joint prostheses have a periprosthetic pseudomembrane (61) which is
composed of histiocytes (95% of samples), giant cells (80% of samples),
lymphocytes, plasma cells (25% of samples) and neutrophils (less than 10% of
samples). The presence of a significant number of neutrophils in samples is
what distinguishes periprosthetic infection from aseptic loosening (58, 61).
White cells in general are present in both inflammation and infection, and
because white cells take up '®F-FDG,"®F-FDG-PET is incapable of

differentiating aseptic loosening from the infected joint prosthesis (55).

1.1.4 The Advent of '8F Fluoride PET

Fluorine is the ninth element in the periodic table; it is a monovalent halide that
often exists in nature as an inorganic anion bound to other cations. There are
17 isotopes of Fluorine (from '°F to 'F) with "°F alone, being the solitary stable
isotope (62, 63). '®F is an artificial radionuclide which was first produced in 1936
(62, 63).

"®F may be produced within nuclear reactors by using fast neutron
bombardment of lithium-6 enriched solid lithium carbonate targets (62). This
method is inefficient and produces impure fluorine. The use of cyclotrons in the

production of '®F is a more convenient and commercially viable method of
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producing pure F. The promising role of Fluoride in nuclear medicine was first
discovered by Anbar et al in 1959; they explored the role of
monofluorosulphonates, difluorophosphates and fluoroborates as competitors
for iodine uptake in the thyroid gland in a similar fashion to perchlorate ions
(64). In addition, Anbar suggested a role for '®F in brain imaging. The value of
fluoride in bone imaging was first recognised by Monte Blau and team in 1962
(65, 66). '®F decays to '®0 (oxygen-18) with a half-life of 109.7 minutes for 97%
by the emission of positrons which leads to the production of 0.51MeV
annihilation photons (62, 63). The remaining 3% of '°F decay is by electron
capture (62, 63). '®F is usually administered in its salt form as '®F-NaF and may
be taken either orally or intravenously. Oral intake is less reliable due to the
possible reaction with gastric contents which may result in the formation of
insoluble compounds, but oral intake is more conducive when microbiological
purity is less than acceptable. Consuming as much water as possible and
emptying the urinary bladder reduces the radiation dose as well as decrease

urine—related artefact.

The uptake of '®F cations in bone occurs via the mechanism of ion exchange
with the hydroxyl anions on the surface of hydroxyapatite crystals (67); these
crystals are small-sized and thus present large surface areas for ion exchange
in bone molecules which are in equilibrium with plasma (66). The rate limiting
steps in the ion exchange process is blood flow and most '8 F_NaF is retained in
bone after a single pass due to its high first pass extraction. "®F'NaF blood
concentration levels rapidly fall to 20% of peak levels within 30 minutes; 10% of
peak levels within 60 minutes and approximately 1% by 5 hours (66, 68).
Fluoride is excreted via the kidneys; it is filtered through glomerular capillaries,
but approximately one quarter of the filtered fluoride is reabsorbed through the
nephron tubules (68, 69) and there is a reasonably direct correlation between
glomerular filtration rate (GFR) and '®F clearance as well as chloride clearance
(another halide) (69). Because '®F'NaF is rapidly cleared from the body with
rapid achievement of high bone: soft tissue ratios (66), the most favourable

scan times are between 2 and 4 hours after oral intake (66)
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1.1.5 "®F-FDG PET versus Other Nuclear Medicine Techniques

The 2 PET tracers that are generally used to assess bone disease are '°F-
Sodium Fluoride and '®F-FDG (70). Although the use of '®F-FDG PET-CT in
prosthetic imaging was initially hailed as promising (3, 39), '®F-FDG usage in
joint prosthesis infection has yielded limited results (47) and the sensitivity,
specificity, and accuracy of the combined use of radiolabelled leukocyte/marrow
imaging outperforms ®F-FDG in detecting joint prosthetic infection in both hips
and knees (48). In a blinded study of 35 patients, '®F-FDG PET did not perform
any better than three-phase bone scintigraphy in patients with prosthetic joint
replacement infections, and conventional radiography was more sensitive but
less specific than '®F-FDG PET (71). "®F_NaF PET-CT is slightly more specific
than "®F-FDG PET-CT in the assessment of hip prostheses (72). PET scanners
have become obsolete equipment and since 2000 PET-CT scanners have

replaced dedicated PET scanners (73).

1.1.6 PET-CT Artefacts

The high density related to metallic components of prostheses result in artefacts
in both PET and PET-CT images (74). These occur when attenuation artefacts
in PET are corrected with the use of transmission scans, which are generated
with CT or germanium-68 (®3Ge). These attenuation corrected artefacts mimic
periprosthetic increased metabolic activity, which are said to be more evident
when there is patient motion between the emission and transmission scans. The
employment of attenuation-weighted iterative reconstruction may reduce these
artefacts (74). It is well recognised that these artefacts may result in false
positive interpretation in patients with suspected infection. Marked increased
activity in the attenuation-corrected images requires confirmation with the non-
attenuation-corrected images and the follow up of this artefactual increased
uptake for over a year usually confirms no change in the periprosthetic intensity

on the attenuation corrected images (75).
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1.1.7 The Future

PET-CT combines 2 sensitive data sets yielding both anatomical and functional
information. The rapid accumulation of 'F-Fluoride ion within the skeleton
makes it the ideal isotope for the demonstration of prosthetic infection and
sequential imaging of prostheses with '®F-NaF shows great promise (76).
Further advantages of this technique include a shorter scanning time and
resultant increased patient throughput which may further offset the relatively
higher unit cost of "®F-NaF versus *™Tc-HDP (hydroxydiphosphonate) dynamic
bone scans (77). '®F-NaF Dynamic (sequential multiphase) images with Time-
Activity-Curves may yield more diagnostic information (78) and therefore more
accurately diagnose loosening of joint prostheses; diagnose infection of joint
prostheses; and distinguish loosening from infection of joint prostheses. We will
investigate whether sequential multiphase '®F-NaF PET-CT, as a single imaging
investigation, is a more cost-effective and accurate method of detecting of

periprosthetic infection/loosening.

In the near future **™Tc-Technetium Tilmanocept (Lymphoseek®) may reliably
demonstrate the accumulation of macrophages around joint prostheses and
therefore identify the presence of periprosthetic loosening versus infection of

joint prostheses using both quantitative and visual analysis.

1.1.8 The Need for More Research

Prosthetic joint replacements are becoming increasingly more common (79) and
there are several outstanding wide-ranging reviews of prosthetic joint
complications (80). There are several reviews of arguments for and against
different imaging investigations for symptomatic joint prostheses, each of which
to some extent reflects the authors’ personal clinical and research bias as well
as expertise (43, 46, 81, 82). There are unresolved conflicts and gaps in
research of failed prosthesis imaging that still require exploration. In addition,
there are new developments that are required due to improvements in the state

of knowledge in metal artefact reduction, positron imaging, '®F-NaF supply and
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radionuclide imaging of mannose receptors (CD206) located on the surface of
macrophages. Due to the speed of basic science and clinical research in this
field, a strictly comprehensive review is perhaps impossible, but this thesis will
attempt to present a brief review of the attributes of different imaging tests

available for investigating the complications of joint prostheses.

This review would cover historical and current state of imaging modalities in
prosthetic joint imaging; the history and role of '®F-NaF PET as well as CT and
multimodality imaging while reviewing methods for overcoming artefacts from
metallic prostheses. The motivation for this research is the lengthy time and
non-standardized test algorithms for investigating patients with painful joint
prostheses. The specific principles covered include physics of PET and CT as
well as artefacts, PET scanning techniques including immunology and

microbiology.

1.1.9 Conclusion

There is an increasing use of prosthetic joint replacement medical devices to
treat arthropathy as well as a continuing increase in aging population which
means that there is likely to be a requirement for more resources to diagnose
the complications of joint prostheses. The combined use of very sensitive
moderately specific dynamic '®F-NaF PET-CT and a radionuclide predictive
biomarker of macrophages in periprosthetic tissue are likely to increase the

efficiency and accuracy of diagnosis.
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1.2 Role of CT in Prosthetic Joint Imaging; Pathologic Spectrum
and CT Patterns

1.2.1 Introduction

The history of tomography dates back to 1914 when it was first suggested by
polish radiologist Karol Mayer. Various authors subsequently developed the
initial idea further and individually built their own equipment as well as published
additional work in the area (83). Alongside further developments in electronics,
the Computed Axial Tomography (CT) scanner was first developed and
commercialized in 1972 by Sir Godfrey Hounsfield, an engineer at Electric and
Musical Industries (EMI), the same company that sold The Beatles' records (83,
84). Hounsfield and Dr Jamie Ambrose, a consultant radiologist in Atkinson
Morley’s Hospital, Middlesex presented a paper “Computerised Axial
Tomography (A new means of demonstrating some of the soft tissue structures
of the brain without the use of contrast media)” in April 1972 at the 32nd
Congress of the British Institute of Radiology (85) and the following month
Hounsfield and Dr James Bull presented the first clinical images at a neurology
postgraduate course at the Albert Einstein College of Medicine, New York (85).
Since then, successive generations of CT scanners have been developed with

significantly improved image quality and reduced scanning times.

With the relative recent growth of hybrid imaging, the role of computer
tomography technique (CT) is being reassessed for the provision of anatomic
information, due to poor structural detail in conventional radionuclide images
performed for possible prosthetic joint instability, component loosening and mal-

positioning (43).

CT has advantages over Magnetic Resonance Imaging (MRI) due to quicker
scan times, superior views of the acetabular roof, better images of heterotopic

bone, cement and metallosis (86). CT is superior to ultrasound because it is
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less operator-dependent and has superior bony detail. CT and ultrasound may

guide percutaneous joint infections, biopsies and aspirations (87).

CT scans have an important role before and after joint implant surgery (88).
Computed Tomography data is used in computer-aided custom-made
prostheses for prototyping to produce precise pelvic models used to design and

manufacture joint prostheses (88, 89).

1.2.2 CT in Preoperative Planning and Intra-Operative Planning

Preoperative surgical planning is not routinely performed but some authors
suggest that CT scans of the pelvis may have an important role to play in the
assessment of ideal acetabular implant positioning in order to ensure total hip
arthroplasty implant stability, i.e., to gauge whether more than 70% of the bone-
implant interface would be covered and also that the acetabular implant is

placed as close to the anatomical rotation centre as possible (90).

Prior to revision, computed tomography-based or imageless navigation systems
can improve the accuracy of component positioning (91, 92). The final
orthogonal alignment results from CT are much closer within acceptable number
of degrees of the predicted surgical plans, but problems may arise in the talus in
ankle replacements due to the differing preference regarding the extent of gutter
debridement amongst surgeons (93). CT scans are used as the basis for
commercially available robotic surgical systems which can be adapted to assist
preoperative planning and intraoperative placement of knee prostheses (94),
resulting in improved prosthetic component alignment and improved bone-
implant fit, reduced implant loosening particularly in non-cemented prostheses
(94). However, disadvantages include the requirement for fiducial markers,

increased operating times and higher treatment costs (94).

The role of Magnetic Resonance Imaging (MRI) in patient specific cutting guides

is small and although MRI can lead to reduced operating times and also
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improve the consistency of prosthetic joint alignment it does lead to significantly

increased overall medical costs (95).

1.2.3 Postoperative Planning

CT-based systems can be used in accuracy assessments of post-operative
patient-specific instrumentation systems for joint replacements (96, 97). There
are several types of orthopaedic devices that can be implanted in several joints
— most commonly in order of occurrence knee, hip, ankle, shoulder and elbow
followed by wrist and then carpal and tarsal joints (98). However, current trends
and industry projections suggest that it is more likely that an increase in the
number of upper extremity arthroplasty will exceed the steady increasing
requirements for hip and knee arthroplasties (99). This section of the chapter
concentrates on the role of CT in the 2 most common joint replacements that

currently occur.

1.2.4 CT in Post-Operative Imaging of the Hip

The indicators of hip replacement infection on CT are a volume of periprosthetic
fluid of more than 1 ml and prosthetic acetabular malpositioning (100).
Component malpositioning also can result from aseptic loosening, instability,
polyethylene wear as well as joint instability and dislocation (101). Further
confirmatory evidence of prosthetic sepsis can be provided by positive bacterial
culture from joint fluid aspirate obtained under CT guidance all resulting in 70%

sensitivity, 100% specificity and 100% positive predictive value (100).

The American academy of orthopaedic surgeons advocates that there is no
compelling evidence for the use of CT as a diagnostic test for periprosthetic joint

infection, stating that there is an unclear balance between benefits and potential
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harm (102). The American academy of orthopaedic surgeons also advocate a
central role for blood tests (ESR and CRP), as well as joint aspiration (including
frozen section aspiration) (102), and also state that nuclear imaging has a
limited role in the diagnosis of periprosthetic joint infection (102), despite the
fact that it is well recognised that nuclear medicine studies have high negative
predictive values (103) and also that combined nuclear medicine studies have

high positive predictive values (103).

Loosening at the bone/cement interface or prosthesis/bone interface is
demonstrated on radiographs as a progressive increase in radiolucency on
serial radiographs (104), often of up to 2 mm at the interface or a change in
position on serial imaging. Loosening may also occur at the prosthesis/cement
interface (105). CT is able to demonstrate more subtle bony change including
erosion and periosteal reaction (106). Postoperative findings must always be
interpreted in conjunction with clinical symptoms and previous imaging (105),
because CT artefacts are known to occur more commonly around the
acetabulum. In addition, artefactual radiolucency at the metal-cement interface
may also occur secondary to the Mach effect (107) and radiolucencies around
revised prostheses are generally wider (105). Other radiographic signs of
loosening include the development of bony sclerosis in the region of the distal
tip of the prosthesis, cement fracture, prosthesis fracture, prosthesis movement
as well as prosthetic rotation (105). Prosthetic micro-abrasive wear of
polyethylene or polymethylmethacrylate (PMMA) cement can result in particle
deposition in periprosthetic tissues, which incites a multinucleate giant cell
granulomatous inflammatory response, resulting in periprosthetic osteolysis and
a form of endosteal scalloping on plain radiographs and CT, known as particle
inclusion disease (105, 108-110). Metal wear results in periarticular metallic

fragments (105).

Particle inclusion disease, also known as histiocytic response results in focal
osteolysis and was first recognised by John Charnley. It was initially thought to
be secondary to cement (105), but is now known to be induced by deposited
foreign bodies (metallic, PMMA cement, as well as polyethylene fragments)
following implant wear 1 to 5 years post-surgery (105). Polyethylene inclusion

disease is now most common because of reduced use of cemented implants
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(105). On radiographs, inclusion disease may be distinguished from loosening
by focal endosteal scalloping as opposed to linear radiolucency which occurs in
loosening and infection (105). Periarticular soft tissue density and fluid may also
occur in particle inclusion disease (105). Inclusions and fractures are elegantly
demonstrated on cross-sectional imaging. The bony defects produced by
particle inclusion disease result in an increased fracture risk and therefore

requires close follow up with radiographs or CT (105).

Low-grade infection can be difficult to distinguish from aseptic loosening on
imaging alone. High-grade infection results in joint effusion, osteolysis and
sclerosis (105) as well as other signs of infection on the plain radiograph
consistent with osteomyelitis (105). On plain radiographs, infection may also be
difficult to distinguish from the endosteal scalloping of particle inclusion disease
(105). CT defines bony changes in better detail as well as assesses adjacent

soft tissue change much more clearly when compared with radiographs.

1.2.5 CT in Post-Operative Imaging of the Knee

The hip and knee are the most replaced joints in the human body (111, 112).
Age-related degenerative change commonly affects the knee (111), whilst
rheumatoid arthritis and osteoarthritis are the 2 commonest indications for knee
arthroplasty (111). Depending on disease severity, the type of joint replacement
undertaken may be total or limited to a single compartment (111). Commonly
employed knee prostheses consist of cobalt-chromium alloys for both the
condylar and tibial components with an ultrahigh molecular weight polyethylene
(UHMWPE) layer on the tibial component (111, 112). Other employed metals
have involved the use of binary titanium and zirconium alloys (111, 112) with
improved biocompatibility and reduced reaction (113). Total knee prostheses
are either of the unconstrained or semi-constrained category and their
implantation requires sacrifice of the anterior (together with or without the

posterior) cruciate ligaments (111). The patella may also be resurfaced to
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reduce post-surgical anterior knee pain and the requirement for revision (114).
Total knee replacement is one of the most successful joint replacement
procedures in orthopaedic surgery (101, 115). Total knee replacements last
longer than unicompartmental replacements; with survival rates of greater than
90% after 15 years (101) and total knee replacements generally last from 10 to

15 year with all being well, or 20 years at the most (111).

Adequate total knee replacements require fitted condylar and tibial components,
employing 5 to 8 degrees of valgus alignment with normal tension maintained
between the surrounding soft tissue structures (111). The failure of prostheses
often result from a combination of factors including infection, aseptic loosening,
implant wear, unsuitable mechanical load, fatigue failure at implant: bone
interfaces due to repeated remodelling in response to altered mechanical loads,
excessive implant motion resulting in resorption, and possibly hydrodynamic
pressure (116). Albeit rare, some of the most common symptoms experienced
after knee surgery include pain, instability and reduced range of movement
(111). Imaging is required to exclude post-surgical complications and other
unrelated conditions (111). For this to happen, an understanding of surgical
techniques and surgical dates is important (111). Immediate post-surgical
radiographs are required to assess the alignment of implant components.
Haemorrhage and infection tend to occur more commonly in the subacute
stage. Radiographs are also able to demonstrate effusions and intra-articular

haemorrhage (111), but CT also has a role to play (111).

Technical artefacts arising from metal prostheses may be overcome to a degree
by using pre-scanning techniques to perform the CT scan in a specific manner
(117). The degree of artefact produced depends on the amount and type of
metal present in the prosthesis, with titanium producing less artefact than cobalt
(82). Titanium is the one of the most ideal alloy components for prostheses due
to its suitable biocompatible composition which limits unfavourable tissue
reactions, corrosion resistance and resistance to chemical breakdown in vivo
(113). Titanium also possesses high levels of strength, low elasticity levels and

produces relatively less debris (113).
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CT scans provide detailed structural information which can also enhance the
surgical planning stage (117). CT scans provide a means to measure the
relationship between direct post-operative stem anteversion and rotational
stability, because gradually worsening retroversion of a cemented stem on CT is
a good indicator of prosthetic loosening and impending failure (118). Thus, an
anteversion angle of less than 10° is detrimental to the future prospects of

cemented hip prosthetic stems (118).

Prosthetic joint loosening is a clinical-radiologic diagnosis, but endosteal
resorption of cortical bone in the mid-femur on CT is an indicator of primary
prosthetic failure and could also contribute to further aseptic prosthetic
loosening (119).

1.2.6 CT in Diagnosing and Distinguishing Between Septic and Aseptic

Loosening in Hip Prostheses

The diagnosis of post-surgical hip complications may require multiple imaging
tests (105), but plain film radiography remains the basis of post-surgical
musculoskeletal radiology and it generally forms the initial evaluation of
symptomatic post-surgical joint prostheses (82). In addition to plain radiographs,
multi-slice CT may be used for additional assessment of joint prostheses in the
detection of infected prostheses (106, 120). Oedema and haematoma in the
immediate post-surgical period can mimic soft tissue infection (120), but CT is
able to illustrate soft tissue infective changes such as abscesses following the
administration of intravenous contrast and CT can guide percutaneous abscess
drainage and other intervention procedures such as arthrography and synovial
biopsy (120). Additionally, CT can detect bony changes of infection such as
cortical and trabecular erosion; periosteal reaction, sequestration, fistulae,
cortical tracts, sinus tracts and soft tissue defects (120). CT can also detect
aseptic complications such as periprosthetic fractures, aseptic loosening,

osteolysis, heterotopic bone formation, trochanteric bursitis as well as osteolysis
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from foreign body granulomatosis (82). Care should be taken because
osteolysis may confused with pre-existing cysts or geodes as well as spot-welds
with stress-shielding (121). In an epidemiological study of the 60,355 total knee
arthroplasty revision procedures performed in the United States during a 15
month period between October 2005 and December 2006 (122), the most
common identified causes of failed prostheses were infection in 25.2% and
aseptic mechanical implant loosening in 16.1% of the failed prostheses. Other
causes of prosthetic failure included dislocation, implant fracture, periprosthetic
fracture, periprosthetic osteolysis, bearing surface wear; and other mechanical
complications of prosthetic joint implants (122). The presence of post-operative
surgical site infection, synchronous malignancy, prior revision arthroplasty,
nosocomial infection as well as operating room time of greater than 3 hours are
some of the most significant prognostic factors which can predict prosthetic joint
infection (103). The success of total knee replacements also depends on the
preoperative condition of the patient, the design and materials of the
components and the surgical technique used (101).

Artefacts from metallic prostheses can result in unreadable CT images. More
artefacts are visualized in larger metallic implants as well as cobalt chrome
prostheses (as opposed to titanium) (82, 123). Several methods can be
employed to reduce the detrimental effect of beam hardening artefact and to
also improve image resolution. These include pre-image acquisition techniques
such as optimal patient positioning; increasing the peak kilo-voltage (KVp) and
tube current; and the use of overlapping slices, increasing slice thickness (82,
123, 124). Post-processing image reconstruction techniques including the use
of multi-planar reformats; including the use of soft tissue windows for bulky
metallic implants and bone window viewing for small metallic hardware (82,
124).
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2.7 Proposed CT Reporting Checklist

A systematic approach to radiographic evaluation of prosthetic joints using a
checklist of important reporting points would help direct the radiologist to
specific significant features when assessing prosthetic joints (90). In order to
emphasise the role of CT in the diagnosing periprosthetic complications, this
proposed CT reporting checklist (Table 1) provides an important tool for the

radiologist in the assessment of painful prosthetic joints using CT (125).
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Table 1. CT reporting checklist in the assessment of prosthetic joints

Reporting Radiographic features to assess for and significance
points
Prior Is the implant positioned properly and intact? Is the

radiographic
and CT findings

Periprosthetic

bone

Precise
component

position

Periprosthetic

fluid collections

Ossified

masses

Periprosthetic

soft tissue

Pre-op
Component

selection

prosthesis position stable with good component fixation? Is
the host bone abnormal and is there any adverse soft tissue
feature such as muscle atrophy? Comparison with baseline

radiographs helps detect complications.

Assess for periprosthetic fractures, as well as the presence,
character and quantity of periprosthetic osteolysis. Also
estimate the total amount of the prosthetic component such
as acetabular cup that is fixed to bone. This also helps for

accurate surgical planning.

Assess component positioning/alignment, for polyethylene
wear and component fractures. Examine for excessive

version which can lead to subluxation and dislocation.

Look for periprosthetic bursae, periarticular and deep
collections with sinus tracks to the skin. CT arthrography may

also demonstrate communication with the joint.

Identify and localize ossified masses. Define the extent of the

ossified mass and assess whether the mass bridges the joint.

Assess for soft tissue support, heterotopic ossification, metal-

on-metal granulomatosis/pseudotumour

Ischial tuberosity line, ilioischial line,
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1.2.8 Hybrid Imaging

CT scans and radionuclide imaging can form part of a multi-modality algorithm
(126). Hence, integrated functional and anatomical imaging with SPECT-CT and
PET-CT scans may be employed to diagnose prosthetic joint septic and aseptic
loosening. SPECT-CT images can be performed following the injection of %™ Tc-
labeled bone isotopes (127) and PET-CT images may be obtained using '°F
labelled radiopharmaceuticals such as '®F-fluorine labelled Sodium ('®F-NaF)
and '®F-fluorine labelled Fluorodeoxyglucose (‘®F-FDG) (128), but '®F-NaF is
more accurate than '®F-FDG in the assessment of joint prostheses (129).

Bone SPECT-CT with ®™Tc-labelled phosphonates demonstrate increased
periarticular bone turnover in the subchondral region, which corresponds with
osteophytes, meniscal injury and osteochondral lesions on CT and bone
SPECT-CT is able to accurately assess early osteoarthropathy (130). SPECT-
CT animal experimental studies with radioactive ligands of a folic acid analogue
has demonstrated synovial activated macrophages accumulation in cartilage
damage in osteoarthropathy (130) and furthermore there may be a role for *"Tc
labelled Tilmanocept® SPECT-CT imaging (128). In addition, Tilmanocept®
imaging with PET-CT has been proposed using %Gallium (®*Ga) labelled
Tilmanocept® to demonstrate CD206 receptor on activated macrophages and
multinucleated giant cells due to wear particles in aseptic loosening and

periprosthetic pseudotumours (128).

1.2.9 Reducing Metallic Artefact

The high proton density (Z) composition of embedded metallic prostheses result
in artefacts that create a contradiction between the true attenuation coefficients
in the reconstructed image of the metallic object and the measured CT
Hounsfield Units (131). These metal streak artefacts result from a varying

combination of beam hardening, scatter, photon starvation, partial volume
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averaging and aliasing (131). The degree of artefact produced is dependent on
the type and quantity of metal.

Metallic artefacts can be reduced before the image acquisition using pre-scan
methods. Further artefact reduction can be accomplished using concurrent as

well as post-scan techniques.

Pre-scan and concurrent techniques include patient positioning, increasing peak
voltage KVp and tube current (mAs), overlapping slices which results in
increasing the effective mAs. The most ideal position for imaging would be one

with the least diameter of metal for the x-ray beams to traverse (105).

Metal artefact reduction (MAR) algorithms have employed interpolation
methods, iterative projection modification and filtered back projection methods
(131). Commercial post-processing software packages such as the orthopaedic
metal artefact reduction (O-MAR) algorithm from Philips® (131), monochromatic
gemstone spectral imaging (GSI) from GE® which employs dual-energy CT, and
gemstone spectral imaging (GSI) monochromatic imaging metal artefact
reduction (MAR) algorithm also from GE® (132). MARs should be used with
caution, because it underestimates metal implant length and unintentionally
introduces more artefacts (132). Both the metal artefact reduction algorithms
induced other secondary artefacts and also result in an increased radiation dose
(125, 132). With the MARs technique, a filtered back-projection image is created
when the initial CT image is reconstructed and back-projected to generate CT
images (125). If the uncorrected and raw images are dissimilar, other
reconstructions are produced and fewer artefacts are produced with a higher
number of reconstructions (125). Dual-energy techniques involve scanning the
same body part at two different energy levels (125). Dual-energy CT scanners
produce virtual monochromatic spectral (VMS) images which display what the
prosthesis would have looked like if the image had been produced by a single

photon energy x-ray beam (133).

Several methods have been combined with some success; image-based
weighted superposition of images obtained from different metal artefact
reduction methods such as linear interpolation of re-projected metal traces and

multi-dimensional adaptive filtering of the raw data result in reduced corrupted
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CT values and fewer secondary artefacts (134) and the quality of images
produced is usually better than that produced from one single MAR method
(134).

The use of multi-planar reformats can improve visualisation of periprosthetic
pathology (105). Furthermore, improved visualisation of bony/metal interfaces
can be achieved by reviewing images with soft tissue algorithms and

alternatively applying bony algorithms for periprosthetic soft tissue (105).

1.2.10 Summary of the Role of Computed Axial Tomography (CT) in Prosthetic
Joint Imaging

In this latter section of the chapter, the literature relating to the role of Computed
Axial Tomography (CT) in prosthetic joint imaging and the detection of
complications of prosthetic joint surgery was reviewed. CT has an important role
to play before and after surgery as well as in the production of prototypes to be
used in the design and manufacture of joint prostheses. CT is often combined,
in hybrid imaging, with other modalities such as SPECT-CT and PET-CT.
Although beam hardening artefact has the potential to reduce the diagnostic
yield from CT there are several pre-scan, scan and post-scan artefact reduction
methods. Further commercial and in-house artefact reduction methods can also

be used to produce diagnostic quality CT images.
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1.2.11 Summary

e There is a steady increase in use of prosthetic joint replacement to treat
arthropathy.

e The demand for resources to diagnose complications of joint prostheses
is likely to rise.

e Efficiency and accuracy of diagnosis may be achieved by combining
dynamic "®F-NaF PET-CT and a radionuclide biomarker of macrophages.

e CT and SPECT-CT have an important role in periprosthetic imaging
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Chapter 2 Painful Joint Prostheses; a Retrospective Study of the
Use of Dynamic Bone Scans (and Other Imaging Modalities) — From

Symptom Onset to Diagnosis

2.1 Abstract

Background: A significant number of patients with joint prostheses may go on to
experience pain at the site of arthroplasty at some point after surgery. It is
useful to understand the profile of patients and symptoms with painful joint
prostheses; including the use of imaging investigations and the time interval
from symptom onset to diagnosis. It is not entirely clear whether an increased
number of imaging investigations can prolong the length of time from symptom

onset to diagnosis.

Method: This was a retrospective study of 27 adults who had bone scans for
painful knee and hip prostheses over a 3 month period at the University Hospital
Coventry & Warwickshire nuclear medicine department between January and
March 2007. The study was performed retrospectively using data collected from
the hospital’s radiology information system records of all bone scans that were
performed over the specified period and the final diagnosis was confirmed using

microbiology, clinical follow up, surgical findings or other radiological data.

Results: Nineteen female and eight male patients were identified with an age
range from 28 to 86 years and an average age of 64 years. The time range of
symptom onset to diagnosis was 2 months to 121 months. All but one patient
had plain radiographs and only one patient had an MRI scan of the painful joint.
Almost twice as many knees were investigated over the time period and the
most common symptom in these set of patients was pain. Dynamic bone scans
were performed from 2 to 120 months post-joint replacement. The overall
average length of time from symptom onset to diagnosis in this group was 42.9

months.
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Conclusion: The length of time from symptom onset to diagnosis for patients
with painful joint prostheses dynamic isotope bone scans ranged from 2 months
to 121 months with an average of 42.9 months delay in diagnosing painful joint
prostheses. Factors including the use of multiple non-imaging tests including the
use of anatomical imaging modalities as well as functional imaging modalities
may have contributed to the delays in reaching a diagnosis. A streamlined
reduced number of imaging tests and fused functional anatomical imaging may

improve the speed of diagnosing painful joint prostheses.

2.2 Introduction

The diagnosis of post-surgical hip and knee joint replacement complications
often require various imaging tests (135). False positives bone scans commonly
persist for several months after joint replacement surgery. The aim of our
retrospective study was to identify and demonstrate the delay in diagnosing the
cause of painful joint prostheses. Joint prosthetic failure occurs in less than 1 in
10 patients during the lifetime of the joint prostheses, mostly due to aseptic
loosening and less commonly due to infection (5). Prosthetic joint infections
result in higher morbidity, prolonged hospitalisation and significantly higher
treatment costs (5) due to additional surgery and antibiotic therapy with possible
recurrent infirmity (5). Infection rates following surgical revision are significantly
higher than after primary replacement. Furthermore, infection rates following
primary joint replacement are more common in the elbow and knee than in hip
and shoulders (5). Coagulase-negative staphylococci is the responsible microbe
in a third of cases (5). Aseptic loosening is usually due to metallic and non-
metallic particulate deposition leading to macrophage phagocytosis and
osteolysis (5). Current research into new imaging modalities or isotopes for
painful prosthetic joint imaging is limited. There is a debate over what the
optimal imaging or imaging pathway for prosthetic joint replacements and a lack
of consistency of what imaging modality is utilised in the United Kingdom. It is
also important for the advancement of treatment of painful joint prostheses to

diagnose complications in a quicker and more streamlined manner (136).
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2.3 Research Question

In patients with painful joint prostheses that are investigated with dynamic

isotope bone scans what is the length of time from symptom onset to diagnosis?

2.4 Aim

The objectives of this retrospective review were 1: To measure the proportion of
patients undergoing nuclear medicine bone scan investigations who have a final
diagnosis of infected prostheses and 2: To describe the time interval between

onset of symptoms, imaging tests and final diagnosis.

2.5 Materials and Methods

A 3 month study of all dynamic bone scans performed for painful joint
prostheses over a 3 month period at University Hospital Coventry &
Warwickshire nuclear medicine department between January and March 2007.
The choice of 3 months was based on the estimated number of scans
performed each week and also because the aim was to provide a retrospective

snapshot of clinical practice as opposed to a lengthy retrospective study.

All patients with painful joint prostheses referred to the university hospital
nuclear medicine department over a 3-month period between January 2007 and
March 2007 were included (n = 27). The study was performed retrospectively
using data collected from the hospital’s radiology information system records of
all bone scans that were performed over the specified period. Twenty seven
patients met the criteria and the final diagnosis was confirmed microbiologically.
Where there was no confirmatory microbiological result, results from clinical

follow up as well as surgical and radiological data were used.
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The final diagnosis of the painful joint was confirmed with surgery, or
microbiologically or, in the absence of these, clinical follow up as well as
surgical findings were used. Where available, other radiological investigations
were used. We also assessed patient demographics, reported symptoms, the
type and number of imaging tests as well as the time it took to make a

diagnosis.

The microbiological definition of prosthetic joint infection include the
preoperative aspiration as well as the intraoperative isolation of similar
microorganisms which are indistinguishable from three or more independent
specimens, taken as part of a standard set of 5 or 6 periprosthetic intraoperative
tissue samples or the explanted prostheses (137, 138). Clinical features of a
sinus tract that communicates with the prosthesis or persistent wound drainage

over a joint is also considered evidence of prosthetic joint infection (138).

Radiological evidence of prosthetic joint infection includes positive findings from
plain radiographs, bone scans, white cell scans, magnetic resonance imaging

(MRI), computed tomography (CT), and ultrasound scans (138, 139).

Surgically, the presence of acute inflammation as seen on histopathologic
examination of the periprosthetic tissue at the time of surgical debridement or
the presence of purulence is acceptable evidence of prosthetic joint infection
(138).

2.6 Results

The retrospective study identified 27 adults who had bone scans for painful
knee and hip prostheses over a 3 month period. Nineteen female and eight
male patients were identified. Their ages ranged from 28 to 86 years, with an
average age of 64 years (Figures 1 and 2). The time range of symptom onset to
diagnosis was 2 months to 121 months (Figure 3). All but one patient had plain
radiographs and only one patient had an MRI scan of the painful joint (Table 2)
and almost twice as many knees were investigated over the time period (Table

3). All the patients had their inflammatory blood markers measured. The
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diagnosis and treatment of painful joint prostheses can be challenging and time
consuming, resulting in multiple unhelpful investigations and therefore delayed
treatment. The most common symptom in these set of patients was pain (table
4). Dynamic bone scans were performed from 2 to 120 months post-joint
replacement (Figure 4). Twenty-six out of twenty-seven patients had a final
diagnosis. The mean time from scan to diagnosis was 9.5 months. The overall
average length of time from symptom onset to diagnosis in this group was 42.9
months (Table 5) and only 7% of these patients had infected prostheses; this
contrasts with the much shorter duration of about 1 month to 6 months of
symptoms and time to diagnosis in cases with virulent coagulase-negative

staphylococcus prosthetic joint infections (140, 141).

Patient age and gender

14

Frequency
H Male

B Female

20-29 30-39 40-49 50-59 60-69 70-79 80-89
Age (years)

Figure 1. Frequency histogram of patient gender ratio according to age
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Figure 2. Frequency histogram of patient age (years)

4.5
4
3.5
3

2.5
Frequency 2

15
1
0.5

0 -

Symptom onset to diagnosis

N
N
>

N
Y

Diagnosis after symptom onset (months)

Figure 3. Frequency histogram of symptom onset to diagnosis
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Number of months in which bone scan was
perfomed after joint replacement

Frequency

O R, N WA UI O N OO

Bone scan after surgery (months)

Figure 4. Frequency histogram of time of bone scans post-joint replacement

Table 2. Other imaging modalities

Other imaging Number of tests
Radiographs 27
MRI 1
CT 0
Ultrasound 0
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Table 3. Type of joint replaced

Replaced Number of

joint joints
Knee 17
Hip 10

Table 4. Presenting symptoms of patients

Presenting symptoms Numbers
Pain 27
Swelling 9
Progressive deformity 1
Instability 2
Clicking 1
Weakness 1
Stiffness 2
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2.7 Discussion

Delayed diagnosis of painful joint prostheses can be defined as the time of
symptom onset to the time of diagnosis or more than 25 days in hip arthroplasty
and more than 42 days after knee arthroplasty (142). The group studied
included both men and women across a wide age range (28-86 years). Pain
and swelling were the most common presenting complaints and these

corresponded with symptoms most frequently quoted in the literature (103, 143).

The median number of months from initial prosthetic surgery to the onset of
symptoms was 15.5 months (interquartile range of 2 to 39 months). The median
number of months from symptom onset to the bone was 11 months

(interquartile range of 2 to 22 months).

The median number of months from the time of the bone scan to the final
diagnosis was 7.5 months (interquartile range of 4 to 14 months). Diagnostic
delays occurred in the majority of patients (Table 5) in this retrospective study.
Studies have shown that patients having to wait for multiple out-patient
investigations (144) as well as the duplication of investigations (144) especially
when significant non-standardised variations occur in the diagnostic work-up
can lead to diagnostic delays (145). There is an excess of females which may
partly be explained by the higher propensity of rheumatoid arthritis in females as
well a reflection of the longer survival of females (146). Additionally, there is a
strong association in general between old age and obesity as independent
factors with diagnostic delays (147) and this combined with the fact that post-
surgical function is worse in older female patients who undergo hip and knee
joint replacements (148) may contribute to a high number of diagnostic delays in

those presenting with symptomatic joint prostheses.
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Table 5. Diagnostic timeline and criteria used in the diagnosis of painful

prosthetic joints

Patient Replaced Onset of Scan date Date of Criteria used
no. Joint symptoms from diagnosis and
oin
from date symptom fromtime Diagnosis
of surgery onset of scan (months)
(months) (months) (months)
1 Left UKR 12 11 14 (C,R) Loose
2 Left THR 120 35 0 (C,R)
Unstable,
torn muscle,
broken wires
3 Right TKR 0 18 11 (C,R,S)
Neuroma
4 Right hip 44 6 9 (C,R,S)
hemi- Trochanteric
arthroplasty bursitis,
iliotibial tract
failure
5 Right TKR 8 13 16 (C,R) Patellar
arthropathy
6 Left TKR 2 12 4 (C,R,S,M)
Unstable,
loose
7 Left TKR 2 1 10 (C,R) Lumbar

referred pain
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Patient Replaced Onset of Scan date Date of Criteria used
no. . symptoms from diagnosis and
Joint
from date symptom fromtime Diagnosis
of surgery onset of scan (months)
(months) (months)
(months)
9 Left TKR 65 5 12 (C,R,S5,M) No
diagnosis
10 Right TKR 24 22 6 (C,R,M)
Infection
11 Left TKR 0 36 10 (C,R,S,M)
Loose
12 Right TKR 4 2 5 (C,R)
Neuroma
13 Right TKR 21 5 23 (C,R,S,M)
Referred pain
14 Right TKR 23 11 6 (C,R,S,M)
Loose
15 Right TKR 96 2 1 (C,R) No
diagnosis.
Improved
after steroids
16 Bilateral THR 30 1 11 (C,R,S,M)
Bilateral
iliopsoas
tendinitis
17 Right TKR 42 3 0 (C,R)
Unstable
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Patient Replaced Onset of Scan date Date of Criteria used
no. . symptoms from diagnosis and
Joint
from date symptom fromtime Diagnosis
of surgery onset of scan (months)
(months) (months)
(months)
19 Right UKR 6 22 5 (C,R,S,M)
Loosening
20 Right hip 0 30 6 (C,R,S,M)
resurfacing Pseudotumou
r
21 Left THR 0 25 N/A (C,R) No
diagnosis
22 Right hip 15 1 3 (C,R) Aseptic
resurfacing loosening
23 Left TKR 0 37 26 (C,R,S,M)
?Aseptic
loosening
24 Left TKR N/A N/A 20 (C,R,S,M)
?aseptic
loosening
25 Right THR 39 1 30 (C,R)
Trochanteric
bursitis
26 Left THR 24 50 4 (C,R) Loose
acetabular
cup
27 Right UKR 16 13 16 (C,R) Aseptic

loosening
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Note. Key: C = Clinical, S = Surgical, R = Radiological, M = microbiological, RA
= Rheumatoid Arthritis, THR = total hip replacement, TKR = total knee

replacement, UKR = unicompartmental knee replacement

The early diagnosis of septic periprosthetic loosening is vital for successful
therapy (149) as less invasive treatment may only be feasible in patients with a
less than a 3 week duration of infection (149). Furthermore, a delayed diagnosis
can result in reduced joint function, worsening morbidity and the requirement for
more complicated or repeated surgery (150, 151), but selected patients may

benefit from less aggressive surgery (151).

Although causality for the lengthy diagnostic period for painful joint prostheses
has not been identified in this study, possible contributory factors include
multiple imaging and non-imaging tests, often at different hospital sites and
interspersed with multiple clinic appointments under different doctors.
Furthermore, disagreements in image interpretation even between expert
readers can lead to additional diagnostic difficulty (152). Surprisingly, there is no
data regarding medicolegal cases for delayed diagnosis of painful joint
prostheses. However, recent reviews confirm that leg-length discrepancy is the
commonest reason given for patient discontent and medicolegal action in hip
arthroplasty (153) and that the use of patient-specific instrumentation increases

the exposure to malpractice suits (154).

No single diagnostic test for painful joint prostheses achieves all the ideal
qualities of high levels of accuracy, safety, ready availability, cost-effectiveness
as well as widespread acceptance (152). Imaging investigations therefore often
rely on algorithms or a combination of tests. Multiple investigations may result in
additional healthcare costs and consequently delayed diagnoses (155). Patients
that initially present with vague medical symptoms may result in misdiagnoses,
delayed diagnoses and repeated hospital visits may occur (156). A positive test
does not necessarily satisfy criteria of a gold standard test as false-positive and
false negative results are possible. However, many clinicians still assume that
positive tests with positive clinical features of infection constitute a positive gold

standard, and also that patients with no clinical evidence of infection and
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negative test results constitute the negative gold standard (157). It is well
understood that when single tests or investigations yield non-specific results
which are singly insufficient to confirm a diagnosis, clinicians frequently to resort
to the use of a panel of investigations, often combining several clinical,
radiological and pathology investigations to reach a final diagnosis (158). The
combination of positive test results from either of more than one diagnostic
study caries more clinical weight than a single test by improving test sensitivity
but this may also result in a modest reduction in test specificity (159). In
addition, the combination of data from anatomical and functional data sources
can yield significantly higher sensitivity and specificity than scanning performed
with either technique (160). However, there are disadvantages to the routine
use of multiple investigations which can result in increased cost of patient care
as well as increasing patient’s radiation exposure. For example, radiation doses
from a CT scan of the pelvis and knee with give a dose of 6 mSv and 1 mSv
respectively, while the dose from a knee radiograph is 0.001 mSv (161). Our
retrospective study has shown a significant time lag between symptom onset

and diagnosis of up to three and a half years.

Developing a single imaging test that combines high end functional and
anatomical data, such as in '®F-NaF PET-CT may provide accurate diagnostic
information. Challenges with the use of ®F-NaF PET include the scarce
availability of PET-CT scanners and PET-CT experts; relative high cost and
scarcity of '®F-NaF isotope; short half-life of '®F; artefacts from prostheses on
CT and PET. Some of these challenges will be addressed and solutions
proposed over the coming chapters. In complicated joint prostheses, there is a
direct relationship between delayed diagnosis and patient morbidity. Delayed
diagnosis often results in a reduction in the preservation of joint function, worse
outcomes and also leads to increased healthcare costs (162) because there is a
limited time for successful implant treatment with retention following prosthetic

joint infections (163).

Critical analysis of this retrospective study indicates that although researchers
generally prefer prospective studies over retrospective studies, the follow-up
period with retrospective studies which goes forward in time can make

retrospective studies epidemiologically similar to prospective studies (164).

57



Notwithstanding that the diagnosis of the cause of the painful prosthetic joint
was clearly defined as the research end point, further flaws originated from the
retrospective design and the absence of a control group. The lack of a control
group made it difficult to identify potential confounding factors resulting in bias.
In addition, the short study period of 3 months resulted in a small and limited
sample size which could potentially undermine the value of the results,
decrease statistical power and potentially lead to Type Il error skewing.
However, the findings from this spot check demonstrated what has always been
suspected and to prolong the study would not have demonstrated any further
benefit in spite of wasting time and resources. Further limitations of the study
include selection bias because only symptomatic joint prostheses referred for
isotope bone scans were included in the study. Lastly, reduced statistical power
of the study was caused by the limited number of gold standard microbiological
tests. Positively, the retrospective data collection in this study and reliance on
clinical notes, laboratory reports as well as radiology reports was an
inexpensive and a quick method of testing the hypothesis with already existing
data. The study did not introduce observer variability and no technical difficulty
was encountered. Newly identified knowledge suggests a possible association
between referrals for dynamic isotope bone scans and diagnostic delays of up
to 121 months in patients with painful joint prostheses. This is important with the
current rising trend in usage of multimodality imaging in nuclear medicine and

there is a role for further research in this field.

2.8 Conclusion

In patients with painful joint prostheses that are investigated with dynamic
isotope bone scans the length of time from symptom onset to diagnosis ranges
from 2 months to 121 months with an average of 42.9 months. This small series
demonstrates that delays do exist in diagnosing painful joint prostheses. Factors
including the use of multiple non-imaging tests including the use of anatomical
imaging modalities as well as functional imaging modalities contributed to the

delays in reaching a diagnosis, further adding to diagnostic delay. The
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retrospective study indicated that a streamlined reduced number of imaging
tests may contribute to an improvement in the speed of diagnosing painful joint
prostheses. Fused functional anatomical imaging may also solve or reduce the
need for repeated hospital visits for multiple imaging tests in the investigation of
painful joint prostheses. The diagnostic delays do not imply causation as a

result of the number of investigations ordered.

2.9 Summary

e There are diagnostic delays in diagnosing painful joint prostheses.

e Multiple non-imaging tests are usually combined with anatomical imaging
modalities as well as functional imaging modalities to reach a diagnosis

e Fused functional anatomical imaging may form part of the solution to the

diagnostic delay in the investigation of painful joint prostheses.
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Chapter 3 The Role of "F-NaF PET in Diagnosing and
Distinguishing Between Aseptic Loosening and Septic and Aseptic
Loosening in Hip and Knee Prostheses; a Systematic Review of the
Evidence (41)

3.1 Abstract

Background: Joint replacement surgery is an important and commonly used
intervention for severe arthritis. Implant failure is a cause of morbidity for
patients who have undergone joint arthroplasty. Determining the cause for
failure is fundamental to the further management of such patients. Amongst the
most important causes for failure include infection and aseptic loosening.
Differentiating between these two conditions is problematic using clinical and
biochemical tests. Novel radiological techniques such as SPECT-CT and PET-

CT have been increasingly used to differentiate between these two problems.

Method: A systematic review of MEDLINE, EMBASE (University of Warwick
Encore) and Cochrane library database was undertaken to identify diagnostic
studies of sodium fluoride (*®F-NaF) Positron Emission Tomography (PET) in

joint prostheses to diagnose loosening and/or infection.

Results: The review identified 3 prospective studies (Figure 5) that met the
inclusion criteria. The selected studies consist of a total number of 94 patients
(these included 110 joints). There were 96 hips and 14 knees, of which 35 were
asymptomatic and 65 joints were symptomatic. Only one study differentiated
aseptic loosening from infection. A weighted average of sensitivity and
specificity of the different studies was determined. The sensitivity of '®F-NaF
PET in identifying prosthetic infections was found to be 97.04%; The weighted
specificity, positive predictive value (PPV), negative predictive value (NPV) and
accuracy were 88.11%, 84.68%, 98.82% and 87.33% respectively.
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Conclusion: Sodium fluoride positron emission tomography '®F-NaF PET is a
promising tool with high sensitivity and specificity in the assessment of joint
replacements, but it possibly will be of limited use before the ninth post-surgical
month. However, this can be overcome by routinely imaging ‘at risk’ prostheses
at three month intervals for the detection of abnormal rates of decline in
periprosthetic '8F-NaF uptake. The CT component in '®F-NaF PET-CT may add

further diagnostic value.

3.2 Background

There is an increasing trend to apply hybrid imaging in the investigation of
painful joint prostheses, often employing SPECT-CT, which combines the high
resolution of CT and the functional sensitivity of Single Photon Emission
Tomography (SPECT) (165). Attempts have been made to employ PET-CT to
identify aseptic loosening and infection with '®F-Fluorodeoxyglucose (FDG) and
Sodium Fluoride "®F-NaF (71, 166). Sodium fluoride metabolism uptake in bone
is reliant on the rate of blood flow, which is the rate-limiting step and most of the
sodium fluoride delivered is retained by bone after a single pass of blood (68).
The 1% pass rate varies among different bone components (68), i.e., the degree
'"®F_NaF uptake in bone marrow is negligible when compared with the bony
cortex levels (68). The second factor that affects '®F-NaF tracer bony uptake is
the rate of bone turnover (167). '®F-NaF bone uptake is dependent on the
exchange of fluoride ions with hydroxyl ions in hydroxyapatite crystal to form
fluorapatite (167). '®F-NaF is freely diffusible across membranes and one hour
after injection, only 10% of "®F_NaF remains in plasma.'®F-NaF is rapidly
cleared from plasma and excreted by the renal system following glomerular

filtration and tubular secretion (68, 168).

The aim of this study is to perform a systematic review of the literature to
evaluate the capacity of sodium fluoride ('®F-NaF) positron emission
tomography (PET) in distinguishing between septic and aseptic failure in hip
and knee replacements. This is intended as a scoping exercise and literature

review of the role of PET-CT in joint prostheses imaging and should also
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demonstrate the evidence for PET-CT in distinguishing between these two

causes of failure.

3.3 Methodology

3.3.1 Study Design

A systematic review of the literature was undertaken according to the methods
described in the Cochrane Handbook for Systematic Review of Interventions.
The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines were adopted for all literature to date at the time of
reporting (2015) but a small number of studies returned.

3.3.2 Research Question

What is the evidence for use of sodium fluoride PET in differentiating between

septic and aseptic failure of hip and knee replacements.

3.3.3 Inclusion Criteria

Prospective studies in humans that reported data on sodium fluoride in joint

prosthesis imaging to diagnose loosening and/or infection.

3.3.4 Exclusion Criteria
Studies were excluded where other isotopes other than sodium fluoride were
used. Studies were limited to English language and filters for human studies

and clinical trials were applied.

3.3.5 Search Strategy

Studies were identified using MeSH terms and keywords in MEDLINE,
EMBASE, Cochrane and Dynamed. 133 studies were excluded at title and
abstract, 1 was excluded at full paper review. No paper was added after review

of the references.

PubMed MESH search terms -(((((((((infection) OR sepsis) OR loosening) OR
aseptic loosening) OR osteolysis)) AND ((((prosthesis) OR joint replacement)
OR knee replacement) OR hip replacement)) AND ((((((sodium fluoride) OR
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fluoride) OR fluorine) OR NaF) NOT FDG) NOT fluorodeoxyglucose))) NOT

dental. See table 3 for full search builder.

Two independent authors checked all data used in the analysis. When
disagreements arose, these were resolved by consensus. Initially, the title and
abstracts were reviewed. Potentially relevant papers were then reviewed in their
entirety. The references cited by each potentially relevant paper were

scrutinized in order to locate additional potentially relevant papers.

3.3.6 Statistics

The summative weighted sensitivities and specificities were calculated from the

data extracted.

3.4 Results

Following the extraction of data (Figure 5), 3 studies were selected which
satisfied the required characteristics. Data was extracted from each study and is
summarised in Table 6. The review identified 3 prospective studies (169-171)
that met our search criteria. A flow diagram of systematic review methodology
resulted in a final 3 prospective studies (Figure 5) which satisfied the required
characteristics and which were selected. The selected studies consist of a total
number of 94 patients with 110 joint replacements (Table 6). There were 96 hips
and 14 knees, of which 35 were asymptomatic and 65 joints were symptomatic.
Only one study differentiated aseptic loosening from infection (169). Minimum
time from surgery varied from 3 months to just over 12 months. Twenty two
patients were followed up surgically while the remaining patients were followed
up clinically for periods varying from 6 months to 12 months. A weighted
average of sensitivity and specificity of the different studies was determined
(Table 7). The sensitivity of "®F_NaF-PET in identifying prosthetic joint infections
was found to be 97.04%; this was calculated from the weighted average
sensitivity from the 3 different studies. The weighted specificity, PPV, NPV and
accuracy were 88.11%, 84.68%, 98.82% and 87.33% respectively. Of the 3

studies, Sterner et al (23) reported the lowest specificity.
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Figure 5. Flow diagram of systematic review methodology examining evidence
for use of Sodium Fluoride PET in differentiating between septic and aseptic
failure of hip and knee replacements
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Table 6. Summary of included studies of Sodium Fluoride PET in differentiating
between septic and aseptic failure of hip and knee replacements

Authors Kobayashi N et al Sterner et al Creutzig H
Year 2011 2007 1976
Patients 49 14 31

Gender (M/F) N/A 9/6 N/A

Hip joints 65 0 31

Knee joints 0 14 0
Symptomatic joints 38 14 13

Control group Yes No Yes
Asymptomatic 27 0 18

Minimal time from 12 months 13 months 3 to 9 months
surgery

Minimal clinical 12 months 6 months 12 months
follow-up

Surgical follow-up 11 6 5
Differentiate Yes No No

aseptic loosening
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Table 7. Results from the included studies examining evidence for use of
Sodium Fluoride PET in differentiating between septic and aseptic failure of hip
and knee replacements

Authors Kobayashi N et al  Sterner et al Creutzig H
Patient (joints) 49 (65) 14 (14) 31 (31)
TP 36 5 13

TN 23 5 14

FP 6 4 4

FN 2 0 0
Sensitivity, % 95 100 100
Specificity, % 88 56 78
PPV, % 95 56 76
NPV, % 98 100 100
Accuracy, % 91 71 87
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3.5 Discussion

The value of fluoride in bone imaging was first recognised by Monte Blau and
team in 1962 (65, 66). Hans Creutzig in Hannover, then in West Germany, was
the first to demonstrate the importance of '®F-NaF PET in joint prosthetic
infection in 1976 with 31 THR (171). He also mapped the comparable normal
periprosthetic pattern of both **"Tc-HEDP and '®F-NaF uptake in the post-
surgical period from 3 to 12 months using uptake ratio in both symptomatic and
asymptomatic prostheses. NaF uptake levels are said to be similar to levels of
HEDP (170). The ratios were found to decline rapidly (Figures 6 & 7) and reach
a nadir at 6-9 months following surgery with more rapid decline demonstrated in
the femoral component (171). Interestingly, departures from this normal pattern
of decline preceded the development of symptoms in patients with bone and
soft tissue infections (171). In this study, the distinction between aseptic
loosening and infection was unclear (171). Images were acquired 3 hours after
the injection of 148 MBq of '®F-sodium fluoride. Relatively poor quality images
from using coincidence imaging and a 5"-rectilinear scanner may have
accounted for inability to distinguish soft tissue infection from bone infection
(171). The 3 hour uptake period would also have been detrimental, because
early high target-to-background ratios in result in peak bone uptake levels
around 45-60 minutes after radioisotope injection (68). At 60 minutes after
radioisotope injection, only 10% of '8F-Fluoride remains in plasma due to
negligible plasma protein binding, rapid blood and renal clearance, and high
bone uptake (68).
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Figure 6. Graphical representation of HEDP bone scan uptake ratio over the
cup plotted against the number of months after joint replacement surgery in
patients without complications.

Note: This has been adapted from Creutzig H. Bone imaging after total
replacement arthroplasty of the hip joint. A follow-up with different
radiopharmaceuticals from Eur J Nucl Med. 1976 Aug 12;1 (3):178 with kind
permission from Springer Science + Business Media B.V.
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Figure 7. Graphical representation of HEDP bone scan uptake ratio over the
thigh plotted against the number of months after joint replacement surgery in
patients without complications.

Note: This has been adapted from Creutzig H. Bone imaging after total
replacement arthroplasty of the hip joint. A follow-up with different
radiopharmaceuticals from Eur J Nucl Med. 1976 Aug 12;1 (3):178 with kind
permission from Springer Science + Business Media B.V.

Thomas Sterner performed the only prospective study with the use of '®F-NaF in
imaging knee prostheses, but no attempt was made to differentiate aseptic
loosening from infection (170). 14 symptomatic knee prostheses were examined
and no control group was employed. Of these 14 patients, 6 underwent surgery
for confirmation of the imaging findings and the other 8 were followed up
clinically for 6 months. The relatively low specificity in this study may have
arisen from several factors including the fact that this the study included only
knees, the sample size was relatively small and finally that even intermediate
levels of periprosthetic uptake were regarded as positive for aseptic loosening
or infection (170). Sterner et al also regarded the scan as abnormal if (a) there
was relatively more uptake in the prosthesis/bone interface than in
normal/bone/soft tissue or contralateral asymptomatic prostheses, (b) the
increased uptake included half the bone/metal interface in the femoral

component; or (c) if the tibial stem in the tibial component was involved.
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Furthermore, they discovered that the use of semi-quantitative analysis with
standardized uptake values (SUVs) yielded no added value (170). Image quality
in this study was bound to be better because the authors employed an ECAT-
Exact HR+ (Siemens Medical Systems) PET scanner 1 minute and 60 minutes
after the injection of 350MBq of '®F-Fluoride (170).

In 2011, Naomi Kobayashi et al published a prospective study of ®F_NaF PET
in 65 hip prostheses; to date, this has been the only prospective trial which
differentiated aseptic loosening from sepsis (169). Images were acquired 40
minutes after injection of 185 MBq of '®F-Fluoride using a SET 2400W device
(Shimadzu, Kyoto, Japan). She was able to distinguish between normal, aseptic
loosening and infected prostheses. The first method involved measuring the
degree of '®F-Fluoride uptake in periprosthetic tissues (SUVmax). Average
values for the normal, aseptic and septic loosening prostheses were estimated
tobe 4.9 +25,8.1+ 2.9, and 10.5 + 3.4, respectively (169). When a threshold
SUVmax of 6.9 is applied for diagnosis of infection, the test had a sensitivity and
specificity of 81% and 80% respectively (169). Furthermore, when a threshold
SUVmax of 4.9 is applied for aseptic loosening, the test yields a sensitivity and
specificity of 95% and 82% respectively (169). PET images were also analysed
for the pattern and distribution of '®F-Fluoride PET uptake and categorised into
3 types. Type 1 uptake showed no significant 8F_Fluoride uptake; Type 2
uptake shows mild localized uptake on the cup side or stem. Type 3 pattern of
uptake demonstrates significant uptake which extends through more than half of
the bone-implant interface (169). 96% of Type 1 uptake cases were normal,
80% of Type 2 pattern were due to aseptic loosening and 95% of Type 3 pattern
cases were due to infection (169). The final diagnosis of infection was obtained
by a combination of microbiologic culture, histopathology and polymerase chain
reaction (PCR) analysis of bacterial DNA with 2 different primer and probe sets,
one specific for the detection of methicillin-resistant staphylococcus and another
for broad-range detection by universal PCR that targets a part of 16S rDNA
gene, with increased sensitivity (169, 172). Many polymerase chain reactions
that detect the universal 16S rRNA bacterial gene have problems with false-
positive results due to necrotic bacteria detected by polymerase chain reactions

(173). The clinical importance of positive results in the absence of other clinico-
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pathologic and radiological features of infection is of uncertain significance, but
specificity can be improved by combining a universal polymerase chain reaction

with subsequent bacterial sequencing (173).

Critical analysis of this systematic review which collated, assessed and
synthesised evidence from 3 previous experiments in order to demonstrate the
role of '®F-NaF PET in diagnosing and distinguishing between septic and
aseptic loosening in hip and knee prostheses shows that the study did not
combine numerical data from the 3 separate studies. Furthermore, the studies
did not meet the criteria for randomized controlled trials which have higher
levels of evidence. Therefore, the study does not meet the criteria for a meta-
analysis. The main limitations of this study include the heterogeneity of the
systematic review which included studies from 2 continents over a period lasting
more than 35 years. The study is also limited by the small number of 3 papers
which reduces the statistical significance of its findings. The small number of
studies which resulted from using the PRISMA guidelines may inadvertently
increase the likelihood of reporting bias and evidence selection bias. The study
was also susceptible to biases arising in all the included primary studies. The
first and second papers had 2 blinded observers hence reducing intra-observer
variability. However, the third paper made was not read by dual blinded
observers hence introducing intra-observer variability. Newly identified
knowledge suggests that sodium fluoride positron emission tomography (18F-
NaF-PET) is a promising tool in diagnosing and distinguishing between septic
and aseptic loosening in joint prostheses; with a high sensitivity and specificity
after the ninth post-surgical month. In addition, routine "®F_NaF-PET imaging of

high risk prostheses at three month intervals may be beneficial.
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3.6 Conclusion

Our small series demonstrates that Sodium fluoride positron emission
tomography ('®F-NaF-PET) is a promising tool in diagnosing and distinguishing
between septic and aseptic loosening in joint prostheses. It demonstrates high
sensitivity and specificity in the assessment of joint replacements after the ninth
post-surgical month. Routine imaging of ‘at risk’ prostheses at 3 month intervals
for the detection of abnormal rates of decline in periprosthetic '®F-NaF uptake
may overcome this problem. The CT component in '®F-NaF PET-CT also adds

diagnostic value.

3.8 Summary

e Sodium fluoride positron emission tomography '®F-NaF PET has a
promising role in the assessment of joint replacements after the ninth
post-surgical month.

e The sensitivity and specificity of '®F-NaF PET in the assessment of joint
replacements is low in immediate post-surgical period.

e The CT component of '®F-NaF PET-CT may add further diagnostic value.
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Chapter 4 The Promising Role of Dynamic '®F-NaF PET-CT in

Diagnosing Symptomatic Joint Prostheses (78)

4.1 Abstract

Background: There is an increasing number of lower limb arthroplasties and
multiple imaging modalities are often used in the investigation of painful joint
prostheses. Research into decreasing the time and cost of investigations is
required and the purpose of this study was to test the feasibility of dynamic '®F-
NaF PET-CT in order to establish proof of principle as a case study for the use

of in the assessment of knee and hip prostheses.

Method: Approval was granted by the research ethics committee and informed
consent was obtained. A patient with bilateral knee prostheses (1
symptomatic/painful and 1 asymptomatic) was scanned with dynamic '®F-NaF
PET-CT. In addition, knee aspirate was obtained from the asymptomatic knee
and serum C-reactive protein and erythrocyte sediment rate levels as well as a
peripheral white cell count were obtained and then a 12 month clinical follow up.
The images were interpreted as normal, aseptic loosening or sepsis as defined
by the hypothetical graphical pattern of tracer uptake produced at the bone—
prosthesis interface. A final diagnosis was made by a combination of joint
aspiration microbiology and clinical follow-up for 1 year in addition to C-reactive
protein and erythrocyte sediment rate levels as well as peripheral white cell
count. "®F-NaF PET results also were compared with 3-phase dynamic bone

scan results and plain radiographs.

Results: The dynamic "®F_NaF PET-CT scan revealed no significant uptake in
the asymptomatic right knee and increased uptake in the symptomatic left knee
with an aseptic loosening pattern. The degree of uptake in the symptomatic joint
exceeded background levels and also exceeded levels of uptake in the
asymptomatic knee. The pattern of uptake and curve slope in both the
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asymptomatic and symptomatic joints matched the pattern of uptake in our
hypothesis based on the understood pattern of uptake in dynamic bone scans.
The imaging aseptic pattern corresponded with the absence of infection in blood
tests as well as microbiological cultures and the histopathological examination

of the periprosthetic membrane.

Conclusion: Diagnostic quality dynamic '®F-NaF PET-CT images with graphical
data from symptomatic joint prostheses can be acquired and archived
successfully. '®F-NaF PET-CT can detect aseptic loosening of lower limb
prostheses and dynamic '®F-NaF PET-CT may be more useful than 3 phase
bone scans in the assessment of painful hip and knee prostheses but more

research is required.

4.2 Introduction

The feasibility of dynamic '®F-NaF PET-CT was assessed as an imaging tool for
investigating symptomatic joint prostheses in a single case study. This is an
important area of research in order to reduce time and cost of investigations by
reducing the number of imaging tests (128). In addition, the importance of this is
highlighted by the fact that there is an increasing number of lower limb
arthroplasties (174).

4.3 Aim

The aim was to test the hypothesis that dynamic "®F-NaF PET-CT is feasible and that
dynamic "®F-NaF PET-CT may be used to diagnose symptomatic joint prostheses by
employing the graphical uptake pattern of '®F-NaF in the periprosthetic region (Figure
8). This is intended as a scoping exercise and literature review of the role of '®F-

NaF PET in joint prosthesis imaging.
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4 .4 Research Question

Is dynamic ®F-NaF PET-CT a feasible test and can diagnostic quality dynamic
'®F_.NaF PET-CT images with graphical data be acquired and archived

successfully from symptomatic joint prostheses?

4.5 Materials and Methods

Our patient was a 72 year old female with a painful left knee total knee
replacement studied with dynamic '®F-NaF PET-CT. She had undergone
routine clinical and laboratory studies for the evaluation of painful prostheses, in
addition to the dynamic "®F-NaF PET-CT scan. The '®F-NaF PET-CT scan was
obtained more than 12 months after joint replacement surgery. The interval
between arthroplasty and PET-CT was 8 years. The patient gave written
informed consent for the study.

Dynamic '®F-NaF PET-CT images were acquired using a GE Discovery ST with
16 slice CT (GE Healthcare®) volume imaging protocol (ViP) (175). The patient
fasted for at least 6 hours before receiving the injection. CT images of the joints
were acquired, followed by dynamic PET image acquisition in list mode from the
time of injection till 30 to 40 minutes after bolus intravenous administration of
250 MBq '®F-NaF (175). The images were reconstructed using ordered-subset

expectation maximization, and images were corrected for attenuation.

Image Interpretation — two experienced radiologists read the studies
independently, and in the case of discrepancies, a consensus was reached
following discussion. When an area of increased uptake was detected in the
bone—prosthesis interface for either hip or knee arthroplasty compared with
adjacent bone and soft tissue, the region of interest was assessed using time-
activity curves with simple standardized uptake value (SUV) analysis and

background subtraction (176).

Graphical interpretation was performed using our hypothesis to decide if there is

a diagnosis of infection, aseptic loosening or neither (figure 8). The CT images
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were analysed visually for malalignment by ruling out gross malpositioning of
the prosthetic components and also assessing for periprosthetic fluid collections

and ossified masses (106).

Infection
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Figure 8. Time-Activity-Curve of sequential multiphase "®F-NaF PET-CT scan
of joint prostheses

Note: Sequential multiphase '®F-NaF PET-CT Time-Activity-Curve in the
dynamic Imaging of joint prostheses with expected appearances in dynamic'®F-
NaF PET-CT for infection (blue), loosening (red) and normal (yellow)
Prostheses. The hypothetical graphical pattern images are based on the
pharmacokinetics '®F-NaF uptake in the body and at the bone—prosthesis
interface (figure 8) (66, 67).

Follow-up - The final diagnosis was made by joint aspiration and clinical follow-
up for 1 year. The arthroplasty would have been considered infected if
aspiration cultures grew organisms, if infection was clinically obvious, if
microbiological samples demonstrated infection with sensitivity of 72% (177), or
elevated synovial neutrophils with sensitivities between 84 and 95% (177).
Arthroplasties would be considered aseptic if the preceding investigations were
negative and this was backed by normal C-reactive protein and erythrocyte

sediment rate levels as well as a normal peripheral white cell count. Lastly, if an
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arthroplasty does not require surgical exploration during the follow-up period it

is considered to be uninfected.

4.6 Results

The dynamic '®F-NaF PET-CT scan revealed no significant uptake in the
asymptomatic right knee and increased uptake in the symptomatic left knee with
aseptic loosening pattern (Figure 8). The degree of uptake in the symptomatic
joint exceeded background levels and also levels of uptake in the asymptomatic
knee. The pattern of uptake and curve slope in both the asymptomatic and
symptomatic joints matched the pattern of uptake in our hypothesis based on
the understood pattern of uptake in dynamic bone scans (Figure 8) (178).
However, the difference in the size and also the dissimilar type of prosthesis is
a confounding factor, i.e., larger symptomatic left total knee prosthesis and a
smaller right asymptomatic unicompartmental prosthesis (Figures 9 and 10).
The corresponding 3-phase bone scan (Figures 11 and 12) revealed delayed
phase marked uptake in left femoral and tibial components in the symptomatic
left knee only favouring aseptic loosening. The NaF PET-CT graphs showed a
steeper slope and higher plateau of uptake in the symptomatic loose knee
prosthesis, when compared with asymptomatic knee prostheses (Figure 13) as
well as in the symptomatic loose knee prosthesis, when compared with left knee
soft tissue background (Figure 14). The CT component revealed no gross
malpositioning or abscess. The peripheral blood erythrocyte sedimentation rate
(ESR) was 26 mm/hour (reference range 0-35); C-reactive protein (CRP) was 5
mg/L (reference range <11); total peripheral white blood cell count was 8.26 x
10° g/L (reference range 4-11); peripheral neutrophilic count was 4.85 x 10° g/L
(reference range 2-7). The left knee aspirate and periprosthetic membrane were
negative for pathogenic organisms on both microbiological cultures and the

histopathological examination.
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Figure 9. Asymptomatic right knee radiograph with unicompartmental

replacement
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Figure 10. Symptomatic left knee radiograph of total knee prosthesis (the

difference in size and types of prostheses is a confounding factor)
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Figure 11. Left total knee replacement on arterial and venous phase bone scan
images

Note: The blue arrows in the images shows minimally increased uptake in the
symptomatic left knee prosthesis
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Figure 12. Left total knee replacement on delayed phase bone scan images

Note: The blue arrows in the delayed phase bone scan images shows marked

uptake in left femoral and tibial components in the symptomatic left knee
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Figure 13. Time-Activity-Curves NaF PET-CT scan (SUVmax vs Minutes)
Note: This graph shows a gradual increase in the SUVmax levels in the

symptomatic left knee (pink curve) which plateaus at 25 minutes versus no

significant change in SUVmax levels of the right knee (purple curve).
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Figure 14. Time-Activity -Curves NaF PET-CT scan (SUVmax vs Minutes)

Note: This graph in a patient with confirmed aseptic loosening shows a gradual
increase in the SUVmax levels in the symptomatic left knee (pink curve) which
plateaus at 25 minutes versus soft tissue background (blue arrows) in the left

calf muscle with no significant increase in SUVmax levels (purple curve)
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The results from this patient who had a symptomatic left TKR and an
asymptomatic right UKR demonstrate normal CRP, ESR, WCC as well as the
knee aspirate and periprosthetic microbiology. The final diagnosis of the
symptomatic left TKR was aseptic loosening and this was determined by
imaging and long-term clinical follow up. The interval between surgery and '®F-
NaF PET-CT was more than 1 year. Further research is required to confirm this
proof of concept for uptake of '®F-NaF in painful prosthesis as well as clearly
define the appearance of infection using this promising technique. One of the
major advantages of '®F-NaF PET-CT over conventional nuclear medicine
techniques is the simplicity of the approach and the timely availability of results
within an hour (174).

4.7 Discussion

F_.NaF PET-CT has been used extensively for the detection of bone
metastases. However, '®F-NaF uptake is not specific for bone malignancy and
increased bone uptake may occur with any other condition resulting in
increased blood flow and increased bone turnover (41, 68), hence lowering '8F-
NaF specificity. '®F-NaF accumulation has been reported in fractures and a
variety of metabolic bone disease such as renal osteodystrophy, Paget’s
disease and fibrous dysplasia (179) as well as infection or inflammation (180).
This study demonstrates that the use of dynamic "®F_NaF for diagnosing the
presence or absence of prosthetic loosening is feasible and that there is a
relatively higher degree of '®F-NaF uptake in symptomatic joints when
compared with asymptomatic joints. Studies also show that there is a relatively
higher degree of "®F_NaF uptake in infection when compared with aseptic
loosening (169). Larger trials are required, especially to prove the role of this
novel technique for the detection of periprosthetic infection because pre-surgical
accurate diagnosis or elimination of periprosthetic infection significantly allows
clinical teams to accurately plan management (174). Current assessment
methods often require the combination of clinical signs, laboratory findings and
often several sequential imaging studies (181) to differentiate aseptic loosening
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from post-operative change and infection with an acceptable sensitivity and
specificity (182). Although the plain radiograph gives important information
regarding joint stability, malrotation and malalignment as well as the type of
prosthesis (183); the role of plain radiographs in the diagnosis of infection
associated with prostheses is limited because of nonspecific findings common

to both septic and aseptic loosening (174).

Joint aspiration or biopsy is a valuable preoperative diagnostic tool for the
detection of sepsis, with a sensitivity and specificity ranging from 50% to 93%
and from 82% to 97%, respectively (174), but this degree of accuracy remains
too low to exclude sepsis with certainty (174) and prior antibiotic administration
may further reduce sensitivity (174). Nuclear medicine imaging has a valuable
role to play in assessing joint prostheses for infection. The 3-phase radionuclide
bone scan is the most common nuclear medicine investigation for the
assessment of prosthetic joint sepsis (55). However, the presence of
orthopaedic hardware reduces the sensitivity of bone scans (182). Two other
limitations are the lengthy examination time and the cost of the examinations
(174). Sequential radionuclide bone and gallium scans were the first combined
studies used to diagnose osseous infection (182) and have been applied to
painful lower limb prostheses since the 1970s (174), but are less favoured due
to reported low sensitivity of 38% at the lower end of the spectrum in literature
(174) or overall accuracy of 65 to 80% at the more optimistic end (182). ""'In-
labeled white blood cell scanning combined with 9MTc-sulphur colloid bone
marrow imaging has a sensitivity, specificity, and accuracy of 86%— 100%,
89%—-94%, and 89%—96%, respectively (174). Disadvantages of Indium-labelled
leukocyte imaging include the demanding man-hours required for in vitro
labelling with resultant increasing opportunities for iatrogenic errors (174) and
also the requirement for delayed imaging at 24 hours post-injection (174).
Occasionally, there is a requirement for additional bone marrow imaging,
resulting in relatively higher radiation exposure. Attempts have been made with
limited success to replace '"Indium-labelled white cell imaging with
®MTechnetium-labelled murine  monoclonal anti-granulocyte  antibody
fragments. %M Tc—labelled murine monoclonal antibody of the immunoglobulin

bind with high affinity to CD-15 receptors present on the surface membrane of
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human polymorphonuclear leukocytes (53, 184) and do not require in vitro
labelling process. Antibody fragment imaging has a high negative predictive
value (185), but murine antibodies have a reduced plasma half-life of few hours
when compared with human 1gG half-life of 3 weeks (186). In addition, the
murine 1gG invokes a HAMA response that results in faster removal of the
mouse IgG, and may rarely, also result in anaphylactic hypersensitivity
response (186). The decreased circulating half-life requires increasing
administered doses (which can then lead to increasing risk of HAMA, or a
reduced effectiveness of the study (186). Since the completion of this study
monoclonal antibodies have been permanently discontinued by

Immunomedics™ GmbH and the European Union (187).

Early attempts to justify the use of '®F-FDG PET as a single, cost-effective
method of diagnosing periprosthetic infection (71, 174) have since been proven
to be incorrect due to false positive nonspecific periprosthetic uptake (188). The
cost of "®F-NaF PET-CT is substantially lower than the combined costs of
sequential studies comprising 2 to 3 commonly performed radionuclide scans
(mainly "'In-labeled white blood cell scans, bone scans and bone marrow
scans) (166, 174). Furthermore, tomographic images with PET provide better
spatial resolution than planar conventional nuclear medicine modalities (174),
significantly improving test accuracy (166, 174). Dynamic "8F_NaF PET-CT can
be completed within an hour, compared with 4 hours to 2 days for other nuclear

medicine methods (174).

Critical analysis of the feasibility study which was designed to establish proof of
principle for the use of dynamic '®F-NaF PET-CT in the assessment of knee
prostheses revealed limitations. Generally, the results from small first-stage
sample feasibility studies are limited and usually highly variable. Feasibility
study results can if relied upon can diminish the quality of subsequent clinical
trial design (189). Furthermore, the very limited data and small size meant that
very little statistical information could be deduced from the results of this study
and no meaningful clinical end point was presented. However, the feasibility
study helped guide the subsequent trial protocol design and implementation by
identifying more practicable and economic methodology. Considering the small

size, there is further concern that selection bias or volunteer bias may have
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played a role in the feasibility study outcome. Lastly, the images were not
reviewed by non-blinded observers and hence potentially introducing possible

error from intra-observer variability.

4.8 Conclusion

'8F_NaF PET-CT of knee prostheses is feasible and diagnostic quality dynamic
'8 F_NaF PET-CT images with graphical data from symptomatic knee prostheses
can be acquired and archived successfully. This preliminary data demonstrates
early proof of the principle that dynamic '®F-NaF PET-CT can detect aseptic
loosening of lower limb prostheses. The CT component provides anatomical
correlation. Dynamic '®F-NaF PET-CT may be more useful than 3 phase bone
scans in the assessment of painful hip and knee prostheses. Routine clinical
use should not be initiated until the accuracy of dynamic '®F-NaF PET-CT is
fully validated. Future research trials with larger patient populations are required
to establish a role for dynamic '®F-NaF PET-CT for detecting aseptic loosening
and septic loosening. New knowledge identified that dynamic '®F-NaF PET-CT
can detect aseptic loosening of lower limb prostheses and that future research
trials with larger patient populations are indicated to establish a specific role for
dynamic "®F-NaF PET-CT.

4.9 Summary

e Dynamic '®F-NaF PET-CT can detect aseptic loosening of lower limb
prostheses.

e CT component provides anatomical correlation.

e Dynamic "®F-NaF PET-CT may be more useful than 3 phase bone scans
in the assessment of painful hip and knee prostheses.

e Future research trials with larger patient populations are required to
establish a role for dynamic '®F-NaF PET-CT for detecting aseptic

loosening and septic loosening.
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Chapter 5 Evaluating and Correcting Beam Hardening Artefact
from Prostheses on Dynamic '®F-NaF PET-CT — Using Pre-Filtering
with Aluminium; Dual-Energy CT and Mathematical Algorithm with
MATLAB® Filtered Back Projection

5.1.1 Abstract

Background: Metallic joint prostheses result in beam hardening artefacts which
add undesired background activity to the images, degrade image quality and
reduce the diagnostic yield in periprosthetic region. Beam hardening artefact
also has the undesired effect of introducing increased activity levels on the
emission images. There are different proprietary methods of correcting artefacts
in periprosthetic tissues. Artefact reduction techniques often introduce
secondary artefacts and reduce image quality around the prosthetic-bone

interface.

Methods: All scans have been carried out on the same GE Healthcare®

Discovery 710 PET-CT system PET-CT scanner under controlled conditions to
evaluate and compare different methods of correcting which result from metallic
joint prostheses in '®F-NaF PET-CT. Three techniques of correcting beam
hardening artefacts were assessed - pre-filtering with Aluminium using an '8F-
PET-CT phantom; dual-energy CT using an '®F- PET-CT phantom and post-
scan image manipulation employing MATLAB® mathematical algorithm and
filtered back projection on images that were acquired from 6 patients. The
phantom based experiment was performed 4 times using pre-filtering with
Aluminium and dual-energy CT simultaneously. The hip prosthesis phantom
consisted of a cylindrical Perspex® phantom containing a metallic femoral
component surrounded by low levels of 18F activity which was scanned with or
without an additional Aluminium dome filtering at either 120 KVp or 140 KVp
peak Kilovoltage energies. 15 CT density maps of CT periprosthetic lucency
using the French colour look-up table (CLUT) were assessed to distinguish

between symptomatic and asymptomatic joint prostheses.
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Results: No significant difference was identified between the use of 120 KVp,
140 KVp with or without aluminium. The post-scan image manipulation with
MATLAB® reduced beam hardening artefacts in some of the images but the
manipulated images introduced secondary artefacts and resulted in reduction in
image quality and some loss of anatomic detail around the prosthetic-bone
interface. The CT density maps of CT periprosthetic lucency did not distinguish
accurately between symptomatic and asymptomatic joint prostheses, nor was it

able to distinguish aseptic loosening from septic loosening.

Conclusion: Beam hardening artefacts from prostheses contribute to poor
image quality on '®F PET-CT. Pre-filtering with Aluminium; dual-energy CT and
mathematical algorithms with MATLAB® filtered back projection reduce beam
hardening artefact but with no significant difference. There is also no significant
difference in beam hardening artefact reduction between pre-filtering with
Aluminium; dual-energy CT and mathematical algorithms with MATLAB® filtered
back projection. Artefact-reduction techniques should be used with caution
because they introduce other secondary artefacts with subsequent image

quality reduction.

5.1.2 Problem Statement

Beam hardening artefacts from prostheses interfere with CT and '®F PET image

quality.
Would the use of pre-filtering with Aluminium improve image quality?
Would the use dual-energy CT improve image quality?

Would the use of mathematical algorithms with MATLAB® filtered back

projection improve image quality?

89



5.1.3 Hypothesis

Pre-filtering with Aluminium, dual-energy CT and MATLAB® filtered back

projection can improve image quality.

5.1.4 Aim

To measure image quality of a metallic prosthesis phantom without any
additional processing/material; (a) pre-filtering with Aluminium (b) with the use

dual-energy CT and (c) with the use of MATLAB® filtered back projection.

5.1.5 Apparatus and Materials

Titanium alloy femoral component of hip prosthesis (Figure 15), Cylindrical
Perspex® phantom (Figures 15 and 16), Aluminium dome (Figure 16), 5 litre
solution of a low concentration of 0.05 MBg/ml '®F-Fluorodeoxyglucose (*®F-
FDG), GE Healthcare® Discovery 710 PET-CT system PET-CT scanner, GE
Healthcare Xeleris® version 4 workstation and MATLAB® software (The

Mathworks, Natick, Massachusetts).
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Figure 15. Perspex® phantom containing femoral prosthesis

Note: This photograph shows the 15 cm long and 20 cm diameter cylindrical
Perspex® phantom which contains a fixed central femoral component of hip
prosthesis composed of metallic alloys of titanium. The Perspex was filled with
a 5 litre solution of a low concentration of 0.05 MBg/ml "®F-Fluorodeoxyglucose

(*®F-FDG) which surrounded the central prosthesis.

ScreenCg
Im: 1/2°

Figure 16. Sagittal and axial CT images of Perspex® phantom containing
femoral prosthesis

Note: These are sagittal and axial CT images of the cylindrical Perspex®
phantom containing a fixed central femoral component of hip prosthesis and
surrounded by'®F-FDG. The cylindrical Perspex® phantom is encased by a

domed Aluminium shield.
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5.1.6 Method

The experiments were performed under controlled conditions to evaluate and
compare different methods of correcting which result from metallic joint
prostheses in '®F-NaF PET-CT.

Beam hardening artefacts from a hip prosthesis phantom surrounded by low
levels of '®F activity were compared with and without an additional pre-scan pre-
filtering with Aluminium dome to assess for improvements in the beam
hardening artefact. Further beam hardening artefacts from the hip prosthesis
phantom were compared at different energies to assess for improvements in the
beam hardening artefact. Lastly, the post-scan technique of periprosthetic beam
hardening artefact improvement or worsening was assessed using images from
6 patients that had undergone '®F-NaF PET-CT scans of joint prostheses. Post-
scan image manipulation was performed using open source in-house
mathematical algorithm employing MATLAB® for filtered back projection in order
to assess for change.

5.1.7 Variables

Independent variables — presence or absence of Aluminium filter; dual-energy
120 KVp and 140 KVp; use or non-use of MATLAB® filtered back projection
Dependent variables - beam hardening artefact on PET-CT

Confounding variables-"°F-FDG dose (MBq), room temperature (degrees
Celsius)

Controlled variable — hip prosthesis, scan time (minutes)

5.1.8 Expected Results

Pre-filtering with Aluminium, use of mathematical algorithms and dual-energy
CT would improve image quality but may introduce secondary artefacts. Image

quality would be most improved using the dual energy CT method.
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5.1.9 Treatment of Results (Linking of Expected Results to Hypothesis)

If pre-filtering with Aluminium, MATLAB® and dual-energy CT improve image
quality, and then the hypothesis is correct. If image quality is most improved
using the dual energy CT method, then the second part of the expected results

is correct.

5.1.10 Physics Principles (Connect Methodology to Problem Statement)

Metallic prostheses have high proton densities (Zahl), thus resulting in beam
hardening artefact and false positive PET uptake. Correction with pre-
acquisition, scanning as well as post-processing methods can alleviate some of

these issues.

5.1.11 Sources of Error/Assumptions/Limitations

There are other inherent factors including the atomic number which affect image
quality. The location of radioactivity at different points in relation to the
prosthesis may be more open to interpretation. Further limitations of this study
include the small number of case as well as the fact that the phantom
experiments were only performed once for each category. Furthermore, only six
post-scan software manipulations were performed. The study was also
susceptible to biases arising two non-blinded observers. Additional limitations in
the application of these techniques occurred due to secondary artefacts as well
as the heterogeneous diagnoses and different type and composition of the

prostheses.
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5.2.1 Methodology; Pre-Filtering with Aluminium and Dual-Energy CT

Pre-filtering with Aluminium has visible effect on beam hardening artefact on CT
and PET using '®F as well as improves the quality and diagnostic quality of

PET-CT images with prostheses.

All scans have been carried out on the same GE Healthcare® Discovery 710
PET-CT system PET-CT scanner and with the help of Mr Samuel Colclough,
clinical scientist Dr James Cullis, consultant Clinical scientist, both from

University Hospital Coventry & Warwickshire.

A cylindrical Perspex® phantom, 18 ¢cm long and 20 c¢m in diameter containing a
fixed central femoral component of hip prosthesis composed of metallic alloys of
titanium (figures 15 and 16). The central prosthesis is surrounded by a 5 litre
solution of low concentration of about 0.05 MBg/ml '®F-Fluorodeoxyglucose
("®F- FDG). The cylindrical Perspex® phantom was filled with the solution and

then sealed.

The phantom was placed at the centre of the imaging field of view and its axis
was perpendicular to the long axis of the patient couch. Imaging was performed
with a GE Healthcare® Discovery 710 PET-CT system PET-CT scanner (GE
Healthcare, Waukesha WI) with a gantry bore diameter of 70 cm and a spatial
resolution of approximately 4.5 mm (190). Computed Tomographic images of
the phantom were obtained and positron emission tomographic reconstructions
were obtained with the same stipulated number of minutes for each bed
position. Tomographic reconstructions were performed with a 3D ordered
subset expectation maximization (OSEM) method (VUE Point) and attenuation
correction was performed with the low dose CT images. Further decay

corrections were made for injected radioactivity by the PET scanner.

The PET-CT scans were performed four times using 2 different peak
Kilovoltage energies (both with and without aluminium), i.e., 120 KVp with
aluminium, 140 KVp with aluminium, 120 KVp without aluminium and 140 KVp
without aluminium (Tables 8 and 9). Regions of interest (ROIs) in each of the
four sets of images were selected once by a radiologist and physicist working

together.
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5.2.2 Results

Table 8. Pre-filtering with Aluminium and dual-energy CT

Scan type Periprosthetic Background P/B P/B

SUVmax SUVmax SUVmax SUVmax
ratio difference

120 KVp 8.88 7.98 1.11 0.9

with

aluminium

140 KVp 9.07 8.16 1.11 0.91

with

aluminium

120 KVp 8.58 7.5 1.14 1.08

without

aluminium

140 KVp 10.04 8.16 1.23 1.88

without

aluminium
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Table 9. Pre-filtering with Aluminium and dual-energy CT

Scan type Chi square test P Significance
value value
120 KVp with 0.99 0.80 Not significant at
- p<0.5
aluminium
140 KVp with 0.83 0.84 Not significant at
. p<0.5
aluminium
120 KVp without 0.99 0.80 Not significant at
aluminium p<0.5
140 KVp without 0.84 0.84 Not significant at
aluminium p<0.5

Note: Because the p-value is greater than 0.05; the null hypothesis is not
rejected and it cannot be concluded that a significant difference exists between

the use of 120 KVp, 140 KVp with or without aluminium.
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5.3.1 Post-Imaging Manipulation

Post-imaging manipulation with in-house mathematical beam hardening
correction (BHC) algorithms with MATLAB® has visible effect on beam
hardening artefact on CT and PET using '®F and can improve the quality and

diagnostic quality of PET-CT images with prostheses.

5.3.2 Introduction

Interpretation of CT into hybrid imaging using SPECT-CT and PET-CT images
in the assessment of post-surgical complications of joint replacement surgery is
impeded by the presence of beam hardening artefacts caused by metal

implants.

5.3.3 Aim

The purpose of this project was to design a simple post-imaging process that
would reduce beam hardening artefact on the CT component to allow for more

accurate quantitative evaluation of periprosthetic osteolysis.

5.3.4 Background

Metal-related artefact result from several mechanisms including beam

hardening, scatter, Poisson noise, motion and edge effects (191).

The statistical error of low photon counts in CT images from low dose (mA)
results in Poisson noise and appears as randomly distributed hypodense and
hyperdense lines on the CT image, usually in the direction of most attenuation
(191). There are several commercially available metal artefact reduction
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algorithms which may be applied following image acquisition. One of the newer
methods uses Metal Deletion Technique (MDT) (US 8233586B1) which is a
patented iterative technique which reduces artefacts from all these mechanisms

(192), but it is not FDA approved and currently only intended for research use.

5.3.5 Method

Six patients with ten prostheses in total were imaged using a GE Healthcare®
Discovery 710 PET-CT system PET-CT scanner (GE Healthcare, Waukesha
WI) with a gantry bore diameter of 70 cm and a spatial resolution of
approximately 4.5 mm (190). All the imaged prostheses were located in one or
both knee joints of the patients that were imaged. '®F-NaF PET-CT - Dynamic
images were acquired using a GE Discovery ST with 16 slice CT (GE
Healthcare®) volume imaging protocol (ViP) (78, 175). The patients fasted for at
least 6 hours before receiving the injection. CT images of the joints were
acquired, followed by dynamic PET image acquisition in list mode from the time
of injection till 30 to 40 minutes after bolus intravenous administration of 250
MBq '8F-NaF (175). The images were reconstructed using ordered-subset
expectation maximization, and images were corrected for attenuation (78). All
analyses of the CT images were performed with the help of Mr Matthew

Galloway, clinical scientist from University Hospital Coventry & Warwickshire.

MATLAB® (The Mathworks, Natick, Massachusetts) with parallel-beam
algorithm was used to open the DICOM image stacks from the local hard disk.
One of the first steps would be to use Hounsfield units of 3,000 and above to

identify metal objects in each image.

Then identify projections affected by metal and then forward project the 2D
distribution of metal images from multi-angular projections to obtain a metal
sinogram and also forward project the whole image to obtain a whole image
sinogram (193). Sinograms are plots of the projected data — the horizontal axis

98



represents the tube angle and the vertical axis represents the detector number
(191).

Identify the metal sinogram on the whole image sinogram and then correct the
image by replacing it with a realistic Hounsfield unit by calculating the mean

Hounsfield unit on either side of the metallic prosthesis.

Then delete the metal pixels by using forward back projection to iteratively
replace metal images (2) with dedicated built-in plugins. These images which do
not have any metal in them are reconstructed with forward back projection using
MATLAB® "iradon.m" routine (193, 194) thus creating images without the metal
included. The metal from the original image is the re-inserted back into the back
projected images to recreate the mathematically reprocessed image. The
MATLAB® iradon function performs filtered back projection by "smearing back"
pixel grid images of each acquired image projection using a low pass filter. This
process is reiterated for each projection and then the contribution from each
projection is added up (195).

The CT images from 15 patients with hip or knee prostheses that had been
scanned as part of a separate experiment were assessed for periprosthetic
lucency by the sole radiologist in this study using OsiriX® Pixmeo SARL
Switzerland which used to be an open source software (OSS) with practical
features for the analysis, interpretation and post-processing of radiological
images (196) as a fast, simple and intuitive DICOM viewer program that runs on
an Apple Macintosh operating system (macOS) version 10.11.6 (197). Images
were presented with the French colour look-up table (CLUT) due to its superior
contrast: background ratio and the degree of periprosthetic lucency in the
images were assessed visually. Inter-observer variability and reliability cannot
be tested due to there being a sole observer in this study. In order to ensuring
reliability the method was assessed using normal bone cortex: air, normal bone
cortex: marrow and normal bone cortex: soft tissue interface. The CT images
are subject to beam hardening artefact from the prostheses and images were

assessed once.
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5.3.6 Results

Although the post-scan image manipulation with MATLAB® resulted in reduced
beam hardening artefact in some of the images the manipulated images
introduced secondary artefacts and resulted in reduction in image quality and
some loss of anatomic detail around the prosthetic-bone interface (Figures 17
and 18).

The 15 CT density maps of CT periprosthetic lucency using the French CLUT
did not distinguish accurately between symptomatic and asymptomatic joint
prostheses, nor was it able to distinguish aseptic loosening from septic
loosening (Table 10) and (Figures 17 to 22).
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Table 10. Periprosthetic lucency or reduced density using CT density maps
and CLUT scores

Patient

Right

CLUT

Score

Left Symptomatic Diagnosis

Side
CLUT Score

10

10

10 Left

N/A Right

10 Left

4 Right

10 Left

Bilateral
TKR with
aseptic
loosening in
left TKR

Unilateral
right TKR
with aseptic

loosening

Bilateral
TKR with
unstable left
TKR

Right TKR/
Left UKR
with

synovitis

Bilateral
TKR with
left aseptic

loosening
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Patient

Right
CLUT

Score

Left CLUT  Symptomatic

Score

Side

Diagnosis

10

11

12

6

N/A

10

10

N/A

Right

Left

Right

Right

Right

Left

Right

Bilateral
TKR with
right

synovitis

Left TKR/

Right UKR

with loose
left TKR

Bilateral
TKR with
infected
right TKR

Bilateral
THR with

loose right

Unilateral
Right TKR
with

loosening

Unilateral
left TKR
with

loosening

Bilateral
THR with

loose right
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Patient CLUT  CLUT Score Symptomatic  Diagnosis
Score Left Side
Right

13 6 N/A Right Unilateral
Right THR
with

loosening

14 5 4 Right Bilateral
THR with
right

loosening

15 5 3 Right Bilateral
THR with
right

fracture

Note: CLUT = Colour Look-Up Table; CLUT 1-10 with 1 being the least
radiolucent and 10 the most radiolucent (1= white, 2, pink, 3=purple, 4=blue,
5=turquoise, 6= olive green, 7= light green, 8 = light brown, 9 = dark brown, 10
= black); N/A = Not Applicable; TKR = Total knee replacement.
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Figure 17. Post-scan image manipulation with MATLAB® resulting in image

deterioration

Note: Symptomatic left total knee replacement in patient with bilateral knee
replacements and symptomatic left total knee replacement diagnosed with
Instability (not loose and not septic). The OsiriX® density map images (left) and
CT images (right) show beam hardening artefact but the post-scan image
manipulation with MATLAB® show a reduction in image quality and loss of

anatomic detail around the prosthetic-bone interface (lower set of images)
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Figure 18. Post-scan image manipulation with MATLAB® resulting in image
deterioration

Note. OsiriX® density map images (left) and CT images (right) in patient with
synovitis in symptomatic right total knee replacement and asymptomatic left
knee replacement. The OsiriX® density map images (left) and CT images (right)
show beam hardening artefact but the post-scan image manipulation with
MATLAB® show a reduction in image quality and loss of anatomic detail around

the prosthetic-bone interface (lower set of images)
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Figure 19. Patient 3 with symptomatic left total knee replacement

Note: This patient has bilateral knee replacements and a symptomatic left total
knee replacement. OsiriX® density map images (left) and CT images (right).
Patient with symptomatic left total knee replacement diagnosed with Instability
(not loose and not septic) as well as asymptomatic right knee replacement.
There is relative increased lucency or reduced density in the symptomatic left

over asymptomatic right prosthesis (blue arrows).

Figure 20. Patient 4 with symptomatic right total knee replacement

Note: OsiriX® density map images (left) and CT images (right) in a patient with
synovitis in a symptomatic right total knee replacement and an asymptomatic
left knee replacement. There is relative increased lucency or reduced density in
the symptomatic right over asymptomatic left prosthesis (blue arrows).

However, the larger symptomatic right knee prosthesis is a confounding factor.
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Figure 21. Patient 5 with symptomatic aseptic loosening left total knee

replacement

Note: Osirix® density map images (left) and CT images (right) in a patient with
aseptic loosening in symptomatic left total knee replacement and asymptomatic
right knee replacement. No relative increased lucency or reduced density in the
symptomatic left knee over asymptomatic right knee (blue arrows). The
symptomatic left total knee with aseptic loosening replacement shows increased
periprosthetic uptake on NaF PET-CT (left) and late phase isotope bone scan
(left) in patient with bilateral knee replacements (red arrows).
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Figure 22. Patient 6 with synovitis in symptomatic right total knee replacement.

Note: Osirix® density map images (left) and CT images (right) in a patient with
synovitis in a symptomatic right total knee replacement and an asymptomatic
left knee replacement. There was no relative increased lucency or reduced
density in the symptomatic over asymptomatic prostheses (blue arrows)

5.3.7 Discussion

The type of mathematical algorithm applied for image post-processing can have
profound results on image noise, image contrast and image signal-to-noise ratio
(SNR), leading to a resultant enhanced or diminished ability to detect any
differences in density (198). Evaluation of all 10 prostheses revealed image and
periprosthetic uptake distortion on the reconstructed images due to aliasing
artefacts, edge enhancement and Poisson artefacts (Figures 23 and 24). The
use of mathematical algorithms improve image resulted in image distortion and
reduced accuracy with no improvement in the quality and diagnostic quality of

CT images with joint prostheses.

The use of this technique resulted in drawbacks including ray aliasing artefacts
which appeared on the images as cross-hatched distortion lines on the
reconstructed tomographic images emanating from the centre and produced
after applying the filtered-back projection algorithm (199). Aliasing distortions in
this case resulted from either using an undersampling of projection data,
because an inadequate number projections were recorded or both (199) and
aliasing artefacts can be mitigated by forward projecting as many images as
possible (199).
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Figure 23. Poisson artefact appearing secondarily on the filtered-back
projection images

NOTE: This image demonstrates Poisson secondary artefact on similar images
(blue arrow) through the knees in the reconstructed tomographic images on the
right after applying the filtered-back projection algorithm to the axial image on
the left.

1050
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Figure 24. Ray aliasing artefact appearing secondarily on the filtered-back

projection images
Note: image demonstrating ray aliasing artefacts on similar images through the

knees in the reconstructed tomographic images on the right (blue arrow) after
applying the filtered-back projection algorithm to the coronal image on the left.
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Edge enhancement results from the suboptimal implementation of filtered back
projection at the borders of a limited field of view resulting in a sinogram outside
the field of view set to zero (191) producing a sharp bright rim at the image

edge, which is intensified by filtered back projection (191).

Poisson artefacts results from photon counting errors (192) due to low photon
counts and resemble dark and bright lines that are projected in the direction of
greatest attenuation or highest number of Hounsfield units (191). Poisson

artefacts are not improved by filtered back projection (192).

5.4 Conclusion

Beam hardening artefacts from prostheses contribute to poor image quality on
'®F PET-CT. Pre-filtering with Aluminium; dual-energy CT and mathematical
algorithms with MATLAB® filtered back projection reduce beam hardening
artefact but with no significant difference. The artefact-reduction techniques
should be used with caution because they introduce other secondary artefacts
with subsequent image quality reduction. Positively, this demonstrated and
documented some secondary artefacts. In addition, this makes a case for
potential radiation dose reduction to the patient because imaging with 140 KVp
did not produce any significant difference over imaging with 120 KVp. New
knowledge identified that there is no significant difference in beam hardening
artefact reduction between pre-filtering with Aluminium; dual-energy CT and
mathematical algorithms with MATLAB® filtered back projection. Further
research in to metal artefact reduction is ongoing in both commercial and
academic settings due to image degradation from metal. Research into
prosthetic joint beam hardening artefact in dynamic PET-CT requires further

research.
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5.5 Summary

e Beam hardening artefacts from prostheses reduce image quality on '®F
PET-CT.

e Beam hardening artefact can be reduced with Pre-filtering with
Aluminium; dual-energy CT and mathematical algorithms with MATLAB®
filtered back projection.

e There is no significant difference in artefact reduction between the
different methods.

e The artefact-reduction techniques introduce other secondary artefacts
with subsequent image quality reduction.

e Beam-hardening artefact evaluation and reduction in dynamic '®F PET-

CT requires further research.
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Chapter 6 Dynamic '®F-NaF PET-CT and 3-Phase Bone Scan
Prosthetic Joint Clinical Study

6.1 Abstract

Background: Imaging investigations for painful joint prostheses frequently
involve serial radiographs or multiple cross-sectional studies. Hybrid imaging
using PET and CT may obviate the requirement for multiple imaging tests. This
study aimed to prospectively evaluate the usefulness of ®F- NaF PET-CT using
a sequential multiphase technique in comparison to bone scan in the diagnosis

of periprosthetic joint loosening and infection.

Methods: This pilot prospective study included 15 patients with 25 prostheses
with symptoms of painful joint prostheses. Sequential '®F-NaF PET-CT and
conventional 3-phase bone scans with planar images was performed in all
patients. The final diagnosis was made by microbiological, biochemical and
surgical findings as well as clinical follow up. The PET-CT and bone scan
images were also assessed with GE ADW 4.6 and Xeleris® version 4
workstations as well as using MATLAB® open source software. The R? bone
scan trendline pattern was calculated from 3-phase bone scans with a final
diagnosis of aseptic or septic prosthesis and lastly CT periprosthetic lucency
was assessed with the use of French colour look-up table (CLUT) density maps
on OsiriX® version 10.0.2 running on an Apple Macintosh operating system
(macOS) version 10.11.6.

Results: Out of the 15 patients and 25 prostheses that were scanned, 15 were
symptomatic and 10 were asymptomatic. Of the 15 symptomatic prostheses — 1
patient died, 2 patients had results from clinical follow up and 12 patients had
results from surgical follow up. Out of the 12 patients that underwent surgery 3
were infected and 9 were loose or other. 3-phase bone scans were 100 %
sensitive for sepsis and inflammation but had a 42% false positive rate for
sepsis/inflammation. In addition, the 3-phase bone scans were 58 % sensitive

for aseptic loosening. Some dynamic PET images were unavailable for review
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due to data corruption and image data storage difficulties. In addition, there
were inconsistent results from the dynamic '®F-NaF PET-CT and '®F-NaF
SUVmax levels. Results revealed poor correlation between the '®F-NaF uptake
patterns, dynamic NaF pattern and the bone scan uptake pattern with the final
diagnoses. However, there was statistical correlation between the final
diagnosis and the R? bone scan trendline pattern with an optimal cut-off point of
0.2 above which the likelihood of a septic joint was higher. CT periprosthetic
lucency and CT density maps did not distinguish aseptic loosening from septic

loosening.

Conclusion: Dynamic ®F-NaF PET-CT is feasible but has not been proven to be
an accurate or ideal test to investigate periprosthetic infection or loosening. R?
values from %™Tc-MDP dynamic bone scans greater than 0.2 favour
periprosthetic septic loosening or inflammation. Combining dynamic bone scan
R? values with CT periprosthetic lucency from SPECT-CT may improve test

accuracy even further.

6.2 Aims

1. To validate a new imaging method of diagnosing loosening of joint

prosthesis.
2. To validate a new imaging method of diagnosing infection of joint prosthesis.

3. To validate a new imaging method of distinguishing loosening from infection

of joint prosthesis.

4. To see whether '®F-NaF PET- CT is more cost-effective and accurate in the

detection of infection/loosening.

Hypothesis: Sequential multiphase '®F-Fluoride PET-CT as a single imaging
investigation can identify the presence of loosening and infection of joint

prostheses, with the use of quantitative and visual analysis of joint prostheses.
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Research Questions: Is sequential multiphase '®F-Fluoride PET-CT as a single

imaging tool able to reliably diagnose loosening of joint prostheses?

Is sequential multiphase '®F-Fluoride PET-CT as a single imaging tool able to

reliably diagnose periprosthetic infection in joint prostheses?

Is sequential multiphase '®F-Fluoride PET-CT more accurate and cost-effective

in the detection of infection/loosening?

6.3 Materials and Methods

This was a pilot study using a prospective uncontrolled case series (longitudinal
observational study) of patients with symptomatic knee and hip joint prostheses

awaiting surgical revision.

The patients were selected based on clinical presentations of painful knee or
hip arthroplasties and were recruited from the implant revision waiting list over a
2 year period. The initial goal had been to scan 50 prostheses as proof of
concept in order to ensure adequate numbers of hips and knees with both
septic and aseptic loosening as well as other possible diagnosis. Ultimately, 15

patients with 25 prostheses were scanned.

All patients had conventional isotope bone scans and multiphasic ®F-NaF PET-
CT scans; and serum inflammatory markers. All patients were followed up
clinically and some had post-surgical microbiological and histological evaluation
of the joint prostheses. The trial algorithm that was followed is schematically
represented as a flow diagram of the progress through the phases of

prospective uncontrolled longitudinal observational study (Figure 25).
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Figure 25. Trial algorithm
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Analysis of PET-CT data: Visual scoring was performed as described by
Kobayashi et al (169), with 3 types of PET-CT image findings defined according
to the '®F-NaF pattern of uptake with sub-groupings, based on the localization
of the "®F-NaF pattern of uptake, was divided as follows: (Type 1) no localized
uptake; (Type 2) minor localized uptake; and (Type 3) more extensive diffuse
periprosthetic uptake that extends over one half of the bone-implant interface
(169).

Automated computerised analysis was performed using the Advantage
Workstations (versions ADW 4.6 and ADW 4.3) software as well as Xeleris®
version 4 both developed by the GE Healthcare. Bone scan images were
analysed with Xeleris® version 4 and Insignia® InSight PACS version 8.2. CT
density maps were obtained using OsiriX® software version 10.0.2. Two
versions of the ADW 4.6 and ADW 4.3 were used due to a change in hospital

equipment and also different functionalities on the newer version ADW 4.6.

Images were also assessed with Xeleris® version 4 and MATLAB® open source
software programmes developed by the Nuclear Medicine department
University hospital Coventry & Warwickshire and statistics information was

provided by the Statistics department, University of Warwick.

Statistical analysis: Statistical analyses of the relationship between the uptake
type classification, intensity of activity and the final diagnosis was performed
using the extended Fisher exact test. The differences between the maximum
standardized uptake values (SUVmax) for each diagnosis was analysed by 1-
way analysis of variance followed by a Fisher protected least significant
difference (PLSD) test. Graphical curves of the SUVmax values were plotted for
the diagnosis of infection and loosening generated using GE Healthcare
Advantage Workstation 4.6 software. P values of less than 0.05 were

considered statistically significant.
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Inclusion Criteria:

1. Symptomatic hip or knee prostheses awaiting surgical revision.

2. No previous major surgical procedure on the joint in 12 months

3. All patients of childbearing potential had to be screened for pregnancy.

4. Written informed consent.

Exclusion Criteria:

1. Other concurrent uncontrolled medical conditions

2. Pregnant or lactating (due to potential harmful radiation dose to the foetus)
3. General status that does not allow the investigations.

4. Any condition that compromised the patient’s ability to give informed consent

such as severe medical and psychiatric illnesses.

5. Prosthetic Joint replacement performed within the last 12 months.

Patients recruited from University Hospital Coventry and Warwickshire joint
revision waiting list with help of Mrs Sue Price (secretary to Mr Pedro Foguet —
orthopaedic surgeon).
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6.4.1 Results

In total, 15 patients and 25 prostheses were scanned. These consistent of 9
hips ad 16 knees (Table 11).

Table 11. Imaged prostheses

Trial No. TYPE OF BONESCAN
PROSTHESIS (number of

joints)
1 Left KR 1
2 Right KR 1
3 Left KR 2
4 Right KR 2
5 Left KR 2
6 Right KR 2
7 Left KR 2
8 Right KR 2
9 Right HR 2
10 Right KR 1
11 Left KR 1
12 Right HR 2
13 Right HR 1
14 Right HR 2
15 Right HR 2

Note :KR = knee replacement, HR = hip replacement
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Due to data corruption and storage difficulties, 5 static '®F-NaF PET images and
10 dynamic graphs from '8F-NaF PET imaging were unavailable for analysis
(Table 12). All the successfully archived bone scans, CT images, dynamic NaF

graphs and static NaF uptake images are detailed in (Tables 12 and 13).

Table 12. Successfully archived images

3-phase bone CT scan Dynamic NaF Static NaF uptake

scan graph

25 joints (15 25 joints (15 9 joints (5 18 joints (10

symptomatic symptomatic patients, 5 patients, 10

joints) joints) symptomatic symptomatic
joints) joints)

Note: Some patients had unilateral whilst others had bilateral joint replacements
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Table 13. List of patients and their successfully archived images

Patient no. Prosthesis Bonescan CT Dynamic Static NaF
NaF graph  uptake
1 1 + + + +
2 1 + + - +
3 2 + + - +
4 2 + + + +
5 2 + + - +
6 2 + + - +
7 2 + + + +
8 2 + + - +
9 2 + + + +
10 1 + + - -
11 1 + + - -
12 2 + + + +
13 1 + + - -
14 2 + + - -
15 2 + + - -

Note :(+) successfully archived, (-) unsuccessfully archived
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Of the 25 prostheses scanned, 15 joints were symptomatic and 10 joints were
asymptomatic. Of the 15 patients that were scanned — 1 patient was lost to
follow up due to death; 1 patient was diagnosed with results from clinical follow
up and the remaining 13 patients were diagnosed following surgical revision.
The commonest organisms cultured were Proteus Vulgaris, Pseudomonas
Aeruginosa, and Staphylococcus Aureus by enrichment from cross-
contamination (Table 14). All other relevant laboratory results are shown in
Table 14. Out of the 13 patients that underwent surgery, 3 patients were
inflamed or infected and 10 patents were loose or other (Table 14). The 3-
phase bone scans were correlated with clinical and surgical findings as well as
the type of successfully archived dynamic '®F-NaF image (Table 15). 5 static
'8F_NaF PET-CT images and 6 '®F-NaF graphs were successfully archived but
there were 4 incomplete sets of 'F-NaF PET-CT images (Table 15).
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Table 14. Laboratory Results

P T
2 S 53zZs 0 2
S mg = 3 T Iz23F > 2
pd 3 0 @ @0 > Py
) = m @ < = X<
r <
@)
1 17 10 7.82 455 Neg. Neg. Not septic  No infection
2 13 <3 7.8 524 NS NS Not septic  No surgery
Instability,
Not loose,
3 28 7 74 4.3 Neg. Neg. Not septic  No infection
Loose,
4 22 3 7.06 457 Neg. Neg. Negative Synovitis
5 24 9 997 6.13 Neg. Neg. Loose Loose
Synovitis,
6 38 7 116 84 Neg. Neg. Loose No infection
Failed
mechanism
7 26 9 642 329 Neg. Neg. Loose Not infected
8 57 26 7.24 515 Neg. PV, PA Infected Infected
9 46 10 6.2 4.03 Neg. Neg. Loose Loose
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3 c o 3 2 = 0O @
— = —
> 7 2 = S, 2 3o e 3 Z 3
-3 3 Q @) d 2 40X o)
= @) T > o © & O m
2 . , > Py
O L m ® < ~ X
r <
w
SA
10 7 3 7.09 4.64 (e) Neg. Loose Loose
1 7 6 7.3 4.1 Neg. Deceased Loose Deceased
12 8 <3 529 348 Neg. Neg. Loose Loose
13 95 8 7.12 441 Neg. Neg. loose Loose
Not
14 58 53 255 1.29 Neg. Neg. infected Not infected
Loose
Peri- Broken
prosthetic femoral
15 7 <3 5.84 413 Neg. Neg. fracture stem

Note: Neg. = Negative, NS = No sample, PV = Proteus Vulgaris, PA =

Pseudomonas Aeruginosa, SA (e) = Staphylococcus Aureus by enrichment -

from cross-contamination
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Table 15. Bone scan findings

TRIAL CLINICAL SURGERY DYNAMIC 3-PHASE P/B % BONE
NO NaF BONE SCAN SCAN
1 Not septic No Graph 3-phase 30
infection positive
2 Not septic No surgery Static Late-phase -100
positive
3 Not septic Instability Static 3-phase 47.8
Not loose positive left
No
infection
4 Negative  Loose, Graph 3-phase 41.6
Synovitis positive
5 Loose Loose Static Late-phase 35
positive
6 Loose Synovitis Static 3-phase 57.8
No positive
infection
7 Loose Failed Graph 3-phase 54
mechanism positive
Not
infected
8 Infected Infected Static 3-phase 51.8
positive
9 Loose Loose Graph Late-phase 49
positive
10 Loose Loose Incomplete 3-phase 54
positive
11 Loose Deceased Incomplete Late-phase 46
positive
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TRIAL CLINICAL SURGERY DYNAMIC 3-PHASE P/B % BONE

NO NaF BONE SCAN SCAN
12 Loose Loose Graph Late-phase 46
positive
13 Loose Loose Graph Late-phase 50
positive
14 Not Not Incomplete 3-phase 30.2
infected infected positive
15 Loose Broken Incomplete Right hip -17.5
femoral normal
stem

Note: P/B = Periprosthetic: Bone ratio.

Only 1 patient of the 3 patients with inflamed or infected joints was infected with
Proteus Vulgaris and Pseudomonas Aeruginosa (Table14). The other 2 patients
demonstrated non-infected inflammatory arthropathies. There was a single case
of Staphylococcus Aureus contaminant in an aseptic joint that was grown by
enrichment only. 3-phase bone scans were 100 % sensitive for sepsis and
inflammation but had a 42% false positive rate for sepsis/inflammation (Tables
15 and 16). The 3-phase bone scan uptake patterns were correlated with final
diagnosis of aseptic loosening or septic prostheses (Table 16) to reveal 58 %
sensitivity for aseptic loosening (Tables 15 and 16). All 3 patients with synovitis
or septic loosening exhibited higher periprosthetic/background percentage
ratios above 40 but there were 6 false positive cases of high

periprosthetic/background percentage ratios in aseptic loosening (Table 15).
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6.4.4 Analysis of Bone Scan Periprosthetic Uptake Pattern

The bone scan periprosthetic uptake images were correctly interpreted as
positive for aseptic loosening in 7 of 12 patients (Table 16) and correctly
interpreted as positive for infection/inflammation in 3 of 3 patients and 5 patients
were incorrectly identified as septic (Table 16). The bone scan uptake pattern
was assessed by applying the final prosthetic joint diagnosis using two-tailed
Fisher's exact test, p = 0.2 (Table 16), indicating that null hypothesis can be
accepted and the results show no significant effect of the final prosthetic joint
diagnosis on the bone scan pattern, i.e., independence between final prosthetic

joint diagnosis and the bone scan pattern (Table 16).

Table 16. Bone scan uptake pattern with final diagnosis

Dynamic Aseptic Septic/inflamed
bone scan
pattern
3-phase 5* 3*
positive
Late-phase 7* 0*
positive
Note: *p>.05
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6.4.5 Analysis of Bone Scan R? Trend Line

The R? trend line was calculated using a linear equation (Equation 1) which was
plotted on a 25 cm chart representing the relationship between periprosthetic
uptake (y) versus time (x) from a dynamic bone scan of a symptomatic joint.
The regression line is used to visually depict the relationship between the
independent (x) and dependent (y) variables of time and uptake respectively in

the graph and is graphically represented as:

Equation 1. Bone scan trend line equation

y=mx+bhb

or

y = slope(x) + (y-intercept)
m is the slope and

b is the y-intercept where the curve crosses the y-axis.

The coefficient of correlation “R” is the degree of relationship between the 2
variables - x and y whilst the coefficient of determination is the square of
coefficient of correlation R?. To create the bone scan trendline, use a 25 cm
chart of dynamic bone scan periprosthetic uptake plotted against time.
Calculate y which is the intercept. Then calculate the slope m. Thereafter,
calculate R and R? from the graph. The graph also demonstrates a linear
regression line or trendline From the trendline, calculate to see if m is greater
than 0.5 or if R? > 0.2 as the higher values are more likely to be infected or
inflamed as seen on boxplot chart (Figure 26). The diagnosis of prosthetic joint
loosening or infection was confirmed in 15 of 15 joints using the R? bone scan
trendline cut off of 0.2. The R? trendline therefore had 100% sensitivity for
sepsis and inflammation as well as 100% sensitivity for aseptic loosening.

There was strong concordance obtained between the final prosthetic joint
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diagnosis and the R? bone scan trend line pattern as shown in Table 17 and

Figure 26.

Table 17Bone scan R? trend line pattern in aseptic and septic/inflamed Joints

R? Aseptic Septic/inflamed
Bone scan
Trendline
>0.2 0* 3*
<0.2 12* 0*
Note: *p<.05
0.35
0.3
0.25

trendline 5

0.1 -

0.05

Aseptic Septic

Figure 26. Box and whisker plot of 3-phase bone scan R? trend line pattern

Note: The box and whisker plot of 3-phase bone scan R2 trend line pattern with

the final diagnoses of aseptic or septic prosthesis.
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The R? bone scan trendline pattern was calculated in 3-phase bone scans with
a final diagnosis of aseptic or septic prosthesis. It was determined that an R?
bone scan trendline of 0.2 was the optimal cut-off point above which the
likelihood of a septic joint was higher using the two-tailed Fisher’s exact test p
value = .0022 (Table 17). The null hypothesis can therefore be rejected and the
results that the final prosthetic joint diagnosis has a significant effect of on the
R? bone scan trendline pattern, i.e., dependence between final prosthetic joint
diagnosis and the R? bone scan trendline pattern which is considered to be very
statistically significant (Table 17). The optimal cut-off point of 0.2 is also shown
on the box and whisker plot of the 3-phase bone scan R? trend line pattern
(Figure 26). The R? trendline pattern was correctly interpreted as positive for
aseptic loosening in 12 of 12 patients (Table 17) and correctly interpreted as
positive for infection/inflammation in 3 of 3 patients. There was no false positive
or false negative case in both the aseptic loosening and infection/inflammation
group (Table 17). The patient with an infected prosthesis was indistinguishable
from inflammatory synovitis on the bone scan trendline images (Table 18).
Figures 27 to 41 demonstrate the relevant 3-phase bone scan R? trend line

images in all 15 patients.
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Table 18. Final diagnoses with CT, NaF PET and bone scan trend line results

BONE

BONE

= @) O Z @)
Y C = T _
> pd SCAN SCAN P n —
P = > c C
Z > SURGERY TREND- TREND- = 9 ,.C,?,
@) — @) > e
LINE LINE Z P @)
50" <
RIGHT LEFT
_|
1 Not No 0.06095 0.03212 Loose 3§ Positive
D
septic infection pattern N
2 Not No surgery 0.03932 0.00319 Nil 2 Positive
septic ®
N
3 Not Instability  0.00485 0.12549 Nil 2 Positive
septic Not loose ®
N
No
infection
4 Negative Loose, 0.30232 0.32277 Loose > Positive
Synovitis pattern ®
w
5 Loose Loose 0.00604 0.23101 Nil > Positive
@
N
6 Loose Synovitis 0.20751 0.11472 Nil 2 Positive
No ®
w
infection
7 Loose Failed 0.07755 0.13825 Infecte > Positive
mechanis d ®
N
m Not pattern
infected
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— o SURGERY BONE BONE o = e
A — < Q —
> Z SCAN SCAN Z T —
= S 2 S 5
pd - - =
8 |:E TREND TREND > ; E
LINE LINE =z P @
5 M
RIGHT LEFT
8 Infected Infected 0.20486 0.0218 Nil ? Positive
3
w
9 Loose Loose 0.10591 0.00151 Loose — Positive
S
pattern @
w
10 Loose Loose 0.10029 0.00084 Nil z Positive
11 Loose Deceased 0.00079 0.02198 Nil z Positive
12 Loose Loose 0.02378 0.03831 Loose — Positive
S
pattern @
w
13 loose Loose 0.00358 0.04999 Nil z Positive
14  Not Not 0.02895 0.11915 Nil z Positive
infected infected
15 Loose Broken 0.03233 0.0381 Nil z Positive
femoral

stem
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Figure 27. Bone Scan TAC & trend line
Note: Patient 1 with symptomatic unilateral left TKR (red) showing bone scan

TAC & trend lines for both the symptomatic left knee (red) and the
asymptomatic normal knee (blue).
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Figure 28. Bone scan TAC & trend line

Note: Patient 2 with symptomatic unilateral right TKR (blue) showing bone scan
TAC & trend lines for both the symptomatic right knee (blue) and the

asymptomatic normal knee (red).
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Figure 29. Bone scan TAC & trend line

Note: Patient 3 with bilateral TKR. This shows symptomatic left TKR (red) and
the asymptomatic right TKR (blue) bone scan TAC & trend lines.
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Figure 30. Bone scan TAC & trend line

Note: Patient 4 with bilateral TKR. This shows symptomatic right TKR (blue)
and the asymptomatic left TKR (red) bone scan TAC & trend lines.
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Figure 31. Bone scan TAC & trend line

Note: Patient 5 with bilateral TKR. This shows symptomatic left TKR (red) and
the asymptomatic left TKR (blue) bone scan TAC & trend lines.
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Figure 32. Bone scan TAC & trend line

Note: Patient 6 with bilateral TKR. This shows symptomatic right TKR (blue)
and the asymptomatic left TKR (red) bone scan TAC & trend lines.
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Figure 33. Bone scan TAC & trend line

Note: Patient 7 with bilateral TKR. This shows symptomatic left TKR (red) and
the asymptomatic left TKR (blue) bone scan TAC & trend lines.
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Figure 34. Bone scan TAC & trend line

Note: Patient 8 with bilateral TKR. This shows symptomatic right TKR (blue)
and the asymptomatic left TKR (red) bone scan TAC & trend lines.
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Figure 35. Bone scan TAC & trend line

Note: Patient 9 with bilateral THR. This shows symptomatic right THR (blue)
and the asymptomatic left THR (red) bone scan TAC & trend lines.
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Figure 36. Bone scan TAC & trend line

Note: Patient 10 with symptomatic unilateral right TKR. This shows symptomatic
right TKR (blue) and the asymptomatic normal left knee (red) bone scan TAC &
trend lines.

141



TAC

250

200

150

Join¥ =0.
Uptake R

1x+101.62 e=pmmRight Uptake

el | eft Uptake

—— Linear (Right Uptake
100 (Right Uptake)

—— Linear (Left Uptake)

I =0.0196x + 68.29
50 R? =0.00079

0. T T T 1

0 50 100 150 200
Time from injection (minutes)

Figure 37. Bone scan TAC & trend line

Note: Patient 11 with symptomatic unilateral left TKR. This shows symptomatic
left TKR (red) and the asymptomatic normal right knee (blue) bone scan TAC &
trend lines.

142



TAC

250

200 +

150

Joint
Uptakey -

37x+115.82
100RE= 0.
y=10.1762x + 114.33
R2=0.03831

50

e=gmmRight Uptake
el | eft Uptake

——Linear (Right Uptake)

—— Linear (Left Uptake)

0 50 100 150 200 250
Time from injection (minutes)

Figure 38. Bone scan TAC & trend line

Note: Patient 12 with bilateral THR. This shows symptomatic right THR (blue)
and the asymptomatic left THR (red) bone scan TAC & trend lines.
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Figure 39. Bone scan TAC & trend line

Note: Patient 13 with bilateral THR. This shows symptomatic right THR (blue)
and the asymptomatic left THR (red) bone scan TAC & trend lines.
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Figure 40. Bone scan TAC & trend line

Note: Patient 14 with bilateral THR. This shows symptomatic right THR (blue)
and the asymptomatic left THR (red) bone scan TAC & trend lines.
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Figure 41. Bone scan TAC & trend line

Note: Patient 15 with bilateral THR. This shows symptomatic right THR (blue)
and the asymptomatic left THR (red) bone scan TAC & trend lines.
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6.4.2 Analysis of NaF Periprosthetic Uptake Pattern

The NaF periprosthetic uptake images were correctly interpreted as positive for
aseptic in 5 of 5 patients (Table 19) and correctly interpreted as positive for
infection/inflammation in 3 of 3 patients. 2 patients were incorrectly identified as
septic (Table 19).

The NaF uptake pattern was assessed by applying the final prosthetic joint
diagnosis using two-tailed Fisher's exact test, p = .1667 (Table 19), indicating
that null hypothesis can be accepted and the results show no significant effect
of the final prosthetic joint diagnosis on the NaF uptake pattern, i.e.,
independence between final prosthetic joint diagnosis and the NaF uptake
pattern (Table 19).

The NaF PET-CT static images were correctly interpreted as positive for aseptic
loosening in 5 of 5 patients (Table 19) and incorrectly interpreted as positive for
infection in 2 of 5 patients (Figure 42).

Table 19. NaF uptake pattern with final diagnosis in aseptic and septic/inflamed
joints

NaF uptake Aseptic Septic/inflamed
pattern
Type 1 0* 0*
Type 2 5* 0*
Type 3 2 3*
Note: *p>.05
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Figure 42. Plain radiograph, NaF PET-CT, CT density map and bone scan

Note: Patient 4’s plain radiograph of the right knee with TKR shows
periprosthetic radiolucency. The NaF PET-CT of the knees shows periprosthetic
activity (green arrows). The CT density map of the right TKR shows
periprosthetic radiolucency (red arrows). The arterial phase bone scan, blood
pool phase and delayed phase bone scan show 3-phase increased uptake

(yellow arrows).
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6.4.3 Analysis of NaF Dynamic Time-Activity Curve

The dynamic NaF periprosthetic uptake images (Figures 43 and 44) were
correctly interpreted as positive for aseptic loosening in 3 of 4 patients (Table
20) and the only infection/inflammation was incorrectly interpreted as negative
for infection/inflammation in 1 of 1 patient. 1 patient was incorrectly identified as
septic (Table 20). The dynamic NaF uptake pattern was assessed by applying
the final prosthetic joint diagnosis using two-tailed Fisher's exact test, p = 1
(Table 20), indicating that null hypothesis can be accepted and the results show
no significant effect of the final prosthetic joint diagnosis on the dynamic NaF
uptake, i.e., independence between final prosthetic joint diagnosis and the
dynamic NaF uptake pattern (Table 20).

Table 18. Dynamic NaF pattern with final diagnosis in aseptic and
septic/inflamed joints

Dynamic Aseptic Septic/inflamed
NaF uptake
pattern

Normal 0* 0*
pattern
Loose 3* 1*
pattern
Infected 1* 0*
pattern
Note: *p>.05

149



Max Vs Time

Max Vs Time

UPTAKE IN kg

Figure 43. Dynamic NaF graphs

Patient 1 with a symptomatic left knee replacement (purple and red) which
shows only relatively mildly increased uptake on the left when compared with
the normal right knee (blue). The uptake curve demonstrates a gradual fall post-
peak which matches with that of a non-septic or aseptically loose prosthesis

which was confirmed with surgical findings.
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Figure 44. Dynamic NaF graphs

Patient 12 with symptomatic right hip showing confirmed aseptic loosening (red)
and asymptomatic left hip (green). Symptomatic right hip with relative mildly
increased uptake when compared with the normal left hip. The uptake curve is
gradually rising and therefore suggestive of aseptic loosening which
corresponded with surgical findings of aseptic loosening.
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6.4.6 CT Periprosthetic Lucency Analysis

Periprosthetic lucency as seen on the CT density map images (Figure 45) were
positive in 12 of 12 patients with aseptic loosening (Table 21) and positive in 3
of 3 patients with infection/inflammation. CT periprosthetic lucency and CT
density maps did not distinguish aseptic loosening from septic loosening
(Tables 18 and 21). Hence, CT periprosthetic lucency is a poor discriminator
between aseptic loosening and infection/inflammation (Table 21). The CT
lucency was assessed by applying the final prosthetic joint diagnosis using two-
tailed Fisher’s exact test, p = 1 (Table 21), indicating that null hypothesis can be
accepted and the results show no significant effect of the final prosthetic joint
diagnosis on the CT lucency, i.e., independence between final prosthetic joint
diagnosis and the CT lucency (Table 21). Fisher's exact test was used to
determine the statistical significance of differences between variables. The CT
density map demonstrated periprosthetic radiolucency in all patients regardless
of the final diagnosis (Table 21) and (Figure 42).

Table 19. Periprosthetic lucency on CT

CT Lucency Aseptic Septic/inflamed
Positive 12* 3*
Negative 0* 0*

Note: *p>.05
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Figure 45. Plain radiograph, NaF PET-CT, CT density map and bone scan

Patient 9’s plain radiograph of right THR shows periprosthetic radiolucency
(black arrows). The NaF PET-CT of the hip demonstrates increased
periprosthetic activity (blue arrows). The CT density map of the right THR
shows periprosthetic radiolucency (red arrows). The arterial phase bone scan
and blood pool phase bone scan without increased uptake. The delayed phase

bone scan shows periprosthetic increased uptake (yellow arrows)
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In summary, the results were affected by the reduced number of scans due to
data corruption and storage difficulties with some of the "®F_NaF PET images
which were unavailable for analysis (Table 13) which ultimately contributed to
the inconsistent results from the dynamic '®F-NaF PET-CT (Table 18) and
(Figures 43 and 44). Similarly, reduced numbers contributed to inconsistent
static '®F-NaF results (Tables 19 and 20). Thus results revealed no significant
correlation between the '®F-NaF uptake patterns; dynamic NaF pattern; bone
scan uptake pattern and periprosthetic lucency with the final diagnoses (Tables
19, 20, 16 and 21 respectively). However, there was significant correlation

between the R? trend line and the final diagnoses (Table 17).

6.5.1 Discussion

The diagnosis of periprosthetic aseptic loosening or septic periprosthetic
loosening can be challenging, and any new imaging technique to diagnose or
exclude periprosthetic complications should attract attention. Distinguishing
between periprosthetic joint infection and aseptic loosening by conventional
radiology and nuclear medicine techniques can be difficult and prolonged (105).
An accurate diagnosis of periprosthetic aseptic loosening or septic
periprosthetic loosening can be made from a combination of clinical features,
laboratory investigations including standard joint radiographs and joint
aspirates. However, in some patients the diagnosis remains unclear prior to
revision joint surgery (200). Plain radiographs and conventional nuclear
medicine often cannot distinguish between septic and aseptic periprosthetic
loosening. Radionuclide imaging is currently not reliably specific enough for
infection and is unable to distinguish infection from inflammation (201).
Consequently, in the final diagnosis, patients with synovitis had similar results to
septic loosening. One of the main limitations of this issue is that radionuclide
imaging techniques would be unable to detect infection when prosthetic joint
replacements are used in the management of rheumatoid arthritis. In addition,

although CT and MRI artefacts can result in non-diagnostic images (202),
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metal related artefacts can be reduced to an extent by using metal artefact

reduction techniques (202).

The goal of this trial was to compare dynamic '®F-Sodium fluoride ('®F-NaF)
PET-CT with 3-phase bone scans in diagnosing prosthetic loosening and in
distinguishing between aseptic or septic loosening. NaF PET-CT static
periprosthetic uptake images were correctly interpreted as positive for aseptic
loosening in 5 of the 5 patients. On the other hand, 3 out of the 3 patients with
infection/inflammation were correctly identified but there were 2 false positive
cases of infection/inflammation. One explanation for false positives in the 2
patients diagnosed with sepsis could be the long femoral stems, heterotopic
ossification as well as the presence of multiple periprosthetic wires and screws.
In the limited number of successfully archived dynamic NaF pattern images;
there was 1 false positive case of dynamic NaF pattern which was possibly
related to the unusually long femoral and tibial stem components in the total
knee replacement. Hence, neither the static NaF PET-CT nor the dynamic NaF

PET-CT scans have shown improved accuracy over conventional bone scans.

Analysis of periprosthetic uptake in 3-phase bone scan images showed 7 true
positive aseptic loosening cases and 3 true positive cases of septic loosening.
However, there were 5 false positive of aseptic loosening which were incorrectly
identified as septic loosening cases. In the analysis of bone scan R? trend lines,
we found 12 cases of true positive aseptic loosening and 3 cases of true
positive septic loosening. This R? trend line method shows promise as there

was no false positive or false negative case.

CT periprosthetic lucency analysis was positive in all 12 cases of aseptic
loosening as well as all 3 cases of infection/inflammation. Hence, CT
periprosthetic lucency was not able to distinguish between aseptic loosening

and infection/inflammation.

The evidence purports that bone scan R? trend line analysis can be useful in the
evaluation of suspected periprosthetic sepsis and aseptic loosening. The
addition of CT data from SPECT-CT could provide additional information that

may influence disease management. CT has been proven useful especially
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when periprosthetic fractures, pseudotumours and collections are suspected
(106).

Therefore, the accuracy of highly sensitive but poorly specific NaF PET-CT and
conventional bone scans can be improved when bone scan data is combined
with R? trend line data to assist in the differentiation of infection from aseptic
loosening. Additional information from CT images could reveal complications
which are not related to aseptic or septic loosening (106). Results from the trial
demonstrate inconsistent results from both dynamic "®F-Sodium fluoride (*®F-
NaF) PET-CT and '®F-Sodium fluoride ('®F-NaF) SUVmax levels. The small
numbers in the infected category as well as the loss of NaF data in both
dynamic '®F-NaF PET-CT and '®F-NaF most likely contributed to the

inconsistent findings.

In conclusion, both static and dynamic NaF PET-CT have not yet been proven
to be useful as a single imaging technique in the evaluation of suspected of
periprosthetic joint infection and aseptic loosening. Furthermore, dynamic NaF
PET-CT is burdensome due to high data and long transfer times. Conventional
bone scans show better results when combined with R? Trendline results from
additional information that may influence the management of the disease.
Lastly, CT periprosthetic lucency was found to be nonspecific and is thought to

be a poor discriminator of aseptic loosening and septic loosening.

6.5.2 Discussion of Trial Problems Encountered and Critical Analysis

General problems encountered in the study include the identification of eligible
trial patients; patient recruitment and retention; prolonged period between scan

dates and surgery dates and patient frailty.

Patient recruitment was a significant obstacle in performing the trial and we
managed to recruit and scan 15 patients from a potential pool of 190 patients
(Figure 46). Difficulty in patient recruitment would need to be considered when
planning future larger trials. Clinical trial recruitment is often slower and more

difficult than anticipated, resulting in several trials failing to reach their target
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sample size within the allocated timescale (203). Our trial recruitment process
was radiology led and the processes were inefficient as we had no prior
relationship with the patients. This was unexpectedly more time-consuming than
usual and there was not enough face-to-face contact with trial participants. The
recruitment would have been better led by orthopaedic surgeons, nurses or
physiotherapists. The longwinded process involved the initial identification of
patients via hospital waiting lists for joint revision surgery. The surgical waiting
list was based on a first-come-first served basis as opposed to severity of
symptoms. Thereafter, there was a time lag between patient recruitment,

prosthetic joint imaging and revision surgery or joint aspiration.

There was a risk of selection bias in this recruitment process because only
patients that were contactable by telephone during working hours were enrolled.
Further selection bias resulted from nonresponse bias (204) due to the fact that
only patients on the waiting list for revision surgery were recruited and patients

considered well enough for non-surgical treatment would have been excluded.

The targeting and enlistment of participants from the waiting list was performed
by a radiologist and not a clinician or nurse. However, patient recruitment is well
known to be improved through favourable long-standing patient-physician
relationships (205) and nurse-led patient recruitment is just as effective as and
more cost-effective than doctor-led recruitment (206). Nurses and
physiotherapists that are directly involved in orthopaedic patient care are more
likely than radiologists to develop rapport with patients making them more likely
to be successful at recruiting patients on to clinical trials than radiologists who
have not had prior dealings with the patient. In addition, allied clinical personnel
such as nurses and physiotherapists that are familiar with the clinical trial can
establish how well patients understand and are satisfied with being recruited on
a one-to-one basis (207, 208). Furthermore, the referral of patients for imaging
tests is not normally under the control of radiologists and therefore the process
of patient identification and enrolment for imaging-centred clinical trials is
therefore more likely to occur optimally when performed by the caring clinical
team (209).
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Other requirements for successful patient recruitment include a supportive
departmental leadership, dedicated experienced administrative trial personnel
and available trial infrastructure (209). Furthermore, opt-out methodology in
medical trial recruitment can be more efficient and more successful than opt-in
methods (210, 211), but opt-out methods of recruitment are more appropriate to
survey-type studies only (212). Opt-in methods are essential for satisfactory

informed consent and medical ethical standards (211).

Following the identification of eligible patients, the prolonged pre-surgery
waiting list occasionally resulted in a time lag between imaging and surgery
dates which resulted in reduced patients' enthusiasm with the clinical trial
recruitment process. Some other factors which resulted in reduced patients'
willingness to enrol in the clinical trial included the lack of opportunities to
improve their chances of a cure, no actual alteration in their received treatment
or specialist care, but this perceived lack of additional care was offset by the
altruistic chance to contribute towards medical research (205). Expedient
factors that were used in our study included the altruistic motives, the promise
to cover travel costs as well as the potential of undergoing a better test.
Although we adequately explained the study over the telephone and in the
multipage letter, we found that the later involvement of family members led to
patient withdrawal (2). Other helpful factors that can lead to improved
recruitment rates include the use of optimistic language in patient letters and

leaflets as well as the provision of practical or psychological assistance (205).

Other important steps in the successful recruitment process include enrolling a
sufficient representative selection of the population and receiving informed
consent by direct recruitment from outpatient clinics and initial face to face trial
discussions by orthopaedic nurses, surgeons and physiotherapists (213)
followed up by trial literature. This method is likely to avoid any ethical issues
including telephone cold calling whilst limiting trial costs and improving patient

retention.
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Figure 46. Patient recruitment

Note: The patients were recruited to the trial from the prosthetic joint revision
surgical waiting list. Those retained following recruitment were scanned

according to the trial protocol.

Analyses of randomised controlled trials in elderly patients demonstrate
approximately 50% median rates for recruitment and 15% attrition rate (214)
which matches our high dropout rate of 50%. These group of patients are
generally are elderly with reduced mobility and despite the ongoing complaints
of joint pain and relatively lengthy scan times we did not have any patient
terminate the scan procedure. The use of blankets, pillows and knee rests

improved patient comfort.

One specific problem encountered was a false positive case resulting from
rheumatoid arthritis. Therefore any patient with inflammatory arthropathy
may need to be screened out and excluded from any future potential clinical
study. The incidence of claustrophobia in Positron Emission Tomography is
significantly lower than in Magnetic Resonance Imaging (215). The non-
completion rate was 0%, because no test was discontinued due to anxiety,
discomfort, fear or claustrophobia. There was no requirement for the use of
anxiolytic and sedative medication, noise-reduction techniques, special

psychological support, anxiety reduction protocols, or cognitive behavioural
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therapy (216). Patients were scanned supine and no complication was
observed in any of the patients. Patients should be kept comfortable due to
relatively longer scan acquisition timing over one bed position which occurs
during the dynamic PET technique immediately following the inline CT (217,

218) to avoid spatial misregistration artefact (219).

'8F_Sodium fluoride (®F-NaF) supply schedule was less reliable than '8F-
Fluorodeoxyglucose (*®F-FDG) supply in many parts of England. Therefore,
®F_Sodium fluoride ('®F-NaF) scan times would need to match the
production timetables and delivery timetable of the preferred NaF supplier
(220), but with technological improvements in radiosynthesis, the worldwide
supply of "8F-Sodium fluoride ('®F-NaF) is on the increase (221). Commonly
used cyclotron-produced radiotracers are commercially available in the
United Kingdom from Erigal Limited (Erigal), Siemens PET-CT, IBA
Molecular UK Limited (IBA Molecular UK) and General Electric (GE®)
Healthcare. '®F-Sodium fluoride (*®F-NaF) production sites in the United
Kingdom as at February 2018 are Erigal Limited with production sites at
Keele, Preston and Sutton. Siemens PETNET has sites at Mount Vernon
hospital as well as in Nottingham. General Electric (GE®) Healthcare does
not directly manufacture and deliver radiotracers around the country but
instead provides synthesizer cassettes to PET centres using the FASTlab™
system. IBA Molecular UK has sites at Dinnington and Guildford for the
production of FDG, but IBA do not produce '®F-Sodium fluoride ('®F-NaF)
(222). FASTIab™ is a high performance chemistry system which features a
single-use cassette system that contains pre-measured quantities of all
chemicals required for the synthesis of specific radiopharmaceuticals. This

is thought to be flexible, economical and results in its high yield and high
reproducibility (223). PET-CT requires a co-registered CT scan to correct
attenuation defects and the effective radiation dose of a single large synovial
joint from '®F-Sodium fluoride (*®F-NaF) is close to 5 times more than the dose
from planar bone scintigraphy (128). '®F-Sodium fluoride ('®F-NaF) PET-CT

study costs almost 4 times more than for planar bone scintigraphy (128). The
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'®F_Sodium fluoride (*®F-NaF) PET-CT scan is usually completed in 30 minutes
whilst it takes 3 to 4 hours to acquire the planar dynamic bone scan images.

Despite, the relatively low PET-CT usage in England when compared with other
parts of Europe, there is limited capacity on the available PET-CT scanners in
many parts of the United Kingdom as PET-CT demand has grown by 14% per

annum over the last decade (224).

The PET-CT machine was changed from a GE Discovery ST with 16 slice CT
(GE Healthcare®) to a GE Discovery 710 with 64 slice CT (GE Healthcare®) in
2015 and some patients were scanned in my absence both resulting in partial
data loss and data corruption of dynamic NaF images that had been stored in
the hard drive of the GE Discovery ST. The large data set results in system
overload once the bandwidth of the system is exceeded leading to image failure
and losses. This was a major limitation of the study for which the following
learning points will be emphasised. Four major causes of PACS image loss
include (225)

e Vendor Incompatibility — the lack of conformance between machinery
and computer systems from different sellers.

e Unsupported Options - when two DICOM devices do not match each
other on advanced transfer options, system failure may arise and the
computer systems stop communicating

e System overload — occurs when the limits of the bandwidth are exceeded
resulting in image failure and losses become inevitable

e Collateral image loss — image loss occurs due to other unrelated
problems such as blackouts and server failures

To prevent these unpredicted events from happening, daily audits of PACS
images need to be performed in a manner similar to daily quality assurance
tests on machinery should be performed to ensure that there is no case of
partial series loss or complete series missing (225). In order to ensure test
uniformity between the multicentre trial participants, the set-up process will
need to create standard operating procedures that would ensure consistent
high-quality imaging data based on quality assurance, fixed imaging protocols
and system characterisation (226). Optimal protocols should include
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standardised patient preparation instructions, matched scan statistics and
standard activity prescription as well as standardised scanning protocols
including bed position timing, bed overlap, the use of 2D or 3D, resolution as
well as reconstruction protocols for each centre (227). The framework for image
transfer and storage can be achieved via compact discs, or better still with the
use of internet-based and cloud-based technologies (228). Phantoms should be
used to harmonize both data acquisition and processing as well as analysis
parameters (229). The criteria for radiology reporting should be sufficiently

robust to allow for blinded radiology reporting (230).

The important statistical issues that need to be considered in setting up a NaF
trial include assessing numbers needed to allocate to the clinical trial size; the
new imaging test that needs to be compared with a control group of patients
receiving a standard imaging investigation; randomization of patients to different
comparative groups to avoid bias; Stratification the randomization process will
need to be stratified or restricted to make sure that different investigations are
comparable (231). Although small pilot trials can be beneficial and may help in
the planning of trial protocols and schedules to avoid unacceptable levels of
patient harm before rolling it out to a larger patient group (232), but even pilot
trials can be controlled by randomization (233) to avoid uncontrolled pilot
studies can be as misleading due to their small sizes and also due to random
differences between different groups (232). Most randomised clinical trials in the
United Kingdom do not achieve their original recruitment target and about half
the trials have their recruitment period extended (203, 213). Some of the
strategies that were employed to improve recruitment included regular visits to
the orthopaedic department, making amendments to trial inclusion criteria by
increasing the patient age range and also removing restrictive exclusion criteria,
as well as presentation to consultant orthopaedic groups, research team

meetings and national nuclear medicine meetings (203).
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6.5.3. Single versus Multicentre Trial

Single-centre trials are the preferred trial method because they are less
expensive, easier to run and also because logical multi-centre trial planning

may lead to an unequal distribution of patients across centres (234).

Multicentre trials are often spread unevenly between sites. Some authors argue
that this reflects inefficiency, poor planning and or poor control in execution
(234). Patient recruitment often mirror attendance rates in clinics or other
recruitment venues (234). Therefore, recruitment and coordination of multi-
centre trials must allow for disparity in the number of recruited patients per
centre (234). In order to achieve statistical relevance by increasing sample size
and complete recruitment within acceptable time period trials in a timely
manner, multi-centre trials are able to provide a major advantage by recruiting
patients simultaneously from a number of centres. The multicentre trial also

produces more representative trial conclusions regarding the whole population.

Multiple independent trials may also provide a summary of trial data from
different sources and are beneficial for evaluating adverse events, but multiple
independent trials have less statistical strength than single and multi-centre
trials (235). Organisational and extra-organisational practises, structures and
processes contribute towards the progress or obstruction of the patient
recruitment process (236). Specifically, competition for research participants
between different organisations, conflict between clinical and clinical research
work, a perceived staff increased workload burden due to the trial patients as
well as perceived vulnerability of older patients to excessive research exposure
are considered detrimental (236, 237). Rigid ethical regulations as well as the
structure and relationships within clinical research teams are also influential
(236).
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6.5.4 Change in Practice and Future Research

Dynamic positron emission tomography computed tomography (PET-CT) with
®F_Sodium fluoride ('®F-NaF) was thought to be more accurate than
conventional imaging techniques for diagnosis of complicated joint prostheses.
Up to now however, there has been no evidence to show that dynamic 'éF-
Sodium fluoride ('®F-NaF) PET-CT leads to improved management of patients

in routine clinical practice.

This pilot study provides prior feasibility work before setting up to a single centre
or multicentre randomized controlled trial. It demonstrates ideal recruitment
methods and rates, obstacles to patient participation in clinical trials, as well as
suggests the acceptability of dynamic '®F-Sodium fluoride ('®F-NaF) PET-CT.
The information from this feasibility study will be of value to researchers and
funders in the design and commissioning of future research in to prosthetic joint
infection imaging (238). The ideal trial would be a multicentre trial to improve
trial recruitment numbers and patients could be entered in the two arms of
dynamic sodium fluoride ®F-Sodium fluoride ('®F-NaF) PET-CT versus isotope

bone scans.

Before treatment or revision, patients from multiple centres will be randomly
assigned to either the conventional imaging group (CIG) or the dynamic '®F-
Sodium fluoride ("®F-NaF) PET-CT group (DNPG). Patients will be followed up
with surgery, microbiology, biochemistry and clinically for 2 years. The primary
outcome measure will be speed and accuracy of true positive and true negative
diagnoses. A balance between patient safety, access to innovative
technologies and improved patient care should be maintained when introducing
new uses for radiopharmaceuticals or new radiopharmaceuticals for clinical use
(239). International standards of quality assurance, good manufacturing practice
and risk assessment studies should be adhered to and it is important to
collaborate with both clinical and nonclinical professionals as well as industry

and academia (239).

Dynamic sodium fluoride '®F-Sodium fluoride ('®F-NaF) PET-CT will also

undergo economic evaluation to calculate its cost-effectiveness and possible
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cost-savings when used to investigate painful joint prostheses. The role of
SPECT-CT bone (**"Tc-HDP) scans will be assessed at the same time. The
potential cost saving would be obtained chiefly from the reduced clinic visits,
reduced imaging and non-imaging investigations (240), reduced use of
pharmaceuticals as well as avoidance of unnecessary surgery such as
examination under anaesthesia. The economic benefits can be obtained by
examining Patient Reported Outcome Measures (PROMs) to calculate the
quality-adjusted life years (QALYs) (241) and the improvement in health-related
quality of life (HRQoL) (241). The analysis will provide a cost—utility ratio using
dynamic sodium fluoride "®F-Sodium fluoride ('®F-NaF) PET-CT and SPECT-CT
bone (*"Tc--HDP) scans, yielding a cost per QALY gained (241).

Quantification and graphical presentation of test results are potential ways of
solving some of the difficulties in assessing nuclear medicine images. The
importance and relative ease of interpretation as well as improved accuracy of
graphical presentation of cardiac imaging tests results has been demonstrated
in radionuclide imaging (242) with significant superior results when compared
with visual interpretation (242). Furthermore, quantitative radionuclide
angiographic data from dynamic brain imaging using ¥MTc-HMPAO can be
presented graphically resulting in an effortless non-invasive way of
demonstrating cerebral perfusion without any blood sampling (243). Graphical
time activity curves can also be applied to the in vitro studies such as in the
measurements of radionuclide concentration in the marine environment where

there are non-detect values (244).

6.5.5 Lessons Learnt and How to Address Trial Problems

The planned study should ideally be a multicentre trial to improve patient
recruitment numbers via the orthopaedic department’s nurses, physiotherapists
or surgeons. Data from %MTc-HDP bone scans and dynamic sodium fluoride
®F_Sodium fluoride ('®F-NaF) PET-CT will be analysed and presented with
graphs. Dynamic sodium fluoride "®F-Sodium fluoride ('®F-NaF) PET-CT images
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are data-heavy and both image transfer and storage process will require close
supervision to avoid data corruption and loss of data. The relative limited
availability of "®F-Sodium fluoride (*®F-NaF) PET-CT and its higher cost of '®F-
Sodium fluoride ('®F-NaF) PET-CT may be reduced by batching patients and
scanning in bulk. In addressing some of the queries that we received from the
research ethics committee, although there is a higher patient radiation dose
which mainly comes from the CT component (245), this should be partially
offset by the reduced requirement for repeated imaging. The life cycle of the
scanner should be taken into consideration before the start of the trial to avoid
scanner replacements during trial period. There should be a more robust trial

plan for data transfer and storage to minimise data loss or corruption.

6.6 Conclusion

Dynamic ®F-NaF PET-CT is feasible but it produces large data files which can
be corrupted resulting in data loss. Dynamic '®F-NaF PET-CT as a single
imaging investigation is not a reliable method of diagnosing infection or
loosening of joint prostheses. Dynamic '®F_NaF PET-CT has not been proven to
be a reliable method of differentiating loosening from infection of joint
prostheses. Dynamic ®F- NaF PET-CT on its own has not been proven to be
more cost-effective and accurate in the detection of infection/loosening of joint

prostheses.

Although significant problems were encountered with the '®F-Sodium fluoride
(*®F-NaF) PET-CT imaging and data storage, this trial has demonstrated that
image acquisition is possible and may provide additional data. This trial has
conclusively demonstrated that it is possible to extract new graphical
mathematical data such as m and R? (Equation 1) from the commonly used
®MTc-MDP dynamic bone scan. Further research is required to replicate this
level of accuracy in using R? values greater than 0.2 in larger studies whether to
distinguish septic loosening or inflammation from aseptic loosening. Combining
this method with CT periprosthetic lucency from SPECT-CT may improve the
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accuracy even further. In addition, **"Tc-MDP dynamic bone scans are cheaper
and more widely available than '®F-Sodium fluoride ('®F-NaF) PET-CT.

More evidence from further research with larger numbers of '®F-Sodium fluoride
(*®F-NaF) PET-CT scans is required before firm conclusions can be drawn from
the usefulness of dynamic'®F-Sodium fluoride (®F-NaF) PET-CT to distinguish

septic loosening or inflammation from aseptic loosening.

6.7 Summary

e Useful graphical mathematical data can be extracted from the commonly
used ®™Tc-MDP dynamic bone scan which may distinguish septic
loosening or inflammation from aseptic loosening.

e This is important because *™Tc-MDP dynamic bone scans are cheaper
and more widely available than "®F-Sodium fluoride ('®F-NaF) PET-CT.

e R?values greater than 0.2 may indicate septic loosening or inflammation

e CT periprosthetic lucency from SPECT-CT may improve the accuracy
even further.

e Further research with larger numbers is required with improved patient

recruitment strategies.
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Chapter 7 Research Proposal. Labelling Study - A Potential Role
for Lymphoseek® In the Assessment of Patients with Painful Hip and

Knee Joint Prostheses — Background & Proposal.

7.1 Abstract

Background: This experiment was designed and planned but was not carried
out. The study was designed to analyse how Lymphoseek®, a new
radiopharmaceutical that binds to the mannose receptor on the cell surface of
macrophages can assist in the radiological assessment of patients with painful
hip and knee joint prostheses from wear particle induced loosening. This
imaging test is based on the innovative demonstration of the accumulation of
activated macrophages in aseptically loose periprosthetic membranes. It is
expected that our outcomes will show the need for more medical imaging
research in this area and that the imaging of periprosthetic membranes in the

future should involve a combination of anatomical and functional imaging.

Methods: Two groups of experiments will be performed — in vivo intravenously
injections in pre-surgery joint revision patients and ex vivo examination of
surgically extracted periprosthetic membranes in patients with painful joint
prostheses using *™Tc-Tilmanocept. Lastly, ex vivo confirmatory
immunohistochemistry experiments will be performed on the fresh periprosthetic
membranes from these same 10 patients after joint revision surgery on the
painful failed knee and hip arthroplasties by using CD68 or CD206. The ex vivo
fixed tissue specimens will also be labelled using haematoxylin-eosin for the
histological examination The purpose of the histological examination is to rule-
out infection based on the degree polymorphonuclear leukocytic infiltration
and/or confirm the presence of foreign body particles; macrophages and
multinucleated giant cells in aseptic loosening (246).
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Results: This experiment was designed but not performed and no result is
available. However, it is hoped that the results will demonstrate that
Lymphoseek® binds to the mannose receptor on the cell surface of

macrophages in aseptic wear particle induced loosening in prosthetic joints.

Conclusion: This experiment was designed but not performed. It is expected
that it will assist in the radiological assessment of patients with painful hip and
knee joint prostheses using the novel technique of a macrophage mannose
receptor imaging in humans to demonstrate periprosthetic membrane aseptic
loosening. It is also hoped that radionuclide scintigraphy with *™Tc-
Tilmanocept SPECT-CT scan will be a useful imaging investigation in the
assessment of the painful knee arthroplasty and that a negative 9MTe-
Tilmanocept scan would reassuring make a diagnosis of aseptic loosening

unlikely.

7.2 Background and Introduction

Due to the disabling nature of arthritis, surgical attempts have been made for
well over a century to treat diseased joints (9). At least 40,000 hip and knee
replacements are carried out every year in the UK (2). Approximately 0.4 to 4%
of these are complicated by deep infection but the true figure is probably less
than 1% (2). Complications of joint prostheses include aseptic loosening with an
incidence of 2-18% and 23% respectively in the knees and hips (4), but
infection has much more devastating consequences (5). The mean time from
surgery to diagnosis is just under 14 months with the majority of patients
presenting after 3 months (2). The diagnosis of prosthetic aseptic loosening and
infection is very important both to patient well-being and mobility as well as the
health economy. Management of these cases could be conservative or surgical.

The clinical features of aseptic loosening consist mainly of joint pain in the
absence of clinical features of infection (247) such as sinus formation or
discharge and also an absence of leucocytosis, elevated erythrocyte
sedimentation rate (ESR) and/or C-reactive protein (CRP) (2, 7, 247). Current
imaging investigations used in prosthetic joints include serial radiographs,
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contrast arthrography, ultrasound, MRI, CT and conventional Nuclear Medicine
studies. The sensitivity, specificity and accuracy for the plain radiographs are
approximately 43%, 86% and 64%, respectively (170). Although serial
radiographs are insensitive, non-specific and generally unhelpful (248), they
often are sufficient and are also able to detect periprosthetic factures (45). CT
and MRI are particularly useful for periprosthetic collections, but they produce
significant artefact in the region of the prostheses which can render them
uninterpretable. Ultrasound has no role to play in diagnosing loosening with
accuracy (45) and contrast arthrography is invasive and requires skilled staff.
Nuclear medicine techniques are generally very sensitive for aseptic loosening
and prosthetic infection but due to low specificity there is often a requirement to
combine with different imaging tests (249, 250). Conventional nuclear medicine
studies employed in the investigation of painful joint prostheses include dynamic
3-phase radionuclide bone scans as well as radionuclide infection/inflammatory
scans which include labelled white cell scans and ®'Gallium imaging. Until
recently, labelled monoclonal immunoglobulin fragments such as sulesomab
(LeukoScan©) were used to distinguish aseptic loosening from periprosthetic
infection (128) with an accuracy of over 80% (249) but immunoglobulins were
beset with problems such as human anti-mouse antibody (HAMA) response due
to the production of endogenous antibodies (128) as well as anaphylactic and
other hypersensitivity reactions (128). The use of monoclonal antibodies was
permanently discontinued in 2018 by Immunomedics™ GmbH and the
European  Union  for  commercial reasons  (187).  **™Tc-HDP
(hydroxydiphosphonate) /MDP (methylene diphosphonate) planar bone scans
have a sensitivity of 66.7%, specificity of 94.5% and accuracy of 87.5% for
detecting infection and aseptic loosening (72) but differentiating one from the
other can be difficult. With bone scans, infection usually demonstrates diffusely
increased uptake on both the blood pool and delayed phases, whilst aseptic
loosening bone scans tend to feature focal uptake at the prosthetic tip usually
on the delayed phase only. Hence, combination imaging remains the gold
standard in radionuclide diagnosis of prosthetic infections (47). Consequently, a
combination of indium-labelled white cell Imaging using SPECT-CT with bone or
bone marrow imaging with **"Tc-HDP or **™Tc sulphur colloid respectively is

currently thought to be one of the most accurate ways of distinguishing aseptic
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loosening from prosthetic joint infections. Other combinations which have been
tried with varying results include ’Gallium imaging and labelled Immunoglobulin
imaging (178) but monsoonal antibodies have since been discontinued (187).
The accuracy of imaging techniques is improved when combined with ESR and
CRP measurements (251). Positron Emission Tomography (PET) in conjunction
with CT (PET-CT) is a relative new Nuclear Medicine imaging technique. It is
well established as a powerful diagnostic tool in oncology but has rapidly
broadening applications as new radiopharmaceuticals and methodologies
become available. The radionuclides used in PET imaging typically decay by
positron emission with short half-lives (less than 120 minutes) and PET
scanners benefit from improved sensitivity and spatial resolution compared to
conventional gamma cameras due to the coincidence detection of the two
annihilation photons, arising from a positron/electron interaction which permits
an imaging modality that is not burdened with a collimator (252). PET imaging is
intrinsically tomographic and tomographic imaging, as opposed to planar
imaging offers clear advantages in terms of localisation of pathology and image
contrast allowing differentiation between bony cortex and marrow as well as the
acquisition of images in a considerably shorter periods of time than with single
photon emission computerised tomography (SPECT). PET-CT scanners
incorporate high quality CT devices and, although the primary purpose of this
transmission device is to assist with attenuation correction of the PET emission
data, diagnostic quality CT images are available for localising functional
information and the radiological assessment of any structural changes (252).
Two readily available PET radiopharmaceuticals which have been investigated
in the differentiation of aseptic loosening from prosthetic joint infection are '®F-
Fluorodeoxyglucose (FDG) and '®F-NaF (253) with widely variable accuracy
(49, 254) but negative results are more informative than positive ones (255). In
general, than Leukocyte imaging has a greater role to play than FDG PET-CT in
distinguishing aseptic loosening from prosthetic joint infection (256). In essence,
there is currently no effective single imaging test capable of both diagnosing
and distinguishing between aseptic loosening and infection of joint prostheses.
Plain radiographs and dynamic planar bone imaging are accepted first line
techniques to evaluate symptomatic hip and knee prostheses. Technical

limitations and poor specificity result in these frequently being accompanied by
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additional nuclear medicine investigations such as radiolabelled white cell scans
or in the recent past - LeukoScan® investigations. These additional
investigations are costly and time consuming for both patients and staff and
may still not offer a definitive diagnosis. '®F-NaF PET-CT is very sensitive to
change in bone metabolism but lacks specificity in distinguishing between

simple loosening or loosening with underlying infection (41, 78).

Histopathological studies of the periprosthetic membranes performed
demonstrate 4 types of periprosthetic membranes (246) and surgical sampling
of the prosthetic interface membrane yields better specimens for more accurate
histopathological diagnosis of prosthetic joint infections than from

pseudocapsule specimens (257). The 4 types are:

1. Type | - Wear particle induced type (detection of foreign body particles;
macrophages and multinucleated giant cells occupy at least 20% of the
area (246).

2. Type Il - Infectious type (granulation tissue with neutrophilic

granulocytes, plasma cells and few, if any, wear particles (246).

3. Type Il - Combined type (aspects of type | and type Il occur

simultaneously (246).

4. Type IV - Indeterminate type (neither criteria for type | nor type Il are
fulfilled (246).

The incidence of histopathological membrane types was: type | (54.3%), type |
(19.7%), type lll (5.4%) and type IV (15.4%) with 5.1% of cases not being
assessable (246). The results showed a high correlation between

histopathological and microbiological results (246).

Activated macrophages heavily infiltrate periprosthetic membranes with aseptic
loosening and express CD206 (cluster of differentiation) receptors. This

technique for the in vitro detection of periprosthetic membrane tissues infiltrated
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with CD206 positive cells was developed based on *™Tc-Tilmanocept
(Lymphoseek®) scintigraphy which is marketed by Norgine B.V for sentinel
lymph node mapping by binding to activated macrophages in lymph nodes
(258). This study aims to investigate whether Technetium, *™Tc-Tilmanocept
(Lymphoseek®), accumulates in the periprosthetic membrane to different
degrees in the 4 histological types based on the classification by Morawietz
(246) and to evaluate the specificity of **™Tc -Tilmanocept (Lymphoseek®)
binding to activated CD206 positive cells in periprosthetic membranes. **™Tc-
Tilmanocept (Lymphoseek®) is a radiopharmaceutical macromolecule with a
molecular weight of 28-kilodalton, a diameter of 0.007 ym and a surface area of
7.1nm? (259, 260). It is comprised of a dextran backbone (10-kilodalton) to
which multiple units of mannose and DTPA (diethylenetriaminepentaacetic acid)
are attached (259). It is the mannose backbone that binds to the CD206 (cluster
of differentiation) receptor while the DTPA constituent binds to *™Tc.
Lymphoseek® is licenced for intradermal, subcutaneous, subareolar and
peritumoral injection routes for lymphatic mapping in the localization of sentinel
lymph nodes draining a primary tumours in a variety of cancers. Theoretically,
Lymphoseek® binding in high concentration will provide evidence of high
numbers of macrophages (259, 261). The intravenous route of **™Tc-
Tilmanocept injection into patients has been assessed in a single centre phase
1/2 clinical study to evaluate with Kaposi sarcoma as an open-label, non-
randomized trial (262). Preclinical studies imply that subcutaneous radiolabelled
Tilmanocept is excreted from plasma by means of glomerular filtration, passive
secretion into the Bowman’s capsule and also by binding to the CD206

receptors in the mesangial cell matrix (263).
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7.3 Hypothesis

This study addressed the following hypotheses:

(1) Intravenously injected **"Tc labelled Lymphoseek® can accurately

demonstrate high levels of activated macrophage cells in periprosthetic tissue.

(2) Intravenously injected *™Tc labelled Lymphoseek® SPECT-CT can
accurately demonstrate the distribution of activated macrophages in

periprosthetic tissue.

(3) Intravenously injected %™Tc labelled Lymphoseek® SPECT-CT can
accurately diagnose aseptic loosening in periprosthetic tissue.

(4) Intravenously injected %MTc  labelled Lymphoseek® distribution in
periprosthetic tissue does not accurately match the distribution of neutrophils
and %*"Tc labelled Lymphoseek will therefore distinguish aseptic loosening from

periprosthetic joint infection.

7.4 Aim

The aim of this study is to validate the use of ®™Tc-Tilmanocept (Lymphoseek®)
as a viable in vivo agent to accurately demonstrate activated macrophage cell
distribution in periprosthetic tissue sections. The aim is to validate high-levels of
9MTc-Tilmanocept Lymphoseek activity in aseptically loosened periprosthetic
membrane in vivo following intravenously administered **™Tc-Tilmanocept (264,
265) and at the same time demonstrate low uptake in asymptomatic as well as
septic periprosthetic membranes. In addition, ex vivo studies will be performed
to reveal co-localization between **™Tc-Tilmanocept) and CD206 positive
macrophages on periprosthetic membranes. Ex vivo experiments will be

performed in 2 parts — (a) Immunohistochemistry with single antibody labelled
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against CD206 and CD68 (b) Immunofluorescence with dual-labelled
Tilmanocept with CD68 and CD206 antibodies detected using fluorescent
markers such as Alexa 488 (266). These will quantify activated macrophages in
periprosthetic membrane tissues and assess the concentration of periprosthetic

membrane CD68 and CD206 positive macrophage infiltrates in tissue samples.

7.5 Methods

The studies will be performed following approval by local research ethics
committee and the University Coventry and Warwickshire Research &
Development department. Informed patient consent will be obtained. Two
groups of experiments will be performed — in vivo intravenously injections in
pre-surgery joint revision patients and ex vivo examination of surgically

extracted periprosthetic membranes in patients with painful joint prostheses.

In vivo experiments will be performed on 10 patients with painful prosthetic
joints prior to joint revision surgery. This imaging technique was developed to
diagnose aseptic loosening using single photon emission computer tomography
(SPECT) by analysing the presence of activated macrophages in symptomatic
knee and hip periprosthetic membranes using mannose receptors (CD206)
present in the macrophage cell membranes. This assumes that following the
intravenous administration of ggmTc-TiImanocept, periprosthetic membrane
uptake would be proportional to the presence of activated macrophages present
in the periprosthetic membrane (264) and that SPECT-CT-based quantification
of ggmTc-TiImanocept uptake would be feasible based on prior studies which
measured ggmTc-TiImanocept uptake in joints and the aorta (264, 266). Recent
research studies refer to physiological accumulation of increased background
activity in the kidneys and liver (266) and planar images of the abdomen will
therefore be obtained for quality assurance and to confirm adequate injection

and dosage.
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Patients will receive intravenous injections 400ug Tilmanocept radiolabelled
with 370 MBq of **™Tc. Planar images of the affected joints and the abdomen
will be acquired at 60 minutes and 180 minutes post-injection. SPECT-CT
images of the prosthetic joints will also be performed at 180 minutes post-
injection (264, 266). Similar injection doses of 400ug Tilmanocept radiolabelled
with 370 MBq of **™Tc will be administered to patients with bilateral lower limb
prostheses followed by the acquisition of planar images of both joints and the
abdomen at both 60 minutes and 180 minutes post-injection. Thereafter,
SPECT-CT images of both prosthetic joints will be performed at 180 minutes
post-injection (264, 266). Imaging will be performed with a Discovery NM/CT
670 gamma camera from GE™ Healthcare. Thereafter, SPECT-CT images of
the symptomatic joint will be acquired with the dual head gamma camera and
16-slice CT scanner. Image projections will be acquired using the 140 KeV
energy window and ordered subsets expectation maximization algorithm
(OSEM) iterative reconstruction will be used to reconstruct the SPECT images.
Corrections will be made for motion and misregistration. The acquired CT
images will be used for attenuation correction. Target to background ratios will
be calculated using fused SPECT-CT guided voxels (volumes of interest) in the
reconstructed images by comparing pathological Tilmanocept uptake which will
be normalized to a reference region in unaffected skeletal muscle because of
the propensity of muscle to display consistent low levels of activity (266). The
scan duration will be 15 to 30 minutes (depending on the metallic stem length).
Three hours was chosen as the most ideal acquisition time point after
intravenous administration because research and pharmacokinetics have
shown this to be optimal (266). In patients with more than one knee or hip joint
prosthesis, the ggmTc-TiImanocept percentage uptake in the symptomatic joint
prosthesis will be compared with the percentage uptake in non-symptomatic
joints. Images will be analysed and reviewed on GE Xeleris™ version 4
workstations. Identical in vivo imaging techniques can also be performed using
a Discovery 710 PET-CT scanner with 64 slice CT capability instead of SPECT-
CT to analyse subcellular localization of activated macrophages by substituting
99MT¢-Tilmanocept with ®®Ga-Tilmanocept (128, 267).
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Ex vivo experiments on fresh periprosthetic membranes from these same 10
patients will be performed subsequent to the surgical removal of periprosthetic
membranes after joint revision surgery on painful failed knee and hip
arthroplasties. The tissue specimens will be formalin-fixed, paraffin-embedded
and then frozen immediately after removal (268) to prevent dehydration. 4 um
thick sections of the formalin-fixed, paraffin-embedded (FFPE) tissue blocks will
be created from the resected surgical samples and then stored at ultralow
temperatures (-80°C). The FFPE tissue sections will then be de-paraffinised
and rehydrated in xylene and graded ethanol followed afterwards by antigen
retrieval using high heat for 20 minutes as described by MV Zanni et al (266).
The de-paraffinised sections will be incubated with peroxidase and washed in
Tris Buffered Saline (TBS) followed by a 30 minute protein block (266).

Single label immunohistochemistry on tissue sections will be performed at 4°C
by overnight incubation with mouse anti-CD68 antibody (1/50, DAKO
Corporation, Trappes, France) to identify both M1 and M2 macrophage
subtypes (269). Whilst the goat anti-mannose receptor (MR) antibody (1/50,
Santa Cruz Biotechnology, Heidelberg, Germany) will be used to distinguish
between the CD68 positive mannose receptor (M1) and CD68 positive
mannose receptor positive (M2) subtypes (269). Immunostaining will be
performed for visualization using biotinylated secondary antibodies (1/200,
Vector laboratories, Burlingam, CA), streptavidin—horseradish peroxidase
(Vectastain ABC kit, Vector laboratories), and the 3-amino-9-ethylcarbazole
substrate—chromogen system (Sigma-Aldrich) (269). Alternately, single label
immunohistochemistry will be performed with antibodies against CD206 (R&D
Systems) (Serotec) (266) and then visualized using 3, 3’-diaminobenzidine
tetrahydrochloride (DAB, Dako) (266). Afterwards, the relative numbers of CD68
positive mannose receptor (M1) and CD68 positive mannose receptor (M2)
macrophages in the periprosthetic membrane tissue will be quantified to
determine the M1/M2 ratio (269). Immunofluorescence will be performed with
dual-labelled Tilmanocept with CD68 and CD206 antibodies and detected using
fluorescent markers such as Alexa 488 (266). Alexa Fluor 488 is a fluorescent
dye (266, 270) with emission/excitation spectra wavelength maximum of 488

nm (271). This will quantify activated macrophage levels in periprosthetic
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membrane tissues samples. The average number of immune positive
macrophages will be counted in 20 high power fields of view using a

microscope (269).

The formalin-fixed, paraffin-embedded (FFPE) tissue blocks of periprosthetic
membrane specimens will also be cut and stained with haematoxylin-eosin to
rule-out infection based of the degree polymorphonuclear leukocytic infiltration
(137) as stipulated in the proceedings from the 2013 International Consensus
Meeting on Periprosthetic Joint Infection held in Philadelphia (272). Samples
would have to demonstrate less than 5 neutrophils per high-power field with
negative cultures on periprosthetic cultures extended to 2 weeks to exclude
periprosthetic sepsis as a cause of symptoms (137, 272). Alternately, aseptic
loosening consists of a dense mass like infiltrate of particle-laden macrophages
with resultant central necrosis, increased osteoclastic activity and surrounding
bone resorption and the histological samples would be examined for the
presence of foreign body particles; macrophages and multinucleated giant cells
(246).

7.6 Discussion

This is the first-in-human study to identify activated macrophages in aseptic
loosening of periprosthetic membrane in joints using 9MTc-Tilmanocept
SPECT-CT to detect the presence of CD206 positive macrophages in vivo. The
ex vivo experiment will also confirm the presence of macrophages in the
surgically excised periprosthetic membranes. Therefore, following the
intravenous injection of ggmTc-TiImanocept and the subsequent periprosthetic
membrane **™Tc-Tilmanocept uptake quantified by SPECT-CT can be inferred
to reflect CD206 positive macrophage concentration in periprosthetic
membranes. From prior research studies, we expect that there will be an
increased background activity in the kidneys as well as the liver and planar

images of the abdomen will confirm adequate injection and absorption.
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There is significant heterogeneity in the macrophage categories and an in vivo
overlap exists between M1 and M2 subsets of macrophages due to in vivo
plasticity that is not clearly witnessed in in vitro and ex vivo environments (266,
273). This is thought to result from phenotypical alteration in response to signals
in the local environment (266, 273, 274). This study will reveal the important
role of CD206 positive macrophages in aseptic loosening of periprosthetic
membranes as well as demonstrate a connection between aseptic loosening in
periprosthetic membranes and elevated levels of periprosthetic membrane
9MTc-Tilmanocept uptake. Additional research is required to determine optimal
intravenous doses in human periprosthetic joint imaging and also to determine
whether false positive cases occur in the asymptomatic early post joint
replacement period. The likelihood of **™Tc-Tilmanocept becoming a mannose
receptor imaging in CD206 positive macrophages in inflamed human joints has
recently been proposed (128, 264, 275) but the potential role for Lymphoseek®
in the imaging assessment of painful joint prostheses requires further research
before it becomes an established imaging technique.

There are other MRC1 antibodies (Mannose Receptor, C Type 1) which are
expressed by the Human MRC1 gene and also demonstrate cytoplasmic
positivity in macrophages. Some of these exist as 3 clones of the MRC1
antibodies - HPA004114, HPA045134 and AMAb90746 which are all produced
from rabbit host species. Alternately, the polyclonal antibodies - HPA004114
and HPA045134 or the monoclonal antibody - AMAb90746 may also be used
(276). These antibodies are supplied by Sigma-Aldrich Company Ltd. The Old
Brickyard, New Road, Gillingham, Dorset, SP8 4XT United Kingdom and Atlas
Antibodies AB, Voltavagen 13A, SE-168 69 Bromma, Sweden (276).

PET scanners possess inherently better contrast and spatial resolutions than
SPECT scanners (277).Therefore, significant improvement in imaging quality
over ggmTc-TiImanocept SPECT can potentially be achieved by imaging with
®8Gallium (%®Ga) labelled Tilmanocept (128, 267). ®®Ga-Tilmanocept is produced
by chelating radioactive ®®Ga to the diethylenetriaminepentaacetic acid (DTPA)
moiety of the Tilmanocept molecule. ®®Ga is produced by °®Germanium

(°®Ge)/®®Ga generators that serve as a stable source of ®Ga for more than one
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year (128) and has a half-life of 68 minutes and decays by emitting positrons
(128, 267).

Critical analysis of the research methodology in this prospective uncontrolled in
vivo and ex vivo trial to test whether a Lymphoseek® can detect wear particle
induced loosening in hip and knee joint prostheses reveals advantages and
disadvantages. The advantage of the in vivo study includes the relatively lower
cost and also the fact that the prosthetic membranes would be studied in their
‘native’ environment. The downside of the in vivo study is that it would require
an intravenous **"Tc-Tilmanocept which is a new radiopharmaceutical that
binds to the mannose receptor on the cell surface of macrophages and is only
licenced for subcutaneous use. The in vivo study assumes favourable
pharmacokinetics of intravenous ggmTc-TiImanocept and also that periprosthetic
membrane uptake following the intravenous administration of **™Tc-Tilmanocept
would be proportional to the activated macrophage numbers present in the
periprosthetic membranes. The ex vivo material would also require technically
challenging steps of tissue fixing and preservation as well as
immunohistochemistry staining. Potential sources of error include the small
number of in vivo and ex vivo experiments. Further limitations of the study
include selection bias because only symptomatic joint prostheses would be
included. The absence of control group potentially reduces the statistical power
of the study. However, there will be 2 blinded readers to reduce intra-observer
variability. New knowledge that will be identified includes the co-localisation
between **"Tc-Tilmanocept and CD206+ macrophages in ex vivo aseptically
loosened periprosthetic membranes and in vivo demonstration of high levels of
9MTc-Tilmanocept uptake in aseptically loosened periprosthetic membranes.
There are limitations to this proof-of concept study. One of the most important
limitations is the small non-blinded sample size. In addition, the ex vivo studies
performed on periprosthetic membrane tissue specimens will have to be taken
from all patients that undergo the in vivo **™Tc-Tilmanocept SPECT-CT scan.
From past experience, this is not always achievable due to patients dropping
out of trials and also because intended revision surgeries do not always
proceed as planned in every single case. The study strengths include the first

human application of a novel, simple macrophage mannose receptor imaging
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technique which targets CD206 positive activated macrophages in prosthetic
joint aseptic loosening. The experiment methodology may be extrapolated to
larger multicentre studies to provide a clearer perspective into the non-invasive
investigation and diagnosis of painful joint prostheses. It also is not clear if
9MTc-Tilmanocept SPECT-CT scan will result in false-positive studies in the

early post-surgical period.

The products contain material of animal origin and human tissue and risk
assessment for biohazards and safety will need to be performed. As with all
human tissue samples, patient specimens will all be handled as potential
biohazards. As with all biological material, direct handling will be reduced to a
minimum and appropriate protective clothing will be worn. Chemical hazards will
also be avoided when preservative products are added. Radiation hazards will
also be avoided during the patient imaging process. For biosafety reasons, if
samples need to be transported from the University Hospital across town to the
chemistry laboratories at the University of Warwick then they may require
screening for blood borne infections such as Human Immunodeficiency Virus
(HIV) and hepatitis. Locked storage of biological samples and secure
transportation between surgical theatres, laboratories and the imaging

department.

We hope that the results will provide a new isotope for joint imaging by
demonstrating co-localisation between **™Tc-Tilmanocept and CD206+
macrophages in ex vivo aseptically loosened periprosthetic membranes. The in
vivo application of **™Tc-Tilmanocept single-photon emission computed
tomography/computed tomography should demonstrate high levels of 9MTc-
Tilmanocept uptake in aseptically loosened periprosthetic membranes assessed
using regions of interest (246) and validated using immunohistochemistry by
employing CD68 stains for confirmation.
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7.7 Further Areas of Future Research

7.7.1 The Development of New Molecular Imaging Probes

Radiopharmaceuticals labelled with positron emitting isotopes provide more
favourable physical characteristics in radionuclide imaging than single photon
isotopes (278). On the other hand, radionuclides for single photon labelled
compounds do provide a wider variety than PET agents and single photon
labelled molecules also offer an important complimentary array of new
possibilities in the development of new agents used in the process of drug
development (278). Other advantages of PET agents over SPECT agents are
the higher sensitivity and more accurate quantification features (278), but PET
agents are disadvantaged by their shorter half-lives and they are also less
abundant as well as more expensive (278). Single photon emission
radionuclides on the other hand are foreign to the human physiology and
biochemistry (279). Exploratory studies for investigational new drugs (IND) are
also known as phase 0 studies (280) and improve or understanding of toxicity
and efficacy thus reducing clinical trial time, costs as well as the high failure
rate of new drugs that occur during the traditional phases | to IV clinical trial
stage. Phase 0 studies follow on from preclinical pharmacology and toxicology
tests and occur before the typical Phase | clinical trial. Phase 0 studies involve

restricted human exposure to non-therapeutic quantities of the IND (280).

Radionuclide imaging with positron emission tomography (PET) and single-
photon emission computed tomography (SPECT) enables speedier proof-of-
concept testing and allows non-invasive visualization, characterization and
quantification of biochemical processes that occur at cellular and subcellular
levels in both humans and animals whilst only using nanomolar to picomolar
concentrations of the IND (278).

Radionuclide imaging plays a big role in target identification and validation. The
drug target can be a membrane, nuclear receptor, ion channel, enzyme,

hormone, DNA or RNA molecule, or even unidentified biological entity (278).
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Radionuclide imaging does not play a significant role in lead finding and
optimization. This stage usually relies on in vitro drug target analysis with
biochemical and cellular assays, e.g., for compound purity, integrity, solubility,

lipophilicity, safety, dissociation constant, permeability and target affinity (278).

Radionuclide imaging is used in compound profiling in animal models at the
preclinical stage. In this, the investigative drug itself is labelled with an imaging
probe for in vivo imaging using animal models of disease to provide valuable
information concerning drug absorption, distribution, metabolism, elimination
and efficacy (ADME). The images provide pharmacodynamics and

biodistribution properties of a candidate drug (278).

Safety evaluation can involve imaging with animal studies for toxicology and
determining the proper dose to be tested in the clinical trials. Many
pharmaceutical companies have established their own imaging laboratories to

do carry out these processes (278).

Clinical evaluation with SPECT involves clinical studies in 4 sequential phases
(I-1V) after authorization by regulatory agencies (278).

7.7.2 Regulatory Bodies

Worldwide, nuclear Medicine guidelines are developed by a number
international, continental, national as well as local regulatory organisations
(281) and the introduction of new isotopes or the institution of new usages of old
isotopes would have to navigate these guidelines and regulations. In Europe,
the European Association of Nuclear Medicine (EANM) coordinates the
development of guidelines, but also recognises the need for national guidelines.
Likewise, In the United Kingdom, there are national regulations on the
administration of radioactive substances but differences in clinical practice and
service delivery mean that guidelines do not readily apply across regional and
national boundaries (282, 283).
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Some examples of the various statutory nuclear medicine guidelines and
regulatory bodies in England include: Medicines and Healthcare products
Regulatory Agency (MHRA) which regulates the use of new and established
medicines and devices; the Carriage of Dangerous Goods and Use of
Transportable Pressure Equipment Regulations 2009 regulates the
transportation of radioactive substances; the Administration of Radioactive
Substances Advisory Committee (ARSAC); the Radioactive Substances Act
1993 (RSA93) in Scotland, or the Environmental Permitting Regulations 2010
(EPR2010) in England and Wales which oversees the management of
radioactive wastes and is policed by the Environment Agency; the Medical and
Dental Guidance Notes which covers lonising Radiation Regulations (IRR99)
and is policed by the Health and Safety Executive (HSE). Lastly, there is the
lonising Radiation (Medical Exposure) Regulations (IRMER) 2000 with

inspections carried out by the Care Quality Commission (CQC).

¥MTc-labelled Ciprofloxacin (Infecton®) was first postulated by Solanki (284). Its
physiological distribution does not include the normal bone marrow and this
allows for evaluation of the spine and proximal limbs unlike radiolabelled white
cell and Gallium-67 scans which demonstrate background bone marrow uptake
(285). Although initial reports for the use of %™ Tc-labelled Ciprofloxacin in
infection were promising (284). More recent accounts of the use of **™Tc-
labelled Ciprofloxacin show a reduced specificity for detecting of bacterial
infections. Also the radioisotope physically disappeared from sites of infection
and inflammation with equal rapidity (286). Therefore, **™Tc-labelled

Ciprofloxacin has no role of in diagnosing orthopaedic infections (286).
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7.7.3 Future Research with Folate Imaging

The beta folate receptor (FR-B isoform) is overexpressed on activated
macrophages which accumulate at sites of inflammation and infection. Folate
receptor avid isotopes have been shown to accumulate at sites of inflammation
and could act as markers for inflammatory processes such as rheumatoid
arthritis (287). In addition, to the beta folate receptor (FR- isoform), there are 3
other separate types of receptor polypeptides located in cell membranes (a, y
and 8) which also bind and endocytose folates and folate conjugates. The alpha
folate receptor (FR-a isoform) demonstrates limited expression in normal tissue,
mainly kidneys, choroid plexus, lungs, and placenta (288), but is upregulated in
ovarian, uterine, brain, lung, kidney, breast as well as colorectal tumours (287).
PET and SPECT folate imaging can be performed with '®F-Fluorodeoxyglucose
folate PET (288) and ®™Tc-EC20 SPECT (288, 289) imaging respectively.

7.7.4 Future Research with 3-Phase ™ Technetium Labelled Bone Scans with
SPECT-CT

More data can be gleaned from current well established imaging methods of
imaging PJI and loosening. A follow up retrospective research study into PJI
and loosening with Time-Activity Curves and CT density maps obtained from 3-
phase “™Technetium labelled bone scans with SPECT-CT is already in

preparation in UHCW.
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7.8 Summary and proposed imaging algorithms

Multiple different proposed imaging algorithms are being proposed to cover
different imaging scenarios as well as the availability or unavailability of SPECT-
CT and PET-CT scanners. The initial imaging of painful joint prostheses with 3-
phase *™Tc bone scans SPECT-CT or '®F-NaF PET-CT should be able to
detect mechanical complications on the CT component as well as infection and

aseptic loosening on the radionuclide images (Figures 47 and 48).

Infectious type (Type Il) periprosthetic membranes which consist of granulation
tissue with neutrophilic granulocytes, plasma cells and few, if any, wear particle
are usually obvious on 3-phase **™Tc bone scans SPECT-CT and '®F-NaF
PET-CT (Figures 47 and 48), but these patients may be assessed further using
labelled white cells (Figure 49) with SPECT-CT if required. In patients with no
clear evidence of mechanical complications or infection on initial imaging with
predominantly late-phase positive isotope planar or SPECT bone scans or late
phase positive '®F-NaF PET (41, 78), the periprosthetic membranes may be
assessed for the presence of activated macrophages with Tilmanocept receptor
imaging using either SPECT or PET imaging (Figures 50 and 51) depending on
the availability of scanning equipment and local expertise. The presence of a
high concentration of macrophages would suggest particulate-induced wear

(Type-l) or the combined type (Type IlI).

The cost and availability of scans as well as the radiation dose to the patient
should be factored in when considering the choice of imaging algorithms for

prosthetic joint investigations (Table 22).
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Table 20. Prosthetic joint imaging with typical scan cost and radiation dose

Diagnostic Typical Effective Equivalent Approximate  Typical
Procedure Dose (mSv) Number of Equivalent Cost
Chest X- Period of
Rays Natural
Background
Radiation
Radiography (Plain Film)

Limbs and <0.01 <1 <2 days Tariff

Joints (bundled in

(except hips) Health
Resource
Groups
(HRGs)
(<£40)

Pelvis 0.3 20 1.5 months Tariff
(bundled in
Health
Resource
Groups
(HRGs)
(<£40)

Ultrasound

Ultrasound 0 0 0 Tariff

Joint (including
COR)
(£39)

Computed Tomography (CT)

CT Pelvis 6 370 2.5 years Tariff
(including
COR)
(£69)

Magnetic Resonance Imaging (MRI)

MRI Limb 0 0 0 Tariff
(including
COR)
(£108)

Radionuclide (Nuclear Medicine)

Bone (*™Tc- 3 200 1.3 years Tariff

HDP) (including
COR)
(£179)
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Diagnostic Typical Effective Equivalent Approximate Typical
Procedure Dose (mSv) Number of Equivalent Cost
Chest X- Period of
Rays Natural
Background
Radiation
®F.NaFor 18 1200 8.1 years Tariff (not
®F_.FDG rebundled
PET-CT and no
tariffs
published-
to be
negotiated
locally)
(£700)

Note: including COR = including cost of reporting

Typical cost and radiation dose of commonly performed examinations. Source
NHS National tariff payment system Annex A: The national tariff workbook
(Unbundled service prices 2019/20) (290)

Some variances: 1 vial of Lymphoseek® costs circa £1,175 (because this is a
new patented radiopharmaceutical agent).

A new PET-CT machine with service contract in place will cost approximately

£1.6 million.

A modern SPECT-CT gamma camera machine with diagnostic CT capability
and service contract in place will cost approximately £ 0.5 million.
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Painful joint
prosthesis

3-phase bone scan
SPECT-CT

Aseptic loosening Septic loosening
(low R?) (high R2)

Figure 47. Proposed radionuclide imaging algorithm using SPECT-CT
Note: Imaging algorithm for dynamic SPECT-CT initial imaging of painful joint

prostheses — yielding results compatible with normal, aseptic loosening or
infection (if no PET-CT is available)
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Painful joint
prosthesis

Dynamic 8F-NaF
PET-CT scan

Aseptic Septic loosening
loosening

pattern

pattern

Figure 48. Proposed radionuclide imaging algorithm using PET-CT
Note: Imaging algorithm for dynamic PET-CT initial imaging of painful joint

prostheses — yielding results compatible with normal, aseptic loosening or

infection.
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Suspected infection
on 3-phase bone scan
or dynamic 18F-NaF
PET-CT scan

Labelled white cell
scan

SPECT-CT

Figure 49. Proposed radionuclide imaging algorithm for suspected infection
with SPECT-CT

Note: Imaging algorithm for SPECT-CT labelled white cell imaging of suspected
infected joint prostheses — yielding results compatible with no infection or

infection (if PET-CT scanner is not available).
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Aseptic loosening
on 3-phase bone
scan SPECT-CT

PmTc-Tilmanocept

SPECT-CT

Negative scan
(Macrophage
negative)

Positive scan
(macrophage rich)

Figure 50. Proposed Radionuclide imaging algorithm for suspected aseptic
loosening with SPECT-CT

Note: Imaging algorithm for SPECT-CT Tilmanocept imaging of suspected
aseptic loosening in joint prostheses — yielding results compatible with a high

macrophage burden or no macrophages (if PET-CT scanner is not available)
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Aseptic loosening on
3-phase bone scan
18F-NaF PET-CT

68Ga-Tilmanocept

PET-CT

Negative scan
(Macrophage
negative)

Positive scan
(macrophage rich)

Figure 51. Proposed radionuclide imaging algorithm for suspected aseptic
loosening with PET-CT

Note: Imaging algorithm for PET-CT Tilmanocept imaging of suspected aseptic

loosening in joint prostheses — vyielding results compatible with a high
macrophage burden or no macrophages.

193



7.9 Conclusion

This is a novel technique and the first in-vivo use of a macrophage mannose
receptor imaging in humans to demonstrate periprosthetic membrane aseptic
loosening. Radionuclide scintigraphy with **™Tc-Tilmanocept SPECT-CT scan
will be a useful imaging investigation in the assessment of the painful knee
arthroplasty. A negative **™Tc-Tilmanocept scan should be reassuring and
make a diagnosis of aseptic loosening unlikely. ®®Gallium (°®Ga) labelled
Tilmanocept PET-CT imaging is an alternative to **"Tc-Tilmanocept SPECT

imaging.

7.10 Summary

e Lymphoseek® is a relatively new radiopharmaceutical that binds to the
mannose receptor on the cell surface of macrophages.

o Lymphoseek® imaging in the assessment of the painful arthroplasty can
be performed with *°™Tc-Tilmanocept SPECT-CT scan or ®Gallium
(°®Ga) labelled Tilmanocept PET-CT.

¢ A negative Tilmanocept scan should be reassuring and make a diagnosis
of wear particle induced aseptic loosening unlikely.

e There are further radiopharmaceutical agents including beta folate

receptor imaging.
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Chapter 8 Conclusion

This dissertation aimed to show that dynamic '®F-Fluoride PET-CT may have a
role in the investigation of painful hip and knee prosthetic joint replacements as
well as analyse the relationship between '®F-Fluoride PET-CT and **™Tc-MDP

dynamic bone scans.

There is a rising incidence of joint replacement surgery and a growing need for
prosthetic joint imaging. Chapter 1 provided an overview of the background and
history of joint prostheses with theoretical framework and context information.
Because of the importance and expanding role of hybrid imaging the
contribution of CT to prosthetic joint imaging was outlined along with a CT
spectrum of pathological complications of prosthetic joints. The concept of
prosthetic joint imaging with dynamic '®F-NaF PET-CT as well as radionuclide
imaging of activated macrophages in periprosthetic tissue were introduced as

possible means of increasing diagnostic accuracy and efficiency.

Chapter 2 was a small retrospective investigation of the use of dynamic bone
scans in painful hip and knee prosthetic joint replacements which demonstrated
delays in diagnosing painful joint prostheses. The use of multiple tests was
identified as possibly contributing to diagnostic delay and a streamlined reduced
number of imaging tests may contribute to an improve the speed of diagnosing
painful joint prostheses. Fused functional anatomical imaging may also reduce

the number of imaging tests required.

Chapter 3 was a systematic review of '®F-NaF PET in diagnosing and
distinguishing between septic and aseptic loosening in hip and knee
prostheses. Sodium fluoride positron emission tomography ('®F-NaF-PET) is an
old isotope which is making a comeback as a promising tool with high sensitivity
and specificity in bone imaging. The small series was a limiting factor of the
series. '®F-NaF PET is also of limited use before the ninth post-surgical month,
but this can be overcome by routine baseline imaging ‘at risk’ prostheses at 3
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month intervals for the detection of abnormal rates of decline in periprosthetic

NaF uptake.

Chapter 4 introduced research on the promising role of dynamic '®F NaF PET-
CT in diagnosing symptomatic joint prostheses. The preliminary data validated
early proof of principle that dynamic 'F-NaF PET-CT can detect aseptic
loosening of lower limb prostheses with anatomical correlation provided by the
CT component. More research is required to establish a role for dynamic 18F_
NaF PET-CT for detecting aseptic loosening and septic loosening. Further
comparative studies of dynamic '®F-NaF PET-CT versus technetium-based 3-
phase bone scans are needed with larger patient populations in the assessment

of painful hip and knee prostheses before routine clinical use.

Beam hardening artefacts from prostheses have a significant deleterious effect
on hybrid images. Hence, chapter 5 compared the use of pre-filtering with
Aluminium; dual-energy CT and mathematical algorithms with MATLAB® filtered
back projection to evaluate and correct beam hardening artefact from
prostheses on Dynamic NaF PET-CT. Although pre-filtering with Aluminium;
dual-energy CT and mathematical algorithms with MATLAB® filtered back
projection can reduce beam hardening artefact, there was no significant
difference and the use of these techniques introduced other artefacts with

subsequent reduction in image quality.

Chapter 6 was a prospective study comparing dynamic 8 F_NaF PET-CT and 3-
phase bone scans of hip and knee joint prostheses. The limitations and
problems encountered in this clinical trial were recounted. Graphical and
mathematical data was extracted from %*"Tc-MDP dynamic bone scans to
improve diagnostic accuracy but the trial population was small. Further research
is required with a larger study to distinguish septic loosening or inflammation
from aseptic loosening. Combining this method with CT periprosthetic lucency
from SPECT-CT may improve the accuracy even further. Data from the 8.
Sodium fluoride (*®F-NaF) study was partly corrupted and could not be retrieved
resulting in inconsistent outcomes from the small numbers. Hence, no strong
conclusion could be drawn especially in the infected category. **™Tc-MDP
dynamic bone scans are significantly cheaper and more widely available than
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'®F_NaF PET-CT. Therefore, the use of graphical and mathematical data from
9MTc-MDP dynamic bone scans may prove to be more cost effective than '®F-
Sodium fluoride (*®F- NaF) PET-CT. but more research is needed. While the
corrupted '®F-NaF data limits the accuracy of the 'F-NaF results, this study
provides new insight into how graphical and mathematical data extracted from

9MT¢-MDP dynamic bone scans can improve diagnostic accuracy.

Chapter 7 provided new insights into future research and the use of
Tilmanocept® and further future areas of research as well as the regulatory
hurdles of radiopharmaceutical licencing. Tilmanoc:ept® is a novel technique
involves the first in-vivo use of an isotope-labelled macrophage mannose
receptor imaging study in humans to demonstrate periprosthetic membrane
aseptic loosening. This research will clearly illustrate that radionuclide
scintigraphy with **™Tc-Tilmanocept SPECT-CT scan will be a useful imaging
investigation in the assessment of the painful knee arthroplasty but it also raises
the question of how early in the post-surgical period Tilmanocept® imaging can
be used. It is likely that a negative *™Tc-Tilmanocept scan would be rule-out a
diagnosis of aseptic loosening. Also, ®*Gallium (°*®Ga) labelled Tilmanocept
PET-CT imaging is an alternative to **"Tc-Tilmanocept SPECT imaging.

This study had several limitations. First, the study had selection bias because
the dynamic '8 F_NaF PET-CT trial included only patients who were on the
surgical waiting list for revision surgery. This may overestimate the sensitivity of
the test because patients who did not undergo revision surgery could be more
likely to have a negative or equivocal '®F-NaF PET-CT results. The exclusion of
patients not being considered for revision surgery could also affect the
sensitivity because lesions in nonsurgical patient may be smaller and difficult to
visualise on imaging. Secondly, the 3 month bone scan study was a
retrospective study and images from the metal-artefact study were read by a
single radiologist and a blinded review by more than one radiologist would have
been more ideal. Lastly, the small population in the samples studied as well as

the lack of dynamic NaF images for positive septic prostheses.

Future studies of dynamic '®F-NaF PET-CT, 3-phase bone scans with graphical

presentation as well as Tilmanocept® imaging these relative enhancement
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patterns, combined with morphologic features of CT would be valuable in

formulating a new imaging pathway.

This dissertation provides new knowledge into the optimising isotope bone
SPECT-CT scans by extracting graphical and mathematical data whilst

minimising prosthetic induced artefacts may be more cost effective.

The improved specificity provided by Tilmanocept® imaging is a novel approach
to the assessment of prosthetic joint complications by directly demonstrating
particle-laden macrophage infiltrates in the zone of bone resorption. Hence,
combining mathematical data from *™Tc labelled bone scans and Tilmanocept®
imaging into an algorithm (Figure 52) is likely to ultimately improve diagnostic
accuracy but there is a need for future research with both %M Tc-Tilmanocept®
SPECT-CT and *®Gallium PET-CT.
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3-phase bone scan or
Dynamic '8F-NaF PET-CT scan

I
Aseptic
loosening
pattern

99mTc_
Tilmanocept
SPECT-CT

or

GaGa-
Tilmanocept
PET-CT

Painful joint prosthesis

|
eptic
loosening
pattern

Labelled

white cell

SPECT-
CT

Figure 52. Proposed combined radionuclide imaging algorithm for painful joint

prostheses accounting for diverse equipment availability and local expertise

Note: Proposed exhaustive radionuclide imaging algorithm for painful joint
prostheses (including PET-CT and SPECT-CT options for ®®Ga)
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Summary

e There is a rising incidence of joint replacement surgery and a growing
need for prosthetic joint imaging

e Dynamic "®F-Fluoride PET-CT may have a role in the investigation of
painful hip and knee prosthetic joint replacements.

e There is an important contribution of CT to prosthetic joint hybrid imaging
and may also reduce the number of imaging tests required.

e "®F-NaF PET is also of limited use before the ninth post-surgical month

e Dynamic '8F_NaF PET-CT can detect aseptic loosening of lower limb
prostheses but beam hardening artefacts from prostheses have a
significant deleterious effect on hybrid images. Pre-filtering with
Aluminium; dual-energy CT and mathematical algorithms with MATLAB®
filtered back projection can reduce beam hardening artefact to the same
extent.

e Dynamic "®F-NaF PET-CT was not proven to be more accurate than 3-
phase bone scans in the diagnosis of aseptic loosening and infection of
hip and knee joint prostheses partly due to limitations and problems
encountered in the clinical trial.

e Graphical and mathematical data extracted from **"Tc-MDP dynamic
bone scans may add further diagnostic information in distinguishing
septic loosening or inflammation from aseptic loosening.

e Tilmanocept® is a novel technique with the potential for identifying
macrophages in aseptic loosening in prosthetic joints.

e Algorithmic combinations of mathematical data from **"Tc labelled bone
scans and Tilmanocept® hybrid imaging is likely improve diagnostic

accuracy.
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Appendix
Some trial documents and selected pages from the preclinical trial agreement

with Norgine Limited.

University Hospitals NHS
Coventry and Warwickshire

NHS Trust

University Hospital
Clifford Bridge Road
Walsgrave
Coventry

Cv2 2DX

Tel: 024 7694000
Fax: 024 7696 6056
www.uhcw.nhs.uk

CONSENT FORM

A Direct Comparison of '®F-Fluoride PET-CT and Conventional Radionuclide
Bone Scans in the follow-up of patients with Prosthetic Joint Replacements in

the Hips and Knees.

Trial Number:

Part 1 (please read carefully):
Please initial to agree

| confirm that | have read and understand the Patient Information Sheet dated
............................ (version1.1) for the above study and have had the opportunity

to ask questions.

| understand that my participation is voluntary and that | am free to withdraw at
any time, without giving any reason, without my medical care or legal rights
being affected.
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| understand that sections of any of my medical notes may be looked at by
responsible individuals involved in the running of the trial, or authorised
personnel from the NHS Trust R & D for audit or other regulatory authorities
where it is relevant to my taking part in research, and that | may followed up
through usual NHS mechanisms (e.g. Office for National Statistics). All access

to my data must be compliant with the Data Protection Act 1998.
| give permission for these individuals to have access to my records.

| understand that copies of my scans will be sent for radiological review for

confirmation of diagnosis.

| understand that my General Practitioner will be informed of my treatment and

may be contacted to supply details of my progress

| agree to take part in the above study.

Name of patient Date Signature
Name of person taking consent  Date Signature
(if different from researcher)

Researcher Date Signature

3 copies: 1 for patient, 1 for researcher, 1 to be kept with hospital notes
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University Hospitals [i'/g*
Coventry and Warwickshire

MHS Trust

University Hospital

Clifford Bridge Road Walsgrave Coventry CV2 2DX

Tel: 024 7694000 Fax: 024 7696 6056 www.uhcw.nhs.uk
PATIENT INFORMATION SHEET - PART 1

Version 1.5 Date 23.10.2012

Study title: A Direct Comparison of F-18-Fluoride PET-CT and
Conventional Radionuclide Bone Scans in the follow-up of patients with

Prosthetic Joint Replacements in the Hips and Knees.

Study acronym: F-18-Fluoride PET-CT in Prosthetic Joint Replacements
(F18 Prosthetic Joint).

Introduction

This study has been reviewed by the Coventry and Warwickshire Research
Ethics Committee and will count towards the attainment of a PhD by Dr Olu
Adesanya at the University of Warwick. We have invited you to take part in a
research study. Before you decide if you would like to take part, it is important
that you understand why the research is being done and what it will involve.
Please take time to read the following information carefully and discuss it with
friends, relatives and your GP, if you wish. If you decide to enter the study your
GP will be made aware of this. Please ask us if there is anything that is not

clear or if you would like more information.
What is the purpose of the study?

This study is designed to test whether we can use a new type of scanning to tell

why your joint replacement such as yours hurts. You have a painful joint
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replacement and this occurs at some point in time for 4 in every 100 persons
who have had this type of surgery. Treatment for the pain depends on its cause
and but in some cases, for example when the replacement has become
infected, the only effective treatment is further surgery. Currently, the only way
of determining the presence or absence of infection involves inserting needles
into the joint to draw off fluid and/or undergoing more than one imaging test.
These tests include x-rays, bone scans and white cell imaging studies. With the
introduction of PET-CT scanning in 2001— a type of scan which can tell the
difference between active and inactive cells in the body —it has been made
possible to detect small amounts of disease and infection in the body. We know
that this type of scan is much more accurate than bone scans for all other
common uses. It is our hope that we will be able to design an imaging study
using this type of scan so that someone like you will receive a prompt and

timely diagnosis involving only a single hospital visit.
What is PET scanning?

Unlike ordinary X-rays or computed tomography (CT) scans, PET scans are
able to provide information regarding increased bone turnover around joint
prostheses. We already know that PET scanning can be used to detect areas of
infection and tumours, and we also know that if the scan is clear 12 months
after surgery, it is very likely that there is no infection and that the prosthesis is
normal or at worst simply loose. We also know that if the scan is not clear
particularly in the early phase of the scan, there is a high chance of infection, so
we think that people with a positive PET scan might benefit from targeted

antibiotic treatment.
Why have | been chosen?

You have been diagnosed with a replaced joint which is causing discomfort pain
or difficulty and will be re-treated surgically. Therefore you are suitable for this

study and we are asking whether you would like to take part.
Initial Assessment

Prior to starting treatment a thorough assessment of your prosthesis will need to
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be undertaken. This will involve blood tests, as well as weight/height
measurement. Some of these tests may have already been carried out as they
are routinely performed prior to starting treatment whether or not you take part
in a study. As part of the study you will also be required to have a PET-CT scan.
This type of scan is becoming part of the standard process for other diseases in
the UK, although because it is quite new, not all centres are yet carrying it out
routinely. It will therefore be necessary for you to travel to University Hospital
Coventry to have your scan. The scan itself involves a simple intravenous
injection of a mildly radioactive substance (*®F-NaF) followed immediately by a
scanning procedure for about 30-45 minutes. You will not need to fast and may
take all your usual medications. If travelling by car you should be free to go or
drive yourself home afterwards.

What exactly would the study involve? This is a prospective uncontrolled
longitudinal (case series) study. This means that all persons will undergo PET-
CT imaging as well as a standard bone scan (if this has not already been
performed recently). You will know what test you are undergoing at each point
in time. The bone scan and PET-CT scan will occur over two separate days
(possibly with a month), therefore, involve two injections given over a 1 month
period. Imaging usually occurs between (9 am and 5pm between Monday and
Friday as an outpatient (unless you need to stay in hospital for any other
reason). After both the bone scan and the PET-CT scan have been performed,
the treatment you receive will be the same regardless of the results of the PET-
CT scan or bone scan. This treatment will have been decided by your doctor
and will yield useful data for the trial. We hope that by demonstrating this novel
use of PET-CT, this may improve the speed and accuracy of diagnosing people
with prosthetic problems. For quality control purposes we plan to review the
bone scans and PET-CT scans of everyone taking part in the trial and, if you
agree, your images will be anonymized and also sent to a Radiology
department in Birmingham. As part of the study, you will be required to provide
blood samples as is the usual practice. What will happen to any samples |

give?

Blood samples will be collected and processed in exactly the same way as

205



other blood samples taken from you or any other patient in your hospital. These

will be destroyed after analysis.

All joint prostheses and tissue samples in this study will be collected and
processed in exactly the same way as for a patient not in the study. All samples

will be destroyed after analysis.
Assessment

You will be asked a few questions about how you have been since the last time
you had surgery on your joint. People participating in this study would also be

asked other questions as part of a questionnaire.

Follow up When you have completed your study treatment you will be seen as
often as is deemed necessary by your clinical team. Finally, routine blood tests

and x-rays may be taken during follow up.
Payment

You will not receive payment/reimbursement for participating in this study, but

will have your travel expenses reimbursed up to a reasonable amount.
What are the possible risks of taking part?

The dose of the injected tracer for PET-CT is very low and there are no known
side effects from it. If you do develop troublesome side effects, your doctor may
need to adjust your treatment to try and avoid further problems. The more
common side effects of HDP bone scans:

Allergic Reaction — this is very rare and if at all it occurs is limited to flushing or

redness of skin.

Nausea and vomiting — this is also rare due to the very small amounts of
injected tracer. It can usually be managed with anti-sickness (anti-emetic)

drugs.

We have listed the most common side effects of these tracers, but it is unlikely

that you would experience any of the side effects listed above. Tell your doctor
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if you suffer from any of these side effects, or if you have experienced any new
symptoms since your last visit. Your doctor can help you by giving you
medication or advice, to reduce or stop these side effects from occurring in the
future. PET-CT scans also involve exposure to radiation. However the doses
are very small and we have kept the number of scans required to a minimum. In
fact, you will only receive one more scan by taking part in the study than is

currently received as part of normal clinical routine.

In total you will be receiving one bone scan and one PET-CT scan. Each CT
scan is equivalent to about 4 years of natural background radiation exposure.
Each PET-CT scan is equivalent to about 8 years of natural background
radiation exposure. The radiation exposure you will be receiving will
approximate from about 30 times that of natural background radiation over the
same period of time, with an equivalent to a lifetime additional risk of
approximately 1 in 280, of getting a fatal cancer from these examinations.
These exposures are very unlikely to put you at significant health risk. A leaflet
is available entitled “X-rays — How safe are they?” that provides further

information on radiation exposure and which you may find useful.
What do | have to do?

It is important that you attend for all scheduled visits for blood tests, scans,
clinic appointments and surgical treatment to ensure that the treatment can be

delivered and you can be monitored for any complications.

What are the benefits of taking part? Although most people can expect to be
cured with antibiotics and revision surgery, the standard treatment for infected
prostheses, it is clear that separating aseptic loosening from infected
prostheses will allow infected people receive the required more intensive
treatment and also less intensive treatment in aseptic loosening. Before the
advent of PET scanning the presence of infection around the prosthesis could
be assessed with bone scans but these results are thought not to be very
accurate. PET scanning is able to assess infection accurately, and by using this
information we hope to tailor treatment more closely to your needs. Taking part

in this study may help you directly, although this cannot be guaranteed. The
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information gained from this study will help us to improve the future treatment of

people like you with painful joint prostheses.
What are the potential disadvantages of taking part?

Having a bone and PET scan would involve the inconvenience of travelling to
the hospital on 2 different days and in some cases 2 whole days off work may
be required. Some people may find lying still for the scan unpleasant and the
injection of "®F-NaF or **"Tc-HDP into an arm vein will cause slight discomfort

(like having a blood test) and sometimes minor bruising.
Do | have to take part?

No. It is up to you to decide whether or not to take part. If you decide to take
part you will be given this information sheet to keep and be asked to sign a trial
consent form. You may still decide to withdraw at any time without having to

give a reason.
What if | decide not to enter the trial?

If you decide not to take part, or if you withdraw, this will not affect the standard
of care you receive. Agreeing or refusing to take part will not affect your legal
rights as an individual receiving treatment under the National Health Service.
Your relationship with the doctors and nurses looking after you will not be
affected. If you decide not to take part, your surgical treatment will proceed as
planned.

What happens if the research study stops?

If the research study stops early your doctor will inform you and discuss the
treatment options with you. If the research study is completed you will be

followed up in clinic as is normal practice.
What if there is a problem?

If you wish to complain or have any concerns about any aspect of the way you
have been approached or treated during the course of this trial, the normal
National Health Service complaints mechanism will be available to you. If you
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are harmed by taking part in this trial, there are no special compensation
arrangements but if this is due to someone’s negligence then you may have

grounds for a legal action.
Contact for further information

If you have any concerns or questions about this study, please contact the
Nuclear Medicine department on 02476 962812 who will be happy to give you
further information. General information for joint prostheses is also available
from the Prosthetic and Orthotic department on 0800 252060. If you have any
further queries please contact our Patient Advice and Liaison Service (PALS) in
the first instance in any of the following ways: By phone 0800 028 4203 (calls
are free from a BT landline but mobile phone charges may vary); By
email:feedback@uhcw.nhs.uk; In writing to: Patient Advice and Liaison Service
(PALS), University Hospitals Coventry and Warwickshire NHS Trust, University
Hospital, Clifford Bridge Road, Coventry, CV2 2DX. They will ensure that your

query is directed promptly to the most appropriate person.

Contact details for concerns or complaints about the Research, Staff,
Conduct etc: Please write to Ms Nicola Owen, Deputy Registrar, University of
Warwick, Research Support Services, University House, Kirby Corner Road,
Coventry CV4 8UW; or e-mail:

Nicola.Owen@warwick.ac.uk. Alternately, you may telephone: 024 7652 2785
or fax: 024 7652 4751

This completes Part 1 of the Information Sheet. If the information in Part 1
has interested you and you are considering participation, please continue

to read the additional information in Part 2 before making any decision.
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University Hospitals m
Coventry and Warwickshire

University Hospital
Clifford Bridge Road
Walsgrave
Coventry

CV2 2DX

Tel: 024 7694000
Fax: 024 7696 6056
www.uhcw.nhs.uk

GP LETTER

A Direct Comparison of F-18-Fluoride PET-CT and Conventional Radionuclide
Bone Scans in the follow-up of patients with Prosthetic Joint Replacements in

the Hips and Knees.
Trial Number:

Dear Dr

Version 1.0 Date 24.07.12

Your patient, (date of birth dd/mml/yyyy), has a

symptomatic joint prosthesis and has consented to participate in a study

evaluating joint prostheses with F18 -NaF-PET-CT scans.
Please find enclosed a copy of the patient information sheet for this trial.

You will be kept up to date with your patient’s progress but if you have any

concerns or questions regarding this study please contact the responsible

doctor:
Dr__ Olu Adesanya at (University Hospitals Coventry & Warwickshire)
Tel:

Kind regards,
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adesanya@doctors.org.uk Message 19/07/2012 21:59
Reply

From: Subject: RE: SCOPE: Protocol Review - F-18-Fluoride PET-CT in
Prosthetic Joint Replacements (F18 Prosthetic Joint) Date: Fri, 29 Jun 2012
13:12:49 +0000 To: Oludolapo Adesanya <adesanya@doctors.org.uk>

Notification that a Clinical Trial Authorisation (CTA) is not required
Dear Ms O Adesanya,
Thank you for your email dated 17th June 2012.

| can confirm that your proposal is not a Clinical Trial of an Investigational
Medicinal Product (IMP) as defined by the EU Directive 2001/20/EC and no

submission to the Clinical Trials Unit at the MHRA is required.
Kind regards
Clinical Trial Helpline MHRA

----- Original Message-----From: Oludolapo Adesanya
[mailto:adesanya@doctors.org.uk] Sent: 17 June 2012 00:53 To:
clintrialhelpline@mbhra.gsi.gov.uk. Subject: SCOPE: Protocol Review - F-18-
Fluoride PET-CT in Prosthetic Joint Replacements (F18 Prosthetic Joint)

Would you please advise me as to whether comparison of '®F_NaF PET-CT vs
9MTc-hydroxydi- phosphonate (HDP) isotope bone scans to diagnose infection
of joint prostheses constitutes the clinical trial of an investigational medicinal

product?
Regards

Olu Adesanya Radiologist UHCW

211



University Hospitals NHS
Coventry and Warwickshire

NH ust

University Hospital
Clifford Bridge Road
Walsgrave
Coventry

CV2 2DX

Tel: 024 7694000
Fax: 024 7696 6056
www.uhcw.nhs.uk

Version 1.0

F18 Prosthetic Joint Study
Study patient questionnaire woditied GHaa-o

In terms of your satisfaction, how would you rate each of the
following:

1. How long you waited to get an appointment.

Excellent Very good Good Fair Poor

2. Length of time spent waiting in the hospital for the procedure.
Excellent Very good Good Fair Poor

3. Length of the procedure.

Excellent Very good Good Fair Poor

4. How well did you tolerate the procedure

Excellent Very good Good Fair Poor

5. The personal manner (courtesy, respect, sensitivity,
friendliness) of the technologist who performed your procedure.
Excellent Very good Good Fair Poor

6. The technical skills (thoroughness, carefulness, competence) of
the staff that performed your tests.

Excellent Very good Good Fair Poor

7. The personal manner (courtesy, respect, sensitivity,
friendliness) of the staff.

Excellent Very good Good Fair Poor

8. Adequacy of explanation of what was done for you—all your
questions answered.

Excellent Very good Good Fair Poor
9. Overall rating of the visit
Excellent Very good Good Fair Poor
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Research agreement between Norgine Limited and University
Hospital Coventry (selected pages 1 and 11)

THIS RESEARCH AGREEMENT (the “Agreement”) is made this day of

(the “Effective Date”)

BETWEEN

University Hospitals Coventry & Warwickshire NHS Trust whose registered office
is at University Hospital, Clifford Bridge Road, Coventry, CV2 2DX(“UHCW");

AND

NORGINE Limited, registered in the United Kingdom under registered number
00215668 whose registered office is at New Road, Tir-y-berth, Hengoed, Mid
Glamorgan, South Wales, CF82 8SJ (“NORGINE”). Each of the foregoing may be
referred to individually as a “Party” and collectively as the “Parties”.

RECITALS:

A.

NORGINE is a pharmaceutical company which, together with its Affiliates,
carries on the business of manufacturing and selling pharmaceuticals
including the Product (as defined in Clause 1).

UHCW wishes to conduct a research Study(as defined in Clause 1) utilising
the Product and has approached NORGINE requesting Support (as defined in
Clause 1) for the research study.

NORGINE is willing to provide UHCW with Support subject to the terms and
conditions of this Agreement.

NOW, IT IS AGREED as follows:

1.

DEFINITIONS AND INTERPRETATION

1.1.1n this Agreement, unless the context otherwise requires, the following words
and expressions shall have the following meanings:

“Affiliate” means, with respect to a Party, any corporation or other entity that
controls, is controlled by, or is under common control with, a Party. A corporation
or other entity shall be regarded as in control of another corporation or entity if it
owns or directly or indirectly controls more than 50% of the voting securities or
other ownership interest of the other corporation or entity, or if it possesses,
directly or indirectly, the power to direct or cause the direction of the management
and policies of the corporation or other entity;

Adverse Drug Reaction or “ADR™ An adverse reaction is a response to a
medicinal product which is noxious and unintended [DIR Art 1]. This includes
adverse reactions which arise from:

+ the use of a medicinal product within the terms of the marketing authorisation;
+ the use outside the terms of the marketing authorisation, including overdose,
off-label use, misuse, abuse and medication errors;

+ occupational exposure

‘Business Day’ means any day other than a Saturday, Sunday or a Bank
Holiday in the United Kingdon;

Model Preclinical Study Agmt PRODUCT-MDD-2016 UHCW MH_YW_SS track changes
amended (003).doc

Page 1 of 17



17.8.Power & Authority. Each Party hereby represents and warrants to the
other that it has full power and authority to execute, deliver and perform its
obligations under this Agreement, and that such Party is not bound by any
other contractual obligation, express or implied, inconsistent with the terms
hereof.

17.9.Interpretation. In the event that there is any inconsistency between the
terms of the Protocol and the terms of the Agreement, the terms and
conditions of the Protocol shall prevail with respect to allresearch matters ,
the conduct of the study , and the terms of the Agreement shall prevail with
respect to all legal, business and/or commercial financial matters.

IN WITNESS WHEREOF, the duly authorised representatives of the Parties have
signed this Agreement as of the Effective Date.

UHCW Limited

Signature: N WL A Signature:
Name: Ceri Jones Name: Tom Halliwell

Title: Head of Research, Title:Therapy Area Head, Norgine

Development & Innovation
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