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Preface

The discipline of diagnostic imaging was introduced to me late in life. Having spent more than two
decades in pharmaceutical and medico-technical industry, the decision of completing an education
as a specialist in diagnostic radiology has been an educational journey, especially due to the
impressive technological development that has taken place in recent years, driven by devoted
radiologists, researchers, and clinicians.

Getting scientifically carried away by such new technological advances is tempting. However, it is
indeed also necessary to immerse yourself in solidly documenting what has developed to be
indisputable truths. The overall purpose of this Ph.D. is to provide state-of-the-art documentation
of diagnostic accuracy of imaging methods for the diagnosis of skeletal malignancies held up
against a pathology-proven gold standard reference. We wanted to document what readers of
diagnostic imaging consider to be facts, namely that some imaging modalities have higher
diagnostic accuracy than others for the detection of bone metastases and that comparing current
diagnostic imaging with those previously performed inevitably will improve the diagnostic quality.
The uniqueness of our work is the systematic use of a reference gold standard, which we have
been able to document in fact can be considered a gold standard.

Radiologists work closely together with other specialties, especially with experts from our sister
field, nuclear medicine. Whereas radiologists primarily focus on anatomy and especially
pathological anatomy, the focus in nuclear medicine is on the physiology and pathophysiology of
organs and tissue. A close collaboration between our specialties is therefore crucial for a complete
diagnosis and to me, it has indeed been a great pleasure and honor in this Ph.D. dissertation to
work so closely with outstanding experts in both fields.

| hope that this Ph.D. can help provide a solid platform based upon which future research projects
and imaging guidelines for early and precise detection of bone metastases can be prepared.
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Abbreviations

ADC: Apparent Diffusion Coefficient (MRI)

BMD: bone metastatic disease

BS: bone scintigraphy

CT: computed tomography

DWI: diffusion weighted imaging (MRI sequence)
FDG: 18F-fluorodeoxyglucose

Gl: Gastrointestinal

HU: Hounsfield Units (linear scale of tissue density measurement mainly used in CT)
MR or MRI: magnetic resonance imaging

MM: Multiple Myeloma

NSCLC: Non-Small Cell Lung Carcinoma

PET/CT: positron emission tomography

PSMA: Prostate-specific membrane antigen

RCC: Renal Cell Carcinoma

SCLC: Small Cell Lung Carcinoma

SNOMED: systematized nomenclature of medicine
SPECT: single-photon emission computed tomography

US: ultrasound



Dansk resume

Introduktion

Metastasering til knogler er den tredje hyppigste lokalisation naest efter lunge og lever. Prostata-
og brystkraeft udggr op til 70 % af knoglemetastaserne og ca. 75 % af de patienter, der lider af de
mest almindelige metastaserende kraeftformer, udvikler mindst en knoglemetastase. Tidlig og
praecis diagnostik af knoglemetastaser er afggrende for iveerkszettelse af lindrende og
helbredende behandling og dermed for sygelighed og dgd.

Billeddiagnostiske undersggelser spiller en afggrende rolle for at kunne opdage mulige
knoglemetastaser sa tidligt som muligt. Flere billeddiagnostiske modaliteter kan anvendes,
herunder konventionel rentgen, CT, MR, knoglescintigrafi-SPECT/CT samt PET/CT (positron
emission tomografi) med forskellige radioaktivt maerkede sporstoffer. En raekke videnskabelige
undersggelser har forsggt at belyse den diagnostiske traefsikkerhed af disse billeddiagnostiske
metoder, men ingen af disse studier har vaeret konsistente i valget af entydig reference, blandt
hvilke biopsi fra den mistaenkte knogleforandring anses for at vaere guldstandard.

Formal

Formalet med denne Ph.d. er at tilvejebringe valid dokumentation pa den diagnostiske
traefsikkerhed for relevante billeddiagnostiske metoder til pavisning af knoglemetastaser
udelukkende ved brug af biopsi som guld standard. Samtidig gnskede vi at undersgge hvorvidt
denne traefsikkerhed blev pavirket af adgang til tidligere billeddiagnostiske undersggelser og
rapporter samt hvorvidt reekkefglgen af disse kunne have en betydning. Endelig gnskede vi at
dokumentere at en knogle bioptisk diagnose rent faktisk kan betragtes som guldstandard. Vi
mener, at tilvejebringelsen af sddanne data kan have betydning for planlaegning af fremtidige
billeddiagnostiske og onkologiske studier samt for udarbejdelsen af evidensbaserede
billeddiagnostiske retningslinjer for udredning af knoglemetastaser.

Materiale og metode

Ph.d.-studierne er udfgrt som en retrospektiv konsekutiv kohorteundersggelse af knoglebioptisk
materiale indsamlet via Aalborg Universitetshospitals Patologiske Afdeling ved computersggning
af bioptisk materiale registreret i SNOMED (Systematized Nomenclature of Medicine) som T10* og
T11* koder for henholdsvis cytologiske og histologiske knogle biopsier i perioden fra 1. januar
2011 til 31. juli 2013. Hver enkelt biopsi blev identificeret med et unikt dansk cpr-nummer. Med
udgangspunkt i denne kohorte har vi udfgrt 3 studier.

Det fgrste studie havde til formal at undersgge den diagnostiske traefsikkerhed af relevante
billeddiagnostiske metoder udfgrt indenfor en seks maneders periode fgr der blev foretaget en
knoglebiopsi af den pageeldende metastasesuspekte lasion. Vi gnskede samtidig at analysere
traefsikkerheden pa undergrupper baseret pa lokalisation og karakteristika af laesionerne, dvs. om



de var sklerotiske, lytiske eller blandede. Vi inkluderede 409 biopsier fra 395 patienter og
diagnosen pa de billeddiagnostiske undersggelser (rgntgen, CT, MR, knogle scintigrafi, SPECT/CT
og FDG-PET/CT) blev gennemgaet og holdt op mod biopsidiagnosen. Resultaterne blev udtrykt
som sensitivitet, specificitet, positive og negative praediktive vaerdier samt en samlet diagnostisk
ngjagtighed.

| det andet studie indgik 216 knoglebiopsier med mindst 2 forskellige billeddiagnostiske
undersggelser i 6 maneders perioden fgr knoglebiopsien. Den billeddiagnostiske traefsikkerhed af
de indgaede undersggelser med eller uden en anden forudgaende billeddiagnostik og den mulige
indflydelse af sekvensen af disse blev undersggt.

Formalet med det tredje studie var at undersgge hvorvidt en biopsi diagnose rent faktisk kan
betragtes som guldstandard, dvs. hvorvidt en benign biopsi diagnose reelt er benign. Vi fulgte op
pa 215 benigne knoglebiopsier fra 207 patienter i to ar efter den fgrste benigne biopsi diagnose
ved at se pa diagnoserne fra samme anatomiske lokalisation fra yderligere biopsier og/eller
billeddiagnostiske undersggelser og/eller klinisk information for derigennem at kunne kategorisere
den fg@rste biopsi som reelt benign, reelt malign eller tvetydig.

Resultater

Det f@rste studie viste at sensitiviteten af MR og FDG-PET/CT var signifikant bedre end CT, som
havde en bedre specificitet; generelt var disse modaliteter signifikant mere traefsikre end rgntgen
og knoglescintigrafi. Sensitiviteten for osteolytiske og blandede lzesioner var signifikant hgjere for
MR og PET/CT end for CT, hvilket ikke var tilfaeldet for osteosklerotiske lsesioner. Ved rygsgijle
leesioner viste MR den signifikant bedste sensitivitet, hvilket ikke var tilfaeldet for laesioner i de
gvrige dele af skelettet.

| det andet studie kunne vi ikke dokumentere en signifikant forskel pa den diagnostiske
traefsikkerhed af de billeddiagnostiske undersggelser, uanset om de var forudgaet af en anden
modalitet eller ej. Sekvensanalyserne indikerede, at jo st@grre diagnostisk ngjagtighed en given
modalitet antages at have, desto stgrre er risikoen for at pavirke ngjagtigheden ved analyse af
efterfglgende billedmodaliteter.

| det tredje studie dokumenterede vi at en benign knoglebiopsi kan betragtes som et validt
kriterium for fravaer af knoglemetastaser, idet 98 % af de benigne biopsier viste sig at veere reelt
benigne 2 ar efter den fgrste biopsi. To biopsier var falsk negative og tre kunne ikke med sikkerhed
rubriceres som maligne eller benigne pga. manglende beskrivelse af de billeddiagnostiske
undersggelser.

Konklusion

Denne Ph.d.-afhandling har for fgrste gang dokumenteret at MR og PET/CT er de bedste
billeddiagnostiske undersggelser til detektion af knoglemetastaser holdt op med guldstandarden,
knoglebiopsi, som vi samtidig har dokumenteret rent faktisk kan betragtes som guldstandard. Vi



har ikke kunnet vise at det har nogen signifikant betydning for den diagnostiske traefsikkerhed
hvorvidt der er adgang til at jo stgrre diagnostisk ngjagtighed en given modalitet antages at have,
desto stgrre er risikoen for at pavirke ngjagtigheden ved analyse af efterfglgende
billedmodaliteter.
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English summary

Introduction

Bone is the third most common site of metastases after lung and liver. Prostate and breast cancer
account for up to 70% of bone metastases and approximately 75% of patients suffering from the
most common metastatic cancer diseases develop at least one bone metastasis. Early and
accurate detection of bone metastases is essential for palliative and curative treatment and thus
for morbidity and mortality.

Correct diagnostic imaging is essential for the early detection of possible bone metastases and
several imaging modalities can be used, including conventional X-ray, CT (computed tomography),
MRI (magnetic resonance imaging), bone scintigraphy-SPECT/CT, and PET/CT with various
radiolabeled ligands. Several scientific studies have tried to document the diagnostic accuracy of
these imaging methods, but none of these studies have been consistent in the choice of an
unambiguous reference, among which biopsy from the suspected bone lesion is considered to be
the gold standard.

Aim

The aim of this Ph.D. was to provide valid evidence on the diagnostic accuracy of relevant imaging
methods for detection of bone metastases against pathology proven reference only. At the same
time, we wanted to investigate whether diagnostic accuracy was affected by access to and the
sequence of previous diagnostic imaging and reports. Finally, we wanted to document that bone
biopsy is the true gold standard. We believe that such data are important for planning future
imaging and oncological studies as well as for the development of evidence-based imaging
guidelines for the detection of bone metastases.

Material and method

The Ph.D. studies were performed as retrospective consecutive cohort studies of bone biopsy
material collected via University Hospital of Aalborg, Pathology Department, by a computer search
of bioptic material registered in SNOMED (Systematized Nomenclature of Medicine) as T10 * and
T11 * codes for cytological and histological bone biopsies, respectively, in the period from 1
January 2011 to 31 July 2013. Each biopsy was identified by a unique Danish civil registration
number. Based on this cohort, we performed three studies.

In the first study, we wanted to examine the diagnostic accuracy of imaging methods performed
within six months prior to a bone biopsy of the metastasis-suspected lesion. We also wanted to
investigate the diagnostic accuracy of subgroups based upon the location and characteristics of
the lesions, being either sclerotic, lytic, or mixed. We included 409 biopsies from 395 patients and
the diagnosis on the imaging examinations (X-ray, CT, MRI, bone scintigraphy, SPECT/CT, FDG-
PET/CT, and ultrasound) were reviewed and held up against the pathology proven reference. The
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results were expressed as sensitivity, specificity, positive and negative predictive values as well as
overall diagnostic accuracy.

The second study included 216 bone biopsies with at least 2 different imaging studies performed
in the 6-month period before the bone biopsy. The imaging accuracy of the modalities with or
without another prior different imaging and the possible influence of the sequence of these were
examined.

The purpose of the third study was to investigate whether a biopsy diagnosis can be considered a
gold standard, i.e., whether a benign biopsy diagnosis is truly benign. We did so by following up on
215 benign bone biopsies from 207 patients for a two-year period after the first benign biopsy
diagnosis by looking at the diagnoses of any new biopsies and/or the diagnoses from any new
imaging studies performed on the same anatomical location and/or any clinical information to
categorize the first biopsy as true benign, true malignant or ambiguous.

Results

The first study documented that the sensitivity of MRI and PET/CT were significantly better than
CT, which demonstrated a significantly better specificity, and in general, these modalities were
significantly more accurate than X-ray and bone scintigraphy. The sensitivity for osteolytic and
mixed lesions was significantly higher for MRI and PET/CT than for CT, which was not the case for
osteosclerotic lesions. In spinal lesions, MRI showed the significantly best sensitivity, which was
not the case for lesions in other parts of the skeleton.

In the second study, we were unable to document a significant difference in the diagnostic
accuracy of the imaging studies, whether the reader had prior access to a different modality or
not. The sequence analyzes indicated that the greater the diagnostic accuracy a given modality is
assumed to have, the greater the risk of influencing the accuracy when analyzing subsequent
imaging modalities.

In the third study, we documented that a benign bone biopsy can be considered a valid criterion
for the absence of bone metastases since 98% of the benign biopsies were found to be truly
benign two years after the first biopsy. Two biopsies were falsely negative and three could not be
classified as malignant or benign due to a lack of description of the diagnostic imaging studies.

Conclusion

This Ph.D. thesis has for the first time documented that MRI and PET/CT are significantly the best
imaging modalities for detection of bone metastases when systematically held up against the gold
standard, bone biopsy, which we at the same time have documented as a valid gold standard. We
have not been able to show any significant difference in diagnostic accuracy whether the reader
has access to a previously performed different imaging or not, but it seems to be a source of error
if a previously incorrect imaging diagnosis is performed on a modality, considered to have higher
accuracy than the one currently performed.
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Chapter 1. Introduction

a. Development and characteristics of bone metastases

The adult human skeleton consists of 206 bones, out of which 126 are appendicular and 80 axial
bones. They are made of mineralized connective tissue forming two types of bone, the outer
cortical (compact) and the inner trabecular (spongy) bone matrix, the latter housing the bone
marrow. Bone provides shape, support, and protection for the body, serves as a storage site for

minerals, and most also contains and nourishes bone marrow cells (Figure 1).

Figure 1. Schematic drawing of bone structure (figure purchased from Shutterstock)

Cortical bone is organized in so-called Haversian systems with a central channel surrounded by
concentric layers of bone cells related to the break-down and formation of new bone (Figure 2).
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Figure 2. Structure of cortical and trabecular bone structure (figures purchased from Shutterstock)

The trabecular bone consists of solid bridges of bone, forming a complex 3-dimensional net with
spaces housing the bone marrow (Figure 2). The numerous stages of hematopoiesis, osteogenesis,
osteolysis, and diverse immunological responses are carefully managed in the bone marrow,
which is a dynamic organ (1,2). The bone matrix represents a very active and dynamic type of
connective tissue with many functions including protection to vital organs, mechanical support,
and locomotion with a high regeneration potential in cases of fractures and milder infections (1,2).

Bone tumors can be mainly divided into primary bone tumors (sarcomas), comprising less than
0.2% of overall cancer diagnoses, and secondary bone tumors (metastases), being much more
common than primary tumors, especially in adults (3,4). The most common malignancy of the
bones is bone metastases. Recent advancements in cancer therapies, like the creation of
molecularly targeted drugs and immune checkpoint inhibitors, have increased the survival rate of
cancer patients, prolonging their clinical course and reducing morbidity due to bone metastatic
disease (BMD) (5).

Globally, more than 18 million cancers are registered each year and of those, more than 50% of
cases will develop bone metastases, since bone is one of the most common metastatic sites for
solid malignancies and in 25-30% of cases, bone metastases are the first manifestation of
malignancy (6-8). A large recently published American population study showed that prostate
cancer, breast cancer, and kidney cancer have an incidence of bone metastases within the
metastatic subset of 88.7%, 53.7%, and 38.7%, respectively (6). Other studies document that 10%
of all newly diagnosed prostate cancers present with bone metastasis, increasing to 80% at
advanced stages of the disease, and that prostate, breast, and lung cancers among the primary
cancers most often tending to metastasize to bone with approximately 75% developing at least
one bone metastasis during their course of disease (5,9-12). Approximately, 90% of prostate
cancer and 70% of breast cancer patients eventually develop metastases, which represents the
most frequent metastatic site behind lymph nodes, lungs, and liver, and nearly all patients who die
of prostate cancer have bone metastases (4,11,13-20). Despite diagnostic tests and autopsies, the
primary cancer location of bone metastases remains sometimes still unidentified (21).

The spine and pelvis are the most frequent anatomies for bone metastases, and only sporadically
the bones distal to the knee and elbow are included (11,22). The most frequent sites of
metastases in the spine are the lumbar vertebrae (5). Bone metastases occur either via a direct
invasion of bone tissue or much more commonly via cancers that have spread (metastasized) from
other tissues in the body through the blood or lymphatic systems to the bone marrow, which in
turn spreads cancer to the firm bone matrix (1).

Despite several years of research, the complex biology of metastases is not yet fully understood
(8). The bone marrow has been widely recognized to host a unique microenvironment that
facilitates tumor colonization, and in the bone marrow, metastatic cancer cells take advantage of
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the normal marrow physiology to survive distant from the primary site (5,8). The biology of bone
metastasis is determined by tumor cell traits and their interaction with the microenvironment
(1,2,8,22,23).

Tumor cells of bone metastases are not capable of destroying the bone matrix directly, but they
hijack the physiological mechanisms controlling normal bone homeostasis thereby creating an

BONE REMODELING
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imbalance between osteoblasts and osteoclasts (Figure 3).
Figure 3. Schematic drawing of the normal bone remodeling process (figure purchased from Shutterstock)

Malignant cells act differently on the bone microenvironment according to the primary tumor type
and can be classified as osteolytic (osteoclastic), sclerotic (osteoblastic), or mixed (5,8,24). For
instance, prostate metastatic cancer cells most commonly produce osteoblast-promoting factors,
causing sclerotic metastases, whereas metastatic cells from renal cell cancer most commonly
overexpress osteoclast-inducing factors, causing lytic metastases; a mixture of the two types can
be seen in for instance breast cancer metastases (2). An example of sclerotic and lytic metastases
in the hip can be seen in figure 4 and an overview of the types and characteristics of bone
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metastases can be seen in table 1.
Figure 4. Hip with osteoblastic (left) and osteolytic (right) metastases (figure purchased from Shutterstock)

Table 1. Overview of types and characteristics of bone metastases (adapted from Badila et al (2))

Type of bone Manifestation Symptoms Primary cancer Radiographic
metastasis appearance
Osteolytic Destruction of bone Bone pain Breast Radiolucent
(osteoclastic) causing bone pain, Fractures MM areas
fracture, Hypercalcemia | RCC
hypercalcemia and Nerve Melanoma
nerve compression compression NSCLC
syndromes Syndromes Non-Hodgkin
lymphoma
Thyroid cancer
Osteosclerotic | Deposition of new Bone pain Prostate Hyperdense
(osteoblastic) | bone Fractures Carcinoid areas
with dysregulated SCLC
bone resorption and Hodgkin
bone lymphoma
formation Medulloblastoma
Mixed Osteolytic and Breast cancer Fuzzy areas,
osteoblastic Gl-cancers a sclerotic rim
components in the Squamous with a center
same metastasis cancers of osteolytic
lesions can be
seen

Abbreviations MM: Multiple Myeloma, RCC: Renal Cell Carcinoma, NSCLC: Non-Small Cell Lung Carcinoma, SCLC: Small
Cell Lung Carcinoma, Gl: Gastrointestinal

Bone metastasis frequently occurs in the late stages of malignant diseases, and evidence suggests
that metastatic cancer cells can remain in a dormant state for decades before they proliferate and
destruct the bone matrix. They are capable in the dormant phase of evading the immune system,
which then can be reactivated later. Once developed, it indicates a short prognosis with 5-year
survival rates reaching 20% with multiple bone metastases and 40% when presenting with a
solitary lesion (2,11,22,23). Some have tested statistical models for the codification of complex
clinical data into prognostic models, which can be of value for therapeutic decisions (25). New
treatment targets have emerged due to result of recent developments in the knowledge of the
molecular mechanisms underlying the progression of bone metastases (1,25).

b. Treatment strategies for bone metastases

Even though significant progress has been made in understanding the nature of BMD, the disease
remains mostly incurable once tumor cells gain foothold in bone and start proliferating (8,22).
Overall, treatment options may intend to be generally or locally curative by the use of surgery,
chemo-, radiotherapy, or ablation or palliative by the use of radiotherapy, chemotherapy, arterial
embolization and stabilization with forms of cementoplasty such as kyphoplasty, and/or
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vertebroplasty (8,11). These can be combined with diofrequency ablation, cryotherapy, internal
fixation, or systemic drug therapy, which can be necessary for the treatment of advanced BMD

(8,11). Surgery remains in many instances indicated for bone metastasis treatment, mostly
providing fixation and/or replacement of the affected bone with a bioimplant as opposed to
primary tumors, where the target is to excise the lesion (2,11,23). Angiography allows
confirmation and mapping of the vascularity of the neoplasm and can be proposed in highly
specialized centers along with embolization before performing surgical resection in highly vascular
tumors (26). The future development of potential therapeutic approaches for the clinical
treatment of bone metastasis might be based upon targeting specific stages of tumor progression
and crosstalk with bone niches (22). Stromal cells may also be therapeutic targets by disrupting
the interaction between the altered bone niche and cancer cells (22). However, since treatment is
at present rarely curative, palliative therapies to alleviate symptoms or morbidity associated with
bone metastasis are most frequently initiated (8,22).

Despite intense research and development, BMD is still associated with significantly increased
mortality and morbidity, frequently causing pain, fractures, spinal cord compression,
hypercalcemia, and bone metastatic disease is also associated with considerable use of health care
resources (2,4,5,8,9,11,13,27-30). Only 20% of breast cancer patients remain alive 5 years after
the discovery of bone metastasis and the median survival after a diagnosis of bone metastases
ranges from around 1 year for patients with lung cancer to 3-5 years for those with breast cancer,
prostate cancer or multiple myeloma (8,29). The choice of treatment remains a challenge for
clinicians and unfortunately, current therapeutic options are as mentioned mainly palliative. Since
the bone microenvironment and its interaction with metastatic tumor cells differs from one cancer
type to another, a precise and early diagnosis is of utmost importance for the initiation of targeted
therapeutic strategies for BMD to prevent complications, such as pathological fractures and spinal
cord compression, causing impairment of QOL and survival once they occur (2,5,11).

In summary, treatment strategies for BMD should be holistically planned by taking the patient's
general health status and prognosis into consideration. Multidisciplinary teams focusing on the
management of BMD consisting of specialists, with the radiologist playing a central role, will
support comprehensive healthcare and treatment of patients (5).

c. Diagnosis of bone metastases

The diagnosis of BMD includes clinical history, diagnostic imaging, and eventually a biopsy (8,31).
Most patients with BMD present with either pain, spinal cord compression, hypercalcemia, or
pathological fractures and for some, BMD might be the first manifestation of a malignant disease
(7). Unexplained bone pain in patients with newly diagnosed prostate cancer has been shown to
have a significant predictive value for bone metastases independent of other known clinical
variables such as PSA, Gleason stage and T-score (32).
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Diagnostic imaging plays a central role in the detection of BMD and the purposes are many,
including early detection of the lesions, assessment of possible differential diagnoses, local spread,
cortical breach, risk of pending fracture, impact on performance, function, and on the surrounding
structures, quantification of the extent of disease load, planning of biopsy site, evaluation of type
(osteoblastic or -lytic), planning of surgery and other treatment options and to assess treatment
monitoring through interval imaging (11,33).

Because the pattern of bone metastases is so variable, it is essential to understand the capabilities
and restrictions of each imaging method (11). It is crucial to keep in mind that, unless proven
differently, a bone lesion in a patient with any known underlying cancer should be considered a
metastasis (11).

Several studies, systematic reviews, and meta-analyses have investigated diagnostic
characteristics of the different imaging modalities and ligands in various tumor types (8,14,34-48).
Since all cancer diseases are potentially systemic diseases, multi-modality imaging is frequently
employed for disease staging (33), and whole-body imaging techniques are being used more
regularly to reflect this (33).

X-ray is most often the primary screening technique used for bone tumors and tumor-like lesions,
but due to its low sensitivity, additional imaging is most often necessary (49). When lesions are
visible on radiographs, they should be assessed for aggressive or non-aggressive features including
bone destruction, lesion margin, tumor matrix, and periosteal reaction, and in such cases, the
specificity is high (50). Unless the lesion is sufficiently calcified, as in osteoblastic lesions, or
eliminated, as in osteolytic lesions, being apparent when more than 50% of the bone substance
has disappeared, metastases are rarely visible (4) . Small lesions are easily missed on radiographs,
particularly in patients with low bone density, for instance, osteoporosis, which is sometimes
caused by systemic BMD therapy (4,5). The trabecular bone density is higher in the epiphysis and
metaphysis than in the diaphysis which makes lesions in those areas easier to detect due to the
better contrast against the adjacent normal trabeculae (11).

CT has a higher sensitivity than conventional X-ray and most often, CT is performed as part of the
routine staging protocol during the initial workup of any cancer diagnosis, and thus it is commonly
the first imaging modality to detect the bone lesion suspected of representing MBD (11). Many of
the radiographic features described above can also be assessed on CT, where you more precisely
can determine bone lesions by measurement of the density expressed in Hounsfield Units (HU), a
relative quantitative measurement of radiodensity on a linear scale, where bone can reach up to
1000 HU (50,51). A lucent lesion can be defined as a lesion where more than 90% has lower
attenuation than normal trabecular bone, which typically has a density around 200 HU, whereas
osteoporotic trabecular bone density is around 120 HU (52). There is currently no specific
attenuation range that clearly defines sclerotic (53), and even if more recent literature define a
sclerotic lesion as one where > 50% of the volume is denser than the surrounding normal
trabecular bone, the description of a sclerotic lesion is most often subjectively applied by the
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interpreter (53). The term mixed lesion is commonly used to describe a lesion that contains a
combination of sclerotic and lytic areas relative to adjacent trabecular bone on CT, and a recently
published white paper defined a mixed lesion as one with equivalent or near-equivalent amount
of sclerosis and lucency (53). Recently, the application of dual-energy CT virtual non-calcium
algorithms has proven to be a valuable tool in the assessment of MBD (11).

MRI is superior to the other imaging modalities in detecting bone marrow lesions and is currently
considered the best imaging modality to depict diffuse bone marrow involvement, having superior
sensitivity and specificity for tissue characterization of BMD (49). MRl is very helpful in local
staging and surgical planning and is also used in assessing response to neoadjuvant therapy,
restaging and post-therapeutic follow-up (49). Compared to normal tissue, many malignant
disorders have low to intermediate signal intensity on T1 and high signal intensity on T2. When
discovered, primary benign and malignant bone tumors, as well as metastatic lesions, should be
taken into account in the context of additional factors like a history of malignancy known to cause
bone metastases, pain associated with the lesion, involvement of the cortical and soft tissues,
pathologic fractures, surrounding bone marrow edema, solid mass-like enhancement, and
paraclinical results such as PSA (53).

Accurate assessment of the T1 signal intensity is of primary importance (53). Enostoses and
osteoblastic metastases are examples of T1 iso- or hypointense bone lesions, which are defined as
lesions that exhibit a T1 signal that is the same as or lower than that of nearby skeletal muscle or
the intervertebral disc (53). The majority of bone cancers and metastases are
isointense/hypointense T1 lesions, hence it is necessary to evaluate their T2 characteristics in
order to further distinguish between lesions that are clearly benign and those that need additional
investigation (53). When using T2-weighted imaging, many benign and malignant bone lesions
exhibit higher signal intensities than the surrounding normal marrow fat because they contain
more free water. These bone lesions are frequently accentuated using protocols suppressing the
T2 signal of the fat (fat saturated or short tau inversion recovery (STIR) sequences) (53,54).
Diffusion-weighted MRI (DWI) is a sequence sensitive to water molecule movement into the
tissue, and since malignant tumors are generally more cellular than normal tissue, extracellular
water molecule movement is lower (26,55). DWI can quantify pathological states using the
Apparent Diffusion Coefficient (ADC), although validation of its use in musculoskeletal tumors is
still debated (26). Since MRI allows for a precise assessment of the extent of the disease and the
impact of the tumor on the surrounding tissue, it is regarded as the best imaging technology for
evaluating locoregional disease (11). Whole-body MRI is promising as it could help deliver the
promise of precision oncology for patients with BMD (11,33,53,55).

Radionuclide bone scan detects metabolic bone activity and especially osteoblastic (bone
deposition) response (11). The ability to perform whole-body imaging for the same radiation dose
allows us to detect polyostotic disease and planar bone scintigraphy (BS) is clinically easy to read,
widely available, and cost-effective (33). The extent of osteoblastic activity can indicate disease
activity (11). The sensitivity of the bone scan for lytic lesions depends on the magnitude of the
osteoblastic reaction. Pitfalls include post-chemotherapy lytic lesions (particularly in breast and
lung cancer), bone infarcts, and mucinous cystic lesions (11). Relatively low osteoblastic activity
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and high osteoclastic activity limit the detection of lesions on bone scans and bone scintigraphy is
associated with relatively poor spatial resolution, limited diagnostic specificity and reduced
sensitivity for bone marrow disease (56). It also shows limited diagnostic accuracy in assessing
response to therapy in a clinically useful time period (11). An overall improvement is observed
when BS is augmented using single-photon emission computerized tomography (SPECT) and
combining SPECT with CT furthermore improves the detection of metastatic bone disease (33).
Lately, the use of deep neural network models to automatically extract high-level features from
the BS data has shown promising results for recognizing the absence or presence of bone
metastasis on WBS images (57,58).

PET-CT techniques using bone-specific tracers such as NAF ([18F] sodium fluoride) or tumor-
specific tracers such as FDG ([18F] fluorodeoxyglucose) or Prostate-Specific Membrane Antigen
(PSMA)—ligands have shown high diagnostic accuracy for the detection of skeletal metastases (59).
NAF is chemisorbed into bone crystals with the formation of fluorapatite, a process that mainly
takes place in areas of active mineralizing bone and NAF PET/CT has the advantage faster blood
clearance, high spatial resolution and attenuation correction (60). The mechanism of FDG uptake
into bone metastases differs from NAF in that FDG accumulates in viable, metabolically active
tumor cells rather than in reactive bone . As the uptake of FDG is not limited to bone tumors, it
has the advantage of showing both skeletal and soft tissue metastases in patients with cancer (56).
Prostate-specific membrane antigen (PSMA) is a transmembrane glycoprotein overexpressed in
prostate cancer cells, either in prostate cancer tissue or at other metastatic sites, and more than
90% of primary prostate cancer displayed moderate-to-high PSMA expression (61-63). PSMA is
therefore considered as a suitable target for prostate (PET) imaging, but since PSMA functions as a
folate hydrolase, it is expressed in a range of normal tissues and in other benign and malignant
processes, making knowledge of other causes of uptake and distribution essential to minimize
false-positive imaging findings (61-63).

Recent research has investigated the ability of specific tracers to distinguish different types of
cancer forms from the same organ by using tracers in PET/CT imaging that allow the detection of
fibroblast activation protein in the tumor microenvironment, providing insight into the biological
characteristics of tumors (64).

Other whole body multiplanar radionuclide imaging techniques utilize existing applications of MRI
and CT, combined with nuclear medicine studies with different tracers to provide an overview of
MBD load and to ultimately prioritize treatment strategies. As mentioned, PET-CT is commonly
used with a proven high sensitivity and PET-MRI seems to be promising but is now only available in
a few places (11,33).

Even if one chooses the right imaging strategy for detection of BMD, misinterpretations cannot be
avoided. Errors in radiology are known to be complex and often multifactorial and several studies
have investigated the incidence and causes of medical errors (65,66). Radiology is known to be a
field very liable to claims of diagnostic negligence with an average error rate among radiologists



around 30% referring to images (chest x-rays) as part of a set of unknowns with proven pathology,
and the causes are many, most being perceptual (67-73). Radiologists often disagree with others
and even with themselves, and comparison with previously obtained examinations is considered
standard in order to get as few errors as possible (74-84). Provision of adequate clinical
information is considered important for accurate radiological diagnoses and subsequent clinical
management, and even if there have been discussions as to whether it should be recommended to
review the images before reading the history in order to avoid bias, the common practice of
reading diagnostic tests with clinical information seems justified (76,85-88).

Bone biopsy is generally considered the gold standard, i.e., error-free reference standard, for
verification of cancer in cases of malignant cells in a bioptic specimen, and an imaging-guided
biopsy is often ultimately required to establish a specific diagnosis (4,7,9,26,29,37). It is most often
performed in cases of an unknown primary neoplasm, heterogeneous disordered matrix, distinct
signal decrease in T1-weighted MRI (many cells), blurred border, perilesional edema, cortex
erosion, and with a large soft tissue component (fast growth) when MRI does not lead to a
diagnosis or in connection with surgery, but despite being considered the gold standard, it is only
rarely performed in the clinical setting (49,89). In diagnostic imaging accuracy scientific trials,
biopsy is only rarely used as a reference and an insufficient reference standard has been identified
as a major error source in biomedical research (14,34,35,37,90,91). Furthermore, a negative bone
biopsy can represent a false negative and this can have serious consequences, not only for the
patient, but also causing misleading results in diagnostic accuracy studies (92-97).

To summarize, BMD is a significant healthcare concern, and orthopedic surgeons, pathologists,
oncologists, radiotherapists, nuclear specialists, other clinicians and radiologists are involved in the
multidisciplinary management (5,11). Since early and accurate diagnosis of BMD is essential and
the pattern is highly heterogenous, the radiologist and nuclear specialists play a crucial role in
selecting the best imaging strategy, based upon well-documented knowledge of the limitations
and benefits of each imaging modality (11).

d. Challenges in imaging diagnostic research and guidelines

Several studies have been conducted to validate the diagnostic accuracy of various imaging
modalities, being of crucial importance for diagnosis and thus treatment. However, only a few can
live up to the requirements for a correctly performed diagnostic test accuracy study as outlined in
STARD (The Standards for Reporting of Diagnostic Accuracy) and recent studies have failed to
show any significant improvement in reporting quality over the last 10 years (90,91,98,99). In
addition, methodological errors such as sampling bias, failure to blind readers to the results of the
reference test as well as other index tests and verification bias are frequent and furthermore,
reliable imaging parameters to predict therapy response in cases of bone metastases have not yet
been elucidated in large randomized controlled clinical trials (11).

The ability of any imaging diagnostic procedure to distinguish between disease and health can be
expressed in different ways and such measures are extremely sensitive to the design of the study.
Studies suffering from methodological shortcomings can severely over- or underestimate the
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indicators of test performance as well as they can severely limit the possible applicability of the
results of the study (91). STARD guidelines and Food and Drug Administration for diagnostic
accuracy tests recommend the use of sensitivity, specificity, positive predictive value (PPV) and
negative predictive value (NPV) (91,100).

The sensitivity of a test (also called the true positive RATE) is defined as the proportion of people
with a disease who will have a positive result (TP/ (TP + FN)), whereas the specificity of a test (also
called the true negative rate) is the proportion of people without the disease who will have a
negative result (TN/ (TN + FP)) (101). Positive predictive value (PPV) calculated as (TP/ (TP + FP))
and negative predictive value (NPV) calculated as (TN / (TN+FN)) will tell you the odds of you
having a disease if you have a positive result. Whereas sensitivity and specificity are based on the
patient, PPV and NPV are based on the test. Unlike sensitivity and specificity, predictive values are
largely dependent on disease prevalence in examined population (101). Prevalence affects PPV
and NPV differently. PPV is increasing, while NPV decreases with the increase of the prevalence of
the disease in a population. Whereas the change in PPV is more substantial, NPV is somewhat
weaker influenced by the disease prevalence (101). Accuracy (also called diagnostic effectiveness)
is expressed as a proportion of correctly classified subjects (TP+TN) among all subjects
(TP+TN+FP+FN). Just as with PPV and NPV, diagnostic accuracy is affected by the disease
prevalence. With the same sensitivity and specificity, diagnostic accuracy of a particular test
increases as the disease prevalence decreases (101). This does not mean that the test is better in a
population with low disease prevalence, it only means that the test gives more correctly classified
subjects in absolute number. This percentage of correctly classified subjects should always be
weighed considering other measures of diagnostic accuracy, especially predictive values (101).

Most importantly, however, the choice of reference test is of utmost importance and the lack of
consistent use of a valid reference test, i.e., gold standard, for the presence or absence of
malignancy at the lesion site is common, meaning that histological diagnosis is only rarely
systematically used as a reference standard (37). In many cases, diagnostic data from other
imaging diagnostics or clinical follow-up are used and the true diagnostic accuracy of imaging
methods is therefore uncertain.

As earlier described, histology sample from the suspected bone lesion is generally considered gold
standard, i.e., a valid test for exclusion of false negative samples. However, this validity has to our
knowledge never been tested and proven. Such data are of utmost importance for future imaging
diagnosis and research.

Finally, imaging guidelines states it mandatory to compare imaging examinations and reports with
those previously obtained. However, to our knowledge, no studies have been published to
substantiate this demand, so no data are available to document neither the influence, nor the
sequence, of prior imaging on diagnostic accuracy using biopsy as the reference standard, making
guideline recommendations less trustworthy.
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Chapter 2. Aims and overview of the studies

As described, there are several challenges in existing imaging diagnostic research and guidelines,
one of the most important being the lack of consistent use of a valid reference standard for
investigation of diagnostic accuracy for detection of skeletal metastases. The overall aim of this
Ph.D. was to provide such data based upon a consecutive cohort of skeletal biopsies, based upon
which we could not only provide systematically valid evidence on diagnostic accuracy of relevant
imaging methods for detection of bone metastases, but we could also investigate whether
diagnostic accuracy was affected by access to and the sequence of previous diagnostic imaging
and reports. Finally, we wanted to document that bone biopsy is the true gold standard. We
therefore designed three studies, for which the specific aims are listed below. An overview of the
studies is provided in table 2.

Study I: Having unsuccessfully performed a comprehensive computer literature search to identify
studies comparing the diagnostic characteristics of the various imaging modalities with respect to
the diagnosis of the suspected skeletal malignancy systematically using bone biopsy as the gold
standard for the majority of patients, our aim of this study was to provide such data by
retrospectively examining the diagnostic accuracy of standard skeletal imaging modalities versus
pathology reports in a large consecutive population of patients (102).

Study 2: The aim of this study was to investigate whether the diagnostic accuracy of the detection
of skeletal malignancies, proven malign or benign by subsequent biopsy, is affected by prior
imaging examinations and their mutual sequences (103).

Study 3: The aim of this study was to investigate whether targeted bone biopsies described as
non-malignant or benign identified in a population with a suspicious focal bone lesion are in fact
truly benign after two years of follow-up (104).
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Table 2. Overview of the 3 studies

Study purpose

Patient cohort
No. of patients
No. of biopsies

Method

Reference method

Applied statistics

Main findings

Study 1

Diagnostic accuracy of
skeletal imaging modalities
against pathology-proven
reference

Study 2

Possible influence of
previous imaging on
diagnostic accuracy of
skeletal imaging modalities

Study 3

Prove bone biopsy as a true gold
standard

Retrospective consecutive cohort studies based upon a large sample of bone biopsies

395
409

Comparing diagnostic imaging

reports (X-ray, CT, MR, BS,
and FDG-PET/CT) with
pathology reports

Bone biopsy pathology report

Sensitivity, Specificity,
Prevalence, Accuracy, PPV,
NPV with 95% exact
confidence intervals,

Chi square tests,

Fisher’s exact test

MRI and FDG-PET/CT
performed best in most
patient subgroups, followed
by CT with some distance to
X-ray and BS

207
216

Comparing diagnostic
imaging reports in cases of 2
or more with pathology
reports

Bone biopsy pathology
report

Sensitivity, Specificity,
Prevalence, Accuracy, PPV,
NPV with 95% exact
confidence intervals,
Fisher’s exact test

The sequence of the
imaging modalities seems to
influence the diagnostic
accuracy

207
215

2-year follow-up on benign
skeletal biopsies to examine any
additional biopsy, imaging and
clinical follow-up information
Additional biopsies +imaging +
clinical follow-up

Descriptive statistics: calculation
of standard deviations, 95 %
confidence intervals

Negative bone biopsy is
documented to be a valid
criterion for the absence of bone
metastasis



Chapter 3. Material and methods study 1, 2 and 3

Material

All 3 studies were conducted as retrospective consecutive cohort studies based upon bioptic
samples gathered via a computer search at The Department of Pathology at Aalborg University
Hospital between January 1, 2011, and July 31, 2013, identifying bone biopsy material registered
by SNOMED (Systematized Nomenclature of Medicine) as T10* and T11* codes for skeletal
cytology and histology biopsies, resulting in 745 samples. Each biopsy was identified by a distinct
social security number, based upon which a manual check on each patient's hospital electronic
imaging file registration (EasyViz, Karos Health Inc., Waterloo, Ontario, Canada) for any prior

imaging procedures carried out six months or less before the biopsy date was performed, resulting

in 690 (102). Excluded were samples with no conclusive pathology results, samples from fetuses
and provoked abortions, no written description of the imaging findings by a specialist in imaging
(radiologist or nuclear medicine physician) and no anatomical match between the site of biopsy

and the imaging field (102). If both a cytological and a histological sample were available from the

same biopsy, the cytological sample was excluded. Please refer to Figure 5, Consort Diagram.

27



Biopsies with SnoMed pathology codes for skeletal
biopsy (T10 &T11), Jan. 2011- Jul. 2013

(n=745)
No imaging performed
6 months prior to biopsy
(n=55)
\ 4
n=690
Bioptic material unsuitable for diagnosis
(n=91)
y
n=599
Autopsies from fetuses and
> material from provoked abortions
(n=17)
n=582
No imaging or
o no description of the imaging of the
g relevant anatomy
v (n=127)
n=455
Cytological samples if
> histological were available
(n=40)
v
n=415
STUDY 3: Biopsies taken later in the 6-month
Benign samples: n=215 4—| —> period after the first suitable biopsy
(n=6)
STUDY 1:
n=409
Biopsies with only one imaging
J » (n=173)
Malign samples: n=194 y
n=236
Biopsies with two imaging modalities
> performed the same day
(n=20)
STUDY 2:
n=216

Figure 5. Consort Diagram. The number of specimens ended up being 409 in study 1. In study 2 we excluded biopsies
with only one diagnostic imaging performed in the 6 months period prior to the biopsy and samples where two
imaging were performed the same day, leaving us with 216 samples. Study 3 were based upon the samples collected
for study | described as benign, representing 215 samples.
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Methods

As explained in figure 5, 409 biopsies were included in study 1. The diagnostic accuracy was
determined by comparing pathology reports from bone biopsies to diagnostic imaging in terms of
X-ray, CT, MRI, BS, and FDG-PET/CT conducted within 6 months of the biopsy (102). A subgroup
analysis for spine and non-spine anatomical sites as well as for tumor types were performed to see
if the diagnostic accuracy of the various imaging modalities differed depending on the anatomical
site under investigation. Finally, diagnostic properties of imaging modalities were examined based
on whether the bone reaction was expected to be mostly osteosclerotic, osteolytic, or mixed
according to Roodman (24). Prostate cancer bone metastases were defined as osteosclerotic,
squamous cell adenocarcinoma of the lung bone metastases as mixed, and small cell anaplastic
carcinoma of the lung bone metastases as osteolytic. The bone responses for additional tumor
types were classified according to documentation available in the public (102).

To analyzing the possible influence of prior imaging reports and their mutual sequences in study 2,
we included biopsies with 2 or more imaging examinations (X-ray, CT and MRI) performed in the 6
months period prior to the biopsy, except if the two imaging examinations were performed on the
same day, which left us with 216 samples (please refer to figure 5) (103). BS, SPECT/CT and FDG-
PET/CT were excluded due the low number of combinations of those with another.

In study 3, where we wanted to investigate whether bone biopsies described as non-malignant or
benign identified in a population with a suspicious focal bone lesion are in fact truly benign after
two years of follow-up, we selected the samples collected for study | described as benign,
representing 215 out of the 409 samples (please refer to figure 5) (104). Based on the unique
Danish Central Personal Registration system, supplying inhabitant with a personal ID number,
combined with databases that include diagnostic codes for each ID number, we performed a 2-
year follow-up for the non-malignant bone biopsies including a careful computer search on each
patient in the pathology database for any additional biopsy, in the imaging system EasyViz for any
imaging of the relevant structure, and finally in the Electronical Patient Journal charts (EPJ - Clinical
Suite, CSC Scandihealth A/S) for any relevant journal notes in order to categorize the original
biopsy as truly benign, malignant or equivocal (104). This was done by two independent readers
who reached consensus. A combination of a negative biopsy from the same anatomy as the first
biopsy taken or no biopsy from the same anatomy available AND no imaging with suspicion of
cancer from the same anatomy AND no clinical suspicion of malignancy from the same anatomy
were used to characterize a biopsy as truly benign after two years of follow-up (104). If one of the
following criteria applied to a biopsy, it was termed malignant: 1) a positive biopsy of the same
structure or neighboring soft tissue, 2) any positive imaging of the structure, or 3) clinical suspicion
of malignancy based on the relevant anatomy, such as persistent symptoms or blood tests that
lead to additional diagnostic testing. Follow-up biopsies that were not diagnosed as true benign or
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true malignant were labeled as equivocal. Patients with post-biopsy imaging that was inconclusive
for malignancy were also included in this category (104).

Imaging

All radiological imaging procedures were carried out in conformity with the hospital's policies (no
experimental imaging investigations were included in the analysis). Digital radiography was used
for X-ray imaging, and CT scans were done on a GE (GE Lightspeed VCT, 64 slice, GE LightSpeed
Pro, 32 slice, GE Discovery 750 HD, General Electrics, Milwaukee, WI, USA) or Siemens (SIEMENS
Definition Flash Siemens AG, 128 slice) scanner (102-104). A 1.5 T MR scanner was used for the
MRI scans (Discovery MR450, General Electrics, Milwaukee, WI, USA). T1, T2, and STIR were the
MRI image sequences used, with at least one of them being axial on the bone in question; contrast
was only used in cases of soft tissue involvement, which was determined by a physician in each
case (102-104).

For nuclear medicine procedures, we used BS with 750 mega Becquerel (MBq) 99 mTc-labeled
bisphosphonate and whole-body scanning or regional imaging on a dual-headed gamma camera,
depending on the indication (Symbia T16 or E.CAM, both Siemens AG, Berlin and Munich,
Germany). Only three individuals received supplemental single-photon emission computerized
tomography (SPECT/CT). Because of the small sample size, the results from these patients were
not analyzed in our study. All PET/CT scans were performed with FDG. One hour after injecting 370
MBq of 18F-FDG intravenously, FDG-PET/CT was conducted. In compliance with institutional
standards, whole-body pictures were collected using a 64-slice Discovery VCT PET/CT scanner
(General Electric Medical Systems, Milwaukee, WI, USA). All BS were double read by at least one
board-certified nuclear medicine physician as per institutional policy. PET/CT scans were always
read by a physician and a radiologist, irrespective of the use of diagnostic or low dose CT scans
(102-104).

Two independent reviewers, sometimes working in pairs, reviewed all the imaging descriptions.
Based upon the imaging report, the lesions were classified as malignant, benign, or inconclusive or
equivocal. Without the use of a third-party arbiter, the readers established a consensus for each
imaging report after each individual reading. In a small number of instances, the imaging outcome
was deemed ambiguous and hence classified as inconclusive. This was most frequently the case
with X-ray reports of fractures, where it was not specified whether the fracture was pathological
or not (102-104).

Biopsies

Most bone biopsies were taken during surgical or image-guided procedures (CT or ultrasound). In
a few cases, biopsies from post-mortem exams were obtained. The biopsies were handled and
analyzed according to standard procedures at the hospital. When immunohistochemistry was
necessary, it was used. All biopsies were diagnosed by a board-certified pathologist (102-104).
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The lesion was classed as malignant, if several biopsies were taken from the same anatomical site
over a six-month period and just one of those revealed malignancy. The first biopsy diagnosis was
used if repeated biopsies were described as benign. If the eligibility criteria were met, lesions from
different anatomical locations in a patient could be added. Each pathology report was evaluated
as benign, malignant, or inconclusive by two reviewers. A board-certified pathologist aided with
the final decision in cases of inconsistency (102-104).

Statistics

Diagnostic accuracy was in study 1 and 2 calculated as sensitivity, specificity, positive predictive
value (PPV), negative predictive values (NPV) and accuracy and our reference test was pathological
diagnoses in all cases (103). The cumulative proportion of correct outcome (accuracy) was also
calculated. In study 1, we used GraphPad Prism to calculate Pearson’s Chi square tests for
independent data for 5 x 2 comparisons and Fisher’s exact test for 2 x 2 comparisons, whereas in
study 2 (where we used Stata 17 as mentioned below), we only used Fischer’s exact test, because
we considered the datasets to be rather small, for which Fischer’s exact test is considered better.
Recently some articles showed it better to use Pearson’s Chi square test in all contexts, possibly
with a minor modification for small datasets (105,106). However, in most cases, the difference is
marginal. All p-values were two-sided and values <0.05 were considered significant. Data were
reported with 95% confidence intervals (103). In some subgroup analyses in study 1, only
sensitivity was calculated and thus used for statistical analysis.

In study 2, we used Stata 17 (StataCorp LLC 2021) and the Stata package matrix tools (107) for
calculations of diagnostic accuracy for each modality. Then it was calculated for pairs of imaging
modalities, such as X-ray/CT and CT/X-ray, while excluding all stand-alone data to reduce the bias
that only one imaging was performed rather than two. The accuracy of one imaging modality (CT,
MRI, and X-ray) when employed as the initial imaging modality were compared to the diagnostic
properties of the modality when preceded by another modality. Finally, the impact of the imaging
sequence was studied in patients with malignant and benign biopsy diagnoses using descriptive
statistics due to the small number of patients in each group. It should be emphasized that the
numbers in some of the subgroups may not be large enough to detect meaningful differences
(103).

In study 3, descriptive statistics included calculation of standard deviations and 95% confidence
intervals were performed (104).

Approvals

In conformity with national legislation, this retrospective investigation did not require ethical
approval or informed consent. The study was approved by the Danish Data Protection Agency,
which gave authority to examine medical files for the purpose of the study.
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Chapter 4. Results

Study 1

Lange MB, Nielsen ML, Andersen JD, Lilholt HJ, Vyberg M, Petersen LJ. Diagnostic accuracy of
imaging methods for the diagnosis of skeletal malignancies: A retrospective analysis against a
pathology-proven reference. Eur J Radiol 2016 Jan;85(1):61-67.

Table 3 provides an overview of patient demographics and baseline information.

Out of the 409 biopsies included, 44 were cytological specimens, 379 were regular histological
biopsies from patients, and 6 were post-mortem biopsies. There was a slight overweight of men,
and the mean age was 64 (1-95). There were slightly more benign biopsies, 215 in total, which
were given 28 different pathology diagnoses, with osteochondroma, fibrosis, and inflammation
being the most frequent (n = 20 or more). Of the malignant samples, the most prevalent cancer
types were lung cancer, breast cancer, and multiple myeloma, representing almost 60 % of the
cancer types. According to histology, 82% of lung cancers were non-small-cell lung cancer and 82%
of breast cancers were ductal carcinomas. The skeletal lesions were most frequently found in the
spine followed by extremities and pelvis.

In total, 758 imaging procedures were completed with 62% of the patients having two or more
diagnostic imaging procedures performed prior to the biopsy. The majority of pre-biopsy imaging
modalities were radiological investigations, making up 88%, with the number of X-ray, MR, and CT
procedures being almost evenly distributed (all >200 each). Out of the 209 MRI scans, contrast-
enhancement (gadolinium) was used in 58. The number of nuclear medicine procedures was
rather limited, only approximately 100 in total. Diagnostic CT was performed for 53% (31 of 58) of
the PET/CT scans, while low-dose CT was used for the rest. An example of different imaging

modalities used for detection of possible bone metastasis in the spine is shown in figure 6.

Figure 6. A 46-year-old man was diagnosed with cardia cancer (subcardial grade Ill). An initial FDG-PET/CT scan
showed no bone metastases in the spine (A: PET/CT sagittal fused image; B PET sagittal view; C: CT sagittal view). 3
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months later, persisting back pain gave rise to an MRI scan showing disseminated cancer with a biopsy-proven bone
metastasis in Th10 (arrow) with posterior soft tissue bulging and compression of the medulla (D: Sagittal T2 Stir TR/TE
3500/38,496 msM E: sagittal T1 TR/TE 350/12,832 ms). Reproduced with permission from European Journal of
Radiology (102)

Table 3. Patient demographics and baseline information.

Patients (n) 395

Male n (%) 216 (55%)
Female n (%) 179 (45%)
Age median (range) 64 (1-95)
Bioptic samples (n) 409
Benign biopsies n (%) 215 (53%)
Malign biopsies n (%) 194 (47%)
Lung n (%) 50 (26%)
Breast n (%) 39 (20%)
Myeloma n (%) 27 (14%)
Lymphoma n (%) 18 (9%)
Prostate n (%) 13 (7%)
Colorectal n (%) 7 (4%)
Kidney n (%) 7 (4%)
Other n (%) 26 (13%)
Unknown n (%) 7 (4%)
Localization of bone lesions 409 (100%)

Spine n (%)
Extremities n (%)

169 (41%)
122 (30%)

Pelvis n (%) 59 (14%)
Thorax n (%) 31 (8%)
Head n (%) 28 (7%)
Total n (%) 758 (100%)

X-ray n (%)

223 (29%)

CT n (%) 233 (31%)
MRI n (%) 209 (28%)
BS n (%) 35 (5%)
PET/CT n (%) 58 (8%)

Reproduced with permission from European Journal of Radiology (102)

Table 4 shows the diagnostic characteristics of the imaging modalities. Overall, the nominal rank
order of accuracy was MRI, PET/CT, CT, BS, and X-ray. The sensitivity for MRl and PET/CT was
shown to be superior, both around 90%, whereas X-ray proved to have a very low sensitivity. X-
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ray, on the other hand, proved to have the highest specificity and CT the highest PPV. The
sensitivity of CT and BS was both around 75%. The specificity was in the 80-90% range for CT and
MRI versus approximately 60% for BS and PET/CT. The PPV was acceptable (80% or greater) for
most modalities, and so was NPV for MRI and PET/CT. In contrast, NPV was 66-71% for X-ray and
CT, and only 41% for BS. MRI showed the best nominal combination of sensitivity, specificity and
PPV, and NPV (102).

Statistical analysis proved a significant difference in sensitivity and specificity across the five
modalities (p<0.0001). Subsequent pairwise comparisons found no difference between MRI and
PET/CT (p=1.00), both being significantly more sensitive than CT (p=0.0027 and p=0.025,
respectively) with only MRI being significantly better than bone scan (p=0.047). There was no
difference between MRI and PET/CT (p=0.067) or MR vs. CT (p=0.29), but CT was more specific
than PET/CT (p=0.0091). X-ray was significantly more specific than MRI (p=0.001), PET/CT
(p=0.0001) and BS (p=0.0065), but not CT (p=0.058). It must be noted that the included numbers
of BS were relatively low resulting in large confidence intervals (102).

Table 4. Diagnostic characteristics of the imaging modalities X-ray, CT, MRI, BS and PET-CT (reported with
95% confidence intervals)

X-ray CcT MRI BS PET-CT
n=223 n=233 n=209 n=35 n=58
Sensitivity 33.0 75.6 90.5 74.1 92.3
(23.6 - 43.6) (67.8 - 82.6) (83.7-95.2) (53.7 - 88.8) (79.1 -98.3)
Specificity 96.1 89.2 81.1 62.5 63.2
(91.2 -98.7) (81.1-94.7) (73.6 - 89.8) (24.7 - 91.0) (38.4 - 83.7)
Accuracy 69.5 81.1 87.1 71.4 82.7
(63.0 - 75.5) (75.5—-85.9) (81.8-91.5) (53.7 - 85.4) (70.6 —91.4)
PPV 86.1 91.4 86.8 87.0 83.7
(70.5 - 95.3) (84.7 - 95.8) (79.4 -92.2) (66.4-97.1) (69.3-93.2)
NPV 66.3 70.9 87.5 41.7 80.0
(59.1 - 73.0) (61.8 - 79.0) (78.7 - 93.6) (15.3-72.3) (51.9-95.4)

Abbreviations: positive predictive value (PPV); negative predictive value (NPV). Reproduced with permission from
European Journal of Radiology (102)

Three subgroup analyses’ possible influence on imaging characteristics were performed, one on
the localization of the lesion (spine versus non-spine), one on the primary tumor type and one on
the bone matrix response (osteolytic, osteosclerotic and mixed).

The influence of the localization of the lesion (spine versus non-spine) is displayed in table 5. In
terms of spine lesions, MRl is better than the other modalities with a sensitivity on 92% and a
specificity above 80%, whereas PET-CT was superior in non-spine lesions with a sensitivity on 96 %
which for MRI was only 86% (102). There was a significant difference in sensitivity for the five
imaging modalities (p<0.0001) among spine lesions as opposed to non-spine lesions (p=0.15),
whereas there was a significant difference in specificity among the five modalities for both spine
(p=0.028) and non-spine lesions (p=0.0007) (102). MRI, but not PET/CT, was significantly more
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sensitive than CT (p=0.0005), but there was no difference in sensitivity between MRI and PET/CT

(p=0.63) when pair-wised compared. The nominal rank order for accuracy was MRI, CT, PET/CT, BS

and X-ray for spine lesions, and PET/CT, MRI, CT, X-ray, and BS for non-spine lesions (102).

Table 5. Diagnostic accuracy (%) of imaging modalities in study 1 on spine/non-spine lesions (reported with

95% confidence intervals).

Location Diagnostic Modality
outcome
Spine X-ray (n=77) CT (n=115) MRI (n=133) BS (n=14) PET/CT (n=22)
Sensitivity 26.7 70.5 92.0 72.7 87.5
(14.6 - 42.0) (59.1-80.3) (84.1-96.7) (39.1-93.7) (61.6 —98.1)
Specificity 90.6 94.6 80.4 (66.1 - 66.7 50.0
(75.0-97.1)  (81.8-99.2) 90.6) (11.6-94.5)  (12.4-87.6)
Accuracy 53.2 78.3 88.0(81.2 - 71.4 77.3
(41.5-64.7) (69.6 — 85.4) 93.0) (41.9-91.6) (54.6-92.2)
PPV 80.0 96.5 (87.9 - 89.8 88.9 82.4
(51.9-95.4) 99.5) (81.7 —95.3) (51.7-98.2) (56.6 — 96.0)
NPV 46.8 60.3 84.1 40.0 60.0
(34.0 - 59,9) (46.6 —73.0) (69.9 —93.3) (6.5 —84.6) (15.4-93.1)
Non-spine X-ray (n=146)  CT (n=118) MRI (n=76) BS (n=21) PET/CT (n=36)
Sensitivity 38.8 82.3 86.2 75.0 95.7
(25.2 - 53.8) (70.5-90.8) (68.3 —96.0) (47.6 —92.6) (78.0 —99.3)
Specificity 97.9 85.7 85.1 60.0 (15.4 - 69.2
(92.7 -99.7) (73.8-93.6) (71.7 - 93.8) 93.5) (38.6 -90.7)
Accuracy 78.1 83.9 85.5 71.4 86.1
(70.5 — 84.5) (76.0 —90.0) (75.6 —92.6) (47.8 - 88.7) (70.5-95.3)
PPV 90.5 86.4 78.1 85.7 84.6
(69.6 —98.6) (75.0-93.9) (60.0 —90.7) (57.2-97.8) (65.1 —95.6)
NPV 76.0 814 90.9 42.9 90.0
(67.5—-83.2) (69.1-90.3) (78.3-97.4) (10.4 —81.3) (55.5-98.3)

Abbreviations: positive predictive value (PPV); negative predictive value (NPV). Reproduced with permission from

European Journal of Radiology (102)

The sensitivity of PET/CT and MRI were 86% or more for all tumor types; however, some of the
subgroups were very small. Likewise, CT proves 86% sensitivity for breast cancer, but only around
70% for other cancers. In general, X-ray had extremely low sensitivity. For lung cancer (p=0.0001),
breast cancer (p=0.0013), myeloma (p=0.022), lymphoma (p=0.0004), and prostate cancer
(0=0.023), there were substantial differences in sensitivity between modalities. Because of the
small number of observations and consequently high probability of type Il error, no post-test
pairwise comparisons were conducted.
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Table 6. Sensitivity (%) of imaging modalities on bone lesions classified by the most frequent primary tumors
(reported with 95% confidence intervals).

X-ray CcT MRI BS PET/CT
Lung cancer 24.2 75.6 86.2 40.0 100.0
(11.1-42.3; n=33) (59.7 —87.6, n=41)  (68.33 —96.0, n=29) (6.5 —84.6, n=5) (71.3-100.0, n=11)
Breast cancer 47.1 86.7 95.2 84.5 100.0
(23.0-72.1, n=17) (69.3 -96.2, n=30) (76.1-99.2, n=21) (54.5-97.6, n=13) (19.3-100.0, n=2)
Multiple 46.2 73.7 93.8 100.0 100.0
myeloma (19.3-74.8, n=13) (48.8 —90.8, n=19) (69.7 —99.0, n=16) (16.6 — 100.0, n=1) (54.1 -100.0, n=6)
Lymphoma 0.0 70.0 90.9 100.0 87.5
(0.0-37,1, n=8) (34.8-93.00, n=10) (61.5-98.6, n=11) (16.6 — 100.0, n=1) (51.7-98.2, n=8)
Prostate cancer 66.7 75.0 90.0 100.0 No data

(30.1-92.1,n=9)  (20.3-95.9,n=4)  (55.5-98.3,n=10)  (40.2 — 100.0, n=4)

Reproduced with permission from European Journal of Radiology (102)

The final subgroup analysis performed was on diagnostic characteristics of the imaging modalities
distributed by bone response, illustrated in figure 7. The primary tumor's location of origin could
be identified in 187 of 194 tumor biopsies, out of which imaging reports described osteolytic bone
pattern in 105 tumors, osteoblastic bone pattern in 23 tumors and mixed lesions in 59 (102). In
osteolytic lesions, all imaging modalities had at least 30 observations, with the exception of BS
(n=6). With CT and MRI, there were at least 30 observations of mixed lesions, although fewer
observations were obtained with X-ray (n=22), BS (n=15), and PET/CT (n=7). The number of images
of osteosclerotic lesions was limited (10-18 with the radiological modalities), especially for the
nuclear medicine methods (BS, n=6; PET/CT, n=1). No confidence intervals are reported in Figure 7
(102).

The sensitivity for the detection of osteolytic lesions showed a highly significant difference
(p<0.0001) between modalities with MRI and PET-CT showing a significantly higher sensitivity than
CT (p=0.0079 and 0.033, respectively). A significant difference across modalities was also shown in
mixed lesions (p=0.0002), but no significant differences in sensitivity of CT versus MRI (p=0.54)
(102). The amount of PET/CT data was too low to perform comparisons with radiological
examinations. There were no significant differences in sensitivity among the modalities in
osteosclerotic lesions (p=0.26). Pairwise comparisons of each modality within the three different
bone patterns showed a significant difference in sensitivity for X-ray (p=0.017), a trend for BS
(p=0.098), but no differences for CT, MRI, or PET/CT (data not shown) (102).
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Figure 7. Sensitivity of imaging modalities for the demonstration of malignant bone lesions for which the tumor is
known to induce predominantly osteolytic (n = 105), predominantly osteoblastic (n = 23), or mixed-type (n = 59) bone
matrix response. There were significant differences among modalities in sensitivity for the detection of osteolytic (p <
0.0001) and mixed lesions (p = 0.0002), but not for osteosclerotic lesions. Due to the low number of observations in

some groups (see text), the data are shown without confidence intervals. Reproduced with permission from European
Journal of Radiology (102)

Study 2
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Lange MB, Petersen LJ, Lausen M, Bruun NH, Nielsen MB, Zacho HD. Influence of Prior Imaging
Information on Diagnostic Accuracy for Focal Skeletal Processes-A Retrospective Analysis of the
Consistency between Biopsy-Verified Imaging Diagnoses. Diagnostics (Basel) 2022 Jul
17;12(7):1735. doi: 10.3390/diagnostics12071735

Study 2 included all patients having more than one imaging modality performed within 6 months
of the biopsy and table 7 demonstrates patient demographics and baseline information. There
were slightly more men than women. Most of the biopsies were described as malignant with lung
cancer (31%), breast cancer (19%), multiple myeloma (12%) and lymphoma (11%) being the most
frequent types of cancer. Histology specimens accounted for 90 %. The spine accounted for more
than 50% of the localizations. In terms of imaging, X-ray, CT and MRI were almost equally
represented. The majority of the biopsies (67%) had two imaging modalities performed in the 6-
month period, three imaging modalities were performed in 30% of cases, and four imaging
modalities were used in 3% of cases (103).

Table 7 Patient demographics and baseline information

Patients (n)

Male n (%)

Female n (%)

Age median (range)
Bioptic samples (n)

Benign biopsies n (%)
Malignant biopsies n (%)
Biopsy specimen (n)
Cytological n (%)
Histological n (%)
Dissection (%)

Imaging modalities performed (n)
X-ray n (% of biopsies)

CT n (% of biopsies)

MRI n (% of biopsies)
Localization of bone lesion (n)
Spine n (%)

Extremities n (%)

Pelvis n (%)

Thorax and shoulders n (%)
Head n (%)

Reproduced from Diagnostics, Open Access (103)

207
116 (56%)
91 (44%)
67 (1-93)
216

84 (39%)
132 (61%)
216

16 (8%)
195 (90%)
5 (2%)
464

143 (31%)
169 (36%)
152 (33%)
216

119 (55%)
39 (18%)
36 (17%)
19 (9%)

3 (1%)



When the imaging sequence was ignored, MRI was found to have the highest accuracy, followed
by CT and X-ray as can be seen in table 8. X-ray and CT were shown to have the highest specificity
and PPV, respectively, whereas MRI demonstrated the highest sensitivity and NPV (103).

Table 8. Diagnostic characteristics of the imaging modalities X-ray, CT, MRI (reported with 95% confidence
intervals without taking the imaging sequence into consideration)

X-ray CcT MRI

n=143 n=169 n=152
Sensitivity 31.3(21.4-42.6) 73.5 (64.3-81.3) 92.1 (84.5-96.8)
Specificity 95.2 (86.7-99.0) 85.7 (73.8-93.6) 81.0 (69.1-89.8)
Accuracy 59.4 (50.9-67.6) 77.5 (70.5-83.6) 87.5(81.2-92.3)
PPV 89.3 (71.8-97.7) 91.2 (83.4-96.1) 87.2 (78.8-93.2)
NPV 52.2 (42.7-61.6) 61.5(49.8-72.3) 87.9 (76.7-95.01)

Reproduced from Diagnostics, Open Access (103)

In terms of sequencing, table 9-11 shows that there is no significant difference in accuracy among
imaging modalities, whether preceded by another imaging modality or not, except for CT
specificity and PPV, which decreased when preceded by MRI (103).

Table 9. Sensitivity, specificity, accuracy, PPV and NPV estimates (reported with 95% confidence intervals)
for X-ray and CT without or with access to a preceding MRI

X-ray CcT
Not preceded by MRI Preceded by MRI pvalue Not preceded by MRI Preceded by MRI = p value
(n=122) (n=21) (n = 140) (n=29)
Sensitivity 28.2(18.1-40.1) 55.6 (21.2-86.3) 0.13 72.0 (61.8-80.9) 80.0 (56.3-94.3) 0.58
Specificity 98.0 (89.6-100.0) 83.3(51.6-97.9) 0.09 93.6 (82.5-98.7) 44.4 (13.7-78.8) 0.00
Accuracy 70.0 (63.1-76.3) 65.2 (42.7-83.6) 0.34 79.3 (71.6-85.7) 69.0 (49.2-84.7) 0.23
PPV 95.2 (76.2-99.9) 71.4 (29.0-96.3) 0.15 95.7 (88.0-99.1) 76.2 (52.8-91.8) 0.01
NPV 49.5 (39.4-59.6) 71.4 (41.9-91.6) 0.16 62.9 (50.5-74.1) 50.0 (15.7-84.3) 0.48

Reproduced from Diagnostics, Open Access (103)

Table 10. Sensitivity, specificity, accuracy, PPV and NPV estimates (reported with 95% confidence intervals)
for X-ray and MRI without or with access to a preceding CT

X-ray MRI
Not preceded by CT Preceded by CT p value Not preceded by CT Preceded by CT p value
(n=111) (n=32) (n=70) (n=82)
Sensitivity 28.6 (17.9-41.3) 41.2 (18.4-67.1) 0.38 91.7 (77.5-98.2) 92.5(81.8-97.9) 1.00
Specificity 93.8 (82.8-98.7) 100.0 (78.2-100.0) 1.00 79.4 (62.1-91.3) 82.8 (64.2-94.2) 1.00
Accuracy 56.8 (47.0-66.1) 68.8 (50.0-83.9) 0.84 85.7 (75.3-92.9) 89.0 (80.2-94.9) 0.63
PPV 85.7 (63.7-97.0) 100.0 (59.0-100.0) 0.55 82.5(67.2-92.7) 90.7 (79.7-96.9) 0.35
NPV 50.0 (39.9-60.7) 60.0 (38.7-78.9) 0.50 90.0 (73.5-97.9) 85.7 (67.3-96.0) 0.70

Reproduced from Diagnostics, Open Access (103)
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Table 11. Sensitivity, specificity, accuracy, PPV and NPV estimates (reported with 95% confidence intervals)

for CT and MRI without or with access to a preceding X-ray

Sensitivity
Specificity
Accuracy
PPV
NPV

Not preceded by X-ray

(n=98)
70.3 (57.6-88.1)

91.2 (76.3-98.1)
77.6 (68.0-65.4)
93.8 (82.8-98.7)
62.0 (47.2-75.3)

CcT

Preceded by X-ray

(n=71)
77.6 (63.4-88.2)

77.3 (54.6-92.2)
77.5 (66.0-86.5)
88.4 (74.9-96.1)
60.7 (40.6-78.5)

Reproduced from Diagnostics, Open Access (103)

However, an interesting pattern was revealed when examining imaging sequences split between

p value

0.52
0.24
1.00
0.47
1.00

Not preceded by X-ray

(n=83)
90.2 (78.6-96.7)
71.9 (53.3-86.3)
83.1(73.3-90.5)
83.6 (71.2-92.2)
82.1(63.1-93.9)

MRI
Preceded by X-ray

(n=69)
94.7 (82.3-99.4

)
90.3 (74.2-98.0)
92.8 (83.9-97.6)
92.3 (79.1-98.4)
93.3(77.9-99.2)

p value

0.69
0.11
0.09
0.35
0.25

malignant and benign biopsies. Figure 8A shows that among malignant (positive) biopsies, if X-ray

was false negative (75%) and used as the first imaging modality, only 7% of the subsequent MRI
and 30% of the subsequent CT imaging were false negative, whereas if MRI was false negative

(17%) and used as the first imaging modality, 100% of the subsequent CT scans were false negative

as well (Figure 8E) (103). Similarly, in samples with benign histology, 100% of the subsequent CT
imaging was false-positive if the MRI was false-positive (33%) (Figure 8F). Figure 8C shows that

100% of the subsequent X-ray exams were false negative when CT scans (30%) were false

negative, while only 14% of the subsequent MRIs were false negative. 100 percent of the follow-
up scans (CT/MRI and X-ray/MRI) for the few false-positive X-ray and CT exams were also false-

positive (Figure 8B and D) (103).
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Figure 8. Sequence analyses. (A) Diagnostic results for malignant (positive) biopsies when X-ray is performed as the
first modality (TP = true positive, FN = false negative). (B) Diagnostic results for benign (negative) biopsies when X-ray
is performed as the first modality (TN = true negative; FP = false positive). (C) Diagnostic results for malignant
(positive) biopsies when CT is performed as the first modality (TP = true positive, FN = false negative). (D) Diagnostic
results for benign (negative) biopsies when CT is performed as the first modality (TN = true negative; FP = false
positive). (E) Diagnostic results for malignant (positive) biopsies when MRI is performed as the first modality (TP = true
positive, FN = false negative). (F) Diagnostic results for benign (negative) biopsies when MRI is performed as the first
modality (TN = true negative; FP = false positive). Reproduced from Diagnostics, Open Access (103)
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Study 3

Lange MB, Petersen LI, Nielsen MB, Zacho HD. Validity of negative bone biopsy in suspicious bone
lesions. Acta Radiol Open 2021 Jul 27;10(7):20584601211030662

As shown in figure 5, this study comprised a total of 215 benign bone samples from 207 patients.
Most of the patients were men (57%) and the median age was 64, range 1-94. Eight patients
underwent two further biopsies, 6 of which were repeat procedures from the same anatomy. In
total, 57 patients (28%) had a cancer diagnosis before having their first bone biopsy, as shown in
table 12.

Table 12 Types of prior history of cancer

Cancer types n= 59 (57 patients, 2 with 2 types) 59 (100%)
Breast 12 (20%)
Pulmonary (SCLC 9, NSCLC 2) 11 (19%)
Colorectal 9 (15%)
Prostate 5 (8%)
Sarcoma 4 (7%)
Oral cavity 4 (7%)
Non-Hodgins Lymphoma 4 (7%)
Urine bladder 3 (5%)
Malign melanoma 2 (3%)
Other (multiple myeloma, thyroid, cervix, esophagus, pancreas) 5(9%)

Reproduced from Acta Radiologica, Open Access (104)

Most of the bone biopsies came from the extremities, as shown in table 13.

Table 13 Localization of the bone lesion

Total n (%) 215 (100%)
Spine n (%) 62 (29%)
Extremities n (%) 98 (46%)
Pelvis n (%) 17 (8%)
Thorax n (%) 12 (6%)
Head n (%) 26 (12%)

Reproduced from Acta Radiologica, Open Access (104)

Surgical interventions accounted for 163 of 215 (76% ) biopsies. Most of these procedures
(75/163, 46%) involved surgical resection from the affected anatomy, whereas 35, 24, and 21
biopsies (21, 15, and 13% respectively) were samples obtained during alloplastic surgery,
osteosynthesis, and spondylodesis. CT-guided biopsies constituted only 4% of all biopsies, whereas
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fluoroscopy-assisted biopsies accounted for 40% of non-surgical biopsies and 10% of all biopsies.
The remaining samples included autopsies, arthroscopically collected material, and vertebroplasty.

A probably benign lesion was mentioned as indication for 126 (59%) of the 215 biopsies, 84 (39%)
had no indication, and 5 (2%) had suspected malignancy as indication. In cases of discomfort,
impending fracture risk, or cosmetic issues, surgical removal of benign lesions like cysts,
enchondromas, non-ossifying fibromas, osteochondromas, and osteoid osteomas might be
indicated. In conjunction with removal, samples might be sent for a pathological evaluation as well
as biopsies might be taken in cases of slight uncertainty. As shown in table 14, the primary
histological diagnoses were fibrosis, no malignancy and inflammation.

Table 14 Primary pathological diagnosis of the included 215 benign biopsies

Diagnoses n= 215 (100%)
Inflammation 28 (13%)

No malignancy 24 (11%)
Fibrosis 22 (10%)
Osteochondroma 20 (9%)
Degenerative changes 14 (7%)
Unspecific reactive change 14 (7%)
Necrosis 14 (7%)
Fracture 13 (6%)

Other (cyst, exostosis, hemangioma, Paget, granuloma, hemorrhage a.o.) 66 (30%)

Reproduced from Acta Radiologica, Open Access (104)

According to our criteria, 210 of 215 biopsies were truly benign two years after the initial biopsy,
as described in table 15. Three cases were questionably benign due to equivocal imaging (no
description) (104).

Table 15. 2-year follow up upon validity of negative bone biopsy

Biopsies (n=215) n (%)
Truly benign 210 (98%)
Negative biopsy or no biopsy from the same anatomy and (95% Cl 0.94-0.99)

No imaging with suspicion of malignancy from the same anatomy and

Negative or no clinical suspicion of malignancy from the same anatomy

Questionably benign 3(1%)

Negative biopsy or no biopsy from the same anatomy and (95% C1 0.001-0.03)
Equivocal imaging of the same anatomy and

Negative or no clinical suspicion of malignancy from the same location

Truly malignant 2 (1%)

Positive biopsy from the same anatomy or from adjacent soft tissue or (95% CI 0.001-0.03)
Positive imaging or

Clinical suspicion of malignancy from the relevant anatomy

Reproduced from Acta Radiologica, Open Access (104)

43



Table 16 displays the pathology follow-up. Thirty-nine percent of the cases underwent further
biopsies from the same, adjacent, or different structure during the two-year follow-up period. Two
of them revealed the initial benign diagnosis to be incorrect.

Table 16 Pathological samples during the 2-year follow-up

Biopsies (n=226) * n (%) Benign Malignant
No biopsies performed at all n (%) 138 (61%)

Biopsies performed n (%) 88 (39%) * n=65 (29%) n=23 (10%)
Biopsy from exact same structure, n (%) * 6 (3%) 5 (2%) 1(1%)
Biopsy from adjacent or other structure, n (%) * 82 (36%) 60 (27%) 22 (9%)

*Selected cases had more than one biopsy performed in the follow-up period. Reproduced from Acta Radiologica,
Open Access (104)

In the first case, a percutaneous spinal decompression of L4 was performed in March 11. In
conjunction with this, a biopsy was taken and described as benign. One month later, a second
biopsy was performed while the patient was under general anesthesia, and this time the biopsy
was classified as malignant (multiple myeloma). The localized change in L4 was consistently
described as potentially malignant in imaging as well as in journal entries. The patient died three
years later (104). In the second case, a right iliac bone biopsy under CT guidance was carried out in
March 2013. Despite the sample being deemed benign, the following imaging descriptions
consistently described the lesion as potentially malignant. Even though a second CT-guided biopsy
was performed 6 months later and again described as benign, concerns regarding the sample's
representativeness based on imaging and symptoms persisted. A third CT-guided biopsy from
surrounding soft tissue was completed 8 months later, and this sample contained malignant cells
from urinary bladder cancer. The patient died within the 2-year follow-up period (104).

Table 17. Diagnosis of malignant biopsies from same, adjacent, or different structures in the 2-year period

Diagnosis of malignant biopsies including (n=23) n (%)
Skin 7 (31%)
Urinary bladder 4 (17%)
Oral cavity 2 (9%)
Pancreas 2 (9%)
SCLC 2 (9%)
Breast 2 (9%)
Small intestine 1 (4%)
Lymphoma 1 (4%)
Colorectal 1 (4%)
Multiple myeloma (L4) 1 (4%)

Reproduced from Acta Radiologica, Open Access (104)
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The most typical locations for benign follow-up biopsies were the cervix (21%), skin (18%), and Gl
tract (18%), followed by the extremities and urinary system (7%, respectively). The outcomes of
the malignant follow-up biopsies are shown in Table 17.

In the two-year follow-up period, 160 (74%) out of the 215 biopsies were followed by imaging of
the same anatomic location and was in 97% (n=155) described as benign. In 2 cases from 2
patients the lesions were consistently described as malignant, and 3 cases had no description and
were therefore classified as equivocal. In total, 205 imaging procedures were performed with 60
cases undergoing 2 or more. The most frequent imaging follow-up procedure was X-ray, followed
by a CT and MRI (104). Please refer to Table 18.

Table 18. Imaging at the 2-year follow-up

Imaging results (n = 215) n (%)
Imaging of same anatomy negative 155 (72%)
Imaging of same anatomy positive 2 (1%)

No imaging performed 55 (26%)
Equivocal imaging (not described) 3 (1%)

Types of Imaging performed at the 2-year follow-up
(n=205; 60 had two or more imaging performed)

X-ray 126 (62%)
Computed tomography (CT) 44 (21%)
Magnetic resonance imaging MRI 27 (13%)
Bone scintigraphy (BS) 4 (2%)
18F-fluorodeoxyglucose positron emission tomography (FDG-PET/CT) 4 (2%)

Reproduced from Acta Radiologica, Open Access (104)

Of the 59 biopsies taken from the 57 patients who had been diagnosed with cancer previously, 9
(15%) had no imaging performed in the follow-up period at all. Seventy % of patients received at
least one diagnostic imaging modality excluding X-ray, with 21 receiving just one imaging modality,
22 receiving two different imaging modalities, and 7 receiving three. Nine (15%) patients had only
X-rays done (104).

In 189 (88%) of the biopsies that underwent clinical follow-up, no malignancy was suspected in the
same anatomical region as the initial bone biopsy. In 24 (11%) of the biopsies there were no
journal entries identified. The 2 lesions later described as malignant were initially noted in the
journal comments as suggestive of malignancy, and in subsequent reports the diagnosis of
malignancy was described as supported by imaging and pathology (104).
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Chapter 5. Discussion

Precise and early detection of bone metastases is essential for accurate disease staging, enabling
treatment selection and prognosis estimation. Numerous studies on accuracy of standard
diagnostic imaging have been performed, but there are several challenges with these studies and
subsequent imaging guidelines, the most important being a valid reference standard that is
consistently used. As stated earlier, only few can live up to the requirements as outlined in STARD
(The Standards for Reporting of Diagnostic Accuracy) and no significant improvement in reporting
quality over the last 10 years is seen (11,90,91,98-100,108).

The uniqueness of this PhD is that the starting point is a collection of consecutive samples of bone
biopsy reports, based upon which we retrospectively identified diagnostic imaging in terms of X-
ray, BS, CT, MRI, and FDG-PET/CT describing the lesions, from which the biopsies were taken. By
doing so, we were able to determine a valid accuracy for each modality since we had a true gold
standard to compare with. Therefore, the main achievements of this thesis is that not only have
we provided valid imaging accuracy data, but we have also been able to demonstrate that bone
biopsy can be used as a valid reference standard for future research and clinical decisions
(102,104). Finally, we have been able to demonstrate that access to and the sequence of earlier
diagnostic imaging and reports may serve as a bias to the accuracy of diagnosis (103).

Most biopsy material was histological biopsies, with only 6% of samples being cytology specimens
and the reading and reporting of the pathology samples were considered appropriate with
minimal bias in classifying malignancy (INDSZT REF). Study 3 eliminated speculations whether
potential false negative biopsies could serve as a bias, since 98% of the benign samples proved
truly negative. The rate of malignant biopsies included in study 2 was higher than compared to
study 1, which might be explained by the fact that only biopsies with more than one imaging was
included in study 2, and the probability of malignant changes having more than one imaging
performed is greater than for benign. In study 3, 59% of cases specified a benign lesion as a reason
for biopsy. This outcome is consistent with those of Scheitza et al., who found that only 21% of
their biopsies were taken to confirm a benign diagnosis; in all other cases, biopsies were carried
out as a standard part of surgery, which may be necessary in cases of discomfort, impending
fracture risk, or cosmetic issues and these samples may be sent for pathological analysis (109).

In study 3, we looked into the nature of the bioptic procedures as part of our investigation into
potential sources of error for false negative samples. 76% of the biopsies were surgical, while only
4% and 10%, respectively, were CT-guided biopsies and fluoroscopy-assisted biopsies. Open biopsy
has been the traditional "gold standard" approach for acquiring sufficient and representative
tissue samples for the diagnosis of musculoskeletal diseases with a claimed accuracy rate of 98%,
but with most tumor centers performing CT guided biopsies, which have a diagnostic yield
between 70% and 89%, a reported accuracy between 61 and 98%, and fewer biopsy complications
than open surgical biopsy, even in sclerotic bone lesions, recent results show that the results from
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percutaneous biopsy can be highly effective and accurate (94,110-112). According to other
studies, CT-guided biopsy has a drawback in that metabolically active lesions without distinct
morphologies may not be reliably assessable, and the false-negative rate of such lesions may be
significantly higher; one series shows that 18% of metabolically active lesions required open
biopsy after needle biopsy (92,110).

Most pre-biopsy imaging modalities were radiological procedures, equally divided between X-ray,
MR and CT (all >200 each) in studies 1 and 2, whereas the proportion of X-ray investigations
performed in study 3 was greater, as would be expected for benign lesions, since the diagnosis of
these frequently can be made purely using standard X-ray without the need for further imaging.

Our research found notable differences in diagnostic accuracy in general, in selected cancer types,
in spine-versus non-spine lesions, and in bone lesions with predicted osteolytic, osteoblastic, or
mixed bone matrix responses (102,103) . As recommended in STARD guidelines and Food and Drug
Administration for diagnostic accuracy tests we used sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV) and accuracy as an expression for imaging
characteristics (91,100). MRI and FDG PET/CT were found to be the most accurate modalities in
general in studies 1 and 2 without taking the imaging sequence into consideration and the same
results were shown in most of the subgroup analyses in study 1 (102,103). MRI was in general
more specific, while PET/CT was slightly more sensitive. MRI performed significantly better for
spine lesions than PET/CT. In study 1 and 2, the spine was the most frequent localization, in
contrast to study 3, where it was the extremities, which can be explained by the fact that
metastases are most frequently found in the spine, whereas benign lesions more often are
localized in the extremities (113-115). X-ray was relatively insensitive in detecting bone
metastases as compared to other imaging methods, being explained in part by the fact that bone
lesions require a loss of more than 50% of the bone mineral content in order to be visible on plain
radiographs (10,116) .

Due to the lack of any systematic studies using pathology as the only reference, it is challenging to
compare our data with the findings of earlier research, where MRl is increasingly used as a
reference test (38-40). According to our statistics, MRI has an overall sensitivity of 91% and
specificity of 81% in study 1 (102) and 92% and 81 % in study 2 (103) and there should therefore
be some doubt about the reliability of using MRI as a reference in imaging research. For instance,
fat-suppressed sequences also exhibit hyperintense bone marrow oedema, which can cause
misdiagnosis and with kappa values below 0.7, observer agreement for malignancy with MRl is not
perfect (10,41). However, the information from recent systematic reviews and meta-analyses is
consistent with our findings. In a comparison of FDG PET/CT, CT, MRI, and bone scans, Yang et al.
found that MRI and PET/CT provided equivalent results, with these techniques being much more
accurate than CT and BS for the diagnosis of bone metastases, and later updates have described
accuracy supporting our findings (4,8,16,36,48). In a 2013 meta-analysis comparing FDG-PET/CT
and gadolinium-enhanced MRI for the detection of bone metastases, Duo et al found that both
imaging modalities had excellent diagnostic performance for the detection of bone metastases in
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cancer patients and that their diagnostic accuracy was nearly equal (14). However, as is explained
under limitations, only one in every four patients with an MRl in our study had a contrast-
enhanced MRI.

When evaluating the diagnostic properties of imaging techniques, it is also important to take the
primary tumor origin and especially the bone matrix reaction into account. The bone matrix
response is known to depend on the primary cancer type (4). Multiple myeloma, renal cell
carcinoma, malignant melanoma, non-small cell lung cancer (NSCLC), non-Hodgkin lymphoma,
thyroid cancer, and most breast malignancies all exhibit osteolytic matrix response, which is
characterized by destruction of normal bone (4). Small cell lung cancer (SCLC), Hodgkin lymphoma,
and prostate cancer exhibit osteoblastic metastases, which are characterized by the deposition of
new bone matrix. Mixed metastases, in which the patient has both osteolytic and osteoblastic
lesions, are found in gastrointestinal cancers and 15-20% of breast cancers (4).

Bone scintigraphy exclusively reflects bone metabolism at areas with active bone mineralization,
i.e., osteosclerotic components, making it of value for detection of prostate cancer and of limited
use in predominant osteolytic lesions such as renal metastases and myeloma (33,34,42,102) . Our
results gave some evidence of a similar tendency for CT and supported this observation with BS
and X-ray (102). MRI and PET/CT performed equally well across bone matrix responses. This
finding is probably due to the fact that MRI and FDG-PET/CT directly represent the extent of the
tumor, whereas BS and, to a lesser extent, CT, reflect the response of the tumor-to-bone interface.
Our conclusion that PET/CT is superior to BS are consistent with data from a systematic review
(43). Regarding grading of malignancy, tumor-specific diagnostic criteria should be considered, and
it is well-established that the avidity of FDG-uptake is related to tumor characteristics. The
composition of the tumor types as well as the disease condition (staging or relapse/recurrent
disease) should be considered when drawing conclusions from a meta-analysis made by Wu et al,
comparing whole-body MRI versus BS for detection of bone metastatic tumors in mixed cancers,
showing similar patient-based sensitivity and specificity for MRI and BS, respectively (34).

The spine, pelvis, ribs, and ends of long bones are preferred locations for metastases because of
their high red marrow content, whereas extremities are more frequently the site of benign lesions
(16,117,118). This corresponds to our findings, that in studies 1 and 2, the spine was the most
frequent location representing respectively 41% and 55%, whereas in study 3 it was only 29% with
extremities representing 46%. It is generally accepted that MRI is superior to CT when
characterizing osseous and soft tissue features, but that CT is superior to MRI when characterizing
cortical bone (44). According to our findings in study 1, CT has a 12% higher sensitivity for non-
spine lesions than for spine lesions, whereas MRI accuracy is superior to the other modalities for
spine lesions with a near to 90% accuracy, with no other reaching 80 %. Apart from this, the
methods were largely comparable. It is unclear how much the differences are based upon tumor
characteristics (soft tissue component) or anatomical mapping (tomographic versus planar
imaging). While x-ray clearly performed worse in cases of spine lesions, BS revealed comparable



diagnostic findings in cases of spine and non-spine lesions. It has been demonstrated that whole-
body BS using SPECT/CT improves specificity without compromising sensitivity in BS (45). Bone
metastases most commonly affect the axial skeleton (9). As a result, the best techniques must be
chosen for each patient and the routine use of X-ray examination for detection of possible
metastases in the spine should be interpreted with caution, always leading to further imaging in
cases of persistent clinical suspicion. The prevalence in our bioptic sample material of prostate
cancer, the most common malignancy in men, is rather low. However, it is known from clinical
experience that these patients rarely get a bone biopsy. Our results showed that MRI was superior
to BS in staging skeletal metastases in prostate cancer, calling into question the widespread
recommendation of BS (46,119,120).

In study 2 we did not find any significant difference on the accuracy of imaging whether preceded
by another imaging report or not. These finding challenges current guidelines and earlier studies
that stress the significance of consistently comparing actual imaging with previous tests and
reports (70,72,75-79,81-84). Our findings might be explained by the small subgroups, however,
there was an intriguing pattern that suggested that the reader might give more weight to earlier
imaging that was believed to be more accurate than the one under study. When X-ray is used as
the first modality, 75% of cases were expectedly false negative, but only 7% of subsequent MRI
scans and 30% of subsequent CT scans also resulted in false negative results, in contrast to when
MRI was used as the first modality, where only 17% were false negatives, all subsequent CT scans
were also false negative. When CT was used as the first modality with 30% of the results being
false negative, then all 7 subsequent X-rays were also false negative (103), but this was only the
case for 14% of the subsequent MRI scans (103). This might represent another explanation as to
why we were not able to document a significant difference in accuracy, since if the MRl is
accurate, there is a trend towards the subsequent CT or X-ray is more likely to be accurate, and
when the MRI is inaccurate, the subsequent CT or X-ray is inaccurate in more than 80% of cases.
These two situations might counteract one another, so that the accuracy does not change
significantly compared to whether a modality is not preceded by MRI. It has been shown
previously that if one looks at a prior negative report before looking at imaging studies, there is a
greater chance of missing a significant abnormality than by looking at the imaging studies first, but
in these studies imaging included only X-ray, so no data are to best of our knowledge available to
support our results (70,77,80,81,84).

Based upon our findings, it might be reasonable for new guidelines to warn radiologists against
being overly influenced by prior imaging, especially if those modalities are typically thought to be
more accurate than the current one and that biopsy should be considered the gold standard for a
valid diagnosis.

In study 3, we were indeed able to document that biopsy can be considered a true gold standard
with 98 % of the bone biopsies described as benign being true negative after 2 years, thereby
proving a high validity of negative bone biopsies as an expression of the absence of skeletal
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metastases, which to the best of our knowledge has not been previously documented. Three cases
were questionably benign due to no description of the imaging, and only two were actual false
negatives.

Two biopsies (1%) turned out to be false negatives in repeated biopsies performed due to imaging
(CT and MRI) persistently describing them as malignant. According to Monfardini et al., a negative
biopsy should in cases of suspicious PET-CT and/or MR findings be carefully evaluated and
considered for a second sampling, since they found that 8 out of 10 false negative CT-guided
biopsies had positive PET scans and 6 out of 10 had positive MRI scans (94). Inflammation, no
malignancy, fibrosis, osteochondroma, and degenerative changes were the most common
pathological diagnoses in study 3, which is consistent with prior findings and suggests that our
material is typical (121).

Study 3 documents that a negative sample can be truly negative, thereby supporting the validity of
biopsy as the gold standard for identifying the absence of metastases. This study has two major
implications. Primarily, since bone biopsy from a suspicious lesion in patients with a known
primary cancer has been described as benign in 21% of the cases, it is of utmost importance that
these do not represent false negative samples, resulting in delayed diagnosis and consequently
increased morbidity and mortality (4,9,13,94,121). Furthermore, as highlighted by STARD (The
Standards for Reporting of Diagnostic Accuracy), considering biopsy as the gold standard for
demonstrating or excluding bone metastases, our result also has significant implications for the
validity of scientific studies of treatment efficacy and diagnostic accuracy using biopsy as a
reference (91).

There are limitations to our studies. The main being the retrospective nature of the data, including
selection of patients, and the lack of uniform and systematized follow-up including standardized
re-biopsy from the same anatomy. Second, the pathologists did not perform a blind evaluation of
the specimen and were aware of the patient’s history, as in a normal clinical setting, which might
have a possible effect on the final diagnosis (104). Radiology reports were often prepared by one
radiologist alone or by supervising a radiologist in training, but nuclear medicine reports were
always double read. Even though data from the reports were collected by two independent
readers with little variation in reporting, each report might have been prejudiced, according to
Study 2's findings that access to prior imaging and reports may function as a bias for subsequent
investigations (103). Furthermore, the readers had possible access to clinical information via
Clinical Suite, which in case they used this opportunity might have influenced the accuracy (85-88).

In study 3, the high percentage of surgical biopsies might have contributed to the high quality of
samples and therefore to the low incidence of false negative results. Furthermore, spinal biopsies
accounted for 29% and non-spinal biopsies for 71% (104). The accuracy of CT-guided biopsy is
significantly influenced by the anatomical site, according to research by Hau et al., with non-spinal
sites showing higher accuracy (75%) than spinal sites (61%). Hau further demonstrated that
gender, lesion size, and kind of margin did not affect the success or failure rates of the biopsies
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(22). Because we only encountered 2 false negative and 3 equivocal lesions, our data set is too
small to support those findings, but the high number of non-spinal lesions might have contributed
to our high bioptic diagnostic accuracy.

It can also be debated whether technical settings for the imaging methods studied could influence
the findings. For example, only one in every four MRI imaging received contrast (102). Some
authors have advocated for wide routine use of gadolinium contrast in the MRI evaluation of
skeletal malignancies, but a recent meta-analysis showed no substantial differences in diagnostic
value of the contrast enhancement (36,47). No diffusion-weighed MRI was used and studies have
shown that the sensitivity for using DWI sequences is significantly higher than that for not using
DWI sequences in detection of bone metastases, with lower specificity on a per-patient basis
(36,122).

Our data may reflect diagnostic characteristics of different populations because all imaging
techniques were not used on all individuals. A patient who has had only one X-ray examination
performed, probably does not represent the same patient type as one who has had three or more
imaging modalities performed. Demonstrating similarities or differences within patient groups is
challenging as most patients underwent multiple imaging modalities. Furthermore, some of the
subgroups were relatively small and it would be recommendable to clarify a possible relationship
between imaging modalities and clinical factors in a separate study.

In study 3, only 28 % had a confirmed diagnosis of prior cancer, out of which approximately 50%
would cause mainly osteolytic, 25% mainly osteoblastic and 25% mixed metastatic bone response,
so our results might not be applicable to all cancer patients with suspicious bone lesions. The most
frequently performed imaging modality in the follow-up period was X-ray (62 %) (104). A rather
low X-ray sensitivity (33 %) for diagnosis of skeletal malignancies has been demonstrated, and thus
this type of examination might have missed possible positive lesions and a subsequent repeated
biopsy (20). However, all samples were described as negative and 88% of the clinical follow-up did
not raise any suspicion of malignancy, and thus this impact might be limited.

The statistical power may have been harmed by the low number of nuclear medicine exams
overall and radiological investigations in some of the subgroup analyses. However, the conclusions
of the statistical analyses were largely in line with the quantitative/numerical estimates of
diagnostic characteristics.

In conclusion, we believe that our PhD has provided state-of-the-art documentation on diagnostic
characteristics among the most frequently used imaging modalities for detection of skeletal
metastases with MRI and FDG-PET/CT proved superior to CT followed by x-ray and BS with some
distance. However, even MRI and PET/CT only proved a sensitivity around 90% indicating that
imaging reports should be interpreted with caution and always be seen as part of the overall
patient evaluation keeping in mind that bone matrix response and localization of skeletal lesions
may influence the performance of different imaging of skeletal metastases. Secondly, we believe
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that we have raised awareness around the possible influence of previous imaging and reporting on
diagnostic accuracy. Therefore, guidelines for diagnostic strategies for skeletal metastases should
be prepared baring type, location and primary tumor in mind and also address the issue of access
to prior reports and clinical information in mind. New prospective studies on this topic are
needed. Finally, we believe that our results prove it is reasonable to assess a negative bone biopsy
as an indication of the absence of bone metastasis.

These results offer value not only to diagnosis, morbidity, and mortality of metastatic bone
disease but also to the accuracy of future treatment and diagnostic scientific studies.
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Objectives: To examine the diagnostic accuracy ofimaging modalities in skeletal tumours versus pathology
reports.
Materials and methods: Pathology reports of bone biopsies were compared to diagnostic imaging with
X-ray, computed tomography (CT), magnetic resonance imaging (MRI), bone scintigraphy (BS), and '8F-
fluorodeoxyglucose positron emission tomography (FDG-PET/CT) performed within 6 months of biopsy.
Results: A total of 409 biopsies were included. Sensitivity and specificity were significantly different
among the five modalities (p <0.0001). The sensitivity of MRI and PET/CT was better than CT, but CT had
a better specificity than PET/CT. In general, these methods outperformed BS and X-ray. The sensitivity
for osteolytic lesions varied significantly between modalities (p <0.0001), with MRI and PET/CT being
more sensitive than CT. Differences in sensitivity were also observed in mixed lesions (p=0.0002) but
not in osteosclerotic lesions. In spine lesions, MRI showed the best sensitivity followed by PET/CT and CT
(p<0.0005 vs. MRI). There was no significant differences among non-spine lesions.
Conclusions: MRI and FDG-PET/CT showed comparable diagnostic characteristics in general, in individual
tumour types, and in different bone lesions and locations. Nominally, they outperformed CT in most
situations. The diagnostic accuracy of X-ray and BS were notably inferior to other modalities.
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1. Introduction mation of prognosis and adequate introduction of relevant therapy

to minimize morbidities such as skeletal-related events.

Diagnostic imaging plays a major role in the evaluation of can-
cer patients with skeletal involvement. A large numbers of tumours
tend to metastasize to the bone, such as prostate, breast, and lung
cancers [1]. Approximately 75% of patients with these tumours
develop at least one bone metastasis during their disease [2]. Next
to lymph nodes, liver and lung, the skeleton is the most frequent
metastatic site across all tumours [3]. Correct staging ensures the
appropriate choice of curative or palliative treatment. Early and
accurate detection of metastatic disease to the bones enables esti-
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Diagnostic imaging of skeletal malignancies can be performed
using a variety of methods, such as conventional X-ray, comput-
erized tomography (CT), magnetic resonance imaging (MRI), bone
scintigraphy (BS), and positron emission computerized tomogra-
phy (PET/CT) with various PET ligands, e.g. 18F-fluorodeoxyglucose
(FDG). A number of systematic reviews and meta-analyses have
investigated diagnostic characteristics of imaging modalities in var-
ious tumour types [4-G]. However, there are some outstanding
issues of existing data that deserve some discussion. First, a large
proportion of the original diagnostic test trials have methodolog-
ical flaws such as sampling bias, lack of blinding of readers to the
results of the reference test and other index tests, and verification
bias. It has been shown that a minority of trials fulfil the require-
ments for a properly designed diagnostic test accuracy study as
outlined by the STARD (The Standards for Reporting of Diagnostic
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Accuracy) recommendations [7,8]. Recent studies have indicated
no major improvement in reporting quality over the last 10 years
[9]. Most importantly, the true reference (presence or absence) of
malignancy at the lesion site is seldom adequately confirmed [10],
i.e. histology is rarely used as a reference test. In many cases, diag-
nostic data from the index tests (the imaging test under study) are
used for classification of the presence or absence of bone metastasis.
Thus, the true diagnostic accuracy of imaging methods is uncer-
tain but vital for appropriate imaging strategies. Finally, due to the
functional principle of different imaging modalities as well as dif-
ferent measures of pathology, some imaging modalities may be of
particular importance in some conditions, e.g. BS for the diagnose
of predominantly osteosclerotic bone metastasis and MRI for soft
tissue lesions in the spine.

Biopsy is the gold standard for the demonstration or exclusion
of bone tumours. We have unsuccessfully made a comprehen-
sive computer literature search to identify studies comparing the
diagnostic characteristics of the various imaging modalities with
respect to the diagnosis of the suspected skeletal malignancy using
bone biopsy as the gold standard for the majority of patients.
The aim of this study was to provide such data by retrospectively
examining the diagnostic accuracy of standard skeletal imaging
modalities versus pathology reports in a large consecutive popu-
lation of patients.

2. Materials and methods
2.1. Collection of data

A computer search of pathology samples (hereafter named
biopsies) representing bone material registered by SNOMED (Sys-
tematized Nomenclature of Medicine) T10* and T11* codes for
skeletal cytology and histology biopsies was performed at our insti-
tution from January 1, 2011 to July 31, 2013. Each biopsy was
identified by unique Danish social security number. The hospi-
tal electronic file register for imaging (EasyViz, Karos Health Inc.,
Waterloo, Ontario, Canada) was then manually reviewed by one
reader for any prior imaging procedures for each patient. The eli-
gibility criteria for a biopsy to be included in the analysis were: (1)
No more than 6 months between the dates for imaging and biopsy,
(2) conclusive pathology results, (3) no biopsies from foetuses and
provoked abortions, (4) written description of the imaging findings
by a specialist in imaging (radiologist or nuclear medicine physi-
cian), and (5) anatomical match between the site of biopsy and the
imaging field of view. Diagnostic investigations performed at the
time of the biopsy solely for the purpose of biopsy guidance were
excluded. If a patient had histological biopsy as well as cytologi-
cal sample from the same anatomical site, the cytological biopsy
was disregarded. If several biopsies were obtained from the same
anatomical region within a period of 6 months, and one of these
biopsies showed malignancy, the lesion was classified as malignant.
If repeated biopsies showed benign conditions, the first biopsy was
used. Lesions from separate anatomical regions in a patient could be
included provided the eligibility criteria were fulfilled. Each pathol-
ogy report was reviewed by two readers and classified as benign,
malignant or inconclusive. In the case of inconsistency, a board
certified pathologist assisted with a final conclusion.

2.2. Review of imaging reports

Descriptions of all relevant imaging procedures were reviewed
by two independent reviewers. They classified the description of
the lesion as malignant, benign or inconclusive based upon the
description and conclusions in the original text. A number of read-
ers participated in pairs of two. After individual reading, they

reached consensus for each imaging report without the need of
a third party arbitrator. In a minority of the reports, the conclusion
of imaging was considered equivocal. This was predominantly the
case with X-ray reports of fractures where it could not be read if
the fracture was pathological or not.

2.3. Bone biopsy procedure

Most bone biopsies were acquired image-guided (by CT or
ultrasound) or sampled during surgical procedures. Biopsies from
post-mortem examinations were acquired in a few instances. The
biopsies were processed and analysed in accordance with insti-
tutional practice. Immunohistochemical examination was applied
when relevant. All biopsies were diagnosed by a board-certified
pathologist.

2.4. Imaging procedures

Allradiology imaging procedures were performed in accordance
with institutional guidelines (no experimental imaging investiga-
tions were included in the analysis). X-ray imaging were performed
by digital radiography and the CT scans were performed on either a
GE (GE Lightspeed VCT, 64 slice, GE LightSpeed Pro, 32 slice, GE Dis-
covery 750HD, General Electrics, Milwaukee, WI, USA) or a Siemens
(SIEMENS Definition Flash Siemens AG, 128 slice) scanner. MRI
scans were performed on a 1.5 T MR scanner (Discovery MR450,
General Electrics, Milwaukee, WI, USA). The MRI image sequences
were T1, T2 and STIR, out of which at least one sequence was axial
on the bone involved; contrast was only given in cases of soft tissue
involvement, which was decided in each case by a radiology spe-
cialist. All X-rays, CT scans and MRI scans were reviewed by at least
one board certified radiology specialist, all images were reviewed,
not only key images.

For nuclear medicine procedures, we included BS with
approximately 750 mega Becquerel (MBq) 99 mTc-labelled bis-
phosphonate and whole body scanning acquisitions or regional
images depending on the indication on dual-headed gamma cam-
era (Symbia T16 or E.CAM, both Siemens AG, Berlin and Munich,
Germany). Supplementary single-photon emission computerized
tomography (SPECT/CT) was applied in three patients only. The
results from these patients were not analysed due to low sample
size. FDG-PET/CT was performed one hour after intravenous injec-
tion of 370 MBq of '8F FDG. Whole-body images were acquired
using a64-slice Discovery VCT (General Electric Medical Systems,
Milwaukee,WI, USA) PET/CTscanner in accordance with institu-
tional procedures. It was institutional practice that all BS were
double read by at least one board-certified nuclear medicine physi-
cian. PET/CT was always read by a nuclear medicine physician and
a radiologist, irrespective of the use of diagnostic or low dose CT.

2.5. Subgroup analysis

To clarify if the diagnostic characteristics of the various imaging
modalities depended on the anatomical site under investigation, a
subgroup analysis was performed for spine and non-spine anatom-
ical sites, in addition to a subgroup analysis by tumour type
(combining all histological subtypes). Finally, diagnostic charac-
teristics of the imaging modalities were analysed with regard to
the pattern of bone response. Tumours were classified based upon
the literature into three groups depending on whether the bone
response was predominantly osteosclerotic, osteolytic or mixed.
For example, bone metastasis from prostate cancer was classified
as osteosclerotic, bone metastasis from squamous cell adenocar-
cinoma of the lung as mixed, and bone metastasis from small cell
anaplastic carcinoma of the lung was osteolytic. Most tumours were
classified in accordance with Roodman [11]. The bone responses
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for additional tumour types were classified according to docu-
mentation available in the public domain as identified by the
corresponding author.

2.6. Statistical analysis

Diagnostic accuracy was calculated as sensitivity, specificity
and positive predictive value (PPV) and negative predictive val-
ues (NPV) as recommended by the Food and Drug Administration
for diagnostic accuracy tests [12]. The cumulative proportion of
correct outcome (accuracy) was also calculated. The reference
test was pathology in all cases. Statistical analyses were planned
for sensitivity and specificity, but not for accuracy or the pre-
dictive values. In some subgroup analyses, only sensitivity was
calculated and thus used for statistical analysis. Analytical tests
included Chi square tests for independent data for 5 x 2 compar-
isons and Fisher’s exact test for 2 x 2 comparisons. All p-values were
two-sided. P-values <0.05 were considered significant. Data with
equivocal imaging findings and/or pathology conclusions were
excluded (3.8% of all investigations). Due to the low number of
equivocal findings, no sensitivity analyses (analysis of equivocal
findings as benign or malign) were performed. Data were reported
with 95% confidence intervals.

2.7. Approvals

This retrospective study did not require ethical approval or
informed consent in accordance with national legislation. The
Danish Data Protection Agency approved the study and provided
permission to access medical files for the purpose of the study.

3. Results
3.1. Study population

The initial pathology search identified 745 biopsies from 605
patients. The final study population consisted of 409 biopsies from
395 patients. The main reasons for exclusion of biopsies were, in
descending order, representing groups of 10 samples or more, lack
of the description of imaging by an imaging expert (mostly working
images acquired during surgery or outpatient visits and reviewed
by surgeons only, n=101), biopsy material declared not suitable
for diagnostic use (n=91), duplicate of cytology and biopsy mate-
rial (n=40), and no anatomical match of the site of biopsy and
the region of interest for imaging (n=26). Out of the 409 biop-
sies, 44 were cytological specimens, 379 were regular biopsies from
patients, and 6 were post-mortem biopsies.

A description of the final study population is presented in
Table 1. Approximately 50% of the biopsies were classified as malig-
nant. Lung cancer, breast cancer and multiple myeloma were the
most frequent types of cancer, accounting for 60% of all tumours.
Histology showed that non-small-cell lung cancer accounted for
82% of the lung cancers, and 82% of the breast cancers were
ductal carcinomas. The most predominant localization of skeletal
lesions was the spine. The 215 benign lesions were given 28 dif-
ferent pathology diagnoses, the most frequent conditions (n =20 or
greater) being inflammation, fibrosis and osteochondroma.

A total of 758 imaging procedures were performed. Sixty-two
percent of the patients had two or more pre-biopsy diagnostic
imaging procedures. The majority of pre-biopsy imaging modali-
ties were radiological procedures, equally distributed by X-ray, MR
and CT (all >200 each), and a limited number of nuclear medicine
procedures (<100 each). The radiological investigations accounted
for 88% of all procedures. Contrast-enhancement (gadolinium) was
used in 58 of 209 MRI scans. All PET/CT scans were performed with

Table 1

Patient demographics and baseline information.
Patients (n) 395
Females 179 (45%)
Males 216 (55%)
Biopsies (n) 409
Benign 215 (53%)
Malignant 194 (47%)
Malignant tumours by origin 194
Lung 50 (26%)
Breast 39 (20%)
Myeloma 27 (14%)
Lymphoma 18 (9%)
Prostate 13 (7%)
Colorectal 7 (4%)
Kidney 7 (4%)
Other 26 (13%)
Unknown 7 (4%)
Localization of bone lesions 409
Spine 169 (41%)
Extremities 122 (30%)
Pelvis 59 (14 %)
Thorax 31(8%)
Head 28 (7%)
Imaging modalities 758
X-ray 223 (29%)
CT 233 (31%)
MRI 209 (28%)
BS 35 (5%)
PET/CT 58 (8%)

Abbreviations: CT, computerized tomography; MRI, magnetic resonance tomogra-
phy; PET/CT, positron emission tomography/computerized tomography; BS, bone
scintigraphy.

FDG. Fifty-three percent (31 of 58) of the PET/CT were conducted
with diagnostic CT, the remainder with low-dose CT.

3.2. Overall diagnostic characteristics

The diagnostic characteristics of the imaging modalities are
shown in Table 2. PET/CT demonstrated the highest nominal sen-
sitivity followed by MRI (both better than 90%). The sensitivity of
CT and BS was below 80%. The specificity was in the 80-90 % range
for CT and MRI versus approximately 60% for BS and PET/CT. X-
ray showed excellent specificity but low sensitivity. The PPV was
acceptable (80% or greater) for most modalities, and so was NPV
for MRI and PET/CT. In contrast, NPV was 66-71% for X-ray and CT,
and only 41% for BS. MRI showed the best nominal combination of
sensitivity, specificity and PPV, and NPV. The order of accuracy was
MR, PET/CT, CT, BS, and X-ray.

Statistical analysis showed a significant difference in sensi-
tivity across the five modalities (p<0.0001). It has to be noted
that the included numbers of BS were relatively low resulting in
large confidence intervals. Subsequent pairwise comparisons found
no difference between MRI and PET (p=1.00). MRI and PET/CT
were significantly more sensitive than CT (p=0.0027 and p=0.025,
respectively). Only MRI was significantly better than bone scan
(p=0.047). MRI, PET/CT, CT, and BS were all significantly better than
X-ray (p<0.05). There was also a significant difference in specificity
among the five modalities (p<0.0001). There was no difference
between MRI and PET/CT (p=0.067) or MR vs. CT (p=0.29), but
CT was more specific than PET/CT (p=0.0091). X-ray was signifi-
cantly more specific than MRI (p=0.001), PET/CT (p=0.0001) and
BS (p=0.0065), but not CT (p=0.058).

3.3. Diagnostics characteristics per tumour type
The diagnostic characteristics of each imaging modality in the

most frequent tumour types (those with 10 or more patients) are
shown in Table 3. The confidence of estimates was hampered by
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Table 2
Diagnostic characteristics of the imaging modalities (reported with 95% confidence intervals).
X-ray (n=223) CT (n=233) MRI (n=209) BS (n=35) PET/CT (n=58)

Sensitivity 33.0(23.6-43.6) 75.6(67.8-82.6) 90.5 (83.7-95.2) 74.1(53.7-88.8) 92.3(79.1-98.3)
Specificity 96.1(91.2-98.7) 89.2 (81.1-94.7) 81.1(73.6-89.8) 62.5(24.7-91.0) 63.2 (38.4-83.7)
Accuracy 69.5 (63.0-75.5) 81.1(75.5-85.9) 87.1(81.8-91.5) 71.4 (53.7-85.4) 82.7(70.6-91.4)
PPV 86.1(70.5-95.3) 91.4 (84.7-95.8) 86.8(79.4-92.2) 87.0(66.4-97.1) 83.7(69.3-93.2)
NPV 66.3 (59.1-73.0) 70.9 (61.8-79.0) 87.5(78.7-93.6) 41.7 (15.3-72.3) 80.0 (51.9-95.4)

Abbreviations: negative predictive value (NPV); positive predictive value (PPV).

the limited number of observations with each individual combina-
tion of modality and tumour type. Across tumours, PET/CT and MRI
showed satisfactory sensitivities. CT showed acceptable sensitivity
in breast cancer but sensitivities in the 70% range in other tumours.
The sensitivity of X-ray in the specified tumour types was very low.
There were generally few applications of BS in most tumour types.
There were significant differences in sensitivity across modalities
for lung cancer (p<0.0001), breast cancer (p=0.0013), myeloma
(p=0.022), lymphoma (p=0.0004), and prostate cancer (0=0.023).
Due to the low number of observations (and thus high risk if type
Il error), no post-test pairwise comparisons were made.

3.4. Bone matrix response

The diagnostic characteristics of the imaging modalities dis-
tributed by bone response are shown in Fig. 1. The site of origin
of the primary tumour could be classified in 187 of 194 tumour
biopsies. Among those 187 tumours, the reported bone pattern
of skeletal involvement was osteolytic in 105 tumours, osteoblas-
tic in 23 tumours, and mixed lesions in 59 tumours. There were
at least 30 observations from each imaging modality in osteolytic
lesions except BS (n=6). In mixed lesions, the number of observa-
tions was at least 30 with CT and MRI, whereas a limited number
of observations were available with X-ray (n=22), BS (n=15), and
PET/CT (n=7). The number of images of osteolytic lesions was lim-
ited (10-18 with the radiological modalities), in particular with the
nuclear medicine methods (BS, n=6; PET/CT, n=1). For clarity, no
confidence intervals are reported in Fig. 1.

The sensitivity for the detection of osteolytic lesions showed a
highly significant difference (p <0.0001) between modalities. MRI
has a significantly higher sensitivity than CT (p=0.0079), and so
did PET/CT (p=0.033). A significant difference across modalities
was also shown in mixed lesions (p=0.0002), with no significant
differences in sensitivity of CT versus MRI (p=0.54). The amount
of PET data was too low to allow meaningful comparisons with
radiological examinations. There were no significant differences in
sensitivity among the modalities in osteosclerotic lesions (p = 0.26).
Pairwise comparisons of each modality within the three different
bone patterns showed a significant difference in sensitivity for X-
ray (p=0.017), a trend for BS (p=0.098), but no differences for CT,
MR, or PET/CT (data not shown).

3.5. Lesion localization

The importance of localization of the lesion (spine versus non-
spine) is shown in Table 4. MRI seemed to outperform the other

Table 3

modalities with regard to spine lesions. MRI showed sensitivity
as well as specificity above 80% and accuracy close to 90%. The
sensitivity of PET/CT paralleled that of MRI but the notably lower
specificity reduced accuracy to below 80%.

There was a significant difference in sensitivity among spine
lesions for the five imaging modalities (p<0.0001) but not for
non-spine lesions (p =0.15). Pairwise comparisons of spine lesions
showed no difference in sensitivity between MRI and PET/CT
(p=0.63). MRI, but not PET/CT, was significantly more sensitive
than CT (p=0.0005). There was a significant difference in speci-
ficity among the five modalities for spine lesions (p = 0.028) as well
as for non-spine lesions (p=0.0007). Due to the low number of
observations in the majority of correct and incorrect options for
specificity among the five modalities, no post-hoc statistical analy-
ses were performed. The nominal rank order for accuracy was MR,
CT, PET/CT, BS and X-ray for spine lesions, and PET/CT, MR, CT, X-
ray, and BS for non-spine lesions. An illustrative example of bone
metastasis localized to the spine is shown in Fig. 2.

4. Discussion

Identification of bone metastasis is critical for correct stag-
ing, allowing for treatment decisions and estimate outcome in a
large numbers of malignant tumours. Many studies have been per-
formed to investigate diagnostic accuracy in skeletal malignancies.
In these conditions, in particular in metastases, the reference is
very seldom biopsy but varying combinations of imaging and clin-
ical follow-up criteria [10,13]. In this study, we started with bone
biopsies and retrospectively identified recent diagnostic X-ray, BS,
CT, MR, and FDG-PET/CT investigations on skeletal malignancies.
We showed notable differences in diagnostic characteristics in gen-
eral, in selected tumours, in bone lesions with expected osteolytic,
osteoblastic or mixed bone matrix responses, and in spine versus
non-spine lesions.

Our general evaluation and most subgroup analyses showed
that MRI and PET/CT were the most accurate methods. FDG-PET/CT
has a generally slightly higher sensitivity than MRI, but MRI was
more specific. MRI was significantly better than FDG PET/CT for
spine lesions. Compared with other imaging techniques, radio-
graphy was relatively insensitive in detecting bone metastases.
These observations are in line with studies indicating that bone
lesions become apparent on radiographs only after the loss of more
than 50% of the bone mineral content [2]. We are aware that the
low number of nuclear medicine examinations in general, as well
as radiological studies in subgroup analyses, may have impaired
the statistical power of the statistical analyses. However, the con-

Sensitivity of imaging modalities on bone lesions as classified by the most frequent primary tumours (with 95% confidence intervals).

X-ray CT

MRI BS PET/CT

Lung cancer
Breast cancer
Multiple myeloma
Lymphoma
Prostate cancer

242 (11.1-42.3; n=33)
47.1(23.0-72.1,n=17)
46.2(19.3-74.8,n=13)
0.0 (0.0-37,1,n=8)
66.7 (30.1-92.1, n=9)

75.6 (59.7-87.6,n=41) 86.2(68.33-96.0,n=29) 40.0 (6.5-84.6, n=5)
86.7 (69.3-96.2, 1=30) 95.2(76.1-99.2,n=21) (

73.7 (48.8-90.8,n=19) 93.8(69.7-99.0,n=16) 100.0 (16.6-100.0, n=1
70.0 (34.8-93.00, n=10) 90.9 (61.5-98.6,n=11) 100.0 (16.6-100.0, n=1
75.0 (20.3-95.9, n=4) (

100.0 (71.3-100.0,n=11)
100.0 (19.3-100.0, n=2)
100.0 (54.1-100.0, n=6)
87.5(51.7-98.2,n=8)

No data

84.5 (54.5-97.6,n=13

90.0 (55.5-98.3,n=10) 100.0 (40.2-100.0, n=4
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Fig. 1. Sensitivity of imaging modalities for the demonstration of malignant bone lesions for which the tumour is known to induce predominantly osteolytic (n=105),
predominantly osteoblastic (n=23), or mixed-type (n=59) bone matrix response. There were significant differences among modalities in sensitivity for the detection of
osteolytic (p<0.0001) and mixed lesions (p=0.0002),but not for osteosclerotic lesions.Due to the low number of observations in some groups (see text), the data are shown

without confidence intervals.

Table 4
Diagnostic characteristics of imaging modalities in spine and non-spine bone lesions (with 95% confidence intervals).
Location Diagnostic outcome Modality
Spine X-ray (n=77) CT (n=115) MRI (n=133) BS (n=14) PET/CT (n=22)
Sensitivity 26.7 (14.6-42.0) 70.5 (59.1-80.3) 92.0 (84.1-96.7) 72.7 (39.1-93.7) 87.5(61.6-98.1)
Specificity 90.6 (75.0-97.1) 94.6 (81.8-99.2) 80.4 (66.1-90.6) 66.7 (11.6-94.5) 50.0 (12.4-87.6)
Accuracy 53.2(41.5-64.7) 78.3 (69.6-85.4) 88.0(81.2-93.0) 71.4(41.9-91.6) 77.3 (54.6-92.2)
PPV 80.0 (51.9-95.4) 96.5 (87.9-99.5) 89.8 (81.7-95.3) 88.9(51.7-98.2) 82.4(56.6-96.0)
NPV 46.8 (34.0-59,9) 60.3 (46.6-73.0) 84.1(69.9-93.3) 40.0 (6.5-84.6) 60.0 (15.4-93.1)
Non-spine X-ray (n=146) CT (n=118) MRI (n=76) BS (n=21) PET/CT (n=36)
Sensitivity 38.8 (25.2-53.8) 82.3(70.5-90.8) 86.2 (68.3-96.0) 75.0 (47.6-92.6) 95.7 (78.0-99.3)
Specificity 97.9(92.7-99.7) 85.7(73.8-93.6) 85.1(71.7-93.8) 60.0 (15.4-93.5) 69.2 (38.6-90.7)
Accuracy 78.1(70.5-84.5) 83.9(76.0-90.0) 85.5(75.6-92.6) 71.4 (47.8-88.7) 86.1(70.5-95.3)
PPV 90.5 (69.6-98.6) 86.4(75.0-93.9) 78.1(60.0-90.7) 85.7 (57.2-97.8) 84.6 (65.1-95.6)
NPV 76.0 (67.5-83.2) 81.4(69.1-90.3) 90.9 (78.3-97.4) 42.9(10.4-81.3) 90.0 (55.5-98.3)

Fig. 2. A 46 year old man was diagnosed with cardia cancer (subcardial grade III). An initial FDG-PET/CT scan showed no bone metastases in the spine (A: PET/CT sagittal
fused image; B PET sagittal view; C: CT sagittal view). 3 months later, persisting back paingave rise to an MRI scan showing disseminated cancer with a biopsy-proven bone
metastasis in Th10 (arrow) with posterior soft tissue bulging and compression of the medulla (D: Sagittal T2 Stir TR/TE 3500/38,496 msM E: sagittal T1 TR/TE 350/12,832

ms).

clusions of the statistical analyses were largely in line with the
quantitative/numerical estimates of diagnostic characteristics. It
is difficult to compare our data with the results of prior studies
because there are no systematic studies with pathology as the only
reference. However, our findings are in line with data from recent
systematic reviews and meta-analyses. Yang et al. compared FDG
PET, CT, MRI and BS and showed comparable data with MRI and
PET/CT with these methods being significantly more accurate than
CT and BS for the diagnosis of bone metastases [14]. Duo et al.

concluded in a meta-analysis from 2013 comparing FDG-PET/CT
and gadolinium-enhanced MRI for detection of bone metastases
that FDG PET/CT and gadolinium-enhanced MRI were almost equal
in terms of diagnostic accuracy and that both imaging methods
have excellent diagnostic performance for the detection of bone
metastases in patients with cancer [4].

MRI is increasingly used as a reference test for skeletal malig-
nancies [15-17]. Our data show an overall sensitivity of 91% and
specificity of 81% versus pathology. Thus, the validity for MRI as
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a reference in imaging trials warrants some concern. For exam-
ple, bone marrow oedema is also hyperintense in fat-suppressed
sequences, which can lead to diagnostic errors [2]. Observer agree-
ment for malignancy with MRI is not perfect, with kappa values
below 0.7 [18].

The role of the primary tumour origin (or, perhaps more appro-
priate for bone metastasis, the bone matrix response), should be
considered when comparing diagnostic characteristics of imaging
methods. A method such as BS solely reflects bone metabolism at
sites with active bone mineralization, such as osteosclerotic com-
ponents, making it of particular importance in prostate cancer and
of limited use in predominant osteolytic lesions such as myeloma
[19]. Our data supported this observation with BS and X-ray, and
provided some indications of a similar trend for CT. Both MRI and
PET/CT performed equally well across bone matrix responses. This
observation is likely because MRI and FDG-PET/CT directly reflect
the extent of the tumour, whereas BS and, to some extent, CT mir-
ror the reaction of the tumour-to-bone interface. Our findings of
the superiority of PET/CT over BS are in line with data from a recent
meta-analysis [20]. Tumour-specific diagnostic criteria should be
considered in terms of grade of malignancy. It is well-established
that the avidity of FDG-uptake is related to tumour characteristics.
Similarly, choline PET/CT, a biomarker of cell membrane synthesis,
may prove useful in advanced, recurrent prostate cancer but may
be of limited value in staging.

The conclusions of a meta-analysis comparing whole-body MRI
versus BS for detection of bone metastatic tumours in mixed can-
cers showing similar patient-based sensitivity and specificity for
MRI and BS [6] should be considered in light of the composi-
tion of the tumour types as well as disease condition (staging or
relapse/recurrent disease).

It is generally believed that CT is superior to MRI with regard
to characterization of cortical bone, whereas MRI is superior to
CT with regard to characterization of intra-osseous and soft tis-
sue details [21]. Our data showed 12% better sensitivity with CT
in non-spine versus spine lesions. It was also revealed that MRI
showed excellent diagnostic properties in spine lesions with an
accuracy close to 90%, while no other methods reached 80% (with
X-ray below 40%). In non-spine lesions, the methods were largely
comparable. The extent to which the difference in locationis related
to anatomical mapping (tomographic methods versus planar imag-
ing) or tumour characteristics (soft tissue component) cannot be
clearly defined. BS showed similar diagnostic data in spine and
non-spine lesions, whereas X-ray was definitely poorer in spine
lesions. With BS, it has been shown that the addition of SPECT/CT
to whole-body BS improved specificity without affecting sensitiv-
ity [22]. Bone metastases most commonly affect the axial skeleton
[1]. Thus, appropriate methods must be selected for the individ-
ual patient. The use of X-ray should be performed with caution for
detection of malignancy in the spine.

This study was retrospective in design and comprised data from
daily clinical life. It may be argued that the imaging reports were
not blindly reread without clinical information for the purpose of
the study. However, the conclusions of the imaging reports were
those presented to the clinicians. Nuclear medicine reports were
all double-read, whereas radiology reports were generally made by
only one radiologist alone or by supervising a radiologist in train-
ing. It remains speculative whether reading biases due to access
to clinical information or due to prior imaging were present. Data
from the reports were extracted by two independent readers with
minimal disagreement in reporting.

Most biopsy material was histological biopsies, with only 6% of
samples being cytology specimens. The reading and reporting of
the pathology samples were considered appropriate with minimal
bias in classifying malignancy. We are aware of a potential false
negative biopsy, and prolonged follow up could be considered to

improve specificity in this project. Similarly, it could be considered
whether a time window of 6 months between imaging and biopsy
is adequate. In our opinion, this period is an adequate choice for
balancing recruitment and any false negative imaging.

The method of collecting biopsy and imaging data warrants
some discussion. The findings are based upon lesions which ended
up undergoing biopsy. Thus, the biopsies may not be representa-
tive sample of patients presenting with suspicious skeletal lesions.
Many lesions may not be biopsied for several reasons, such as
perceived definitive imaging results, multiplicity, and a lack of con-
sequences. More than 60% of the patients in this study had more
than one imaging modality, indicating some uncertainty in the
classification of the bone lesion. The relatively low proportion of
prostate cancer patients, the most frequent cancer among males,
is apparent. However, it is known from clinical practice that these
patients seldom undergo bone biopsy due to limited therapeutic
impact. Our data indicated superiority of MRI over BS in prostate
cancer [23], and thus question the uniform recommendation of BS
for staging of skeletal metastasis in prostate cancer [24,25].

Because allimaging methods were not applied in all patients, the
data may reflect diagnostic characteristics in separate populations.
A patient undergoing one X-ray may be different from a patient
with three or more imaging modalities. Because most patients had
more than one imaging modality, demonstration of similarities or
differences in patient groups may prove difficult, also taking into
consideration the limited samples sizes in some subgroup analyses.
The relatedness of imaging modalities and clinical variables may be
defined as a separate study.

Finally, methodological issues can be raised. It can be debated
whether alternative technical settings for the imaging methods
studied could influence the findings. For example, only one in every
four patients with an MRI in our study had a contrast-enhanced
MRI. Some authors have advocated for wide routine use of gadolin-
ium in the MRI evaluation of skeletal malignancies [26], but a
recent meta-analysis showed no substantial differences in diagnos-
tic value of the contrast enhancement [14]. No diffusion-weighed
MRI was used. Recent studies have shown that the sensitivity for
using DWI sequences is significantly higher than that for not using
DWI sequences in detection of bone metastases, with lower speci-
ficity on a per-patient basis [14,27].

In conclusion, we observed notable differences in diagnos-
tic characteristics among frequently used imaging modalities for
detection of skeletal malignancies. MRI and FDG-PET/CT performed
well in most patient subgroups, followed by CT with some distance
to X-ray and BS with reservations to the fact that the number of BS
was low (n=38, 5% of all examinations). Our findings indicate that
the results of imaging investigations should be interpreted with
caution. Tumour characteristics/bone matrix response and localiza-
tion of skeletal lesions may influence the performance of tests and
guidelines for a diagnostic strategy for skeletal metastases based
upon type, location and primary tumour that could be developed
based upon our findings.
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Abstract: Introduction: Comparing imaging examinations with those previously obtained is con-
sidered mandatory in imaging guidelines. To our knowledge, no studies are available on neither
the influence, nor the sequence, of prior imaging and reports on diagnostic accuracy using biopsy
as the reference standard. Such data are important to minimize diagnostic errors and to improve
the preparation of diagnostic imaging guidelines. The aim of our study was to provide such data.
Materials and methods: A retrospective cohort of 216 consecutive skeletal biopsies from patients with
at least 2 different imaging modalities (X-ray, CT and MRI) performed within 6 months of biopsy was
identified. The diagnostic accuracy of the individual imaging modality was assessed. Finally, the
possible influence of the sequence of imaging modalities was investigated. Results: No significant
difference in the accuracy of the imaging modalities was shown, being preceded by another imaging
modality or not. However, the sequence analyses indicate sequential biases, particularly if MRI was
the first imaging modality. Conclusion: The sequence of the imaging modalities seems to influence
the diagnostic accuracy against a pathology reference standard. Further studies are needed to estab-
lish evidence-based guidelines for the strategy of using previous imaging and reports to improve
diagnostic accuracy.

Keywords: bone; cancer; metastasis; tumor; biopsy; diagnostic accuracy; medical imaging; reports;
prior imaging

1. Introduction

Radiology is one of the specialties most liable to claims of diagnostic negligence, which
can be defined as errors resulting in incorrect, delayed, or missed diagnoses [1-3]. Several
studies have investigated the incidence and causes of medical errors, but such analyses
remain challenging due to the lack of effective methods for measurement and limited
sources of reliable data [4].

A diagnostic report consists of the complete detection and accurate diagnosis of all
abnormalities in an imaging examination and at the same time as accurately as possible to
distinguish which lesions can be safely ignored from those requiring additional workup or
biopsy, most often described as either benign or possible malignant. The average error rate
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among radiologists has been shown to be approximately 30%, referring to images as part of
a set of unknowns with proven pathology, a prevalence that has remained unchanged since
it was first estimated in the 1960s [5-7]. The etiology of radiological error is multifactorial,
including failure to compare with prior imaging and reports, bias, poor technique, failures
of perception, lack of knowledge, fatigue, noise, and misjudgments [8]. More than 70% of
errors are perceptual, whereas fewer than 30% are cognitive [5]. One study showed that
radiologists disagreed with each other more than 30% of the time and with themselves
more than 25% of the time [9]. It is considered without debate to be the standard of care by
the radiology and the non-radiology medical communities that radiologists must compare
new imaging examinations with those obtained previously [10-16]. Failure to consult
prior radiologic studies has been shown to represent 5% of the explanation for missed
findings [5,7,10,17]. Previous images are subjectively judged to be more valuable than
imaging reports for documenting disease progression on conventional X-ray images [18,19].
Studies have shown that if one looks at a prior negative report before looking at imaging
studies, there is a greater chance of missing a significant abnormality than by looking at
the imaging studies first [5]. It has also been shown that radiological diagnoses made
with adequate clinical information are more accurate than those made without clinical
information [20-23]. However, to the best of our knowledge, no studies have investigated
the influence, or the sequence, of prior imaging and reports on diagnostic accuracy using
biopsy as the reference standard. Such data are of great importance not only to minimize
diagnostic errors but also to improve the preparation of diagnostic imaging guidelines
based upon diagnostic accuracy and cost-effectiveness.

The purpose of our study was to investigate whether the diagnostic accuracy of the
detection of skeletal malignancies, proven malign or benign by subsequent biopsy, is
affected by prior imaging examinations and their mutual sequences.

2. Materials and Methods
2.1. Collection of Skeletal Biopsies

The study was conducted as a retrospective consecutive cohort study. Bone biopsies
were identified by performing a computer search of pathology samples representing bone
material registered by SNOMED (Systematized Nomenclature of Medicine) T10* and T11*
codes for skeletal cytology and histology biopsies from 1 January 2011 to 31 July 2013, at
the Department of Pathology, and each biopsy was identified by a unique social security
number [24]. The eligibility criteria for a biopsy to be included in the analysis were con-
clusive pathology results performed by a board-certified pathologist. The biopsies were
processed and analyzed in accordance with institutional practice, and immunohistochem-
ical examination was applied when relevant. If several biopsies were obtained from the
same anatomical region within a period of 6 months and one of these biopsies showed
malignancy, the lesion was classified as malignant. If repeated biopsies showed a benign
condition, the first biopsy was used.

Each pathology report was reviewed by two readers and classified as benign, malig-
nant, or inconclusive. In the case of inconsistency, a board-certified pathologist assisted
with a conclusion.

The baseline dataset was used for two previously published articles, and the exclusion
criterion for the present study was biopsies performed with less than two different imaging
modalities six months prior to the biopsy (Figure 1) [24,25].
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Biopsies with SnoMed pathology
codes for skeletal biopsy (T10 &T11),
Jan. 2011-Jul. 2013 (n = 745)

4 A
> No imaging performed 6 months
prior to biopsy (n = 55)
v N\ J
( n = 690 J
4 i
> Bioptic material unsuitable for
diagnosis (n = 91)
v N\ J
( n = 599 ]
4 N\
Autopsies from fetuses and material
> from provoked abortions (n = 17)
v . J/
( n = 582 )
4 N\
No imaging or no description of the imaging
> of the relevant anatomy (n = 127)
v . J
( n =455 )
{ ™
> Cytological samples if histological
were available (n = 40)
v . J/
[ n=415 J
4 N\
> Biopsies taken later in the 6-month period
after the first suitable biopsy (n = 6)
v . ./
( n = 409 J
4 A
> Biopsies with only one imaging (n = 173)
v \. J/
( n =236 ]
4 N\
> Biopsies with two imaging modalities
performed the same day (n = 20)
v \. J
( Included (n = 216) ]

Figure 1. Flow chart of study material.

2.2. Imaging

Diagnostic imaging included X-ray, computed tomography (CT) and magnetic res-
onance imaging (MRI). X-ray imaging was performed by digital radiography, and the
CT scans were performed on either a GE (GE Lightspeed VCT, 64 slice, GE LightSpeed
Pro, 32 slice, GE Discovery 750HD, General Electrics, Milwaukee, W1, USA) or a Siemens
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(SIEMENS Definition Flash Siemens AG, 128 slice) scanner. MRI scans were performed
on a 1.5 T MR scanner (Discovery MR450, General Electrics, Milwaukee, WI, USA). The
MRI image sequences were T1, T2 and STIR, of which at least one sequence was axial on
the bone involved; contrast was only given in cases of soft tissue involvement, which was
decided in each case by a radiology specialist. Bone scintigraphy (BS), single photon emis-
sion computed tomography CT (SPECT/CT), 18F-fluorodeoxyglucose positron emission
tomography (FDG-PET/CT) and ultrasound (US) were excluded due the low number of
combinations of those with another.

All radiology imaging procedures were performed in accordance with institutional guide-
lines (no experimental imaging investigations were included in the analysis), and the
written reports were reviewed by two independent reviewers who, based upon the de-
scription and conclusions in the original text, classified the described lesion as malignant,
benign, or inconclusive. In cases of disagreement after individual reading, the readers
reached consensus for each imaging report without the need for a third-party arbitrator.
The radiologists had access to an Electronical Patient Journal charts (EP[—Clinical
Suite, CSC Scandihealth A/S) for any relevant journal notes in case they needed more
information than was stated in the referral.

2.3. Statistics

Statistical analysis was performed by using Stata 17 (StataCorp LLC 2021) and the
Stata package matrix tools [26]. Sensitivity, specificity, prevalence, accuracy, positive
predictive value (PPV) and negative predictive value (NPV) with 95% confidence intervals
were calculated for each imaging modality without taking the imaging sequence into
consideration. Then, it was calculated for pairs of imaging modalities, such as X-ray /CT
and CT/X-ray, and by doing so, not all X-ray stand-alone values were included to minimize
the bias that only one imaging was performed as opposed to two. The diagnostic properties
of one modality (CT, MRI, and X-ray) when used as the first imaging modality were
compared with the diagnostic properties of the modality when it was preceded by another
modality using Fisher’s exact test. It should be noted that the numbers in some of the
subgroups may be too low to detect significant differences. Finally, the effect of the
imaging sequence was examined among patients with a malignant biopsy diagnosis and
with a benign biopsy diagnosis; due to the small number in each group, only descriptive
statistics were used.

2.4. Approval

This retrospective study did not require ethical approval or informed consent in
accordance with national legislation. The Danish Data Protection Agency approved the
study and provided permission to access medical files for the purpose of the study.

3. Results
3.1. Baseline Data

Most of the biopsies were malignant (Table 1), with lung cancer (31%), breast cancer
(19%), multiple myeloma (12%) and lymphoma (11%) being the most frequent types of
cancer. The benign lesions were mainly characterized as inflammation, fibrosis, osteochon-
droma, degenerative changes, nonspecific reactive changes, necrosis, and fracture. There
was a slight predominance of males over females, and the spine was the most common
anatomical localization of bone biopsy. The three included imaging modalities were almost
equally represented (Table 1). Most biopsies (67%) had two imaging modalities performed
6 months prior to biopsy, 30% had three imaging modalities performed and 3% had four
imaging modalities performed (details are provided in Table S1).



Diagnostics 2022, 12, 1735

50f11

Table 1. Baseline demographics.

Variable Value
Patients (n = 207)

Male, n (%) 116 (56%)

Female, n (%) 91 (44%)
Age, median (range) 67 (1-93)

Biopsies (n = 216)
Malignant, n (%) 132 (61%)
Benign, n (%) 84 (39%)
Biopsy specimen (n = 216)

Cytological, n (%) 16 (8%)
Histological, n (%) 195 (90%)

Dissection, n (%) 5 (2%)

Imaging modalities performed (n = 464)
X-ray, n (% of biopsies) 143 (66%)
CT, n (% of biopsies) 169 (78%)
MRI, n (% of biopsies) 152 (70%)
Localization of bone lesion (n = 216)

Spine, n (%) 119 (55%)
Extremities, n (%) 39 (18%)
Pelvis, n (%) 36 (17%)

Thorax and shoulders, n (%) 19 (9%)

Head, n (%) 3 (1%)

MRI was shown to have the highest accuracy, followed by CT and X-ray when the
sequence of imaging was not taken into consideration (Table 2). MRI also showed the
highest sensitivity and NPV, whereas X-ray proved to have the highest specificity and CT
the highest PPV (Table 2).

Table 2. Sensitivity, specificity, accuracy, positive and negative predictive values (PPV, NPV) estimates
of imaging techniques for detection of focal skeletal lesions.

X-ray (n = 143) CT (n =169) MRI (n = 152)

Sensitivity 31.3 (21.4-42.6) 73.5 (64.3-81.3) 92.1 (84.5-96.8)
Specificity 95.2 (86.7-99.0) 85.7 (73.8-93.6) 81.0 (69.1-89.8)
Accuracy 59.4 (50.9-67.6) 77.5 (70.5-83.6) 87.5 (81.2-92.3)
PPV 89.3 (71.8-97.7) 91.2 (83.4-96.1) 87.2 (78.8-93.2)
NPV 52.2 (42.7-61.6) 61.5 (49.8-72.3) 87.9 (76.7-95.01)

Note—95% exact confidence intervals for each imaging modality without taking the imaging sequence into consideration.

3.2. Sequence Analysis

Taking the sequence of imaging modalities into account, no significant difference
in accuracy within each imaging modality was seen when preceded by another imaging
modality or not (Tables 3-5), except for a decrease in CT specificity and PPV when preceded
by MRI (Table 3. Despite the lack of difference in overall accuracy, an interesting pattern of
observations was seen when examining the sequences for imaging divided by malignant
and benign biopsies.

Among malignant (positive) biopsies, it was seen that if X-ray was false negative
(75%) and used as the first imaging modality, only 7% of the subsequent MRI and 30%
of the subsequent CT imaging were false negative (Figure 2A), whereas if MRI was false
negative (17%) and conducted as the first imaging modality, 100% of the following CT scans
were false negative as well (Figure 2E). Likewise, among biopsies with a benign (negative)
histology, if MRI was false-positive (33%), 100% of the subsequent CT imaging was also
false-positive (Figure 2F). Figure 2C demonstrates that when CT scans were false negative
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(30%), 100% of the subsequent X-ray examinations were false negative, whereas this was
only the case for 14% of the subsequent MRI. For the few false-positive X-ray and CT ex.

Table 3. Sensitivity, specificity, accuracy, PPV and NPV estimates (reported with 95% confidence
intervals) for X-ray and CT without or with access to a preceding MRIL

X-ray CT
Not Preceded Preceded by Not Preceded Preceded by
by MRI MRI p Value by MRI MRI p Value
(n =122) (n=21) (n =140) (n=29)
Sensitivity 28.2(18.140.1)  55.6 (21.2-86.3) 0.13 72.0 (61.8-80.9)  80.0 (56.3-94.3) 0.58
Specificity (89.(?2((])0.0) 83.3 (51.6-97.9) 0.09 93.6 (82.5-98.7)  44.4 (13.7-78.8) 0.00
Accuracy 70.0 (63.1-76.3)  65.2 (42.7-83.6) 0.34 79.3 (71.6-85.7)  69.0 (49.2-84.7) 0.23
PPV 95.2 (76.2-99.9)  71.4(29.0-96.3) 0.15 95.7 (88.0-99.1)  76.2 (52.8-91.8) 0.01
NPV 49.5(39.4-59.6)  71.4 (41.9-91.6) 0.16 62.9 (50.5-74.1)  50.0 (15.7-84.3) 0.48
Table 4. Sensitivity, specificity, accuracy, PPV and NPV estimates (reported with 95% confidence
intervals) for X-ray and MRI without or with access to a preceding CT.
X-ray MRI
Not Preceded Preceded by Not Preceded Preceded by
by CT CT p Value by CT CT p Value
(n=111) (n =32) (n =70) (n=82)
Sensitivity 28.6 (17.9-413)  41.2 (18.4-67.1) 0.38 91.7 (77.5-98.2)  92.5(81.8-97.9) 1.00
Specificity  93.8 (82.8-98.) (78.1292'80.0) 1.00 794 (62.1-91.3)  82.8 (64.2-94.2) 1.00
Accuracy 56.8 (47.0-66.1)  68.8 (50.0-83.9) 0.84 85.7 (75.3-92.9)  89.0 (80.2-94.9) 0.63
100.0
PPV 85.7 (63.7-97.0) (59.0-100.0) 0.55 82.5(67.2-92.7)  90.7 (79.7-96.9) 0.35
NPV 50.0 (39.9-60.7)  60.0 (38.7-78.9) 0.50 90.0 (73.5-97.9)  85.7 (67.3-96.0) 0.70
Table 5. Sensitivity, specificity, accuracy, PPV and NPV estimates (reported with 95% confidence
intervals) for CT and MRI without or with access to a preceding X-ray.
CT MRI
Not Preceded Preceded by Not Preceded Preceded by
by X-ray X-ray p Value by X-ray X-ray p Value
(n =98) (n=71) (n =83) (n =69)
Sensitivity 70.3 (57.6-88.1)  77.6 (63.4-88.2) 0.52 90.2 (78.6-96.7)  94.7 (82.3-99.4) 0.69
Specificity 91.2(76.3-98.1)  77.3 (54.6-92.2) 0.24 719 (63.3-86.3)  90.3 (74.2-98.0) 0.11
Accuracy 77.6 (68.0-65.4)  77.5(66.0-86.5) 1.00 83.1(73.3-90.5)  92.8 (83.9-97.6) 0.09
PPV 93.8(82.8-98.7)  88.4 (74.9-96.1) 0.47 83.6 (71.2-92.2)  92.3 (79.1-98.4) 0.35
NPV 62.0 (47.2-75.3)  60.7 (40.6-78.5) 1.00 82.1(63.1-93.9)  93.3(77.9-99.2) 0.25
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Figure 2. Sequence analyses. (A) Diagnostic results for malignant (positive) biopsies when X-ray

is performed as the first modality (TP = true positive, FN =

false negative). (B) Diagnostic results

for benign (negative) biopsies when X-ray is performed as the first modality (TN = true negative;

FP = false positive). (C) Diagnostic results for malignant (positive) biopsies when CT is performed

as the first modality (TP = true positive, FN = false negative). (D) Diagnostic results for benign

(negative) biopsies when CT is performed as the first modality (TN = true negative; FP = false

positive). (E) Diagnostic results for malignant (positive) biopsies when MRI is performed as the

first modality (TP = true positive, FN = false negative). (F) Diagnostic results for benign (negative)

biopsies when MRI is performed as the first modality (TN = true negative; FP = false positive).
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4. Discussion

Without taking the imaging sequence into consideration, MRI was shown to have the
highest accuracy, followed by CT and X-ray, and MRI also showed the highest sensitivity
and NPV, whereas X-ray proved to have the highest specificity and CT had the highest PPV
(Table 2). These findings are consistent with previously published data, out of which one
study is against a pathology proven reference [24,27-30]. These imaging characteristics are
generally well recognized by radiologists.

Taking image sequence into consideration, our results show that there is no significant
difference to prove that the diagnostic accuracy of X-ray, CT or MRl is influenced by access
to prior imaging examinations and reports of one of the other modalities. This finding is
controversial because it is not in accordance with previous studies and present guidelines,
describing the importance of always comparing actual imaging with previous examinations
and reports [5,7,10-15,17-19]. There might be several explanations for our findings.

Primarily, the lack of significance may be caused by the small subgroups. Second, the
lack of difference in accuracy could cover the two opposing situations, as when MRI is
the first imaging modality, it can either be correct or incorrect. According to our sequence
analysis, when the MRI is correct, then the subsequent CT or X-ray is more likely to
be correct, and when MRI is incorrect, then the subsequent CT or X-ray is incorrect in
more than 80% of the situations. These two situations might balance each other so that
the accuracy does not change significantly compared to whether a modality is preceded
by MRL

When X-ray is the first modality, 75% are expectedly false negatives, but only 7% of
the subsequent MRI and 30% of the subsequent CT examinations are false negatives as
well, which could indicate that X-ray results are rightfully not considered to have a high
sensitivity and therefore do not influence the reader’s evaluation of the second imaging
much. When CT is the first modality, 30% are false negatives, and then all the following
7 X-ray examinations are negative, whereas only 14% of the subsequent MRIs are negative
as well. CT has a higher accuracy than X-ray, and therefore, the reader might tend to attach
greater value to the results from CT than those from the X-ray itself, whereas this is not the
case for MRI compared to CT. When MRI is the first modality, only 17% are false negatives,
with all subsequent CT scans being false negatives as well. Again, the reader might put
more value on the previous MRI

The specificities of X-ray (98.0) and CT (93.6) as stand-alone are high and decrease
when preceded by MRI. On the contrary, the specificity increases for MRI (from 71.9 to 90.3)
when preceded by an X-ray. Since X-ray specificity is known to be high, it might influence
the reader of the consequent MRI scan.

One might conclude that the higher the diagnostic accuracy a given modality is known
to have, the higher the bias of the diagnostic accuracy of the subsequent modalities will be
and therefore that the sequence of the imaging modalities is important, especially if the
diagnosis of the first modality is proven false. It has been shown previously that if one
looks at a prior negative report before looking at imaging studies, there is a greater chance
of missing a significant abnormality than by looking at the imaging studies first, but in
these studies all imaging involved was X-ray and no other modality was included [5,17].

A direct comparison of the different imaging sequences to evaluate which sequence
would be interesting for diagnosis and follow-up should be made with caution. It was not
the purpose of our study; some groups are small, and we have not been able to prove any
significant differences. MRI preceded by X-ray showed a sensitivity of 94.7 and a PPV of
92.3, slightly higher than MRI preceded by CT, showing a sensitivity of 92.5 and a PPV of
90.7. Since CT gives a higher radiation dosage and is more expensive than X-ray, you could
speculate if X-ray followed by MRI would be the best strategy. This could make sense if you
consider the bone lesion to be an isolated lesion, but since the malignant lesions represent
metastases, you will most often need a CT scan to identify a primary tumor and/or to see if
the skeletal lesion is the only metastasis present. The benefit of CT is that it is a whole-body
examination, which is more readily available and inexpensive than whole-body MRI or
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whole-body fusion imaging techniques such as PET-CT or PET-MRI. Therefore, it would be
impossible to avoid performing a CT scan in most cases. Further prospective research is
necessary to clarify this topic.

To the best of our knowledge, no direct comparison of pathology-proven diagnostic
accuracy, including X-ray, CT, or MRI, with or without previous imaging examinations and
the sequence of those has been conducted. Such knowledge should be considered quite
important, not only in everyday imaging reporting but also in cases of claims of medical
negligence. We identified four studies investigating whether access to prior examinations
was valuable. All studies compared plain radiographs with prior plain radiographs and
were based on questionnaires completed by the interpreting radiologists on whether they
found access to prior examinations to be valuable or not [12,13]. Nevertheless, all present
guidelines emphasize the importance of comparison with prior diagnostic examinations
and reports of any modality available; however, these recommendations do not seem to be
evidence-based.

Our findings could indicate that guidelines for good practice of radiological imaging
reading and reporting should point out the importance of the readers not being influenced
too much by previous imaging, especially not if these are modalities that are usually
considered to be more accurate than the current one and that biopsy should be considered
the gold standard for a valid diagnosis [25]. In clinical practice, one should consider
evaluating the present study without a prior review of previously available imaging studies.
When an independent evaluation has been formed, you can look at the available previous
studies. If these conflict with your assessment, you should consider whether you want to
be influenced and if so, you could note this in the description.

In addition to the small number in some of our subgroups, there are other limitations
to our study. Table S1 in the Supplement shows that 33% of the biopsies had 3 or 4 imaging
scans performed, which is a bias to the results since modalities other than the one analyzed
could influence the diagnostic accuracy. However, there was no significant difference
between the diagnostic accuracy regardless of whether the imaging investigated was
preceded by other modalities. Furthermore, the readers had access to clinical information
via Clinical Suite, and we do not know how many actually received this clinical information,
which is known to influence the diagnostic reports [20-23]. Finally, it has been shown that
the localization of the lesion has an influence on the diagnostic accuracy, with MRI showing
superior diagnostic properties in spine lesions, whereas in non-spine lesions, the accuracy
of the imaging modalities is largely comparable [24]. In our study, the spine accounted for
55% of the localizations, extremities for 18 % and pelvis for 17 %. The limited sample size
does not allow for subgroup analysis on localization, which might represent a limitation.
In conclusion, our study demonstrates the contribution to the discussion of the possible
influence of previous imaging and reporting on diagnostic accuracy and how this possible
influence should be addressed in future guidelines for the interpretation and reporting of
diagnostic imaging. New prospective studies on this topic are needed for this purpose.
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www.mdpi.com/article/10.3390/diagnostics12071735/s1, Table S1: Modality sequence.
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Abstract

Background: The presence of malignant cells in bone biopsies is considered gold standard to verify occurrence of cancer,
whereas a negative bone biopsy can represent a false negative, with a risk of increasing patient morbidity and mortality and
creating misleading conclusions in cancer research. However, a paucity of literature documents the validity of negative bone
biopsy as an exclusion criterion for the presence of skeletal malignancies.

Purpose: To investigate the validity of a negative bone biopsy in bone lesions suspicious of malignancy.

Material and Method: A retrospective cohort of 215 consecutive targeted non-malignant skeletal biopsies from 207
patients (43% women, 57% men, median age 64, and range 94) representing suspicious focal bone lesions, collected from
January 1,2011, to July 31, 2013, was followed over a 2-year period to examine any additional biopsy, imaging, and clinical
follow-up information to categorize the original biopsy as truly benign, malignant, or equivocal. Standard deviations and
95% confidence intervals were calculated.

Results: 210 of 215 biopsies (98%; 95% Cl 0.94-0.99) showed to be truly benign 2 years after initial biopsy. Two biopsies
were false negatives (1%; 95% Cl 0.001-0.03), and three were equivocal (lack of imaging description).

Conclusion: Our study documents negative bone biopsy as a valid criterion for the absence of bone metastasis. Since only
28% had a confirmed diagnosis of prior cancer and not all patients received adequately sensitive imaging, our results might
not be applicable to all cancer patients with suspicious bone lesions.
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cases, they are the first manifestation of malignancy.”
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patients eventually develop skeletal metastases, which
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Early diagnosis and treatment of skeletal metastases are
crucial because the impact on patient morbidity, including
bone pain, fractures, hypercalcemia, and spinal cord
compression, is significant and associated with consider-
able use of healthcare resources.”” ' Only 20% of breast
cancer patients remain alive 5 years after the discovery of
bone metastasis."?

A prompt multimodal management approach depends on
early diagnosis, which is most often based on a combination
of imaging, clinical information, blood samples, and, to a
lesser extent, bone biopsies.'* Up to 30% of patients have
skeletal metastases from an unknown primary neoplasm
despite a thorough history, physical examination, appro-
priate laboratory testing, and advanced imaging technol-
ogy.” In such situations, only extensive histopathological
investigations of bone specimens from biopsies can reveal
the primary malignancy, and bone biopsies are generally
considered the gold standard, that is, error-free reference
standard, for verification of the presence or absence of
skeletal malignancy.”>*'*!> Nevertheless, bone biopsies
are rarely performed, even in diagnostic test accuracy trials,
and an insufficient reference standard has been identified as
a major error source in biomedical research.'> '

When a bone biopsy documents presence of malignant
cells, it is considered the gold standard for verification of
cancer.'> However, a negative biopsy can be a false neg-
ative, as observed with unrepresentative tissue sampling,
especially in cases of benign bone lesions.”* ¢ Such di-
agnostic errors can have serious consequences and can also
supply misleading results in diagnostic accuracy studies.?’
To the best of our knowledge, the validity of a negative or
benign bone biopsy for exclusion of skeletal metastases
remains to be documented.

The aim of our study was to investigate whether targeted
bone biopsies described as non-malignant or benign iden-
tified in a population with a suspicious focal bone lesion are
in fact truly benign after 2 years of follow-up.

Material and methods

Subjects

A computer search of pathology samples (hereafter named
biopsies) representing consecutive bone material registered
by SNOMED (Systematized Nomenclature of Medicine)
T10* and T11* codes for skeletal cytology and histology
biopsies from January 1, 2011, to July 31, 2013, was per-
formed, providing a retrospective cohort of 409 consecutive
targeted bone biopsies from 395 patients, who had undergone
imaging (X-ray, CT, MRI, bone scintigraphy, or PET/CT)
within 6 months of the biopsy. From these data, we extracted
all skeletal biopsies categorized as benign or non-malignant,
resulting in a total of 215 biopsies from 207 patients (43%
women, 57% men, median age 64, and range 94).

Definitions and data collection

Based on the unique Danish Central Personal Registration
system, which supplies each inhabitant with a personal ID
number, in combination with databases that include diagnostic
codes for each ID number, it is possible for researchers to follow
patient groups with selected diagnoses for a longer period.

A 2-year follow-up for each of the 207 patients repre-
senting 215 non-malignant bone biopsies was conducted by
two independent readers who reached consensus. The
follow-up included a careful computer search on each pa-
tient identified by the unique Danish social security number
in the pathology database for any additional biopsy, in the
imaging system (EasyViz, Karos Health Inc., Waterloo, ON,
Canada) for any imaging of the relevant structure, and fi-
nally, in the Electronical Patient Journal charts (EPJ -
Clinical Suite, CSC Scandihealth A/S) for any relevant
journal notes in order to categorize the original biopsy as
truly benign, malignant, or equivocal.

The criteria for a biopsy defined as truly benign after
2 years of follow-up were (1) negative biopsy from the same
anatomy or no biopsy from the same anatomy, (2) no im-
aging with suspicion of malignancy from the same anatomy,
and (3) no clinical suspicion of malignancy from the same
anatomy. A biopsy was considered malignant if one of the
following criteria applied: (1) positive biopsy from the same
structure or from adjacent soft tissue, (2) any positive
imaging of the structure, or (3) clinical suspicion of ma-
lignancy from the relevant anatomy, for example, persistent
symptoms or blood tests leading to additional diagnostic
tests. Biopsies not classified as true benign or true malignant
based on follow-up were categorized as equivocal. This
category also included patients with post-biopsy imaging
that was indeterminate for malignancy.

Statistical tests

Descriptive statistics included calculation of standard de-
viations and 95% confidence intervals (95% CI).

Approval

This retrospective observational study did not require
ethical approval or informed consent in accordance with
national legislation. The Danish Data Protection Agency
approved the study and gave permission to access medical
files for the purpose of the study.

Results

Characteristics of bone biopsies at the time of
inclusion in the study

As mentioned, a total of 215 benign bone biopsies rep-
resenting 207 patients were included in the study. Eight
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Table I. Types of prior history of cancer. Table 2. Primary pathological diagnosis of the included 215
benign biopsies.
Cancer types n = 59 (57 patients,
2 patients with 2 types) n (%) Diagnoses n (%)
Breast 12 (20)  Inflammation 28 (13)
Pulmonary (SCLC 9, NSCLC 2) Il (19)  No malignancy 24 (11)
Colorectal 9 (15) Fibrosis 22 (10)
Prostate 5(8) Osteochondroma 20 (9)
Sarcoma 4 (7) Degenerative changes 14 (7)
Oral cavity 4 (7) Unspecific reactive change 14 (7)
Non-Hodgin’s lymphoma 4 (7) Necrosis 14 (7)
Urine bladder 3 (5 Fracture 13 (6)
Malign melanoma 2 (3) Others (cyst, exostosis, hemangioma, 66 (30)
Other (multiple myeloma, 5(9) Paget’s, granuloma, hemorrhage a.o.)

thyroid, cervix, esophagus, pancreas)

patients had two additional biopsies performed, out of
which six were re-biopsies from the exact same anatomy.
Overall, 57 patients (28%) had a diagnosis of cancer prior
to the initial bone biopsy as described in Table 1. Forty-six
percent of the bone biopsies were taken from the ex-
tremities followed by 29% from the spine, 12% from the
cranium, 8% from the thorax, and 5% from the thoracic
skeleton.

Surgical interventions accounted for 163 of 215 (76%)
biopsies. The majority of these interventions (75/163, 46%)
represented surgical resection from the anatomy in question,
whereas samples acquired during alloplastic surgery, osteo-
synthesis, and spondylodesis accounted for 35, 24, and 21
biopsies (21, 15, and 13%), respectively. Fluoroscopy-assisted
biopsy accounted for 40% of the nonsurgical biopsies and only
10% of the total biopsies, whereas CT-guided biopsies only
accounted for 4% of the total biopsies. The remaining data
represented vertebroplasty, arthroscopically acquired material
and autopsies.

Among the 215 biopsies, the indication was suspected
malignancy for 84 (39%), no indication was given for 5
lesions (2%), and a possible benign lesion was specified as
an indication for 126 (59%) of the lesions. Removal of
benign lesions such as cysts, enchondromas, non-ossifying
fibromas, osteochondromas, and osteoid osteomas can be
indicated in cases of discomfort, imminent fracture risk, or
cosmetic problems, and in connection with removal,
samples can be sent for pathological evaluation as well as
samples taken in cases of slight uncertainty.

The most frequent pathological diagnoses are listed in
Table 2. Inflammation was the main finding reported, fol-
lowed by no malignancy and fibrosis.

True and false negative findings

According to our criteria, 210 of 215 biopsies were truly
benign 2 years after the initial biopsy, as described in Table 3.

Three cases were questionably benign due to equivocal
imaging (no description).

Follow-up

Pathology. Additional biopsies from the same, adjacent, or
different structure were performed in 39% of the cases
during the 2-year follow-up period, of which two demon-
strated the primary benign diagnosis wrong (Table 4).

In the first case, the primary biopsy was performed in
March 2011 in connection with a percutaneous spinal de-
compression of L4 and was described as benign. A second
biopsy was performed in April of the same year under
general anesthesia, and this time, the biopsy was described
as malignant (multiple myeloma). Imaging and notes in the
journal persistently described the focal change in L4 as
suspicious for malignant process. The patient died 3 years
later in 2014. In the second case, the primary biopsy was
acquired via CT-guided imaging in March 2013 from the ala
of the right iliac bone and was described as benign, but
doubt based on imaging was raised with respect to the
representativeness of the tissue. A second CT-guided biopsy
was performed in September 2013 and was once again
described as benign, but doubt based on imaging and
symptoms was persistently raised with respect to the rep-
resentativeness of the sample. A third CT-guided biopsy
including adjacent soft tissue was performed in May 2014,
and this soft tissue sample demonstrated malignant cells
from urinary bladder cancer. The patient died within the 2-
year follow-up period.

The main location of the benign follow-up biopsies was
the cervix (21%), skin (18%), and the GI tract (18%) fol-
lowed by extremities and urinary system (7%, respectively).
Diagnoses of the malignant follow-up biopsies can be found
in Table 5.

Imaging. Among the original 215 biopsies, 160 (74%) were
followed by imaging of the same anatomic region as the
previous benign biopsy within the following 2 years. In the
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Table 3. 2-year follow-up upon validity of negative bone biopsy.

Biopsies (n = 215)

n (%)

Truly benign
Negative biopsy or no biopsy from the same anatomy, no imaging with suspicion of malignancy from
the same anatomy, and negative or no clinical suspicion of malignancy from the same anatomy
Questionably benign
Negative biopsy or no biopsy from the same anatomy, equivocal imaging of the same anatomy, and
negative or no clinical suspicion of malignancy from the same location
Truly malignant
Positive biopsy from the same anatomy or from adjacent soft tissue or positive imaging or clinical
suspicion of malignancy from the relevant anatomy

210 (98%)
(95% Cl 0.94-0.99)

3 (1%)
(95% CI 0.001-0.03)

2 (1%)
(95% C1 0.001-0.03)

Table 4. Pathological samples during the 2-year follow-up.

Biopsies (n = 226)* n (%) Benign Malignant
No biopsies performed at all, n (%) 138 (61) — —

Biopsies performed, n (%) 88 (39)* n =65 (29) n =23 (10)
Biopsy from exact same structure, n (%)* 6 (3) 5(Q) I (1)
Biopsy from adjacent or other structure, n (%)* 82 (36) 60 (27) 22 (9)

?Selected cases had more than one biopsy performed in the follow-up period.

Table 5. Diagnosis of malignant biopsies from same, adjacent, or
different structures in the 2-year period.

Diagnosis of malignant biopsies including (n = 23) n (%)
Skin 7 31)
Urinary bladder 4 (17)
Oral cavity 2(9
Pancreas 2(9)
SCLC 2(9)
Breast 2(9
Small intestine 1 (4)
Lymphoma 1 (4)
Colorectal 1 (4)
Multiple myeloma (L4) 1 (4)

great majority of cases (n = 155), the follow-up imaging was
described as benign, but in two lesions, imaging was
consistently described as malignant. These two lesions,
representing two patients, resulted in new biopsies, one
from the same anatomy and one from adjacent soft tissue,
and both were described as malignant. Three imaging cases
were equivocal (not described). Sixty patients had two or
more imaging performed, giving a total of 205 imaging
performed. X-ray was the most frequently used imaging
follow-up procedure followed by CT scan and MRI. Please
refer to Table 6.

Out of the 59 biopsies taken from 57 patients with prior
cancer diagnosis, 9 (15%) did not have any imaging per-
formed in the follow-up period at all. Twenty-one had only
one imaging performed, out of which X-ray represented 9
(15%). Twenty-two received 2 different imaging modalities

and 7 received 3, meaning that 70% received at least one
sensitive diagnostic imaging modality.

Clinical. According to clinical follow-up, 189 biopsies (88%)
were not suspected to harbor a malignant condition in the
same anatomy as the initial bone biopsy. In 24 (11%) bi-
opsies, no journal notes were recorded in the period data. In
the two lesions for which additional imaging and biopsies
were described as malignant, the journal notes initially
described the lesions as suspicious for malignancy. Later
notes described the diagnosis of malignancy as confirmed
by imaging and pathology.

Discussion

Based on a 2-year follow-up examination of available ad-
ditional biopsies, imaging, and clinical information on 215
consecutive negative bone biopsies from 207 patients, we
documented that 98% (210 biopsies) were indeed true
negative after 2 years, proving a high validity of negative
bone biopsies as an expression of the absence of skeletal
metastases. Three cases were questionably benign due to
equivocal imaging (no description), and only two were
actual false negatives. We believe that we have proven a
negative biopsy to be a valid marker of exclusion of the
presence of skeletal metastases, which has not been pre-
viously documented, to the best of our knowledge.

The most frequent pathological inclusion diagnoses in
our study were inflammation, no malignancy, fibrosis, os-
teochondroma, and degenerative changes, in accordance with
other findings indicating that our material is representative.*®
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Table 6. Imaging at the 2-year follow-up.

Imaging results (n = 215) n (%)
Imaging of same anatomy negative 155 (72)
Imaging of same anatomy positive 2 (1)
No imaging performed 55 (26)
Equivocal imaging (not described) 3(
Types of imaging performed at the 2-year follow-up

(n = 205; 60 had two or more imaging performed)
X-ray 126 (62)
Computed tomography (CT) 44 (21)
Magnetic resonance imaging MRI 27 (13)
Bone scintigraphy (BS) 4 (2)
| 8F-fluorodeoxyglucose positron emission 4 (2)

tomography (FDG-PET/CT)

Forty-six percent of the biopsies in our study were taken from
extremities, whereas only 29% came from the spine, which is
to be expected based on the knowledge that the spine, pelvis,
ribs, and ends of long bones are preferred destinations of
metastases because of their high red marrow content, whereas
extremities are more often the seat of benign lesions.”***°

In many instances, benign bone tumors and tumor-like le-
sions of the bone can be diagnosed solely through conventional
X-rays and require no biopsies for clarification. In our study, a
benign lesion was specified as an indication for biopsy in 59%
of cases, the majority of which were performed as a routine
component of surgery. This result is in accordance with the
findings of Scheitza et al., who demonstrated that only
21% of their biopsies were performed for actual confir-
mation of a benign diagnosis. In all other cases, biopsies
were performed as a routine component of surgery, which
can be indicated in cases of discomfort, imminent fracture
risk, or cosmetic problems, and in connection with such
surgery, samples can be sent for pathological evaluation.®'

Surgical biopsies accounted for 76% of our biopsy ma-
terial, whereas CT-guided biopsies and fluoroscopy-assisted
biopsy accounted for 4 and 10%, respectively. Open biopsy
has been the conventional “gold standard” procedure for
obtaining adequate and representative samples of tissue for
diagnosis of musculoskeletal lesions, with a reported accu-
racy rate of 98%.>* Recent results demonstrate that in
carefully controlled situations in which the musculoskeletal
radiologist works in a team approach with the orthopedic
oncologist and orthopedic pathologist, the results from
percutaneous biopsy can be highly effective and accurate.
Additionally, most tumor treatment centers advocate for core
biopsy performed under CT guidance, with a measured di-
agnostic yield ranging between 70 and 89%, a reported
accuracy between 61 and 98%, and fewer biopsy compli-
cations than open surgical biopsy, even in sclerotic bone
lesions.>* ** Other studies claim that the disadvantage of the

CT-guided biopsy method is that metabolically active lesions
without distinctive morphologies might not be reliably as-
sessable by CT-guided biopsy and the false negative biopsy
rate of such lesions might be substantially higher, with one
series documenting that 18% required open biopsy after
needle biopsy.*>** The high percentage of surgical biopsies
in our study might have contributed to the quality of samples
and therefore to the low incidence of false negative results.

Spinal biopsies accounted for 29% of our material, and
non-spinal biopsies accounted for 71%. Hau et al. dem-
onstrated that the anatomical site has a significant effect on
the accuracy of CT-guided biopsy, with non-spinal sites
exhibiting greater accuracy (75%) than spinal sites (61%).
Hau also showed that lesion size, type of margin, and gender
did not influence the success or failure rates of the biop-
sies.”” Because we only encountered two false negative and
three equivocal lesions, our data set is too small to support
those findings, but the high number of non-spinal lesions
might have contributed to our high bioptic diagnostic ac-
curacy even though only 4% of our material was obtained in
CT-guided biopsies.

Two biopsies (1%) showed to be false negatives in re-
peated biopsies performed due to imaging (CT and MRI)
that persistently described the lesions as positive. Mon-
fardini et al. showed that 8 out of 10 false negatives, CT-
guided biopsies had positive PET scans, and 6 out of 10 had
positive MR scans, leading to the conclusion that a negative
biopsy result in cases of suspicious PET and/or MR findings
should be carefully evaluated and considered for a second
sampling.**

A meta-analysis made by Cheng and Alavi concludes
that 18F-FDG PET significantly outperforms iliac bone
marrow biopsy in the detection of bone marrow infiltration
in the initial staging of patients with Hodgkin’s lymphoma
and therefore should be used as a first-line study.” It has
been recognized that bone marrow biopsy is associated with
a high false-negative rate in early cases of Hodgkin’s
lymphoma®® probably because the biopsy is taken from a
standard anatomy without any prior suspicion of a focal
lesion as opposed to the lesions identified in our study.
Furthermore, the meta-analysis defines the tests under in-
vestigation as their own reference standard, as do the studies
included, which might explain the significant interstudy
heterogeneity in the sensitivity data of PET or iliac bone
biopsy. This study underlines our statement of the impor-
tance of an error-free reference standard.

The bone matrix response to metastatic deposits is known
to depend on the primary cancer type.> Osteolytic matrix
response, characterized by destruction of normal bone, is
present in multiple myeloma, renal cell carcinoma, malignant
melanoma, non-small cell lung cancer, non-Hodgkin’s
lymphoma, thyroid cancer, and the great majority of breast
cancers. Osteoblastic metastases, characterized by deposi-
tion of new bone matrix, are present in Hodgkin’s
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lymphoma, prostate cancer and small cell lung cancer and
mixed metastases, where the patient has both osteolytic and
osteoblastic lesions, is present in gastrointestinal cancers and
15-20% of breast cancers.’ In our cohort, 59 biopsies were
taken from patients with prior cancers, out of which ap-
proximately 50% would cause mainly osteolytic, 25% mainly
osteoblastic, and 25% mixed metastatic bone response in case
of bone metastases. Seventy percent received at least one
diagnostic imaging modality sensitive for all three types.*

Our study has two main important implications. Pri-
marily, we consider our findings important for future di-
agnostic, prognostic, and treatment purposes because false
negative samples can lead to delayed diagnosis and con-
sequently increased morbidity and mortality; bone biopsy
from a suspicious lesion in patients with a known primary
cancer has shown benign pathology in 21%.>%!%2*2® Qur
result also has important implications for the validity of
scientific studies of treatment efficacy and diagnostic ac-
curacy using biopsy as reference, as underlined by STARD
(The Standards for Reporting of Diagnostic Accuracy),
which considers biopsy as the gold standard for demon-
stration or exclusion of bone metastases.”’ Our study
documents that a negative sample can be considered truly
negative and proves biopsy as a valid gold standard for the
absence of metastases.

Our study also contains limitations. The first limitation is
the retrospective nature of the data, including selection of
patients and the lack of uniform and systematized follow-up
including standardized re-biopsy from the same anatomy.
Second, the pathologists did not perform a blind evaluation
of the specimen and were aware of the patient’s history, as in
a normal clinical setting, which is known to have a possible
effect on the final diagnosis.** Since only 28% had a
confirmed diagnosis of prior cancer, our results might not be
applicable to all cancer patients with suspicious bone le-
sions. Finally, the most frequently performed imaging
modality in the follow-up period was X-ray (62%). A rather
low X-ray sensitivity (33%) for diagnosis of skeletal ma-
lignancies has been demonstrated, and thus, this type of
examination might have missed possible positive lesions
and a subsequent repeated biopsy.”’ However, all samples
were described as negative and 88% of the clinical follow-
up did not raise any suspicion of malignancy, and thus, this
impact might be limited.

In conclusion, we believe that our results show that it is
reasonable to assess a negative bone biopsy as an indication
of the absence of bone metastasis in the structure in
question. These results offer value not only to diagnosis,
morbidity, and mortality of metastatic bone disease but also
to the accuracy of future treatment and diagnostic scientific
studies. Prior cancer type, biopsy method, and site of the
lesion should be taken into consideration, and possible
repeated biopsy should be considered in cases of imaging
that persistently describes the lesion as positive.
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