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ABSTRACT

Spinal metastases are frequent manifestations of systemic neoplasia, and the vertebral column is
one of the most common sites of skeletal metastases. Bone metastases often cause severe pain
and may cause pathological fractures and metastatic spinal cord compression (MSCC). External
beam radiotherapy (RT) is frequently used as the primary treatment modality for patients with
spinal metastatic disease. Magnetic resonance imaging (MRI) is considered the most specific and
sensitive method for imaging spinal metastases and is the primary investigation for suspected
MSCC.

In two different studies, the association between pretreatment neurological status and MRI
findings, and the association between post treatment pain response and MRI findings was
explored. In the third study, we assessed whether clinical, laboratory and MRI parameters were

predictive factors for survival in patients with spinal metastases.

The studies showed that the pretreatment degree of MSCC at MRI was significantly associated
with the severity of neurological symptoms. We also identified a considerable number of patients
with subclinical MSCC, which is important because identifying MSCC early is critical to prevent
irreversible neurological deterioration. Furthermore, RT was shown to provide an effective local
control of spinal metastases. The pain response rate to treatment did not differ in patients with
and without pathological fractures, MSCC or any other recorded MRI findings. Lastly, our results
confirmed that primary tumor histology and performance status were the major prognostic factors
for survival in patients with spinal metastases and normal neurological function. Importantly, MRI-
based extent of spinal metastatic disease had no impact on survival. The pretreatment albumin
level was an important predictive factor that should be considered when analyzing survival in

these patients.
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2 GENERAL INTRODUCTION AND REVIEW OF THE LITERATURE.

2.1 Spinal anatomy

The vertebra is composed of a body that contains cancellous bone with marrow and fat,
covered by cortical bone; and the vertebral arch or posterior elements, which include
pedicles, laminae, superior and inferior facets, transverse processes, and a spinous process

(Yousem and Grossman, 2010).

The intervertebral canal contains the nerve root and its sleeve, the dorsal ganglion, fat and
blood vessels (Jindal et al., 2011; Drake et al., 2007). The spinal cord contains 8 cervical, 12
thoracic, 5 lumbar, 5 sacral, and 1 coccygeal pairs of spinal nerves. The spinal canal
contains the thecal sac surrounded by the epidural space, which contains epidural fat and
large venous plexus. Within the thecal sac are the spinal cord, conus medullaris, and cauda
equina, surrounded by cerebrospinal fluid (Jindal et al. 2011; Drake et al., 2007). The spinal
cord extends from the medulla oblongata at the upper border of the atlas down to T12-L2
where it terminates in the conus medullaris. The cauda equina emanates from the conus

medullaris and contains the nerve roots of the lumbar and sacral nerves.

The blood supply to the spinal cord depends on the location. In the cervical region the
anterior and posterior spinal arteries are formed by branches that originate from the vertebral
arteries. The midthoracic region (T3-T7) is supplied by intercostal branches from the aorta,
subclavian arteries, and lumbar arteries. The lower thoracolumbar region is supplied by the

artery of Adamkiewicz (Yousem and Grossman, 2010).

2.2 Pathomechanism of bone metastases

Skeletal metastases are common complications of malignancy. Several mechanisms of bone
metastasis have been suggested: escape of cancer cells from a primary tumor, systemic
embolization, adherence to bone marrow vascular endothelium, extravasation into the bone
microenvironment, propagation within a hospitable environment and interaction with
osteoblasts and/or osteoclasts (Paget, 1889; Mundy, 2002; Kozlow et al., 2005; Fili et al.,
2009; Clines, 2013). Breast and prostate carcinomas have a high affinity for bone due to the
molecular interactions between these cancer cells and host cells. Other cancers also

metastasize to bone, but with lower incidence because these cell types do not possess the



properties necessary for the invasion and residence in the bone microenvironment (Fili et al.,
2009; Mundy, 2002).

Traditionally, bone metastases are divided into two major categories: osteolytic and
osteoblastic. Osteolytic metastases are thought to be caused by factors secreted by the
tumor cells that activate osteoclasts. Osteoblastic metastases are thought to be caused by
production of factors that stimulate osteoblast proliferation. At present, we know that
osteolytic and osteoblastic metastases represent the two extremes and there is substantial
evidence that both resorption and formation are activated in most bone metastases. Breast
cancer metastases are mostly osteolytic whereas the prostate cancer metastases are mostly
osteoblastic (Fili et al., 2009; Mundy, 2002).

Skeletal metastases have a tendency to develop in the axial skeleton in a distribution that
correlates with the location of red bone marrow (Algra et al., 1992; Kricun ME, 1985). Within
the skeleton, the vertebral column is the most commonly affected region. Historically,
haematogenous dissemination to bone was believed to occur primarily through the valveless
venous system in the spine - Batson’s plexus (Batson, 1940). However, more recent work in
animals has supported arterial embolization as the most common and important route of
metastasis (Arguello et al., 1990; Cole and Patchell, 2008). The hematopoietic bone marrow
of the vertebrae was found to be the target tissue for the cancer cells (Arguello et al., 1990).
In the vertebral bodies, the tumor extends toward the posterior elements and centrally to the
basivertebral veins. Cancer cells invade the basivertebral veins with secondary thromboses
of venous plexuses. Tumor cells enter into the spinal canal through the foramina of the
thrombosed basivertebral veins rather than destroying and invading through the cortical
bone. Similarly, invasion from the vertebral body into the paravertebral soft tissue occurs

thorough bone foramina of the external venous plexus (Arguello et al., 1990).



2.3 Radiological investigation - MRI

Since its introduction in the early 1980s, MRI has evolved to become the gold standard for
evaluating the bone marrow of the spine and the soft tissues within and adjacent to the spinal
canal. The magnetic field strengths that are commonly used for clinical MRI of the spine are
1.5Tand 3 T.

2.3.1 Basic principles of MRI

Human MR studies are almost always based on imaging of the hydrogen nucleus because it
is highly abundant within human tissues. The hydrogen nucleus contains a single proton
(atomic and mass number 1). Placed in an external magnetic field, the hydrogen nucleus
precesses at its own resonant frequency known as the Larmor frequency. The Larmor
frequency of the hydrogen nucleus is linearly related to magnetic field strength by the

following equation:

Larmor Frequency (wo) = Magnetic Field Strength (Bo) x Gyromagnetic Ratio (y)

The gyromagnetic ratio of a nucleus is unique and does not vary in different magnetic field
strengths. The gyromagnetic ratio for hydrogen nuclei is equal to 2.7 x 10% rad s T, At 1.5
T the Larmor frequency is = 63.86 MHz. To stimulate the hydrogen nuclei, a radiofrequency
(RF) pulse must be tuned to the Larmor frequency of the hydrogen nucleus. The frequency
varies slightly, depending on the location of nuclei within the magnetic field. The ability to
localize protons by variation in their Larmor frequency as response to graded magnetic field
allows the spatial characterization in MRI (McRobbie et al., 2010; Yousem and Grossman,
2010).

2.3.2 Relaxation times

After exposing the hydrogen nucleus by a 90° RF excitation pulse with the same frequency
as the Larmor frequency of the nucleus, the net magnetization vector is tilted from the z-axis
(the axis of the external magnetic field) to the transverse x-y plane. The hydrogen nuclei then

return to equilibrium by two simultaneous mechanisms: T1 and T2 relaxation.



T1 or spin-lattice relaxation. As the nucleus relaxes back to equilibrium after being excited by
an RF pulse, there is an exponential increase in the amplitude of the z-direction
magnetization until there is a complete return of the magnetization toward its baseline
position. T1 relaxation time is defined as the time it takes for the hydrogen nucleus to recover

63% of its longitudinal (z-axis) magnetization.

T2 or spin-spin relaxation. In the same time the nucleus relaxes back to the equilibrium, there
is an exponential decrease in the amplitude of the transversal magnetization in the x-y plane.
T2 relaxation time is defined as the time for 63% of the transverse magnetization to be lost
owing to its natural dephasing process. In general, phase dispersion is thought to be
summation of three factors: T2 from spin-spin relaxation (true T2), T2’ caused by main field
inhomogeneities and T2” caused by local susceptibility effects (iron, blood) (Yousem and
Grossman, 2010).

2.3.3 Pulse sequences

MRIs are produced using pulse sequences. The two principle types of pulse sequences are
spin echo (SE) and gradient echo (GE). SE sequences use two RF pulses to create the
echo, whereas GE sequences use a single RF pulse followed by a gradient pulse to create

the echo. For both types sequences the echo is sampled and used to generate the MRlIs.

2.3.3.1Spin echo sequences

In SE sequences, a 90-degree pulse flips the longitudinal magnetization from the z axis into
the transversal x-y plane. The following 180-degree pulse rephases the protons that are
dephased due to magnetic field inhomogeneity. By varying the repetition time (TR, the time
between consecutive 90-degree pulses), and the echo time (TE, the time between a 90
degree pulse and sampling of the echo), MR images with different degrees of T1- and T2-
contrast can be obtained. Fast spin echo (FSE) / turbo spin echo (TSE) sequences are
commonly used in spine MRI to speed up the acquisition of images (Yousem and Grossman,
2010; Kaplan et al., 2001).

T1-weighted MR images (TR <800 msec; TE <30 msec). A T1-weighted image is one
where the contrast depends predominantly on the differences in the T1 times between
tissues (Westbrook et al., 2005; McRobbie et al., 2010). Fat, proteinaceous fluid and

subacute hemorrhage appear bright on these images. Most other soft tissues have an



intermediate to low Sl and fluid has especially low SI. T1-weighted images are used to
assess the marrow architecture, the fat content within masses, subacute hemorrhage and in
conjunction with gadolinium contrast agents as the gadolinium shortens the T1 relaxation of

tissue causing enhancing lesions to become bright on T1.

T2 weighted MR images (TR >2000 msec; TE >60 msec). A T2-weighted image is one
where the contrast predominantly depends on the differences in the T2 times between
tissues (Westbrook et al., 2005; McRobbie et al., 2010). Fluid appears bright on T2-weighted
images. T2-weighted images are sensitive to the presence of increased water and can
effectively visualize edema. Most pathological processes (tumor, infection, injury) are
highlighted on T2-weighted images due to their increased water content, especially when the

sequence is combined with fat suppression.

2.3.3.2 Gradient echo sequences

In GE pulse sequences, the magnetization vector of the protons is tipped off the z axis to the
x-y plane, usually less than 90 degrees. As opposed to the 180-degree SE pulse, the
rephasing gradient pulse follows the initial flip-angle magnetization. Due to the lack of 180°
refocusing pulse, the GE sequences are more susceptible to magnetic field inhomogeneities

than SE sequences.

On GE sequences, the selection of appropriate TE enables the creation of images where the
contribution from fat and water protons is either addictive (in-phase images) or subtractive
(out-phase images). In tissues with an equal amount of water and fat, such as normal bone
marrow, the S| will drop between in-phase and out-phase images. Dixon suggested in 1984
that in-phase and out-phase images could be combined to create images of just fat or water,
known as fat/water separation (McRobbie et al., 2010). Water-only images provide

excellent fat suppression and can be acquired with either T1- or T2-weighting.

2.3.3.3 Inversion recovery

The inversion time (IT) is the time between a 180° inversion pulse and 90° excitation pulse.
IT can be set to various values to generate contrast or to null the signal of a specific tissue

(Yousem and Grossman; Kaplan et al., 2001).



Short tau inversion recovery (STIR) (TR >2000 msec; TE >30 msec; IT =120 - 150
msec) is a fat saturation technique that results in markedly decreased S| from fat and
increased Sl from fluid and edema. As a result, this method is a sensitive tool for detecting

most types of soft tissue and marrow pathology (Kaplan et al., 2001).

2.3.3.4 Diffusion-weighted imaging

Diffusion-weighted imaging (DWI) is a technique that allows noninvasive characterization
of biological tissues based on measurements of the random microscopic motion of water
protons (Brownian motion). The basis for the use of diffusion is that malignant tissues usually
are more cellular than benign or normal tissue. Thus, this feature will result in higher Sl of
malignant disease on high b-value images with a corresponding low SI on ADC maps
(Schmidt and Baur-Melnyk, 2013; Padhani and Gogbashian, 2011; Baur et al., 2001).

2.3.3.5 MRI perfusion

Dynamic contrast enhanced (DCE) MRI is an imaging technique that provides functional
information on tumor vascularity and hemodynamics. This technique involves rapid
intravenous injection of gadolinium and repeated acquisition of T1-weighted sequences to
track the accumulation of contrast medium in the tissue. Pharmacokinetic modeling of
contrast agent uptake can be applied to the measured Sl changes (ASI) over time, allowing
for the quantitative estimation of vascular characteristics. In a two-compartment kinetic model
based on the exchange of contrast between the vascular and interstitial spaces, the contrast
agent is initially assumed to be distributed in the blood plasma volume (Vp), with a time-

dependent leakage (Ktrans) into the interstitial space (Chu et al., 2013).

2.4 MRI of spinal metastases

MRI provides detailed information of the bone marrow and is highly sensitive to the presence
and extraosseous growth of spinal metastases. Fat and water distribution in bone marrow,
assessment of bone trabeculae, evaluation of bone edema and cell density and the study of
vascularization can be combined to enable good detection and characterization of lesions
(Vanel, 2009, Schmidt and Baur-Melnyk, 2013; Guillevin et al., 2007; Ollivier et al., 2007;
Hanna et al., 1991; Husband et al., 2001; Li et al., 1988).



For bone metastasis screening, a combination of an unenhanced T1-weighted and STIR
sequences has proven to be highly sensitive (Schmidt and Baur-Melnyk, 2013). Figure 2.1
shows an example of routine MRI protocol for assessment of spinal metastases. On T1-
weighted images, tumor spread is identified by replacement of normal fat containing marrow,
resulting in a hypointense focal signal. In infiltrative disorders, fat disappears in a diffuse,
disseminated or solitary way. Fat-suppressed sequences such as STIR depict neoplastic
lesions by virtue of the hyperintense signal due to increased water content within the tumor
cells. Osteoblastic metastases can be depicted in STIR-sequences with variable Sls ranging
from hypointense in dense sclerotic lesions to hyperintense when more cellular components
are present (Schmidt and Baur-Melnyk, 2013; Vanel et al. 2009). In cases of suspected
infiltration into surrounding tissue such as the spinal canal, the T2-weighted images are

useful to improve lesion delineation further (Schmidt and Baur-Melnyk, 2013).

Additional sequences relevant for the evaluation of bone metastases include T2-weighted
sequences with fat suppression, Dixon imaging and susceptibility weighted sequences.
Susceptibility weighted sequences are sensitive to susceptibility dephasing induced by
normal trabecular bone. If the bone trabeculae have been destroyed, the S| will be higher
than in preserved parts of the bone (Padhani and Gogbashian, 2011; Schmidt et al., 2009;
Messiou and deSouza, 2010; Vanel et al., 2009).

DWI is increasingly being used in the context of bone marrow therapy monitoring. Therapy
assessment using DWI is made by observing changes in the extent, symmetry and Sl on
high b-value images and ADC maps, seeking correlations on morphological sequences.
When bone marrow disease is treated successfully, tumor cell death usually results in
increased water diffusivity manifested as increased ADC (Padhani and Gogbashian, 2011;
Biffar et al., 2010). DCE MRI is another imaging technique that shows promising results for
the assessment of therapy response. A recent study by Chu et al. showed that changes in
blood perfusion, particularly the vascular parameter Vp, reflected tumor responses to RT in
bone marrow (Chu et al., 2013). The decrease in Vp observed after RT most likely
represents the diminished vascularity of successfully treated spinal metastases. The
increase in Vp observed in cases of treatment-failure supports the observation that

progressing spinal metastases secrete angiogenesis-inducing factors (Chu et al., 2013).

A summary of MRI sequences for detection and follow-up of spinal metastases is listed in
Table 2.1.



Fig 2.1. Routine MRI protocol for evaluation of spinal metastases and MSCC comprised of
unenhanced sagittal T1-weighted (A), STIR (B), DWI (C) and axial T2-weighted sequences (D, E).
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Table 2.1. Summary of MRI sequences used for detection and follow-up of vertebral metastases.

MRI sequences for routine detection and follow-up of spinal metastases.

* Unenhanced sagittal T1-weighted images of the whole spine (or similar contrast e.g.
Dixon).
* Sagittal STIR of the whole spine (or similar contrast).

* Sagittal DWI (whole spine, detection / baseline scan and follow-up).

* Optionally, axial T2-weighted images over the region of interest (spinal stenosis, epidural or
paraspinal tumor growth).

* Optionally, DCE perfusion (whole spine, detection/ baseline scan and follow-up).

* Optionally, contrast enhanced sagittal T1-weighted images of the whole spine or Ax T1-

weighted images over the lesion in case of intramedullary or leptomeningeal metastases.

2.5 Skeletal-related events

Patients with bone metastases have a high risk for potentially debilitating skeletal-related
events (SREs) that can substantially reduce their quality of life (Lipton, 2012). The SREs
associated with bone metastases include bone pain requiring palliative RT, pathological
fracture, the need for bone surgery to treat or prevent an impending pathological fracture,

spinal cord compression, and hypercalcaemia of malignancy (Fig. 2.2) (Lipton, 2012).
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Bone pain
requiring
radiotherapy

Hypercalcaemia Pathological
of malignancy fracture
Skeletal-related
events

The need for Metastatic spinal
spinal surgery cord compression

Fig. 2.2. Skeletal-related events.

2.5.1 Metastatic spinal cord compression

2.5.1.1 Definition

Metastatic spinal cord compression (MSCC) is usually defined as a compression of the dural
sac and its contents (spinal cord and/or cauda equina) by the epidural tumor mass (Loblaw
et al., 2005; Cole and Patchell, 2008). The term MSCC is widely used in the literature and

frequently contains both radiological and clinical criteria.

Definitions of MSCC differ in various publications and may include the following: radiological
criteria alone sufficient for the diagnosis of MSCC (Husband et al., 2001; Levack et al.,
2002), including compression of nerve roots running within the spinal canal (Helweg-Larsen
et al., 2000); radiological findings with neurological symptoms or pain (Loblaw and
Laperriere, 1998; Patchell et al., 2005); and radiological findings with diminished motor
function (Rades et al., 2005). The variety of MSCC definitions causes an inconsistency in

reporting outcomes of radiological, surgical and radiotherapeutic studies.
In general, the presence of radiological features at the level of clinical features is defined as

a manifest MSCC whereas the presence of radiological features in the absence of clinical

features is defined as a subclinical (occult) MSCC.
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2.5.1.2 Pathomechanism of MSCC

There are two ways metastatic tumors can reach the epidural space and compress the spinal
cord. The less common way is growth of paravertebral tumor directly into the spinal canal
through an intervertebral foramen. This process causes approximately 15% of MSCC and is
commonly associated with lymphomas and neuroblastomas. However, in more than 85% of
patients the tumor reaches the spinal cord by the hematogenous route. The metastasis
grows in the bone and subsequently spreads to the epidural space causing compression of
the spinal cord. The compression can be gradual; however, acute compression can occur,
often when there is destruction of the vertebral cortical bone, vertebral body collapse and
displacement of bone fragments into the epidural space (Cole and Patchell, 2008; Gilbert et
al., 1978).

MSCC damages the cord by direct compression causing demyelination and axonal damage
and by secondary vascular compromise. Vascular damage is the most important mechanism.
At an early stage of compression, the edema and associated neurological dysfunction can be
partially or completely reversed by giving corticosteroids. In the terminal stages arterial blood
flow to the spinal cord is impaired and causes cord ischemia and irreversible damage (Cole
and Patchell, 2008; Kato et al., 1985).

The frequency of the location of compression site in the spinal column is proportional to the
relative bone mass and blood flow. Thus, approximately 15% of MSCC occur in the cervical
spine, 60% occur in the thoracic spine and 25% are found in the lumbosacral spine (Cole
and Patchell, 2008; Bach et al., 1990; Constans et al., 1983; Helweg-Larsen, 1996). Multiple
sites of spinal cord compression are observed in 20-35% of patients with MSCC (Cole and
Patchell, 2008; Van der Sande and Boogerd, 1990; Schiff et al., 1997).

2.5.1.3 Clinical presentation and management of MSCC.

Back pain is the earliest and most common symptom of MSCC. A prospective cohort study
by Helweg-Larsen and Sorenson showed that 88% of the patients with MSCC reported back
pain (Helweg-Larsen and Sorenson, 1994). MSCC-associated back pain can take several
forms. Localized pain is confined to the region of the spine affected by metastases and is
frequently present when the bone metastases stretch the periosteum or invade soft tissues.
Radicular pain is caused by the compression or invasion of the nerve roots. Mechanical back

pain is caused by vertebral body collapse or other pathological fractures.
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Motor deficit is the second most common symptom and is present in 37-87% of the patients
(Cole and Patchell, 2008; Bach et al., 1990; Constans et al., 1983; Gilbert et al., 1987;
Helweg-Larsen and Sorenson, 1994). The magnitude of motor deficits depends on the
location of the spinal cord compression. Sensory deficits rarely occur before motor deficits or
pain, although approximately 70% of the patients can have some type of sensory deficits at
the time of diagnosis (Cole and Patchell, 2008; Gilbert et al., 1987; Helweg-Larsen and
Sorenson, 1994). Autonomic symptoms occur late in the progression of MSCC and isolated
bowel or bladder dysfunction is rarely the presenting symptom (Cole and Patchell, 2008;
Bach et al., 1990; Gilbert et al., 1987).

The role of the National Institute of Health and Clinical Excellence (NICE) is to produce
evidence-based guidance and advice for health and social care practitioners in the United
Kingdom and internationally (http://guidance.nice.org.uk/CG75/Guidance/pdf/English;
https://www.nice.org.uk/Guidance/QS56). Patients at high risk of developing bone
metastases (known cancer of the lung, breast, prostate or myeloma), with diagnosed bone
metastases, or patients with cancer who present with spinal pain should be informed about
the symptoms of MSCC.

According to the NICE guidelines pain suggestive of spinal metastases includes progressive
spinal pain, severe unremitting spinal pain, localized spinal tenderness or nocturnal spinal
pain preventing sleep. Furthermore, symptoms suggestive of MSCC includes progressive
spinal pain, severe unremitting spinal pain, localized spinal tenderness or nocturnal spinal
pain preventing sleep, spinal pain aggravated by straining, pain described as “band like”,
neurological symptoms (radicular symptoms, any limb weakness, difficulty in walking,
sensory loss, and bladder or bowel dysfunction) and neurological signs of spinal cord or
cauda equina compression (http://guidance.nice.org.uk/CG75/Guidance/pdf/English;
https://www.nice.org.uk/Guidance/QS56).

The NICE guidelines recommend MRI as the primary investigation in MSCC. MRI of the
whole spine should be performed within 1 week in patients with spinal pain suggestive of
spinal metastases and within 24 hours or immediately in the case of spinal pain and
neurological symptoms suggestive of MSCC. Definitive treatment should be started ideally
within 24 hours of the MSCC diagnosis.

14



2.5.1.4 MRI-based grading of MSCC

A validated, uniform MSCC grading system provides consistent reporting in the radiation,
surgery, and radiology literature (Bilsky et al., 2010; Gerszten et al., 2007). Different grading

systems have been proposed in the current literature (Bilsky et al., 2010; Lurie et al., 2008).

A 4-grade, MRI-based grading system based on the degree of impingement of the thecal sac
and spinal cord compression has previously been developed. In this system, grade 0
indicates bone involvement only; grade 1, epidural impingement; grade 2, spinal cord
compression, but cerebrospinal fluid visible and grade 3, spinal cord compression, but no
cerebrospinal fluid observed (Bilsky et al., 2010; Bilsky et al., 2001).

A more recent study proposed a qualitative, 6-point grading system to standardize MSCC
reporting (Bilsky et al., 2010). This grading system is based on the axial T2-weighted images
and was validated and found to be a sensitive, reliable grading device that provided
important consistency when describing MSCC. On this new scale, the original grade 1 was
subclassified into grades 1a, 1b, and 1c to reflect different degrees of epidural impingement.
The subclassification of grade 1 impingement improved the original grading system

particularly for stereotactic radiosurgery requirements.

A quantitative grading system for assessing the severity of spinal stenosis has previously
been reported in the literature. Lurie et al. proposed a 4-grade scale for evaluating lumbar
spinal stenosis (Lurie et al., 2008). Mild stenosis represented a compromise of the area < 1/3
of its normal size. A moderate stenosis was a compromise between 1/3 and 2/3 of its normal
size and severe stenosis was defined as a compromise > 2/3 of its normal size. This
quantitative grading system was primarily suggested for the evaluation of degenerative spinal
canal stenosis; however, this scale can also be useful in the assessment of epidural tumor

extent.

2.5.1.5 Subclinical MSCC

The term subclinical MSCC is used in the literature to describe the discrepancy between
radiographic findings and neurological status. Some studies have included any degree of
epidural space invasion in the definition of subclinical MSCC (Venkitaraman et al., 2007;
Venkitaraman et al., 2010). Others have used separate terms for thecal impingement and

compression of the spinal cord and the cauda equina (Bayley et al., 2001).
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The early diagnosis and treatment of patients with MSCC is important for the preservation of
neurological function. The detection of occult MSCC before clinical manifestations such as
neurological deficits may provide important lead-time for early treatment and could reduce
irreversible neurological deterioration (Venkitaraman et al., 2007; Husband et al., 2001).
Several studies support the irradiation of subclinical cord compression as a method of
preserving neurological function. There are predictive risk models emerging that may help to
define a population of patients at higher risk of developing spinal cord compression.
However, the optimal screening strategy, population, and intervention have not been
elucidated (Loblaw et al., 2005; Bayley et al., 2001; Talcott et al., 1999). Previous studies
have examined factors that can predict MSCC (Bayley et al., 2001). The findings of Bayley et
al. were consistent with those of Talcott et al., which demonstrates that back pain was not
predictive of MSCC (Loblaw et al., 2005; Bayley et al., 2001; Talcott et al., 1999).

2.5.1.6 Neurological status and prognosis

The most important prognostic indicator of ambulatory outcome is the pretreatment motor
function (Cole and Patchell, 2008; Rades et al., 2006; Rades et al., 2008, Klimo et al., 2005;
Sioutos et al., 1995; Maranzano and Latini, 1995; Helweg-Larsen et al., 2000). Husband et
al. examined 301 patients with MSCC and found that approximately 70% of the patients had
loss of neurological function between the onset of symptoms and the start of treatment. The
majority of delays were caused by lack of symptom recognition by the patient and diagnostic
delay at the general practitioner or general hospital (Loblaw et al., 2005; Husband et al.,
1998).

Another important predictive factor is the time to developing motor deficit. The prospective
study of Rades et al. found that the patients with the slowest development of neurological
dysfunction before RT had better functional outcome compared to patients with faster
development of motor deficits (Loblaw et al., 2005; Rades et al., 2002). Poor prognosis after
rapid development of motor dysfunction can be explained by disruption of the arterial blood
flow, which may lead to spinal infarction. A slower development of motor deficits is thought to
be a result of venous congestion, which is more likely to be reversible (Rades et al., 2007).
The dynamics of the development of motor deficits may also reflect the velocity of tumor
growth (Rades et al., 2006).

Previous studies have shown that a longer time interval between cancer diagnosis and cord

compression independently predicts improved survival (Loblaw et al., 2005; Rades et al.,
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2006). The negative prognostic impact of a shorter interval between tumor diagnosis and

MSCC likely reflects the faster growth of more aggressive tumors.

2.5.2 Vertebral fractures

Vertebral fractures in the oncological population frequently result from tumor growth in the
bone marrow and/or treatment. Metastatic vertebral body collapse is one of the major causes
of severe back pain and neurological compromise (Ebihara et al., 2004). Depending on the
force applied and the vertebral body strength, fracture severity varies from a small peripheral
fracture to a complete vertebral body collapse. Most vertebral fractures occur in the mid-
thoracic and thoracolumbar regions (Griffith et al., 2013). Several biomechanical and clinical
studies have attempted to estimate fracture risk due to metastatic spinal disease (Asdourian
et al., 1990; Dimar et al., 1998; Ebihara et al., 2004; Rose et al., 2009). Bone mineral
density, tumor size in the vertebral body, endplate involvement, tumor location in the lower
thoracic and lumbar spine and destruction of the costovertebral joints have been shown to be
important predictors of impending vertebral fracture (Ebihara et al., 2004; Asdourian et al.,
1990; Rose et al., 2009; Oda et al., 2002).

RT is the standard treatment for bone metastases and MSCC. Fractures that occur at
irradiated skeletal sites remain a major source of morbidity, can reduce the clinical response

rate to treatment, and can have fatal consequences (Willey et al., 2013).

Osteoporosis and osteopenia are common among women receiving adjuvant therapy for
breast cancer, also without skeletal involvement (Lipton, 2012; Brufsky, 2008). These
conditions can predispose patients to fragility fractures and SREs. Similar to the situation
with hormone therapy for breast cancer, androgen-deprivation therapy for prostate cancer

can undermine skeletal reserves and increase the risk of fractures (Lipton, 2012).

2.5.3 Bone pain

Pain is the most common presenting symptom in patients with spinal metastases. Local
mechanisms that can cause bone pain include release of chemical mediators, increased
pressure within the bone, microfractures, stretching of the periosteum, reactive muscle
spasm, and compression of nerves due to epidural tumor or fracture (Vakaet et al., 2004;
Saarto et al., 2002).
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RT effectively relieves pain from localized sites of skeletal metastases (Chow et al., 2013;
Chow et al., 2001; Sze et al., 2003). The mechanism by which RT alleviates pain is not
completely understood. The rapid onset of pain relief within days is most likely attributed to
the decrease of chemical pain mediators, whereas tumor shrinkage and recalcification of

osteolytic lesions can contribute to the longer-lasting effect (Saarto et al., 2002).

Numerous studies have evaluated the benefits of RT and different RT regimens (Chow et al.,
2012; Chow et al., 2007; Cole, 1989; Gaze et al., 1997, Nielsen et al., 1998; Roos et al.,
2005; Sze et al., 2003; Wu et al., 2003; Steenland et al., 1999; Sande et al., 2009; McQuay
et al., 1997). However, because of the varying endpoints used, different results can be
obtained from different trials, making comparisons of pain response after RT difficult (Chow
et al., 2012). In 2002, the International Bone Metastases Consensus Working Party
published its first consensus on palliative RT in an attempt to encourage investigators to
adopt a set of endpoints for future clinical trials in bone metastases (Chow et al., 2002). The

consensus was updated in 2012 (Chow et al., 2012).

2.6 Treatment of spinal metastatic disease

2.6.1 Corticosteroids

Corticosteroids are the first line of treatment for most patients with MSCC (Cole and Patchell,
2008). An improvement in neurological status is often documented after steroid
administration (Sorensen et al., 1994). The mechanism of action of corticosteroids in this
setting is not completely understood, but a reduction in peritumoral spinal cord edema is at
least partially responsible (Jacobs et al., 2001). The optimum dose of corticosteroids
administered is also debated. It is standard practice in Norway to administer 16 mg of
methylprednisolone or 4 mg of dexamethasone every 6 hours. Medical complications such
as exacerbation of diabetes mellitus, hypertension, immune suppression, gastric ulceration,
acute delirium and wound infection must be carefully monitored (Jacobs et al., 2001).
Although it is common practice to administer steroids prior to RT, Maranzano et al. reported
that corticosteroids might not be necessary for patients with good motor function (Maranzano
et al., 1996; Loblaw et al., 2005; Cole and Patchell, 2008).
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2.6.2 Radiotherapy

RT is considered to be the mainstay of therapeutic intervention in patients with spinal
metastases (Jacobs et al., 2001; Katagiri et al., 1998; Maranzano et al., 1995). Despite
general acknowledgement of the effectiveness of RT, the optimal dose and the selection of
treatment regimens are controversial. The main question is whether a protracted schedule of
moderate or low daily doses is better than high daily doses with a shorter course of treatment
(Cole and Patchell, 2008). The factors to consider when prescribing palliative RT for bone
metastases are presented in Table 2.2 (Chow et al., 2013). The common RT doses usually

extend from 8-20 Gy given in 1-5 fractions to 30-40 Gy given in 10-20 fractions.

Table 2.2. The factors to consider when prescribing palliative radiotherapy for bone metastases
(Chow et al., 2013).

Single-fraction radiotherapy Multifraction radiotherapy
* Indication: “pain relief’ ¢ Indication: “local tumor control”
* Short life expectancy * Expected long term survival
* Concomitant visceral metastases ¢ Predominantly bone metastases
* Poor performance status ¢ Good performance status
* Inflammatory pain ¢ Neuropathic pain and MSCC
* Aspects of cost and inconvenience * Postoperative radiotherapy

The response to RT reflects the parameters of pain relief (1) and functional status (2).

(1) RT is effective in providing relief from painful bone metastases (all locations in the
skeleton); 50-80% of the patients experience reduced pain, and 20-50% of the patients
report complete pain relief (Hartsell et al. 2005). Several randomized controlled trials have
compared different RT doses for the treatment of uncomplicated metastatic bone pain. These
have consistently shown that short course treatment or single doses are as effective in
producing pain relief as longer fractionated courses (Chow et al., 2007; Cole, 1989; Gaze et
al., 1997, Nielsen et al., 1998; Roos et al., 2005; Sze et al., 2003; Wu et al., 2003; Steenland
et al., 1999; Sande et al., 2009; McQuay et al., 1997; Hoskin, 2012). Single-fraction RT

should be considered in patients with limited survival prognosis.
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(2) A functional response to RT alone (full recovery or preservation of walking ability) has
been reported in 66-88% of the patients (Jacobs et al., 2001; Maranzano et al., 1995;
Katagiri et al., 1998). In general, the patient’s pretreatment functional status is known as the
most important prognostic indicator. Gilbert et al. reported that only 5% of the patients that
initially were paralyzed regained gait function (Gilbert et al, 1978). However, Helweg-Larsen
showed that 21-28% of the initially paralyzed or paraplegic patients recovered gait function
(Helweg-Larsen, 1996). In some of the patients, recovery can be delayed for a long period
after RT, so the observed rate of recovery depends upon the length of follow-up (Helweg-
Larsen, 1996). Different trials have been conducted to evaluate dose fractionation schedules
in patients with complicated bone metastases, such as those presenting with neuropathic
pain, at risk of fracture, and MSCC. In these circumstances, multiple fractions may have
increased efficacy, especially in those with better prognosis (McDonald et al., 2014; Roos et
al., 2005; Loblaw et al., 2012).

Numerous reports have evaluated predictive factors for survival after RT in patients with
spinal metastases. An accurate prediction of survival can guide health care professionals in
choosing optimal treatment for patients with symptomatic spinal metastases (Chow et al.,
2006). For patients with a short expected survival, a RT schedule with a short overall
treatment time is preferable, if it will provide equivalent functional outcomes and pain relief as
the more protracted schedules. For patients with a longer expected survival, the RT schedule
associated with the best functional outcomes and local control of spinal metastases will be

the most appropriate (Rades et al., 2006).

Several independent predictors of survival have been identified for patients with spinal
metastases treated by RT (Table 2.3). In most studies, performance status and visceral
metastases were significant predictive factors for survival (van der Linden et al., 2005; Rades
et al., 2012; Douglas et al., 2012; Rades et al., 2013; Rades et al., 2006; Mizumoto et al.
2008). In studies that included patients with a variety of cancers, the anatomic site of the
primary tumor was an important predictor for survival (van der Linden et al., 2005; Rades et
al., 2006; Kataoka et al., 2012; Mizumoto et al., 2008; Rades et al., 2013). In reports that
included patients with neurological dysfunction, the pretreatment ambulatory status and time
to the development of motor deficits were statistically significant (Rades et al., 2006; Rades
et al., 2012; Douglas et al., 2012; Rades et al., 2013; Weber et al., 2013; Rades et al., 2007).
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Table 2.3. Prognostic factors for survival after radiotherapy for spinal metastases - review of the

literature.

Study Primary Prognostic factors for survival (multivariate analysis) Number
diagnosis of
patients

Van der Linden et | All diagnoses | Performance status, histology, visceral metastases. 342
al.; 2005
Rades et al.; All diagnoses | Histology, visceral metastases, other bone metastases, 1852
2006 pretreatment ambulatory status, time to developing motor

deficits, interval between tumor diagnosis and MSCC.
Rades et al.; Non-small cell | Performance status, pretreatment ambulatory status, 356
2012 lung cancer visceral metastases, time to developing motor deficits.
Douglas et al ; Myeloma Performance status, pretreatment ambulatory status. 216
2012
Douglas et al,; Unknown Performance status, pretreatment ambulatory status, 182
2012 primary visceral metastases, time to developing motor deficits.
Rades et al.; Colorectal Performance status, pretreatment ambulatory status, 121
2012 cancer visceral metastases, time to developing motor deficits.
Rades et al; 2012 | Prostate Performance status, ambulatory status, other bone 436

cancer metastases, visceral metastases, interval from tumor

diagnosis to RT.
Kataoka et al.; All diagnoses | Histology, visceral metastases, disease-free interval before 143
2012" spinal metastasis, other bone metastases.
Rades et al.; Breast cancer | Performance status, pretreatment ambulatory status, other 510
2013 bone metastases, visceral metastases, interval from cancer

diagnosis to RT, time to developing motor deficits.
Weber et al.; Prostate Number of involved extra-spinal organs, performance status, 95
2013 cancer interval from cancer diagnosis to RT, pretreatment

ambulatory status.
Rades et al ; Breast cancer | Performance status, visceral metastases, deterioration of 335
2006 motor function after RT, rapid development of motor deficits.
Mizumoto et al.; All diagnoses | Age, performance status, histology, previous chemotherapy, 544
2008 visceral metastases, multiple bone metastases, serum

calcium level.
Weber et al.; Breast cancer | Number of involved extra-spinal organs, performance status, 145
2013 pretreatment ambulatory status, time to developing motor

deficits.
Rades et al.; All diagnoses Performance status, histology, bone metastases, visceral 2029
2013 metastases, interval from cancer diagnosis to development

of MSCC, time to developing motor deficits, pretreatment

ambulatory status.
Rades et al., Breast cancer | Involvement of 1-2 vertebrae, pretreatment ambulatory 504
2012 status, other bone metastases, visceral metastases, time to

developing motor deficits.
Rades et al., Unknown Visceral metastases, other bone metastases, pretreatment 143
2007 primary ambulatory status, slower development of motor deficits.
Rades et al., All diagnoses | Number of involved extra-spinal organs, gender, primary 552
2014 tumor type, interval from cancer diagnosis to RT,

pretreatment ambulatory status, time to developing motor

deficits.
Rades et al., Renal cell Number of involved extra-spinal organs, the interval from 69
2014 carcinoma cancer diagnosis to RT, pretreatment ambulatory status.
Pointlllart etal, All diagnoses | Primary tumor type, performance status, ASA score, pain 142
2011
Rades et al., All diagnoses, | Age, performance status, primary tumor type, pretreatment 1128
2014 elderly ambulatory status, other bone metastases, visceral

patients metastases, the interval from cancer diagnosis to RT, time

to developing motor deficits.
Bolle? etal., All diagnoses | Performance status, visceral metastases, brain metastases 1043
2014

"both surgical treatment and radiotherapy
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2.6.3 Surgery

Hematogenously disseminated disease to the spine is by definition not curable and
represents stage IV disease. Thus, the goal of surgical therapy of metastatic spinal tumors is
related primarily to symptom palliation and improvement of quality of life. The indications to
surgery in spinal metastatic disease are controversial (Bauer, 2005), but surgery may
preserve neurological function in selected patients (Patchell et al., 2005). Of the non-
ambulatory surgical patients, 70-75% regained ambulatory status and half of the patients
with severe paraparesis became completely ambulatory (Abrahm, 2004). Pain relief after
surgery was reported in 85-94% of patients (Abrahm, 2004; Harrington, 1988). Recently,
there has been a shift in international orthopedic oncology towards operative management of
spinal metastases. The concept of surgical stabilization to provide pain relief and to treat
progressive deformity has been introduced, and the clinical results favor these interventions
(Kurth, 2012). However, surgery is not an appropriate treatment for many patients with spinal

metastases (Zaikova et al., 2011).
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3 AIMS OF THE STUDY

In the broader perspective, this thesis will investigate the performance of MRI in patients with

symptomatic spinal metastases and the clinical assessment of these patients.

The specific objectives were:

* To assess utility of MRI in evaluating patients with symptomatic spinal metastases
with emphasis on the association between pretreatment neurological status and MRI
features (Paper I).

* To evaluate treatment response after RT for spinal metastases in breast cancer with
emphasis on the association between pain response and MRI findings (Paper Il).

* To evaluate clinical, laboratory and MRI parameters as potentially predictive factors

for survival after RT for painful spinal metastases (Paper Ill).
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4 STUDY DESIGN AND PATIENTS

Papers I-1ll are based on the evaluation of a dataset from a clinical prospective single-
institution cohort study that included patients with symptomatic spinal metastases admitted
for RT or surgery to our institution from February 2007 to December 2008. All patients
underwent MRI examinations of the whole spine prior to the treatment. The patients included
in Paper Il underwent additional post-treatment MRI of the spine. The MRI studies were
evaluated retrospectively. The information obtained from the medical records included age,
gender, primary cancer histology, RT regimens, and ongoing systemic treatment (high-dose
corticosteroids, chemotherapy, bisphosphonates and hormone therapy). In Paper I,
laboratory parameters (albumin and hemoglobin) and the number of extra-spinal bone

metastases and visceral metastases were also recorded.

The Regional Ethics Committee approved the study and written informed consent was

obtained from all patients.

All patients were interviewed before the treatment. Two months after starting treatment, the

research nurse contacted patients and completed the CRF.

The inclusion criteria for Paper | were first-time admittance for palliative RT or surgery for
symptomatic spinal metastases, available pretreatment MRI of the entire spine and age
above 18 years. A total of 284 patients were included in the study. We excluded patients who
received RT after surgery, in-field re-irradiation, patients with other metastases that could
affect neurological or ambulatory status, patients with prevertebral tumors with direct

ingrowth to the vertebral bodies, and patients with meningeal and intramedullary metastases.

The inclusion criteria for Paper |l were first-time admittance for RT for spinal metastases from
breast cancer, no motor deficit prior to RT, survival for more than 6 months after RT,
available pre- and post-treatment MRI of the vertebral column, and age above 18 years. The
pretreatment MRIs were performed within 2 months prior to RT. The post-treatment MRIs
were performed within 2 to 6 months of the RT. A total of 32 patients were included in the

study. The exclusion criteria were the same as for Paper I.
The inclusion criteria for Paper |1l were first-time admittance for palliative RT for painful spinal

metastases, no motor deficit prior to RT, available pretreatment MRI of the entire spine, and

age above 18 years. A total of 173 patients were included in the study. The exclusion criteria
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were the same as for Paper I. All patients with primary hematological malignancies were also
excluded.

The flow of the study cohort is presented in Figure 4.1.

Assessed for eligibility (n=699)

Excluded (n=279)
- Lost for registration (n=125)
- Unable to consent (n=11)
- Declined to participate (n=38)
- Excluded due to other reasons (n=105)

[ Signed consent (n=420) ]

Excluded (n=37)
(paravertebral tumor, leptomeningeal
metastases on MR, etc.)

Paper |

Excluded (n=99)
(no MRI available,
MRI of suboptimal
quality, not whole

spine MRI, symptoms
not related to spinal
metastases, etc).

[ Registered (n=383) ]

Registered:
non-surgical patients
with breast cancer
(n=54)

Excluded (n=152)

Paper llI
(no MRI available,

neurological dysfunction,
surgery, etc.)

Excluded (n=22)
(neurological

dysfunction,
Analyzed no postreatment
(n=284) MRI available)

Fig. 4.1. The flow of the study cohort.
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non-surgical patients
with normal neurological
function, (n=231)

Analyzed
(n=32)
no whole spine MR, etc)

Excluded (n=58)
(lymphoma/myeloma,
suboptimal MRI quality,

Analyzed
(n=173)




5 METHODS

5.1 MRI-based grading of MSCC

The extent of epidural tumor was graded both qualitatively and quantitatively using two MRI-
based scales; a 6-point MSCC-scale (Bilsky et al., 2010) and a 4-point scale to define spinal
canal narrowing (Lurie et al., 2008). The 6-point MSCC scale was an anatomy-based
qualitative grading system, as shown in Fig. 5.1. This scale was used to evaluate patients

with lesions at the level of the spinal cord.

The 4-point spinal canal narrowing scale was an area-based, semi-quantitative scoring
system. Narrowing of the central spinal canal was classified using the following categories:
“none” indicated bone-only disease, “slight” indicated a reduction of 1/3 or less in the cross-
sectional area of the spinal canal, “moderate” indicated a 1/3 to 2/3 decrease in the cross-
sectional area of the spinal canal, and “severe” indicated a reduction of 2/3 or more in the
cross-sectional area of the spinal canal. To evaluate spinal canal narrowing, the cross-
sectional area of the spinal canal at the affected level (measured on the axial images) was
compared with the cross-sectional area of the spinal canal at the level immediately above or
below the compression. This grading system was used to evaluate patients with lesions at or

below the level of the spinal cord.
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Fig. 5.1. The 6-point MSCC scale. Grade 0, bone-only disease (A); grade 1a, minor infiltration to
the epidural space (B); grade 1b, tumor compressing the dural sac (C); grade 1c, contact with the
spinal cord (D), grade 2, spinal cord compression, visible cerebrospinal fluid in the dural sac (E);

grade 3, spinal cord compression, cerebrospinal fluid not visible (F).
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5.2 Assessment of neurological function

The severity of neurological compromise was recorded using the Frankel scale (Frankel et
al., 1969). The Frankel scale classifies patients using the following grades: grade A, no motor
or sensory function; grade B, preserved sensation only, no motor function; grade C, non-
ambulatory, wheelchair-bound but with some motor function; grade D, ambulatory, but with
some motor deficit; and grade E, normal motor function. The patients with normal motor
function were assigned a Frankel score of E. The patients with neurological dysfunction in
the upper extremities due to metastases in the cervical spine were assigned a Frankel score
of D. The ambulatory patients with known minor neurological impairment due to causes other
than spinal metastases (e.g. sequelae of trauma, poliomyelitis, and cerebral stroke) were

assigned a Frankel score of E.

5.3 Assessment of pain

The validated Norwegian version of the BPI was used for the evaluation of pain intensity
(Klepstad et al., 2002) by assessing the worst pain, average pain and least pain experienced
during the previous 24 hours in addition to “pain right now”. A numerical rating scale was
used where “0” was “no pain” and “10” was “worst imaginable pain”. The worst pain
experience was used as the principal outcome measure. The details on opioid consumption
during the previous 24 hours including the drug name, daily dose, and administration route
were recorded. All opioids were converted into the OMED. In addition, the following 4 levels
of analgesic-drugs use were recorded in all patients: no analgesic use, non-opioid analgesics
(e.g., a nonsteroidal anti-inflammatory drug or paracetamol), weak opioids (e.g., codeine)

and strong opioids (e.g., morphine, oxycodone) (Cleeland et al., 1994).

5.4 Assessment of radiological response to radiotherapy

Modified RECIST criteria were used to evaluate radiological response to RT in the bone
lesions (Eisenhauer et al., 2009). The appearance of new lesions, changes in the metastatic
pattern from focal to diffuse, or at least a 20% increase in the largest diameters of the target
lesions after RT were defined as progression. The disappearance of lesions or reduction of
more than a 30% reduction in the target lesion diameters was defined as a response. The

radiological response of spinal lesions was evaluated both inside and outside the RT portals.
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5.5 Assessment of pain response after radiotherapy

The clinical response to treatment was defined according to the updated International Bone
Metastases Consensus Working Party palliative RT endpoints (Chow et al., 2012) (Table
5.1). Patients with either complete response or partial response were defined as responders
and patients with indeterminate response or pain progression were defined as non-

responders.

Table 5.1. Pain response after radiotherapy for spinal metastases (Chow et al., 2012).

Term Definition

Complete response A pain score of 0 at treated site with no concomitant increase in
analgesics intake (stable or reducing analgesics in daily oral

morphine equivalent (OMED)

Partial response Pain reduction of 2 or more at the treated site on scale of 0-10
without analgesics increase, or Analgesics reduction of 25% or

more from baseline without an increase in pain.

Pain progression Increase in pain score of 2 or more above baseline at the treated
site with stable OMED, or An increase of 25% or more in OMED
compared with baseline with the pain score stable or 1 point

above baseline.

Indeterminate response Any response that is not captured by the complete response,

partial response, or pain progression definitions.

5.6 Prediction of survival

The scoring system for predicting survival was estimated based on factors found to be
significant in the univariate and multivariate analysis. The points for each variable were
based on 6-month survival rates and the variables associated with the longest survival were
assigned the highest scores. Adding together all of the points for individual factors produced
the prognostic score. The predictive value of the following factors was assessed: primary
tumor site (breast: score 2, prostate: score 1, other: score 0), visceral metastases (0-1
location: score 1, 2 locations or more: score 0), albumin level (>30 g/L: score 1, <30 g/L:

score 0), and KPS (good: score 2, moderate: score 1, poor: score 0). The patients were
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divided into the following 3 groups: group 1 (score 0-2), group 2 (score 3-4), and group 3
(score 5-6). The patients allocated to group 1 had the lowest survival rates and patients

allocated to group 3 had the highest survival probabilities.

5.7 MRI protocols

A MRI of the whole spine was performed at our institution or at local hospitals using similar
protocols. At our institution the MRIs were acquired with a 1.5 T GE Signa Horizon LX whole
body scanner (GE Medical Systems, Milwaukee, Wisconsin, USA) or a 1.5 T Siemens
Espree (Siemens, Erlangen, Germany) whole body scanner. The protocol consisted of
sagittal T1-weighted SE (TR/TE 400/14 msec) and STIR (TR/TE/TI 3000/34/150 msec)
imaging of the whole spine. The image matrix was 512 x 512 and the FOV was 400 mm. The
slice thickness was 4 mm and the slice gap was 0.5 mm. The echo train length was 4 and 10
for T1-weighted and STIR images, respectively. In regions of suspected epidural space
invasion or spinal cord compression axial T2-weighted FSE/TSE (TR/TE 3000/84) images
were obtained. The image matrix was 256 x 256 and the FOV was 180 mm. The slice
thickness was 4 mm and the slice gap was 1 mm. The echo train length was 16. The sagittal
T1-weighted and STIR images were obtained to detect osseous lesions and delineate the
extent of bony disease. The axial T2-weighted images were used to detect and chart epidural

disease and to assess the degree of spinal cord compression.
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6 RESULTS

6.1 Paperl

MRI and neurological findings in patients with spinal metastases

The purpose of this paper was to analyze the association between motor and sensory

function and the MRI-assessed extent of spinal metastases.

A total of 284 patients were included. There were no patients assigned a Frankel score of A.
There were 28 non-ambulatory patients (Frankel B or C) and 49 patients were ambulatory
with minor motor deficits (Frankel D). Two hundred and seven patients had normal motor

function (Frankel E). Sensory deficits were identified in 49 patients.

All patients with radiological MSCC and Frankel E score were defined as having occult
(subclinical) MSCC. The patients with radiological MSCC and Frankel score A-D were
defined as having manifest (overt) MSCC. MSCC was present in 32% of the patients with

normal neurological function (occult MSCC).

The extent of the epidural tumor was graded using two different, MRI-based scales: a 4-point
scale to define spinal canal narrowing and a 6-point MSCC scale. Both grading systems
were associated with the Frankel score. The percentage of patients with radiological
evidence of spinal cord compression increased with increasing Frankel grade. All of the non-
ambulatory patients had radiological spinal cord compression (MSCC scale grade 2-3).
Spinal cord compression was present in 100% of the patients with Frankel scores B or C and
in 66% of patients with Frankel score D and 32% of patients with a Frankel score E (occult
MSCC). All patients with bone-only disease were ambulatory. The percentage of patients
with occult MSCC was lower when the 4-point spinal canal narrowing scale was used (5%)
as compared to the 6-point MSCC grading system (19%). Both scoring systems were

significantly associated with the sensory deficits (at the level of the spinal cord).
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6.2 Paperll

Radiotherapy for spinal metastases from breast cancer with emphasis on local

disease control and pain response using repeated MRI

The aim of this study was to evaluate the irradiated metastatic lesions and the rate of local
tumor control using repeated MRIs. The study compared imaging findings with pain response

after fractionated RT in 32 patients with spinal metastases from breast cancer.

The pain intensity was evaluated using a validated Norwegian version of BPI. The pain
experience during the last 24 hours and the current pain level was recorded using a 10-point
scale. The pain response to treatment was defined according to the updated International
Bone Metastases Consensus Working Party palliative RT endpoints. The recorded MRI
findings were presence and extent of spinal metastases, tumor-conditioned spinal canal
stenosis (SCS), compression of the spinal cord, cauda equina and nerve roots, and the

presence and severity of vertebral fractures.

The mean pain scores were 4.3, 3.9 and 3.7 at baseline, 2 months and 6 months after RT,
respectively. At 2 and 6 months after RT, 38% and 44% of the patients were classified as
responders. None of the patients developed neurological symptoms. Age, ongoing
chemotherapy, hormone therapy and use of bisphosphonates were not associated with the
pain response. Patients younger than 65 years of age tended to be responders more often

than older patients; however these data did not reach statistical significance.

On the pretreatment MRIs, 21 patients had tumor-conditioned spinal canal stenosis and 8
patients presented with compression of the spinal cord or cauda equina. Fractures were

noted in 22 patients (38 lesions). All fractures were pathological, tumor-induced fractures.

On the post-treatment MRIs, a decrease in the intraspinal tumor volume was reported in all
patients. Only 6% of the patients showed progression of bone metastases within the
radiation field, whereas 60% of the patients showed disease progression outside the RT
portals. Fracture progression was observed in 55% of lesions and 5 patients developed new
fractures. The pain response did not correlate with any recorded MRI features of metastatic
lesions. Patients with advanced disease (large metastases or diffuse bone marrow
infiltration) and patients with compression of the spinal cord/cauda equina tended to be non-

responders more frequently. However, the difference was not statistically significant.
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6.3 Paperlll

Prognostic factors in patients with symptomatic spinal metastases and normal

neurological function

The purpose of this work was to evaluate clinical, MRI and laboratory parameters as
potential predictive factors for survival in patients with spinal metastases and normal

neurological function.

A total of 173 patients were included. The median survival time was 8.2 months. Prostate,
breast, and lung cancers were the most common primary diagnoses. A total of 46 patients
(27%) reported severe pain and 120 patients (69%) used strong opioids. All patients were
treated by RT. RT was given in combination with ongoing chemotherapy (16 patients),
hormone treatment (68 patients), bisphosphonates (30 patients), and high-dose
corticosteroids (54 patients). Two months after RT, 29 patients died because of their
malignant disease; 50 patients (35%) were defined as responders; and 79 patients (55%)

were defined as non-responders (missing data in 15 patients).

The extension of bony disease in the spine was assessed using a MRI-based scoring
system. Sixty-six and 107 patients were allocated to group A (limited extent of spinal
metastases) and B (widespread spinal metastatic disease), respectively. A total of 118
patients had tumor-conditioned SCS and 47 patients had MSCC. Neither the MRI-based

extension of bone metastases nor the presence of SCS and MSCC influenced survival.

In the univariate analysis, prolonged survival was associated with the primary cancer
diagnosis (favorable diagnoses), albumin level (=30 g/L), KPS (good), number of visceral
metastases (0-1 locations), analgesics use (none, non-opioid analgesics or weak opioids)
and ongoing hormone treatment. Patients receiving chemotherapy had significantly shorter
survival in the univariate analysis. In the multivariate analysis, primary cancer diagnosis
(favorable diagnoses), albumin level (=30 g/L), KPS (good), number of visceral metastases
(0-1 locations), analgesic drug use (none, non-opioid analgesics or weak opioids) were

associated with prolonged survival.

Based on the results of the multivariate analysis, a scoring system for the prediction of

survival was developed. Three survival groups were proposed. The median survival times for
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groups 1-3 were 2.1, 5.5 and 24.9 months. At 6 months, survival rates for groups 1-3 were
13, 46 and 94%. At 12 months, survival rates for groups 1-3 were 4, 28 and 79%.
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7 GENERAL DISCUSSION AND FUTURE PERSPECTIVES

7.1 MRl in the pretreatment assessment of spinal metastases

A variety of imaging methods have been applied to patients with suspected spinal metastatic
disease and MSCC. Medical history and a physical examination are the first assessments.
However, clinical features are not sensitive or specific enough to make a diagnosis alone
(Cole and Patchell, 2008). Over the past two decades, MRI has become the technique of

choice for imaging of spinal metastatic disease.

MRI may be used for general disease follow-up in patients without known MSCC or as

diagnostic procedure initiated due to symptoms of MSCC.

A wide range of MRI sequences are used to assess malignant bone lesions. The
combination of an unenhanced SE T1-weighted and STIR sequences were shown to be
highly sensitive for bone metastasis screening (Schmidt and Baur-Melnyk, 2013) and these
sequences were also included in the study protocol. The retrospective character of this study
did not allow inclusion of functional techniques such as diffusion in the imaging protocol. DWI
is an attractive detection technique that immediately draws attention to abnormal skeletal
regions and reduces image interpretation times (Padhani et al., 2011). DWI also allows
improved tissue characterization that can be beneficial in differentiating benign from
malignant skeletal lesions (Padhani et al., 2009). Although lesion differentiation is essential in
tumor diagnosis, this issue was less important for the study requirements because all

patients had an established diagnosis of spinal metastases prior to study entry.

Previous studies have evaluated the ability of MRI to identify MSCC (Loblaw et al., 2005;
Loughrey et al., 2000; Cook et al., 1998). The results of these studies supported the use of
whole-spine MRI for patients with known malignancy and suspected MSCC. The importance
of imaging the whole spine is well known as MSCC may occur at multiple spinal levels. In our
study, multifocal MSCC was present in 5% of the patients and this result supports the policy
of whole-spine MRI and not only localized imaging (Husband et al., 2001; Cook et al., 1998).
The relatively low frequency of multiple sites of compression in our study compared to
previous series (5% in our study vs. 20 to 35% in other studies) (Cole and Patchell, 2008;
Van der Sande and Boogerd, 1990; Schiff et al., 1997) may reflect current trends in oncology
with MRI being performed early in MSCC progression.
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There is a need for a uniform and clearly defined grading system for MSCC. In our series,
two MRI-based scales were used to evaluate the extent of epidural tumor. The 6-point scale
was recommended by Bilsky et al. as a valid and reliable instrument that may be used to
precisely describe the degree of MSCC (Bilsky et al., 2010). Both scoring systems were
significantly associated with neurological symptoms. However, both scales exhibited some
strengths and limitations, as reported in Paper |. The 6-point scale, developed as a grading
system for frank spinal cord compression, could not be used to evaluate patients with
metastatic lesions located in the lumbar spine, below the conus. Moreover, the interpretation
of subtle differences between subgroups of the 6-point scale was challenging and required
high-quality images. A sufficient image quality was occasionally difficult to obtain due to
motion artifacts, particularly in patients with pain. In contrast, quantitative measurements (the
4-points scale) were easy to perform and could be provided throughout the whole spine. A
limitation of this scale was that moderate grades of spinal canal narrowing included a large
and heterogeneous group of patients (one-third to two-thirds reduction of the cross-sectional
area of the spinal canal). Despite some shortcomings, both grading systems can be

considered for the assessment of MSCC and epidural space compromise.

7.2 Neurological symptoms and MRI findings. Subclinical MSCC

Motor status before treatment is one of the most important prognostic factors for the
functional outcome in patients with spinal metastases (Cole and Patchell, 2008). The
creation of clinical guidelines for identifying patients who are at risk of developing
symptomatic MSCC are important in order to allow initiation of treatment before motor

deficits develop.

Several studies have explored the association between radiological findings and symptoms
(Helweg-Larsen et al., 2000; Hamamoto et al., 2009; Maranzano et al., 1991; Kim et al.,
1990; Husband et al., 2001). In a prospective study of 105 patients with MSCC, Maranzano
et al. showed that patients with complete myelographic block had severe motor dysfunction
in a higher percentage than those with partial blockage (Maranzano et al., 1991). Kim et al.
found that the degree of spinal cord compression correlated well with functional status.
Furthermore, they found that the degree of spinal cord block on myelography was directly
related to the degree of motor dysfunction and the degree of sphincter dysfunction in their
series (Kim et al., 1990). Similarly, a prospective cohort study of Helweg-Larsen and
Sorensen reported a correlation between the degree of myelographic blockage and gait

function. The diagnosis of MSCC was established by myelographic findings and a
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supplementary MRI was performed in one-third of the patients (Helweg-Larsen et al., 2000).
These findings are in agreement with our results reporting the presence and severity of
neurological deficits primarily associated with high grades of epidural space compromise.
The percentage of patients with MRI-assessed spinal cord compression (MSCC scale grades

2-3) increased with increasing Frankel score.

According to our results, a considerable number of the patients had occult/subclinical MSCC.
This finding is within the ranges reported by other studies (Bayley et al., 2001; Venkitaraman
et al., 2007; Godersky et al., 1987) and suggests that in many patients spinal cord
compression may be present for a significant period of time before development of
neurological deficits, and that MRI may provide important lead time for the diagnosis and
treatment compared to history and physical examination alone (Bayley et al., 2001).
Consequently, it may be possible to identify and treat patients before development of
neurological dysfunction. However, our results did not directly address how the extent of
epidural space compromise could influence the risk of developing motor deficits. The
management of patients with spinal metastases should thus be based upon a combination of
clinical findings, the duration of symptoms and a radiological evaluation of epidural space

invasion using reproducible parameters.

The importance of delays in the diagnosis and treatment of patients with MSCC has been
highlighted in previous studies (Husband, 1998; Loblaw et al., 2005). Approximately 90% of
the patients in our study were ambulatory at the time of treatment. This finding is in contrast
with previous publications reporting that only 25-32% of the patients were ambulatory at the
initiation of therapy (Husband, 1998; Findlay, 1984). The low percentage of non-ambulatory
patients and relatively high percentage of patients with bone-only disease (26%) in our study
may reflect current clinical practice with efforts used on identification of patients with
subclinical MSCC. There are several reported methods to increase awareness among health
professionals concerning the combination of signs and symptoms of MSCC. These efforts
will improve early detection of MSCC, e.g. the use of Red Flag credit cards in combination

with specific training programs and guidelines (Turnpenney et al., 2013) (Fig. 7.1).

37



EARLY WARNING SIGNS OF MSCC
Greenhalgh S, Turnpenney J, Richards L, Selfe J (2010)

Referred back pain is multi-segmental or band-like
Escalating pain which is poorly responsive to treatment (incl medication)
Different character or site to previous symptoms

Funny feelings, odd sensations or heavy legs (multi-segmental)
Lying flat increases back pain

Agonising pain causing anguish and despair

Gait disturbance, unsteadiness, especially on stairs (not just a limp)
Sleep grossly disturbed due to pain being worse at night

NB - Established motor / sensory / bladder / bowel disturbances late signs

METASTATIC SPINAL CORD COMPRESSION (MSCC)
KEY RED FLAGS

Past medical history of cancer

(but note 25% of patients do not have a diagnosed primary)

Early diagnosis is essential

as the prognosis is severely impaired once paralysis occurs

A combination of Red Flags increases suspicion
(the more red flags the higher the risk and the greater the urgency)

To access the Greater Manchester and Cheshire MSCC guidelines go to:
www.christie.nhs.uk (search 'spinal cord compression')

9 The Christie Eﬂﬁ

NHS Foundation Trust

Fig. 7.1. The Red Flag card - a credit card sized reminder proposed as a quick and a visually
attractive way of raising awareness among health professionals in the United Kingdom (with

permission from The Christie NHS Foundation Trust, http://www.christie.nhs.uk/).
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The clinical course of occult MSCC is not well defined. There have been no studies on how
and if, the early treatment of patients with occult MSCC influences the development of
neurological deficits (Bayley et al., 2001; Sutcliffe et al., 2013). However, the natural history
of progression of skeletal metastasis suggests that patients with occult MSCC on MRI may
progress to develop neurological deficit if left untreated (Venkitaraman et al., 2010). In our
series, all patients with subclinical MSCC were treated with RT to prevent neurological
deterioration. The decision to treat these patients was based on the high efficacy, low toxicity
and low cost of RT in the management of spinal cord compression compared with the high
potential cost of a missed diagnosis in terms of physical disability, quality-of-life impairment

and expense to the health care system (Bayley et al., 2001).

7.3 MRI in the assessment of treatment response in spinal metastases

Imaging is an essential part of the clinical management of patients with bone metastases.
Unfortunately, there are no universally accepted methods for assessment of tumor response
for skeletal metastases. There are overwhelming clinical needs to develop and validate non-

invasive response biomarkers for bone metastases.

The two established sets of criteria for assessment of bone metastases, one from UICC and
the other from WHO are more than 30 years old and based on the findings from plain
radiography or skeletal scintigraphy. These criteria are inadequate because they do not
incorporate modern methods (CT, MRI) in assessing the response of bone metastatic lesions
to treatment (Hamaoka et al., 2010; Hayward et al., 1977; WHO, 1979). The MD Anderson
Cancer Center criteria (Hamaoka et al., 2004; Hamaoka et al., 2010) include both CT and
MRI. However, the structural changes in bone metastases after treatment are predominantly
evaluated with CT. The role of MRI is mainly confined to evaluation of tumor signal extension

and assessment of signal changes after treatment is not included in the response criteria.

Another widely used system, RECIST (v 1.1), allows osteolytic or mixed
osteolytic/osteoblastic metastases with soft tissue component > 10 mm to be measured
(Eisenhauer et al., 2009). However, diffuse disease and true osteoblastic bone metastases
are still considered non-measurable (Padhani and Gogbashian, 2011; Costelloe et al., 2010;
Eisenhauer et al., 2009). Researches have transposed the RECIST guidelines to bone
metastases and have shown that MRI of the axial skeleton enables precise measurement
and follow-up of skeletal lesions similar to soft-tissue metastases (Tombal et al., 2005). In

Paper Il, modified RECIST criteria were used to assess the treatment responses in spinal
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metastases after RT. For all but two patients in our study, the largest diameter of the target
lesions remained unchanged. However, all treated metastases exhibited differences in Sl.
This result is consistent with previous studies that support the qualitative assessment of
response in bone metastases rather than size measurements (Bauerle et al., 2009;
Hamaoka et al., 2010). Unfortunately, it is difficult to identify residual active malignancy within
bone marrow based on changes in Sl alone (Brown et al., 1998). When abnormalities persist
after RT or chemotherapy, low S| may either reflect residual active tumor or fibrosis (Vanel,
2009), and standard, morphological MRI sequences often do not permit a reliable differential
diagnosis. DWI was shown to be more useful in monitoring the response of bone metastases
to therapy. In addition, a recent study have reported efficacy of DCE MRI in therapy

assessment of spinal metastases (Chu et al., 2013).

7.4 MRI findings and pain response after radiotherapy.

The mechanism of RT-induced bone injury has not been fully defined and may occur
secondary to the alterations in the marrow microenvironment including changes to the
vasculature, osteoblasts, osteoclasts, and osteocytes (Van Poznak and Taxel, 2013).
Fractures that occur at irradiated skeletal sites can remain a major source of morbidity and
can reduce the clinical response to treatment (Willey et al., 2013). A recent study reported a
significantly increased risk of vertebral fracture after single fraction IG-IMRT to the spinal
metastases (Rose et al., 2009). According to their results, patients with fracture progression
were more likely to require narcotic pain medicine and also showed a trend towards high
pain scores. The patients with fracture progression also showed more than double the
reduction in KPS. Fortunately, fracture did not portend worse neurological outcome and after
treatment excellent tumor control was achieved (Rose et al., 2009). IG-IMRT is given as a
single dose ranging from 18-24 Gy as and is very different radiobiologically from doses used
in conventional RT. Consequently, findings presented by Rose et al. are difficult to compare

with results of the present study and other studies that used different radiation techniques.

Limited data exist regarding the incidence of fractures after conventional RT to the spine.
Previous studies have reported the rate of fractures after single or multifraction RT; however,
they did not stratify between spine and other locations in the skeleton (Sande et al., 2009;
Chow et al., 2013; Hartsell et al., 2005; Steenland et al., 1999; Sze et al., 2003). In general,
more fractures occurred after single-fraction RT than after multifraction therapy, but the
absolute percentage was low (Chow et al., 2013; Steenland et al., 1999; Sze et al., 2003).
Sze et al. reported that 3% of the patients treated by single-fraction RT developed a
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pathological fracture after treatment compared with 1.6% for those treated by multifraction
RT (Sze et al., 2003). Our results identified fracture progression in 53% of the patients (55%
of lesions) and 16% of the patients presented with new fractures after RT. This percentage is
higher than in previous studies including the study by Rose et al. (Rose et a., 2009). This
difference could possibly reflect a higher incidence of vertebral fractures in patients with
breast cancer (Kanis et al., 1999) and tumor tendency to osteolytic metastases (Kozlow and
Guise, 2005). In general, outcomes from previous reports were difficult to compare due to
different RT regimens, different definitions used and heterogeneous patient groups in the

context of tumor diagnoses, imaging modalities and anatomical locations of metastases.

Mitera et al. reported pathological vertebral fractures in 28% of lesions observed on the
pretreatment CT of the spine (Mitera et al., 2010). The pain responses in their study did not
differ in patients with and without pathological fracture or any other imaging features related
to the extent of tumor involvement (Mitera et al., 2010). Furthermore, Maranzano et al.
reported pathological vertebral collapse in 32% of patients with MSCC treated by surgery or
RT. A comparison of responses and survival between patients with or without vertebral
collapse showed no significant differences (Maranzano et al., 1991). Our results are in
agreement with these findings and identified similar pain responses after RT in patients with
or without vertebral fracture, fracture progression or new fractures. Because pain response
was not associated with any recorded MRI-findings of the metastatic lesions, all patients with
painful spinal metastases may similarly benefit from palliative RT. An excellent local tumor
control was achieved in the majority of patients and the cross-sectional area of the spinal

canal was significantly improved despite increasing vertebral body collapse.

7.5 Survival after radiotherapy for spinal metastases

Personalizing cancer care is one of the most important trends in oncology. To administer the
best treatment regimen to the individual patient it is mandatory to consider the patient’s
prognosis (Douglas et al., 2012). Several prognostic factors have been explored in different
studies (Table 2.3). In our series, primary tumor site and KPS were identified as the as major
factors predicting survival after RT of spinal metastases. Slow growing tumors such as breast
and prostate cancer (Tomita et al., 2001; Kataoka et al., 2012) and good performance status
were associated with prolonged survival. These results are in agreement with previous
studies shown in Table 2.3. The number of visceral metastases is another known predictor
for survival. In our series, survival was negatively affected by the presence of two or more

visceral organs involved.
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In our study, the patient’s pretreatment albumin levels were identified as an independent
prognostic factor. Previous reports suggested that low serum albumin is associated with
higher mortality from cancer (Gupta et al., 2010). To our knowledge, this factor, although
important, has not previously been included in a score predicting survival after RT for spinal

metastases.

Optimal hemoglobin levels during RT or concomitant radio-chemotherapy result in optimal
tumor oxygenation and may improve outcomes after cancer treatment (Rades et al., 2009).
The association between anemia and poor tumor oxygenation has been described previously
(Rades et al., 2009; Becker et al., 2000) and hemoglobin levels have been reported as one
of the prognostic factors for survival (Rades et al., 2009). In our study, pretreatment

hemoglobin levels showed a strong trend toward statistical significance.

Pain was reported as a significant predictive factor for survival after surgical treatment for
spinal metastases (Pointillart et al., 2011; Hosono et al., 2005). We assessed pretreatment
analgesic drug use, pain intensity and pain control after RT as potential prognostic indicators
because these factors were not widely evaluated in patients treated conservatively. Pointillart
et al. have reported subjective pain score from 0-10 (<6 vs. >6) as a significant factor
predicting survival in a pre-surgical assessment of patients with spinal metastases (Pointillart
et al., 2011). In our series, neither self-reported pain intensity nor pain response to RT
influenced survival. The non-responders had shorter survival times than responders but the
difference was not statistically significant. Our study identified use of non-opioid analgesics
as a positive predictive factor both in the univariate and multivariate analyses. This finding is
in agreement with previous study (van der Linden et al., 2006). Short survival times in
patients using strong opioids may be explained by general advancement of metastatic
disease in these patients. Additionally, physicians and patients may also be reluctant to

administer opioids in non-terminal situations (van der Linden et al., 2006).

As reported in Paper lll, the MRI findings had no impact on survival after RT. Patients with
widespread metastatic disease in bone had shorter survival times than patients with more
limited disease observed on MRI, but not statistically significant. This result may be
influenced by a great avidity for bone in breast and prostate carcinomas; at the same time
these patients have a relatively long median survival after diagnosis of bone involvement.
Neither the presence of MSCC nor epidural tumor growth was associated with prolonged

survival.
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The selection of the treatment for each patient must take into account the survival prognosis.
Our study proposed 3 survival groups. The patients allocated to group 1 had a very poor
survival prognosis and could be considered as candidates for short-term treatment such as
single-fraction RT or in some cases best supportive care alone. However, most of these
patients were treated by long-course RT, but the longer-course treatment did not appear to
improve survival in these patients compared to the short course (Mizumoto et al., 2008).
Furthermore, most of these patients will not live long enough to experience local tumor
recurrence. Conversely, patients with a favorable survival prognosis are better treated with
longer-course RT, which usually consists of 10 fractions of 3 Gy given in 2 weeks or even 20
fractions of 2 Gy delivered over 4 weeks in the context of an extraordinarily good prognosis.
The long-course RT leads to better local control rates than single-fraction or short-course RT
(Rades et al., 2013; Rades et al., 2006; Rades et al., 2011).

7.6 Limitations

Since the publication of Papers I-1ll technical evolution and refinement of methods have
continued. New imaging techniques have been introduced. In the context of bone marrow
assessment in metastatic disease, new contrast mechanisms, in particular diffusion, have
emerged in the recent years. The lack of functional sequences in the study protocols can be
considered a limitation. However, this deficiency most likely does not influence the final
results of the study. The major limitation of Paper Il remains the limited number of patients.
Precisely predicting treatment response and identifying statistically significant groups may
not be feasible in small samples. Additional limitations include relatively broad time variations
in the post-treatment MRI studies, which are a consequence of repeated MRIs not being a
part of the prospective study design. In Paper lll, the retrospective nature of the data
included in the survival score must be taken into account when interpreting the results.
Retrospective data may have a hidden selection bias (Rades et al., 2013). Furthermore, our
study was limited by a lack of a direct control group and the score should be validated in

future prospective studies.
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7.7 Future investigations

Further investigations are needed to establish MRI response biomarkers for skeletal
metastases as there are no universally accepted methods for assessing tumor response in
bone. Therapy response criteria that include new contrast techniques (DWI, DCE) need to be

established and further tested in prospective clinical studies.

Further research should investigate factors that can predict MSCC. Predictive risk models
are emerging that may help to define a population of patients at higher risk of developing
spinal cord compression. However, the optimal screening strategy, population, and

intervention have not been identified.

Neither the impact of vertebral fractures upon treatment response nor the risk of fracture in
different RT regimens are assessed properly and need to be examined. There is evidence
that factors related to the tumor extent do not influence the treatment response and all

patients with spinal metastases receive similar benefits from RT. These results need to be

verified in larger studies.
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8 CONCLUSIONS

Both MRI-based scales evaluated in this study demonstrated significant association with
neurological function. These scales may provide a more precise definition of MSCC when
selecting and comparing patients and treatment effects from different studies. Furthermore,
our study identified a considerable number of patients with subclinical MSCC. This finding is
important because identifying MSCC early prevents serious long-term disability and is a key

aspect of current cancer care (Paper ).

RT provided an effective local control of spinal metastases. In the study population, the pain
response following RT was not associated with any recorded MRI findings. Thus, all patients
with painful spinal metastases may receive similar benefits from RT and MRI cannot be used

to select patients at risk of not responding to the treatment (Paper Il).

The primary tumor histology and the performance status were the major prognostic factors
predicting survival in patients with painful spinal metastases and normal neurological
function. Furthermore, the patient’s pretreatment albumin level was identified as an important
predictor for survival. The spinal MRl is a valuable method for the assessment of metastatic
disease and treatment planning. However, the present study showed no prognostic value of

MRI in predicting survival in these patients (Paper Ill).
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