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1. INTRODUCTION

Treatment of metastatic spinal cord compression (MSCC) is bur-
densome and survival is short. A common consequence of un-
treated MSCC is loss of gait function, which has serious implica-
tions for patient quality of life[1]. Therefore, MSCC diagnosis is
considered an indication for urgent treatment even in a palliative
care setting[2]. The randomized trial performed by Patchell et al.

published in 2005 still defines surgery followed by radiotherapy as
the standard of care and the median survival after MSCC has not
changed substantially in recent years[3,4]. However, this ap-
proach is only available for a small selection of patients and the
majority receives radiotherapy only[4,5]. Within this major group,
short course radiotherapy is recommended but raises the risk of
in-field progression of the irradiated tumor. Renewed treatment
with overlapping fields within the spinal cord has the risk of radia-
tion-induced myelopathy (RIM) and subsequent loss of gait. Radi-
ation induced toxicity depends on the radiotherapy dose, dose
per fraction, the irradiated organs and amount of tissue irradiat-
ed. All these factors are considered during the planning of radio-
therapy in MSCC, and it is believed that a less invasive and shorter
treatment of MSCC would be beneficial for patients. However,
radiotherapy of MSCC should provide both efficient tumor control
and acceptable compilations of normal tissue with a low risk of
RIM.

2. OBIJECTIVES AND OUTLINE

The studies in this thesis explore different approaches to treating
metastatic spinal cord compression. The overall reason for em-
barking on these studies was to ameliorate patients from burdens
of not only MSCC but also from potential adverse events and
toxicity from the treatment.

The studies within this thesis is divided into four aims:

1. Design and initiate a randomized trial between SBRT
and surgery plus fractionated radiotherapy in MSCC

2. Determine the feasibility of recruiting patients to be
randomized between SBRT and surgery followed by
fractionated radiotherapy

3. Investigate the feasibility of PET/MRI for target defini-
tion in radiotherapy of spinal metastases

4. Determine the rate of radiation-induced toxicity after
re-irradiation of the spinal cord

3. FROM BONE METASTASES TO SPINAL CORD COMPRESSION
Bone metastasis is a common event across different types of
primary cancers[6]. Morbidity due to skeletal metastasis during
cancer progression has severe implications for the patient. Skele-
tal related events (SRE) as MSCC, pathologic fractures, radiation
to the bone or bone surgery occurs in half of the patients with
breast, lung or prostate cancer having bone metastasis[7]. These
events affect the following disease course of patients with in-
creased hospitalizations and higher mortality[8—13]. Bone metas-
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tasis is frequently distributed to the spinal column leaving pa-
tients with risk of MSCC and vertebral fractures[6,14,15].

FORMATION OF BONE METASTASES

The selection of bone as a preferred site of metastasis has been
known since Stephen Paget launched his “Seed and Soil” hypoth-
esis in 1889[16]. Since the observation of a pattern of metastasis
our understanding of this multistep process has increased[6]. The
acquisition of features towards metastatic potential has been
described and acknowledged as a key ability in cancer biolo-
gy[17]. This has been termed the invasion-metastasis cascade and
begins with local invasion followed by intravasation of cancer
cells into the blood and lymphatic system. Through these vessels,
cancer cells enter distant tissue and extravasate to form mi-
crometastases[17]. These colonies of cancer cells grow to become
metastatic tumors. This process requires specific changes in the
cellular regulatory mechanisms and has been referred to as the
epithelial-mesenchymal transition. As these steps in tumor pro-
gression are required, the bone microenvironment also plays a
significant role in the formation of bone metastasis. Both cellular
and structural features seems to be critical for preparing the
“soil” before bone metastasis occurs. Adult bones are continuous-
ly remodeled by bone remodeling units (BMU)[6]. The formation
of these units is regulated by the endocrine system. The availabil-
ity of growth factors also regulate the number of BMU and there-
by the rate of bone remodeling. The number of bone metastases
is more dependent on bone remodeling than the number of
cancer cells entering the system[18]. Clinical studies have shown
a strong association between bone reabsorption and incidence of
subsequent skeletal events in breast and prostate cancer[6]. The
increased bone turnover also mediates preferential localization of
metastasis[19]. Research have also hypothesized of the existence
of a pre-metastatic niche in which a tumor prepares a distant site
for metastasis[20]. In this concept, bone marrow derived hema-
topoietic cells are directed toward a future metastatic site to
form fibronectin-rich patches prior to arrival of cancer cells. To
enter the bone, cancer cells extravasate into bone marrow endo-
thelium using the same physiological mechanism as used by
hematopoietic stem cells homing to the bone[20].

INHIBITION OF BONE REMODELING

Bisphosphonates inhibit bone reabsorption thereby preventing
and delaying SREs in patients with metastatic breast, prostate and
lung cancer[10] . These drugs have also shown reduction in the
development of new metastatic lesions in breast cancer. The
antibody Denosumab against RANKL inhibit osteoclast modula-
tion of bone and have shown superior effect on the incidence of
SRE in breast cancer and prostate cancer[21]. Other bone target-
ing agents such as the alpha emitter Radium-223 also reduces the
incidence of SRE in prostate cancer[22]. The use of these pharma-
ceuticals reduces the incidence of MSCC in the most heavily af-
fected population of breast, lung and prostate cancer patients. A
study by Coleman et al. showed no benefit in disease free survival
when adding the bisphosphonate zoledronic acid as adjuvant
treatment in early breast cancer. However a prespecified analysis
of patients whom had undergone menopause for more than five
years revealed a significant advantage of treatment with
zoledronic acid[23]. The interplay between levels of estrogen and
zoledronic acid is possibly affecting the microenvironment in
bones creating a less hospitable sanctuary for cancers cells[24]. A
meta- analysis showed significant reduction of local recurrence,

distant recurrence, bone recurrence and death among patients
with early breast cancer treated with adjuvant
bisphosphonates[25]. A matched pair analysis also showed supe-
rior local control after radiotherapy of MSCC in patients treated
with zoledronic acid[26]. Despite the amount of knowledge about
the formation for spinal metastases, there exist no evidence of
which metastases that will cause MSCC or any prognostic algo-
rithms for the risk of developing MSCC[27].

4. METASTATIC SPINAL CORD COMPRESSION

CLINICAL PRESENTATION

Metastatic spread to the skeleton cause severe morbidity in
cancer patients and results in a high frequency of SREs[7]. Spinal
metastases can progress from a solitary uncomplicated lesion
within the vertebral body to vertebral collapse or soft tissue
expansion with compression of the spinal cord or the cauda equi-
na[28]. The continuous compression and dislocation of the spinal
cord will result in irreversible neurological injury. The progression
to MSCC will lead to severe pain and loss of neurological function
ending with paraplegia[27]. The natural history of development
from spinal metastasis to MSCC is not fully studied. Numerous
studies have revealed that early detection and treatment improve
outcome in patients with MSCC[29-31].

Early diagnosis of MSCC before neurological deterioration is im-
portant for future preservation of motor function, as the loss of
neurological function is often irreversible. Signs of epidural
growth and symptoms therefore have to be acknowledged for
diagnostic measures to be initiated. In a prospective study, the
most common symptoms associated with MSCC were radicular
pain followed by motor symptoms, sensory symptoms and blad-
der/bowel dysfunction. The distribution of symptoms was also
associated to anatomical site of lesions. This is probably explained
by the difference in the diameter of the spinal canal and differ-
ence in the length of nerve roots within the spinal canal that
differs from the thoracic to lumbar spine [32]. Another study
confirmed these symptoms with the finding of abnormal neuro-
logic examination, stage IV cancer, known vertebral metastases
and upper/middle back pain as independent predictors of MSCC
diagnosis[33]. Pain is a non-specific symptom and very common
in metastatic cancer patients and can therefore obscure the early
acknowledgment of MSCC. Earlier papers divide the clinical pic-
ture of MSCC into a prodromal phase with local pain followed by
a compression phase with development of more severe symp-
toms with radicular pain and subsequent neurological deficit
progressing into paraplegia[34]. Uneven distribution of patient
referral for radiotherapy in MSCC has been described and sug-
gests a delay in diagnostic and referral procedures[35]. Delay in
diagnosis and subsequent treatment will affect possible outcome
and recovery of neurological deficits in MSCC. Therefore a low
threshold for diagnostic MRI should be considered since pain
often preludes neurological symptomes. In a Scottish study of
delays in MSCC diagnosis, only 18% of patient were able to walk
at the time of diagnosis but 94% of patients had progressive pain
before neurological symptoms[28]. A similar pattern of MSCC
diagnosis finds a preventable deterioration in neurological func-
tion during delays and better outcome in patients referred early
to a designated center[36]. These delays remained a major prob-
lem in a study by Graham et al were patients had received insuffi-
cient doses of corticosteroids before referral to a tertiary center
for treatment[37]. To reduce delays in MSCC several steps have to
be considered from referral of patients under suspicion, initiation
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of steroids, adequate capacity for urgent MRI, consultation with
both surgeon and oncologist, so definitive treatment can start
within short notice[38]. Despite majority of patients receiving
radiotherapy only, a dedicated service for urgent surgical consul-
tation should be provided for good prognosis patients. Lack of
evaluation for surgery has been described within radiotherapy
centers in the United Kingdom with only 41% of good prognosis
patients being evaluated[5].

DIAGNOSIS

Appropriate imaging should follow the suspicion of MSCC. Today,
the diagnostic features and availability of magnetic resonance
imaging (MRI) has replaced the use of myelography. MRI has a
higher sensitivity and specificity with the ability to differentiate
between metastatic compression and vertebral fractures[39]. The
use of MRI as a diagnostic imaging technique is recommended
with both sagittal T1 and T2 weighted sequences with axial imag-
ing of abnormal areas[40]. A disadvantage of MRI is the long scan
time, which should be considered in patients with pain and neu-
rological symptoms. Computer tomography is quick but less sensi-
tive than MRI for detecting spinal metastases. In patients where
MRI is contraindicated CT myelography remains the investigation
of choice. Radiological MSCC is defined as “the compressive in-
dentation, displacement, or encasement of the thecal sac that
surrounds the spinal cord or cauda equina by spinal epidural
metastases or by locally advanced cancer[2]”.There exists no
recommendation of routine MRI for the early detection of MSCC.
One study found that 27% of patients with metastatic prostate
cancer had non-symptomatic MSCC on MRI[41]. The use of
screening MRI and pre-emptive treatment in castration resistant
prostate cancer is currently studied in a randomized phase Il trial
(ISRCTN74112318). Patients with suspicion of MSCC should start
corticosteroids to reduce edema and inhibit inflammatory re-
sponse resulting in a delay of an irreversible injury to the spinal
cord[2]. A randomized trial of high dose dexamethasone com-
pared to none showed better neurological outcome[42]. The
optimal dose has not been established as other studies failed to
show a difference between high dose and low dose of cortico-
steroids[43]. Delays in patient referral and prior steroid use halt-
ed a full randomized comparison between 96 mg and 16 mg
dexamethasone in an Australian setting[37]. In patients diag-
nosed with MSCC and no neurological deficits it may be safe to
omit corticosteroids[44]. In patients undergoing palliative radio-
therapy of bone metastases, dexamethasone reduces the inci-
dence of pain flare[45]. The severity of MSCC is not uniformly
described. Diagnostic imaging does not always correspond well to
the neurological condition of the patient. As described above the
existence of an occult compression without symptoms is detected
in a MRl screened population[46]. The severity of compression
may also differ from older studies using blockage of cerebrospinal
fluid at a myelogram. In studies using MRI, the degree of spinal
compression may also reflect differences in severity and outcome
e.g. the randomized trial of surgical decompression required cord
displacement instead of compression for trial inclusion[3]. A high
discordance between level of pain, level of sensory disturbance
and level of structural compression by MRI has been report-
ed[28]. Since no definite consensus of MSCC severity exist the
Epidural Spinal Cord Compression score (ESCC) has been devel-
oped and validated[47]. The inter- and intra-observer variation
has been studied with substantial agreement of level of compres-
sion and grading on the ESCC score[48]. For clinical decision mak-

ing Ryu et al. has criticized the lack of neurological status and
suggested an dual grading consisting of radiographic and neuro-
logical grade[49].

These different grading systems have not been consistently used
in existing trials and are not used in the presented studies within
this thesis. However these differences in MSCC severity should be
considered when interpreting literature. Diagnosis of subclinical
MSCC defined as American Spinal Injury scale (ASIA) E with nor-
mal sensory and motor function has a favorable prognosis com-
pared to ASIA A-D[50].

A more systemically use of grading is needed to describe patient
characteristics within different trials. In a retrospective study of
uncomplicated spinal metastases there was epidural involvement
in more than 60% of patients[51].

5. DEFINITIVE TREATMENT OF METASTATIC SPINAL CORD COM-
PRESSION

The treatment strategy of MSCC is related on a number of patient
related factors. The outcome after treatment relies heavily on
functional status at the time of treatment. Long-term survival
depends on primary tumor, anti-neoplastic treatment and func-
tional outcome after treatment. There is consensus upon the
immediate treatment of patients diagnosed with MSCC to pre-
serve neurological function. Prolonged loss of motor function
cannot be restored by either surgery or radiotherapy. The timeli-
ness of treatment initiation influence the resulting outcomes in
both radiotherapy and surgery with superior results if treatment
starts within 48 hours of diagnosis[52—-54]. The National Institute
of Health and Clinical Excellence (NICE) in United Kingdom rec-
ommends MRI within 24 hours and definitive treatment within 24
hours in case of a MSCC diagnosis[55].

=

Figur 1 Example of a patient treated with laminectomy and stabilization at a
lumbar lever of the spine. Renewed compression at a thoracic level and treated
with RT only.

SURGERY FOLLOWED BY RADIOTHERAPY

A small study from 1980 randomized patients between surgery
followed by radiotherapy or radiotherapy alone[56]. This showed
no difference among 29 recruited patients. No proper powered
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study of the role of surgical decompression in MSCC was there-
fore undertaken until 1992. To date only one properly conducted
randomized clinical trial exists[3]. This trial compared surgical
decompression plus radiotherapy with radiotherapy alone in
surgical fit patients with a solitary lesion causing MSCC. Decom-
pression and radiotherapy was superior to radiotherapy alone.
Surgical approach was depended on localization and stabilization
was done if spine instability was present. Radiotherapy was done
with 30 Gy in 10 fractions. A higher post treatment ambulatory
rate was achieved with surgery (84% vs. 57%) and patient re-
tained ambulatory rate longer (median 122 days vs. 13 days). This
study was closed early due to a predefined stopping rule. At the
time of trial termination 101 patients were randomized from
September 15t 1992 until December 315t 2002. The study has been
criticized for having included the majority of patients from one
center only with 70 of 101 patients enrolled at University of Ken-
tucky. In the group randomized to radiotherapy only, 18 out of 51
patients had spine instability but as a result of the randomization
they were excluded from surgical stabilization[57]. Radiotherapy
may not relieve symptoms due to compression from bone frag-
ments. The recruitment time of more than ten years and the
criteria for eligibility have also been criticized for inducing selec-
tion bias[57,58]. Even though, this trial still defines the treatment
for MSCC. Laminectomy may compromise spinal stability and
therefore instrumentation and stabilization is usually performed
in the same procedure[59].The role of postoperative radiation to
preserve neurological function has been confirmed in a retrospec-
tive study[60].

FRACTIONATED RADIOTHERAPY

Fractionated radiotherapy is one of the most frequent used mo-
dalities for MSCC. Treatment with either single fraction or multi-
ple fractionated RT has shown equivalent efficacy in both bone
metastases and MSCC[61,62]. Single fraction RT is therefore
preferred in majority of patients with limited expected lifespan
and poor performance[63]. Local recurrences are more frequent
after single fraction therapy so fractioned RT is often used in
patients with favorable histology and in good performance[64].
Two ltalian trials have reported the use of short course versus
split course RT in MSCC. The first trial investigated the use of
16Gy in 2 fractions, split course with a six days break or short
course of 30Gy in 6 fractions delivered in a split course of 15Gy/3
fractions with a four days break[61]. Patients had compression of
the spinal cord, no indication for surgery and expected survival
less than six months. 56% of patients experienced pain relief and
69.5% maintaining ambulatory function. None of seventeen para-
plegics regained function. There was no difference between
groups. One-year survival was 10.1% and 18.1% for short-course
and split course regimens respectively (P=0.136). A following trial
randomized patients with similar eligibility criteria to 16Gy/2
fractions, split course with a break or 8Gy/1 fraction[65]. Re-
sponse with maintaining or improving motor function was
achieved in 199 patients (66%; 95% Cl, 60-71), 16GY/2F: 69%
(95% Cl, 61-76) and 8Gy/1F 62% (95% Cl, 54—70). One of 26 para-
plegics regained function.

A prospective non-randomized trial compared short course versus
long course of RT[66]. Again there was no difference between
short or long course treatment and neurological outcome.
111/131 patients (84%) treated with short course and 113/134
patients treated with long course maintained or improved neuro-
logical function. Local control rates were for the following regi-

mens - 8Gy/1F: 59%; 20Gy/5F: 62%; 30Gy/10F: 83%; >30Gy: 76%.
Short course RT was significantly associated with higher risk of
local failure: risk ratio [RR] 2.27; 95% confidence interval [Cl],
1.15-4.76; p = 0.018. A new randomized trial was undertaken by
the same authors to randomize patients between 30Gy in 10
fractions and 20Gy in 5 fractions[62]. Patients recruited had poor
or intermediate survival by a validated prognostic score[67]. All
patients had motor deficits of the lower extremities and patients
were not eligible for surgery. 203 patients were recruited and
randomized to either short or long course RT. Primary endpoint
was motor function defined as improvement or no further pro-
gression of deficits. At one month 88.4% of patients had im-
provement or maintained neurological function. By treatment this
was 87.2%(68 of 78 patients) in short course RT and 89.6%(69 of
77 patients) after long course RT. (P =.73; X2-test). Local progres-
sion free survival at six months was 81.8% after 30Gy/10F and
78.4 after 20Gy/5F(P=0.051; log-rank test). Median overall surviv-
al was 3.2 months. Two more randomized studies are awaiting
publication. The ICORG 05-03 study comparing 10Gy/1F versus
20Gy/5F was presented at the American Society of Radiation
Oncology Conference 2014 as a late breaking abstract but await
full publication. The trial showed no difference in preserved mo-
bility between 10Gy/1F versus 30Gy/5F[68]. The SCORAD trial has
finished accrual and has randomized patients with MSCC between
8Gy/1F and 20Gy/5F (ISRCTN97108008).

STEREOTACTIC BODY RADIOTHERAPY

Stereotactic body radiotherapy (SBRT) is a recognized technique
for delivery of radiation using spatial coordinates to irradiate the
target[69]. Lars Leksell pioneered the technique of cranial SBRT
with the development of the Gammaknife system in 1968 using of
a stereotactic head frame and radioactive Cobolt-60 sources. The
technique was then transferred to ekstracranial sites with the use
of a stereotactic body frame[70]. This technique is now widely
developed and used in a range of extra cranial sites. With this
development of SBRT as modality, the use of spatial coordinates
is not necessarily required and commonly referred as frame-less
treatment. In current medical context, the term SBRT is therefore
often used as a description of treatment with high radiotherapy
doses with a highly accurate focus in one or few session. The
purpose of delivering a high radiation dose is to increase efficacy
in tumor response with a sparring of the normal tissue of a high
dose of radiation due to accuracy of treatment but achieving a
threshold to provide cure in early disease[71,72]. Stereotactic
radiosurgery is used as the name for intracranial treatment and
has also been applied to one session extracranial SBRT. As a pre-
cise definition is not agreed upon, the use of stereotactic ablative
body radiotherapy (SABR) has also immersed as a name for
SBRT/SRS modalities of radiation doses with curable intent[72].
SBRT has also been suggested as a method of overcoming intrin-
sic radioresistance as observed in different human cell lines[73].
The effect of radiotherapy has been described by the 5R’s of
radiobiology with the first four suggested by Withers and ex-
panded with a fifth by Steel et al[73] .

Repair

Repopulation

Redistribution

Reoxygenation

Radiosensivity (Radioresistance)

vk wnNRE
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SBRT is suggested an effective treatment modality in tumors
believed to be less radiosensitive as renal cell carcinoma, sar-
coma(74-76]. An additional effect of SBRT on tumor response to
overcome intrinsic radioresistance due to vascular damage has
been explored[77]. However current results suggest that the
currently use of the linear quadratic model can explain clinically
observed results in SBRT[71,78].

Since the first use of Spine SBRT in 1995 a number of reports have
been published[69]. All these reports unfortunately lack a control
group for direct comparison with fractionated RT to the spine.
Numerous phase I/l trials, retrospective trials and consecutive
single institutions series report different setups for treatment
with different indications and different endpoint making compari-
sons very difficult[79-82,75,83,84]. Despite the lacking compari-
son with conventional techniques, spine SBRT has been widely
adopted across the US and several European institutions[85,86].
Results from the RTOG0631 have been reported and show that
spine SBRT is a feasible modality and treatment can be done with
acceptable dose delivery, accuracy and target coverage[87]. A
Phase Il part of the RTOG0631 is currently recruiting. These
studies are conducted with the aim of local tumor control and
palliation but not for decompression of a threatened spinal cord
compromise.

As spinal metastases progress and extent into the epidural space,
the expansion will begin to compress the spinal cord. The devel-
opment from localized spinal metastases to complete spinal cord
compression must be considered a continuum. Trials of spinal
metastases recruit patients allowing different degrees of epidural
growth and compression. A framework for handling these dis-
crepancies has been described in the NOMS framework from
Memorial Sloan Kettering Cancer center[88].

There is strong agreement that metastatic spinal cord compres-
sion should be treated early to preserve neurological function.
But retrospective analyses show that a large proportion of pa-
tients with spinal metastases from prostate cancer has radiologi-
cal compression in the absence of clinical symptoms[46]. There is
no consensus on the optimal timing of intervention of early
treatment in asymptomatic patients since a very early treatment
must be viewed as a preventive strategy[27]. To discriminate
between vertebral metastases with epidural expansion and
MSCC, trials of spine SBRT described above have in a number
cases required a gap between target and spinal cord of two to
five mm[89].

A single arm trial of SBRT treatment of MSCC has been
published[90]. In the trial of 62 consecutive patients with 85
lesions were treated with SBRT. Patient had malignant disease
with MRI consisted with canal compromise, thecal indentation or
cord displacement. Patients had minor neurological deficits with
muscle weakening. If patients had paralysis they were referred
for surgery. Treatment was done within 48 hours with SBRT of
multiple beams in a single fraction to a dose of 14Gy-20Gy pre-
scribed to the 90% isodose line. This trial showed effect on MSCC
with preserved neurological status in 85% (53/62 patients) with
acceptable toxicity. A retrospective study of patients with MSCC
due to myeloma has also been published[91]. Here 24 patients
with 31 lesions were treated with SBRT to a dose of 10-18Gy. MRI
confirmed MSCC diagnosis. Of the 24 patients, 3 patients were
lost to follow up, one patient was referred to surgical decompres-
sion and remaining patients had preserved neurological status.
The STEREOCORD trial described in this thesis was an effort to

investigate this population in randomized trial comparing SBRT to
current standard of treatment as described by Patchell et al[3].

POSTOPERATIVE STEREOTACTIC BODY RADIOTHERAPY

The rationale for the administration of SBRT postoperatively is to
deliver a higher radiotherapy dose to the defined target. In se-
lected patient with long time survival the incidence of in-field
recurrence is high with conventional fractionated radiotherapy.
Treatment dose escalation has been suggested to minimize the
risk of relapse within the radiotherapy field and reduce the need
for re-irradiation[92]. Postoperative SBRT gives the time for radio-
therapy planning while the patient recovers from surgery. Special
consideration has to be taken in postoperative SBRT due to in-
strumentation[92]. There are several reports of the application of
postoperative SBRT after different surgical procedures of spinal
metastases. One report of SBRT after kyphoplasty of malignant
vertebral fractures shows local control in 24/26 patients
(92%)[93]. In a report of different surgical approaches followed by
SBRT, in patients with either neurological decline or epidural
disease, 17/18 patients (94%) achieved local control [94]. For
patients treated with SBRT after surgical decompression in radio-
resistant tumors, local control was reported in 18/21 patients. A
larger series of patients receiving either stabilization and/or de-
compression with SBRT, local control was achieved in 59/80 pa-
tients (73%)[95]. To further dose escalate and spare the cord the
term “separation” surgery as been deemed a way to allow this. In
186 patients who received decompressive surgery followed by
high-dose radiotherapy, local control was achieved in 152/186
patients (82%)[96]. Another study reported local control of 74%
of 69 treated tumors in 66 patients[97]. All of the mentioned
studies are departmental series without comparative controls.
Different eligibility criteria for treatment with SBRT exist with high
number of tumors considered to be radio-resistant or previously
treated with conventional radiotherapy. The reported rates of
local control can therefore be a result of selection bias of patients
with a different disease course. The degree of epidural disease is
a risk factor for local failure after spine SBRT probably due epi-
dural underdosing and spinal cord constraints[95]. Analyses of
patterns of failures after postoperative spine SBRT highlight the
need for throughout evaluation of preoperative imaging for epi-
dural disease[98]. These findings have to be continuously incor-
porated into contouring guidelines and validated. Consensus on
target definition in radiotherapy planning has been published to
harmonize contouring guidelines for comparison between stud-
ies[99]. A decision tool to support the use of surgery in conjunc-
tion with SBRT exists with the NOMS decision framework[88].
Here surgery is indicated by either spinal instability or high-grade
compression by ESCC scale. This decision tool also takes radio-
resistance of the tumor into consideration for the use of SBRT
instead of conventional fractionated radiotherapy. A method to
access spinal stability is the Spinal Instability Neoplastic Score
(SINS)[100]. A high SINS score has been correlated with vertebral
fractures after both fractionated radiotherapy and SBRT of spinal
metastases[51,101].

6. IMAGING IN SPINAL METASTASES

RT of spinal metastases is planned from CT scanning images used
to simulate patient setup and calculate radiation dose. Definition
of the RT target is based on patients history, clinical examination

and imaging. Historically the target included two vertebrae above
and below the intended target[102]. In patients with metastatic
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cancer and several metastatic lesions, there can be inconsisten-
cies between patient history, clinical examination and imag-
ing[28]. Furthermore, delivery of large fields of radiation can
results in increased side effect from radiotherapy. Multiple lines
of therapy using different modalities may also interfere with the
concordance of findings during workup of patients referred for
MSCC diagnostics. MRl is the preferred imaging modality in pa-
tients under evaluation for MSCC[40]. This modality provides the
best soft tissue resolution to evaluate the compression of the
spinal cord. This also provides the best sensibility of MSCC detec-
tion and can differentiate between malignancy and fractures[39].
The use of functional and molecular imaging modalities mimics
intrinsic capabilities of tumors such as metabolism, hypoxia,
proliferation and perfusion using techniques as positron emission
tomography (PET), MRI and single-photon emission computed
tomography (SPECT)[103]. PET allows visualizing the metabolism
of specific injected radiotracers. The most common used tracer in
cancer imaging is 18F-flouro-2-deoxy-D-glucose (FDG) that ex-
ploits the upregulation of glycolysis in cancer cells, known as the
Warburg effect. FDG-PET/CT is a widely used imaging modality
within cancer diagnostics and therapy. FDG-PET/CT is also com-
mon used for radiotherapy planning in target delineation e.g.
Head and Neck, Gynecology malignancies etc. [104]. PET imaging
can be used to detect bone metastases and evaluate treatment
response[105]. PET imaging has better sensitivity and specificity
than bone scintigraphy (99Tc-MDP). Specific tracers exist than can
be used for bone metastases with better specificities than FDG.
More bone specific tracer as 18F-NaF or 11C-choline is often used
for diagnosis of bone metastases in breast- and prostate cancer.
In more advanced disease stages, as when prostate cancer be-
comes castration resistant, FDG uptake is increased[106].The
functional processes visualized can be used to guide radiotherapy
by incorporating this into target definition and delineation. The
guantitative metrics provides by PET has been considered espe-
cially valuable with the used of dose escalation and dose
painting[107]. The purpose is to use this information to overcome
intrinsic resistance to radiotherapy by escalating dose to hypox-
ic/hyperactive regions of the tumor[103]. The use of molecular
imaging for the prescription of different dose levels within the
radiotherapy target is called dose painting and not adopted for
daily clinical practice. Another purpose of functional imaging
could be to spare essential functioning organs from radiotherapy
dose[108]. Functional imaging may also provide useful infor-
mation for the planning and evaluation of palliative radiotherapy.
A change in the maximum standardized uptake value (SUVmax) in
18F-FDG-PET is correlated with pain response in palliative radio-
therapy of bone metastases[109]. The use of metabolic infor-
mation in palliative RT of bone metastases has been evaluated in
a phase Il trial. Patients were randomized between three options
of radiotherapy: 8Gy/1F, 8Gy dose painting by numbers/1F or
SBRT 16Gy/1F. The results showed the best pain response after
8Gy dose painting by number. This approach is undergoing fur-
ther evaluation in a randomized clinical phase Ill trial[110]. In
spine SBRT the use of all available images is recommended incor-
porated into RT planning including the use of FDG-PET and func-
tional MRI[111]. Particularly in instrumented postoperative pa-
tients, the metal distortion from spinal implants can affect target
delineation and metabolic information may be useful[112]. Radio-
therapy treatment of gliomas may result in pseudoprogression
that accounts for the symptomatic and visually progression due to
treatment effects instead of tumor progression. This has also

been reported after spinal SBRT. Both PET and functional MRI has
been suggested as an imaging modality to differentiate from true
progression[113].

With the use of MRl modalities the superior soft tissue differenti-
ation of the MRI can be applied to guide and monitor treatment
with high-resolution soft tissue contrast. Newer imaging modali-
ties have become available with the possibility of combining the
anatomical images from MRI and functional imaging from PET.
This is integrated in the hybrid PET/MR imaging. A PET/MRI sys-
tem is installed at Rigshospitalet with numerous clinical investiga-
tions of clinical use[114]. This modality is believed to be of use to
guide cancer treatment and monitor response especially were
MRI is considered a preferred modality to CT.

Figure 2 PET/MRI with the flat tabletop positioned on top of the conventional
radiofrequency spine array coil and the systems patients table.

7. RE-IRRADIATION OF THE SPINAL CORD

Radiotherapy studies of different fractionations schedules show
equal effect in neurological outcome. This is similar to the current
recommendation for palliation of bone metastases with 8Gy/1F
as the preferred schedule. In-field relapse is more common after
shorter course of radiotherapy. Relapse will sub sequentially lead
to symptomatic progression and a decision whether to re-
irradiate the spinal cord at the same level. Radiation-induced
myelopathy (RIM) is a risk following both primary irradiation and
re-irradiation of the spinal cord. The consequences can be similar
to that of MSCC with loss of neurological function and loss of gait.
The risk has therefore to be considered before prescribing re-
newed radiotherapy within the spinal cord. However the conse-
quences for a patient with developing MSCC left without treat-
ment also needs to be considered in the risk assessment.
Experimental animal model has shown a recovery from initial
radiation within the first year after treatment[115]. The initial
changes of RIM occurs within 4-6 months in animal models[116].
Due to the risk of myelopathy and paralysis, re-irradiation of the
spinal cord has previously been considered an inacceptable op-
tion[117]. With the knowledge from animals models of partial
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recovery re-irradiation begun to be prescribed. With the ac-
ceptance that the majority of patients are not alive long enough
to experience myelopathy, patients with MSCC can be offered re-
irradiation of the spinal cord[118]. Published cases of re-
irradiation of the spinal cord report a low incidence of
RIM[119,115,120-123]. Even second re-irradiation of the spinal
cord has appeared to be effective and safe though the re-
irradiation doses in second and third course was low (4Gy)[124].
Toxicity after re-irradiation of the spinal cord has been reviewed
and updated with recommendation for risk assessment[125,126].
The risk of myelopathy is presumable low in the following condi-
tions:

1. Cumulative dose is less 135.5 Gy,

2. Interval between treatment is more than 6 months

3.  No course exceeds the dose of 98Gy,

Biological Ef fective Dose (BED) = nd (1 + %)
B

According to Linear Quadratic model with n equals number of

fractions, d equals dose pr. fraction a/B=2 Gy. Similar estimations

have been done with re-irradiation of the spinal cord with SBRT

using a normalized BED (nBED) to Gy/;[127,128]

Data on re-irradiation from the two Italian randomized clinical
trials on fraction schedules have been published[129]. In field
progression occurred in 24 patients with 12 patients receiving re-
irradiation. No patients with RIM were recorded. In a retrospec-
tive analysis of re-irradiation of spinal metastases with intensity
modulated radiotherapy (IMRT) there was no cases of RIM[130].
There were no toxicities in a similar study using IMRT to do rela-
tive sparring of the cord in 31 patients receiving re-irradiation of
spinal metastases[131]. A number of studies have used spine
SBRT techniques to escalate dose to the vertebrae with reduced
spinal cord dose in the re-irradiation setting[132-136]. The dose
escalation with spine SBRT does poses a risk for radiation-induced
myelopathy due high dose to small volumes of spinal cord and
dose-volume effect from radiation to partial/circumferential
cord[137,138].

8. SUMMARY OF FINDINGS

STUDY |

Stereotactic radiosurgery versus decompressive surgery followed
by postoperative radiotherapy for metastatic spinal compression
(STEREOCORD): Study protocol of a randomized non-inferiority
trial

This study presents the design of the randomized trial. The publi-
cation of trial protocols is encouraged to enhance the transparen-
cy of trial procedures and study end points. Registration in a trial
register is also recommended. Since the investigational procedure
in this study was not a standard treatment at the radiotherapy
facility, a proper protocol of all steps of treatment was devel-
oped. During trial enroliment the procedure had to be done in a
timely manner and all steps from the randomization to end of
treatment had to be agreed upon by trial investigators. Some
institutions fuse the images from the diagnostic MRI with the
images from the simulation CT. The patients in this study had
compression of the spinal cord and therefore potential progres-
sive dislocation of the spinal cord with time. The accuracy of the
spinal cord position has tremendous consequences for the dose
planning in order to escalate the dose gradient towards the tar-
get[139,140]. Therefore this protocol demanded a repeated

simulation MRI to be done on the same day of the simulation CT.
The CT and MRI were then fused for delineation and dose plan-
ning.

Delineation was done as presented by the Spine Radiosurgery
consortium but with allowance of epidural inclusion of the clinical
target volume[141]. Target dose and normal tissue constraints
were adapted from the RTOG0631[87]. The use of flattening filter
free (FFF) beams were discussed but the trial refrained from this
to ensure the timeliness of treatment delivery since only one
linear accelerator with the possibility of flattening filter free
beams is installed in our radiotherapy facility. The use of FFF
beams has been suggested for the use in SBRT stadium | lung
cancer and spine SBRT[142]. The advantage of this approach is to
reduce dose to peripheral tissue from electronic scattering and
thereby reducing normal tissue complications[143]. The removal
of the flattening filter from the linear accelerator allows higher
dose rate with dose being delivered faster. This could possibly
reduce beam-on time with a reduction of intrafractional move-
ment if the patient spends less time on the treatment table.
Different modes of dose delivery are used among institutions.
Intensity-modulated radiotherapy (IMRT) with steep and shoot is
used at several institutions with usually several posterior beams
used[80]. Volume-modulated arch therapy (VMAT) is another
approach with the use of one or several arc[86]. IMRT with poste-
rior beams is time consuming but allows multiple imaging during
treatment. VMAT is more time efficient but leaves fewer options
for image-guidance during treatment especially with the use of a
single arc. Dosimetric studies shows better sparring of the spinal
cord with IMRT compared to VMAT but multiple arc VMAT is
comparable in respect to spinal cord dose[144]. There exist no
international consensus on optimal treatment delivery and no
clinically comparisons of techniques. Within the current trial
three full arcs (180°) were used for treatment delivery. Different
immobilization devices have been used for spine SBRT[145]. In
this trial, a regular head mask including shoulder immobilization
was used for upper thoracic and cervical lesions. No immobiliza-
tion device was used for lower thoracic and lumbar lesions. In-
stead the trial relied heavily on online imaging and setup before
and during treatment delivery with the use of cone beam CT and
stereoscopic imaging (ExacTrac, Brainlab)[146].All procedures
were controlled in a dry run before initiation of the trial. The trial
was designed as a non-inferiority trial since the goal was not to
prove superiority compared to surgical decompression and frac-
tionated radiotherapy. In non-inferiority trials the chosen level of
inferiority has an impact on the feasibility of the trial and on the
subsequent interpretation of the trial. In this setting a very small
level of inferiority would make the investigational procedure
more attractive but require a high number of patients that would
render the trial unfeasible. The level of inferiority was chosen to
be a 15 % deterioration, which is comparable to similar trials in
MSCC. The level of inferiority is debatable but the intervention
should also be viewed in the context of the risk associated with
standard procedure. The risk of non-neurological morbidity after
a surgical intervention in published papers is on average 15
%[147] why it is could by acceptable with at rather high inferiority
level of 15% if the investigational procedure is safer and tolerable
for the patients. There is no consensus of the choice of study end
points, which complicates comparison between clinical trials of
neurological outcomes in patients [57]. In this trial a validated
questionnaire was chosen with the reported ability to walk as the
chosen end-point. Patients with MSCC are referred to our institu-
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tion from other centers to receive treatment. Afterwards follow-
up and additional cancer treatment will continue at the referring
center. An end-point that required a minimal number of addition-
al visits was preferred. Therefore the EQ-5D-5L questionnaire was
used with the 5L version used to obtain more study power than if
the 3L version was used. Global Spine Surgery Group recom-
mends the use of this questionnaire due to its simplicity[148].
Other measures of outcome could have been used, such as physi-
cian accessed gait function. Questionnaires lack the ability to
distinguish between causes for the functional decline. Patient-
reported-outcomes have been used as end-point in other trials
and have been used to assess pain, function and degree of symp-
tom frustration after radiotherapy of bone metastasis[149]. In a
previous study the use of EQ-5D-3L was shown to be feasible in a
population with MSCC treated with either surgery or radiothera-
py[150]. The answers in this cohort were used as a reference for
the power calculation used in study I.

Figure 3 Example of stereoscopic imaging for image guidance between RT arcs
(ExacTrac)

STUDY Il

Premature termination of a randomized clinical trial on image-
guided stereotactic body radiotherapy of metastatic spinal cord
compression

Study Il presents the results of the initiated randomized con-
trolled trial to investigate the use of SBRT in patients with MSCC.
Prior trials have been conducted in selected populations without
comparison to conventional techniques. Spine SBRT has been
widely adopted in American institutions but evidence supporting
this adaptation is missing[69,85].

Due to the large number of patients referred for treatment of
MSCC to our institution, we were confident that this trial was
feasible[4]. Our institution has a single entry dedicated care path
of patients with MSCC allowing multidisciplinary evaluation.
However, the concluding review showed that only a limited num-
ber of patients were able to undergo surgery. The majority of
patients operated did not undergo randomization due to the
inclusion and exclusion criteria. The criteria used in this protocol
were based on a priori knowledge of clinical presentation requir-
ing surgical intervention, which precluded patients from entering
the randomization. In the case of spinal instability, instrumenta-
tion is advised before radiotherapy, as vertebral fractures is a
known adverse event after spine SBRT. Urgent treatment is re-
quired in acute onset of paresis to preserve neurologic function.
The procedures in spine SBRT require a full day of planning before
treating the patient and therefore it can take up to 48 hours from
trial consent until treatment. In patients with complete motor
paralysis, treatment is required within 48 hours to enhance
chances of regaining neurological function[53]. Patients with

complete motor paralyses were therefore not eligible for the trial.
The eligibility criteria used in this research protocol are therefore
agreed upon for the individual enrolled patient to fulfill the crite-
ria for clinical equipoise and not being at risk of an inferior treat-
ment[151].

The trial recruited ten patients in 23 months. The results showed
that patients recruited could be planned and treated in a timely
manner. The treatment was effective with preserved neurological
function in three of four treated patients. The efficacy compared
to surgical decompression followed by fractionated radiotherapy
could not be provided due to premature termination of the trial.
There is therefore sufficient scientific uncertainty of the clinical
effect of SBRT to support continuous investigation of this modali-
ty in MSCC[151]. Two patients had a vertebral fracture as an
adverse event. No other unexpected serious adverse events were
registered during the study. Outcomes six weeks after treatment
by the dimensions in the EQD5-5L are provided in supplementary.
For the dimensions of mobility, self-care, usual activities, pain and
depression/anxiety the results show either “No” or “Slight” prob-
lems after SBRT. Therefore in the patients randomly selected for
SBRT, the procedure was safe, tolerable and feasible.

Age Sex Diagnosis Interven- | ¢ ent Spine
tion level
. Radiosur-
68 Male C. vesicae Fracture L4
gery
72 | Female nscle | Radiosur- - L4
gery
66 | Female C. coli Decom- | Pallia- | )
pression | tive care
C. oro- Decom- Th2-
48 Mal . . -
ale pharyngis pression Th3
55 Male C. vesicae Decom- - L4
pression
Decom- Reirra-
77 Female NSLC . . L4
pression diation
hepatocel-
76 Male luleert Decom- - L4
. pression
carcinoma
Neuro-
63 Male Unl_(nown Radiosur- Ioglc_al The
primary gery deterio-
ration
No
postop
80 Male C. vesicae Deco_m- RT_/ L2
pression Pallia-
tive
Care
59 Male C. renis Radiosur- Fracture Th4
gery

Table 1: Characteristics of enrolled patients. Level of compression by vertebrae
with thoracic (Th) and lumbar (L).

The randomized controlled trial (RCT) is considered the optimal
way to collect data for evaluation of treatments. A well-
performed RCT will provide the confidence in the effect of the
treatment and the potential side effects associated with both the
investigated treatment and comparator. A RCT is also the most
effective way to avoid bias seen in uncontrolled trials where the
believed benefit is not necessarily related to the treatment[152—
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154]. Unfortunately, a RCT can be hard to complete. Numerous
trial comparing radiotherapy and surgery has been terminated
early due to accrual problems[154]. Even though trials have not
recruited the intended number participants the data acquired
should be provided by the investigators to secure maximum
benefit of the invested time and discomfort for patients as well as
provide essential information for future studies[155]. The results
show that it can be very challenging to conduct a RCT in this
setting with an acute event, rare eligible cases and a time con-
suming and laborious procedure. Even at our institution with a
high number of patients and an acceptable number of cases
offered decompression, a feasible recruitment rate was impossi-
ble. A number of precautions are necessary to offer patients the
best treatment. Among the patients randomized, it was feasible
to deliver SBRT in a timely manner with a positive effect on out-
come. But unfortunately the current setup and limited amount of
patients included was unable to establish non-inferiority of SBRT
to surgical decompression with fractionated radiotherapy.
Vertebral compression remains a concern for the use of SBRT in
MSCC. Due to the greater expansion of the tumor with involve-
ment of the epidural space the concurrent risk of vertebral com-
pression could be higher than in uncomplicated vertebral metas-
tases. Treatment of solitary uncomplicated vertebral metastases
without epidural involvement does not necessarily require surgi-
cal intervention and a randomized trial comparing surgical stabili-
zation with SBRT in uncomplicated vertebral metastases would
therefore not contain clinical equipoise[151].

The current study wanted to challenge the standard of care as
defined by Patchell et al. Another option would be to conduct a
trial that randomize patients between fractionated radiotherapy
and SBRT in surgical unfit patients. This might be a more feasible
trial but would not bring clarity of the considerable morbidity
associated with surgery in this fragile patient population. The true
benefit for the patient could therefore be minimal. Unfortunately
termination of clinical trials is a major problem in medical re-
search[156]. Poor accrual is the most significant obstacle to com-
pleting trials[156]. Factors associated with poor accrual have
been identified as number of eligibility criteria, non-industry
sponsorship, earlier trial phase, and fewer study centers[157].
Even though accrual is a practical problem it should also been
seen an ethical problem. Patients included in clinical trials cannot
be certain of a clinical benefit and are at risk for receiving a sub-
standard treatment. If trial accrual is seriously haltered an early
termination is recommended in order to maintain risk-benefit
balance as perceived in the protocol. Continuing studies for a
prolonged period of time with very low inclusion will change the
risk-benefit standard to a lower proportion of benefit and a high-
er proportion of risk for a treatment without proven benefit[157].
Even though the included number of patients in the current trial
was minimal the accumulated knowledge is valuable for future
research and should therefore be published[157,158]. Evaluation
of technical improvements has been challenging in medical re-
search. In the case of robot-assisted surgery very little research
has been conducted even though the technology has been widely
adopted. A newly released randomized trial found no difference
in clinical outcome between surgical modalities[159]. The adop-
tion of SBRT has followed the same pattern with a widespread
adoption without randomized evidence supporting the use[85].
The ROSEL and STARS trials are examples of randomization be-
tween surgery and SBRT in lung cancer. Both trials were closed
early due to poor accrual[160]. A problem with introducing new

technology within clinical trials is to make physicians believe in
clinical equipoise between the modalities. Otherwise physicians
may favor one treatment over another and be reluctant to enroll
patients in the trial[151]. This was believed to be the problem
with the MRC PRO6 trial that randomized patients to radiotherapy
and surgery in prostate cancer[154]. In the large PROTECT trial,
specialist nurses were used to inform patients of trial complexi-
ties and successfully recruit patients thereby overcoming this
physician inclusion bias[161,162]. The PROTECT trial also included
a feasibility phase where the accrual rate (number of patients
included in a specified length of time) was assessed — an approach
to be used in the SABRTOOTH trial in lung cancer[163]. There are
several explanations for the complexity of comparing inherently
different modalities in a RCT such as the requirement of numer-
ous patients to be enrolled, prolonged treatment time, different
risk profiles of treatments etc. [154]. Randomization to either
surgery or radiotherapy is shown to be associated with poor trial
accrual in the American National Clinical Trials Network (NCTN).
Suggestions to increasing the trial completion rate have been
made to simplify trial design by reducing eligibility criteria, inte-
grate trials into clinical practice, using cluster randomization and
early consent provided by patients to enroll in experimental
trials[164,165].

Figure 4 Imaging of a patient randomized to SBRT. Left: MRI pretreatment, Middle:
Treatment dose plan on CT, Right: MRI evaluation 6 weeks after treatment

STUDY Il

The potential use of PET/MRI in radiotherapy target definition of
spinal metastases

We performed a study of PET/MRI for target definition in patients
with MSCC. The PET/MRI was provided as an additional scan
between simulation CT and radiotherapy. The investigation could
only be performed when time slots at the PET/MRI scanner were
available. Patients needed to be fasting before the administration
of FDG due to proper interpretation of imaging. This left a very
short time frame for the investigation to be performed. Initially
the planned and performed imaging sequences made the investi-
gational time too long to make the study feasible. Therefore the
number of sequences was reduced. With this moderated imaging
protocol the procedure was feasible. Comparison of target defini-
tion between MRI only and PET/MRI did not change the suggest-
ed target of radiotherapy. To perform the imaging procedure with
the patients in the treatment position, a flat tabletop designated
for radiotherapy was used in the enrolled patients. There are
several limitations to this study. Due to the extra time used with
four hours of fasting and an extra investigational procedure, only
ten patients with MSCC were enrolled. The included patients
were not representative of the population with a male predomi-
nance and a high number of esophageal cancers. Since the imag-
ing was reviewed in a retrospective manner the findings had no
influence on the subsequent treatment. Without any follow up
included in the study, the clinical decision on target volume from
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MRI only could not be validated. This could either have been done
with follow up imaging or patient reported outcomes as in Study |
and Study II.

. Scan
o] Ag Sex Malig- time Symptom Target
e nancy .
(min)
Declining
1|75 | Mal|Pros | g gaitfunc- | C7toTh2
e tate .
tion
Mal . Th2-4 &
2|61 o Lung 25 Pain Thi2
Fe
3|75 | mal | Breast | 44 Asympto- g
matic
e
4 |53 | Mal | Esoph- 5 Pain L2
e agus
5 | 69 2"3' Lung | 30 Pain Th2
6 | 67 | Mal | Esoph- | 5 Pain Tha
e agus
Mal | Pros- . Th9 to
7 | 83 o tate 34 Pain Thii
s | aa Mal | Esoph- 27 Pain Sacral
e agus bone
Un-
g |76 | Mal | known g Pain L2
e prima-
ry
1 72 Mal | Esoph- 33 Sensory Sacral
0 e agus loss bone

Table 2: Characteristics of enrolled patients for PET/MRI. Level of compression by
vertebrae cervical(C),thoracic (Th) and lumbar (L).

The inclusion of a flat table setup during the study distorted the
original study focus from diagnostic decision on target volume to
the possible fusion and alignment of MRI and CT. Since dose
escalation and dose painting to spinal metastases was not the
purpose this setup was unnecessary for study completion.
The study shows that PET/MRI imaging is possible in the group of
patients with MSCC but investigational time has to be kept to a
minimum. Therefore future studies has to focus on defining the
purpose of the study to either:
1. Dose escalation and dose painting with increased tumor
control probability (TCP)
2. Sparring of normal tissue with lower normal tissue
complications probability (NTCP)

The use of multiple imaging platforms to identify tumor stage is
extensively studied in current research. There is a renewed focus
on oligometastases — a term first introduced in 1995[166]. The
initial proposal was, that during the progression from a solitary
lesion to widespread metastatic disease where a state with few
(oligo) metastatic lesions. The current development in imaging
techniques allows new modalities to visualize smaller metastatic
lesions at an earlier time point. Technical innovations makes
interventional procedures possible to be undertaken in order
demolish these metastatic lesions. With the development of
SBRT, a sufficient ablative dose of radiation can now safely be
delivered to almost any organ[167]. Imaging of spinal metastases
is therefore of special interest in cancers most commonly spread-

ing to the bone such as prostate cancer. As the first key to success
is to identify a truly oligometastatic stage, numerous combina-
tions of imaging modalities of spinal metastases has been used to

increase specificity and sensitivity of the investigational proce-
dure with whole-body MRI, CT, scintigraphy and in combination
with several different imaging isotopes/tracers[105]. In prostate
cancer the tracer prostate specific membrane antigen (PSMA) PET
in combination with either CT or MRl is promising as a modality to
identify a oligometastatic state[168]. The hunt for metastatic
lesions has resulted in an ironic commentary in European Urology
“Pokemets — gotta catch them all” with a reference to the popular
game “Pokemon Go” on the purpose of this chase[169]. Do physi-
cians really need to catch them all (the metastases) and will me-
tastasis directed therapy lead to a meaningful outcome for the
treated patient? Despite the hype, there is still controversy of
whether to treat with metastatic directed therapies[170]. Since
most data is generated from observational studies other explana-
tion exists for long term survival of selected patients as selection
of biological phenotypes and immortal time bias[171]. New data
from RCTs is emerging with promise of effect for carefully select-
ed patients. In a phase |l trial of metastatic lung cancer patients
with three or fewer metastatic lesions, patients treated with local
consolidation therapy had prolonged progression free
survival[172].

o

Figure 5 PET/MRI of a patient with esophageal cancer and me-
tastasis to the sacral bone

STUDY IV

Diabetes increases the risk of toxicity after re-irradiation of the
spinal cord

Current evidence supports the use of re-irradiation of the spinal
cord in selected patient for palliative purposes of relieving pain
and restoring neurological deficit in MSCC. A known risk after
irradiation is myelopathy that increases with the accumulated
dose of radiation. Myelopathy has been the major concern in
performing re-irradiation. Therefore both irradiation and re-
irradiation is delivered with focus on dose constraints on the
spinal cord during treatment planning. We therefore sought to
investigate the risk of myelopathy due to the use of re-irradiation
in a retrospective consecutive cohort of cancer patients. We
found that re-irradiation was a regular event with 220 patients of
2387 receiving radiotherapy with overlapping fields from prior
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radiotherapy. The frequency of probable toxicity was found to be
similar to previous reports of re-irradiation of the spinal cord.
Toxicity in palliative patients after re-irradiation is dependent on
patient survival. Our analysis shows an expected larger risk of
toxicity over time. The majority of patients that experience toxici-
ty after re-irradiation have vertebral fractures with neurological
deficits due to compression by bone fragments. The major limita-
tion of this study was the retrospective data collection. The data
obtained can only be what was written in the charts. Therefore
some patients that experience toxicity without being hospitalized
is not registered. Risk factors may also be falsely registered or not
registered at all. The vast majority of patients could be followed
until death with only Greenlandic and Faroese patients being lost
to follow-up. In a retrospective cohort the true incidence of ver-
tebral fractures is unknown. In a cohort of cancer patients with
many competing causes explaining back pain the clinical picture is
blurred. This introduces a selection bias which leads to inclusion
of a higher proportion of patient with vertebral fractures com-
bined with neurological deficits into the study, which can explain
the higher than expected frequency of this patient group in the
study.

In uncomplicated vertebral metastases, only a part of the verte-
brae with the corpus or the posterior elements may be affected.
In a patient cohort with renewed MSCC and the clinical indication
for re-irradiation, disease progression may have spread within the
entire vertebrae and affected all vertebral elements. The cohort
will therefore select patients with progression of a single lesion
undermining the stability of the spine instead of patients dying
from systemic progression. Therefore the risk of toxicity could be
at least partially explained by the selection of certain tumor biol-
ogy more likely present as disseminated disease rather than
confined to a solitary lesion. The observed fracture rate is con-
sistent with the rate of fractures seen resulting from dose escala-
tion and is possibly correlated to a certain dose threshold. Future
research should help define patients with the possibility of long-
term survival and concurrent risk of vertebral fractures. This could
help select patients for stabilization procedures in conjunction to
radiotherapy.

The risk associated with vertebral fractures in cancer patients
with diabetes should be confirmed in another cohort. Interna-
tional research shows that diabetes has a profound effect on
bone metabolism[173]. Whether this is associated with a larger
risk of bone fractures and spinal instability remains unknown. If
the finding is replicated this should lead to consideration of the
concurrent risk of toxicity after spinal irradiation. Given the low
incidence of toxicity, patients with a need of therapy should
receive it regardless of spinal cord overlap with consideration of
prior dose distribution. In the case of re-irradiation of the same
target, the current knowledge on optimal fractionation for re-
irradiation is sparse. In a RCT of re-irradiation of bone metastases
within different sites, patient were randomized to 8Gy in 1 frac-
tion and 20 Gy in 5 fractions[174]. Patients received radiotherapy
due to either insufficient pain response or renewed pain after
initial therapy. Spinal or sacral metastases were treated in 237 of
850 of enrolled patients with a 116 patients of 425 in the group
receiving 8Gy/1F and 121 patients of 425 in the group receiving
20Gy/5F. The pain response overall in the intention to treat group
was low with a response in 28% in the 8Gy group and 32% in 20
Gy group. This result should be considered within the patient
cohort eligible for the trial with either poor pain response or
renewed pain after initially therapy thereby selecting patients

with intractable pain. However these results has fueled the argu-
ment to use SBRT due to a better a pain response after re-
irradiation[134]. Further studies in re-irradiation of spinal metas-
tases and MSCC are required to determine dose, fractionation
and delivery of therapy.

9. CONCLUSION AND PERSPECTIVES

Patients with MSCC have a tremendous risk of losing their gait
function without urgent treatment. Their cancer is often incurable
and patients remain fragile due to widespread disease. The stud-
ies included in this thesis focus on whether we can ameliorate
patient from burdensome treatments or reduce risks of adverse
events.

If spine SBRT could provide a similar clinical outcome compared
to surgical decompression followed by fractionated radiotherapy
this would be an attractive alternative. First of all, spine SBRT
would be a safe alternative providing similar outcomes in regard
to neurological function. Secondly, the treatment would be toler-
able without any unexpected outcomes e.g. higher risk of mye-
lopathy due to radiotherapy. Higher tolerability in patients treat-
ed with spine SBRT could also be due to the lack of morbidity
normally associated with the surgical procedure. Finally, spine
SBRT would be more tolerable due to a shorter treatment time
with the planning and treatment executed in approximately two
days. We designed a randomized clinical trial to investigate spine
SBRT with the aim of providing this evidence. Unfortunately the
trial had to close prematurely due to low accrual; however we
found that the treatment approach was feasible, safe and tolera-
ble.

The current evidence primarily supports the use of spine SBRT in
spine metastases without cord compression. As described in the
introduction we also lack the comparison of this modality with
conventional treatments. But do we need the evidence from
randomized controlled trial? The adaptation of other technical
advances has not always been preceded by controlled trials.
Proton and intensity modulated radiotherapy have been based on
the biologically and physically properties of these techniques.
Technical approaches in surgery with the use of robotic surgery
are not based on knowledge gained by randomized controlled
trials. In SBRT of stadium I lung cancer the evidence is collected in
cohort studies and two failed RCTs. Current guidelines of the
European Society of Medical Oncology now recommends SBRT as
an alternative to surgery in patients unwilling to accept the risks
associated with surgery[175]. The problem with the current ob-
servational studies is a highly selected group of patients and this
precludes any conclusion on whether the outcomes observed is
due to favorable biology or a true effect of the intervention. Both
Study Il and Study IV show a risk of vertebral fractures after dose
escalation in both SBRT and re-irradiation. PET/MRI did not
change target definition in conventional fractionated radiothera-
py. However the imaging modality was feasible and could influ-
ence the target delineation in spinal radiotherapy and subsequent
vertebral fracture. Therefore future studies of radiotherapy in
MSCC have to consider this risk of spinal instability and how to
address it. The studies in this thesis shows that it is feasible to
dose escalate treatment toward the vertebrae in MSCC. The few
patients randomized to SBRT showed a response with managea-
ble toxicity. This is in concordance with published literature on
the use of SBRT in cases with uncomplicated spinal metastases
and in cases with MSCC. A future possibility is to use dose paint-
ing for dose escalation with PET/MRI. Future studies should focus
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on showing true benefit for the patient comparing with a control
group. Dose escalation might prove beneficial for several clinical
indications. These can be divided into three distinctive groups:
Oligometastatic disease: Several studies are recruiting interna-
tionally with the intent to show a delay in disease progression and
hopefully an increased overall survival[176,177].

Pain palliation: The high effect on pain as reported by the pain
response rate among current studies has induced hope that bet-
ter palliation of pain can be achieved with spine SBRT. One con-
cern is an increase in vertebral fractures with induced mechanical
pain. The study RTOG0631 is one example among others[87,178].
Preservation of neurological function: The current study within
this thesis has shown that SBRT can preserve neurological func-
tion. Current studies on this indication are primarily done in surgi-
cal unfit patients[179].

We found that PET/MRI was feasible in the patient cohort with
MSCC. The metabolic scan did not provide information that
changed the radiotherapy target in an unselected population with
MSCC. Future research of PET/MRI in spinal metastases should
focus on a more selected patient group with prospectively evalu-
able end-points. The retrospective study on re-irradiation con-
firmed that with the known constraints on total spinal cord dose,
myelopathy remains a rare event. This may be due to the time
dependence of the event with death as a competing outcome.
The risk of vertebral fractures with neurological deterioration was
higher than expected. Radiotherapy dose, volume and time be-
tween treatments were not significant risk factors of toxicity.
However, diabetes was shown to be an independent risk factor.
Future research should focus on identifying patients with long-
term survival after re-irradiation and therefore subsequent risk of
toxicity. Our current prospective study will validate the risk of
toxicity. The benefit of early stabilization of the spine should be
explored in patients with long-term survival. The risk of toxicity in
cancer patients with diabetes should be validated in another
cohort of patients. MSCC still remains an important clinical risk
for cancer patients. Further research is still needed to identify
which patients who will benefit from escalated treatment intensi-
ty despite their incurable disease but at the same time ameliorate
patients from treatments of which they will not benefit. For the
future evaluation of trials, we have to refrain from calling trials
failed trials or negative trials. Data from underpowered trials
should be shared for future analysis to drive research for the
benefit of the patients.

10. ABBREVIATIONS

MSCC — Metastatic spinal cord compression

RIM — Radiation induced myelopathy

PET — positron emission tomography

MRI — magnetic resonance imaging

SRE — skeletal related events

CT- computer tomography

LINAC - linear accelerator

Gy — Gray

XGy/XF — Total dose (X) in Gray delivered by number of frac-
tions(X)

SBRT — Stereotactic Body Radiotherapy

SRS — Stereotactic Radiosurgery

SPECT - single-photon emission computed tomography
Et al — et alii in the meaning of “and others”

99Tc-MDP - Technetium (°°™Tc) medronic acid

FDG - 18F-flouro-2-deoxy-D-glucose

RCT — Randomized Controlled Trial

IMRT — intensity modulated radiotherapy
VMAT — volumetric modulated arc therapy
SINS — Spinal instability neoplastic score

RT- Radiotherapy

PSMA — prostate specific membrane antigen

11. SUMMARY

Metastatic spinal cord compression is caused by the progression
of metastatic lesions within the vicinity of the spinal cord. The
consequences are very severe with loss of neurological function
and severe pain. The standard treatment is surgical intervention
followed by radiotherapy or radiotherapy alone. However, the
majority of patients are treated with radiotherapy only due to
contraindications to surgery and technical inoperability. Stereo-
tactic body radiotherapy is a technology to deliver higher radia-
tion dose to the radiotherapy target with the use of spatial coor-
dinates. This modality has shown positive results in treating
lesions in brain and lungs. Hence, it could prove beneficial in
metastatic spinal cord compression. We designed and planned a
trial to investigate this method in patients with metastatic spinal
cord compression. The method was usable but the trial was
stopped prematurely due to low accrual that made comparison
with surgery impossible. Low accrual is a known problem for trials
evaluating new approaches in radiotherapy. Target definition in
radiotherapy of metastatic spinal cord compression is defined by
patient history, examination and imaging. Functional imaging
could provide information to guide target definition with the
sparring of normal tissue e.g. spinal cord and hematopoietic
tissue of the bone marrow. In future trials this may be used for
dose escalation of spinal metastases. The trial showed that
PET/MRI was feasible in this group of patients but did not change
the radiotherapy target in the included patients. Neurological
outcome is similar irrespective of course length and therefore
single fraction radiotherapy is recommended for the majority of
patients. In-field recurrence is a risk factor of both short and long
fractionation schemes and re-irradiation have the potential risk of
radiation-induced myelopathy. In a retrospective study of re-
irradiation, we investigated the incidence of radiation-induced
myelopathy. In our study population, we found a higher number
of patients experiencing vertebral fractures than the number of
patient developing myelopathy. Patients with diabetes had an
increased risk of toxicity compared to the remaining patients.
Stereotactic body radiotherapy is effective in treating metastatic
spinal cord compression but the efficacy cannot be determined
due low accrual. The use of PET/MRI did not spare normal tissue
in radiotherapy planning of spinal metastases. The incidence of
toxicity after re-irradiation of the spine and spinal cord was low.
For patients with in-field recurrence, re-irradiation is safe and has
a low incidence of toxicity.

12. REFERENCES

[1] Abrahm JL, Banffy MB, Harris MB. Spinal cord
compression in patients with advanced metastatic
cancer: “all | care about is walking and living my life”.
JAMA 2008;299:937-46. doi:10.1001/jama.299.8.937.

[2] Prasad D, Schiff D. Malignant spinal-cord compression.
Lancet Oncol 2005;6:15-24. doi:10.1016/51470-
2045(04)01709-7.

[3] Patchell R a, Tibbs P a, Regine WF, Payne R, Saris S,

DANISH MEDICAL JOURNAL 12



[4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Kryscio RJ, et al. Direct decompressive surgical resection
in the treatment of spinal cord compression caused by
metastatic cancer: a randomised trial. Lancet
n.d.;366:643-8. doi:10.1016/5S0140-6736(05)66954-1.
Morgen SS, Lund-Andersen C, Larsen CF, Engelholm SA,
Dahl B. Prognosis in patients with symptomatic
metastatic spinal cord compression: survival in different
cancer diagnosis in a cohort of 2321 patients. Spine
(Phila Pa 1976) 2013;38:1362-7.
doi:10.1097/BRS.0b013e318294835b.

McGivern UM, Drinkwater KJ, Clarke JIM, Locke I. A royal
college of radiologists national audit of radiotherapy in
the treatment of metastatic spinal cord compression and
implications for the development of acute oncology
services. Clin Oncol (R Coll Radiol) 2014;26:453-60.
doi:10.1016/j.clon.2014.04.032.

Buijs JT, van der Pluijm G. Osteotropic cancers: from
primary tumor to bone. Cancer Lett 2009;273:177-93.
doi:10.1016/j.canlet.2008.05.044.

Oster G, Lamerato L, Glass AG, Richert-Boe KE, Lopez A,
Chung K, et al. Natural history of skeletal-related events
in patients with breast, lung, or prostate cancer and
metastases to bone: a 15-year study in two large US
health systems. Support Care Cancer 2013;21:3279-86.
doi:10.1007/s00520-013-1887-3.

Pockett RD, Castellano D, McEwan P, Oglesby a, Barber
BL, Chung K. The hospital burden of disease associated
with bone metastases and skeletal-related events in
patients with breast cancer, lung cancer, or prostate
cancer in Spain. Eur J Cancer Care (Engl) 2010;19:755-60.
doi:10.1111/j.1365-2354.2009.01135.x.

Svendsen ML, Gammelager H, Svaerke C, Yong M, Chia
VM, Christiansen CF, et al. Hospital visits among women
with skeletal-related events secondary to breast cancer
and bone metastases: a nationwide population-based
cohort study in Denmark. Clin Epidemiol 2013;5:97-103.
doi:10.2147/CLEP.S42325.

Langer C, Hirsh V. Skeletal morbidity in lung cancer
patients with bone metastases: Demonstrating the need
for early diagnosis and treatment with bisphosphonates.
Lung Cancer 2010;67:4-11.
doi:10.1016/j.lungcan.2009.08.020.

Dalgaard KS, Gammelager H, Svaerke C, Fynbo C. Hospital
use among patients with lung cancer complicated by
bone metastases and skeletal- - related events : a
population-based cohort study in Denmark 2015:363-8.
Saad F, Lipton A, Cook R, Chen Y-M, Smith M, Coleman R.
Pathologic fractures correlate with reduced survival in
patients with malignant bone disease. Cancer
2007;110:1860~7. doi:10.1002/cncr.22991.

Mak KS, Lee LK, Mak RH, Wang S, Pile-Spellman J,
Abrahm JL, et al. Incidence and treatment patterns in
hospitalizations for malignant spinal cord compression in
the United States, 1998-2006. Int J Radiat Oncol Biol Phys
2011;80:824-31. doi:10.1016/j.ijrobp.2010.03.022.
Abrams HL, Spiro R, Goldstein N. Metastases in
carcinoma.Analysis of 1000 autopsied cases. Cancer
1950;3:74-85. doi:10.1002/1097-
0142(1950)3:1<74::AID-CNCR2820030111>3.0.C0O;2-7.
Fornasier VL, Horne JG. Metastases to the vertebral
column. Cancer 1975;36:590-4. doi:10.1002/1097-

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

0142(197508)36:2<590::AlID-
CNCR2820360240>3.0.CO;2-F.

Paget S. The distribution of secondary growths in cancer
of the breast. 1889. Cancer Metastasis Rev 1989;8:98—
101.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell 2011;144:646-74.

Wang N, Reeves KJ, Brown HK, Fowles ACM, Docherty FE,
Ottewell PD, et al. The frequency of osteolytic bone
metastasis is determined by conditions of the soil , not
the number of seeds ; evidence from in vivo models of
breast and prostate cancer. J Exp Clin Cancer Res
2015:1-12. doi:10.1186/s13046-015-0240-8.

Schneider A, Kalikin LM, Mattos AC, Keller ET, Allen MJ,
Pienta KJ, et al. Bone turnover mediates preferential
localization of prostate cancer in the skeleton.
Endocrinology 2005;146:1727-36. doi:10.1210/en.2004-
1211.

Weilbaecher KN, Guise TA, McCauley LK. Cancer to bone:
a fatal attraction. Nat Rev Cancer 2011;11:411-25.
doi:10.1038/nrc3055.

Fizazi K, Carducci M, Smith M, Damido R. Denosumab
versus zoledronic acid for treatment of bone metastases
in men with castration-resistant prostate cancer: a
randomised, double-blind study. Lancet 2011;377:813—
22. doi:10.1016/50140-6736(10)62344-6.Denosumab.
Sartor O, Coleman R, Nilsson S, Heinrich D, Helle SI,
O’Sullivan JM, et al. Effect of radium-223 dichloride on
symptomatic skeletal events in patients with castration-
resistant prostate cancer and bone metastases: results
from a phase 3, double-blind, randomised trial. Lancet
Oncol 2014;15:738-46. doi:10.1016/51470-
2045(14)70183-4.

Coleman RE, Marshall H, Cameron D, Dodwell D,
Burkinshaw R, Keane M, et al. Breast-cancer adjuvant
therapy with zoledronic acid. Breast-Cancer Adjuv Ther
with Zoledronic Acid 2011;365:1-10.
doi:10.1056/NEJM0a1105195.

Hadji P, Coleman R, Gnant M, Green J. The impact of
menopause on bone, zoledronic acid, and implications
for breast cancer growth and metastasis. Ann Oncol
2012;23:2782-90. doi:10.1093/annonc/mds169.

Early Breast Cancer Trialists’ Collaborative Group
(EBCTCG), Coleman R, Powles T, Paterson A, Gnant M,
Anderson S, et al. Adjuvant bisphosphonate treatment in
early breast cancer: meta-analyses of individual patient
data from randomised trials. Lancet (London, England)
2015;386:1353-61. doi:10.1016/S0140-6736(15)60908-
4.

Rades D, Hakim SG, Bajrovic A, Karstens JH, Veninga T,
Rudat V, et al. Impact of zoledronic acid on control of
metastatic spinal cord compression. Strahlenther Onkol
2012:1-7. doi:10.1007/s00066-012-0158-4.

Sutcliffe P, Connock M, Shyangdan D, Court R, Kandala N-
B, Clarke A. A systematic review of evidence on
malignant spinal metastases: natural history and
technologies for identifying patients at high risk of
vertebral fracture and spinal cord compression. Health
Technol Assess 2013;17:1-274. doi:10.3310/hta17420.
Levack P, Graham J, Collie D, Grant R, Kidd J, Kunkler I, et
al. Don’t Wait for a Sensory Level-Listen to the

DANISH MEDICAL JOURNAL 13



[29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

Symptoms: a Prospective Audit of the Delays in Diagnosis
of Malignant Cord Compression. Clin Oncol 2002;14:472—
80. doi:10.1053/clon.2002.0098.

Helweg-Larsen S, Sgrensen PS, Kreiner S. Prognostic
factors in metastatic spinal cord compression: a
prospective study using multivariate analysis of variables
influencing survival and gait function in 153 patients. Int
J Radiat Oncol Biol Phys 2000;46:1163-9.

Rades D, Stalpers LJ a, Veninga T, Rudat V, Schulte R,
Hoskin PJ. Evaluation of functional outcome and local
control after radiotherapy for metastatic spinal cord
compression in patients with prostate cancer. J Urol
2006;175:552-6. doi:10.1016/5S0022-5347(05)00241-7.
Cole JS, Patchell R a. Metastatic epidural spinal cord
compression. Lancet Neurol 2008;7:459-66.
doi:10.1016/5S1474-4422(08)70089-9.

Helweg-Larsen S, Sgrensen PS. Symptoms and signs in
metastatic spinal cord compression: a study of
progression from first symptom until diagnosis in 153
patients. Eur J Cancer 1994;30A:396-8.

Lu C, Gonzalez RG, Jolesz F a, Wen PY, Talcott J a.
Suspected spinal cord compression in cancer patients: a
multidisciplinary risk assessment. J Support Oncol
2005;3:305-12.

Ratanatharathorn V, Powers WE. Epidural spinal cord
compression from metastatic tumor: diagnosis and
guidelines for management. Cancer Treat Rev
1991;18:55-71.

Poortmans P, Vulto A, Raaijmakers E. Always on a Friday?
Time pattern of referral for spinal cord compression.
Acta Oncol 2001;40:88-91.
doi:10.1080/028418601750071127.

Husband DJ. Malignant spinal cord compression:
prospective study of delays in referral and treatment.
BMJ 1998;317:18-21. doi:10.1136/bmj.317.7150.18.
Graham PH, Capp a., Delaney G, Goozee G, Hickey B,
Turner S, et al. A Pilot Randomised Comparison of
Dexamethasone 96mg vs 16mg per day for Malignant
Spinal-cord Compression Treated by Radiotherapy: TROG
01.05 Superdex Study. Clin Oncol 2006;18:70-6.
doi:10.1016/j.clon.2005.08.015.

Lee K, Tsou |, Wong S, Yu C, Ming Z, Loh Y, et al.
Metastatic spinal cord compression as an oncology
emergency: getting our act together. Int J Qual Heal Care
J Int Soc Qual Heal Care 2007;19:377-81.
doi:10.1093/intghc/mzm043.

Li KC, Poon PY. Sensitivity and specificity of MRl in
detecting malignant spinal cord compression and in
distinguishing malignant from benign compression
fractures of vertebrae. Magn Reson Imaging 1988;6:547—
56. doi:10.1016/0730-725X(88)90129-4.

Abdi S, Adams Cl, Foweraker KL, O’Connor a. Metastatic
spinal cord syndromes: imaging appearances and
treatment planning. Clin Radiol 2005;60:637-47.
doi:10.1016/j.crad.2004.10.011.

Venkitaraman R, Barbachano Y, Dearnaley DP, Parker CC,
Khoo V, Huddart R a, et al. Outcome of early detection
and radiotherapy for occult spinal cord compression.
Radiother Oncol 2007;85:469-72.
doi:10.1016/j.radonc.2007.10.043.

Sgrensen S, Helweg-Larsen S, Mouridsen H, Hansen HH.

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

(53]

(54]

Effect of high-dose dexamethasone in carcinomatous
metastatic spinal cord compression treated with
radiotherapy: a randomised trial. Eur J Cancer
1994;30A:22-7.

Vecht C, Haaxma-Reiche H. Initial bolus of conventional
versus high-dose dexamethasone in metastatic spinal
cord compression. Neurology 1989.

Maranzano E, Latini P, Beneventi S, Perrucci E, Panizza
BM, Aristei C, et al. Radiotherapy Without Steroids in
Selected Metastatic Spinal Cord Compression Patients.
Am J Clin Oncol 1996;19:179-83. doi:10.1097/00000421-
199604000-00018.

Chow E, Meyer RM, Ding K, Nabid A, Chabot P, Wong P,
et al. Dexamethasone in the prophylaxis of radiation-
induced pain flare after palliative radiotherapy for bone
metastases: A double-blind, randomised placebo-
controlled, phase 3 trial. Lancet Oncol 2015;16:1463-72.
doi:10.1016/51470-2045(15)00199-0.

Venkitaraman R, Sohaib S a, Barbachano Y, Parker CC,
Khoo V, Huddart R a, et al. Detection of occult spinal cord
compression with magnetic resonance imaging of the
spine. Clin Oncol (R Coll Radiol) 2007;19:528-31.
doi:10.1016/j.clon.2007.04.001.

Bilsky MH, Laufer I, Fourney DR, Groff M, Schmidt MH,
Varga PP, et al. Reliability analysis of the epidural spinal
cord compression scale. J Neurosurg Spine 2010;13:324—
8.d0i:10.3171/2010.3.SPINE09459.

Arana E, Kovacs FM, Royuela A, Asenjo B, Perez-Ramirez
U, Zamora J, et al. Agreement in Metastatic Spinal Cord
Compression. J Natl Compr Canc Netw 2016;14:70-6.
Ryu S, Yoon H, Stessin A, Gutman F, Rosiello A, Davis R.
Contemporary treatment with radiosurgery for spine
metastasis and spinal cord compression in 2015. Radiat
Oncol J 2015;33:1-11. doi:10.3857/r0j.2015.33.1.1.
Fosker C, Wang L, Harris S, Lau M, Levin W, McLean M, et
al. Radiological Diagnosis of Malignant Spinal Cord
Compression — A More Favorable Entity? Int J Radiat
Oncol 2012;84:5195. doi:10.1016/j.ijrobp.2012.07.505.
Lam TC, Uno H, Krishnan M, Lutz S, Groff M, Cheney M,
et al. Adverse outcomes after palliative radiation therapy
for uncomplicated spine metastases: Role of spinal
instability and single-fraction radiation therapy
Presented in abstract form as a poster presentation at
the Annual Meeting of the American Society for . Int J
Radiat Oncol Biol Phys 2015;93:373-81.
doi:10.1016/j.ijrobp.2015.06.006.

Rades D, Heidenreich F, Karstens JH. Final results of a
prospective study of the prognostic value of the time to
develop motor deficits before irradiation in metastatic
spinal cord compression. Int J Radiat Oncol Biol Phys
2002;53:975-9.

Fan Y, Zhou X, Wang H, Jiang P, Cai S, Zhang J, et al. The
timing of surgical intervention in the treatment of
complete motor paralysis in patients with spinal
metastasis. Eur Spine J 2016. doi:10.1007/s00586-016-
4406-7.

Quraishi N a, Rajagopal TS, Manoharan SR, Elsayed S,
Edwards KL, Boszczyk BM. Effect of timing of surgery on
neurological outcome and survival in metastatic spinal
cord compression. Eur Spine J 2013;22:1383-8.
doi:10.1007/s00586-012-2635-y.

DANISH MEDICAL JOURNAL 14



[55]

[56]

[57]

(58]

(59]

[60]

[61]

[62]

[63]

(64]

(65]

[66]

National Collaborating Centre for Cancer. Metastatic
spinal cord compression: diagnosis and management of
patients at risk of or with metastatic spinal cord
compression. 2008.

Young RF, Post EM, King GA. Treatment of spinal epidural
metastases. Randomized prospective comparison of
laminectomy and radiotherapy. J Neurosurg
1980;53:741-8. doi:10.3171/jns.1980.53.6.0741.
George R, Jeba J, Ramkumar G, Chacko AG, Tharyan P.
Interventions for the treatment of metastatic extradural
spinal cord compression in adults. Cochrane Database
Syst Rev 2015:CD006716.
doi:10.1002/14651858.CD006716.pub3.

Rades D, Huttenlocher S, Bajrovic A, Karstens JH,
Adamietz | a, Kazic N, et al. Surgery followed by
radiotherapy versus radiotherapy alone for metastatic
spinal cord compression from unfavorable tumors. Int J
Radiat Oncol Biol Phys 2011;81:861-8.
doi:10.1016/j.ijrobp.2010.11.056.

Rades D, Abrahm JL. The role of radiotherapy for
metastatic epidural spinal cord compression. Nat Rev
Clin Oncol 2010;7:590-8.
doi:10.1038/nrclinonc.2010.137.

Townsend PW, Rosenthal HG, Smalley SR, Cozad SC,
Hassanein RE. Impact of postoperative radiation therapy
and other perioperative factors on outcome after
orthopedic stabilization of impending or pathologic
fractures due to metastatic disease. J Clin Oncol
1994;12:2345-50.

Maranzano E, Bellavita R, Rossi R, De Angelis V,
Frattegiani A, Bagnoli R, et al. Short-course versus split-
course radiotherapy in metastatic spinal cord
compression: results of a phase Ill, randomized,
multicenter trial. J Clin Oncol 2005;23:3358-65.
doi:10.1200/JC0O.2005.08.193.

Rades D, Egedin B, Conde-Moreno AJ, Garcia R, Perpar A,
Metz M, et al. Radiotherapy With 4 Gy x 5 Versus 3 Gy x
10 for Metastatic Epidural Spinal Cord Compression:
Final Results of the SCORE-2 Trial (ARO 2009/01). J Clin
Oncol 2016;34:597-602. doi:10.1200/JC0.2015.64.0862.
Lutz S, Berk L, Chang E, Chow E, Hahn C, Hoskin P, et al.
Palliative radiotherapy for bone metastases: an ASTRO
evidence-based guideline. Int J Radiat Oncol Biol Phys
2011;79:965-76. doi:10.1016/j.ijrobp.2010.11.026.
Rades D, Stalpers LJ a, Veninga T, Schulte R, Hoskin PJ,
Obralic N, et al. Evaluation of five radiation schedules
and prognostic factors for metastatic spinal cord
compression. J Clin Oncol 2005;23:3366-75.
doi:10.1200/JC0.2005.04.754.

Maranzano E, Trippa F, Casale M, Costantini S, Lupattelli
M, Bellavita R, et al. 8Gy single-dose radiotherapy is
effective in metastatic spinal cord compression: results
of a phase Ill randomized multicentre Italian trial.
Radiother Oncol 2009;93:174-9.
doi:10.1016/j.radonc.2009.05.012.

Rades D, Lange M, Veninga T, Stalpers LJ a, Bajrovic A,
Adamietz | a, et al. Final results of a prospective study
comparing the local control of short-course and long-
course radiotherapy for metastatic spinal cord
compression. Int J Radiat Oncol Biol Phys 2011;79:524—
30. doi:10.1016/j.ijrobp.2009.10.073.

(67]

(68]

(69]

[70]

(71]

(72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

Rades D, Douglas S, Veninga T, Stalpers LJ a, Hoskin PJ,
Bajrovic A, et al. Validation and simplification of a score
predicting survival in patients irradiated for metastatic
spinal cord compression. Cancer 2010;116:3670-3.
doi:10.1002/cncr.25223.

Thirion P, O’Sullivan L, Clayton-Lea A, Small C, McArdle
O, Kelly P, et al. ICORG 05-03: Prospective Randomized
Non-Inferiority Phase 3 Trial Comparing Two Radiation
Schedules in Malignant Spinal Cord Compression not
Proceeding with Surgical Decompression. Int J Radiat
Oncol 2014;90:1263—-4.
doi:10.1016/j.ijrobp.2014.10.036.

De Bari B, Alongi F, Mortellaro G, Mazzola R,
Schiappacasse L, Guckenberger M. Spinal metastases: Is
stereotactic body radiation therapy supported by
evidences? Crit Rev Oncol Hematol 2016;98:147-58.
doi:10.1016/j.critrevonc.2015.11.002.

Lax I, Blomgren H, Naslund I, Svanstrom R. Stereotactic
radiotherapy of malignancies in the abdomen.
Methodological aspects. Acta Oncol 1994;33:677-83.
doi:10.3109/02841869409121782.

Brown JM, Carlson DJ, Brenner DJ. The tumor
radiobiology of SRS and SBRT: are more than the 5 Rs
involved? Int J Radiat Oncol Biol Phys 2014,;88:254—-62.
doi:10.1016/j.ijrobp.2013.07.022.

Loo BW, Chang JY, Dawson LA, Kavanagh BD, Koong AC,
Senan S, et al. Stereotactic ablative radiotherapy: what’s
in a name? Pract Radiat Oncol 2011;1:38-9.
doi:10.1016/j.prro.2010.07.001.

Steel GG, McMillan TJ, Peacock JH. The 5Rs of
radiobiology. Int J Radiat Biol 1989;56:1045-8.
doi:10.1080/09553008914552491.

Balagamwala EH, Angelov L, Koyfman S a, Suh JH, Reddy
C a, Djemil T, et al. Single-fraction stereotactic body
radiotherapy for spinal metastases from renal cell
carcinoma. J Neurosurg Spine 2012;17:556-64.
doi:10.3171/2012.8.SPINE12303.

Folkert MR, Bilsky MH, Tom AK, Oh JH, Alektiar KM,
Laufer I, et al. Outcomes and Toxicity for
Hypofractionated and Single-Fraction Image-Guided
Stereotactic Radiosurgery for Sarcomas Metastasizing to
the Spine. Int J Radiat Oncol 2014;88:1085-91.
doi:10.1016/j.ijrobp.2013.12.042.

Moulding HD, Elder JB, Lis E, Lovelock DM, Zhang Z,
Yamada Y, et al. Local disease control after
decompressive surgery and adjuvant high-dose single-
fraction radiosurgery for spine metastases. J Neurosurg
Spine 2010;13:87-93. doi:10.3171/2010.3.SPINE09639.
Park H, Griffin R, Hui S, Levitt S, Song C. Radiation-
induced vascular damage in tumors: implications of
vascular damage in ablative hypofractionated
radiotherapy (SBRT and SRS). Radiat Res 2012;177:311—
27.doi:10.1667/RR2773.1.

Shuryak I, Carlson DJ, Brown JM, Brenner DJ. High-dose
and fractionation effects in stereotactic radiation
therapy: Analysis of tumor control data from 2965
patients. Radiother Oncol 2015;115:327-34.
doi:10.1016/j.radonc.2015.05.013.

Garg AK, Shiu AS, Yang J, Wang X-S, Allen P, Brown BW,
et al. Phase 1/2 trial of single-session stereotactic body
radiotherapy for previously unirradiated spinal

DANISH MEDICAL JOURNAL 15



(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

metastases. Cancer 2012;118:5069-77.
doi:10.1002/cncr.27530.

Ahmed K a, Stauder MC, Miller RC, Bauer HJ, Rose PS,
Olivier KR, et al. Stereotactic body radiation therapy in
spinal metastases. Int J Radiat Oncol Biol Phys
2012;82:e803--9. doi:10.1016/j.ijrobp.2011.11.036.
Amdur RJ, Bennett J, Olivier K, Wallace A, Morris CG, Liu
C, et al. A prospective, phase Il study demonstrating the
potential value and limitation of radiosurgery for spine
metastases. Am J Clin Oncol 2009;32:515-20.
doi:10.1097/COC.0b013e318194f70f.

Gerszten PC, Burton S a, Ozhasoglu C, Welch WC.
Radiosurgery for spinal metastases: clinical experience in
500 cases from a single institution. Spine (Phila Pa 1976)
2007;32:193-9.
doi:10.1097/01.brs.0000251863.76595.a2.

Chang EL, Shiu AS, Mendel E, Mathews L a, Mahajan A,
Allen PK, et al. Phase I/l study of stereotactic body
radiotherapy for spinal metastasis and its pattern of
failure. ) Neurosurg Spine 2007;7:151-60.
doi:10.3171/SPI-07/08/151.

Wang XS, Rhines LD, Shiu AS, Yang JN, Selek U, Gning |, et
al. Stereotactic body radiation therapy for management
of spinal metastases in patients without spinal cord
compression: a phase 1-2 trial. Lancet Oncol
2012;13:395-402. doi:10.1016/51470-2045(11)70384-9.
Pan H, Simpson DR, Mell LK, Mundt AJ, Lawson JD. A
survey of stereotactic body radiotherapy use in the
United States. Cancer 2011;117:4566-72.
doi:10.1002/cncr.26067.

Guckenberger M, Hawkins M, Flentje M, Sweeney R a.
Fractionated radiosurgery for painful spinal metastases:
DOSIS - a phase Il trial. BMC Cancer 2012;12:530.
doi:10.1186/1471-2407-12-530.

Ryu S, Pugh S, Gerszten P, Yin F, Timmerman R, Hitchcock
Y, Movsas B, Kanner A, Berk L, Followill D KL. RTOG 0631
Phase II/1ll study of image-guided stereotactic
radiosurgery for localized spine metastases: phase Il
results. Int J Radiat Oncol Biol 2011;81:1-11.
d0i:10.1016/j.prro.2013.05.001.RTOG.

Laufer I, Rubin DG, Lis E, Cox BW, Stubblefield MD,
Yamada Y, et al. The NOMS framework: approach to the
treatment of spinal metastatic tumors. Oncologist
2013;18:744-51. doi:10.1634/theoncologist.2012-0293.
Lo SS, Kubicky CD, Chang EL, Sahgal A. Is there any role
for stereotactic body radiotherapy in the management of
metastatic epidural spinal cord compression? CNS Oncol
2015;4:1-4. doi:10.2217/cns.14.53.

Ryu S, Rock J, Jain R, Lu M, Anderson J, Jin J-Y, et al.
Radiosurgical decompression of metastatic epidural
compression. Cancer 2010;116:2250-7.
doi:10.1002/cncr.24993.

Jin R, Rock J, Jin J-Y, Janakiraman N, Kim JH, Movsas B, et
al. Single fraction spine radiosurgery for myeloma
epidural spinal cord compression. J Exp Ther Oncol
2009;8:35-41.

Sahgal A, Bilsky M, Chang EL, Ma L, Yamada Y, Rhines LD,
et al. Stereotactic body radiotherapy for spinal
metastases: current status, with a focus on its
application in the postoperative patient. J Neurosurg
Spine 2011;14:151-66.

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

d0i:10.3171/2010.9.SPINE091005.

Gerszten PC, Germanwala A, Burton S a, Welch WC,
Ozhasoglu C, Vogel WJ. Combination kyphoplasty and
spinal radiosurgery: a new treatment paradigm for
pathological fractures. ) Neurosurg Spine 2005;3:296—
301. doi:10.3171/spi.2005.3.4.0296.

Rock JP, Ryu S, Shukairy MS, Yin F-F, Sharif A, Schreiber F,
et al. Postoperative radiosurgery for malignant spinal
tumors. Neurosurgery 2006;58:891-8-8.
doi:10.1227/01.NEU.0000209913.72761.4F.

Al-Omair A, Masucci L, Masson-Cote L, Campbell M,
Atenafu EG, Parent A, et al. Surgical resection of epidural
disease improves local control following postoperative
spine stereotactic body radiotherapy. Neuro Oncol
2013;15:1413-9. doi:10.1093/neuonc/not101.

Laufer I, lorgulescu JB, Chapman T, Lis E, Shi W, Zhang Z,
et al. Local disease control for spinal metastases
following “separation surgery” and adjuvant
hypofractionated or high-dose single-fraction
stereotactic radiosurgery: outcome analysis in 186
patients. J Neurosurg Spine 2013;18:207-14.
doi:10.3171/2012.11.SPINE12111.

Tao R, Bishop AJ, Brownlee Z, Allen PK, Settle SH, Chang
EL, et al. Stereotactic Body Radiation Therapy for Spinal
Metastases in the Postoperative Setting: A Secondary
Analysis of Mature Phase 1-2 Trials. Int J Radiat Oncol
Biol Phys 2016;95:1405-13.
doi:10.1016/j.ijrobp.2016.03.022.

Chan MW, Thibault I, Atenafu EG, Yu E, John Cho BC,
Letourneau D, et al. Patterns of epidural progression
following postoperative spine stereotactic body
radiotherapy: implications for clinical target volume
delineation. J Neurosurg Spine 2016;24:652-9.
doi:10.3171/2015.6.SPINE15294.

Redmond KJ, Robertson S, Lo SS, Soltys SG, Ryu S,
McNutt T, et al. Consensus Contouring Guidelines for
Postoperative Stereotactic Body Radiation Therapy for
Metastatic Solid Tumor Malignancies to the Spine. IntJ
Radiat Oncol 2017;97:64—74.
doi:10.1016/j.ijrobp.2016.09.014.

Fisher CG, DiPaola CP, Ryken TC, Bilsky MH, Shaffrey Cl,
Berven SH, et al. A novel classification system for spinal
instability in neoplastic disease: an evidence-based
approach and expert consensus from the Spine Oncology
Study Group. Spine (Phila Pa 1976) 2010;35:E1221-9.
doi:10.1097/BRS.0b013e3181el6ae2.

Virk MS, Han JE, Lis E, Bilsky M, Laufer |, Yamada Y.
Symptomatic Vertebral Body Compression Fractures
Requiring Intervention Following Single Fraction
Stereotactic Radiosurgery for Spinal Metastases. Int J
Radiat Oncol 2014;90:5302.
doi:10.1016/j.ijrobp.2014.05.1013.

Ratanatharathorn V, Powers WE. Epidural spinal cord
compression from metastatic tumor: diagnosis and
guidelines for management. Cancer Treat Rev
1991;18:55-71.

Das S, Haken R Ten. Functional and molecular image
guidance in radiotherapy treatment planning
optimization. Semin Radiat Oncol 2011;21:111-8.
doi:10.1016/j.semradonc.2010.10.002.Functional.

Ford EC, Herman J, Yorke E, Wahl RL. 18F-FDG PET/CT for

DANISH MEDICAL JOURNAL 16



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

image-guided and intensity-modulated radiotherapy. J
Nucl Med 2009;50:1655-65.
doi:10.2967/jnumed.108.055780.

Azad GK, Cook GJ. Multi-technique imaging of bone
metastases: spotlight on PET-CT. Clin Radiol
2016;71:620-31. doi:10.1016/j.crad.2016.01.026.
Morris MJ, Akhurst T, Larson SM, Ditullio M, Chu E,
Siedlecki K, et al. Fluorodeoxyglucose positron emission
tomography as an outcome measure for castrate
metastatic prostate cancer treated with antimicrotubule
chemotherapy. Clin Cancer Res 2005;11:3210-6.
doi:10.1158/1078-0432.CCR-04-2034.

Alonzi R. Functional Radiotherapy Targeting using
Focused Dose Escalation. Clin Oncol (R Coll Radiol)
2015;27:601-17. doi:10.1016/j.clon.2015.06.015.
Kachnic LA, Winter K, Myerson RJ, Goodyear MD, Willins
J, Esthappan J, et al. RTOG 0529: A Phase 2 Evaluation of
Dose-Painted Intensity Modulated Radiation Therapy in
Combination With 5-Fluorouracil and Mitomycin-C for
the Reduction of Acute Morbidity in Carcinoma of the
Anal Canal. Int J Radiat Oncol 2013;86:27-33.
doi:10.1016/j.ijrobp.2012.09.023.

Tahara T, Fujii S, Ogawa T, Michimoto K, Fukunaga T,
Tanino T, et al. Fluorodeoxyglucose Uptake on Positron
Emission Tomography Is a Useful Predictor of Long-Term
Pain Control After Palliative Radiation Therapy in
Patients With Painful Bone Metastases: Results of a
Single-Institute Prospective Study. Int J Radiat Oncol
2016;94:322-8. doi:10.1016/j.ijrobp.2015.10.036.
Berwouts D, De Wolf K, Lambert B, Bultijnck R, De Neve
W, De Lobel L, et al. Biological 18[F]-FDG-PET image-
guided dose painting by numbers for painful
uncomplicated bone metastases: A 3-arm randomized
phase Il trial. Radiother Oncol 2015;115:272-8.
doi:10.1016/j.radonc.2015.04.022.

Thibault I, Chang EL, Sheehan J, Ahluwalia MS,
Guckenberger M, Sohn M, et al. Response assessment
after stereotactic body radiotherapy for spinal
metastasis : a report from the SPIne response
assessment in Neuro-Oncology ( SPINO ) group. Lancet
Oncol 2015;16:€595-603. doi:10.1016/51470-
2045(15)00166-7.

Gwak H-S, Youn S-M, Chang U, Lee D, Cheon G, Rhee C,
et al. Usefulness of 18 F-Fluorodeoxyglucose PET for
Radiosurgery Planning and Response Monitoring in
Patients with Recurrent Spinal Metastasis. Min - Minim
Invasive Neurosurg 2006;49:127-34. doi:10.1055/s-
2006-932181.

Taylor DR, Weaver JA. Tumor pseudoprogression of
spinal metastasis after radiosurgery: a novel concept and
case reports. J Neurosurg Spine 2015;22:534-9.
doi:10.3171/2014.10.SPINE14444.

Kjeer A, Loft A, Law |, Berthelsen AK, Borgwardt L, Lofgren
J, et al. PET/MRI in cancer patients: first experiences and
vision from Copenhagen. MAGMA 2013;26:37-47.
doi:10.1007/s10334-012-0357-0.

Nieder C, Milas L, Ang KK. Tissue tolerance to
reirradiation. Semin Radiat Oncol 2000;10:200-9.

Medin PM, Foster RD, van der Kogel AJ, Sayre JW,
McBride WH, Solberg TD. Spinal cord tolerance to single-
fraction partial-volume irradiation: a swine model. Int J

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Radiat Oncol Biol Phys 2011;79:226-32.
doi:10.1016/j.ijrobp.2010.07.1979.

Stewart, van der Kogel AJ. Retreatment Tolerance of
Normal Tissues. Semin Radiat Oncol 1994;4:103-11.
doi:10.1053/SRA000400103.

Schiff D, Shaw EG, Cascino TL. Outcome after spinal
reirradiation for malignant epidural spinal cord
compression. Ann Neurol 1995;37:583-9.
doi:10.1002/ana.410370507.

Ryu S, Gorty S, Kazee AM, Bogart J, Hahn SS, Dalal PS, et
al. “Full dose” reirradiation of human cervical spinal cord.
Am J Clin Oncol 2000;23:29-31.

Grosu A-L, Andratschke N, Nieder C, Molls M.
Retreatment of the spinal cord with palliative
radiotherapy. Int J Radiat Oncol Biol Phys 2002;52:1288—
92.

Milker-Zabel S, Zabel A, Thilmann C, Schlegel W,
Wannenmacher M, Debus J. Clinical results of
retreatment of vertebral bone metastases by
stereotactic conformal radiotherapy and intensity-
modulated radiotherapy. Int J Radiat Oncol Biol Phys
2003;55:162-7.

Rades D, Stalpers LJ a, Veninga T, Hoskin PJ. Spinal
reirradiation after short-course RT for metastatic spinal
cord compression. Int J Radiat Oncol Biol Phys
2005;63:872-5. doi:10.1016/].ijrobp.2005.03.034.

Rades D, Stalpers LJ a, Veninga T, Schulte R, Hoskin PJ,
Alberti W. [Effectiveness and toxicity of reirradiation (Re-
RT) for metastatic spinal cord compression (MSCC)].
Strahlenther Onkol 2005;181:595-600.
doi:10.1007/s00066-005-1406-7.

Jeremic B, Shibamoto Y, Igrutinovic I. Second single 4 Gy
reirradiation for painful bone metastasis. J Pain Symptom
Manage 2002;23:26-30.

Nieder C, Grosu AL, Andratschke NH, Molls M. Proposal
of human spinal cord reirradiation dose based on
collection of data from 40 patients. Int J Radiat Oncol
Biol Phys 2005;61:851-5.
doi:10.1016/j.ijrobp.2004.06.016.

Nieder C, Grosu AL, Andratschke NH, Molls M. Update of
human spinal cord reirradiation tolerance based on
additional data from 38 patients. Int J Radiat Oncol Biol
Phys 2006;66:1446-9.
doi:10.1016/j.ijrobp.2006.07.1383.

Sahgal A, Ma L, Gibbs |, Gerszten PC, Ryu S, Soltys S, et al.
Spinal cord tolerance for stereotactic body radiotherapy.
Int J Radiat Oncol Biol Phys 2010;77:548-53.
doi:10.1016/j.ijrobp.2009.05.023.

Sahgal A, Ma L, Weinberg V, Gibbs IC, Chao S, Chang U-K,
et al. Reirradiation human spinal cord tolerance for
stereotactic body radiotherapy. Int J Radiat Oncol Biol
Phys 2012;82:107-16. doi:10.1016/j.ijrobp.2010.08.021.
Maranzano E, Trippa F, Casale M, Anselmo P, Rossi R.
Reirradiation of metastatic spinal cord compression:
definitive results of two randomized trials. Radiother
Oncol 2011;98:234-7. doi:10.1016/j.radonc.2010.12.011.
Kawashiro S, Harada H, Katagiri H, Asakura H, Ogawa H,
Onoe T, et al. Reirradiation of spinal metastases with
intensity-modulated radiation therapy: an analysis of 23
patients. J Radiat Res 2016;57:150-6.
doi:10.1093/jrr/rrv083.

DANISH MEDICAL JOURNAL 17



[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

Navarria P, Mancosu P, Alongi F, Pentimalli S, Tozzi A,
Reggiori G, et al. Vertebral metastases reirradiation with
volumetric-modulated arc radiotherapy. Radiother Oncol
2012;102:416-20. doi:10.1016/j.radonc.2011.11.005.
Garg AK, Wang X-S, Shiu AS, Allen P, Yang J, McAleer MF,
et al. Prospective evaluation of spinal reirradiation by
using stereotactic body radiation therapy: The University
of Texas MD Anderson Cancer Center experience. Cancer
2011;117:3509-16. d0i:10.1002/cncr.25918.
Mahadevan A, Floyd S, Wong E, Jeyapalan S, Groff M,
Kasper E. Stereotactic body radiotherapy reirradiation for
recurrent epidural spinal metastases. Int J Radiat Oncol
Biol Phys 2011;81:1500-5.
doi:10.1016/j.ijrobp.2010.08.012.

Hashmi A, Guckenberger M, Kersh R, Gerszten PC,
Mantel F, Grills IS, et al. Re-irradiation stereotactic body
radiotherapy for spinal metastases: a multi-institutional
outcome analysis. J Neurosurg Spine 2016;25:646-53.
doi:10.3171/2016.4.SPINE151523.

Choi CYH, Adler JR, Gibbs IC, Chang SD, Jackson PS, Minn
aY, et al. Stereotactic radiosurgery for treatment of
spinal metastases recurring in close proximity to
previously irradiated spinal cord. Int J Radiat Oncol Biol
Phys 2010;78:499-506.
doi:10.1016/j.ijrobp.2009.07.1727.

Masucci GL, Yu E, Ma L, Chang EL, Letourneau D, Lo S, et
al. Stereotactic body radiotherapy is an effective
treatment in reirradiating spinal metastases: current
status and practical considerations for safe practice.
Expert Rev Anticancer Ther 2011;11:1923-33.
doi:10.1586/era.11.169.

Kirkpatrick JP, van der Kogel AJ, Schultheiss TE. Radiation
dose-volume effects in the spinal cord. Int J Radiat Oncol
Biol Phys 2010;76:542-9.
doi:10.1016/j.ijrobp.2009.04.095.

Sahgal A, Weinberg V, Ma L, Chang E, Chao S, Muacevic
A, et al. Probabilities of radiation myelopathy specific to
stereotactic body radiation therapy to guide safe
practice. Int J Radiat Oncol Biol Phys 2013;85:341-7.
doi:10.1016/j.ijrobp.2012.05.007.

Cai J, Sheng K, Sheehan JP, Benedict SH, Larner JM, Read
PW. Evaluation of thoracic spinal cord motion using
dynamic MRI. Radiother Oncol 2007;84:279-82.
doi:10.1016/j.radonc.2007.06.008.

Kim S, Jin H, Yang H, Amdur RJ. A study on target
positioning error and its impact on dose variation in
image-guided stereotactic body radiotherapy for the
spine. Int J Radiat Oncol Biol Phys 2009;73:1574-9.
doi:10.1016/j.ijrobp.2008.12.023.

Cox BW, Spratt DE, Lovelock M, Bilsky MH, Lis E, Ryu S, et
al. International Spine Radiosurgery Consortium
consensus guidelines for target volume definition in
spinal stereotactic radiosurgery. Int J Radiat Oncol Biol
Phys 2012;83:e597-605.
doi:10.1016/j.ijrobp.2012.03.009.

Navarria P, Ascolese AM, Mancosu P, Alongi F, Clerici E,
Tozzi A, et al. Volumetric modulated arc therapy with
flattening filter free (FFF) beams for stereotactic body
radiation therapy (SBRT) in patients with medically
inoperable early stage non small cell lung cancer
(NSCLC). Radiother Oncol 2013;107:414-8.

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

doi:10.1016/j.radonc.2013.04.016.

Scorsetti M, Alongi F, Castiglioni S, Clivio A, Fogliata A,
Lobefalo F, et al. Feasibility and early clinical assessment
of flattening filter free (FFF) based stereotactic body
radiotherapy (SBRT) treatments. Radiat Oncol
2011;6:113. doi:10.1186/1748-717X-6-113.

Wu QJ, Yoo S, Kirkpatrick JP, Thongphiew D, Yin F-F.
Volumetric arc intensity-modulated therapy for spine
body radiotherapy: comparison with static intensity-
modulated treatment. Int J Radiat Oncol Biol Phys
2009;75:1596-604. doi:10.1016/].ijrobp.2009.05.005.
Li W, Sahgal A, Foote M, Millar B-A, Jaffray D a,
Letourneau D. Impact of immobilization on intrafraction
motion for spine stereotactic body radiotherapy using
cone beam computed tomography. Int J Radiat Oncol
Biol Phys 2012;84:520-6.
doi:10.1016/j.ijrobp.2011.12.039.

Furweger C, Drexler C, Kufeld M, Muacevic A, Wowra B,
Schlaefer A. Patient motion and targeting accuracy in
robotic spinal radiosurgery: 260 single-fraction fiducial-
free cases. Int J Radiat Oncol Biol Phys 2010;78:937-45.
doi:10.1016/j.ijrobp.2009.11.030.

Siegal T, Siegal T. Spinal Metastases. vol. 36, Elsevier;
2010, p. 297-332. d0i:10.1016/B978-0-7506-7516-
1.00014-1.

Choi D, Morris S, Crockard A, Albert T, Bunger C, Fehlings
M, et al. Assessment of Quality of Life After Surgery for
Spinal Metastases: Position Statement of the Global
Spine Tumour Study Group. World Neurosurg
2013;80:€175-9. d0i:10.1016/j.wneu.2013.02.054.
Conway JL, Yurkowski E, Glazier J, Gentles Q, Walter A,
Bowering G, et al. Comparison of patient-reported
outcomes with single versus multiple fraction palliative
radiotherapy for bone metastasis in a population-based
cohort. Radiother Oncol 2016;119:202-7.
doi:10.1016/j.radonc.2016.03.025.

Morgen SS, Engelholm SA, Larsen CF, Sggaard R, Dahl B.
Health-related Quality of Life in Patients with Metastatic
Spinal Cord Compression. Orthop Surg 2016;8:309-15.
doi:10.1111/0s.12253.

Djulbegovic B. The paradox of equipoise: The principle
that drives and limits therapeutic discoveries in clinical
research. Cancer Control 2009;16:342-7.
doi:10.1016/j.biotechadv.2011.08.021.Secreted.
Glasziou P, Chalmers I, Rawlins M, McCulloch P. When
are randomised trials unnecessary? Picking signal from
noise. BMJ 2007;334:349-51.
doi:10.1136/bmj.39070.527986.68.

Rawlins M. De Testimonio: On the evidence for decisions
about the use of therapeutic interventions. Clin Med J R
Coll Physicians London 2008;8:579-88.
doi:10.1016/50140-6736(08)61930-3.

Martin AGR, Thomas SJ, Harden SV, Burnet NG.
Evaluating Competing and Emerging Technologies for
Stereotactic Body Radiotherapy and Other Advanced
Radiotherapy Techniques. Clin Oncol 2015;27:251-9.
doi:10.1016/j.clon.2015.01.034.

De Angelis C, Drazen JM, Frizelle FA, Haug C, Hoey J,
Horton R, et al. Clinical trial registration: a statement
from the International Committee of Medical Journal
Editors. N Engl J Med 2004;351:1250-1.

DANISH MEDICAL JOURNAL 18



[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

doi:10.1056/NEJMe048225.

Stensland KD, McBride RB, Latif A, Wisnivesky J,
Hendricks R, Roper N, et al. Adult Cancer Clinical Trials
That Fail to Complete: An Epidemic? JNCI J Natl Cancer
Inst 2014;106:dju229-dju229. doi:10.1093/jnci/dju229.
Carlisle B, Kimmelman J, Ramsay T, MacKinnon N.
Unsuccessful trial accrual and human subjects
protections: an empirical analysis of recently closed
trials. Clin Trials 2015;12:77-83.
doi:10.1177/1740774514558307.

Chen R, Desai NR, Ross JS, Zhang W, Chau KH, Wayda B,
et al. Publication and reporting of clinical trial results:
cross sectional analysis across academic medical centers.
BMJ 2016;352:i637. doi:10.1136/bmj.i637.

Yaxley JW, Coughlin GD, Chambers SK, Occhipinti S,
Samaratunga H, Zajdlewicz L, et al. Robot-assisted
laparoscopic prostatectomy versus open radical
retropubic prostatectomy: early outcomes from a
randomised controlled phase 3 study. Lancet (London,
England) 2016;388:1057—66. doi:10.1016/5S0140-
6736(16)30592-X.

ChangJY, Senan S, Paul MA, Mehran RJ, Louie A V., Balter
P, et al. Stereotactic ablative radiotherapy versus
lobectomy for operable stage | non-small-cell lung
cancer: A pooled analysis of two randomised trials.
Lancet Oncol 2015;16:630-7. doi:10.1016/51470-
2045(15)70168-3.

Hamdy FC, Donovan JL, Lane JA, Mason M, Metcalfe C,
Holding P, et al. 10-Year Outcomes after Monitoring,
Surgery, or Radiotherapy for Localized Prostate Cancer. N
EnglJ Med 2016:1-10. doi:10.1056/NEJM0a1606220.
Lane JA, Donovan JL, Davis M, Walsh E, Dedman D, Down
L, et al. Active monitoring, radical prostatectomy, or
radiotherapy for localised prostate cancer: study design
and diagnostic and baseline results of the ProtecT
randomised phase 3 trial. Lancet Oncol 2014;15:1109—-
18. doi:10.1016/51470-2045(14)70361-4.

Snee MP, McParland L, Collinson F, Lowe CM, Striha A,
Baldwin DR, et al. The SABRTooth feasibility trial
protocol: a study to determine the feasibility and
acceptability of conducting a phase Ill randomised
controlled trial comparing stereotactic ablative
radiotherapy (SABR) with surgery in patients with
peripheral stage | non. Pilot Feasibility Stud 2016;2:5.
doi:10.1186/540814-016-0046-2.

Vickers AJ. Clinical trials in crisis: Four simple
methodologic fixes. Clin Trials 2014;11:615-21.
doi:10.1177/1740774514553681.

Ford I, Norrie J. Pragmatic Trials. N Engl J Med
2016;375:454—-63. doi:10.1056/NEJMra1510059.
Hellman S, Weichselbaum RR. Oligometastases. J Clin
Oncol 1995;13:8-10. doi:10.1200/JC0.1995.13.1.8.
Tree AC, Khoo VS, Eeles R a, Ahmed M, Dearnaley DP,
Hawkins M a, et al. Stereotactic body radiotherapy for
oligometastases. Lancet Oncol 2013;14:e28-37.
doi:10.1016/51470-2045(12)70510-7.

Omlin A, Mueller J, Gillessen S. The oncologists’ unmet
clinical needs for imaging in advanced prostate cancer.
Clin Transl Imaging 2016. doi:10.1007/s40336-016-0204-
9.

Murphy DG, Sweeney CJ, Tombal B. “Gotta Catch “em

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

All”, or Do We? Pokemet Approach to Metastatic
Prostate Cancer.” Eur Urol 2017:10-2.
doi:10.1016/j.eururo.2017.02.036.

Klein EA. Seeing and not believing: Oligometastases and
the future of metastatic prostate cancer. Eur Urol
2015;67:864-5. doi:10.1016/j.eururo.2014.09.035.
Palma D a, Salama JK, Lo SS, Senan S, Treasure T,
Govindan R, et al. The oligometastatic state—separating
truth from wishful thinking. Nat Rev Clin Oncol
2014;11:549-57. doi:10.1038/nrclinonc.2014.96.
Gomez DR, Blumenschein GR, Lee JJ, Hernandez M, Ye R,
Camidge DR, et al. Local consolidative therapy versus
maintenance therapy or observation for patients with
oligometastatic non-small-cell lung cancer without
progression after first-line systemic therapy: a
multicentre, randomised, controlled, phase 2 study.
Lancet Oncol 2016;17:1672-82. doi:10.1016/51470-
2045(16)30532-0.

Napoli N, Chandran M, Pierroz DD, Abrahamsen B,
Schwartz A V., Ferrari SL, et al. Mechanisms of diabetes
mellitus-induced bone fragility. Nat Rev Endocrinol
2017;13:208-19. doi:10.1038/nrendo.2016.153.

Chow E, van der Linden YM, Roos D, Hartsell WF, Hoskin
P, Wu JSY, et al. Single versus multiple fractions of repeat
radiation for painful bone metastases: a randomised,
controlled, non-inferiority trial. Lancet Oncol
2014;15:164-71. doi:10.1016/51470-2045(13)70556-4.
Vansteenkiste J, Crino L, Dooms C, Douillard JY, Faivre-
Finn C, Lim E, et al. 2nd ESMO Consensus Conference on
Lung Cancer: early-stage non-small-cell lung cancer
consensus on diagnosis, treatment and follow-up. Ann
Oncol Off J Eur Soc Med Oncol 2014;25:1462-74.
doi:10.1093/annonc/mdu089.

Palma D a, Haasbeek CJ a, Rodrigues GB, Dahele M, Lock
M, Yaremko B, et al. Stereotactic ablative radiotherapy
for comprehensive treatment of oligometastatic tumors
(SABR-COMET): study protocol for a randomized phase II
trial. BMC Cancer 2012;12:305. doi:10.1186/1471-2407-
12-305.

Decaestecker K, De Meerleer G, Ameye F, Fonteyne V,
Lambert B, Joniau S, et al. Surveillance or metastasis-
directed Therapy for OligoMetastatic Prostate cancer
recurrence (STOMP): study protocol for a randomized
phase Il trial. BMC Cancer 2014;14:671.
doi:10.1186/1471-2407-14-671.

Braam P, Lambin P, Bussink J. Stereotactic versus
conventional radiotherapy for pain reduction and quality
of life in spinal metastases: study protocol for a
randomized controlled trial. Trials 2016;17:61.
doi:10.1186/s13063-016-1178-7.

Sharp HJ, Brown P, Settle SH, Li J, McAleer MF, Rhines LD,
et al. Feasibility of Radiosurgical Decompression of
Metastatic Epidural Spinal Cord Compression (MESCC) in
Nonoperable Patients. Int J Radiat Oncol 2012;84:5282.
doi:10.1016/j.ijrobp.2012.07.736.

DANISH MEDICAL JOURNAL 19



	1. Introduction
	2. Objectives and outline
	3. From bone metastases to spinal cord compression
	Formation of bone metastases
	Inhibition of bone remodeling

	4. Metastatic spinal cord compression
	Clinical presentation
	Diagnosis

	5. Definitive treatment of metastatic spinal cord compression
	Surgery followed by radiotherapy
	Fractionated radiotherapy
	Stereotactic body radiotherapy
	Postoperative stereotactic body radiotherapy

	6. Imaging in spinal metastases
	7. Re-irradiation of the spinal cord
	8. Summary of findings
	Study I
	Study II

	9. Conclusion and perspectives
	10. Abbreviations
	11. Summary
	12. References

