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Summary

Local recurrence (LR) rates in chordoma patients following surgery + radiation therapy (RT) or
definitive RT are high. Tumor hypoxia is associated with radioresistance and LR. In this
prospective study, [18F]-FMISO-PET/CT detected hypoxic tumor sub-volumes in 60% of patients
with chordoma of the mobile and sacrococcygeal spine, the majority of which were sufficiently
large to allow an RT boost. Further study of hypoxia-directed, dose-escalated RT, particularly in
patients at high risk for LR, is warranted.

Purpose/Objectives—Local recurrence (LR) rates in chordoma patients following surgery +
radiation therapy (RT) or definitive RT are high. Tumor hypoxia is associated with radioresistance
and LR. [18F] fluoromisonidazole positron emission tomography/computed tomography (FMISO-
PET/CT) can visualize skull base chordoma hypoxic sub-volumes (HSV) and feasibility of
hypoxia-directed RT dose-escalation has been demonstrated in head and neck cancer. This study
investigates FMISO-PET/CT detection of targetable HSVs in chordoma of the mobile or
sacrococcygeal spine.

Methods and Materials—A prospective, pilot study of 20 patients with primary or locally
recurrent chordoma of the mobile or sacrococcygeal spine treated with proton or combined proton/
photon RT + surgery was completed. FMISO-PET/CT was performed prior to RT and after
19.8-34.2 GyRBE (relative biologic effectiveness). Gross tumor volumes (GTV) were delineated
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and HSVs defined including voxels with standardized uptake values = 1.4 times the muscle mean.
Clinical characteristics and treatments received were compared between patients with and without
HSVs.

Results—FMISO-PET/CT detected HSVs in 12 (60%; 12/20) patients. Baseline and interval
HSV spatial concordance varied (0-94%). Eight HSVs were sufficiently large (= 5cc) to
potentially allow an intensity modulated proton therapy boost. Patients with HSVs had
significantly larger GTVs (median =410.0 cc vs. 63.4 cc; p=0.02) and were significantly more
likely to have stage T2 tumors (5/12 vs. 0/8; p=0.04). After a median follow-up of 1.8 years
(range: 0.2-4.4), a LR has yet to be observed. Three patients developed metastatic disease, 2 with
HSVs.

Conclusions—FMISO-PET/CT detection of targetable HSVs within patients undergoing RT +
surgery for treatment of chordoma of the mobile and sacrococcygeal spine is feasible. The study's
inability to attribute interval HSV changes to treatment, rapidly changing hypoxic physiology, or
imaging inconsistencies is a limitation. Further study of double-baseline FMISO-PET/CT and
hypoxia-directed RT dose-escalation, particularly in patients at high risk for LR, is warranted.

Introduction

Chordomas are tumors arising from notochordal remnants within the skull base, spine, and
sacrum with an incidence of approximately 1 per 1,000,000, accounting for 1-4% of all
primary bone tumors.[1-3] Despite its rarity, chordoma represents the most common primary
bone tumor of the sacrum and the most common primary malignant tumor of the mobile
spine.[4,5]

Wide surgical excision has been the cornerstone of management of chordomas of the mobile
spine and sacrum.[6] While surgery can improve overall survival and has been associated
with improved disease-free and local recurrence-free survival, it can result in significant
morbidity and functional consequences, particularly when high sacrectomy is required.
[4,7-9] Moreover, local recurrence rates in some surgical series are as high as 50-100% with
subtotal resection compared to 0-53% with en bloc resection with clear margins.[4,9-18]
Strategies combining high dose adjuvant radiation therapy (RT) and maximal resection have
resulted in higher local control rates.[19,20]

In the past, the use of definitive RT at modest doses in the medically inoperable or those
with unacceptable anticipated surgical morbidity resulted in unsatisfactory local control.[21]
Investigators utilizing high-dose definitive particle therapy have recently reported
encouraging outcomes with acceptable toxicity in this patient population.[19,22,23]

Tumor hypoxia has been associated with radioresistance as well as elevated risks of local
recurrence and distant metastasis in gynecologic malignancies.[24,25] [18F]
fluoromisonidazole positron emission tomography (FMISO-PET) can delineate areas of
tumor hypoxia prior to and during RT and has been shown to be of prognostic value in
patients with lung and head and neck cancers undergoing RT.[26,27] The feasibility of
FMISO-PET/computed tomography (CT)-guided RT dose escalation to hypoxic tumor sub-
volumes while respecting normal tissue tolerance has been demonstrated in head and neck
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cancer.[28] A recent series utilized FMISO-PET/CT to detect hypoxic areas of residual base
of skull chordomas following incomplete surgical excision.[29] Whether the results of the
aforementioned study are applicable to the typically much larger chordomas of the mobile
and sacrococcygeal spine without prior surgical intervention is unknown.

We report the results of a prospective study exploring the feasibility of FMISO-PET/CT for
visualization of hypoxic sub-volumes in chordoma patients undergoing RT + surgery. The
relationship between hypoxic sub-volumes and clinical characteristics are delineated.
Treatment outcomes are reported.

Methods

Patient Population, Treatment and Follow-up

The study cohort consisted of adult patients with primary or locally recurrent chordoma of
the mobile or sacrococcygeal spine treated with proton or combined proton/photon RT +
surgery at a single institution between January 2009 and November 2012 as part of a
prospective study (institutional protocol # 07-162). Patients with recurrent chordoma after
RT, tumors < 1cm, FMISO allergies, or Karnofsky performance status <60 were excluded.
RT and surgical treatments were similar to those described in a phase 1l trial of high dose
proton/photon RT for spinal sarcomas.[19] Patients with locally recurrent disease after prior
surgery, referred after intralesional/incomplete tumor surgery, or undergoing definitive RT
without surgery could receive nilotinib in conjunction with RT as part of a phase I trial of
concurrent RT and nilotinib for high risk chordoma (institutional protocol # 11-072).
Following treatment, history and physical examinations and imaging studies were performed
according to the National Comprehensive Cancer Network guidelines.[6] The date of last
follow-up was December 11, 2013. This study was approved by the institutional review
board.

FMISO-PET/CT and Determination of Hypoxic Tumor Volume

Gross tumor volumes (GTV) were manually delineated on each slice of the treatment
planning CT with the assistance of magnetic resonance imaging (MRI) fusions (T1+
gadolinium, T2). Combined FMISO-PET/CT was performed prior to RT and again after
19.8-34.2 GyRBE (relative biologic effectiveness) on a 64-slice Siemens Biograph 64
PET/CT scanner (Siemens Medical Solutions, Knoxville, TN) 2 hours following intravenous
administration of 350-400 MBq of the investigational hypoxia tracer, [18F] FMISO
(PETNET Solutions, Knoxville, TN). FMISO-PET data sets were co-registered with their
concurrently acquired CT scans, which were then co-registered with their respective
treatment planning CT scans. The co-registered treatment planning CT data were then fused
to the FMISO-PET images onto which the GTV was automatically transferred. Standardized
uptake values (SUV) based on the total body weight were calculated (HybridViewer,
Hermes Medical Solutions, Stockholm, Sweden). The mean SUV for normal muscle, using
gluteal or paraspinal muscle as the reference site, was calculated by drawing a circular, 2D
region of interest. Hypoxic tumor tissue was determined to be present if any voxels had an
SUV = 1.4 times the mean SUV of muscle.[27] The total hypoxic sub-volume was
calculated by summing the volume of these voxels. The stability of hypoxic sub-volumes
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was assessed in patients with hypoxia at both time-points by fusing the treatment planning
CT, baseline FMISO-PET, and interval FMISO-PET (MIMvista, MIM Software, Inc.,
Cleveland, OH). The volume of spatially stable hypoxic tumor tissue present at both time
points was measured and reported as a percentage of the visualized hypoxic sub-volume at
interval scanning. FMISO-PET/CT images were not used to plan delivered treatments.

The pre-specified threshold for determination of FMISO-PET/CT feasibility in detection of
macroscopic hypoxic chordoma sub-volumes was positive tracer uptake in 4 of 20 patients.

Statistical Methods

Distributions of Clinical Characteristics at Baseline and Treatments Received Stratified by
the Presence or Absence of Hypoxia

Results

The distributions of categorical and continuous clinical characteristics and treatments
received were enumerated and compared across the cohort in patients with and without
hypoxic sub-volumes at either time-point. A chi-square metric was used to compare the
distributions of categorical factors including tumor stage, gender, tumor location, treatments
received, and surgical margin status.[30] A non-parametric Mann-Whitney U test was used
to compare the distributions of continuous factors including age, maximum tumor diameter,
gross tumor volume, and RT dose.[31] A two-sided p-value < 0.05 was considered
significant. R version 3.0.2 was used for all statistical calculations (R Foundation for
Statistical Computing, Vienna, Austria).[32]

Patient Population, FMISO-PET/CT and Treatment

Twenty patients meeting entry criteria were enrolled and treated during the study period. All
patients successfully underwent FMISO-PET/CT prior to RT and again after a mean RT
dose of 26.7 GYRBE (SD= 3.7). Hypoxic sub-volumes were detected in 9 patients prior to
RT (median volume: 7.5 cc; range: 0.04-272.4) and in 10 patients at interval FMISO-
PET/CT during RT (median volume: 8.5 cc; range: 0.3-418.8). Visualized FMISO-PET/CT
hypoxic sub-volumes were contained entirely within the contoured GTV in all but one
evaluated patient. In this individual, 6.5% and 3.1% of the hypoxic sub-volumes on baseline
and interval FMISO-PET/CT, respectively, occurred in the tissue immediately adjacent to
the contoured GTV.

The hypoxic sub-volume identified prior to RT resolved on interval scanning in two
patients. Three patients without hypoxic sub-volumes prior to RT developed hypoxic sub-
volumes at interval scanning. Hypoxic sub-volumes were cumulatively detected by FMISO-
PET/CT in a total of 12 unique patients (60%; 12/20). Hypoxic sub-volumes were visualized
at both time-points in seven patients. The percentage of the hypoxic sub-volume visualized
on interval FMISO-PET/CT that was also hypoxic on baseline imaging in each of these
individuals is reported in Table 1. Of the identified hypoxic sub-volumes, 66.7% (8/12) were
of sufficient size (=5 cc) to potentially allow delivery of an intensity modulated proton
therapy (IMPT) boost.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cheney et al. Page 5

Seventeen (85%; 17/20) patients received pre-operative RT + post-operative RT to a median
total dose of 70.2 GyRBE (range: 50.4-77.4). Negative margins were achieved in 14 (82.4%;
14/17) of these patients. Because of unacceptable anticipated surgical morbidity the
remaining three (15%; 3/20) patients underwent definitive RT to a median dose of 77.4
GyRBE (range: 73.8-77.4). As shown in Table 2, patients with hypoxic tumor sub-volumes
at either time-point had significantly larger gross tumor volumes (median = 410.0 cc vs. 63.4
cc; p= 0.02) and were significantly more likely to have stage T2 (=8 cm) tumors (5/12 vs.
0/8; p= 0.04) compared to those without hypoxic sub-volumes. A trend towards larger
maximum tumor diameter was likewise observed in patients with hypoxic sub-volumes
compared to those without (median = 8.7 cm vs. 5.8 cm; p= 0.11). There were no significant
differences in age, gender, tumor location, surgical margin status, RT dose, or nilotinib use
between patients with and without hypoxic tumor sub-volumes.

Treatment Outcomes

After a median follow-up of 1.8 years (range: 0.2-4.6), no local recurrences were observed.
Three patients developed recurrent/progressive disease after a median of 10.7 months
(range: 9.7-25.5). Two of these patients developed distant metastases and died of chordoma
at 1.6 and 1.8 years post-treatment. Both had hypoxic sub-volumes at initial evaluation. The
third patient, who was without a hypoxic sub-volume, progressed regionally in the iliac bone
2.1 years after definitive RT and was managed with salvage RT. He subsequently developed
a metastatic lesion in the L5 vertebral body 1.8 years thereafter for which he was undergoing
RT at last follow-up.

A third death occurred in a patient with a 10 cm, 751 cc sacral chordoma with a hypoxic
sub-volume who required steroids for management of persistent pain following definitive
RT. She died of diabetic ketoacidosis, likely a steroid complication, which was not initially
recognized by her local physicians 3.5 months after completion of RT without evidence of
progressive disease.

Discussion

In this prospective study of 20 patients treated with RT + surgery for chordoma of the
mobile and sacrococcygeal spine, we found that the use of FMISO-PET/CT for detection of
hypoxic tumor sub-volumes is feasible. Specifically, hypoxic sub-volumes were
cumulatively identified in 60% (12/20) of patients, 66.7% (8/12) of which were of sufficient
size (=5 cc) to potentially allow delivery of an IMPT boost. The presence of hypoxic sub-
volumes is significantly associated with increasing gross tumor volume and stage T2 tumors
(=8 cm). While the use of FMISO-PET/CT has recently been reported in incompletely
resected skull base chordomas, to our knowledge, the current study represents the first and
largest investigation of FMISO-PET/CT in primary or locally recurrent chordomas of the
mobile and sacrococcygeal spine.[29]

After a median follow-up of 1.8 years, no local recurrences were observed, consistent with
the favorable local control outcomes observed in a prior series of patients treated with high-
dose RT and surgery.[19] While the majority of patients in our study were treated with a
combination of RT and surgery, three patients underwent definitive RT. One is without
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evidence of progressive disease at 1.8 years post-RT with concurrent nilotinib, one
developed bone-only metastases for which he has undergone further RT, and one died of
diabetic ketoacidosis 3.5 months after RT completion. A recently published series of 24
chordoma patients treated with definitive proton/photon RT to a median dose of 77.4
GyRBE with longer follow-up reports an encouraging 5-year local progression-free survival
of ~80%.[22] A second series using definitive carbon ion RT to 73.6 GyRBE reported a
somewhat more favorable local-control rate of 89% with a median follow-up of 6.7 years.
[23] Nevertheless, these data suggest that further efforts to improve local-control among
patients treated with definitive RT are necessary. Dose-escalated definitive RT is associated
with improved local control; however dose escalation to entire tumor volumes is unlikely to
be possible due to unacceptable long-term toxicity.[20,22,23,33]

Tumor hypoxia has been associated with radioresistance and an elevated risk of local
recurrence in gynecologic malignancies.[24,25] Feasibility of the use of FMISO-PET/CT for
planning hypoxia-guided boost volumes in head and neck cancer has been demonstrated.
[28] Our study found that the use of FMISO-PET/CT is feasible for visualization of hypoxic
chordoma sub-volumes. A future goal of the currently reported study is to determine
whether hypoxia-directed IMPT dose escalation, respecting normal tissue RT tolerance, is
technically possible in chordoma. Such a treatment approach may result in improved local
control in patients undergoing definitive RT or with residual disease after surgery without
increased long-term toxicity. For the purpose of illustration, Figure 1 demonstrates FMISO-
PET/CT visualization of hypoxic sub-volumes prior to RT (panel B) and following 25.2
GyRBE (panel C) in a 49-year-old man who underwent definitive combined proton/photon
RT to a total dose of 73.8 GyRBE (panel D) with concurrent nilotinib for treatment of a 22.8
cm sacral chordoma. Panel E illustrates a theoretical IMPT plan designed to deliver 77.4
GyRBE to the entire gross tumor volume with an integrated boost to the combined pre-
treatment and interval hypoxic sub-volumes plus a 3 mm expansion to a total dose of 84.9
GyRBE. Further study is needed to determine whether such dose-escalated treatments are
feasible and result in improved outcomes.

Several points require further clarification. First, recent studies employing short-interval,
double-baseline FMISO-PET/CTs in head and neck cancer suggest that there may be
significant variability in visualized hypoxic sub-volumes independent of treatment.[34,35]
Among patients with hypoxia on both baseline and interval imaging in the current study, we
observed varied spatial concordance of hypoxic sub-volumes ranging between 0 and 94%.
Given that all patients received radiotherapy between baseline and interval FMISO-PET/CT,
we are unable to determine whether these changes are related to treatment vs. intrinsic
variation due to transient, acute tumor hypoxia or other physiologic causes. Future studies in
chordoma patients employing double-baseline FMISO-PET/CT in addition to interval scans
may allow greater understanding of the spatial and temporal stability of visualized hypoxic
sub-volumes. Such information would be of value for defining appropriate hypoxia-directed
IMPT boost volumes. Second, there is insufficient spatial information available in the
surgical specimens and too great an interval between FMISO-PET/CT and surgery to allow
pathologic confirmation of hypoxia within FMISO-avid tumor sub-volumes in the current
study. Completion of FMISO-PET/CTs immediately prior to surgery with use of implanted
fiducials, if technically possible, may allow for such investigation in the future. In addition,
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emerging evidence suggests that poor perfusion on dynamic contrast enhanced MRI (DCE-
MRI) may be correlated with hypoxia as visualized by FMISO-PET.[36] Future study of
simultaneous FMISO-PET and DCE-MRI in chordoma patients using a combined PET-MRI
scanner may be of value should direct pathologic confirmation prove technically
challenging. Third, while the reported early local control outcomes are encouraging, a
median follow-up of 1.8 years is insufficient to document chordoma cures. Fourth, the small
sample size and paucity of events precludes meaningful study of the influence of hypoxic
sub-volumes, or sub-volume characteristics on treatment outcomes. Longer follow-up and a
future, larger prospective study could address these concerns. Fifth, the majority of patients
enrolled in this study underwent a combination of preoperative RT, en bloc surgical
resection with negative margins, and an additional postoperative RT boost to the tumor bed.
Given the excellent local control results achieved in such patients, FMISO-PET/CT-guided
RT dose escalation may be more likely to benefit patients undergoing definitive RT, those
with high risk disease such as locally recurrent tumor after prior surgery, or those with large-
volume residual disease. Further study of FMISO-PET/CT in this subgroup would be of
value.

Nevertheless, it appears that the use of FMISO-PET/CT for visualization of targetable
hypoxic tumor sub-volumes within patients undergoing RT for chordomas of the mobile and
sacrococcygeal spine is feasible. Further study of its application in hypoxia-directed, dose-
escalated RT, particularly in patients at high risk for local recurrence, is warranted.
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Figure 1.
[*8F] fluoromisonidazole positron emission tomography/computed tomography (FMISO-

PET/CT) visualization of hypoxic chordoma sub-volumes (HSV) and theoretical use for
dose-escalated intensity modulated proton therapy (IMPT). (A) Pre-treatment T2-weighted
MRI demonstrating a 22.8 cm sacral chordoma. (B) Pre-treatment FMISO-PET/CT fused
with radiation planning CT showing contoured HSV, gross tumor volume (GTV), clinical
target volume (CTV), bladder, and rectum. (C) FMISO-PET/CT fused with radiation
planning CT after 25.2 GyRBE (relative biologic effectiveness) with additionally contoured
interval HSV and 3 mm expansion of combined HSVs. (D) Actual delivered proton/photon
treatment plan to 73.8 GyRBE to the GTV. (E) Theoretical IMPT plan to 77.4 GyRBE to the
GTV with integrated boost to the combined pre-treatment and interval HSVs to 84.9
GyRBE.
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Table 1

Hypoxic sub-volume characteristics for patients with visualized hypoxic sub-volumes on both baseline (scan
1) and interval (scan 2) FMISO-PET/CT.

Patient Number | FMISO-PET/CT Scan | HSV (cm3) | Hsv Overlap (cm?) [%]*

1 1 11.7 --

2 6.4 3.4 [53.5]
2 1 7.2 --

2 0.2 0.2 [94.4]
3 1 23.8 --

2 12.6 0.2 [1.9]
4 1 0.6 --

2 0.7 0[0]
5 1 12.4 --

2 14.8 2.3[15.5]
6 1 1147.8 --

2 868.2 793 [91.3]
7 1 94.5 --

2 18.9 8[42.3]

*
Interval hypoxic sub-volume overlapping with baseline hypoxic sub-volume expressed as a percentage of the interval hypoxic sub-volume.

Abbreviations: FMISO-PET/CT: [18F] fluoromisonidazole positron emission tomography/computed tomography; HSV: hypoxic sub-volume
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Table 2
Clinical characteristics and treatments received stratified by the presence or absence of
hypoxia
Clinical Characteristic Hypoxia Present (n=12) | Hypoxia Absent (n=8) | p-value
Age (years) (%) p=0.60
Median [range] 60.5 [35-73] 56.5 [37-67]
<60 6 (50.0) 5 (62.5)
>60 6 (50.0) 3(37.5)
Median Maximum Tumor Diameter (cm) [range] | 8.7 [3.0-22.8] 5.75 [3.6-6.8] p=0.11
Tumor Stage (%) p=0.04
T1 (<8 cm) 7(58.3) 8 (100)
T2 (=8 cm) 5(41.6) 0(0)
Median Gross Tumor Volume (cc) [range] 410 [51.0-2398.0] 63.4 [17.0-463.2] p=0.02
Gender (%) p=0.58
Female 6 (50.0) 5 (62.5)
Male 6 (50.0) 3(37.5)
Tumor Location (%) p=0.45
Cervical 0(0) 1(12.5)
Lumbar 2 (16.7) 1(12.5)
Sacrococcygeal 10 (83.3) 6 (75.0)
Radiation Therapy (%) p=0.80
Definitive RT 2(16.7) 1(12.5)
Pre-op RT +/- Post-op Boost 10 (83.3) 7 (87.5)
Median RT Dose (GyRBE) [range]
Definitive 75.6 [73.8-77.4] 7.4 NA
Pre-Op 50.4 [45-50.4] 50.4 [50.4-50.4] p=0.48
Post-Op 19.8 [19.8-27.0] 19.8 [19.8-22.0] p=0.42
Total Pre-op + Post-op 70.2 [50.4-77.4] 70.2 [70.2-72.4] p=0.74
Surgical Margin Status (%) p=0.32
Positive 1(10.0) 2 (28.6)
Negative 9 (90.0) 5(71.4)
Nilotinib (%) p=0.80
Yes 2(16.7) 0(0)
No 10 (83.3) 8 (100)

Abbreviations: RT: radiation therapy; RBE: relative biological effectiveness; NA: not applicable
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