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The Initial Step Towards Establishing a Quantitative,
Magnetic Resonance Imaging-Based Framework for
Response Assessment of Spinal Metastases After
Stereotactic Body Radiation Therapy

BACKGROUND: There are no established threshold values regarding the degree of growth
on imaging when assessing response of spinal metastases treated with stereotactic body
radiation therapy (SBRT).

OBJECTIVE: To determine a magnetic resonance imaging-based minimum detectable
difference (MDD) in gross tumor volume (GTV) and its association with 1-yr radiation site-
specific (RSS) progression-free survival (PFS).

METHODS: GTVs at baseline and first 2 post-SBRT scans (Post1 and Post2, respectively) for
142 spinal segments were contoured, and percentage volume change between scans calcu-
lated. One-year RSS PFS was acquired from medical records. The MDD was determined.
The MDD was compared against optimal thresholds of GTV changes associated with
1-yr RSS PFS using Youden'’s J index, and receiver operating characteristic curves between
timepoints compared to determine which timeframe had the best association.

RESULTS: A total of 17 of the 142 segments demonstrated progression. The MDD was 10.9%.
Baseline-Post2 demonstrated the best performance (area under the curve [AUC] 0.90). Only
Baseline-Post2 had an optimal threshold > MDD at 14.7%. Due to large distribution of
GTVs, volumes were split into tertiles. Small tumors (GTV < 2 cc) had optimal thresholds of
42.0%, 71.3%, and 37.2% at Baseline-Post1 (AUC 0.81), Baseline-Post2 (AUC 0.89), and Post1-
Post2 (AUC 0.77), respectively. Medium tumors (2 < GTV < 8.3 cc) all demonstrated optimal
thresholds < MDD, with AUCs ranging from 0.65 to 0.84. Large tumors (GTV > 8.3 cc) had 2
timepoints where optimal thresholds > MDD: Baseline-Post2 (13.3%; AUC 0.97) and Post1-
Post2 (11.8%; AUC 0.66). Baseline-Post2 had the best association with RSS PFS for all tertiles.
CONCLUSION: Given a MDD 0f 10.9%, for small GTVs, larger (>37%) changes were required
before local failure could be determined, compared to 11% to 13% for medium/large tumors.
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is now an established technique for the
treatment of painful spinal metastases.

S tereotactic body radiation therapy (SBRT)

ABBREVIATIONS: GTV, gross tumor volume; ICC,
intraclass correlation coefficient; IQR, interquartile
range; MDD, minimum detectable difference;
RECIST, response evaluation criteria in solid tumors;
RSS, radiation site-specific; SBRT, stereotactic
body radiation therapy; SPINO, Spine response
assessment in Neuro-Oncology

Supplemental digital content is available for this article at
www.neurosurgery-online.com.

884 | VOLUME 89 | NUMBERS5 | NOVEMBER 2021

With increasing evidence supporting long-term
survival benefits in oligometastatic disease
following SBRT,!>2 including recent evidence
from the Canadian Cancer Trials Group-
Symptom Control randomized controlled
trial (CCTG-SC.24; NCT02512965),> the
application of spine SBRT will only continue
to increase. With this, the need for globally
acceptable, quantitative imaging-based response
assessment guidelines also continues to grow.
While the response evaluation criteria in
solid tumors (RECIST) 1.1 guidelines* provides
quantifiable definitions for tumor response
assessment, its applicability to bone metastases
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is limited. In particular, RECIST 1.1 considers only the
extraosseous tumor of lytic metastases to be potentially
measurable, and sclerotic metastases are considered entirely
nonmeasurable. The Spine response assessment In Neuro-
Oncology (SPINO) group recognized this limitation and recom-
mended joint assessment by a neuro-radiologist and radiation
oncologist with respect to an unequivocal increase in the gross
tumor volume (GTV).> It was recognized that complicating
assessment is the complex anatomy of vertebral segments with
relation to the standard orthogonal sagittal and axial planes
commonly used in spine magnetic resonance imaging (MRI).
With the 3 to 4 mm slice thickness used for routine follow-up
spine MRIs, it may not be possible to assess the tumor at exactly
the same position on subsequent imaging. Accordingly, evaluation
of GTV over multiple slices is the most accurate way to determine
tumor size and assess growth or shrinkage.

Under standard of care, spinal metastases that demonstrate
growth may require clinical intervention, but even with SPINO’s
guidance, what constitutes an “unequivocal increase” in GTV
remains unknown. Currently no guidelines provide defined,
imaging-based thresholds for response assessment in routine
clinical care or clinical trials. The first step towards the devel-
opment of such guidelines is to quantify what is considered a
GTV “increase.” The goal of this study was to determine what
the lowest possible value this could be while accounting for
measurement error in spinal metastases treated with SBRT. We
secondarily compared this value to how a statistically derived
threshold would perform in prognostication of 1-yr radiation site-
specific (RSS) progression-free survival (PES). These data will lay
the groundwork to develop quantitative, evidence-based guide-
lines for response assessment — including a threshold that defines
“progression” — in this patient population.

METHODS

Research Ethics Board’s approval with waiver of informed consent was
obtained for this single-center retrospective study. Data are reported in
accordance to STROBE (Strengthening the Reporting of Observational
studies in Epidemiology) guidelines for cohort studies.”

Patient Selection

All adult (>18 yr old) patients with de novo spinal metastases treated
with 24 Gy in 2 SBRT fractions from January 1, 2009 to December 31,
2015, were included. Other inclusion criteria included availability of the
pre-SBRT baseline MRI and 2 routine follow-up spine MRIs, performed
at approximately 3 and 6 mo post-SBRT (Post1 and Post2, respectively).
Spinal segments were excluded if it was treated with prior radiotherapy,
or if the spinal segment had a vertebral compression fracture, decom-
pressive surgery, vertebroplasty or instrumentation, as these interfere with
accurate radiologic measurement of GTV.

SBRT and GTV Segmentation

The SBRT workflow and methodology were previously described.®-'°
All MRIs were performed on 2 identical 1.5T GE TwinSpeed Excite
scanners (GE Medical Systems, Milwaukee, Wisconsin). All images were
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FIGURE 1. Contoured spinal segment (T8) on baseline A, first follow-up B,
and second follow-up C demonstrating progression at the radiated spinal level.

anonymized, and GTVs contoured by a single neuro-radiologist with 6 yr
of experience using ITK-SNAP (version 3.8.0)!'" on sagittal T1 weighted
images (3 mm slice thickness, no gap) (Figure 1). If only axial volumetric
T1 imaging were available at baseline, the images were reformatted to
the sagittal plane using MIPAV (National Institutes of Health, Bethesda,
Maryland) to the same parameters of conventional sagittal T1 imaging.
All segmentations were verified by a radiation oncologist with expertise
in spine SBRT.

Intra- and Inter-Rater Reliability of Segmentations

To assess consistency of segmentations, the baseline MRI of 34 spinal
segments of varying sizes were randomly chosen, reordered, and recon-
toured by the neuroradiologist who originally contoured the metastases
to determine intrarater reliability. To assess the repeatability of segmen-
tations, 2 additional neuroradiologists also independently contoured the
segments to determine inter-rater reliability. All neuroradiologists were
blinded to clinical data as well as each other’s segmentations during this
process.

Clinical Endpoint

The primary outcome was 1-yr RSS PES, determined by reviewing
the electronic medical records from the visit closest to 1-yr follow up.
The SPINO criteria® were used to determine RSS PFS, with progression
defined as: unequivocal increase in GTV, new or progressive epidural
tumor, or neurological deterioration attributable to pre-existing epidural
disease. Outcomes were classified as either progression or nonpro-
gression.

Statistical Analyses

Each spinal segment was evaluated independently. GTV changes were
calculated as percent changes between scans, using the planning MRI as
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the baseline scan. To determine the intrarater reliability, the intraclass
correlation coefficient (ICC) was calculated using k = 3 while inter-rater
reliability was calculated using k = 2. To determine a threshold which
could be used to define a change in GTV beyond any measurement error,
the minimum detectable difference (MDD, Equation 1)'? was calcu-
lated based on the baseline and Postl GTVs, which were segmented by
1 neuroradiologist, twice:

MDD = z SCOTI€level of confidence X SD\pcrccm change| X (2 [1  Test —rcrcst])7

1)
where the z-score was 1.96, associated with 95% confidence interval;
SDpercent change| Was the standard deviation of the absolute percent change
in GTV; and #iese recese Was the coefficient of test-retest reliability, estimated
from the ICC.

Although the MDD can be applied in both directions, we have
applied it in the positive direction only, given the clinical applications
for determining a value for GTV “increase,” as opposed to “decrease.” In
practice, when applying the MDD, GTV changes above the MDD can
be considered as real changes while GTV changes below the MDD may
be due to measurement error.

The area under the receiver operator characteristic curve (AUC) was
then calculated to assess the discriminative ability of the MDD for
predicting 1-yr RSS PES. To further assess its utility, we compared
the MDD’s performance against the optimal thresholds derived from
Youden’s ] index, which gives the highest sum of sensitivity and speci-
ficity. Univariate logistic regression was performed to associate percent
changes in GTV at the various time points (Baseline-Postl, Baseline-
Post2, and Post1-Post2) with 1-yr RSS PFES.

All statistical analyses were performed using R version 3.6.2 (R
Foundation for Statistical Computing, Vienna, Austria). Anonymized
data will be held in accordance with institutional policies. To request
access to data, please contact the corresponding author.

RESULTS

The initial database contained 284 treated spinal segments
from 150 consecutive patients. A total of 22 segments were
excluded due to vertebroplasty, decompressive surgery, or
vertebral compression fracture; 14 segments were excluded as the
tumor extended beyond the MRI field of view; and 106 segments
had <2 follow-up scans. Therefore, a total of 142 spinal segments
from 85 patients were included (Table 1).

A summary of the baseline characteristics of the spinal segments
from baseline to Post2 are presented in Table 1. Median follow-up
was 30.5 mo (interquartile range [IQR], 13.9-56.1 mo), though
analyses were limited to 1-yr RSS PFS. At 1 yr, 19 spinal segments
demonstrated progression. Out of these, 2 were initially believed
to represent progression, but subsequent scans confirmed pseudo-
progression.® 131> As this is a transient phenomenon that mimics
disease progression on imaging but otherwise resolves without
therapeutic intervention, these were subsequently considered not
progressed, therefore the final cohort had 17 progression cases.
A version of the results, where the 2 pseudoprogression cases
were not included in the analyses, can be found in Supplemental
Tables 1 and 2 and Supplemental Figure.

High ICC was observed for intrarater reliability (0.99,
P < .001, 95% CI 0.98-0.995) and inter-rater reliability (0.995,
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TABLE 1. Baseline Characteristics and Treatment Response of All 142
Spinal Segments Included in the Study

Variable
Primary cancer site N (%)
Breast 57 (40.1)
Colorectal 8(5.6)
Nonsmall cell lung carcinoma 20 (14.1)
Melanoma 2(1.4)
Prostate 23 (16.2)
Renal cell carcinoma 23(16.2)
Squamous cell carcinoma 3(20)
Other* 4(2.8)
Unknown 2(1.4)
Spine metastatic location N (%)
Cervical 9(6.3)
Thoracic 83 (58.5)
Lumbar 36 (25.3)
Sacral 14 (9.9)
Epidural disease at the treated segment” N (%)
0 105 (73.9)
Ta 15 (10.6)
1b 16 (11.3)
1c 5(3.5)
2 1(0.7)
3 0(0)
Spinal metastases tumor type N (%)
Sclerotic 52(36.7)
Lytic 66 (46.5)
Mixed 24 (16.9)
Treatment N (%)
24 Gy/2 fractions 142 (100.0)
Time between scans Median (IQR) in days
Post1 89 (74-103) days after baseline
Post2 91 (67-107) days after Post1
Contoured GTV sizes Median (IQR) in cc
Baseline 5.6 (1.2-10.2)
Postl 4.4 (1.0-10.6)
Post2 4.0(0.9-8.9)
T-yr RSS PFS N (%)
No progression 125 (88.0)
Progression 17 (12.0)
Small tumors (GTV < 2 cc) 5/17 (29.4)
Medium tumors (2 < GTV < 8.3 cc) 6/17 (35.3)
Large tumors (GTV > 8.3 cc) 6/17 (35.3)

Abbreviations: Gy, Gray; IQR, interquartile range; GTV, gross tumor volume; RSS PFS,
radiation site-specific progression-free survival.
*Primaries were uterine, hepatocellular carcinoma, and neuroendocrine tumors.

P <.001,95% CI0.992-0.997). These strengthen the confidence
of the results for the MDD, which was determined to be 10.9%.

Global Findings

The optimal threshold values derived from Youden’s ] index,
and their associated AUC, sensitivity, and specificity in relation
to 1-yr RSS PES are presented in Table 2. Only the threshold
between the Baseline-Post2 scan was above the MDD. For
other timepoints, when using MDD as the threshold (Table 3),
the sensitivity decreased at all timepoints while the specificity

www.neurosurgery-online.com
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cc), medium C (2 < GTV < 8.3 cc), and large D (GTV > 8.3 cc) tumors.

FIGURE 2. The AUCs of the different timepoints studied in the prognostication of 1-yr RSS PFS for all tumors A, and when stratified into small B (GTV < 2

remained the same or increased (all >90%) compared to the
optimal values derived from Youden’s ] index.

Figure 2A demonstrates the AUCs used for predicting 1-yr
RSS PFS. The highest performing AUC was from Baseline-
Post2 (AUC 0.90), followed by Baseline-Postl (AUC 0.81),
and Post1-Post2 (AUC 0.7). Baseline-Post2 had a significantly
higher discriminative ability than Postl-Post2 (P = .004) while
univariate analysis comparing other permutations of time points
did not reveal any statistical significance (Table 4).
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Tertiles

Due to the large distribution of GTVs (range, 0.034-44.5
cc; IQR, 1.2-10.2 cc), data were split based on the baseline
GTV into tertiles. Tumors with baseline GTVs less than 2 cc
are hereafter referred to as “small”; those with GTVs greater
than 8.3 cc as “large”; and those with GTVs in between these
values as “medium.” The 17 progressed segments included 5
(29.4%) small, 6 (35.3%) medium, and 6 (35.3%) large tumors.
A summary of the thresholds, their associated AUC, sensitivity,

www.neurosurgery-online.com
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TABLE 4. Discriminative Ability of Each Timepoint’s AUC Relative to the 1-Yr RSS PFS Status

Baseline-Post1vs
Baseline-Post2

Baseline-Post2
vs Post1-Post2

Baseline-Post1
vs Post1-Post2

All tumors (n = 142) 0.10
Small tumors (GTV < 2cc; n =47) 0.40
Medium tumors (2 < GTV <83 cc; n =47) 0.53
Large tumors (GTV > 8.3 cc; n = 48) 0.17

0.30 0.004
0.78 0.21
0.66 0.18
0.27 0.054

and specificity with regards to 1-yr RSS PES are presented in
Tables 2 and 3.

For small tumors, the optimal threshold for predicting 1-yr
RSS PES was above the MDD at all times points and ranged from
37.2% to 71.3%, with AUCs ranging from 0.77 to 0.89, without
any statistical difference when comparing the various time points
(P > .05; Figure 2B and Table 4).

Medium-sized tumors had optimal thresholds below the MDD
at all timepoints, ranging from —0.26% to 9.4%, with AUCs
ranging from 0.65 to 0.84. When the threshold was set to the
MDD, specificity at all timepoints increased to 92.7% but sensi-
tivity declined to 33.3% to 50%. No statistical differences were
detected between the AUCs of using the various time points
(P > .05; Figure 2C and Table 4).

Large tumors demonstrated optimal thresholds close to the
MDD, except for Baseline-Post1 where the threshold was 0.64%.
Using the MDD at this timeframe resulted in lower sensitivity
(100% to 50%) but higher specificity (73.8% to 92.9%). The
change between Baseline-Post2 had the highest discriminative
ability of all tertiles and timepoints, with an AUC of 0.97. No
statistical differences were detected between the AUCs of any
timepoint (P > .05; Figure 2D and Table 4).

The best performing AUC was observed when comparing the
Baseline-Post2 scans for all tumor sizes, followed by Baseline-
Postl, then Post1-Post2, although no time point was significantly
better than the other.

DISCUSSION

Key Results

Despite widespread emergence of SBRT, imaging assessment
of tumor response for spinal metastases is challenging even with
the RECIST 1.1% and SPINO’-'¢ guidelines. Here, we present
the first step towards the development of quantitative, imaging-
based guidelines by identifying the MDD, and how it compares
against a statistically derived, optimal threshold. Furthermore, the
associations of specific timepoints with 1-yr RSS PES highlight
the potential utility that such guidelines could provide.

Generalizability

The development of an imaging-based assessment guideline,
specific to spinal metastases treated with SBRT, is crucial with

the establishment of SBRT. While RECIST 1.1% includes guide-

NEURO

lines on the measurability of bone lesions, unique limita-
tions exist when applying these towards spinal metastases. For
example, under RECIST 1.1, purely lytic and mixed lytic-
sclerotic metastases are considered “measurable” only if there
is an extraosseous soft tissue component > 10 mm; sclerotic
metastases are considered nonmeasurable. Most spinal metastases
have Bilsky grade 0 to 1 epidural disease,'” as such the GTVs
that are entirely intraosseous (Bilsky 0) would be considered
nonmeasurable under RECIST 1.1. Even if the tumor has a
Bilsky 1 epidural component, this is almost invariably a small
fraction of the GTV. Moreover, the anteroposterior dimension
(ie, thickness) of the epidural component is shorter than both
transverse or craniocaudal dimensions, and very often less than
10mm, rendering it again nonmeasurable. Tumor measurements
are further complicated by the complex 3-dimensional shape of
the vertebral bodies and their posterior elements, making it very
difficult to capture the largest dimension of the tumor. Lastly, due
to time constraints, it is not feasible to acquire volumetric follow-
up imaging with the same parameters as treatment planning
MRI

To begin addressing some of these issues, our study quantified
what minimum change in volume within the first 2 follow-up
MRIs, when therapeutic interventions may still have a meaningful
impact on outcome, should be considered as truly increased.

Interpretation

Without size stratification, the thresholds for optimizing sensi-
tivity and specificity were only above the MDD of 10.9%
when assessing the changes between Baseline-Post2. However,
the negative threshold for Baseline-Postl highlights the need to
account for initial size of the tumor when determining a clini-
cally meaningful volumetric change. For example, a threshold of
—0.22% (indicating shrinkage) between Baseline-Postl had the
best combination of sensitivity and specificity for 1-yr RSS PES.
However, as this threshold is below the MDD, changes within
this range may be due to measurement error. Therefore, while
further work is required to identify an appropriate threshold for
this timeframe, the MDD of 10.9% can be used as the smallest
clinically meaningful increase in GTV even if it does not yield the
highest AUC, until a value for “progression” is defined.

For small tumors (<2 cc), large changes in GTV ranging from
37% to 71% had the highest combination of sensitivity and speci-
ficity for progression. This is unsurprising, as the absolute size
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change for “small” tumors may be clinically irrelevant despite large
percentage changes; this is also reflected in the high specificity, but
comparatively low sensitivity of the thresholds. In medium-sized
tumors (2 < GTV < 8.3 cc), the threshold between all timepoints
was below the MDD. Although the thresholds were derived statis-
tically, again this indicates that the reliability of the thresholds for
tumors of this size may be low and therefore 10.9% should be used
as the minimum threshold to determine “growth.” For particu-
larly large tumors (>8.3 cc), a GTV increase of 13.3% had the
highest sensitivity and specificity. Since it is also greater than the
MDD, it could, therefore, be used for risk prediction.

These data highlight the clinical significance of the second
post-SBRT scan. While it is possible that Post2 had better
discrimination than Postl due to being closer in time to the
outcome studied, the high sensitivity and specificity for the
various derived thresholds support the use of this time point.
Clinically, it is also early enough that further intervention could
be considered.

Limitations and Future Directions

As with all retrospective studies, selection bias could not be
fully accounted for. Due to the complex nature of spinal metas-
tases, there is inherent subjectivity with contouring; however, this
was limited by having one neuroradiologist contour all GTVs
with subsequent verification by a radiation oncologist, and high
inter-rater reliability. Lastly, application of the MDD which was
derived from the entire dataset to stratified data assumes that the
MDD is not affected by tumor size. Despite the inclusion of 142
spinal segments, this was necessary as there was insufficient power
to derive tertile-specific MDDs. In future work, inclusion of the
CCTG-SC.24 multi-institutional dataset® (NCT02512965) will
also help increase power to determine and investigate tertile-
specific MDDs, as well as the effect of other parameters such as
histology, tumor type, and systemic disease and chemotherapy.

CONCLUSION

The results from this data-driven study represent the first step
towards the development of objective imaging-based response
assessment criteria for spinal metastases treated with SBRT. We
identified an MDD of 10.9%, which accounts for measurement
error and represents the minimum to define a GTV “increase.”
Furthermore, we identified the second post-SBRT scan as a
possible point for clinical action; when the MDD is assessed in
this timeframe, there was reasonable performance in prognosti-
cation. More work is needed before a threshold value to define
“progression” is derived.
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pseudoprogression (n = 2) were excluded from analysis.
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Supplemental Figure. The AUCs of the different timepoints studied in the
prognostication of 1-yr RSS PES for all tumors A, and when stratified into small B
(GTV < 2.2 c¢), medium C (2.2 < GTV < 8.4 cc), and large D (GTV > 8.4 c¢)
tumors, with exclusion of 2 pseudoprogression cases. Relative to the AUCs when
the pseudoprogression cases were included, AUCs are the same or improved, with
the exception of small tumors at Baseline-Post1, which has slightly less discrimi-
native ability (0.80 vs 0.81 when pseudoprogression cases are included).
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