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Abstract
Purpose: Early positron emission tomography−derived metrics post−oligometastasis radioablation may predict impending local
relapses (LRs), providing a basis for a timely ablation.
Methods and Materials: Positron emission tomography data of 623 lesions treated with either 24 Gy single-dose radiation therapy
(SDRT) (n = 475) or 3 £ 9 Gy stereotactic body radiation therapy (SBRT) (n = 148) were analyzed in a training data set (n = 246) to
obtain optimal cutoffs for pretreatment maximum standardized uptake value (SUVmax) and its 3-month posttreatment decline
(DSUVmax) in predicting LR risk, validated in a data set unseen to testing (n = 377).
Results: At a median of 21.7 months, 91 lesions developed LRs: 39 of 475 (8.2%) after SDRT and 52 of 148 (35.1%) after SBRT. The
optimal cutoff values were 12 for SUVmax and −75% for DSUVmax. Bivariate SUVmax/DSUVmax permutations rendered a 3-tiered LR
risk stratification of dual-favorable (low risk), 1 adverse (intermediate risk) and dual-adverse (high risk). Actuarial 5-year local relapse-
free survival rates were 93.9% versus 89.6% versus 57.1% (P < .0001) and 76.1% versus 48.3% versus 8.2% (P < .0001) for SDRT and
SBRT, respectively. The SBRT area under the ROC curve was 0.71 (95% CI, 0.61-0.79) and the high-risk subgroup yielded a 76.5% true
positive LR prediction rate.
Conclusions: The SBRT dual-adverse SUVmax/DSUVmax category LR prediction power provides a basis for prospective studies testing
whether a timely ablation of impending LRs affects oligometastasis outcomes.
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Introduction
The current practice of oligometastasis (OM)−directed
ablation using stereotactic ablative radiation therapy is
based on the notion that the oligometastatic syndrome
represents a transitional phase in the spectrum of malig-
nant progression from a purely localized primary tumor
to wide metastatic dissemination.1 The OM phenotype
involves a limited cohort of slow-growing metastatic
lesions in a state of metastatogenic equilibrium, and a cor-
ollary of this model postulates that OM ablation before
polymetastatic escape occurs might lead to cancer cure.1

Recent randomized clinical trials have shown that ablative
OM consolidation improves OM progression-free survival
and overall survival over standard of care.2-4 However,
comparative efficacy and dose-impact studies of currently
used ablative schedules are scarce. This issue has recently
been addressed in a prospective phase III trial, randomiz-
ing OM-directed ablation with a standard 3 £ 9 Gy
hypofractionated stereotactic body radiation therapy
(SBRT) regimen versus ultrahigh (24 Gy) single-dose
radiation therapy (SDRT).5 Importantly, the tested treat-
ment regimens fundamentally differ in the radiobiological
mechanisms mediating tumor response. Whereas DNA
double strand breaks (DSBs) constitute the lethal lesions
after radiation exposure,6 the fractionated approach is
based on progressive build-up of prolethal chromosomal
instability associated with error-prone alternative end-
joining of DSB lesions.7 In contrast, SDRT operates a
dual-target tumor injury mechanism linking a transient
microvascular vasoactive ischemia to tumor cell DNA
damage, repressing homology-directed DSB repair. A syn-
thetic DSB unrepair and postmitotic tumor clonogen
lethality leads to tumor lesion ablation.7

While ultrahigh (24 Gy) SDRT affords high rates of
durable local control,8,9 its delivery is frequently restricted
by an adjacent normal organ at risk (OAR) with dose/vol-
ume constraints that do not tolerate this dose intensity.10

In the presence of such dose conflicts, accepted rules pri-
oritize prevention of OAR toxicity, mandating the use of
SBRT schedules with reduced biological equivalent dose
(BED) to meet the OAR specific tolerance.11 However,
such dose attenuation implies acceptance of a finite prob-
ability of in-field local lesion relapses (LRs).10 The phase
III study randomizing 3 £ 9 Gy SBRT versus 24 Gy
SDRT revealed a statistically significant 4-fold increase of
LRs in the SBRT arm with statistically significant increase
in subsequent distant metastatic dissemination.5 While a
comprehensive OM ablation mitigates progression of
coexisting microscopic deposits into clinically overt meta-
static lesions,5 the mechanism regulating this response
remains unknown. Hence, we posit that consolidative
OM ablation should preferably be accomplished as early
as feasible to maximize the repression of oligo- to polyme-
tastatic conversion. The working hypothesis of the present
study addresses this notion, arguing that an early identifi-
cation of an impending in-field LR after an attempt of
metastasis-directed ablation still represents an unmet
clinical need. Here we explored whether positron emis-
sion tomography (PET)−derived molecular metrics
obtained before and at 3 months postmetastasis-directed
therapy may identify lesions at high risk for relapse,
allowing a timely ablative consolidation of an otherwise
potentially prometastatogenic active disease.
Methods and Materials
The present analysis of an institutional review board
−approved, single-institution, clinical phase II non-
randomized study of radioablation in oligometastatic dis-
ease (clinicaltrials.gov NCT03543696) deals with
secondary endpoints not included in a previous report of
this trial.12 Briefly, between November 2011 and March
2017, 175 consecutive eligible patients with ≤5 OM
lesions were treated and periodically followed as long as
the patient maintained an oligometastatic status (ie, ≤5
concomitant lesions on follow-up PET/computed tomog-
raphy [CT] scanning). At the time of the present analysis
a total of 623 lesions were treated with ablative intent, an
increase of 57 lesions from a previous report of this trial,
resulting from an interim appearance and treatment of
new OM lesions. Determination of the optimal cutoff for
maximum standardized uptake value (SUVmax) decline
was performed on the first 246 lesions treated during the
first 36 months of the study until February 2015 constitut-
ing the training set,13 subsequently validated in a data set
of 377 lesions previously unseen to testing.

Systemic therapy was permitted at the discretion of the
treating physician. Patients with brain lesions were
excluded from the study. The current analysis is restricted
to pre- and posttreatment molecular PET/CT metrics
affecting local tumor control. Patients were staged at pro-
tocol admission with 18F-FDG PET/CT scans, whereas
prostate OM disease was staged with 68Ga-PSMA. Detect-
able lesions were characterized in terms CT-derived gross
tumor volume (GTV), location, and PET parameters.
PET/CT scan procedure

All patients had PET/CT scans performed according to
standardized procedures, including a baseline scan for
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staging workup and radiation therapy treatment-planning
purposes and subsequent follow-up scans. Prior to each
18F-FDG scan, patients were requested to fast for 6 hours
before tracer administration. If blood glucose was lower
than 200 mg/dL, 18F-FDG (3.7-5 MBq/kg of patient
weight) was injected using an automatic injector (Intego,
Medrad Inc). All patients injected with 18F-FDG were fol-
lowed in strict resting conditions for a minimum of 60
minutes. Patients who received 68Ga-PSMA needed no
specific preparation, and scans were acquired at 60
minutes postinjection.

The PET/CT scan (Gemini TF, Philips) was acquired
with a low-dose CT (120-140 kV, 60 mA per rotation)
from the skull base to the upper third of the thighs. PET
data were obtained thereafter on 3-dimensional mode.
Quantitative SUV evaluation was performed within the
volumetric region of interest (Extended Brilliance Work-
space algorithm NM 2.0 AB-V5.4.3.40140, Philips). The
standardized uptake value for the voxel with the highest
activity concentration (SUVmax) was recorded. Tumor
response was scored based on modified PERCIST criteria,
with metabolic relapse defined as any increase of SUVmax

>30% above nadir level. All metabolic relapses were con-
firmed by morphologic CT imaging. All lesions had a
minimum of 2 posttreatment scans.
Radioablation

Treatment planning and delivery techniques used were
strictly standardized and have been described before.12

Briefly, patients were placed on dedicated repositioning devi-
ces and scanned using 2 mm slice thickness CT images on
the PET/CT scanner. A 4-dimensional CT acquisition was
performed to allow visualization and assessment of internal
organ motion to be accounted for during treatment planning
according to the RTOG 0236 guidelines. The GTV was
delineated and expanded with an isotropic 3 mm margin to
generate the treatment planning volume. Treatment plan-
ning (Eclipse, Varian Medical Systems, Palo Alto, CA) used
2 to 4 coplanar high dose-rate flattening filter-free photon
beams (6 or 10 MV) in all cases. Heterogeneity corrections
were used to ensure appropriate dose calculation. While 24
Gy SDRT was the preferred regimen in the study, 3 £ 9 Gy
SBRT was used when OAR dose/volume constraints did not
allow safe implementation of SDRT. The same treatment
planning guidelines were used for both regimens. All plans
underwent strict quality assurance testing with a pretreat-
ment phantom dry run (ArcCHECK, Sun Nuclear Corp,
Melbourne, FL). Gamma index analysis values at the 3%/
3 mm ≥90% were considered acceptable. The Edge/True-
Beam STx platforms (Varian Medical Systems, Palo Alto,
CA) were used for treatment delivery. A 6° of freedom couch
enabled accurate correction of rotational discrepancies. Set-
up accuracy was performed by on-board cone beam CT
matching with the reference planning CT before treatment
delivery. Any discrepancies in target position ≥1 mm or ≥1
degree relative to the planning CT scan were corrected and
verified with additional cone beam CT scans.
Endpoints

Radiotracer uptake values were recorded for each lesion
at baseline and every follow-up scan. The change in maxi-
mum standardized uptake value (DSUVmax) was calculated
with respect to the baseline value at the 3- and 6-month
posttreatment time points. Local response to treatment was
scored as complete response, partial response, stable disease,
or failure based on modified PERCIST criteria (ie, any
increase of SUVmax >30% above nadir level within the irra-
diated volume).14 If posttreatment PET showed no residual
abnormal uptake with SUVmax decline >90% the lesion was
scored a complete metabolic response.
Statistical analysis

Time to local failure was calculated from the day of treat-
ment. Pretreatment SUVmax and DSUVmax were used in the
confirmatory analysis. In a complementary analysis GTV,
OM lesion histology, target site, and use of systemic therapy
before treatment or postablation were also tested as variables
affecting local control. All statistical tests were 2-tailed with
a significance level (a) = 0.05. Estimates of local relapse-free
survival (LRFS) were calculated using the Kaplan-Meier
method. Univariate analysis with continuous and discrete
variables were used to explore associations with LRFS, and a
stepwise multivariable model was set to estimate the associa-
tion of covariates with impending LR, using the Cox propor-
tional hazard method. Hazard ratio (HR) and 95%
confidence intervals (95% CI) were obtained. Receiver oper-
ating characteristic (ROC) analysis was performed on varia-
bles with significant association with impending LR. The
choice of cutoff points to convert continuous covariates into
a binary partitioning used the method of Contal and
O’Quigley,15 which provides an objective dichotomization
via maximizing the HRs of partitioning values based on log-
rank statistics to estimate optimal outcome-oriented cutoff
points. Statistical computations were performed using R
software version 3.4.4 (R Project for Statistical Computing)
or GraphPad Prism 8.0 software (Prism Inc, Reston, VA).
Results
Lesion characteristics

Table 1 provides basic details on lesion characteristics.
A total of 623 lesions were treated, 475 (76%) with 24 Gy
SDRT and 148 (24%) with 3 £ 9 Gy SBRT. There were



Table 1 Lesion characteristics

No. (%) No. (%) No. (%)

All
Single-dose
radiation therapy

Stereotactic body
radiation therapy

623 (100) 475 (76) 148 (24)

Histology

Prostate 147 (24) 124 (26) 23 (16)

Non-small cell lung cancer 115 (18) 83 (18) 32 (22)

Colorectal cancer 92 (15) 71 (15) 21 (13)

Breast 83 (13) 64 (13) 19 (13)

Renal cell 30 (5) 25 (6) 5 (3)

Endometrial 20 (3) 4 (1) 16 (11)

Urothelial 17 (3) 11 (2) 6 (4)

Small cell lung 17 (3) 13 (3) 4 (3)

Sarcomas 16 (3) 13 (3) 3 (2)

Ovarian 14 (2) 14 (3) 0 (0)

Pancreas 14 (2) 10 (2) 4 (3)

Other (<10/histology) 42 (6) 30 (6) 12 (8)

Lesion site

Bone 203 (32) 165 (35) 38 (26)

Lymph nodes 215 (35) 130 (27) 85 (57)

Lung 112 (17) 102 (21) 10 (7)

Liver 41 (8) 36 (8) 6 (4)

Soft tissues 51 (8) 42 (9) 9 (6)

Concomitant systemic treatment 181 (29) 140 (29) 41 (28)

Lesion volume

Median 5.1 4.8 7.5

Mean § 1 SD 15.6 § 37.8 7.9 § 6.9 27.6 § 63.8

Maximum standardized uptake value

Median 6.8 6.7 7.5

Mean § 1 SD 9.2 § 8.4 8.9 § 8.3 10.2 § 8.7

Change in maximum standardized uptake value

Median −79.2% −80.0% −75.9%

Mean § 1 SD −66.7% § 32.5% −66.2 § 33.7% −67.8% § 28.3%

Abbreviation: SD = standard deviation.
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no statistically significant differences in median baseline
SUVmax and DSUVmax among different histologies, except
for renal cell carcinoma, which displayed reduced median
values (P < .001). All lesions had PET/CT planning scans
and a minimum of 2 posttreatment scans (median 5;
mean 5; range 2-12). Concomitant systemic therapy did
not significantly affect postablative DSUVmax in either
radiation regimen (P = .74).

At a median follow-up of 21.7 months (range, 6-86.5)
91 of 623 lesions (14.6%) developed evidence of LR within
the treated field. Median follow-up for lesions that did not
develop LR was 22.7 months (range, 6-86.5). Lesions
ablated with SDRT had an actuarial 8.2% (39 of 475) inci-
dence of LR versus 35.1% (52 of 148) for SBRT-treated
lesions (P < .0001). Median time to local relapse for the
SDRT cohort was 10.2 months (mean, 10.6; range, 3-27.1)
and 12.1 months (mean, 14.0; range, 4.9-46.6) for SBRT.

Of 54 patients with in-field LRs, 19 (35%) with a total
of 23 lesions were eligible for salvage reirradiation,
whereas 4 (7%) were managed surgically. Patients with
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LRs concomitant with polymetastasis progression (≥6
lesions: 22 patients, 41%) or patients with restrictive comor-
bidities (9 patients, 17%) were not considered candidates for
LR salvage. A total of 16 lesions were reablated with SDRT
(12 relapsing after SBRT and 4 after SDRT) and 7 with
SBRT (5 relapsing after SBRT and 2 after SDRT). Of the 23
salvaged lesions, 8 (35%) relapsed at a median of 7.6 months,
that is, 4 of 16 (25%) after SDRT versus 4 of 7 (57%) after
SBRT. There were no grade 3 to 4 adverse events in patients
who received reablation with either 3 £ 9 Gy SBRT or 24
Gy SDRT as the salvage regimen.
Training set

The training set consisted of 246 radioablated lesions.
To establish and quantify the baseline SUVmax and the
postablative DSUVmax optimal values in predicting LRFS,
these continuous variables were partitioned into binary
subgroups to derive the most significant cutoff values
associated with a clinically confirmed in-field LR.15 The
analysis yielded an optimal SUVmax cutoff value of 12
(SUVmax12), separating the actuarial LRFS into 79.3% ver-
sus 58.0% (HR, 0.25; 95% CI, 0.12-0.55; P = .0003), with
the higher SUVmax having a worse prognosis. The 3-
month postablation DSUVmax decline of 75% cutoff
(DSUV75%) separated actuarial LRFS into 84.2% versus
67.2% (HR, 0.34; 95% CI, 0.19-0.62; P = .0002), with the
larger declines having a better prognosis. Furthermore, to
test whether the treatment regimen effected the cutoff val-
ues, we found that for the 201 SDRT-treated lesions the
SUVmax12 separated the cohort into 91.6% versus 74.9%
(HR, 0.36; 95% CI, 0.04-0.64; P = .007) and DSUV75% into
94.1% versus 83.6% (HR, 0.38; 95% CI, 0.14-0.98;
P = .03). For the 45 lesions treated with 3 £ 9 Gy SBRT,
Fig. 1 Validation of DSUVmax for 2 radioablative regimens.
directed 24 Gy single-dose radiation therapy. (B) Three sessions
by the optimal positron emission tomography 3-month posttr
tions: LRFS = local relapse-free survival; DSUVmax = change in m
the SUVmax12 did not provide a significant separation,
although the DSUV75% yielded 76.3% versus 28.7% (HR,
0.38; 95% CI, 0.15-0.93; P = .003).
Validation of statistically previously unseen
data

The median GTV in the validation set was smaller than
in the training set (4.0 vs 6.1 cm3; P = .003). However, there
was no statistically significant difference in baseline SUVmax

(6.9 vs 6.7, respectively; P = .91). In the 377 lesions previ-
ously unseen to testing, the pretreatment SUVmax12 revealed
a separation of actuarial LRFS of 85.0% versus 68.1% (HR,
0.56; 95% CI, 0.27-1.18; P = .90), whereas the DSUVmax75%

cutoff yielded a separation of 89.1% versus 73.1% in actuarial
LRFS rates (HR, 0.24; 95% CI, 0.13-0.44; P < .0001). Further
analysis of DSUVmax75% in 274 SDRT-treated lesions
showed that actuarial LRFS was 94.7% versus 82.6% (HR,
0.28; 95% CI, 0.11-0.57; P = .002; Fig 1A). Similarly,
Figure 1B shows LRFS separation by DSUVmax75% in 103
SBRT-treated lesions of 82.8% versus 31.2% (HR, 0.11; 95%
CI, 0.05-0.24; P < .0001).
Validation of 18F-FDG versus 68Ga-PSMA
cutoffs

A set of complementary analyses was designed to
ensure that the baseline SUVmax and DSUVmax cutoff val-
ues defined previously were compatible for both PET trac-
ers. The median baseline SUVmax was 7 versus 6.2 for

18F-
FDG versus 68Ga-PSMA (P = .10). The optimal pretreat-
ment SUVmax cutoff value for 18F-FDG was 13 (LRFS,
79.1% vs 65.1%; HR, 0.39; 95% CI, 0.22-0.70; P = .0008),
(A) Actuarial LRFS of lesions ablated with metastasis-
of 9 Gy stereotactic body radiation therapy dichotomized
eatment DSUVmax cutoff value of 75% decline. Abbrevia-
aximum standardized uptake value.
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whereas the best cutoff value for 68Ga-PSMA was 11
(LRFS, 92.6% vs 72.4%; HR, 6.5; 95% CI, 1.38-30.35;
P = .01). Nonetheless, Figure 2A and Figure 2B show that
pretreatment SUVmax12 still reveals statistically significant
separations for both PET tracers.

The median 3-month DSUVmax was −75.2% versus
−84.3% for 18F-FDG versus 68Ga-PSMA (P = .01).
Figure 2C shows DSUVmax75% was a significant predictor
of LRFS for 18F-FDG (LRFS, 85.1% vs 69.5%; HR, 0.33;
95% CI, 0.17-0.62; P = .0001). Despite the paucity of LR
events in the 68Ga-PSMA-assessed prostate lesions (11 of
147, 7.5%), the DSUVmax75% cutoff still revealed a signifi-
cant separation (Fig 2D; LRFS, 98.7% vs 72.8%; HR, 0.08;
95% CI, 0.02-0.29; P < .0001).
Univariate, multivariate, and ROC analyses

While we showed the binary-partitioned SUVmax12 and
DSUVmax75% were positively associated with LRFS,
Fig. 2 Validation of cutoff values for 18F-FDG and 68Ga-PSMA
tion of pretreatment SUVmax using a cutoff value of 12 for 18F
radioablated lesions as a function of 3-month posttreatment DS
68Ga-PSMA (D). Abbreviations: LRFS = local relapse-free su
DSUVmax = change in maximum standardized uptake value.
univariate and multivariate analyses were performed to test
whether additional variables were associated with increased
LR risk (Table 2). In addition, ROC analyses were performed
to determine the sensitivity and specificity of these variables.
GTV size was positively associated with LR as a continuous
variable in both regimens (Cox regression; SDRT, P = .009;
SBRT, P = .006). However, the effect of GTV derived by the
area under the ROC curve was only slightly superior to 0.5
(AUC = 0.60, 95% CI, 0.53-0.66 for entire cohort;
AUC = 0.65, 95% CI, 0.56-0.73 for SDRT; AUC = 0.51, 95%
CI, 0.41-0.61 for SBRT). Posttreatment DSUV≤75% was also
confirmed as an independent predictor of LR in the multi-
variate analysis for both regimens (Cox regression for
SDRT, P = .008, and for SBRT, P < .0001). The areas under
the ROC curve were acceptably discriminating at 0.65 (95%
CI, 0.57-0.74) and 0.69 (95% CI, 0.60-0.78) for the SDRT-
and SBRT-treated lesions, respectively. For the optimal cut-
off of 75% decline, the sensitivity and specificity were,
respectively, 71.8% and 57.7% for the SDRT-treated lesions
and 75.0% and 67.7% for the SBRT-treated lesions.
. (A, B) Actuarial LRFS of radioablated lesions as a func-
-FDG (A) and 68Ga-PSMA (B). (C, D) Actuarial LRFS of
UVmax cutoff value of >75% declines for 18F-FDG (C) and
rvival; SUVmax = maximum standardized uptake value;



Table 2 Univariate and multivariate analyses

24 Gy single-dose radiation therapy

Univariate 95% CI Multivariate 95% CI

Variable Hazard ratio Lower Upper P value Hazard ratio Lower Upper P value

Histology

Other histology (reference)

Breast 0.300 0.065 1.373 0.121 0.287 0.059 1.402 0.123

Colorectal cancer 2.636 1.138 6.105 0.023 2.669 1.053 6.763 0.038

Non-small cell lung cancer 1.734 0.735 4.090 0.208 1.677 0.668 4.209 0.270

Prostate 0.380 0.119 1.212 0.102 0.419 0.121 1.447 0.169

Lesion site

Bone (reference)

Liver 2.077 0.561 7.676 0.273 0.520 0.093 2.909 0.457

Lymph node 1.201 0.476 3.027 0.697 1.360 0.476 3.886 0.565

Lung 2.208 0.914 5.330 0.078 1.340 0.515 3.481 0.547

Soft tissues 3.489 1.297 9.383 0.013 2.090 0.714 6.117 0.178

Volume

Gross tumor volume (cm3) continuous 1.009 1.002 1.016 0.009 1.008 0.998 1.018 0.111

Baseline SUVmax

SUVmax continuous 1.012 0.981 1.043 0.457 1.006 0.883 1.145 0.926

SUVmax cutoff 1.311 0.698 2.461 0.399 1.086 0.481 2.452 0.841

Posttreatment SUVmax

Delta ≤75% 0.292 0.145 0.586 <0.001 0.280 0.109 0.719 0.008

Difference pre/posttreatment 0.992 0.949 1.039 0.754 1.016 0.884 1.168 0.819

3 £ 9 Gy stereotactic body radiation therapy

Histology

Other histology (reference)

Breast 0.558 0.210 1.483 0.242 0.543 0.210 1.462 0.226

Colorectal cancer 1.844 0.859 3.958 0 116 1.800 0.828 3.901 0.137

Non-small cell lung cancer 0.970 0.417 2.255 0.943 0.970 0.408 2.218 0.908

Prostate 1.131 0.442 2.893 0.796 1.110 0.438 2.791 0.829

Lesion site

Bone (reference)

Liver 0.000 0.000 Infinite 0.996 0.000 0.000 Infinite 0.997

Lymph node 0.921 0.470 1.803 0.810 1.240 0.590 2.582 0.574

Lung 2.003 0.749 5.359 0.166 1.110 0.397 3.107 0.841

Soft tissues 1.274 0.358 4.522 0.708 1.300 0.353 4.769 0.694

Volume

Gross tumor volume (cm3) continuous 1.006 1.001 1.010 0.006 1.010 1002 1.010 0.003

Baseline SUVmax

SUVmax continuous 1.098 0.983 1.227 0.096 1.110 1.982 1.227 0.097

SUVmax cutoff 0.906 0.436 1.881 0.791 0.908 0.436 1.881 0.792

Posttreatment SUVmax

Delta ≤75% 0.150 0.057 0.388 <0.001 0.165 0.063 0.427 <0.001

Difference pre/posttreatment 0.929 0.814 1.060 0.275 0.929 0.801 1.060 0.275

Abbreviations: CI = confidence interval; SUVmax = maximum standardized uptake value.
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Bivariate combinations of baseline and
posttreatment SUVmax declines

For these studies the training and the validation sets
were combined using the validated optimized cutoff val-
ues. Due to the preponderant effect of DSUVmax and the
relative paucity of events in the SDRT cohort, addition of
either GTV or pretreatment SUVmax did not improve the
predictive value of DSUVmax alone, and a subset of lesions
at very high risk of LR could not be identified with pre-
and 3-month post-SDRT PET/CT metrics (93.9% vs
89.6% vs 57.1%; P < .0001). However, for the more
relapse-prone SBRT-treated lesions, the use of bivariate
permutations of baseline SUVmax12 and DSUVmax75%

resulted in area under the ROC curve of 0.71 (95% CI,
0.61-0.79; Fig 3A). The combination of no adverse fea-
tures (ie, pretreatment SUVmax <12 and DSUVmax

declines >75%, designated here as low risk) versus the
presence of 1 adverse covariate (intermediate risk) or
dual-adverse SUVmax>12 and DSUVmax declines ≤75%
(high-risk) resulted in a 3-tiered actuarial 5-year LRFS
stratification (Fig 3B; log-rank P < .0001), yielding a
76.5% true positive LR prediction rate. Of note, the distri-
butions of LRs by risk category did not significantly
change at the 6-month assessment (Fig 3C) and the dual-
adverse subgroup included the same lesions identified at 3
months, suggesting that early identification of the lesions
at high risk for relapse is feasible.
Discussion
The present study confirms DSUVmax75% is a strong
predictor of freedom from local failure, independently
verified in a large subset of lesions previously unseen to
testing. Univariate and multivariable analysis of the entire
cohort indicates that ≤75% DSUVmax declines is the sole
independent PET metric predictor of local failure postra-
dioablation. Additionally, DSUVmax75% in combination
with baseline SUVmax defines a 3-tiered LR risk at 3
months postablation, where the dual-adverse SUV>12/
DSUV≤75% category yields a robust association with
impending true LRs in the 3 £ 9 Gy SBRT cohort. The
fact that the 3-tiered stratification at 3 and 6 months
yielded similar results in the high-risk category supports
the notion that early identification of impending LRs is
feasible. Published data on the use of pre- and posttreat-
ment PET metrics to evaluate response to ablative radia-
tion therapy are scant.16-19 The present development of a
PET-based algorithm that predicts in-field recurrences
with high specificity and sensitivity provides an approach
to prospectively test the hypothesis that a timely consoli-
dative radioablation of relapsing OM lesions effects the
natural history of preexisting microscopic OM foci, miti-
gating their metastatogenic conversion.
There is a need for such an approach, as lesions
untreatable with high-BED regimens are at a higher risk
for in-field LRs, hypothetically associated with an increase
in subsequent distant metastatic dissemination.5 While at
present there are no experimental animal models of the
human OM syndrome, and advancement in the field
depends on clinical experimentation, there is nonetheless
substantial evidence indicating that the oligometastatic
state is a biologically dynamic process, which engages reg-
ulators of the OM metastatogenic equilibrium, gradually
increasing a propensity toward a polymetastatic
switch.20,21 Consistent with this notion, the outcomes of
the randomized SBRT versus SDRT OM study5 suggest
that functional activity of unattended or relapsing OM
residua, presumably expressing increased prometastato-
genic propensity, appear to promote polymetastatic con-
version of the preexisting microscopic OM deposits.20,21

Hence, we posited that early detection of an unsuccessful
initial ablation, proven feasible in the present studies,
might render benefit from ablative consolidation as early
as possible, if deemed clinically safe.

At present, the tolerance of reirradiation with ablative
doses at 3 months after radiation therapy is unknown. While
previous experience indicates that reirradiation of clinically
detected in-field LRs is feasible and safe with <5% grade 3
adverse events,22-25 the tolerance of consolidative reablation
at 3 months will have to be tested in a phase I feasibility and
toxicity study. Preliminary data indicate that OM lesions in
so-called parallel organs,26,27 such as the lung and liver, can
be safely reirradiated with ablative intent,22 although cen-
trally located chest relapses require strict adherence to safe
OAR dose/volume constraints.28 With regard to the so-
called serial OARs,26,27 data emerging for spinal lesions sug-
gest that SBRT salvage can be safely delivered at ≥5 months
after initial treatment, provided strict dose/volume con-
straints for the spinal cord are met.29 A multi-institutional
pooled analysis of spine reirradiations after conventional
fractionation (median dose/fractions, 30 Gy/10) used 18 Gy
single dose in 60% of the cohort,30 reporting no radiation-
induced myelopathy or radiculopathy. Our recently pub-
lished data reported that 1-year local control was signifi-
cantly improved (90% vs 73%) in lesions re-treated with 24
Gy SDRT compared with 3 £ 9 Gy SBRT.12 A study of sal-
vage SBRT (median 30 Gy/4 fractions) at a median of 6.8
months for in-field failure after initial SBRT (median
24 Gy/2 fractions) reported 81% 1-year local control with no
cases of radiation-induced myelopathy or vertebral compres-
sion fracture.31 While preliminary reports on salvage reabla-
tion in overt relapses are encouraging, we contend that the
3-month PET/CT readily detects the residual postablation
tumor, with a frequently smaller GTV than at baseline, facil-
itating avoidance of adjacent OARs, and thus permitting
early ablative consolidation with ultrahigh dose SDRT, if
indicated. However, even if proven to be well tolerated,
unnecessary reirradiation of false positive lesions should
obviously be maximally avoided.



Fig. 3 SBRT-treated lesions. (A) Area under the receiver operating characteristic curve for pretreatment SUVmax and 3-
month DSUVmax. (B, C) Actuarial LRFS of predictive model with posttreatment assessment at 3 (B) and 6 months (C)
using permutations of adverse features to stratify lesions into prognostic groups: 0 adverse designates lesions with baseline
SUVmax <12 and posttreatment DSUVmax >75% declines; 1 adverse designates lesions with either SUVmax ≥ 12 or
DSUVmax ≤75% decline; and 2 adverse designates lesions with both ≥12 and SUVmax ≤75% decline. Abbreviations:
AUC = area under the curve; LRFS = local relapse-free survival; SBRT = stereotactic body radiation therapy;
SUVmax = maximum standardized uptake value; DSUVmax = change in maximum standardized uptake value.
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Conclusion
In the present study, molecular metrics in the context
of 24 Gy SDRT were poorly discriminating, likely because
of a significantly lower frequency of LR events with this
regimen, and the possible presence of confounding post-
treatment inflammatory phenomena after ultrahigh dose
exposure, presumably impacting the specificity of LR pre-
diction by DSUVmax intensity.32,33 OM lesions actively
engaged in postmitotic tumor cell lethality are known to
elicit an intense stromal inflammatory response and to
avidly accumulate 18F-FDG.34 In contrast, the low BED
regimen of 3 £ 9 Gy SBRT adopted here as indispensable
in meeting dose/volume restrictions of incidental OARs is
less likely to activate nonspecific tracer uptake and influ-
ence DSUVmax intensity. However, the linear quadratic
a/b10-based calculation (BED10) 3 £ 9 Gy corresponds
to 51.3 Gy, documented as low in the BED spectrum of
hypofractionated SBRT regimens, hence the high LR rates
associated with this SBRT schedule.12,34 It should be
noted that in the present nonrandomized study SDRT
was associated with smaller tumors, greater percentage of
prostate cancer and lower percentage of lymph node oli-
gometastases, which could affect the baseline PET avidity
in the SBRT cohort. Nonetheless, the impact of the BED
on local control of the 2 treatment regimens used here
was proven in a prospective randomized trial.5 Within
this context, the prognostic significance of early metabolic
changes postradioablation appears promising, enabling
LR prediction at an early time point compared with mor-
phologic-based imaging assessments. The demonstration
of LR prediction at 3 months postablation failure provides
a basis for prospectively designed clinical trials testing the
hypothesis that a timely ablative consolidation of detect-
able OM lesions mitigates metastatogenicity, improving
the cure of early metastatic cancer.
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