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The aim of this study was to determine whether intraprocedural
18F-FDG PET/CT can be used as a predictor of local tumor progres-
sion after percutaneous ablation of colorectal liver metastases.
Methods: In this institutional review board-approved prospective
study, 39 patients (19 men and 20 women; median age, 56 y) un-
derwent split-dose '8F-FDG PET/CT-guided ablation followed by
immediate biopsy and contrast-enhanced CT imaging of the abla-
tion zone. Binary categorization of biopsy tissues was performed on
the basis of the presence of only nonviable coagulation necrosis or
viable tumor cells. Minimum ablation margin measurements from
contrast-enhanced CT imaging were categorized as 0 mm, 1-
4 mm, 5-9 mm, or greater than or equal to 10 mm. SUVs were
obtained from PET/CT imaging, and SUV ratios were calculated
from 3-dimensional regions of interest located in the ablation zone
and surrounding normal liver. All predictive variables (biopsy,
minimum margin distance, and SUV ratio) were evaluated as pre-
dictors of time to local tumor progression identified on imaging using
competing-risks regression models (uni- and multivariate analyses).
Results: A total of 62 consecutive ablations were evaluated. The
mean SUV ratio was significantly higher for viable tumor—positive
immediate postablation biopsies (n = 10) than for tumor-negative
biopsies (n = 52) (85.8 + 92.2 vs. 42.3 = 45.5) (P = 0.03) and for
a minimum margin size of less than 5 mm (n = 15) than for
a minimum margin size of greater than or equal to 5 mm (n = 47)
(78.5 + 99.1 vs. 38.3 + 78.5) (P = 0.01). After a median follow-up
period of 22.5 (range, 7-52) months, 23 of 62 ablated tumors
showed local tumor progression (37.1%). The local tumor progres-
sion rate was significantly higher for viable tumor—positive biopsies
(8/10) than for negative biopsies (15/52) (80% vs. 29%) (P = 0.001)
and for a minimum margin size of less than 5 mm (9/15) than for a
minimum margin size of greater than or equal to 10 mm (2/15) (60%
vs. 13%) (P = 0.02) but not 5-9 mm (37.5%; 12/32) (P = 0.5). In a
competing-risks analysis, biopsy results (P = 0.07) and the
minimum margin size (P = 0.08) were borderline significant, but
the SUV ratio was not (P = 0.22). However, for negative biopsy
ablations, the minimum margin size and SUV ratio were predictive
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imaging factors for local tumor progression; subdistribution hazard
ratios were 0.564 (0.325-0.978) (P = 0.04) and 1.005 (1.001-1.009)
(P = 0.005), respectively. Conclusion: The SUV ratio and minimum
margin size can independently predict colorectal metastasis local
tumor progression after liver ablation when there are no viable tumor
cells on immediate postablation biopsies.
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A method for immediate intraprocedural treatment assessment
analogous to the use of intraoperative frozen-section pathology is
currently not available for percutaneous tumor ablation. Intrapro-
cedural imaging assessment of ablation efficacy would enable
additional targeted ablation if correlated with a residual viable
tumor (/). A validated, reliable surrogate imaging biomarker of
incomplete tumor ablation could be used for treatment modifica-
tion without the need for biopsy.

I8F-FDG PET/CT is a sensitive indicator of tumor cell viability
relative to anatomic imaging modalities, such as conventional CT,
MRYI, or ultrasound (2,3). Despite its relatively limited spatial reso-
lution (4), PET/CT imaging has been successfully used as a reliable
immediate surrogate imaging biomarker of complete ablation of
I8F-FDG-avid hepatic tumors, predicting 12-mo postablation local
tumor control (or progression) (/,5). The feasibility of a split-dose
I8F_-FDG PET/CT technique for ablation targeting of hepatic tumors
as well as intraprocedural efficacy assessment has been demon-
strated (6). A standard '®F-FDG diagnostic activity dose is delivered
in 2 portions, before and after ablation. The first dose decays sig-
nificantly by the time the second dose is given because of the rel-
atively short half-life of '8F-FDG. Therefore, !3F-FDG uptake after
ablation reflects the metabolic state of the ablation zone overcoming
the background signal of the initial, smaller '®F-FDG dose.

The purpose of this study was to determine whether intrapro-
cedural '8F-FDG PET/CT imaging can serve as a predictor of local
tumor progression after percutaneous ablation of colorectal liver
metastases.
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MATERIALS AND METHODS

Patient Selection

This study was approved by the Institutional Review Board at
Memorial Sloan Kettering Cancer Center with patient informed
consent and compliance with the Health Insurance Portability and
Accountability Act. Between 2011 and 2015, we prospectively
enrolled patients undergoing ablation of colorectal liver metastases
followed by biopsy of the ablation zone. The use of intraprocedural
split-dose '8F-FDG PET imaging for continuous visualization of
hypermetabolic metastases was necessary for inclusion in this study
(6). In addition, patients were eligible if they had up to 3 colorectal
cancer metastases up to 3 cm in diameter and no more than 3 extra-
hepatic sites of disease (including lymph nodes and pulmonary
nodules). We excluded patients with uncorrectable coagulopathy
(international normalized ratio of >1.5 or a platelet count of
<50,000/mm?), patients who were unable to undergo general anes-
thesia, patients with non—'8F-FDG-avid colorectal liver metastases,
and patients with a follow-up of shorter than 12 mo.

PET/CT-Guided Ablation

All ablations were performed by a board-certified interventional
radiologist with 15 y of experience. Ablations were performed under
general anesthesia in a dedicated PET/CT interventional suite
(Discovery D690; GE Healthcare). The ablation modality (microwave,
radiofrequency, or irreversible electroporation) was determined by the
operator on the basis of several factors, including tumor size, tumor
proximity to blood vessels or bile ducts, and adjacent structures.
Tumors that were located less than 1 cm from a major bile duct or a
major blood vessel (0.7 mm or larger in diameter) and those that were
in proximity to the gastrointestinal tract and could not be protected
with hydrodissection or other protective maneuvers were treated by
irreversible electroporation.

An intraprocedural split-dose '8F-FDG (Cardinal Health) PET
imaging protocol similar to those reported previously (5,6) was used in
all cases. In brief, each patient received an initial '8F-FDG dose (mean =
SD, 159.1 = 11.1 MBq; median, 159.1; range, 144.3-177.6) equivalent
to one-third of the standard diagnostic '8F-FDG dose (mean uptake time,
84.2 = 33.6 min; median, 62; range, 45-124) and then a second '8F-FDG
injection (mean, 307.1 = 33.3 MBq; median, 321.9; range, 162.8-325.6)
equivalent to two-thirds of the standard diagnostic 'F-FDG dose on
completion of the ablation (mean uptake time, 55.6 * 20.5 min; median,
57; range, 20-110). The patients remained on the table during the whole
procedure.

In each case, localizing PET/CT was performed with ventilator-
assisted breath-hold for PET acquisition (~1 min) as well as a non-
contrast hepatic CT scan (~30 s). Placement of the ablation applicator
was performed using conventional-mode CT, CT fluoroscopy or, oc-
casionally, ultrasound guidance without contrast injection. Serial CT
images of the applicator were obtained and fused with the initial PET
dataset to confirm accurate targeting. Applicator repositioning and
overlapping ablations were performed with the intention of achieving
a minimum ablation margin of 5 mm around each tumor. In all cases,
regardless of ablation modality, the recommended manufacturer pro-
tocol was applied and completed. At the end of ablation, in addition
to PET imaging, a triple-phase contrast-enhanced CT scan was ob-
tained to assess the ablation zone.

Immediate Postablation Biopsy Analysis

Immediately after each ablation, 2-4 image-guided biopsy samples
were acquired using coaxial 18- to 20-gauge core needles as previously
described (7). In most cases, needles were repositioned to obtain sam-
ples from the central region of the tumor and the radiographic ablation
margin. For smaller tumors, a single, 2-cm-long core biopsy extended
from the center to the periphery of the ablation zone.

SUV Is BioMARKER OF TUMOR PROGRESSION

Tissue specimens were fixed with formalin and stained with
hematoxylin—eosin for morphologic assessment by a pathologist.
Specimens displaying only characteristics of necrosis and no identifi-
able tumor cells were classified as coagulation necrosis and did not
require further evaluation. Specimens containing tumor cells were
further analyzed with immunohistochemical markers for proliferative
potential (Ki-67), mitochondrial viability (oxidative phosphorylation
antibody), and apoptosis (caspase-3 or terminal deoxynucleotidyl
transferase—mediated dUTP nick-end labeling [TUNEL]). Tumor cell
Ki-67 positivity, oxidative phosphorylation antibody viability, or both
led to classification of the specimen as containing viable tumor cells,
whereas the absence of these markers and a positive apoptotic caspase-3
or TUNEL assay led to classification of the specimen as necrosis only.
In cases of mixed results (caspase-3 or TUNEL positive and tumor cells
positive for Ki-67, oxidative phosphorylation antibody, or both), sam-
ples were classified as possessing viable tumor cells.

Postablation Contrast-Enhanced CT Analysis

The minimum margin size of the ablation zone was measured after
ablation on contrast-enhanced CT as previously described (8). On a
PACS workstation, the distances from the edge of the tumor to ana-
tomic landmarks were measured on both pre- and postablation studies.
For each landmark, the preablation distance was subtracted from the
postablation distance to yield the margin at that site; the smallest value
was considered to be the minimum margin and was recorded. Four
categories of minimum margin size were considered: 0 mm, 1-4 mm,
5-9 mm, and 10 mm or larger.

Postablation '8F-FDG PET/CT Quantitative Imaging Analysis

We calculated the SUV ratio for '8F-FDG in the ablation zone by
comparing preablation planning and postablation PET/CT images.
This semiautomated method was performed independently by 2 au-
thors by calculating the '8F-FDG uptake in a rectangular 3-dimen-
sional region of interest (ROI) including the whole ablation zone and
margins (ROI-1). The ROI was measured on attenuation-corrected
PET images. In addition, a 3-dimensional ROI was obtained in the
noninvolved liver (ROI-2) for comparison. Assessment was performed
on a dedicated workstation (TeraRecon), on which the SUV ., and
SUV nean Were recorded. The SUV ratio was then calculated to nor-
malize uptake in the ablation zone with background liver uptake as
follows: SUV ratio = [(ROI-1 SUV.x — ROI-2 SUV ¢n)/ROI-2
SUVneanl % 100.

Follow-up Clinical and Imaging Assessments

Follow-up clinical and imaging assessments on contrast-enhanced
CT scans were performed at 6 wk after ablation and every 3 mo
thereafter. Evidence of tumor on the 6-wk contrast-enhanced CT scan
was considered ablation failure. Identification of tumor within 1 cm
from the ablation zone after 6 wk was considered local tumor
progression.

Statistical Analysis

Median follow-up time was calculated for patients who were alive
at the end of the study period. To assess the value of the SUV ratio in
addition to biopsy results and CT imaging, mean SUV ratios were
calculated for the biopsy and margin size categories and comparisons
were made using the Wilcoxon rank sum test. All 3 predictive
variables (mean SUV ratio, biopsy result, and minimum margin size)
were also evaluated for their ability to predict time to local tumor
progression. For both univariate and multivariate analyses, we used
competing-risks (9) regression models because the analyses had to
account for the competing event of death.

All statistical comparisons were performed with statistical software
(Stata software; StataCorp). Statistical significance was indicated by a
P value of less than 0.05.
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TABLE 1
Average SUVs of ROIs Before and After Ablation

ROI SUVmean SUVmax

Including tumors

Before ablation 9.2 (6.2) 2 (0.6)

After ablation 4.5 (1.7 22 (0
Including liver

background only
Before ablation 3.8 (1.6) 2.5 (0.5)
After ablation 4 (0.9) 3.2 (0.6)

Values in parentheses are SDs.

RESULTS

Patient Characteristics

Altogether, 94 ablations were performed in 68 patients during
the study period, and 62 ablations in 39 patients met the inclusion
criteria (20 women and 19 men). The median patient age was 56 y
(mean, 54.6 * 12.7; range, 32-81). Each patient had 1-3 ablated
tumors (mean size, 16.8 £ 4.9 mm; median, 16; range, 6-28).
Ablation modalities included microwave (n = 46), radiofrequency
(n = 13), and irreversible electroporation (n = 3). Baseline con-
trast-enhanced CT and PET/CT were performed within 30 d before
ablation.

The mean plasma glucose level before the first administration
of '8F-FDG was 116.8 = 31.5 mg/dL (median, 106; range, 75—
180). The mean time between the first and second administra-
tions was 205 * 34 min (median, 207; range, 82-363). SUVs are
reported in Table 1.

Correlation of SUV Ratio with Biopsy and CT Findings

Table 2 shows the mean SUV ratios in relation to biopsy results
and minimum margin size on CT. Biopsies of tissue specimens
from ablation zones identified coagulation necrosis in 52 tumors
(83.9%; 52/62) and viable tumor in 10 (16.1%; 10/62). The SUV
ratio was significantly higher for positive biopsies (mean, 85.8 *
92.2; n = 10) than for negative biopsies (mean, 42.3 * 45.5; n =
52) (P = 0.03).

The minimum margin sizes on contrast-enhanced CT were
0 mm in 5 ablation zones (8.1%; 5/62), 1-4 mm in 10 (16.1%; 10/
62), 5-9 mm in 32 (51.6%; 32/62), and greater than 10 mm in 15
(24.2%; 15/62). Among the 10 viable tumors revealed by biopsies,

the minimum margin size was less than 5 mm in 5 (50%). The
SUV ratio was also significantly higher for ablation zones with
a minimum margin size of less than 5 mm (78.5 £ 99.1; n = 15)
than for those with a minimum margin size of greater than or equal
to 5 mm (38.3 £ 21.6; n = 47) (P = 0.01) (Fig. 1).

Local Tumor Progression

After a median follow-up period of 22.5 mo (range, 7-52), local
progression was observed in 23 tumors (37.1%; 23/62). The local
tumor progression—free survival rates at 12 and 24 mo of follow-
up were 76% (95% confidence interval [CI], 62.7-85.1) and 56%
(95% CI, 40.4-69.1), respectively.

Biopsy was shown to be an independent predictor of local
tumor progression. Eight of 10 viable tumors classified by
biopsy led to local tumor progression on imaging, whereas 15 of
52 tumors showing coagulation necrosis led to local tumor progres-
sion (P = 0.001).

Local tumor progression occurred in 9 of 15 tumors (60%)
ablated with a minimum margin size of less than 5 mm and in 14
of 47 tumors (29.8%) with a minimum margin size of greater than
or equal to 5 mm (P = 0.19) (Fig. 2). Compared with a minimal
margin size of greater than or equal to 10 mm on CT, a minimum
margin size of less than 5 mm was shown to be predictive of local
tumor progression. The local tumor progression rate was signifi-
cantly higher in the group with a minimal margin size of less than
5 mm (60%; 9/15) than in the group with a minimum margin size
of greater than or equal to 10 mm (13.3%; 2/15) (P = 0.02).
However, the results for a minimal margin size of less than 5 mm
were not significantly different from those for a minimal margin
size of 5-9 mm (37.5%: 12/32) (P = 0.5).

The size of the tumors in patients with local tumor progression
ranged from 10 to 28 mm (median, 17) and was not significantly
different from that in patients without local tumor progression
(median, 16; range, 6-28) (P = 0.92).

A significant difference in the SUV ratio was observed between
the 23 tumors with local tumor progression (71.9 * 86.7) and the
39 tumors without local tumor progression (36 = 18.9) (P = 0.01).
For tumors without viable tissue on biopsies and a minimum margin
size of greater than or equal to 5 mm (n = 42), local tumor pro-
gression occurred in 9 of 42 cases (21.4%). All were observed to
have an SUV ratio of greater than or equal to 22.74.

Survival Analysis

According to the competing-risks model, analysis showed that
biopsy (subdistribution hazard ratio [sHR], 2.222 [95% CI, 0.928—
5.327]; P = 0.07) and the minimal margin size (sHR, 0.686

TABLE 2
SUV Ratios According to Biopsies and Minimal Margin Evaluations

SUV ratio* for minimal margin size of:

Biopsy result 0 mm 1-4 mm 5-9 mm =10 mm Total

CN 65.9 £ 15.4 (3) 76.9 + 115.2 (7) 34.1 £ 15.3 (27) 36.2 £ 21.9 (15) 42.3 £ 45.5 (52)
VTC 203.5 +181.0 (2) 48.0 £ 43.3 (3) 61.4 £ 35.5 () 85.8 £ 92.2 (10)
Total 121 £ 118.2 (5) 68.3 £ 97.3 (10) 38.4 +21.4 (32) 36.2 £ 21.9 (15)

*Values are reported as mean + SD, with values in parentheses indicating number of samples.

CN = complete necrosis; VTC = viable tumor cells.
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FIGURE 1. SUV ratios according to 4 groups of minimal margin size for

all cases with biopsies of ablation zones that were negative for Ki-67.
SUV ratios and minimal margin size were predictive of local tumor pro-
gression (LTP).

[95% CI, 0.447-1.052]; P = 0.08) were borderline significant
predictors of local tumor progression. After multivariate analysis,
the SUV ratio (sHR, 1.003 [95% CI, 0.998-1.008]; P = 0.22) was
not significant. However, within the coagulation necrosis group
(n = 52), multivariate analysis showed that the minimum margin
size (sHR, 0.564 [95% CI, 0.325-0.978]; P = 0.04) and SUV ratio
(sHR, 1.005 [95% CI, 1.001-1.009]; P = 0.005) were predictive
of local tumor progression.

DISCUSSION

In the present study, we evaluated the potential value of combin-
ing PET/CT with biopsy as a method for on-site assessment of the
ablation zone to predict local tumor progression. PET/CT imaging
was useful for identifying the risk of local tumor progression
when biopsy samples obtained from the ablation zone did not
reveal viable tumor. We also prospectively validated prior results
indicating that PET/CT evaluation of the ablation zone using the
split-dose technique can serve as a surrogate imaging biomarker
of local tumor progression after ablation of liver metastases (5).
The development of such intraprocedural markers of incom-
plete ablation could guide additional therapy, such as repeating
or extending the ablation or additional treatment options (locore-
gional, systemic, or both). Accurate assessment of the abla-
tion zone could decrease ablation failures by lowering the risk
of local tumor progression and improving oncologic treatment
efficacy (7).

Local tumor progression remains a significant limitation of
locoregional therapies such as ablation, especially compared
with metastasectomy (8,10). Different approaches involving im-
aging and pathologic assessment for detecting residual disease
after ablation have been explored (7-15). Biopsies performed
immediately after ablation with pathologic and immunohisto-
chemical assessments of the ablation zone showed a strong cor-
relation between identification of viable tumor cells and local
tumor progression (7). Diffused reflectance spectroscopy was used
to assess spectral changes in the ablated tissue and demonstrated
that these changes correlated with the degree of thermal liver
tissue damage (/6). Our findings regarding the predictive useful-
ness of biopsy are in agreement with those of these previous

studies. However, we were also able to
demonstrate the potential of intraproce-

dural PET/CT imaging to improve on local
tumor progression risk assessment com-
pared with biopsy.

Previous publications revealed that bi-
opsy evidence of complete tumor ablation
and minimum ablation margins of at least
5 mm were independent predictors of local
tumor control (7,13-15,17,18). It was also
shown that for tumors ablated with radio-
frequency or microwave ablation, a minimal
margin of at least 10 mm was associated with
no local tumor progression (/9). Biopsy-
proven tumor-negative ablation zones with
margins of greater than 5 mm had sustained
tumor control with local tumor progression
of 3% at 30 mo after radiofrequency abla-
tion of colorectal liver metastases (7,8). Al-
though this combination is useful, biopsy

FIGURE 2. PET/CT-guided microwave ablation in 78-y-old man with 20-mm metastasis
from colon adenocarcinoma. (A) Contrast-enhanced CT imaging of tumor (arrow) prior to
treatment. (B) Contrast-enhanced CT imaging assessment of ablation zone (arrowhead)
immediately after ablation. Minimal margin size was estimated to be 3 mm. (C) Follow-up
CT scan showed no residual tumor at 6 mo. (D) Fused PET/CT imaging before ablation
(SUVmax = 10.6). (E) Evaluation immediately after ablation showing equivocal residual up-
take. Two 3-dimensional regions of interest were positioned on corrected PET images; 1
region included ablation zone and its margins, and 1 region included healthy liver. SUV ean
of liver background was 3.57, and SUV,,,.« of ablation zone was 5.03. SUV ratio was 41. (F)
PET/CT at 6 mo illustrating obvious uptake concordant with previous findings. Local tumor
progression was identified (arrow).

SUV Is BioMARKER OF TUMOR PROGRESSION

results for tissue specimens from the abla-
tion zone are typically not available until
several days after the ablation, limiting the
ability to modify the intraprocedural tech-
nique (8). Another clinical challenge is that
postablation routine assessment is conducted
only with imaging and without further path-
ologic confirmation, such as frozen-section
histology (20). These scenarios may explain
the relatively higher rates of local tumor
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progression after percutaneous image-guided thermal ablation than
after resection (/3-15,17,18).

In addition to minimum margin size evaluation on CT and
biopsy as proposed previously (7,8), PET/CT imaging provides a
metabolic assessment of the ablation zone. The superiority of
I8F-FDG PET/CT over morphologic imaging modalities after
ablation of colorectal liver metastases has been reported, with
favorable sensitivity and specificity of PET/CT (92%-95% and
100%, respectively) compared with CT (83%-97% and 100%,
respectively) for the detection of local tumor progression (5).
The described method of split-dose '®F-FDG PET/CT provides
real-time metabolic assessment of the ablation zone, including
the margins and the surrounding tissues, before any posttreatment
inflammatory changes with equivocal SUV signals commence
(5,21). In addition to '8F-FDG PET/CT providing real-time met-
abolic assessment, prior studies also suggested that '8F-FDG
PET can accurately identify local recurrences as early as 3 mo
after ablation (2/-23). PET/CT within 3 mo of ablation, how-
ever, can be confounded by the presence of postablation inflam-
matory changes. Within a few days and for several weeks after
ablation, histologic changes include a central zone of necrosis
surrounded by a zone of inflammation caused by the recruit-
ment of neutrophils, lymphocytes, and macrophages (17,24-26).
These changes will cause increased '8F-FDG uptake, which may
be falsely interpreted as residual viable tumor (27,28). This obser-
vation justifies performing PET/CT within the initial 24 h after
ablation, before the inflammatory process is evident in metabolic
imaging (5).

The present study was limited by the relatively small numbers
and a highly selected population with SUV-avid tumors. The
SUV ratio was predictive of local tumor progression only in
cases with coagulation necrosis. No cutoff values were obtained,
as assessment of the ablation zone by biopsy was limited. The
few samples that were obtained may be not representative of the
whole volume of ablation. Patients whose biopsies showed
viable tumor that could be targeted were retreated. Dynamic
PET evaluation would allow the use of kinetic modeling instead
of SUV to shorten the uptake time. As we used only 1 or 2 bed
positions for PET, the frame time for PET could be increased,
allowing further dose reduction. The availability of a PET/CT
scanner for image-guided procedures remains low, limiting the
generalization of such evaluations. However, performing !8F-
FDG PET/CT within 24-48 h after ablation without the need
for extended anesthesia or intervention equipment may have a
similar impact. This hypothesis must be evaluated in further
studies. If the SUV becomes a significant surrogate for ablation
and improves local control, then the development and general-
ization of PET/CT as a useful tool for image-guided intervention
may occur.

CONCLUSION

Our method (split-dose '8F-FDG PET/CT analysis) may pro-
vide an intraprocedural biomarker of local tumor progression
for PET-avid colorectal carcinoma metastases in addition to
biopsies and minimal margin assessments. The results of the
present study illustrate that PET/CT offers additional value
through the detection of partial ablation without evidence of
residual viable disease by biopsy. Our study may serve as a
landmark for prospective investigations to validate the initial
findings and derive cutoff values. Targeting the area specific for
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the high SUV may help to increase the predictive value of biopsies.
This feedback may allow the detection of incomplete ablation and
repeat ablation while the patient is still on the procedure table. In
other instances, the information can be used to encourage close
follow-up for the early detection of recurrence and possible retreat-
ment or the consideration of other therapies.
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