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Introduction: Tumor match and adaptive radiotherapy based on on-treatment imaging increases the pre-
cision of RT. This allows a reduction of treatment volume and, consequently, of the dose to organs at risk.
We investigate the clinical benefits of tumor match and adaptive radiotherapy for a cohort of non-small
cell lung cancer patients (NSCLC).
Methods: In 2013, tumor match and adaptive radiotherapy based on daily cone-beam CT scans was intro-
duced to ensure adaption of the radiotherapy treatment plan for all patients with significant anatomical
changes during radiotherapy. Before 2013, the daily cone-beam CT scans were matched on the vertebra
and anatomical changes were not evaluated systematically. To estimate the effect of tumor match and
adaptive radiotherapy, 439 consecutive NSCLC patients treated with definitive chemo-radiotherapy
(50–66 Gy/25–33 fractions, 2010–2018) were investigated retrospectively. They were split in two groups,
pre-ART (before tumor match and adaptive radiotherapy, 184 patients), and ART (after tumor match and
adaptive radiotherapy, 255 patients) and compared with respect to clinical, treatment-specific and dosi-
metric variables (v2 tests, Mann Whitney U tests), progression, survival and radiation pneumonits
(CTCAEv3). Progression-free and overall survival as well as radiation pneumonitis were compared with
log-rank tests. Hazard ratios were estimated from Cox proportional hazard regression.
Results: No significant differences in stage (p = 0.36), histology (p = 0.35), PS (p = 0.12) and GTV volumes
(p = 0.24) were observed. Concomitant chemotherapy was administered more frequently in the ART
group (78%) compared to preART (64%), p < 0.001. Median[range] PTV volumes decreased from 456
[71;1262] cm3 (preART) to 270 [31;1166] cm3 (ART), p < 0.001, thereby significantly reducing mean doses
to lungs (median, preART 16.4 [1.9;24.7] Gy, ART 12.1 [1.7;19.4] Gy, p < 0.001) and heart (median, preART
8.0 [0.1;32.1] Gy, ART 4.4 [0.1;33.9] Gy, p < 0.001). The incidence of RP at nine months decreased signif-
icantly with ART (50% to 20% for symptomatic RP (�G2), 21% to 7% for severe RP (�G3), 6% to 0.4% for
lethal RP (G5), all p < 0.001). The two-year progression free survival increased from 22% (preART) to
30% (ART), while the overall survival increased from 43% (preART) to 56% (ART). The median overall sur-
vival time increased from 20 (preART) to 28 months (ART).
Conclusion: Tumor match and adaptive radiotherapy significantly decreased radiation pneumonitis,
while maintaining loco-regional control. Further, we observed a significantly improved progression-
free and overall survival.
� 2022 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 168 (2022) 234–240 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Locally advanced non-small cell lung cancer (LA-NSCLC) is rou-
tinely treated with concurrent chemo-radiotherapy. Despite an
intensive treatment strategy with risk of severe toxicity [1–4],
two-year progression free survival (PFS) is as low as 20–30%, often
due to lack of local tumor control [4–7].

Radiotherapy of LA-NSCLC is challenged by several treatment
uncertainties caused by patient setup, breathing motion, and
inter-fractional anatomical changes. The latter occur frequently
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and affect the dose delivered to tumor and normal tissues alike.
The most commonly observed anatomical changes are atelectasis,
pleural effusion, pneumonia [8], tumor shrinkage [9], tumor defor-
mation, and differential shifts between tumor and lymph nodes
[10–11].

On modern treatment machines, the patient anatomy can be
monitored daily by cone-beam computed tomography (CBCT). In
case of dose deterioration, the treatment plan can be adapted
(adaptiveRT). By virtue of CBCT-mediated patient setup according
to the tumor location (tumor match) as opposed to bony anatomy
and adaptiveRT, geometric uncertainties can be largely eliminated
and thus, the total irradiated volume can be reduced [18].

Although adaptiveRT strategies have been proposed for several
tumor sites (e.g. prostate, lung, head and neck, cervix) [12–15],
they typically require extra resources. Consequently, large-scale
data on outcome parameters such as overall survival with long
follow-up are sparse, and published results usually pertain to small
and selected patient groups [16–17].

The combination of tumor match and adaptiveRT was intro-
duced for all lung cancer patients at Aarhus University Hospital
(Denmark) in 2013 [11,18]. This led to a significant reduction in
treatment volumes and consequently in doses to organs at risk
[18]. Whether these nominal improvements in physical parame-
ters translate into clinical benefits is the subject of this manuscript.
We quantify the efficacy of tumor match and adaptiveRT for LA-
NSCLC in an unselected cohort of 439 consecutive patients in terms
of survival, loco-regional failure, and incidence of radiation
pneumonitis.
Material and methods

Patients

In this retrospective study, we included 472 consecutive NSCLC
patients treated with curatively intended radiotherapy with 50–
66 Gy (25–33 fractions) from February 2010 to January 2018 at
Aarhus University Hospital. Stage I-II patients were included if
the tumor location was not eligible for SBRT. Stage IV patients with
oligo-metastatic disease, where a single brain metastasis was rad-
ically removed by surgery or stereotactic radiotherapy, were
included. Five patients with previous lung radiotherapy and 26
patients in recruiting trials were excluded. Two patients were lost
to follow-up, leaving 439 patients for final analysis. The patients
were split into two consecutive groups based on introduction of
tumor match and adaptiveRT in April 2013, with 184 patients trea-
ted before (preART) and 255 patients treated after (ART).
Chemotherapy

Standard concomitant chemotherapy was administered in three
cycles of a platinum derivative (carboplatin AUC5 or cisplatin
75 mg/m2) combined with vinorelbine (60 mg/m2 day 1 and day
8 in each cycle). Start of radiotherapy coincided with the second
cycle of chemotherapy. Sequential chemotherapy, completed two
to five weeks before radiotherapy start, consisted of one to four
cycles of carboplatin (AUC5) combined with vinorelbine (60 mg/
m2 day 1 and 8 in the first cycle, 80 mg/m2 day 1 and 8 in subse-
quent cycles in absence of hematological grade 3 toxicities).
Imaging and target definition

All patients were staged based on a diagnostic 18 flouro-deoxy-
glucose positron emission tomography (18F-FDG-PET)-CT and
endobronchial ultrasonography (EBUS). The pathology was proven
by biopsy of both tumor and malignant lymph nodes. The mid-
ventilation phase of a 4D-CT with intravenous contrast was used
235
for target definition and treatment planning. From 2011, an addi-
tional PET-CT was acquired with the 4D-CT to complement the
diagnostic PET-CT. In preART, the gross tumor volume (GTV) was
uniformly expanded by 5 mm and corrected for bones and large
vessels to create the clinical target volume (CTV). To account for
respiratory motion, the CTV was further expanded by 5 mm
(left–right, LR), 5 mm (anterior-posterior, AP), 10 mm (cranio-
caudal, CC) to create the internal target volume (ITV). To account
for planning and treatment related uncertainties, the ITV was
expanded by 5 mm (LR), 5 mm (AP), 8 mm (CC) into a planning tar-
get volume (PTV). In ART, the respiratory motion was included by
super-positioning the GTV in all phases of the 4D-CT to form an
internal GTV (iGTV) [19–20]. The iGTV was expanded isotropically
by 5 mm and corrected for bones and large vessels to form the CTV.
The CTV was then expanded by 4 mm (LR, AP) and 5 mm (CC) for
the primary tumor and 7 mm (LR, AP) and 8 mm (CC) for the lymph
nodes to form the PTV.
Radiotherapy

Treatment planning was performed in Eclipse version 8–13
(Varian Medical Systems) using AAA for dose calculation and either
conventional 3D-conformal radiotherapy (3D-CRT) or intensity-
modulated radiotherapy (IMRT). The lung dose constraints were
V20Gy < 40% and mean lung dose <20 Gy initially. During 2011, this
was changed to V20Gy < 35% and mean lung dose <19 Gy, and
V5Gy < 60% was added. While these constraints were fulfilled for
the majority of patients, the number of patients violating con-
straints decreased with ART: V5Gy < 60% (27% preART vs 2% ART),
V20Gy < 35% (12% preART vs <1% ART) and Mean lung dose
<19 Gy (27% preART vs <1% ART). Patients were positioned via daily
CBCT before treatment. In preART, patient position was corrected
according to a match of the thoracic vertebrae. In ART, patients
were positioned by match to the primary tumor and radiation ther-
apists systematically monitored the daily CBCT scans for anatomi-
cal changes online. Changes being persistent for three fractions
were evaluated offline for decreased target coverage, in which case
a new 4D-CT was acquired and the treatment plan adapted [11].
Retrospective data collection

Retrospective data collection was approved by the Danish Data
Protection Agency and the Danish National Board of Health (3-
3013-2756/1). Final data collection dates to July 2020, and mini-
mum follow-up time is therefore 30 months. The following patient
characteristics were collected: stage (American Joint Committee on
Cancer 7th Edition), histology, current smoking status, age, gender,
lung function (Forced expiratory volume in 1 second (FEV1)), and
performance status (PS, Eastern Cooperative Oncology Group
ECOG)). The treatment was characterized in terms of previous sur-
gery, chemotherapy (none, sequential or concomitant), prescribed
radiotherapy dose corrected for undelivered dose in case of early
treatment termination, mean lung and heart dose (MLD, MHD),
GTV volume (for post-operative patients without GTV, CTV volume
was used), PTV volume, and radiotherapy technique (IMRT or 3D-
CRT). The first failure was recorded as loco-regional or distant. In
case of simultaneous loco-regional and distant failures, patients
were recorded in both categories. Most recurrences were verified
by biopsy, except brain metastases. The recurrence was dated as
the first MRI, PET or CT scan where failure was suspected.

Radiation pneumonitis (RP) was scored by a history of radio-
therapy, radiographic evidence, and clinical presentation (symp-
toms of shortness of breath, dry cough, low-grade fever and
chest pain) by an experienced oncologist. National Cancer Insti-
tute’s Common Terminology Criteria for Adverse Events (CTCAE)
version 3.0 grading system for pneumonitis was used. Onset of
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RP could not be determined retrospectively and RP was therefore
dated at maximum grade.
Analysis

All analyses were performed in R (version 3.6.1) and p-values
above 0.05 were considered significant. Patient and treatment
characteristics were compared by v2 tests (categorical variables)
and Mann-Whitney U tests (continuous variables). All times to
events were counted from the radiotherapy start date. Incidences
of RP (both symptomatic (grade 2–5) and severe (grade 3–5)),
loco-regional failures (LRF) and distant metastasis (DM), death
with no evidence of disease (DNED), progression of disease (PD),
progression-free survival (PFS) and overall survival (OS) in the
two groups were presented by either Kaplan-Meier or one minus
Kaplan-Meier curves. In all cases, the two groups were compared
with log-rank tests, and hazard ratios (HR) including 95% confi-
dence intervals ([lower CI, upper CI]) between the two groups were
calculated from fitted cox proportional hazard functions.
Results

The median time of follow-up in preART was 8.4 years and
5.3 years in ART (reverse Kaplan-Meier estimate). Basic patient
and treatment characteristics for both groups are presented in
Table 1. Both treatment groups were comparable with respect to
all demographic clinical parameters between the two, with the
exception of radiotherapy delivery technique (more IMRT in ART)
and chemotherapy. The use of concomitant chemotherapy
increased over time from 64% of patients (preART) to 78% (ART)
while the use of sequential chemotherapy decreased from 28%
(preART) to 9% (ART). The introduction of tumor match and adap-
tiveRT decreased PTV volumes significantly from 456 cm3 in pre-
ART to 270 cm3 (median) in ART, see Table 1. No significant
differences in stage, surgery and GTV volumes were observed.

The substantial reduction in irradiated PTV volume was
reflected in radiation doses to the lungs and heart, which were
reduced by approximately 4 Gy for both median MLD and MHD
(Table 1, see also DVH parameters for lungs and heart listed in
Appendix B). Concordantly, the incidence of both symptomatic
RP (p < 0.001, HR = 0.31 [0.22,0.46]) and severe RP (p < 0.001,
HR = 0.30 [0.17,0.52]) decreased significantly in ART relative to
preART. In preART, 7.1% (13/184) of patients experienced lethal
(G5) RP, compared to 0.4% (1/255) of patients in ART (p < 0.001,
HR = 0.05 [0.01,0.41]). At nine months following completion of
radiotherapy, symptomatic RP decreased from 50% (preART) to
20% (ART), while severe RP decreased from 21% (preART) to 7%
(ART), see Fig. 1.

Fewer patients experienced progression of disease after RT in
the ART group (p = 0.05, HR = 0.80 [0.64,1.00], Fig. 2). However, a
slightly higher frequency of simultaneous loco-regional and distant
recurrences was observed in the ART group. Therefore, no statisti-
cally significant differences in loco-regional failures (p = 0.2,
HR = 0.84 [0.63,1.12]) or distant metastases (p = 0.8, HR = 1.03
[0.78,1.36]) were found between the groups, see Fig. 3. Further, a
significantly better PFS (p = 0.01, HR = 0.76 [0.62,0.94]) was
observed, with an increase of PFS at two years from 22% to 30%
(p = 0.01, Fig. 4). Likewise, OS increased significantly (p = 0.002,
HR = 0.71 [0.57,0.88]) (Fig. 4). At two years, the OS increased from
43% to 56% (p = 0.003) and the median OS time increased from 20
to 28 months. Multivariate cox-regression testing the impact of
ART, GTV volume, concomitant chemotherapy and performance
status is presented for both OS and PFS in Appendix A. They yield
a significant impact of ART and GTV volume (p < 0.001) on both
OS and PFS, of performance status only on OS (p = 0.02 for OS
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and p = 0.6 for PFS). In neither of the models, concomitant
chemotherapy was significant (p = 0.32 for OS and p = 0.93 for
PFS). A non-significant reduction of DNED, mainly caused by
decreased number of patients suffering from fatal G5 RP, was
observed in ART patients (p = 0.07, HR = 0.60 [0.34,1.05]) (Fig. 5).
Discussion

The tumor match and adaptiveRT strategy reported here targets
uncertainties in daily patient positioning and anatomical changes,
both over time and from day-to-day. The use of CBCT-based setup
and 4D-CT-based iGTV definition was accompanied by a treatment
margin reduction that radically decreased treated volume by on
average 40% for similar median tumor sizes. Although this strategy
reliably reduces normal tissue dose, it could also result in an
increased rate of local failures if the margins were shrunk in
excess. Hence, there can be an inherent trade-off in margin reduc-
tion between reducing toxicity and increasing the frequency of
local failures. In contrast, treatment adaptation to large anatomical
changes does not show this trade-off. The daily monitoring compo-
nent of adaptiveRT has formerly been shown to trigger reactions to
anatomical changes in �27% of patients [18], which would other-
wise have gone unnoticed. The overall precision of radiotherapy
is lower without adaptiveRT. In a previous analysis, for 12% of
patients, atelectasis, pleural effusion or pneumonia resulted in
under dosage of the target [8]. AdaptiveRT was found to restore
target coverage efficiently [18]. Treatment adaptation improves
target and normal tissue dose alike, because dose that misses the
target due to anatomical shifts is often deposited in adjacent nor-
mal tissue.

The reduction of irradiated target volume is strongly reflected in
the physical parameters MLD and MHD. This appears to translate
into a lower rate and severity of RP, with a significant reduction
in symptomatic radiation pneumonitis from 50% to 20% and virtu-
ally eliminating deaths caused by RP. This indicates that tumor
match and adaptiveRT is highly effective especially for patients
with a high risk of clinical toxicity. Previous studies have reported
symptomatic RP incidences of 41–50% [4] and 30% [21] and severe
RP incidences of 15% [22]. The current study presents lower inci-
dences in ART with 20% symptomatic and 7% severe RP in a consec-
utive, unselected patient cohort. The study highlights the
importance of minimizing unnecessary dose to the lung. Further
reduction may decrease RP incidences even further, which can be
achieved by for example knowledge based planning [23] and Deep
Inspiration Breath Hold [24,25]. Notice that the scoring of RP
depends on the choice of treatment when symptoms arise [26],
adding some uncertainty to comparisons. On top of the direct
patient benefit of a lower risk of RP, more patients may become eli-
gible for adjuvant immunotherapy since RP can be a contraindica-
tion [7]. Please note, that adjuvant immunotherapy was not
administered to patients in this study, as it was first approved in
Denmark in 2019. Thus, the effect of adjuvant immunotherapy
could not be evaluated in this study.

Our current data show a smaller part of patients with progres-
sion of disease in the ART group and equivalent loco-regional con-
trol. This suggests that the applied margins for treatment-related
uncertainties combined with the adaptation strategy are sufficient
and that higher treatment precision may even increase control.

The observed increase in PFS and OS is likely a composite of sev-
eral factors, consisting of fewer patients with progression of dis-
ease and lower incidence and severity of RP. Median OS times
increased from 20 to 28 months. This measurable effect is all the
more relevant because it is accompanied by a de-intensification
of treatment by virtue of the smaller target volumes. The survival
benefit of adaptiveRT is present despite a somewhat poorer pre-



Table 1
Patient and treatment characteristics for ART and preART. Characteristics were compared with v2 tests for categorical variables and Mann-Whitney U tests for continuous
variables. COPD: chronic obstructive pulmonary disease, RT: radiotherapy, GTV: gross tumor volume, PTV: planning target volume. Stage IV patients are treated for oligo
metastatic disease with surgery or stereotactic radiotherapy.

Missing preART (n = 184) ART (n = 255) p-values

Patient characteristics
Current Smoker 0 0.900
No 123 (67%) 168(66%)
Yes 61 (33%) 86 (34%)
COPD 6 0.421
No 108 (60%) 142 (56%)
Yes 72 (40%) 111 (44%)
Sex 0 0.128
Men 113 (61%) 138 (54%)
Women 71 (39%) 117 (46%)
Performance Status (ECOG) 0 0.119
0 76 (46%) 86 (34%)
1 89 (53%) 137 (54%)
2 2 (1%) 32 (13%)
Age 0 0.156
Median [range] 66.0 [35.0;83.0] 68.0 [41.0;88.0]
Histology 0 0.354
Adenocarcinoma 89 (48%) 141 (55%)
Squamos cell carcinoma 84 (46%) 100 (39%)
NSCLC unspecified 11 (6%) 14 (5%)
Stage 0.361
I 2 (1%) 7 (2%)
II 26 (14%) 43 (17%)
IIIA 70 (38%) 109 (43%)
IIIB 69 (38%) 80 (31%)
IV 14 (8%) 14 (5%)
R1 3 (2%) 2 (1%)
GTV Volume 0 0.244
Median [range] 58.8 [1.1;405.2] 49.9 [3.3;371.5]

Treatment characteristics
Surgery before RT 0 0.772
No 145 (79%) 198 (78%)
Yes 39 (21%) 57 (22%)
Chemotherapy 0 <0.001
Concomitant 117 (64 %) 198 (78%)
Sequential 52 (28%) 23 (9%)
No 15 (8%) 34 (13%)
Prescribed Dose 1 0.580
Below 60 Gy 3 (2%) 6 (2%)
60 Gy 50 (27%) 55 (22%)
64 Gy 0 (0%) 1 (0%)
66 Gy 131 (71%) 192 (76%)
RT Plan 0 <0.001
3D-CRT 28 (15%) 0 (0%)
IMRT 156 (85%) 255 (100%)
Mean Lung Dose 0 <0.001
Median [range] 16.4 [1.9;24.7] 12.1 [1.7;19.4]
Mean Heart Dose 0 <0.001
Median [range] 8.0 [0.1;32.1] 4.4 [0.1;33.9]
PTV Volume 2 <0.001
Median [range] 455.8 [70.6;1262.1] 269.9 [30.6;1166.0]
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treatment patient performance status in ART (13% vs 1% PS 2). In
fact, the OS of 56% in ART at two years is comparable to the OS
in the RTOG 0617 phase III trial (57.6%) [2], but patients in RTOG
0617 were highly selected (all patients received concomitant
chemotherapy, and only PS 0–1) compared to the unselected pop-
ulation in our ART cohort.

There are several other possible contributing factors to the pro-
gression free and overall survival benefit. Besides the large change
in radiotherapy treatment margins and precision that accompa-
nied tumor match and adaptiveRT, we saw only few other differ-
ences in the treatment of the two groups. One of these,
concomitant chemotherapy, has been shown to improve OS
slightly for LA-NSCLC compared to sequential chemotherapy [22].
We estimate the contribution in this study to be minimal, as the
use of concomitant chemotherapy increases only slightly in ART
(64–78%). Furthermore, in the multivariate analysis presented in
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Appendix A, we find no impact of chemotherapy on the presented
results. Another factor may be immunotherapy. As mentioned
above, adjuvant immunotherapy was not administered at all to
the patients in this study, and does therefore not play a role.
Immunotherapy for recurrences, on the other hand, was intro-
duced in 2017, but was only administered to very few patients in
this cohort. Finally, the use of IMRT was the only remaining treat-
ment factor to change between the two groups. In the preART
group, 15% of patients were treated with 3D-CT, while all other
patients were treated with IMRT. On closer evaluation, we found
similar PTV coverage for patients treated with 3D-CT and IMRT.
It is therefore highly unlikely that the plan optimization strategy
has an impact on failure rates and survival.

Differences in staging and follow-up are other possible explana-
tions. Staging was very similar in the two groups, and officially, the
follow-up schedule was the same for all patients. Despite this,



Fig. 1. One minus Kaplan-Meier curves of symptomatic (left) and severe (right) radiation pneumonitis in ART and preART group. Patients are censored in case of death,
disease recurrence or loss to follow-up.

Fig. 2. One minus Kaplan-Meier curves showing any type of failure (loco-regional
failure or distant metastasis). Patients were censored in case of death with no
evidence of disease and loss to follow-up/data cutoff.

Fig. 3. One minus Kaplan-Meier curves of loco-regional failure (left) and distant metasta
in both analyses. Patients were censored in case of death without recurrence, loss to follo
failure only.
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more simultaneous recurrences in the ART group indicate a more
thorough follow-up in case of recurrence in later years. Thus, even
though we see a significant decrease in patients with progression
of disease, we cannot with all certainty conclude that this develop-
ment originates in better local control.

The significant reduction in heart and lung doses may also con-
tribute to a reduction in other, unattributed toxicity-related deaths
in a population with frequent heart and lung co-morbidities. This is
supported by results from the RTOG 0617 trial, where a higher
heart dose was associated with worse survival [2]. Furthermore,
studies on animal models point at an increasing risk of toxicity
with a combination of high lung and heart dose [27].

A limitation of the present study is its retrospective nature over
a protracted period. It is in the nature of technological advances in
radiotherapy, such as the availability of CBCT for daily real-time
imaging, that when they provide substantial nominal dosimetric
benefits, a randomized trial becomes difficult to conduct due to
perceived lack of equipoise. In our study, a reduction of the median
MLD by 25% was expected by planning studies performed prior to
the introduction of adaptiveRT. This was arguably the largest
reduction in normal tissue dose on account of treatment technique
sis (right). Simultaneous loco-regional and distant failures were included as failures
w-up/data cutoff and if first failure site was distant metastasis only or loco-regional



Fig. 4. Kaplan-Meier curves of progression free survival (upper) and overall survival
(lower). Patients were censored if lost to follow-up/data cutoff.

Fig. 5. One minus Kaplan-Meier curves of death with no evidence of disease.
Patients were censored in case of recurrence and loss to follow-up/data cutoff.
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seen in two decades. Therefore, only a non-randomized, retrospec-
tive study could definitively elucidate the clinical benefit of adap-
tiveRT in a large patient cohort.
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In conclusion, daily tumor position verification by cone-beam
CT and adaptive radiotherapy for NSCLC reduced the irradiated vol-
umes of lungs and heart while maintaining loco-regional control. A
drastic reduction in pulmonary toxicity was observed, with a
simultaneous improvement of both progression-free and overall
survival.
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