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a b s t r a c t

Background and purpose: Pre- and mid-radiotherapy FDG-PET metrics have been proposed as biomarkers
of recurrence and survival in patients treated for stage III non-small cell lung cancer. We evaluated these
metrics in patients treated with definitive radiation therapy (RT). We also evaluated outcomes after pro-
gression on mid-radiotherapy PET/CT.
Material and methods: Seventy-seven patients treated with RT with or without chemotherapy were
included in this retrospective study. Primary tumor and involved nodes were delineated. PET metrics
included metabolic tumor volume (MTV), total lesion glycolysis (TLG), and SUVmax. For mid-
radiotherapy PET, both absolute value of these metrics and percentage decrease were analyzed. The influ-
ence of PET metrics on time to death, local recurrence, and regional/distant recurrence was assessed
using Cox regression.
Results: 91% of patients had concurrent chemotherapy. Median follow-up was 14 months. None of the
PET metrics were associated with overall survival. Several were positively associated with local recur-
rence: pre-radiotherapy MTV, and mid-radiotherapy MTV and TLG (p = 0.03–0.05). Ratio of mid- to
pre-treatment SUVmax was associated with regional/distant recurrence (p = 0.02). 5/77 mid-
radiotherapy scans showed early out-of-field progression. All of these patients died.
Conclusions: Several PET metrics were associated with risk of recurrence. Progression on mid-
radiotherapy PET/CT was a poor prognostic factor.

! 2017 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 125 (2017) 338–343

Patients with unresectable stage III non-small cell lung cancer
(NSCLC) are generally treated with 6–7 weeks of definitive concur-
rent chemoradiotherapy (chemoRT), and the option of additional
consolidation chemotherapy. These patients have poor prognosis,
with median overall survival of 10–14 months historically [1],
althoughmore favorable median survival of over 20 months is seen
in patients with good performance status and modern staging [2].
Biomarkers that indicate which patients are likely to suffer local or
distant recurrence could be used to tailor treatment type and

intensity. Fluoro-2-deoxy-D-glucose positron emission tomogra-
phy (FDG PET) imaging has been shown to be useful for delineation
of radiation targets for stage III NSCLC [3–5], and intensity of FDG
uptake is known to vary during the course of radiation therapy
and/or chemotherapy [6–7]. Several retrospective studies have
suggested mid-radiotherapy (mid-RT) FDG PET metrics as prognos-
tic imaging biomarkers [8–12], but larger and ultimately prospec-
tive studies are needed to validate the concept.

There are several examples of the success of mid- or post-
treatment FDG PET to determine response to cancer treatment
and help tailor therapy [13]. Two recent trials in Hodgkin lym-
phoma demonstrated that patients with complete metabolic
response on mid-chemotherapy or post-chemotherapy PET have
good prognosis and may be able to undergo less intensive treat-
ment [14,15]. In another trial, patients with locally advanced head
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and neck cancer were randomized to planned neck dissection after
radiation therapy, or neck dissection only if post-radiation therapy
PET showed residual uptake in lymph nodes [16]. Disease control
was equivalent in the two groups, supporting the prognostic value
of post-treatment PET. Finally, a prospective trial in patients trea-
ted with chemoRT for stage III NSCLC showed a negative associa-
tion between post-treatment peak standardized uptake value and
overall survival [17].

We sought to validate the prognostic value of mid-RT FDG PET
metrics in patients with stage III NSCLC with the largest series
reported to date. We also identified a number of patients with
early disease progression on mid-RT PET/CT, and tried to gain
insights into how these patients should be managed.

Materials and methods

Patient population and treatment

This retrospective study was approved by our Institutional
Review Board. Patients were identified through a prospectively
maintained departmental database that includes all lung cancer
patients. Consecutive patients with stage III NSCLC treated with
definitive radiation therapy (RT), who had pre- and mid-RT PET/
CT, were included. This patient population routinely received
mid-RT PET/CT during this time period, and mid-RT PET/CT was
generally obtained around half-way through RT. Patients who
received concurrent chemotherapy were included, but patients
who had induction chemotherapy or surgical resection were
excluded. Standard treatment at our center consists of 6–7 weeks
of radiation therapy with concurrent platinum doublet chemother-
apy, most commonly with weekly carboplatin and paclitaxel. Con-
sistent RT technique was used as follows: Gross tumor volume
(GTV) was defined based on imaging at simulation comprising
thin-slice CT (1.25 mm slice thickness) and FDG PET/CT acquired
in the treatment position, and included the primary tumor and
involved regional nodes with abnormal radiological characteristics
(either CT or PET). The clinical target volume (CTV) included the
GTV with no further explicit expansion for microscopic extension
and no inclusion of uninvolved elective nodal stations, considering
the modest dose intensification already built into the prescription.
An internal target volume (ITV) accounting for respiratory motion
of the CTV was constructed based on 4-D CT. Based on our institu-
tional image-guidance strategies, the final planning target volume
(PTV) was constructed using a 0.5 cm expansion from the ITV.
Almost all patients received highly conformal intensity-
modulated radiation therapy (IMRT) using either multiple fixed
fields (typically 6–7) or volumetric modulated arc therapy (VMAT),
and 6 MV photons. Plans were normalized such that 95% of the PTV
was covered by the prescription dose. Daily pre-treatment imaging
using orthogonal planar kV on-board imaging and at least weekly
imaging with cone beam CT (CBCT) was performed with corre-
sponding position correction prior to delivery of each fraction.

PET analysis

Most pre-RT PET/CT and all mid-RT PET/CT scans were per-
formed on one of two scanners in our department. Before 2013,
all scans were done on a GE Discovery scanner (GE Medical Sys-
tems, Milwaukee, WI). After that, most scans were done on a Sie-
mens Biograph mCT scanner (Siemens, Erlangen, Germany). Each
patient fasted for at least 8 h before imaging. After ensuring that
blood glucose was <180 mg/dL, patients were injected with 12–
18 mCi of FDG. After a tracer uptake time of 45–60 min, patients
underwent PET/CT imaging. The PET data were reconstructed with
either an ordered set expectation maximization algorithm (GE

scanner), or point-spread function modeling with time-of-flight
reconstruction (Siemens scanner).

For the retrospective analysis, all primary tumors and involved
nodes were delineated on pre-RT and mid-RT PET using PET Edge, a
gradient-based method included in MIM software (Mim Software
Inc., Cleveland, OH, USA), consistently by a single thoracic radiation
oncologist (MG). This algorithm places the contour boundary at the
location where the signal gradient is highest, and has been found to
correspond better with pathological specimens than threshold-
based methods [18]. In rare situations when the automatically gen-
erated contours were clearly inaccurate due to extension into unin-
volved adjacent tissues, they were manually edited. The PET
metrics recorded were metabolic tumor volume (MTV), total lesion
glycolysis (TLG), and maximum SUV (SUVmax) [13]. MTV represents
the volume in mL of metabolically active cancer. TLG is MTV mul-
tiplied by average SUV within the volume, and represents the total
metabolic activity of the visible cancer. For mid-RT PET, both abso-
lute value of these metrics and percentage change from pre-RT val-
ues were examined. The distributions of pre-RT PET metrics and
absolute value of mid-RT PET metrics were highly right-skewed,
so these values were log transformed prior to analysis. The influ-
ence of PET metrics on time to local recurrence, regional/distant
recurrence, and overall survival was assessed using the Cox pro-
portional hazards model. In-field local recurrence was defined as
recurrence within the PTV. Out-of-field regional recurrence was
defined as recurrence outside the PTV but within the same lobe
of the lungs, or in regional nodes. All other recurrences were con-
sidered distant. Time to events was measured from first day of
radiation therapy.

Patients with early disease progression with new lesions noted
on mid-RT PET/CT were included in the prognosis analysis for pre-
RT PET/CT, but not for mid-RT PET/CT. This is because these
patients had already suffered progression at time of mid-RT imag-
ing. Their outcomes were analyzed separately in a descriptive fash-
ion due to the small number of early progressions.

R version 3.3.2 was used for statistical analysis. For cumulative
incidence plots of local and regional/distant recurrence, death was
treated as a competing risk. The Karnofsky performance status was
assessed at the consultation visit just before beginning RT.

Results

Seventy-seven patients treated between 2006 and 2015 were
included. Patient characteristics are shown in Table 1. Ninety-one
percent had concurrent chemotherapy. Median radiation therapy
dose was 66 Gy in 2 Gy fractions (dose range 60–80.4 Gy,
interquartile range 66–70 Gy). Mid-RT PET was obtained approxi-
mately half-way through radiation therapy: median dose at time
of mid-RT PET was 34 Gy (range 22–48.4 Gy, interquartile range
31.8–36 Gy).

Median pre-RT MTV was 40.3 mL (range 0.79–597.7), median
pre-RT TLG was 298 (range 3.4–4244.0), and median pre-RT
SUVmax was 15.6 (range 2.7–59.8). Five of 77 patients had early dis-
ease progression with new lesions on mid-RT PET/CT. For the other
72 patients, PET metrics generally decreased on mid-RT imaging
compared to pre-RT imaging. For these 72 patients, median mid-
RT MTV was 24.4 mL (range 0.02–500.0), median mid-RT TLG
was 104.4 (range 0.07–2050.0), and median mid-RT SUVmax was
8.3 (range 1.2–38.1). Median per-patient MTV decrease was 32%,
median TLG decrease was 65%, and median SUVmax decrease was
46%.

Median follow-up was 14 months (range 2–107). Median over-
all survival was 23 months; two-year overall survival was 46%.
Cumulative incidence of local recurrence at one and two years
was 18% and 24%, respectively; cumulative incidence of regional/
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distant recurrence at one and two years was 42% and 58%, respec-
tively (Fig. 1, panels A and B). In the full 77 patient dataset, none of
the pre-RT PET metrics were prognostic of overall survival or time
to regional/distant recurrence on univariate Cox proportional haz-
ards analysis (Table 3 and Supplementary Table 1). One pre-RT PET
metric, MTV, was associated with time to local recurrence (Table 2).
In the 72 patients without mid-RT early progression, higher mid-
RT TLG and MTV were associated with increased risk of local recur-
rence (p = 0.029 and 0.030, respectively), and higher ratio of mid-to
pre-RT SUVmax was associated with higher risk of regional/distant
recurrence (p = 0.021).

We examined cut-points for the PET metrics that could group
patients into high or low risk of local recurrence and regional/dis-
tant recurrence (Fig. 1, panels C and D). When grouped into quar-
tiles, mid-RT TLG was not significantly associated with cumulative
incidence of local recurrence by Gray’s test (p = 0.256), but visually
there appeared to be a lower local recurrence risk in the lowest
quartile compared to the other three quartiles. When grouped into
quartiles, ratio of mid- to pre-RT SUVmax was significantly associ-
ated with cumulative incidence of regional/distant recurrence
(p = 0.044).

Five of seventy-seven mid-RT PET/CT scans showed clear evi-
dence of early disease progression with appearance of new lesions,
usually in out-of-field regional nodes. As there have been few
reports on outcomes of patients with mid-RT imaging progression,
we examined these patients in detail, along with two patients not
included in the main analysis of 77 patients due to having been
treated later than the inclusion cut-off and/or having stage II dis-
ease (Supplementary Table 2). In five of the seven patients, the
radiation field was enlarged to include the new site of disease.
The new site was treated to higher dose per fraction to ensure an
effective tumoricidal dose but still finish radiation therapy within
6–8 weeks. An example of this approach is shown in Fig. 2. Except
for the two patients treated recently with short follow-up, all of the
patients with mid-RT progression are deceased. However, none of
the five patients with field enlargement had further progression
in the area of field enlargement.

Of the 72 patients without out-of-field progression on mid-RT
PET/CT, 16 had an increase in one or more of the PET metrics on
mid-RT PET/CT compared to pre-RT PET/CT. This most commonly
occurred with mid-RT MTV, for which 12 patients had an increase
compared to pre-RT PET/CT (median increase of 14.5%, range 0.07–
325.6%). There was no difference in outcomes between these 16
patients and the 56 patients with decrease in all PET metrics: for
endpoints of overall survival, local recurrence, and regional/distant
recurrence, p values were 0.514–0.756.

Discussion

We examined the prognostic value of pre- and mid-RT PET/CT
metrics for patients with stage III NSCLC treated with definitive,
modestly dose intensified RT, mostly with concurrent chemother-
apy. We also analyzed outcomes for patients with early progres-
sion on mid-RT PET/CT. The overall outcomes in the cohort of 77
patients were similar to other recent reports in stage III patients
treated with chemoRT, such as the RTOG 0617 multicenter trial
[2]. Our patients’ median overall survival was 23 months, similar
to the RTOG 0617 median survival of around 24 months, and our
patients’ two-year cumulative incidence of local recurrence of
24% is less than the RTOG 0617 rate of around 34%. One difference
is that 53% of our patients had more advanced stage IIIB disease
compared to 35% in RTOG 0617.

None of the PET metrics were associated with overall survival,
but some were prognostic of local recurrence or regional/distant
recurrence. Of the PET metrics, the statistically strongest findings
were the correlation of higher mid-RT TLG with local recurrence
(p = 0.03), and the correlation of higher ratio of mid- to pre-
treatment SUVmax with regional/distant recurrence (p = 0.02).
Interestingly, mid-RT GTV defined on CT without PET was also
prognostic of local recurrence (p = 0.04), suggesting that CT alone
also provides useful prognostic information. In a small number of
patients, mid-RT PET/CT demonstrated early out-of-field progres-
sion most often in lymph nodes, and this was associated with sub-
sequent distant progression. In 16 patients without out-of-field
progression but with mid-RT increase in one or more of the PET
metrics, outcomes were the same as for patients without mid-RT
increase in PET metrics. This suggests that if FDG avidity of the
treated lesions increases during treatment, this is more likely due
to treatment-induced inflammation than progressive tumor and
treatment should be continued.

There are several strengths to this analysis. As far as we are
aware, this is the largest series examining prognostic value of
mid-RT PET/CT in lung cancer. Also, we are not aware of a prior
detailed analysis of outcomes of patients with progression on
mid-RT PET/CT. We studied a uniform patient population by only
including stage III patients treated with definitive chemoRT using
consistent highly conformal techniques and modestly intensified
RT dose. Almost all PET scans were done on two scanners within
our department, ensuring technical consistency of PET metrics.
The main limitation of the study is its retrospective nature. Also,
as mid-RT PET/CT scans were not obtained as part of a research
protocol, there was some variation in timing of PET/CT during
the RT course.

Since pre-RT PET metrics such as MTV have been found to be
associated with overall survival in several series that included
stage III patients, we examined their prognostic value [19–22].
With respect to pre-RT PET metrics, our results closely parallel
the findings of a secondary analysis of 230 patients on the ACRIN
6668/RTOG 0235 clinical trial by Bazan et al. [20]. In that analysis,
higher pre-RT MTV was associated with worse overall survival, but
this effect was diminished when the prescription dose exceeded
60 Gy. In our current series of patients treated with modestly dose

Table 1
Patient characteristics.

Characteristic Median (range) or number

Age at treatment 68 (42–90)

Sex
Female 26 (34%)
Male 51 (66%)

Karnofsky performance status
100 6 (8%)
90 16 (21%)
80 34 (44%)
70 15 (19%)
60 4 (5%)
50 2 (3%)

T stage
0 2 (3%)
1 21 (27%)
2 20 (26%)
3 11 (14%)
4 23 (30%)

N stage
0 9 (12%)
1 4 (5%)
2 37 (48%)
3 27 (35%)

Overall stage
IIIA 36 (47%)
IIIB 41 (53%)

Concurrent chemotherapy 70 (91%)
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intensified RT, the prescription dose was higher than 60 Gy in 87%
of patients. Furthermore, because we used IMRT with a volumetric
prescription convention (with 95% of the PTV receiving at least the
prescription dose) and daily pre-treatment image guidance to

ensure accurate delivery, the actual dose received by the PTV
was even higher. Thus our lack of association between pre-RT
MTV and overall survival is consistent with the secondary analysis
of ACRIN 6668/RTOG 0235. With respect to local control, Bazan

Fig. 1. Clinical outcomes. (A) and (B): Overall survival and cumulative incidence of local and regional/distant recurrence in the overall group of 77 patients. (C) and (D):
Association of PET parameters with cumulative incidence of clinical outcomes. For each parameter, patients were divided into quartiles (four groups of 18). Patients in higher
quartiles of mid-RT TLG had trend toward increased risk of local recurrence (C). Patients in higher quartiles of mid-treatment SUVmax to pre-treatment SUVmax had increased
risk of regional/distant recurrence (D).

Table 2
Predictors of local recurrence using univariate Cox proportional hazards model. Higher hazard ratio indicates higher risk of recurrence. Several PET metrics were prognostic of this
endpoint.

Variable Hazard ratio (95% CI) p value

Clinical factors Karnofsky performance status (continuous variable) 0.97 (0.93–1.02) 0.195
Stage (IIIB vs. IIIA) 1.04 (0.39–2.78) 0.944

CT parameters GTVpre
* 1.58 (0.90–2.77) 0.114

GTVmid
* 1.79 (1.03–3.11) 0.039

Pre-RT PET parameters MTVpre
* 1.53 (1.00–2.33) 0.049

TLGpre
* 1.35 (0.96–1.90) 0.082

MaxSUVpre 1.02 (0.97–1.07) 0.406

Mid-RT PET parameters MTVmid/MTVpre 1.22 (0.51–2.92) 0.656
TLGmid/TLGpre 1.25 (0.26–5.94) 0.779
MaxSUVmid/MaxSUVpre 0.87 (0.13–5.72) 0.884
MTVmid

* 1.58 (1.05–2.38) 0.030
TLGmid

* 1.57 (1.05–2.34) 0.029
MaxSUVmid 1.02 (0.94–1.09) 0.675

MTV = metabolic tumor volume.
TLG = total lesion glycolysis.
SUV = standardized uptake value.
Bold values indicate p < 0.05.

* Log transformed.
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et al. found that higher pre-RT MTV was associated with higher
local recurrence rate, an effect that appeared to be mitigated with
higher RT dose. Similarly, our analysis found higher pre-RT MTV to
be significantly associated with local recurrence.

Several other series, with sample sizes of 14–53 patients, have
examined the prognostic value of mid-RT PET metrics in patients
receiving radiation therapy for stage III NSCLC [8–12]. It is notable
that each series identified different metrics as prognostic, ranging
from SUVmax [8], to percentage decrease in MTV and mean SUV
[9], percentage decrease in primary tumor mean SUV [11], and
TLG [12]. As with the current series, most of these studies were ret-
rospective with multiple endpoints examined, which raises statis-
tical issues including multiple comparisons and selective reporting
of endpoints. This makes it hard to draw firm conclusions about
prognostic value of mid-RT PET metrics. In our series, higher
mid-RT MTV and TLG were associated with local recurrence, sug-
gesting that these metrics may help select patients (and possibly
lesions) that would benefit from further local dose intensification.
The ongoing multicenter RTOG 1106 study will provide additional
prospective data that may help to clarify this issue [23]. Another
promising direction is analyzing intratumoral heterogeneity of
FDG uptake [24,25].

We identified seven patients (five from the seventy-seven in the
main analysis, and two treated more recently) who had early dis-
ease progression identified on mid-RT PET/CT. By enlarging the

radiation field and treating the area of progression to high dose
per fraction, it was possible to control disease in the area of pro-
gression. However, five out of seven of these patients died from
lung cancer or treatment side effects. This suggests that mid-RT
out-of-field progression indicates resistance to chemotherapy and
aggressive disease biology. Further investigation will be needed
to determine whether additional salvage strategies, such as early
switching of concurrent systemic therapy, would be beneficial.

In conclusion, for stage III NSCLC patients treated with modestly
dose intensified highly conformal RT and chemotherapy, we found
that some pre- and mid-RT PET metrics were prognostic of local
recurrence and regional/distant recurrence, but not overall sur-
vival. The findings relating to local recurrence provide support
for the ongoing RTOG 1106 trial and other trials examining adap-
tive radiation therapy, with higher dose given to areas of residual
FDG uptake on mid-RT PET [23]. The optimal management of
patients with early progression identified on mid-RT PET remains
to be determined.
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