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Abstract

Purpose—The aims of this study were to: (1) estimate the volumetric and metabolic growth rate
of non-small cell lung cancer (NSCLC), (2) evaluate disease progression prior to treatment, and
(3) explore the effects of tumor growth rate and time to treatment (TTT) on survival outcome.

Methods—~Patients with inoperable stages I-111 NSCLC with serial pre-treatment PET/CT scans
were eligible for this study. PET-derived metabolic tumor volumes (PET-MTV) and CT-derived
gross tumor volumes (CT-GTV) were contoured using PET/CT information. Normalized
standardized uptake values (NSUV) in tumors including the NSUVmean and NSUVmax were
measured. Tumor growth rates expressed as doubling time (DT) were estimated using an
exponential model. Pre-treatment disease progression defined as the development of any new site
of disease on PET/CT and change in TNM stage (AJCC 7th ed.) were recorded. Growth rate and
tumor progression were analyzed with respect to overall (OS) and progression free survival (PFS).

Results—Thirty-four patients with a median inter-scan interval (ISI) of 43 days and TTT of 48
days were analyzed. Tumor volumes showed remarkable inter-scan growth while NSUV did not
increase significantly. The DT for PET-MTV, CT-GTV, NSUVmean and NSUVmax were 124,
139, 597, and 333 days, respectively. Pre-treatment disease progression occurred in 20.6% patients
with longer ISI being a significant risk factor (OR = 1.027, p = 0.02). The optimal threshold ISI to
predict progression was 58 days (4.8% vs. 46.2%, p = 0.007). Neither tumor growth rates nor TTT
were significantly correlated to OS or PFS.

Conclusions—NSCLC displays rapid tumor volume growth whereas NSUVmean and
NSUVmax are relatively stable over the same time period. Longer delays before initiation of
treatment are associated with higher risk of pre-treatment disease progression.
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1. Introduction

Non-small cell lung cancer (NSCLC) is a biologically aggressive tumor, with rapid growth
and metastatic spread leading to dismal survival outcomes. By the time tumor is detected on
imaging modalities, it is likely to have been present as microscopic disease for a longer
duration. Treatment delay in cancer patients is not an uncommon occurrence in daily
practice often with multiple contributing factors such as scheduling delay during the
diagnosis and staging process, patient delay related to anxiety or hesitation, and even issues
relating to insurance policies [1]. Lung cancer genotyping is being increasingly performed
prior to starting treatment and can contribute to delays as well. Excessive waiting time may
lead to interval tumor growth and metastatic spread which can consequently alter treatment
intent and strategy as well as clinical outcome. Therefore a more detailed understanding of
the natural time-course of growth and disease progression in untreated NSCLC would assist
with clinical decision making, determination of appropriate treatment strategies and
surveillance protocols, and defining acceptable waiting time without compromise to patient
outcomes [2,3].

Several studies of lung cancer presenting initially as a small pulmonary nodule detected by
X-ray or CT based screening programs have shown great heterogeneity in tumor volume
doubling time (VDT) [4-8]. However, there is little published data on the natural growth of
lung cancer detected by routine medical care, when tumor size is generally larger and
regional nodal metastases may already be present. Changes in tumor volumes and metabolic
activity for untreated NSCLC on 18F-fluorodeoxyglucose positron emission tomography/
computed tomography (FDG-PET/CT) have not been well-described.

The aims of this study, through serial PET/CT scans prior to administration of any active
treatment, were to: (1) estimate the volumetric and metabolic growth rate of NSCLC, (2)
evaluate disease progression prior to treatment, and (3) explore the effects of tumor growth
rate and time to treatment (TTT) on survival outcome including overall survival (OS) and
progression free survival (PFS).

2. Patients and methods

2.1. Study population

This is a secondary analysis of a subgroup of patients prospectively enrolled in a series of
functional imaging-related studies at the University of Michigan. These investigational
studies were approved by the local institutional review board (IRB). Patients with either
unresectable or inoperable stages I1-111 NSCLC treated with radiation therapy (RT), with or
without concurrent chemotherapy, were eligible. Per protocol, pre-RT PET/CT scans were
performed within two weeks of the CT simulation. Repeated PET/CT scans were
implemented for patients whose initial diagnostic PET/CT scans were more than two weeks
before simulation, leading to a situation where many patients had two pre-RT PET/CT
studies available for comparison before any treatment had been initiated.
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2.2. PET/CT image acquisition

All scans were performed on integrated PET/CT scanners at two institutions: University of
Michigan Hospital (UMH) and Veterans Administration Health Center/Veterans Affairs
Medical Center, Ann Arbor (VA-AA) between 2003 and 2010. The PET protocols used in
both institutions were standardized throughout the time period at both UMH and VA-AA.
Details on our PET/CT scanning protocols have been described in a previous publication
[9]. At the UMH between 2003 and 2006 the PET/CT imaging was performed on a Siemens
Biograph Classic (Siemens Medical Solutions, Hoffman Estates, IL, USA), and between
2006 and 2010 on a Siemens Biograph T6. At the VA Ann Arbor Medical Center the PET/
CT imaging was performed on a Siemens Biograph T6.

2.3. Image analysis and tumor delineation

FDG-PET/CT images were analyzed on an in-house functional imaging analysis workstation
(FIAT). PET and CT images were co-registered using a rigid body method. A 1 cc volume
of interest (VOI) was set in the ascending aorta (AA), extending downward from the
transitional slice between AA and aortic arch. The mean standardized uptake value (SUV) of
this VOI was recorded to represent the average FDG metabolic activity of the mediastinal
blood pool. The SUV in the tumor was normalized to that of the corresponding AA (NSUV)
to minimize the potential for inter-scan variation in FDG distribution. A NSUV threshold of
1.5 on PET was used for auto-segmentation of gross tumor volume considering both primary
and lymph node sites to define PET-derived metabolic tumor volume (PET-MTV). In
conjunction with registered CT, manual edits on auto-generated PET-MTV were performed
to exclude the normal structures. Mean and maximum NSUV (NSUVmean and NSUVmax)
as well as the geometric volume of PET-MTV were recorded for further analysis. Non-
contrast CT-derived gross tumor volume (CT-GTV) was auto-contoured with a self-defined
threshold on FIAT to visually encompass entire tumor. Manual editing was performed to
exclude normal structures as necessary [10].

2.4. Computation of tumor growth rate and definition of disease progression

Tumor volumetric and metabolic growth rates were estimated based on an exponential
model assuming a constant doubling time (DT) calculated as follows [8]:

DT=t x lnig

In(Q2/Q1)

where t = days between two pre-RT scans, Q1 = volume or activity on the first PET/CT, Q2
= volume or activity on the second PET/CT and In = natural logarithm.

Growth fraction and cell loss were not taken into consideration. Previous studies have
observed that tumor volume and metabolic activity in NSCLC may decrease as part of the
natural history [8,11]. Under such circumstances, the DT determined by the above equation
would lead to a negative value, implying an infinite DT. In order to avoid the confusion
caused by this situation, we converted DT to the reciprocal of DT (RDT = 365/DT),
indicating the number of doubling events within one year. Therefore a smaller RDT
represents slower tumor growth, regardless of whether the value is positive or not.

TTT was recorded for all patients, referring to the interval between the first PET/CT scan
and the beginning of treatment. We defined pre-treatment disease progression as visual
identification of new sites of disease involvement on PET/CT and recorded whether this led
to T, N, or M upstaging (AJCC 7th ed.). This definition is consistent with that published in a
descriptive study discussing the natural progression of NSCLC [1]. Notably, not every site
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of disease progression was confirmed with histology. However the sites of new disease
identified by PET/CT were reviewed at tumor board, discussed by a multidisciplinary team,
and invariably management decisions included the metabolic information and changed the
RT planning volumes.

2.5. Statistical analysis

3. Results

The two-related-sample Wilcoxon test was used to compare individual characteristics
between two PET/CT scans. The difference in baseline characteristics between various
categories was evaluated using the Mann-Whitney U test. Logistic regression and receiver
operating characteristic (ROC) analysis were used to determine correlations between
corresponding characteristics and clinical progression. Kaplan—-Meier survival analysis and
log-rank test were performed to compare survival between different groups. OS was defined
as the time elapsing from treatment beginning to the latest follow-up or death. PFS was
defined as the duration from start of treatment to the date of first progression or death. p <
0.05 was considered statistically significant.

3.1. Patients characteristics

A total of 118 patients were enrolled in a series of functional imaging-related studies
between 2003 and 2010 and eventually 34 patients were eligible for this analysis. Thirty
patients received both scans at the same institution and 4 patients had crossover PET/CT
studies at both UMH and VA-AA. The demographics and tumor characteristics of the
patients in this secondary analysis were similar to those who were not included. General
patient demographics and tumor characteristics are shown in Table 1.

3.2. Volumetric and metabolic changes on PET/CT

Table 2 displays the actual tumor volume and metabolic activity measurements from each
scan, and the absolute and relative changes between scans. The PET-MTV and CT-GTV
both increased remarkably during the inter-scan period (p < 0.001). NSUVmean showed a
trend towards marginal increase (p = 0.06) while NSUVmax did not significantly change (p
= 0.12). There was stable or decreased PET-MTYV between the pre-treatment PET/CT scans
in 4 (11.8%) patients, stable or decreased NSUVmean in 11 (32.4%) patients and stable or
decreased NSUVmax in 10 (29.4%) patients. No patients had a decrease in CT-GTV
between scans.

3.3. Doubling time of tumor

The median DT for PET-MTV, CT-GTV, NSUVmean and NSUVmax was 124, 139, 597
and 333 days, respectively. Approximately half of the patients had metabolic DT longer than
400 days, whereas more than two thirds of patients were estimated to have volumetric DT
less than 250 days. PET-MTV and CT-GTV both demonstrated significantly faster growth
than metabolic activity (NSUVmean and NSUVmax) (p < 0.01). Fig. 1 summarizes the
RDTs for each patient.

Twelve patients had non-contiguous primary and metastatic lymph node sites. There was no
significant difference in volumetric growth whereas lymph node seemed to have faster
growth in NSUVmax than primary tumor, corresponding to the mean RDT of 4.0 and 0.5 (p
=0.034).
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3.4. Pre-treatment disease progression

The median ISI for stages I, 11, 111 and total patients, was 32, 43, 54, and 43 days,
respectively (p = 0.804). The median interval from the second PET/CT scan to RT
beginning was 7 days. Seven patients (20.6%) developed pre-treatment disease progression
based on our criteria and 6 patients (17.6%) were upstaged on TNM during the ISI. Patient-
specific details of disease progression are summarized in Table 3. Two examples of pre-
treatment disease progression on PET/CT are shown in Fig. 2. Using logistic regression,
initial stage did not correlate with the occurrence of interval disease progression. Viewed as
a continuous variable, longer I1SI was a risk factor for disease progression (OR = 1.027, 95%
Cl: 1.004-1.050, p = 0.02). Based on ROC analysis, the area under the curve (AUC) of ISl
was 0.847 (p = 0.005) for the prediction of disease progression with the optimal criterion of
58 days. The occurrence of disease progression was 4.8% for patients with ISI < 58 days and
46.2% for those with ISI > 58 days (p = 0.007). No significant difference was found in DT
between patients that had inter-scan progression and those who did not.

3.5. Post-treatment outcome

By January 2012, 32 out of 34 patients regularly followed up for at least 6 months were
included in the patient-outcome analysis. The minimum follow-up time for surviving
patients was 7.0 months. Referring to the published literature [12], we used DT of 180 days
as the threshold to divide patients into fast- and slow-growth groups, and found that neither
PET-MTV (p=0.247) nor CT-GTV (p = 0.870) based grouping could achieve statistically
significant difference in OS. Similarly, no significant difference was found between groups
in terms of PFS as well (p = 0.516 for PET-MTV and p = 0.361 for CT-GTV). Using the
optimal inter-scan duration of 58 days and the median interval of 7 days from the second
scan to RT start, we identified a discriminative point to divide patients into short-TTT (<65
days) and long-TTT (>65 days) groups. However, the effect of TTT on either OS (p =
0.713) or PFS (p = 0.210) did not reach statistical significance.

4. Discussion

In this study of NSCLC diagnosed during routine clinical care, tumor volumetric
measurements increased remarkably in a short interval. In contrast, tumor metabolic activity
(NSUVmean and NSUVmax) remained relatively stable during the same period of time.
VDT of early stage lung cancer has been widely studied based on X-ray and CT evaluations
of pulmonary nodules and has a strikingly broad range [3-8,13,14]. One study found that the
mean VDT of pulmonary nodule was approximately 150 days on chest radiographs and 480
days on CT in screening studies, compared to a VDT of 135 days for those detected during
routine medical care [14]. Using direct volume measurement on the non-contrast CT portion
from the PET/CT imaging, we found a median VDT of 139 days. The distribution of CT-
VDT in our study was consistent with a recent report based on routine CT detection, in
which each VDT category (<100, 100-249 and =250 days) accounted for approximate one
third of the overall study cohort [15].

Metabolic tumor volume (PET-MTV) on PET/CT is being increasingly studied as a
characteristic of tumor biological behavior. At present PET-MTV does not have a consistent
definition [16-19]. To our knowledge, there have been only two studies exploring the
changes in PET-MTYV in untreated lung cancer [11,20]. One reported a 32% mean relative
increase in PET-MTV with a median interval of 24 days between scans and an expected DT
of 66 days [11]. Another study of 11 NSCLC patients found a 51% average increase in PET-
MTV with a median interval of 33 days between PET scans, with 4 patients demonstrating a
DT less than 45 days [20]. In our study of PET-MTV, we observed a 55% mean increase
with a median interval of 43 days and an estimated median DT of 124 days in 34 patients.
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Interestingly, the DT of PET-MTYV did not significantly differ from the median CT-GTV
derived DT based on the near-simultaneously acquired CT imaging. Interval PET-MTV
shrinkage was observed in our study, including two patients with very small regression (<10
cc) in the primary tumor, and two with regression in hilar nodes. These findings are similar
to the first study above mentioned who found 24% of their patients underwent a PET-MTV
remission at the second PET/CT scan. Decreases in tumor volume without treatment
intervention has also been reported on numerous CT based studies [6—8] and may be
attributable to multiple factors such as measuring variation, respiratory motion,
misregistration, proximity to the mediastinum, re-expansion of adjacent consolidated lung
tissue, and tumor necrosis due to insufficient blood and nutrition supply.

The natural history of metabolic activity in lung cancer remains poorly understood and
currently we are aware of only one published study investigating the NSCLC SUV change
prior to treatment [11]. In this study, a significant increase in SUV measurements was
observed within a median interval of 24 days, including 19% enhancement in maximum
SUV and 15.6% in average SUV. Notably, 24% of patients underwent interim reduction in
maximum SUV. In our study, the observed change in metabolic activity was less significant.
Within the median interval of 43 days, NSUVmean achieved a marginally increase while
NSUVmax was relatively stable. Nearly one third of our patients displayed interval
reduction in metabolic activity. It should be noted that different methods of SUV
measurements were used; absolute SUV in the above-mentioned published study and
internally normalized SUV in our study. In addition, it is important to note that maximum
SUV measurements are more susceptible to noise, which may exacerbate observed
percentage changes between scans [21].

We found metabolic evidence for pre-treatment disease progression in 21% patients and
TNM upstaging in 18% after a relatively short median inter-scan interval of 43 days. Longer
intervals before start of treatment appear to have higher risk of pre-treatment progression,
lending credence to the notion that excessive delay before treatment may lead to worsened
patient-outcomes. Using criteria for pre-treatment disease progression similar to that in our
study, one study found disease progression prior to treatment occurred in 13%, 31% and
46% of patients at 4 weeks, 8 weeks and 16 weeks after initial clinical detection with
upstaging in 13% of patients at 8 weeks, and 21% at 16 weeks [1]. Another study reported
an even greater chance of tumor progression within a median interval of 28 days, with
upstaging in TNM scores in 39% of patients, and changes in treatment intent from curative
to palliative in 29% of patients [11]. Given these findings of significant pre-treatment
disease progression, repeated staging appears justified after certain delays in treatment
initiation. One study recommended complete restaging after 4-8 weeks of treatment
initiation delay [1]. In our study, longer inter-scan interval (ISI) was found significantly
correlated with higher risk of interval disease progression prior to treatment. Based on the
estimation of progression probability, we suggest that restaging of PET-CT should be
performed for NSCLC patients with longer than 2 months (58 days) waiting after the initial
PET/CT examination.

Studies investigating the effects of delays to treatment on patient-outcomes have found that
local control rates decreased with increasing TTT, raising the possibility that these increased
rates of local recurrence might in turn translate into worse survival [22-25]. In our study, no
significant difference was detected between TTT and OS or PFS. Furthermore, we did not
find that DT significantly affected OS or PFS, which was counter-intuitive. These negative
findings may be explained by our small sample size, heterogeneity of tumor parameters, and
the lack of multivariate modeling of additional prognostic factors. The active intervention of
salvage treatment and supporting care may also offset the detrimental effect of longer TTT
and shorter DT on outcome. Despite this, in view of the findings of pre-treatment disease
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progression within a 2 month period, it seems prudent to follow recommendations by the
Joint Council for Clinical Oncology that potentially curative treatment should ideally start
within 2 weeks and no longer than 4 weeks after decision of treat [26].

We acknowledge several limitations in our study. Firstly, the estimation of the doubling
times was based on only two pre-treatment PET/CT images rather than multiple serial scans,
therefore the calculations would be more susceptible variation due to technical factors in
volumetric and metabolic measurements. Another limitation was that CT-GTV in our study
was delineated on the CT portion of integrated PET/CT rather than IV-contrast enhanced
CT, which could lead to substantial uncertainty for target identification, though our protocol
did not allow for an 1VV-contrast CT in addition to the PET/CT for our patient. Further
investigations on a larger number of patients with multiple serial measurements would be
required to better understand the natural growth of lung cancer, however due to ethical
considerations this would not be acceptable as a clinical study design.

5. Conclusions

The natural history of NSCLC diagnosed at routine clinical care based on FDG-PET/CT is
that of rapid growth in tumor volume with relatively stable tumor metabolic activity
(NSUVmean and NSUVmax). Longer waiting time before treatment is associated with
higher risk of pre-treatment disease progression. For treatment delays of longer than 2
months after initial PET/CT examination, repeated staging workup is recommended.
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Fig. 1.

Volumetric and metabolic doubling time (DT) determined on PET/CT. (A) DT distribution
for each parameter based on all patients. Y-axis indicates the percentage distribution for
each DT category and the solid line shows the median DT for each parameter. (B)
Comparison in terms of RDT among parameters. (C, D, E, F) Waterfall plots of RDTs for
CT-GTV, PET-MTV, NSUVmean and NSUVmax, respectively. CT-GTV, gross tumor
volume on CT; PET-MTV, metabolic tumor volume on PET; NSUVmean, mean tumor
metabolic activity normalized to aorta; NSUVmax, maximum tumor metabolic activity
normalized to aorta; RDT, reciprocal of doubling time = 365/DT.
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Fig. 2.

Imaging examples of clinical disease progression prior to treatment. (A) A patient with a
hypermetabolic right upper lobe mass, adjacent satellite lung nodule and FDG-avid right
hilar, mediastinal and right supraclavicular lymph nodes. (Left) Maximum intensity
projection images (MIPS) at the 1st pre-treatment PET scan demonstrates T3N3MO disease.
(Middle) MIPS at the 2nd pre-treatment PET scan demonstrates new abnormal FDG uptake
in the thoracic spine (long arrow) and left acetabulum (short arrow). (Right top) 2nd pre-
treatment axial fused PET/CT demonstrates a left T3 pedicle bone metastasis (long arrow).
(Right bottom) 2nd pre-treatment axial fused PET/CT demonstrates a left acetabulum bone
metastasis (short arrow) compatible with T3N3M1 disease. (B) A second patient with a
hypermetabolic right upper lobe mass and FDG-avid lower mediastinal lymph nodes. (Left)
MIPS at the 1st pre-treatment PET scan demonstrates T4AN2MO disease. (Right top) MIPS at
the 2nd pre-treatment PET scan demonstrates new upper paratracheal lymph nodes and new
ipsilateral neck lymph nodes with abnormal metabolic activity (arrows) indicating T4AN3MO
disease. (Right bottom) 2nd pre-treatment axial fused PET/CT at the level of the right neck

lymph nodes (arrow).
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Table 1

Patient demographics and NSCLC tumor characteristics.

Characteristics

Number of patients (%)

Age
Gender Male

Female
Histology Adenocarcinoma

Squamous cell carcinoma
NSCLC-NOS

Concurrent chemotherapy  Yes

No

Physical RT dose (Gy)

Inter-scan interval (day)

Time to treatment (day)

Overall stage |
1
1
\Y%

T stage Tx
T1
T2
T3
T4

N stage NO
N1
N2
N3

68 (50, 84)2
23 (67.6%)
11 (32.4%)
6 (17.6%)
12 (35.3%)
16 (47.1%)
21 (61.8%)
13 (38.2%)

66 (45.0, 85.5)2

43 (11, 281)

48 (18, 293)2
First scan
6 (17.6%)
5 (14.7%)
23 (67.6%)

0
2 (5.9%)

9 (26.5%)
5 (14.7%)
10 (29.4%)
8 (23.5%)
10 (29.4%)
3(8.8%)
14 (41.2%)
7 (20.6%)

Second scan
5 (14.7%)
5 (14.7%)
22 (64.7%)

2 (5.9%)
2 (5.9%)
9 (26.5%)
5 (14.7%)
9 (26.5%)
9 (26.5%)
9 (26.5%)
3(8.8%)

14 (41.2%)

8(23.5%)

NSCLC-NOS, non-small cell lung cancer — not otherwise speci.ed; RT, radiation therapy

a .
Presented as median (range).
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Pre-treatment disease progression on PET/CT.

Table 3

Patientsno. Primary location TNM TNM Sites of progression
1st PET/CT  2nd PET/CT
1 LUL T1aNOMO T1bNOMO T upstaging
3 RUL T3N3MO T3N3M1 LN involvement at a new station bone metastasis
13 RUL T4N2MO T4N3MO N upstaging
21 RLL T4N2MO T4N2M1 New retrocrural and periaortic LN involvement
23 RUL T3N2MO T4AN2MO T upstaging, LN involvement at a new station
29 RUL, RML T4N2MO T4N2MO LN involvement at a new station
30 RUL TINOMO TIN2MO N upstaging

LUL, left upper lobe; RUL, right upper lobe; RLL, right lower lobe; RML, right middle lobe; LN, lymph node.
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