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Abstract: This article reviews key imaging modalities for lung cancer patients treated with radiation 
therapy (RT) and considers their actual or potential contributions to critical decision-making. An 
international group of researchers with expertise in imaging in lung cancer patients treated with RT 
considered the relevant literature on modalities, including computed tomography (CT), magnetic resonance 
imaging (MRI) and positron emission tomography (PET). These perspectives were coordinated to 
summarize the current status of imaging in lung cancer and flag developments with future implications. 
Although there are no useful randomized trials of different imaging modalities in lung cancer, multiple 
prospective studies indicate that management decisions are frequently impacted by the use of complementary 
imaging modalities, leading both to more appropriate treatments and better outcomes. This is especially true 
of 18F-fluoro-deoxyglucose (FDG)-PET/CT which is widely accepted to be the standard imaging modality 
for staging of lung cancer patients, for selection for potentially curative RT and for treatment planning. PET 
is also more accurate than CT for predicting survival after RT. PET imaging during RT is also correlated 
with survival and makes response-adapted therapies possible. PET tracers other than FDG have potential 
for imaging important biological process in tumors, including hypoxia and proliferation. MRI has superior 
accuracy in soft tissue imaging and the MRI Linac is a rapidly developing technology with great potential for 
online monitoring and modification of treatment. The role of imaging in RT-treated lung cancer patients 
is evolving rapidly and will allow increasing personalization of therapy according to the biology of both the 
tumor and dose limiting normal tissues.
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Introduction

The modern management of lung cancer with radiation 
therapy (RT) is critically dependent on imaging (1). 
Diagnosis, staging, patient selection, tumor and target 
volume (TV) definition, motion management and 
therapeutic response assessment all rely heavily on 
an accurate delineation of the tumor and its anatomic 
environment. As highlighted in other articles in this issue, 
advances in imaging have contributed to the improved 
outcomes observed in lung cancer reported in recent years 
and new imaging modalities are becoming available with the 
potential to further advance the field. Rapid developments 
in imaging have benefited patients by increasing the 
accuracy of three- and four-dimensional delineation of 
their disease, with computed tomography (CT), magnetic 
resonance imaging (MRI) and most recently by positron 
emission tomography (PET), especially when 18F-fluoro-
deoxyglucose (FDG)-PET is combined with CT in PET/
CT images. Furthermore by providing information 
concerning molecular or functional characteristics of 
tumors, it will be possible to use factors such as tumor 
glucose uptake, perfusion, hypoxia and proliferation to help 
estimate prognosis and even select systemic therapies for 
use in combination with radiation. In an era of increasing 
personalization of treatment based on tumor biology, 
molecularly targeted therapies such as epidermal growth 
factor receptor tyrosine kinase inhibitors (EGFR TKIs) (2)  
and anatomically-targeted therapies such as stereotactic 
ablative radiation therapy (SABR) (3) are becoming more 
common. Imaging provides essential information that 
underpins the increasingly complex therapeutic decision 
making processes in the current management of lung 
cancer. Each imaging modality has its own strengths and 
limitations and a combination of one or more of these in 
multi-modality imaging is becoming increasingly common 
in the management of lung cancer. This review article aims 
to discuss the role of imaging in precision radiotherapy. 

Imaging for precision decision making in radiotherapy

The aim of curative-intent precision RT in lung cancer 
is to control all sites of gross disease by the delivery of an 
anatomically targeted radiation dose sufficient to cause the 
eventual death of all clonogenic tumor cells with the least 
possible toxicity due to unnecessary irradiation of normal 
tissues. For the delivery of targeted RT to be successful, 

a great deal of information must be available about the 
tumor, including its precise anatomical location, its relation 
to normal tissues, its boundaries, the extent to which it is 
locally invasive, how it moves with respiration and cardiac 
motion, the extent and precise location of involved regional 
nodes and the number and location of any distant metastases 
that may be present. This information is obtained 
predominantly from imaging, although supplemented when 
appropriate by the results of biopsies, including endoscopic 
bronchoscopic ultrasound-guided biopsy EBUS (4), and 
other information such as operation notes for patients who 
have undergone surgical procedures. 

The scope of radical or potentially curative RT 
in lung cancer has gradually expanded to include the 
curative-intent treatment of patients with intracranial 
oligometastasis with stereotactic radiosurgery and those 
with extracranial oligometastasis (5,6) who are treated with 
SABR. A more recent development is the use of targeted 
RT in patients with advanced non-small cell lung cancer 
(NSCLC) who have experienced responses to systemic 
therapies with chemotherapy or targeted therapies. In a 
recent randomized trial, Gomez and colleagues reported 
improved progression free survival (PFS) in patients with 
oligometastatic NSCLC without progression after first-
line systemic therapy who received local radiotherapy 
compared to those who received no further treatment (7).  
Selective targeting of oligoprogressive disease sites with 
SABR may extend the period during which a useful 
response to systemic therapy may be experienced, even 
though cure is not the ultimate aim. External beam RT is 
always accompanied by the delivery of significant doses of 
radiation to sites outside of the TV, some of which may 
contain occult tumor. Both inadvertently delivered radiation 
dose, absorbed outside the planning target volume (PTV), 
and treatment deliberately targeted to regions of suspected 
microscopic disease, as in elective nodal irradiation (ENI), 
could potentially contribute to locoregional tumor control 
(LRTC), although the latter may have little impact in the 
era of modern imaging (8). Other treatment related factors 
that may contribute to long-term disease control, include 
concomitantly delivered platinum based chemotherapy and, 
potentially, changes in immunity generated by therapy (9). 

All therapeutic approaches with RT in lung cancer, from 
curative treatment of stage IA tumours with SABR to radical 
chemoradiation in stage IIIB disease depend absolutely 
on three-, and four-dimensional imaging to accurately 
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characterize potentially malignant lesions. It is often 
impractical or impossible to biopsy every suspected lesion 
in a patient with locoregionally advanced lung cancer and 
therefore imaging characteristics must be used to determine 
the nature of individual lymph nodes or pulmonary nodules, 
to define them as benign or malignant and to decide if 
they should be included within the RT TV. In this regard, 
anatomical imaging is often insufficient by itself for accurate 
characterization and the addition of molecular imaging, 
primarily with FDG-PET, is required for the most accurate 
assessment of true disease status.

Imaging for precision staging or pre-treatment 
assessment for radiotherapy

Staging information is essential for determining treatment 
choice after a diagnosis of lung cancer. It is the primary 
factor for categorizing patients as potentially curable with 
surgery, RT or chemoradiation or having incurable disease 
that should be managed with palliative approaches intended 
to relieve symptoms and extend high quality survival time. 
Although CT scanning has been the standard 3-dimensional 
imaging tool for staging lung cancer, it has relatively poor 
ability to distinguish different structures in the soft-tissue 
density range and to distinguish tumor from surrounding 
soft tissue. The accuracy of CT in this regard is enhanced 

by co-registration with metabolic information derived from 
FDG-PET scanning, as discussed below. CT can provide 
invaluable clinical information on other relevant disease 
processes such as presence of thrombi in major vascular 
structures (Figure 1). FDG-PET and FDG-PET/CT can 
improve staging accuracy of locoregional and distant disease 
by 10–30% depending on initial apparent stage.

Because of its superb ability to provide detailed images 
of soft tissues, MRI scanning may often be complementary 
to CT. CT has more robust spatial accuracy and excellent 
capacity to image bone. A further capacity of MRI is the 
ability of functional MRI to derive additional information 
concerning biological processes occurring within the body. 
This biological information may eventually have wide 
application in oncology although the field is at an early 
stage of development.

Anatomic staging with CT and MRI

The staging system for lung cancer has gradually evolved 
into a powerful tool for standardized documentation of 
disease extent, prognostic stratification and selection of 
appropriate therapy. The most recent iteration of the 
system has made further refinements including revisions 
of the criteria for defining T stage in relation to potential 
resectability and sub-classifying metastatic disease according 
to number and location of lesions (10). The abilities of 
imaging studies to demarcate tumor margins by defining 
limits of invasion into adjacent normal tissues, to assign 
the true status of involvement of regional lymph nodes and 
detect distant metastasis are central in determining the true 
TNM status of the patient and guiding management along 
the most appropriate pathway. 

The anatomic criteria for assigning lymph node stage 
are similar for CT and MRI imaging and relate entirely 
to the physical dimensions of the nodes (11). The most 
widely adopted convention for classifying lymph nodes 
using anatomic imaging is to consider nodes with short axis 
transverse diameter >1 cm to be positive. This approach 
leads to frequent false negatives and false positives because 
enlarged reactive nodes are common, as are normal sized 
nodes containing tumor. A recent attempt to derive 
additional information on nodal status from CT scans 
involved the use of texture analysis and reported improved 
accuracy with this approach (12).

CT is the workhorse for anatomic staging of lung cancer 

Figure 1 Value of CT in local assessment of lung cancer. Detailed 
information obtained in a lung cancer patient from contrast-
enhanced CT. This patient has a right hilar NSCLC (T), which has 
caused thrombosis of the superior vena cava and brachiocephalic 
vein (arrow) and is associated with extensive collateral vessel 
dilatation. CT, computed tomography; NSCLC, non-small cell 
lung cancer.
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for RT. It is capable of accurately delineating accurately 
lymph node size. It is an excellent high resolution modality 
for measuring dimensions of lung tumors that are entirely 
surrounded by aerated lung. It can account for movement 
and can be repeated during treatment for quality control, 
although the resolution of Cone Beam CT (CBCT) is 
poor, especially in large patients. CT is often inaccurate 
in determining the margins of tumors that are in contact 
with atelectatic lung and for defining the extent of tumor 
invasion into contiguous soft tissues with similar CT-
density to tumor. This is especially the case for superior 
sulcus tumors with invasion into the brachial plexus where 
it is critical to define tumor margins accurately (Figure 2).  
In these settings MRI scanning can provide accurate 
information on local tumor invasion and these images can 
be fused with the corresponding CT images for use in RT 
planning (13).

For anatomical staging of suspected metastases CT and 
MRI may be complementary, as in the case of the adrenal 
gland, where MRI can help distinguish between CT-
detected adrenal enlargement due to benign adenoma or 
hyperplasia from metastatic lung cancer. However, the 
addition of FDG-PET information to anatomic with CT 
and/or MRI greatly increases the accuracy of assessment of 
adrenal lesions (14). For staging of the brain in lung cancer, 
MRI is clearly superior to CT with much greater sensitivity 
and both CT and MRI are superior to FDG-PET for 
the detection of small brain metastases (15,16). However, 
despite the well documented strengths of anatomical 

imaging with CT and MRI, some significant weaknesses 
exist which may be overcome by adding functional imaging 
to the staging paradigm. These weaknesses include poor 
ability to distinguish benign from malignant lymph nodes in 
the thorax and inefficiency in the detection of extracranial 
distant metastasis.

Baseline evaluation of normal tissues

Lung cancer patients often have ventilation and perfusion 
defects related to lung disease and to thromboembolism. 
Ventilation and perfusion (V/Q) scans are sometimes used 
to determine if a patient is suitable for surgical resection and 
can provide information that is valuable for distinguishing 
high functioning from low functioning lung. V/Q SPECT 
data indicate that ventilation and perfusion defects are 
greater in central then in peripheral tumors (17). Moreover, 
apparently normal areas of lung on CT often have impaired 
function as measured by V/Q SPECT (18). Importantly, 
regional ventilation and perfusion may improve during 
RT for centrally located NSCLC (18). More recently, V/
Q imaging with PET tracers has become available. For 
example, 68Ga-VQ respiratory gated (4-D) PET/CT  
scans (19) provide much higher resolution and accuracy 
than SPECT and may have potential in radiotherapy 
planning by allowing high functioning lung to be spared 
and for dose to be “dumped “ in areas of lung with poor 
perfusion and / or ventilation (20) 

Molecular staging with PET and PET/CT

Characterizing the primary tumor
As discussed above, purely anatomical imaging of lung 
cancer with CT or MRI has limitations in the staging of 
lung cancer. Evaluation of the local extent of lung cancer 
is especially problematic in the presence of significant 
atelectasis because the soft tissue densities of pulmonary 
and tumor tissue may be similar and tumor margins 
inapparent. FDG-PET can help distinguish the boundary 
between tumor and atelectatic lung. Locally advanced lung 
cancers are often associated with nodules in nearby lung 
which could represent benign processes or may alternatively 
be satellite nodules, intrapulmonary nodal metastases or 
haematogenous metastases. It is known from the PET 
literature on the evaluation of solitary pulmonary nodules 
(SPNs) that strongly FDG-avid lesions are very likely to be 

Figure 2 Detection of nerve root infiltration by MRI. MRI scan 
showing invasion of the T1 nerve root by a left sided apical lung 
cancer (arrow). This was not visualized on contemporaneous 
CT imaging. MRI, magnetic resonance imaging, CT, computed 
tomography.
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malignant (21) in the absence of an alternative explanation 
such as mycobacterial or fungal infection. When biopsy 
is not performed, PET information is extremely valuable 
when making decisions about the nature of additional 
pulmonary nodules in patients with locoregionally advanced 
lung cancers. Patients with undiagnosed SPNs that are 
suspicious for lung cancer on structural imaging may have 
serious comorbidities, including severe emphysema with 
bullae, which preclude both a safe attempt at needle biopsy 
and any chance of a curative surgical resection. In such cases 
demonstration of high FDG uptake on PET can be used as 
a surrogate for biopsy and allow the patient to proceed to 
curative intent treatment with SABR or conventional RT.

Mediastinal nodal staging
In routine practice, a short axis length of 1 cm is taken 
as the cut-off for involvement by tumor of intrathoracic 
nodes. Unfortunately, smaller nodes may still contain tumor 
and large nodes may simply be reactive or enlarged due 
to entirely different pathology such as histoplasmosis or 
sarcoidosis. Use of a larger cut-off diameter would make 
the assessment more specific but less sensitive and vice 
versa. Multiple surgical series and several meta-analyses 
have confirmed the poor staging performance of CT as 
a single staging modality and shown that an assessment 
based on PET, especially when PET and CT are combined, 
can provide a much more accurate assessment of the true 
status of mediastinal nodes. In the meta-analysis of Gould 
and colleagues, FDG-PET was more accurate than CT 
for identifying lymph node involvement (P<0.001). For 
CT, median sensitivity and specificity were 61% and 79% 
respectively and for PET, median sensitivity and specificity 
were 85% and 90% respectively. FDG-PET was more 
sensitive but less specific when lymph nodes were enlarged 
(median sensitivity, 100% median specificity, 78% than 
when nodal size was normal (median sensitivity, 82%; 
median specificity, 93%; P=0.002). The use of fused PET/
CT images provides the best non-invasive means for 
intrathoracic nodal staging and may be both more accurate 
and cost saving than non-PET approaches (22). 

For evaluation of patients with NSCLC, PET/CT is best 
used in combination with selective use of nodal biopsy, such 
as at mediastinoscopy (23) or with EBUS (4,24), to clarify 
nodal status when key decisions are to be made concerning 
surgery or in determining which nodal stations need to be 
included in RT TVs. 

Detection of distant extracranial metastasis
Patients with lung cancer have a very high risk of developing 
distant metastasis, especially those with locoregionally-
advanced lesions in the thorax. One of the main goals of 
primary staging is to detect distant metastasis when present 
and to direct the patient towards the most appropriate form 
of therapy, whether palliative RT or systemic therapy in the 
setting of truly extensive metastatic disease, curative surgery 
or RT when disease is more localized, or towards SABR or 
other definitive therapies for patients with oligometastatic 
disease. Although CT scanning is useful in detecting 
pulmonary metastasis, it is less sensitive and specific than 
PET/CT at most extracranial sites including, liver, bone 
(Figure 3A) (25) and adrenal. The probability that PET 
imaging will detect unsuspected distant metastasis in 
patients previously staged with CT increases with increasing 
AJCC stage group. In a study of 167 patients with apparent 
stage I-III NSCLC, PET-detected metastasis increased with 
increasing pre-PET stage from I (7.5%) through II (18%) 
to III (24%, P=0.016), and, in particular, was significantly 
higher in Stage III (P=0.039) (26). 

A significant limitation of FDG-PET in staging the 
brain is the high FDG background uptake of normal 
cerebral tissue. This is not a limitation for the experimental 
proliferation tracer 18F-fluorothymidine (FLT), where 
cerebral uptake is low. FLT PET/CT detected unsuspected 
cranial metastases in 3 of 60 patients who were enrolled in 
prospective studies of proliferation imaging during RT (27). 

Outcomes for PET-selected patients and timeliness of 
staging
The routine use of PET for staging and selection for 
treatment with RT has been shown to be associated 
with improved outcomes in patients with NSCLC (28), 
compared to non-PET staged cohorts. In a study of 153 
patients candidates for curative intent RT, 46 patients 
(30%) who were excluded from curative intent RT after 
PET because of advanced local or distant disease much 
worse (P=0.02) survival, indicating that treatment decisions 
based on PET were appropriate (29). In a more recent 
study, using PET/CT, the disparity on survival between 
the 66% selected for curative therapy and the remainder 
who received palliative treatment was even greater (30). 
Overall survival for patients given chemoRT was 77.5% 
and 35.6% at 1 and 4 years, respectively and for patients 
treated palliatively was 16.3% and 4.1% at 1 and 4 years, 
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respectively (P<0.001) (30). 
It is important that PET staging for patients treated 

with RT should be timely because disease may progress 
rapidly in the interval between initial staging and treatment 
planning (31). Everitt and colleagues investigated the rate 
of tumor progression between staging and RT planning 
FDG-PET/CT scans in 28 patients. The median interscan 
period was 24 days and interscan disease progression (TNM 
stage) was detected in 11 (39%) patients. The probability 
of upstaging within 24 days was calculated to be 32% and 
treatment intent changed from curative to palliative in 8 
(29%) cases, in 7 because of PET (32). Wang and colleagues 
also studied pre-treatment tumor progression and reported 
a 21% progression rate with a median inter-scan interval of 
43 days (33). In a further study it was reported that patients 
who were denied curative RT progression between scans 

had an extremely poor prognosis (34). It was recommended 
in the 2015 International Atomic Energy Agency (IAEA) 
consensus report that the interval between staging PET and 
RT commencing should be no more than 3 weeks (35). 

Use of imaging for RT planning and delivery

Imaging for TV delineation for radiotherapy

TV definition should incorporate all clinical and imaging 
information available. Usually, information on histology 
or cytology of the lung tumor and involved lymph nodes 
will be gathered by bronchoscopy including endoscopic 
esophageal ultrasound-guided fine needle aspiration 
(EUS-FNA), endoscopic endobronchial ultrasound-
guided trans-bronchial needle aspiration (EBUS-TBNA), 
mediastinoscopy or CT-guided biopsy. The visualization of 

CT scan FDG-PET scan Planning CT with contours drawn

A

B

Figure 3 Incremental value of FDG-PET added to CT imaging. (A) FDG PET/CT scan of a patient with locoregionally advanced NSCLC 
being considered for curative intent RT. In addition to the known primary tumor and intrathoracic lymph node involvement, this scan 
showed unexpected distant bony metastases in the left sacrum (highlighted in cross hairs) and sternum; (B) this patient with stage IIIA 
NSCLC (SCC) of the left upper lobe was planned for combined chemo-RT. Atelectatic upper lobe was included in the GTV when CT was 
used for target delineation. When PET information was incorporated, tumor margins were clearly seen and a much smaller (green) GTV 
was contoured. FDG-PET, 18F-fluoro-deoxyglucose positron emission tomography; CT, computed tomography; NSCLC, non-small cell 
lung cancer; GTV, gross tumor volume.
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the primary tumor and involved nodes as well as of normal 
tissue is usually based on a combination of multiple imaging 
methods including CT, FDG-PET/CT and sometimes 
MRI depending on tumor location and invasion. 

Several uncertainties of anatomical imaging can be 
addressed by incorporating the FDG-PET information in 
the critical step of radiotherapy TV delineation, such as 
the discrimination of the gross tumor volume (GTV) of 
primary lesions from organs at risk, mediastinal structures 
or atelectasis (Figure 3B) (36). FDG-PET also facilitates the 
identification of involved mediastinal lymph nodes which 
need to be accounted for in the TV as discussed above (37). 

PET imaging, and especially with the acquisition of a 
combined PET-CT in radiotherapy treatment position, 
has been shown to reduce intra- and inter-observer 
variation in TV delineation of lung tumors (38) . A range 
of methods used to include the PET information in the 
TV have been evaluated. Manual techniques, that is the 
visual interpretation and manual delineation of a PET 
based GTV (39), are widely-used. In recent years several 
auto-segmentation approaches have been reported to 
either guide or generate the TV (40). In spite of promising 
results, especially of algorithms based on more advanced 
image paradigms, the use of automatically generated 
PET contours for TV delineation without human visual 
and interdisciplinary interpretation of the images and 
verification of the GTV contour is not recommended 
(41,42). For visual assessment, standardized window/
level settings are strongly suggested, since even marginal 
alterations can cause significant differences in the apparent 
tumor extent on PET images and thus in the resulting 
TV. The IAEA publication provides guidance on the use 
and role of PET-CT imaging for radiotherapy treatment 
planning in NSCLC (35). RTOG1106, a multicenter study 
requires PET metabolic tumor volumes to form the PTV at 
the baseline, using a combined method of autosegmentation 
thresholding at 1.5 ratio of mediastinum blood pool 
followed knowledge based manual editing (43).

As discussed above, MRI may additionally be useful for 
GTV delineation, especially in tumors invading the thoracic 
wall or the superior sulcus (including Pancoast tumors) (44) 
as well as for para-spinal tumors with suspected infiltration 
of the vertebrae and/or spinal cord (45). To allow for co-
registered planning, MRI sequences should be acquired in 
the RT planning position. Alternatively, deformable image 
fusion may be considered.

4D CT is a standard imaging method for treatment 

planning in stereotactic body radiation therapy (SBRT) and 
in the modern era of 3D conformal RT or IMRT, as it can 
provide personalized margins accounting for target motion 
(46,47). For better tumor delineation, 3D PET scans can be 
combined with 4DCT. The impact of additional 4D PET 
information is promising but remains investigational and 
is under active investigation (48-50). Several translational 
research projects within prospective SBRT trials, such as 
the current Freiburg mono center phase II STRIPE trial or 
the European Organization for Research and Treatment of 
Cancer (EORTC) 2113-0813 Lungtech trial (51,52) address 
the roles of 3D and 4D PET-CT for pre-treatment staging, 
TV delineation, response evaluation and detection of local 
recurrence after SBRT.

Radiotherapy treatment planning of locally advanced 
NSCLC in a curative setting is based on TV delineation of 
all discernible tumor sites, usually consisting of the primary 
tumor and all involved lymph nodes. The restriction of 
TVs to the FDG-positive areas is supported by data from 
the 3D-CRT-era (53). However, potential benefits of this 
approach versus conventional RT planning, such as the 
possibility of dose escalation, a reduction of treatment 
associated side effects and the utilization of different IMRT 
techniques have not been examined in depth. Following a 
successful pilot trial (54), these questions are currently being 
investigated in the prospective randomized multi-center 
PET-Plan trial. Interestingly, within this trial, data from 
a blinded expert review demonstrated a significant inter-
observer variability in the reporting of involved mediastinal 
lymph nodes, which—after a structured interventional 
harmonization process—could be reduced (55). These data 
underline the necessity for a standardized assessment of 
FDG PET-CT imaging used for radiotherapy treatment 
planning.

Beyond the “mere” detection of tumor tissue, FDG-
PET based dose-painting and FDG-uptake intensity based 
escalation is a concept that has been investigated in the 
Netherlands PET boost trial (56). Dose escalation in hypoxic 
sub-volumes has also been demonstrated feasible (57).  
Further trials are required to discover if this approach 
can lead to improvements in survival and/or local disease 
control.

Anatomical/structural imaging during radiotherapy 

Anatomical images commonly acquired during standard 
radiotherapy include those from image guided RT (IGRT) 
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using in-room imagers such as on board CBCT or in-room 
CT (CT on rails). CT or MRI scans acquired outside of the 
treatment room may also be used for treatment response 
assessment. The MRI-Linac offers very exciting potential 
for synchronous imaging and treatment but remains 
investigational as the technology evolves (58). CBCT is 
commonly and frequently obtained for difficult cases with 
TVs close to critical structures to ensure a high precision in 
patient positioning and limit clinical target volume (CTV) 
to PTV expansions. Thus, CBCT is widely available, is 
performed routinely in clinical practice and is usable for 
adaptive RT. CBCT image quality, however, compares 
extremely unfavorably with image quality of CT on rail, CT 
simulators or diagnostic CT scans. The lower image quality 
potentially could have a negative impact on the accuracy of 
RT response assessment and target and OAR delineation. 
CT on rails has the advantage of providing diagnostic 
quality images for patient positioning and they are also 
available for ART. At most centers a new planning CT 
scan is acquired for ART. Disadvantages of the approach 
include the need for additional imaging, associated time 
commitment from patients and the health care team, as well 
as significant associated costs. 

The ability of CBCT and CT on rails to image 
the GTV size and location both inter- and/or intra-
fractionally enables an assessment of patient position, 
organ movement due to respiration, tumor regression or 
progression, and lung deformation due to collapse or re-
expansion (59). Michienzi and colleagues validated the 
accuracy of 3D CBCT for monitoring primary NSCLC 
during RT by comparing GTVs on CBCT to those on 
time-matched diagnostic CT during the first, second and 
fourth weeks of RT (60). In this study of 30 consecutive 
patients, comparable image quality and tumor volumes 
were observed between CBCT and diagnostic CT, although 
differences were observed in tumor location, especially 
in lower lobe tumors and larger patients. Compared to 
Michienzi and colleagues who observed GTV’s were 
10.8% larger on CBCT than on baseline CT, Atorjai and 
colleagues reported considerably larger average CBCT 
contours of 30%, when compared to CT in 12 NSCLC 
patients receiving stereotactic RT. These findings suggest 
that the slow acquisition time of conventional (3D) CBCT 
may be such a significant limitation that four-dimensional 
(4D) CBCT, may be required, especially for lower lobe 
tumors. 

CBCT has also been utilized to monitor volumetric 
changes in tumors over the course of a treatment course, 
with regression rates of between 0.6–1.5% per fraction 
reported (60-63). The significance of volumetric regression, 
according to anatomical imaging methods alone, in terms 
of patient survival has not been established. In fact Koo and 
colleagues reported that the most rapid reductions in volume 
detected on CT imaging one month after completion 
of chemoradiation for stage III NSCLC were associated 
with worse overall survival (64). Despite its limitations, 
including relative poor image quality, the readily accessible 
nature of CBCT during treatment provides a powerful tool 
for prompting re-scanning with PET/CT should dose or 
volumetric adaptations be considered necessary. In addition 
to all above benefits of CBCT, CTs acquired with CT on 
rails may be used to assess radiation-induced effects on 
tumor and lung tissue during radiotherapy. A recent study 
reported that changes in quantitative features of the daily 
CTs acquired during radiotherapy were associated with 
treatment outcome (65). More prospective and retrospective 
studies are needed to support that such quantitative features 
from CT scans acquired during radiotherapy may be an 
effective imaging biomarker for early response assessment 
and, thus, for guiding ART.  

Small cell lung cancer (SCLC) has been less well-studied 
than NSCLC but significant reductions in tumor volume 
are often observed on CT before the end of RT. In limited 
stage SCLC a median CT-based volume reduction of 
approximately 70% can be expected before the completion 
of concurrent chemoRT (66). Limited stage SCLC patients 
with greater tumor volume reduction (i.e., >45%) appear to 
have better locoregional control and longer overall survival 
than those with less volume reduction (66).

Response assessment with PET during RT

Response assessment with FDG-PET is superior to CT for 
predicting overall survival after chemoRT in NSCLC (67).  
Furthermore, during fractionated RT, FDG-PET/CT 
metabolic tumor responses occur more rapidly than 
responses assessed using CT and interim PET scans may 
be the most useful imaging modality if response-adapted 
therapy is intended. Sequential scans may be directly 
compared with an appropriately performed baseline 
study (68-71). 

Slowly responding tumor regions typically receive higher 
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doses when a response-adapted treatment plan is created. In 
one study, when CT and FDG-PET were compared after 
two thirds of treatment had been completed, a reduction in 
metabolic tumor volume of 70% was observed while GTV 
assessed by CT was reduced only by 41% (P<0.001) (43).  
Metabolic tumor volume reduction was more pronounced 
after two thirds of a 3D conformal RT course (73% 
reduction) in comparison to a SBRT course (15% reduction).

Kong and colleagues reported that FDG-PET/CT 
response after approximately 45 Gy was associated with the 
ultimate post-treatment response to chemoradiation (72). 
The mean peak tumor FDG activity was 5.2 (95% CI, 4.0 
to 6.4), 2.5 (95% CI, 2.0 to 3.0), and 1.7 (95% CI, 1.3 to 2.0) 
on pre-, during-, and post-RT scans, respectively, and the 
peak tumor activity during RT correlated strongly with the 
peak FDG activity 3 months after completion of RT (72). 
Interestingly, normalized (to aortic arch) max SUV was 
lowest in this small study of 15 patients, who were without 
evidence of disease, and highest in patients who succumbed 
to their disease (72). A poor response on during-RT FDG-
PET imaging also has been reported to be associated with 
inferior PFS for patients receiving hypofractionated RT 
to 60–66 Gy in 3 Gy fractions (73). Importantly, there 
may be a correlation between radiation dose delivered and 
max SUV at that time with higher max SUV declines with 
higher radiation doses (74).

The optimum timing of response assessment for survival 
estimation and response-adapted therapy during RT 
is unknown. Very early imaging may be uninformative 
and very late scanning may not allow sufficient time 
for response-adapted therapy. In one cohort, there was 
significant intra- and inter-individual heterogeneity in the 
evolution of tumor SUVmax at early time points at 7 and 14 
days after RT start (75). 

Although 18F-FDG is highly specific and sensitive 
for imaging tumors at baseline, its specificity may be 
reduced in the presence of 18F-FDG-avid radiation-
induced inflammation, thereby reducing reliability of 
metabolic response assessment in the tumor when scans 
are acquired during treatment (76,77). To overcome this 
limitation, exploratory studies of interim tumor response 
monitoring have focused on other hallmarks of cancer, 
including rapid cellular proliferation (e.g., FLT) and 
hypoxia (e.g., FMISO). The ability of FLT to detect an 
early proliferative response in NSCLC was reported by 
Everitt and colleagues who performed both FDG and 

FLT PET/CT scans during the second and fourth weeks 
of CRT in 60 patients (Figure 4A) (78). Recent findings 
of this study revealed that patients with tumors displaying 
stable disease (SD) on week two FLT PET/CT scans 
experienced significantly longer progression free and overall 
survival than patients with tumors that displayed a partial 
or complete reduction in FLT uptake (27). These results 
require confirmation in larger studies.

In addition to tumor metabolism and proliferation, 
hypoxia is a third hallmark of cancer that is common in 
NSCLC and can also be visualized with PET imaging (79). 
Both 18F-misonadazole (F-MISO) and 18F-fluoroazomycin 
arabinoside (FAZA) (80) have been used for clinical 
hypoxia imaging. Low tumor oxygen concentrations occur 
both due to the increased metabolic demands of rapidly 
proliferating metabolically dysregulated tumor cells and 
inadequate tumor vasculature. Hypoxia is associated with 
resistance to chemotherapy and RT and with increased 
metastases, which contribute to poor tumor control and 
patient survival. Identifying intra-tumoral regions of 
hypoxia could potentially lead to dose escalation of resistant 
hypoxic sub-volumes, especially with the availability of 4D 
imaging (80). Vera and colleagues acquired F-MISO, FDG 
and FLT PET/CT scans in five patients prior to and after 
approximately 46 Gy of RT. F-MISO uptake remained 
stable over this time, in contrast to FDG and FLT, which 
both decreased (81). Significant variations in baseline and 
intra-treatment hypoxia burden were observed in seven 
patients with stage III NSCLC who received up to four 
serial F-MISO PET scans acquired before, during and 
after RT alone (82). Trinkaus and colleagues reported that 
hypoxic tumor regions detected on FAZA-PET eventually 
become undetectable after successful RT (83). 

Image-guided adaptive treatment

Adaptive RT was initially introduced in an effort to take 
account of setup errors and intrafraction motion (84-86) 
but opened the door to adaptation of therapy based on 
treatment response. Several groups are exploring PET/
CT tumor response assessment during RT with the goal to 
adapt RT at around week 4 of a 6-week treatment course 
(Figure 4B). Other time points might be better for assessing 
organs at risk when the aim is to predict and ultimately 
limit toxicity. In a pilot study Feng and colleagues reported 
that replanning based on during-RT PET/CT allowed for a 
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Figure 4 Response assessment with PET during therapy. (A) This patient with Stage IIIA NSCLC underwent serial FDG and FLT PET/
CT scans prior to and during chemo-radiation therapy comprising baseline (top row), week 2 (middle row) and week 4 (bottom row), 
with FDG scans (left column) and FLT scans (right column). The FLT scans showed a more rapid and marked therapeutic response and 
complete disappearance of the bone marrow signal by week 2; (B) this patient had an initial radiation treatment plan using the baseline 
FDG-PET and CT scans (upper panels) that would deliver 60–66 Gy to FDG-avid tumor with a lung NTCP of 17.2%. Based on interim 
PET/CT, an adaptive plan was created that delivered 76–80 Gy to residual active tumor whilst maintaining a lung NTCP of 17.2%. PET, 
positron emission tomography; NSCLC, non-small cell lung cancer; FDG, 18F-fluoro-deoxyglucose; CT, computed tomography; FLT, 
18F-fluorothymidine; NTCP, normal tissue complication probability.
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dose escalation of 30–102 Gy (mean, 58 Gy) or a reduction 
in normal tissue complication probability (NTCP) of 0.4–
3% (mean, 2%) in 5 of 6 patients with smaller yet residual 
tumor volumes (87). Following this study a phase II trial 
assessing the feasibility of PET guided adaptive treatment 
was conducted at University of Michigan (88). Adaptive 
planning used FDG-PET to measure tumor response after 
50 Gy and the RT plan was adapted to target the residual 
metabolic target volume (MTV) for the final 9 fractions. 
Using an iso-toxic approach for a 17% risk of grade 3 RILT 
estimated from a mean lung dose NTCP model, the dose 
per fraction to the MTV based PTV varied from 2.2–3.8 Gy  
for the adaptive course of treatment. The 2-year rates of 
in-field LRTC and overall LRTC were 84% and 68% 
respectively (88).

RTOG 1106 is a current phase II clinical trial for patients 
with locally advanced NSCLC designed to determine 
whether slow-responding tumors can be dose-escalated to 
improve the local-regional progression-free rate at 2 years. 
FDG-PET/CT is used to measure the tumor response after 
18–19 treatments and the final 9 treatments are adjusted 
to cover residual metabolic tumor volume. The adapted 
RT plan will be dose escalated up to 80.4 Gy to the MTV 
limiting dose according to an individualized MLD to 20 Gy  
and by esophageal and heart tolerance doses. Another 
appealing strategy would be to use during-treatment images 
as a biomarker to detect more radiosensitive tumors that 
require lower and less toxic doses for local control. 

Imaging for treatment response assessment 
after completion of therapy

Cancer treatment response can be assessed by a range of 
imaging modalities and accordingly a range of different 
response criteria have evolved. The Response Evaluation 
Criteria in Solid Tumors (RECIST) was developed in 
2000 (RECIST 1.0) was largely based on CT alone (89) 
and update in 2009 (RECIST 1.1) (90) included PET-CT 
for lung cancer. RECIST 1.1 is the most widely adopted 
system and represents the current standard for structural 
assessment of tumor response using CT or MRI. Target 
lesions (up to 2 per organ and 5 total are identified and 
the sum of the longest diameter (LD) of each target lesion 
is recorded. A complete response (CR) is defined as the 
disappearance of all target lesions, a partial response (PR) 
as at least a 30% decrease in the sum of the LD of target 

lesions, progressive disease (PD) as at least a 20% increase 
in the sum of the LD of target lesions or the appearance 
of new lesions, and SD as all other scenarios. There are 
several changes between RECIST 1.0 and RECIST 1.1. 
Previously, RECIST 1.0 required documentation of up to 
10 target lesions (5 per organ)—now only 5 lesions (2 per 
organ) are required. RECIST 1.1 now includes size criteria 
for lymph nodes. Lymph nodes less than 10 mm short-axis 
diameter are considered non-pathological, between 10 and 
15 mm they are considered non-target lesions, and ≥15 mm 
short axis are considered target lesions. There now also is a 
minimum absolute increase of 5 mm in lesions in addition 
to the 20% increase requirement to call PD.

Anatomical/structural imaging response assessment has 
significant limitations after RT for NSCLC. The presence 
of atelectasis or pneumonitis obscures tumor margins when 
assessing treatment response on CT and CT cannot detect 
tumor in small residual lymph nodes. The Peter MacCallum 
group in Australia, conducted prospective studies comparing 
FDG-PET and CT and reported that FGD-PET response 
was superior to CT for predicting survival (67) and was 
more strongly associated with patterns of failure (91). 
Patients with complete metabolic responses had excellent 
survival. The visual metabolic response criteria developed 
by this group have been widely adopted but in an effort 
to standardize methodology and ensure reproducibility, 
semiquantitative criteria have been developed.

Several systems are available to assess the treatment 
response using PET. In the PERCIST system (92), a fixed 
region of interest of about 1 cc in the most active region of 
a tumor is selected and SUV lean measurements are used 
as a continuous variable. A treatment response is defined 
as a 30% decline in SUV. The EORTC has also developed 
guidelines for response assessment using PET. EORTC 
criteria are based on adding max SUV from up to seven 
target lesions from as many organs as possible. Partial 
metabolic response (PMR) is defined as a reduction of the 
sum of max SUV of at least 25% and progressive metabolic 
disease (PMD) as an increase of the sum of max SUV of 
at least 25%. A comparison of response assessments using 
EORTC and PERCIST criteria suggests that both give 
similar responses and the association of metabolic response 
with overall survival is also similar between both criteria (93). 
Other assessment methods such as the Peter MacCallum 
and University of Michigan methods of assessment have 
also been evaluated in comparison to semiquantitative 
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assessment methods (94). The study of Wang (Kong) et al. 
reported that the PM visual method identified significantly 
more CMR cases than the 30% cutoff of semiquantitative 
assessment method from the University of Michigan 
(38.6% vs. 13.6%) (94). All of these methods can predict 
long term survival after therapy but a blinded head-to-
head comparison of these methodologies is needed to 
determine which approach represents the best combination 
of predictive power, reproducibility and ease of use after RT 
for NSCLC. 

Response assessment and detection of recurrent disease 
is especially difficult after SBRT and a range of criteria were 
initially suggested as indicative of recurrence (95). However, 
pseudotumors and other confounding changes are common 
in the months after treatment and many findings once 
regarded as indicating relapse are now regarded with more 
circumspection. Of the following CT imaging features that 
were initially considered signs of relapse: (I) opacity with 
new bulging margin; (II) opacification of air bronchograms; 
(III) enlarging pleural effusion; (IV) new or enlarging mass; 
and (V) increased lung density at the treatment site. A study 
of 218 early stage NSCLC patients treated with SABR only 
“new bulging margin at the treatment site” was strongly 
associated with local recurrence (96). In these challenging 
cases, metabolic imaging using FDG PET can often help 
differentiate between recurrence and post-treatment 
changes (97). 

Radiomics is an emerging field with significant potential 
both for prognostic stratification based on baseline 
imaging studies and for response assessment in patients 
with lung cancer. Radiomics involves the extraction of 
additional quantitative data from medical images using 
advanced imaging processing and analysis tools (98). 
These quantitative data extend beyond what is visible 
to the human eye and can be powerfully correlated with 
patient outcomes (99,100). The use of radiomics for lung 
cancer is an active area of study (101-103). For example, 
Van Timmeren and colleagues have shown that radiomic 
features of CBCT images are associated with survival after 
RT in NSCLC (104). 

Imaging of organs at risk during treatment 

RT can cause early and late changes in normal tissues that 
can be detected by a range of imaging modalities including 
MRI, CT, PET, and SPECT. Late toxicities are more often 
seen because imaging has historically been used more in the 

post-radiation setting rather than during RT. Detection of 
early changes of toxicity during RT, at a time when therapy 
can be changed or toxicity treated pre-emptively, could 
potentially be very useful but is experimental at present. 
Organs at risk for RT toxicity include lungs, heart and 
esophagus. CT density in irradiated lung is correlated with 
cough and shortness of breath and other manifestation of 
radiation pneumonitis (105,106). MRI has also been shown to 
detect radiation pneumonitis by measuring lung density (107) 
and detecting unbalanced enhancement of the lung (108). 

FDG uptake in pulmonary tissue detected on PET is 
associated with symptoms and signs of pneumonitis and PET 
changes may precede symptoms (77). Esophageal toxicities 
have been detected via PET scans when FDG uptake 
was detected in the esophagus during (109) and following 
radiation treatment (77,110-115) (Figure 5A). A study of 
36 esophageal cancer patients identified a very congruent 
linear regression model connecting lung radiation dose and 
SUV changes (111). The effects of radiation on both lung 
and heart perfusion and lung ventilation have been assessed 
with SPECT (106,116,117). Sensitive assessments of lung 
perfusion with GalliPET indicate that significantly reduced 
perfusion may occur within the radiation volume early during 
RT (Figure 5B) (118). Cardiac disease may also impact 
upon decision making in lung cancer patients and, cardiac 
SPECT can be helpful in visualizing alterations in cardiac 
perfusion after RT (119-121). 

Conclusions

The role of imaging in the management of lung cancer 
patients who are managed with RT is fundamental. 
Without advances in our ability to visualize and characterize 
tumors accurately, the rapid advances in accurate radiation 
treatment delivery in recent years would have been futile. 
Imaging plays a key role in every part of the patient journey, 
from screening, through diagnosis, staging selection for 
therapy, treatment planning, response assessment and early 
detection of recurrence should it occur. Future advances in 
imaging platforms and the development of new tracers will 
allow ever more detailed assessments of individual cancers 
to be made. The integration of more accurate and more 
personalized imaging with advances in tumor biological 
characterization, for example by the use of liquid biopsies 
employing circulating tumor cells (122) or circulating 
tumor DNA (123) have the potential to further improve the 
survival of patients with lung cancer treated with RT.
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