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ABSTRACT 

Locally advanced non-small cell lung cancer (NSCLC) encompasses a heterogeneous collection of tumour and 
nodal stages. Despite recent advances, the overall survival for this group remains poor. Radical radiotherapy remains the 
mainstay of treatment. The complexities involved in the delivery of radical radiotherapy to the lung pertain to tumour 
volume definition, intra- and inter-fraction motion (namely tumour motion caused by respiration and GTV migration 
during treatment) and the proximity of organs at risk to the high-dose region. Here we discuss a selection of strategies to 
manage these complexities. Motion management can be addressed by 4D CT planning, radiotherapy gating and on-board 
imaging, including cone beam CT. Advanced planning methods such as intensity modulated radiotherapy may 
potentially allow dose escalation and sparing of normal tissue toxicity. Functional imaging has already improved our 
ability to stage tumours and more carefully select appropriate candidates for radical treatment. Better imaging also 
improves GTV definition. However, the complexities of image acquisition and interpretation need to be accounted for 
and agreed consensus protocols have yet to be defined. Novel imaging methods such as 4D PET-CT and 4D MRI may 
also yield improvements for the future and these are briefly discussed. © 2012 Biomedical Imaging and Intervention 
Journal. All rights reserved. 
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INTRODUCTION 

Locally advanced non-small cell lung cancer 
(NSCLC) encompasses a heterogeneous group of 
patients. In the recently introduced seventh edition of the 
UICC/AJCC TNM classification, Stage III NSCLC 
tumours can include large primary tumours with no 
nodal infiltration to smaller tumours with extensive 

unilateral, mediastinal or contralateral nodal involvement 
[1, 2]. For the purposes of this article, locally advanced 
NSCLC includes patients with unresectable disease, 
unsuitable for stereotactic body radiotherapy due to size 
or presence of nodal disease but where all areas of 
tumour can still be encompassed within a radical 
radiotherapy field. 

The therapeutic approach used in managing these 
patients can vary widely, nevertheless radical 
radiotherapy remains the mainstay of curative treatment 
[3]. There have been numerous advances over recent 
years, including the significant technical advances in 
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radiation planning and delivery [4], the use of advanced 
imaging to better stage and localise tumours for 
treatment and the introduction of multimodality 
treatment . Despite this, the 3-year overall survival in 
Stage III NSCLC remains poor at 31% [5]. We will 
discuss a small selection of strategies to manage the 
complexities involved in delivering radical radiotherapy 
to the lung. 

COMPLEXITIES OF LUNG IRRADIATION 

The complexities of lung irradiation are due to a 
number of factors: 
1) Target delineation performed by clinicians at 

planning can have significant inter-clinician 
variation. In the lung, identifying gross tumour is 
challenging especially when there has been lung 
collapse or atelectasis [6]. Steenbakkers et al. [7] 
demonstrated a disagreement of 45% between 11 
radiation oncologists, routinely treating lung cancer, 
who had been given identical clinical and diagnostic 
information prior to delineating 22 lung tumours. 
Vorwerk et al. [8] confirmed the significant inter-
clinician variation and found that although repeated 
discussions of patient cases and uniform teaching 
improved the variation, a significant difference 
remained. 

2) Respiration-induced tumour motion complicates 
lung irradiation. Previous studies have demonstrated 
that the motion of lung tumours cannot be predicted 
by tumour size, location or pulmonary function and 
additional imaging would be required to quantify 
this accurately [9, 10]. Liu et al. [11] assessed the 
motion of 166 lung tumours and found that 39.2% 
moved more than 0.5cm in the superior-inferior (SI) 
direction and 10.8% moved more than 1cm in the SI 
direction. Lymph node motion must also be 
considered. Pantarotto et al. [12] demonstrated 
average 3-dimensional nodal motion to be 0.68cm 
(0.17 – 1.64cm). Bosmans et al. [13] demonstrated a 
similar result with average nodal motion reported as 
0.56cm. There are various methods that have been 
used over the years to image motion such as 
fluoroscopy [14] or the use of six standard helical 
computed tomography (CT) scans in combination 
[15]; however, over the last decade, 4-dimensional 
(4D) CT planning has increasingly been used to 
individualise the margin for tumour motion [16, 17]. 
However a 4D CT only provides a representation of 
motion over a limited period of time and respiratory 
variation can occur throughout planning and 
treatment. Therefore, there has to be an awareness of 
this potential source of error, with strategies to 
identify and manage it [18, 19]. 

3) The final major limiting factor is dose to organs at 
risk (OARs). Pooled toxicity data has been used to 
derive maximum tolerated dose to the lung. By 
convention, the volume of normal lung receiving 
20Gy (V20) should not exceed 35% to 37% and the 
mean lung dose (MLD) should be below 20 to 23Gy 

[4]. There is no consensus on the maximum 
tolerated dose to the oesophagus and heart [4]. In 
routine clinical practice, doses are usually 
fixed/protocolised ie. provided OAR doses are 
within tolerance, the standard dose is delivered. Due 
to uncertainty arising from inter-clinican variation 
and tumour motion, generous planning target 
volume (PTV) margins are often required. The need 
for larger PTV volumes often makes it harder to 
achieve OAR tolerances and thus may preclude 
borderline patients from receiving radical treatment. 
Moreover as radical doses tend to be “inclusive” (to 
accommodate the majority of patients) this is often 
limited by the minority of patients with large PTVs 
with OAR at greater risk. Similar constraints do not 
apply where OAR tolerances can be easily achieved, 
and in these cases clinicians have wondered about 
the potential benefit of dose escalation. This has 
prompted a number of dose escalation trials where 
individualised doses are delivered, depending on 
individualised OAR tolerances [20–23]. 
The challenge of radiotherapy in locally advanced 

NSCLC is to manage the complexities of lung irradiation, 
as described above. New imaging techniques to visualise 
and manage motion and reduce inter-clinican variation; 
as well as novel planning and delivery techniques which 
reduce dose to OAR can all be used with the intention of 
facilitating dose escalation which improves our local 
control and, as a result, overall survival [23]. 

4D CT PLANNING AND ON BOARD IMAGING 

During treatment there are a number of potential 
errors that can result from tumour motion that require 
different imaging techniques to identify and manage. 
Firstly there is a potential variation in intra-fraction 
tumour motion. This is primarily respiration-induced 
tumour motion, and to some extent, hysteresis and heart 
motion. 

Four-dimensional CT (4D CT) [16] planning is one 
strategy to deal with intra-fraction motion. The patient 
undergoes respiratory monitored CT scanning in the 
treatment position to acquire temporal and spatial 
information relating to tumour excursion during the 
breathing cycle (Figure 1). 4D CT image acquisition 
protocols have been described extensively in the 
literature, including the methodology employed in our 
centre [17, 24]. In terms of target volume definition, 
gross internal target volume (GiTV or iGTV) [16, 25] 
has been proposed as a novel concept when 4D CT 
planning is employed (Figure 2). GTV is volumed but 
expanded to account for positional variation during 
respiration (expanding the original volume on each 
respiratory phase or voluming on maximum intensity 
projection) to account for a composite gross and internal 
tumour volume [17]. This is then expanded using 
conventional margins to account for microscopic spread 
(clinical target volume or CTV) and set-up error to 
generate PTV. Although a 4D CT performed at planning 
is useful to visualise motion, it remains a snap-shot in 
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time and may not necessarily reflect motion during 
treatment. 

Several studies have documented systematic intra-
fraction tumour motion error. Michalski et al. [18] 
reported a tumour motion reproducibility of 87%. 
Bosmans et al. [26] reported that although a small 
number of changes in tumour motion were seen over the 

course of treatment, in only 4% of patients this would 
have resulted in an increase of the internal margin. 
Guckenberger et al. [19] found that the mean peak-to-
peak tumour motion changed by only 0.9mm on two 
different scans. Sonke et al. [27] reported that the mean 
variability of the tumour trajectory shape did not exceed 
1mm (1 SD). All these papers suggest that in the vast 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1 4 Dimensional Computed Tomography (4D CT) and Artefacts Caused by Mismatch of Phase Information. a) 4DCT Average Intensity 
Projection (Ave-IP) : average pixel value over all phases representing the time-weighted location of the tumour. b) 4D CT Maximum 
Intensity Projection (MIP) : maximum pixel value over all phases representing all areas traversed by tumour. c) Coronal (left) and 
sagittal (right) image example from a patient, showing where the tumour mass is incomplete in the image (red box). Another tissue mass 
(blue arrow) shows an incomplete mass and/or duplication occurring in the same axial image slice. The yellow arrow shows on the 
sagittal image where the misplacement of the image slice has occurred. These artefacts demonstrate a mismatch of phase information 
between slices. 

    
  (a) (b) 

Figure 2 Gross Internal Tumour Volume (GiTV aka iGTV). a) Conventionally GTV is volumed on a single, fast CT scan acquired at planning. It 
is grown to account for microscopic spread (CTV), respiratory movement (ITV) and set-up errors to achieve a PTV. b) The concept of 
GiTV or iGTV has been proposed in relation to target volume definition when 4D CT is used for planning. Here GTV is volumed and 
expanded for each phase of respiration, taking into account tumour excursion during the breathing cycle. This produces the GiTV or 
iGTV. This is then grown using conventional margins to account for microscopic spread (CTV) and set-up errors (PTV).  
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  (a) (b) 

Figure 3 Inter-Fraction Tumour Migration Detected using On Board (kV) Cone Beam CT Imaging. a) Cone beam CT on first fraction of 
radiotherapy for non-small cell lung carcinoma demonstrating satisfactory coverage of target. b) A further cone beam CT at fraction 6 
now clearly demonstrates that the primary tumour has now migrated out of the PTV. 

majority of patients, it is safe to perform a single 4D CT 
planning scan and complete treatment without re-
imaging the intra-fraction motion. However, to identify 
the few patients with significant errors, imaging can 
either be performed prior to or during the first few 
fractions of treatment. This can be performed by cone 
beam CT, 4D cone beam CT, MV cine-images, 
fluoroscopy or a repeat 4D CT [18, 26, 28–31]. 

Inter-fraction tumour motion is a further potential 
error. Tumour migration and volume change during the 
course of 4–7 weeks of radiation is a recognised 
phenomenon. This migration can be an increase or 
decrease in tumour volume or a migration of the central 
axis as a result of various factors for example weight loss, 
inflammation or lung re-expansion. Figure 3 
demonstrates a cone beam CT on first fraction and 
further cone beam CT at fraction 6 where the primary 
tumour has migrated out of the PTV. Sonke et al. [27] 
reported that the mean inter-fraction tumour migration of 
the volumes was 1.6mm (left-right), 3.9mm (cranio-
caudal) and 2.8mm (anterior/posterior). Britton et al. [32] 
found results that were not too dissimilar, with migration 
of the tumour volume reported as 3mm (left-right), 
5.4mm (cranio-caudal) and 4.5mm (anterior/ posterior). 
In terms of changes in tumour volume, Erridge et al. [33] 
showed that in a population of 25 patients, tumour 
shrinkage of at least 20% occurred in 40% of the patients. 
In Britton et al. [32], volume loss of at least 40% 
occurred in 50% of the patients. Bosmans et al. [26] 
report a 30% reduction in 13% of patients and a>30% 
increase in tumour size in 17% of patients. There are 
other reports of volumes increasing over the course of 
radiotherapy; for instance,Underberg et al. [34] reported 
an initial increase in tumour volume of 10cm3 in at least 
2 of 40 patients, however the incidence of increase in 
tumour volume does appear to be less than the incidence 
of tumour volume reduction. In order to identify and 
manage tumour migration, a 3-dimensional imaging 
technology is required at regular intervals over the 
course of treatment. This can be achieved with cone 
beam CT, 4D cone beam CT or a repeat 4D CT. 

Set up (inter-fraction) error is a well-recognised 
problem that has been managed with offline MV images 
for many years [35]. With the addition of imaging 

capabilities on the treatment room, we are now able to 
perform online imaging to carry out a match and shift 
prior to treatment. The margin for set up errors is 
reduced with increased frequency of online set up, 
therefore daily online imaging offers the best chance of 
allowing dose escalation [36, 37]. This reduces the 
margins given for set up and therefore has the potential 
to allow dose escalation. Some studies have 
demonstrated that orthogonal kV images are equally 
good for online set up in every direction other than in 
rotation, where cone beam CT is superior [38]. However, 
due to the significant dose of a daily cone beam CT, it 
may be more appropriate to use kV orthogonal images 
when frequent imaging is required. 

RESPIRATORY GATING 

Respiratory Gated Radiotherapy (RGRT) involves 
treatment delivery at selected phases of the respiratory 
cycle. There are many commercial systems available; 
however, they all employ a surrogate to monitor the 
patient’s respiration cycle. This surrogate is traced and 
enables the selection of a respiratory phase or “gate” for 
treatment delivery. The treatment beam is switched on 
only during this interval. RGRT can be delivered in end-
inspiration or end-expiration but there is no consensus 
regarding the preferred phase [39]. End-inspiration 
captures the lung at maximum expansion therefore 
potentially sparing more normal lung tissue; however, 
the tumour remains in end-inspiration for significantly 
less time therefore there is a smaller treatment window. 
In addition, the end-inspiration tumour position is more 
variable than the end-expiration tumour position [40, 41]. 
In end-expiration, there is a longer treatment window, 
therefore the treatment is quicker and the tumour 
position is more stable. However, the lung is in a 
compressed state, therefore a greater volume of normal 
lung tissue will be contained within the treatment field 
and there is subsequently less sparing and less reduction 
in the volume of lung receiving predefined thresholds 
[24, 42]. RGRT can also be amplitude-based or phase-
based. In amplitude-based gating, treatment delivery is 
based on the absolute position of the marker block on the 
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Figure 4 Different forms of respiratory gating. 

patient’s thorax or abdomen, regardless of the phases in 
the patient’s respiratory cycle [42, 43]. In phase-based 
RGRT, the breathing cycle is divided into multiple time 
segments and radiation delivery is based on the same 
phase of the patient’s respiratory cycle. This difference is 
illustrated in Figure 4. Dosimetric comparisons between 
the two methods have been performed and failed to find 
any significant difference in the dosimetric consequences 
of the two different forms of RGRT [42]. 

Spoelstra et al. [44] remains the sole publication 
confirming target coverage using RGRT. They 
demonstrated that with phase-gated RGRT in end-
inspiration, the residual systematic (∑) and random (σ) 
errors in tumour position within the treatment “gate” 
were 1.8mm and 1.3mm medio-laterally and 1.7mm and 
1.7mm cranio-caudally. 

There are multiple volumetric and dosimetric studies 
looking at the potential benefits of RGRT. Wolthaus et al. 
[45] demonstrated that using RGRT, compared to 
conventional treatment, reduced PTV size by 11%. In 
comparing RGRT to a PTV incorporating all tumour 
motion, the PTV size reduced by around 15%. In 
addition there are a number of reports that demonstrated 
toxicity parameters are reduced [34, 42, 46]; however, 
there are concerns that despite excitement regarding the 
technique, the clinical benefit in larger, locally advanced 
tumours may not be sufficient to allow dose escalation as 
there is very limited reduction in toxicity parameters [24, 
46]. Although there is a belief theoretically that the 
patients who will gain the most from RGRT can be 
selected on the basis of tumour motion, this has not been 
borne out in the literature [24, 46]. RGRT does offer a 
benefit in toxicity parameters in a small number of 
patients, with the potential to allow dose escalation, 
although these cannot be accurately predicted. To ensure 

there is clinical benefit to the patient, with all the extra 
time and potential errors that come with RGRT, a 
standard 4DCT plan should be calculated and compared 
to a RGRT plan to ensure RGRT offers an improved plan. 

NOVEL PLANNING METHODS - INTENSITY MODULATED 
RADIOTHERAPY (IMRT) 

Intensity modulated radiotherapy (IMRT) involves 
the use of multiple beams in which the beam intensity is 
modified across each beam. Each beam can only treat a 
portion of the target. IMRT can be planned by either 
forward or inverse planning. 

It can be delivered through three main ways: “stop 
and shoot” where standard beams with fixed multi-leaf 
collimators (MLC) are used; dynamic IMRT where the 
beam is static although the MLCs are moving during the 
delivery; or intensity modulated arc therapy (IMAT) 
where the MLC, gantry and energy are all changing as 
the treatment is delivered. 

There are several planning studies that have 
identified planning methods to potentially reduce toxicity 
to the oesophagus [47, 48] and the lung [49, 50]. Along 
with potential reduction of toxicity, there is potential for 
dose escalation with the promising aim of improved local 
control. However, due to the limited number of subjects 
involved, further work is required. For example, Grills et 
al. [51] performed a dosimetric study to assess the 
potential for dose escalation with IMRT. In node positive 
cases, when planning to identical normal-tissue 
constraints, IMRT was associated with mean target 
volume doses that were 25%-30% greater than those 
achieved with optimised 3D-conformal radiation, 
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confirming the role of IMRT as a potential means to 
achieve dose escalation. 

Very few studies have reported on the clinical 
outcome of IMRT. Memorial Sloan Kettering has 
published its outcomes for 55 inoperable NSCLC 
patients treated with IMRT [52]. The 2-year local control 
(58%) and overall survival rates (58%) were encouraging 
for Stage III patients. However, these patients were 
treated with doses higher [mean prescription dose of 
6950cGy (range 6000–9000 cGy)] than what would be 
perceived as standard. Without the comparison of a 
control arm, it is difficult to draw any definitive 
conclusions; however, it is a step forward in developing 
prospective studies in this area. 

ADAPTIVE PLANNING 

As discussed above, GTV can alter in size over the 
course of radiation treatment. Any enlargement in GTV 
or alteration in position or shape can be identified using 
3D soft tissue online imaging and further planning scans 
can be performed to ensure the new position and size of 
the tumour is covered adequately throughout treatment. 
Conversely, if the tumour shrinks, this raises the 
possibility of reducing the GTV over the course of 
treatment which may offer the potential benefit of 
reducing normal tissue toxicity, thereby allowing dose 
escalation. This has been suggested by a few planning 
studies performed. Guckenberger et al. [53] 
demonstrated an average dose escalation from 67Gy to 
74Gy and this was confirmed by Feng et al. [54] who 
reported doses of >80Gy were achieved in 5 out of 6 
patients. However, there remains no clinical series of 
patients treated in this way. The primary concern is that 
although the GTV can visibly shrink on imaging, 
microscopic cancer cells (in particular radio-resistant 
stem cells) may remain in the now excluded areas at the 
periphery of target, which will compromise on the dose 
delivered to viable disease [55]. However, Guckenberger 
et al. [53] has recently performed a further planning 
study looking at tumour control probability with adaptive 
radiotherapy comparing static microscopic disease and 
shrinking microscopic disease. They found that adaptive 
planning did not compromise dose coverage of 
microscopic disease and contrary to the theory, improved 
tumour control probability by >40%. As a result of this 
study, we can perhaps look forward to clinical studies in 
this field [56]. 

ADVANCED IMAGING AND IMPROVEMENTS IN TNM 
STAGING 

Accurate and reproducible tumour imaging plays a 
central role in the management of NSCLC. Over the past 
decade, with the advent of positron emission tomography 
(PET) and combined PET-CT scanning, our ability to 
more accurately determine TNM staging has 
significantly improved. Numerous studies correlating 
imaging with final pathological results [57–59] have now 

emerged, which demonstrate the superiority of hybrid 
functional and morphological imaging over conventional 
CT. It is not surprising that PET-CT is now accepted as 
an essential routine investigation especially if radical 
treatment is contemplated, for example in the 
recommendations by the Royal College of Radiologists, 
United Kingdom [60]. 

The approach of a hybrid or integrated PET-CT 
scanning has clear advantages over independent image 
acquisition followed by co-registration to produce 
composite images. With the latter, there are many 
potential sources of error at each step but it is very much 
centred around patient movement and the reproducibility 
of patient positioning [57, 61, 62]. Methods, such as 
fiducials, deformable registration or respiratory gating, to 
overcome co-registration have been developed [63]; 
however, an integrated image acquisition system remains 
preferable. In the authors’ institution, integrated PET/CT 
scanning is used. 

Two-[18F]-fluoro-2-deoxy-d-glucose or 18FDG is by 
far the most commonly employed PET radiotracer which 
is relatively easy to produce and readily available. 
Suitability of 18FDG is based on the principle of tumour 
glucose hyper-metabolism, the avidity of which has been 
linked to the rate of tumour growth [64]. Unlike other 
tracers which are also commercially available, 18FDG’s 
relatively longer half-life allows it to be transported from 
a remote cyclotron facility if none is available locally, 
another reason for its popularity. Details concerning the 
physical and biochemical properties of the various 
tracers available for functional imaging have already 
been reviewed as have the principles of image 
acquisition and interpretation [61, 65]. It is important to 
highlight that standardised and reproducible protocols 
are necessary as these influence image quality and, 
ultimately, the clinical conclusions drawn [57, 62]. Close 
attention has to be paid to technical factors such as half-
life, amount of radiotracer delivered, uptake time, image 
acquisition time, attenuation correction, motion artefacts 
and clinical factors such as the size of lesions, presence 
of concurrent inflammatory or infective processes or the 
prevalence of physiological brown fat which may lead to 
false positive findings. Conversely, certain histological 
sub-types may demonstrate less intense FDG uptake such 
as well-differentiated adenocarcinoma [66, 67] and 
bronchoalveloar carcinoma [68] and this has to be 
carefully considered. The benefits of multidisciplinary 
team review, correlating clinical, radiological and 
pathological findings and auditing local experience 
cannot be underestimated [69, 70]. 

A pooled analysis of 378 patients estimates the 
accuracy of 18FDG PET-CT in predicting T stage at 
around 82% with a 6% rate of overstaging and 13% rate 
of understaging [65] - this outperforms both CT or PET 
alone. Some authors, however, have shown only 
relatively modest gains delivered by PET-CT [71]. 
Greater gains have perhaps been more consistently 
demonstrated in the staging of more advanced tumours, 
namely T3 and T4 [72], and in determining the extent of 
chest wall and mediastinal invasion [73]. PET-CT also 
appears to be useful in detecting malignant pleural-based 
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metastases and effusions (with accuracies of between 
84% and 92% [74, 75]) which according to the revised 
7th AJCC/IUCC TNM staging nomenclature, constitutes 
metastatic disease and such patients would thus be 
unsuitable for radical radiotherapy. The relationship 
between maximum tumour SUV (SUVmax) and tumoural 
biology and prognosis has been extensively investigated. 
In a meta-analysis of 13 studies, Berghmans and 
colleagues [76] demonstrated that SUV was a significant 
prognostic factor for survival with a hazards ratio of 2.27. 
SUVmax has also been shown to correlate with 
histological sub-type [77] and grade [78]. However the 
clinical utility of SUVmax remains investigational. 

Nodal assessment by 18FDG PET-CT has had a 
major impact in the assessment of locally advanced 
NSCLC. Meta-analyses have demonstrated the 
superiority of functional imaging over CT assessment 
alone [79, 80], which is reliant on conventional 
interpretation based on size and, to a lesser extent, 
morphology. In a pooled analysis by De Wever and 
colleagues [65], the average sensitivity, specificity, 
positive predictive value (PPV), negative predictive 
value (NPV) and accuracy of PET-CT was found to be 
73%, 80%, 78%, 91% and 87%, respectively. In the 
authors’ institution, patients with PET-CT positive 
mediastinal nodal disease are routinely referred for 
histological confirmation [81]. False positive nodes 
caused by reactive inflammation and/or infection need to 
be discounted whereas discovery of advanced nodal 
disease precludes radical surgery. The issue of enlarged 
mediastinal nodes on CT but with negative on PET, is a 
more contentious issue. Due to a relatively high NPV 
reported across the literature [65, 79, 82] some argue that 
the incidence of micrometastatic disease is low and PET 
negative nodes do not have to be routinely sampled [81]. 
Others, such as the American College of Chest 
Physicians’ guidelines, take the view that enlarged 
mediastinal lymphadenopathy should always be subject 
to histological clarification regardless whether the PET is 
positive or not [83], citing studies which have raised 
concerns over the issue of false negatives [84, 85]. 

Another utility of PET-CT is in uncovering occult 
distant metastases, see Figure 5. The rate varies, but in 
one study the incorporation of functional imaging into 

the diagnostic process precluded radical treatment in as 
many as 25% of patients [86], hence demonstrating a 
significant clinical impact. The introduction of integrated 
PET-CT has been useful in clarifying distant lesions such 
as those in the adrenal glands and bones, which have 
previously been equivocal based on size criteria alone. 
Given that radical regimes for locally advanced NSCLC 
are invariably intensive, careful selection of patients is 
crucial to avoid potentially significant morbidity in those 
who are unlikely to benefit [87]. 

NON-RIGID IMAGE REGISTRATION 

Modern hybrid PET-CT scanners employ automatic 
rigid-body image registration algorithms to fuse the pairs 
of image data sets. As mentioned above, PET and CT 
images are acquired over significantly different time-
scales. Even with automatic registration, alignment 
errors occur, and can lead to artefacts in SUV, tumour 
volumes and position. In fact, there are reports of up to 
96% of combined PET-CT scans showing respiratory 
motion artefacts, with target registration errors of up to 
11 mm [88]. Further, it is known that the lungs suffer 
deformations due to respiration, gravity and acceleration 
of body force [89]. Solutions will generally be to acquire 
each image set with respiratory correlation techniques, 
and to register employing alternate registration 
algorithms, such as non-rigid techniques [90]. 

Some early reports demonstrated the promise of 
these techniques, but processing times were long (45–75 
mins for data from combined or separate PET and CT 
scanners, respectively) [88]. In 2007, Orban de Xirvy et 
al. [91] assessed the benefit of deformable registration 
for 4D CT data. In fact, they found that differences in 
tumour delineation between rigid and non-rigid 
registration datasets were similar to inter-observer 
variability. 

Grgic et al. [92] have reported results of a 
comparison between rigid and non-rigid registration of 
PET-CT images for a group of 16 lung cancer patients. 
Registrations were performed for scans acquired at 
expiration, inspiration and mid-cycle respiration. 
Registration accuracy measurements were based on 

 

  
  (a) (b) 

Figure 5 PET-CT Improves TNM Staging of Non-Small Cell Lung Carcinoma. Occult metastases from NSCLC uncovered by PET-CT as part of 
the staging protocol prior to radical treatment. a) metastases in the spinous process of vertebrae. b) metastases in a contralateral 
supraclavicular fossa lymph node. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6 PET-CT Improves Target Volume Definition for Radical Radiotherapy. A series of CT, PET and fused CT-PET images of a left upper 
lobe primary NSCLC. a) Axial CT image, this highlights the difficulty in differentiating tumour from atelectasis and/or 
collapse/consolidation of normal lung. b) Axial PET image shows area of intense 18FDG uptake corresponding to tumour but the image 
lacks anatomical definition. c) Axial PET-CT fusion image clearly improves the clinicians ability to localise tumour for purposes of GTV 
definition. d) Coronal PET-CT image of the same tumour.  

observer scoring of landmarks. The non-rigid 
registrations showed modest improvements in alignment 
for the extremes of respiration, but not for mid-breathing. 

Current algorithms, encompassing finite element 
analysis and biomechanical-based registration, offer 
solutions with high accuracy [93]. It should be noted that 
for tumour tracing, some reports have shown that the 
lung tumours do not deform significantly [94]. They 
mainly translate, such that rigid-body image registration 
is sufficient. The overall benefit of non-rigid registration 
seems modest, and work remains to be done to improve 
inter-observer error rates. 

THE USE OF ADVANCED IMAGING IN RADIOTHERAPY 
PLANNING 

Advances in imaging are also changing the way 
radiation oncologists undertake treatment planning [57, 
61]. Despite well-described protocols for diagnosis, the 
methodologies for the optimal use of PET-CT in 
radiation planning remains complex and, as yet, not 

standardised [57]. Moreover, evidence demonstrating 
improved patient outcomes over and above CT-based 
planning remains limited [95]. It is interesting to reflect 
that many of the techniques which we would now 
consider as standard, such the use of CT planning in 3D 
conformal radiotherapy, have been widely adopted in the 
past without randomised evidence [96]. 

Studies have demonstrated that PET-CT based 
radiotherapy planning improves accuracy and alters 
target volume definition [97–99]. One study has 
demonstrated that PET-CT reduced geographical miss or 
underdosing in up to 40% of patients [51]. PET-CT 
seems to be particularly valuable in differentiating 
between collapse/consolidation and/or distal lung 
atelectasis versus tumour [99] which is often hard to 
differentiate on CT (see Figure 6). It has been shown that 
in the absence of PET-CT, clinicians tend to 
overestimate GTV and CTV, erring on the side of 
caution so as not to produce geographical miss [99]. 
Tighter GTV definition has a corollary effect at reducing 
OAR (organ at risk) dose, for example dose to spinal 
cord [97]. As discussed above, PET-CT is beneficial in 
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assessing mediastinal lymph nodes [100]. This is 
particularly relevant in locally advanced tumours where 
primary tumour radiotherapy volumes already tend to be 
sizeable and inclusion of geographically separate 
involved nodal regions as GTV can increase irradiated 
volumes significantly. Finally, inter-observer variability 
in outlining GTV is a well-described phenomenon in 
lung cancer radiotherapy [101] despite the use of well-
defined institutional protocols for conformal CT-based 
planning [102]. The use of PET-CT has been shown to 
reduce this variability, producing tighter GTV 
concordance [103, 104], independent of diagnostic 
upstaging or downstaging of the actual disease. 

In order to facilitate compatibility between images 
acquired in the PET-CT suite for radiation planning, the 
patient would ideally be positioned on a rigid couch top, 
in the treatment position, using the same set-up 
parameters and immobilisation device. The aperture will 
need to be wide-bore to accommodate the additional 
equipment. The use of lasers for patient alignment is 
recommended and the scanning process should be 
undertaken under the supervision of the therapy 
radiographer. The software will need to be compatible 
between the imaging and radiotherapy planning systems 
with care taken over the integrity of data transfer. 
Essentially imaging should be considered a crucial link 
in the chain of radiotherapy quality assurance and we 
refer the reader to publications that discuss these issues 
further [57, 105, 106]. 

When viewing acquired images, the physician has to 
be aware of several differences between conventional CT 
and PET-CT. PET images are acquired over several 
respiratory cycles and the result is a blurred effect at the 
edges. The SUV outputs are influenced by avidity of 
uptake, size of the lesion and tumour biology. Image 
clarity can be significantly influenced by display settings 
such as contrast and grey/colour scale and other factors 
such as attenuation correction. These technical 
considerations pose a new challenge for the radiation 
oncologist. It is crucial to fully review the clinico-
pathological details of the patients carefully and obtain 
input by the nuclear medicine physician or radiologist 
with interest in PET-CT particularly in the steep learning 
phase of adopting this technology. 

Various efforts to standardise GTV definition 

remain ongoing [57]. No one method can be 
recommended for routine clinical practice as borne out 
by a recent International Atomic Energy Agency (IAEA) 
report [57]. Currently, the majority of departments use 
visual interpretation, delineating the CT volume 
associated with the visually identified lesion on PET-CT 
[107]. This does rely on the experience of the operator in 
correlating PET-CT images with clinical and anatomical 
data, coupled with knowledge of the technical factors 
involved in image acquisition and display. 

Alternative methods include a semi- or fully-
automated segmentation approach with thresholds based 
on quantitative thresholds such as SUV. In some studies, 
an absolute value of SUV=2.5 has been taken to 
differentiate benign and malignant tissue. This has then 
been used by some centres in delineating GTV, for 
example Paulino et al. [108]. Other studies have 
contoured GTV as percentage of SUVmax, using values 
ranging from 15–50%, though 40% is now commonly 
used [109, 110]. Biehl et al. [111] performed a 
prospective study of 19 patients to assess the impact of 
using percentage SUVmax thresholds of 20% versus 40% 
on GTV volume. Thresholds were also adjusted to obtain 
1:1 match of PET-based and CT-based GTV volumes. 
They found that the optimal threshold varied with 
tumour size, and one single threshold was not accurate. 
Their study does, of course, assume that the CT-based 
GTV is ‘true’, when pathological validation would be 
preferred. A point to note is that SUVmax can vary widely 
depending on histological sub-type [77] and grade [78]. 
Moreover, non-malignant areas such as inflammation or 
infection can also demonstrate a high SUV. An example 
of the different qualitative and quantitative methods of 
PET-CT voluming is shown in Figure 7. 

More complex algorithms have also been suggested 
[112, 113]. Rather than using crude absolute thresholding, 
or one based on a percentage of region point maximum, 
they have based algorithms on (mean) source to 
background ratios. To achieve the true threshold volume, 
Black et al. [112] noted a linear relationship between 
mean target SUV and the threshold SUV required, i.e. 
again, no global or single threshold was found to be 
appropriate. In phantom data comparisons, they found 
their algorithm performed well, yielding approximately 
1% deviations from true volumes, compared to mean 

 

  
  (a) (b) 

Figure 7 PET-CT Assisted Target Volume Definition. This figure shows the differences in GTV contours produced using different qualitative and 
quantitative voluming methods on the axial same slice (orange is CT only, light blue is PET assisted qualitative visual mark-up, cyan 
SUV 2.5, green is 40% of SUVmax, dark blue is 60% of SUVmax). The additional information provided by PET-CT is graphically 
illustrated when a) CT alone is compared to b) blended CT and PET-CT. Additional volumes such as 60% of SUVmax can be generated 
which may have implications when moving towards selective regional dose escalation or dose painting. 



Tho et al. Biomed Imaging Interv J 2012; 8(3):e20  10 
  This page number is not 
  for citation purposes 

deviations of 23% for constant threshold methods. 
Variation in target volumes and background levels were 
found to have minimal impact. Certainly, use of 
thresholds based on mean target intensities seem 
preferable to those based on percentage maximum values; 
however, an iterative process is necessary to define a 
threshold contour in which to calculate the mean 
intensity. Black et al. [112] also highlighted significant 
limitations with their algorithm - they noted problems 
under circumstances where the target exhibited 
significantly heterogeneous activity, where the target was 
in a region of high background (e.g. mediastinum), or 
where mean SUV was low (<2.0), which can lead to 
significant errors. Dasine et al. [113] also demonstrated 
success with a similar regression algorithm for 
thresholding. They also noted a dependence on the 
particular algorithm used for PET image reconstruction. 
In pathological validation, PET delineated volumes 
proved to be more accurate than MRI and CT. 

Nestle et al. [114] performed a study of 25 NSCLC 
patients, comparing 4 delineation methods. The methods 
included visual use of PET information, thresholding 
with 40% of SUVmax, absolute SUV=2.5, and a signal to 
background method, where mean target is based on 70% 
SUVmax. The CT volumes, based on 3D rather than 4D 
scans, were used for validation, but volumes were 
expanded to account for motion, using realistic margins. 
They found that visual determination and use of 
SUV=2.5 generated similar results, but over-estimated 
the target volumes compared to expanded CT volumes. 
The 40% SUVmax method appeared to generate the 
largest volume errors, especially for heterogenous targets. 
Their signal to background algorithm seems to generate 
results with errors between those of SUV=2.5 and 40% 
SUVmax. It appears that the definition of relevant 
background was not simple. 

In 2007, van Baardeijk et al. [58] performed a study 
of tumour auto-contouring, based on a ratio of source to 
background. The study, involving 33 patients with 
histologically proven NSCLC, showed a strong 
correlation (Pearsons correlation coefficient 0.9) between 
pathological tumour size and that for auto-thresholding. 
The sensitivity and specificity of the technique were also 
improved compared to the usual reports from the Nuclear 
Medicine department. 

Therefore, as with all emerging technologies, it is 
essential to continue to audit patient outcomes, including 
carefully documenting patterns of local failure. 
Whenever semi or automated volumes are generated, the 
final step should always include physician review with 
contour editing as appropriate. 

4D PET-CT 

As a medical imaging modality, PET image 
acquisition is comparatively slow, with a typical half-
body lung scan taking 30–40 mins. During free-breathing, 
acquisition takes place over many respiratory cycles, 
resulting in images which display motional blurring. The 
entirety of tumour excursion is shown, and the tumour 

representation can be compared to that of slow CT [115], 
or the average-IP of 4DCT. This can pose challenges for 
strategies designed to reduce radiotherapy margins and 
dose escalation. 

The presence of tumour motion in images has 
several well-known consequences. Tumour volumes can 
be over-estimated. Artefacts in SUV can occur, leading 
to an underestimation of SUVmax for a region. Blurring 
due to respiratory motion will also reduce the measured 
activity per voxel in the tumour – which will also affect 
the tumour contrast in the PET image and affect the SUV 
generated. This in turn can lead to dosimetric errors in 
planning (under- and over-dosing). CT acquisition is 
significantly faster than PET. The mismatch in CT and 
PET images can then lead to attenuation correction errors, 
registration errors and associated tumour positional 
errors [116–118]. 

Like motion-correlated CT acquisition methods, 4D 
PET-CT is an attractive solution for gating and margin-
reduced treatment [116]. This method uses similar 
motion surrogates, allowing acquisition of motion 
correlated images during the respiration, which can be 
binned based on amplitude or phase. Phantom methods 
have shown improved measurement of lesion volume 
and SUV [119, 120]. In a small study of 5 lung cancer 
patients, Nehmeh et al. [116] demonstrated tumour 
volume reduction (between 13.8% and 34.6%) when 
using gated 4D PET-CT compared to ungated acquisition. 
This decrease in volume was accompanied by an 
increase in signal per voxel in the tumour and SUVmax. 
Scores for total lesion gylcolysis, TLG, (defined as the 
product of SUVmax x lesion volume) were well 
correlated for gated and ungated PET acquisitions. 
Although there is much potential, clinical 
implementation of 4D PET has been slow, and the 
technique continues to pose technical challenges, due to 
increased image noise compared to static PET, and 
uncertainties due to image mismatch issues [117]. 

MRI TECHNIQUES : 4D MRI 

For many tumour types, MRI represents the 
modality of choice due to its superior soft tissue imaging 
ability [121]. For many years, MRI has had the capability 
of high temporal rate imaging, with image acquisition 
within 10s of milliseconds, offering benefit for cardiac 
imaging, for example [122]. Already some groups have 
reported the benefit of using dynamic MRI to assess lung 
motion [123, 124]. A natural extension would be to 
attempt respiratory-correlated imaging, thereby rivalling 
4D CT. 

Remmert et al. [125] presented an early report on 
the feasibility of 4D MRI. They implemented the 
technique, based on retrospective sorting of standard 2D-
FLASH MR images, on a dynamic phantom. The image 
sorting was based on the motion of an external surrogate 
but controversially this was mounted on the pump, not 
on the anatomy phantom. An artificial contrast agent gel 
was also injected into the lungs of the phantom. Motion 
demonstrated on the 4D images correlated well with that 
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programmed by the phantom, with uncertainty in the 
order of 1mm. In a more recent study, Biederer et al. 
[126] compared motional correlation methods using 4D 
CT, MRI and 4D cone beam CT, also based on a porcine 
phantom. They found 4D MR and 4D cone beam CT 
over-estimated lesion volumes compared to static and 
dynamic CT. Inter-observer correlation was also poorer 
for 4D MR and cone beam CT. Undoubtedly, interest in 
4D MR methods will continue to increase. 

MRI TECHNIQUES : MRI USING HYPERPOLARISED NOBLE 
GASES 

Conventional proton MRI struggles to achieve high 
quality images of the lung. Image signal to noise in lung 
is poor due to low spin densities, and large differences in 
tissue susceptibility. However, over the last decade, MRI 
involving the use of hyperpolarised noble gases (e.g. 
helium and xenon) has enabled high quality quantitative 
images of pulmonary function [127]. These images, 
visually similar to those using radionuclides, only show 
the regional presence of the hyperpolarised gas, without 
any surrounding anatomy. Registration of these images 
with standard morphological proton MRI is therefore 
highly beneficial. 

Whilst most users have focussed on non-malignant 
medical conditions such as COPD [128], some groups 
have assessed the potential impact of these functional 
lung images for radiotherapy. Functional imaging with 
helium-3 (He-3) MRI offers the potential to differentiate 
between viable, and non-viable tissue, allowing plans to 
be optimised, to direct beam portals through regions 
already compromised, and avoid viable lung tissue. In 
2007, Ireland et al. [129] demonstrated the feasibility of 
generating functionally-weighted IMRT plans with the 
use of hyperpolarised MRI images, for 6 NSCLC 
patients. The use of He-3 MR images in plan 
optimisation enabled a small, but statistically significant, 
reduction in V20, not just for the well ventilated lung, 
but also for the total lung volume. Allen et al. [130] 
acquired hyperpolarised He-3 MR images before and 
after radiotherapy for NSCLC patients. Varied results 
were found, with He-3 MR showing poor correlation 
with CT and PET volumes before and after radiotherapy. 
A larger variation in changes relating to response to 
radiotherapy was also demonstrated by the He-3 images. 

MRI using hyperpolarised gases certainly shows 
modest potential for use in radiotherapy planning, but 
considerably more work is required for convincing 
benefit. Similarly, work also remains to be done in 
demonstrating the potential for staging and treatment 
response. This is hampered by worldwide shortages of 
helium gas and significantly increasing prices. It may be 
that future studies must be directed to exploring the use 
of other noble gases such as xenon. 

CONCLUSION 

There continues to be ongoing challenges in the 
delivery of radical radiotherapy in locally advanced non-
small cell lung cancer. These challenges are currently 
being addressed in a number of ways. Advanced imaging 
techniques have the potential to improve TNM staging 
and target volume definition. Improvements in planning 
methods and on-board imaging technology have the 
potential to improve both intra- and inter-fraction motion 
management. Despite this, there remains much to be 
done in order to optimise the delivery of radical 
radiotherapy for this group of patients. It is hoped that 
better technical expertise will eventually lead to 
improved clinical outcomes. 
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