Image-guided radiotherapy for
esophageal cancer

Esophageal cancer continues to be a diagnostic and therapeutic challenge in the multidisciplinary oncology
setting. External beam radiotherapy has an established role in the radical management (i.e., preoperative
or definitive) of esophageal malignancies. Successful delivery of accurate radiotherapy techniques requires
a detailed understanding of esophageal anatomy, multimodality imaging (e.g., CT and endoscopic
ultrasound and PET) to visualize the tumor and involved lymph nodes, an individualized assessment of
organ motion, and precise patient immobilization prior to treatment. The practicing clinician is advised
to utilize the current technological advances in imaging, prior to and during radiotherapy, to ensure precise
radiotherapy delivery. This article will provide a summary of current imaging techniques incorporated in

modern radiotherapy planning.
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Esophageal cancer is the eighth most com-
mon malignancy worldwide, with more than
480,000 new patients diagnosed annually. The
incidence of esophageal adenocarcinoma is
increasing, whereas the incidence of squamous
cell carcinoma has not changed. According to
the Surveillance, Epidemiology and End Results
(SEER) statistics, the 5-year survival rate for
esophageal carcinoma based on stage at diagno-
sis (2001-2007) is 17% overall: 37% for local
disease; 18% for regional disease and 3% for
distant disease [101].

Radical external beam radiotherapy plays an
important role in the management of esopha-
geal malignancies in the preoperative setting for
operable patients [1.2], and as a definitive treat-
ment for patients that are not resectable due to
medical or technical considerations.

This article will focus on the current status of
CT-guided radiotherapy planning in esophageal
malignancies; discussing the challenges in defin-
ing disease extent and spread with current multi-
modality imaging, methods of target definition
for radiotherapy planning, characterization of
tumor motion and current best practice for
treatment set-up. Future perspectives and chal-
lenges in the implementation of new imaging
for radiotherapy delivery will also be considered.

Diagnostic considerations for cancer
of the esophagus

Esophageal cancer is classified according to the
2010 American Joint Committee on Cancer
(AJCC) tumor, lymph node and metastasis system.
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For the first time, this includes nonanatomic can-
cer characteristics, such as tumor location, tumor
cell type and histological grade, which can be then
used to stratify patients into prognostic groups and
select treatment concepts [3].

Once the diagnosis of an esophageal cancer is
established, staging usually begins with a con-
trast-enhanced CT scan of the chest and abdo-
men; in order to both evaluate the region of the
primary tumor and adjacent lymph nodes and to
explore if there is any distant metastatic disease.
The extent of the primary tumor and lymph
node status are the most important prognostic
factors in esophageal cancer. Accurate detection
of lymph node involvement is crucial in order to
direct the correct therapeutic strategy [4.5].

Whilst CT has the advantage of being a read-
ily available diagnostic test, it is of limited value
for locoregional tumor staging, especially in
early stage cancers. It is unable to consistently
determine the depth of primary tumor invasion.
In one study, local tumor staging was correctly
predicted by CT in only 42% of patients (6]. CT
is also limited in its ability to accurately assess
nodal disease. It is unable to reliably detect dis-
ease in lymph nodes that are not enlarged by
size criteria and sensitivity for celiac axis nodal
disease is poor. A systematic review of 20 stud-
ies (1095 patients) found a pooled sensitivity
(95% CI) of 0.51 (0.47-0.55) and a pooled spec-
ificity (95% CI) of 0.80 (0.76-0.84) for iden-
tification of nodal metastases [7]. It is a useful
screening investigation for metastatic disease but
has limited sensitivity for detecting small volume
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metastases, particularly within the peritoneum
8]. In addition, further investigations may be
required to clarify equivocal CT findings, such
as adrenal lesions, which may be benign or
malignant in etiology.

PET imaging is now well established to have
a key role in the management of patients with
esophageal cancer (Ficure 1). PET, most commonly
in combination with ['®F]-fluorodeoxyglucose
(FDG) as a metabolic marker, exploits the
increased utilization of glucose uptake by tumor
cells to provide functional information on tumor
location and activity. The fusion of PET images
with high resolution CT (PET-CT) enables this
metabolic information to be combined with
more accurate anatomical localization than PET
imaging alone allows. PET-CT has a particular
role in the improved detection of distant nodal
and metastatic disease [9]. A systematic review
undertaken by Facey ¢t al. of 12 primary stud-
ies showed that PET had a sensitivity of 67%
and a specificity of 97% in detecting esophageal
tumors [10]. An incremental benefit of adding
PET to endoscopic ultrasound (EUS) and CT
was reported giving a sensitivity of 74% when
compared with 53% for PET alone. However it
has limited ability to detect local peritumoral
lymphadenopathy where FDG uptake may be
obscured by uptake from the primary tumor
itself. It may also fail to detect disease in very
small nodes (<1 cm) that are below the threshold
for PET detection.

EUS is now used as an addition to CT as
the locoregional tumor staging modality of
choice. EUS has significantly higher sensitivity,
but lower specificity, than CT and PET for the
detection of regional lymph node metastases.
EUS has the advantage of enabling evaluation
of nodal architecture and fine-needle aspirate
(FNA) sampling of nodes, which may be equivo-
cal on imaging appearances. However, EUS may

Figure 1. Example of '®F-fluorodeoxyglucose uptake for a gastroesophageal
cancer. Axial slice at the same level on (A) PET and (B) contrast enhanced CT for a
T3N1 type Il adenocarcinoma of the esophagus. The arrows point to the tumor

located on the left wall.
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also have a potential risk of perforation [11] as the
lumen has to be dilated to 14—16 mm to allow
the completion of staging. Whilst PET is better
than CT alone, EUS remains the most superior
technique for assessing local lymph node disease,
detecting significantly more patients with peri-
esophageal and celiac lymphadenopathy than
either PET or CT alone [12].

In view of all of the above, the combination of
contrast-enhanced CT, EUS and PET-CT would
appear to be optimal in order to stage the disease
as accurately as possible.

Definitive treatment approaches
There is no international consensus on the opti-
mal management of operable esophageal cancer.
Surgery alone should be used in patients with
very early stage disease. Currently, only 25% of
patients treated with surgery have microscopi-
cally positive resection margins and the 5-year
survival rate rarely exceeds 40%. Phase III ran-
domized clinical trials support the use of neo-
adjuvant chemotherapy in adenocarcinoma his-
tology and a possible benefit in increased overall
survival [13-15]. The role of neoadjuvant chemo-
radiotherapy in the treatment of patients with
esophageal or esophagogastric-junction cancer
is currently evolving, with promising outcomes
in recent investigations [1].

Chemoradiation is the key treatment
strategy, as a definitive therapy for locally
advanced inoperable or unresectable disease
(16.17]. Locoregional disease persistence or
subsequent local disease recurrence are still
high, despite combined modality treatment.
Attempts to intensify treatment, either in the
chemotherapy or radiotherapy components,
have been hampered in the past by unaccept-
able toxicity [18-20]. However, radiation dose
is an independent predictor of a pathological
complete response and the addition of chemo-
therapy has further impact on this outcome
(1.21]. Improvements in local treatment delivery
are therefore needed to facilitate dose escala-
tion, as justified by radiobiological consider-
ations [21,22], and to minimize toxicity. The lat-
ter is especially relevant with the integration of
newer chemotherapy drugs or targeted agents
in the treatment pathway.

Tumor localization for radiotherapy
planning

The current standard scheme for concur-
rent chemoradiation is radiotherapy at a dose
of 50-50.4 Gy in 25-28 daily fractions, with
cisplatin- and 5-fluorouracil-based concurrent
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chemotherapy. The radiation is delivered using
a 3D conformal technique based on 3D CT
planning. The International Commission on
Radiation Units and Measurements (ICRU)
introduced the concepts of gross tumor volume
(GTV), clinical target volume (CTV) and plan-
ning target volume (PTV) [2324]. The GTV and
CTYV are defined based on general oncological
principles and these should be independent of

any therapeutic approach.

B GTV definition

The GTV is defined as the demonstrable gross
extent of the tumor (GTV primary) and involved
lymph nodes (GTV nodal). These concepts were
further refined by ICRU 83 to state the imaging
modality used for definition (e.g., GTV-PET)
(25). For defining the target volume in esopha-
geal cancer, clinical information from all stag-
ing modalities is used (EUS and diagnostic CT
scans). The integration of PET for GTV delinea-
tion in radiotherapy planning has increased the
accuracy of target definition.

B CTV definition

The CTV includes the areas at risk of micro-
scopic spread of disease. The CTV is a volume
of tissue that contains a demonstrable GTV
and/or subclinical malignant disease with a
certain probability of occurrence considered
relevant for therapy. There is no general con-
sensus on what probability is considered rel-
evant for therapy but typically a probability of
occult disease higher than 5-10% is assumed
to require treatment. In general, it is recom-
mended to use a cranio-caudal margin of 4 cm
due to submucosal spread, and a 1 cm margin
radially. These were derived using surgical data
26.27]; but most recently Gao ¢t al. measured a
mean (maximum) 7 vive microscopic spread
0f 10.3 mm (29 mm) proximally and 18.3 mm
(57 mm) distally in adenocarcinomas of the
esophageal junction that underwent surgical
resection [28]. This study provides the best data
for CTV margins to use in radiotherapy plan-
ning; however, the EORTC-ROG recommend
3 cm proximally and 5 cm distally, measured
along the mucosa [29]. In terms of locoregional
lymph nodes at risk of microscopic disease to be
included in the CTYV, data from surgical series
can be applied according to the location of the
tumor, and guidelines regarding the nodal sta-
tions to be included are available [29]. However, it
appears that patients with extensive nodal spread
beyond the vicinity of the primary tumor are
highly likely to have occult metastatic disease.

future science group

Image-guided radiotherapy for esophageal cancer

B PTV definition

The PTV is a geometrical concept introduced
for treatment planning and evaluation. It sur-
rounds the CTV with a margin, such that the
planned absorbed dose is delivered to the CTV.
To obtain the PTV from the CTV, a margin is
added to account for internal movement, such
as respiratory motion, and external motion, such
as set-up uncertainties. Respiratory motion can-
not be characterized using respiratory-correlated
CT. Many authors have proposed approaches
to calculate the margins necessary for set-up
uncertainties on the basis of systematic and ran-
dom uncertainties derived form the position of
patients during radiotherapy.

Tumor localization with PET for
radiotherapy planning

FDG PET-CT has a proven role in the stag-
ing of esophageal cancer when combined with
endoscopy, CT and EUS. Whilst EUS is superior
to PET-CT for staging of the primary tumor
and local lymph nodes, the additional value of
PET-CT is in the improved detection of dis-
tant nodal and unsuspected metastatic disease,
which can be present in up to 30% of patients
at diagnosis [9]. In addition, PET-CT may have
a role in the assessment of response to therapy
(30,31]. Using metabolic response to treatment
as a predictive marker, subsequent treatments
can potentially be stratified depending on
response. Following treatment, PET-CT can be
used in patient follow-up to aid the detection of
recurrent disease.

PET-CT has been shown to be of benefit in
radiotherapy planning in many tumor types,
such as non-small-cell lung cancer and lym-
phoma. Accurate delineation of the GTV must
underpin the successful treacment of any malig-
nancy by radiotherapy. PET-CT may help pre-
vent geographical misses by enabling more accu-
rate anatomical localization of the tumor than
is possible by conventional imaging techniques
alone. This is of particular importance in the era
of highly conformal radiation techniques, such
as intensity-modulated radiotherapy. Similarly,
more accurate tumor delineation may improve
the therapeutic window by allowing increased
sparing of normal tissues and hence, potentially
reducing toxicity. Finally, by combining PET
with metabolic markers of proliferation, such as
8F-fluoro-deoxy-fluorothymidine (*F-FLT), it
may be possible to not only make early assess-
ments of response to therapy, but also to identify
target subvolumes of the tumor with high prolif-
erative activity or relative resistance. These areas
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could potentially serve as targets for future dose
escalation studies [32].

B Sensitivity & specificity of PET for
tumor & lymph node localization

The ability of FDG PET-CT to accurately detect
the primary tumor and involved locoregional
lymph nodes has been widely studied. Increased
uptake of FDG at the primary site has been
reported to vary from 68 to 100% [33]. Whilst
the sensitivity of PET-CT for detecting larger
tumors is in the region of 95-100%, it has a
reduced sensitivity for the detection of small
tumors, as well as poorly cellular mucinous
tumors [9]. The inability of PET-CT to reli-
ably define the depth of invasion makes EUS a
superior technique for accurately T-staging the
tumor. In a study of 149 patients, Kato ez al.
demonstrated that PET was able to detect the
primary tumor in only 80% of patients. This
was largely due to its reduced ability to detect
smaller tumors, with a sensitivity of only 43%
for T1 tumors [34]. Whilst this study suggested
a significant relationship between the intensity
of FDG uptake (standard uptake value [SUV])
and depth of tumor invasion, this finding has
not been corroborated by other authors.

The ability of PET-CT to accurately delineate
tumor length has been validated by pathological
studies. The direct comparison of tumor length,
as evaluated by PET-CT, with length on patho-
logical specimen is hampered by the difficulty in
obtaining pathological specimens and the need
to take into account factors such as shrinkage
of surgical specimens. However, small studies
have shown that FDG-PET CT-based estimates
of tumor length correlate well with pathological
tumor length, with an SUV cut-off of 2.5 most
closely approximating tumor length 35]. Using an
SUV cut-off of 2.5 has also been found to corre-
late well with tumor length as defined on EUS, the
gold standard for T-stage imaging. Tumor length
estimation from PET-CT was significantly shorter
than length evaluated by CT alone and correlated
better with endoscopy findings than CT [12].

Lymph node status is known to be one of the
most significant prognostic factors in esopha-
geal cancer. Therefore, the ability to define
nodal status, number and location is of key
importance in successful treatment. CT is lim-
ited in its value to accurately stage nodal disease.
It is unable to reliably detect disease in lymph
nodes that are not enlarged by size criteria or
to differentiate between malignant and inflam-
matory causes of lymphadenopathy. Functional
imaging, such as FDG-PET, may therefore be
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advantageous in the staging of lymph nodes
in esophageal cancer. Reports of the sensitiv-
ity and specificity of FDG-PET in detecting
lymph node disease vary considerably in the lit-
erature. A recent meta-analysis reported a pooled
sensitivity of 0.57 (95% CI: 0.43-0.70) and
specificity of 0.85 (95% CI: 0.76-0.95) com-
pared with 0.50 (95% CI: 0.41-0.60) and 0.80
(95% CI: 0.77-0.89), respectively for CT [36].
The sensitivity and specificity of PET in detect-
ing lymph node involvement can be improved
by using integrated FDG-PET-CT techniques.
In a recent study of 48 patients with squamous
cell carcinoma of the esophagus, Yuan ez al.
recently confirmed the superiority of integrated
FDG-PET-CT techniques over FDG PET,
reporting an improved sensitivity of 94% and
specificity of 92% in detecting nodal disease [37].

B Effect of PET on target volume
modification

Several studies have aimed to evaluate the
effect of using PET on target volumes to aid
radiotherapy planning. In the majority of these
studies, visual interpretation of FDG-PET by
the radiotherapist was used to guide target
delineation. In a minority of studies, automatic
contouring techniques were used. Here, a pre-
defined level of SUV uptake, for example, the
source:background ratio, is used to delineate the
target volumes.

Using FDG-PET to aid radiotherapy volume
delineation may lead to either an increase or
decrease in the subsequent GTV. In a study of
34 patients, Moreau-Zabotto et al. evaluated the
effect of coregistering FDG-PET images with
the planning CT images on the target volumes.
Target volumes were initially delineated on plan-
ning CT and then redefined with the PET images
overlaid on the planning CT. The GTV was
decreased by image fusion in 12 patients (35%)
and increased in seven patients (21%). In four
patients, the reduction in GTV was >225% due to
a reduction in the length of the esophageal tumor.
In 53% of patients, modifications in the GTV led
to alterations in the subsequent PTV [3].

Discordance in GT'Vs when comparing CT
alone with the combination of CT and PET
appears to be predominantly in the longitudinal
extent of disease within the esophagus. Leong
et al. found that the GTV based on CT informa-
tion alone excluded PET avid disease in 69% of
patients. In five of these patients, areas of FDG
avid GTV lay outside the CT-derived PTYV,
highlighting the potential risk of a geographical
miss in patients planned with CT data alone [39).
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Some authors have argued that, given the sen-
sitivity of PET in disease detection, particularly
for nodal disease, PET should not be used to
reduce the GTVs due to the risk of a false-nega-
tive result [40]. They reported discordance in the
assessment of nodal status between FDG-PET
and EUS/CT in 47% of patients. In this study, six
out of 30 patients were found to have abnormal
nodes on FDG-PET with a normal EUS/CT. In
three of these patients (10%), this would have led
to a subsequent increase in the PTV.

Alterations in volume delineation may have
consequent effects on the dose delivered to nor-
mal tissue. Whilst Leong ez 4/. did not find any
clinically significant difference in the dose deliv-
ered to the lung, cord and liver between CT- and
CT/FDG-PET-based plans, others have reported
that alterations in the PTV due to the influence
of PET on target delineation resulted in signifi-
cant changes in the radiotherapy dose received by
normal tissues in nearly all cases, and hence, to
the risk of normal tissue complication probability
for organs such as the heart and lungs [38.41].

B Technical considerations in using PET
for radiotherapy planning

The use of PET for radiotherapy planning
introduces several technical considerations. To
enable accurate fusion of PET images with the
planning CT, the patient must be positioned
and immobilized in the radiotherapy treatment
position.

One of the major concerns with the routine
use of PET for radiotherapy planning is the
lack of standardization in interpretation of the
images. Visual interpretation of the PET signal
is highly operator dependent. Changes in the
windowing of the images will affect the volume
of visible tumor; consequently, there can be sig-
nificant variations between observers in interpre-
tation of the images. Whilst semi-automatic con-
touring techniques using absolute SUV values
avoid this, SUV can also be affected by a number
of variables, such as scan acquisition and patient
preparation. Further work is therefore required
to ensure reproducibility and to standardize
SUYV values for use in target delineation.

B Novel approaches to using PET for
radiotherapy

F-FLT is a marker for cellular proliferation that
can be used in combination with PET imaging,.
In a study of patients receiving radical radio-
therapy for esophageal cancer, serial FLT scans
showed reduced uptake with increasing dose and
a complete absence of uptake after 40 Gy. In this
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study, two patients showed subsequent increases
in FLT uptake following unplanned treatment
gaps, suggesting repopulation as a response to
radiotherapy. End of treatment PET scans of
patients with a confirmed pathological complete
response on endoscopy showed no FLT uptake
but a high degree of FDG uptake [42]. FLT-PET
may therefore have a role in evaluating the early
proliferative response to radiotherapy in an effort
to identify subpopulations of cells with increased
resistance to treatment. These areas could then,
for example, be used as potential targets in future
dose escalation studies as an example of PET-CT
adaptive radiotherapy.

In summary, PET is currently an important
technology for tumor localization in radio-
therapy planning. Its use in conjunction with
CT imaging for radiotherapy planning has been
shown to frequently lead to a change in the delin-
eated GTV. This may be a reduction in the target
volume, for example, the cranio-caudal distance
of the primary tumor being reduced, or alterna-
tively, an increase in GT'V, such as if previously
unknown nodal disease is revealed. Further work
is required to better understand the subsequent
impact of this with regards to validating its effect
on improving clinical outcome and reducing
long-term treatment toxicity.

Motion definition with 4DCT
Intrafraction motion is defined as the organ
motion that occurs while the patient is irradi-
ated. Respiratory and cardiac motions are the
main contributors to intrafraction motion, pre-
dominantly affecting the organs situated in the
thorax and upper abdomen. Information about
the magnitude and nature of the target motion
is essential for the determination of the internal
margin size. In order to include the intrafrac-
tional respiratory motion, a large volumetric
expansion of the CTV is generally applied [43].
Initial reports regarding esophageal motion
used CT scans acquired at the two extremes of
the respiratory cycle (inhale and exhale) [44].
The displacement between inhale and exhale
was measured at three levels (i.e., superior and
inferior aspects of the tumor, and the isocenter)
in all directions. They concluded thata 1 cm
margin should account for esophageal motion.
The respiratory motion of anatomical struc-
tures can now be characterized using respiratory-
correlated CT imaging (4DCT). This technol-
ogy permits the capture and reconstruction of
CT data sets in separate phases of the respiratory
cycles. These can give information on the ampli-
tude of motion and position of organs in different
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phases of respiration. In conventional 4DCT, the
patient is scanned helically or axially over several
breathing cycles, during which time the breath-
ing cycle is tracked in real time and divided into
bins of respiratory displacement or phases. After
scanning, the images are sorted into these bins,
from which several CT data sets (usually ten)
are reconstructed at different time points over
a single breathing cycle. This provides anatomi-
cal and motion information regarding tumor
position and surrounding normal tissues. For
radiotherapy treatment planning, internal target
volumes are derived from these images to accom-
modate target motion and provide assurance in
tumor coverage (FIGURE 2).

The mobility of the normal esophagus during
respiration was characterized in 29 patients with
nonesophageal malignancies [43]. The investigators
concluded that the lower section of the esopha-
gus was the most mobile. Margins to incorporate
all movement in the left-right (LR) and ante-
rior—posterior (AP) directions were 5 mm each
proximally, 7 and 6 mm, respectively in the mid-
esophagus, and 9 and 8 mm, respectively in the
distal esophagus.

Investigators from the MD Anderson Cancer
Center (TX, USA) have characterized motion
of the tumors situated in the gastro-esophageal
junction [45]. They found that the tumors exhib-
ited deformation and asymmetrical motion.
The mean + standard deviation peak-to-peak
tumor centroid motion was 0.39 + 0.27 cm

Figure 2. Example of 4DCT to assess tumor motion with respiration.
(A) Sagittal and (B) coronal images of two phases (inhale and exhale) reconstructed
for a 4DCT depicting gastroesophageal tumor motion. The arrows point at the tumor.
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(range: 0.04-1.09 cm) in the LR direc-
tion, 0.38 + 0.23 cm (range: 0.10-0.94 cm)
in the AP direction and 0.87 + 0.47 cm
(range: 0.43-2.63 cm) in the superior—inferior
(SI) direction. The investigators recommended
the use of the following margins: 1.0 cm left
(toward the stomach), 0.8 cm right, 1.1 cm ante-
rior, 0.6 cm posterior, 1.0 cm superior (toward
the distal esophagus) and 1.6 cm inferior (toward
the stomach).

Yaremko et al. suggested that a radial margin
of 0.8 cm and an axial margin of 1.8 cm would
provide tumor motion coverage for 95% of the
cases in the 31 consecutive patients with esopha-
geal cancers that had 4DCT during radiotherapy
planning [46]. Patel et al. retrospectively ana-
lyzed 30 patients with thoracic esophagus can-
cers [47]. They confirmed that the cranio—caudal
direction of motion was always greater than (or
equal to) AP or LR motion. They suggest that
an approximation of the mean 3D motion of
the primary esophageal tumors reported was
(0.80% x 0.28% x 0.22%)"? = 0.88 cm. They quan-
tified celiac region lymph nodes peak-to-peak
displacements mean (range, standard deviation)
SI, AP and LR to be 0.92 (0.25-2.25, 0.56) cm,
0.46 (0.25-1, 0.27) cm and 0.19 (0-0.75,
0.26) cm, respectively. In the absence of 4DCT,
the margins suggested for >95% internal target
volumes coverage were 1.5 cm in the SI dimen-
sion, 0.75 cm in the AP dimension and 0.75 cm
in the LR dimension. However, to achieve 100%
coverage, a further 10 mm are needed SI and
5 mm AP.

The conventional method of acquiring 4DCT
is very effective at assessing respiratory motion for
treatment simulation. The drawbacks of limited
sampling are evident when irregular breathing
motion is present as the images are acquired only
over one or two respiratory cycles. Yamashita
et al. have investigated a time resolved volumetric
4DCT using a 320 multislice CT scanner with
a coverage of 160 mm per rotation [48]. They
acquired images over 20 s in 12 patients with
esophageal cancers after two metal clips were
placed at the superior and inferior aspects of the
cancer. They characterized the 3D movement of
the esophageal wall using the clips and related it
to a respiratory trace derived from the changes in
lung volumes. Concurring with previous studies,
a larger motion in the cranio—caudal direction in
the middle and lower esophagus was described.
The motion was strongly correlated with the
respiratory curve (R? > 0.4).

Tumors of the gastroesophageal junction
can exhibit considerable respiratory-induced
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motion, therefore, methods to quantify esopha-
geal motion should be contemplated for radio-
therapy planning [45.46]. If 4DCT is not available,
sufficient margins derived from reported studies
relevant to tumor location should be applied to
ensure the tumor receives an adequate dose for
the duration of radiotherapy.

In the future, methods to limit respiratory
motion could allow for margin reduction and
therefore possibly decrease treatment-related
toxicity.

Set-up errors during radiotherapy
delivery

Image-guided radiotherapy (IGRT) describes
the process of imaging the patient in the treat-
ment position on the linear accelerator before
radiation delivery, with the aim of minimizing
set-up errors. The magnitude of set-up errors
depends on several factors, including immobi-
lization for treatment and tumor visualization
on treatment.

The ability to visualize soft tissue targets in
the treatment room has been a challenge and
a limitation of conformal radiation therapy.
Traditionally, imaging during radiotherapy
consists of 2D megavoltage serial portal images
evaluated offline to determine the systematic
errors in position of bony anatomy, lacking 3D
anatomical information of the target volume
and normal tissues. With the introduction of
volumetric imaging on the linear accelerator,
such as cone beam CT, soft tissue information
is available for investigation. Cone beam CT
represents a recent and significant advance for
image verification as it has the ability to acquire
3D images in the treatment unit, while the
patient is on the linear accelerator bed. kV cone
beam CT can acquire volumetric images with
very low dose radiation (~3 cGy) [49.50] and in
a timeframe of 2 min or less, opening the pos-
sibility for online or offline volumetric image
guidance. The IGRT software permits image
acquisition, image reconstruction then matching
with the reference images and providing data for
individual set-up corrections (Ficure 3).

Visualizing esophageal tumors in cone beam CT
imaging continues to pose a challenge due to the
image quality. As the images have to be acquired
over 2 min, the intrafraction motion, due to respi-
ration, causes a blurring of the image, especially at
the diaphragm interface. The frequency of image
guidance can influence the margins required. Even
with alternate days of image guidance, Han ez al.
reported that 10% of fractions had a reduction in
the 95% dose coverage [s1].
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Once the magnitude of the errors is known
there are established formulas to derive the
margins necessary to create the PTV (Tasee 1).

The most common formulas are described by
Stroom et al., which ensures that at least 95% of
the prescribed dose t0 99% of the CTV is equal to
approximately 2 ¥ + 0.7 6, where £ is the standard
deviation of the distribution of systemic devia-
tions and o is the standard deviation of the dis-
tribution of random deviations [52]. van Herk ez /.
describe the PTV margin as 2.5 £ + 0.7 6. These
margins were calculated based on the requirement
that 90% of the patients received a minimum dose
to the CTV of 95% the prescribed dose [53].

The volumetric information obtained with
IGRT could be used further to define the vol-
ume to match (potentially using PTV) [54], or to
define patient-specific PTVs using information
acquired during the treatment [55]. IGRT-derived
protocols require knowledge of normal tissue
anatomy, tumor and lymph node location, and
awareness of the possibility of volume changes
during the radiotherapy.

By incorporating improvements in target defi-
nition (using CT, EUS and PET), accounting for
intrafraction motion with 4DCT and interfrac-
tion motion with IGRT, modern radiotherapy
approaches in esophageal cancer aim to improve
local control and minimize normal tissue toxicity.

Future perspective

Lymph node status is the single most impor-
tant prognostic factor in esophageal cancer.
The introduction of new techniques to detect
lymph node metastases and micrometastases can
be expected in the near future. Sentinel lymph
node biopsy is currently under investigation and
accurate localization is essential when a minimal
surgical approach is selected (7.

As a noninvasive imaging technique, CT is the
most common approach to assess the response to
neoadjuvant chemotherapy and radiation therapy
(56-58]. However, more recently, several imaging
procedures, such as endoscopy and EUS, have
been used to assess response to neoadjuvant
chemotherapy and radiation therapy by com-
parison of tumor volume between pre- and post-
chemoradiation imaging [59]. These methods are
limited by their inability to traverse a malignant
stricture occurring in 20-30% esophageal carci-
noma patients, and by their operator dependency
(60.61]. Early reports of measurements of changes
in tumor uptake during radiotherapy suggests
that PET could be used to stratify prognosis [62].
The incorporation of PET to define response may
permit early adaptation of therapeutic concepts;
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A Planning CT scan

Figure 3. Example of the use of cone beam CT for patient set-up prior to treatment.
(A) Planning CT and (B) cone beam CT in the coronal, sagittal and transverse planes.

however, the optimal timing of imaging and
sensitivity in detection of residual disease needs
to be further investigated before integrating into
standard treatment paradigms.

For GTV-definition, MRI is emerging as a
promising modality. MRI provides images with
excellent anatomical detail and soft tissue con-
trast giving information regarding the tumor
thickness and its relationship with surrounding
organs [63,64]. The additional value of MRI as a
predictive marker for resectability is being eval-
uated as a substudy of the current randomized
Phase II/I1I trial of perioperative chemotherapy
with or without bevacizumab in operable aden-
ocarcinoma of the stomach and gastroesopha-
geal junction (ISRCTN46020948). The aim
is to investigate the accuracy of high resolution
T2-weighted MRI to predict the likelihood of
a positive circumferential margin at surgery.
In addition, functional MRI could be used to
assess response to treatment [65]. The concept

of combined linear accelerator MRI for IGRT
is under development and esophageal cancer
radiotherapy delivery could benefit, potentially
allowing tumor visualization and assessment of
motion [66].

Assessing respiratory motion using 4DCT
on the linear accelerator, also known as corre-
lated cone beam CT (67], would permit char-
acterization of motion range immediately prior
to radiotherapy delivery. This IGRT technique
would confirm that adequate margins have been
applied.

Finally, CT plays a role in the dosimetric plan-
ning of intraluminal brachytherapy, which may
also be utilized in the treatment of esophageal
cancer. Currently, interest is centered on the
combination of intraluminal brachytherapy as
a ‘boost dose’ following radical external beam
radiotherapy, potentially enabling dose escala-
tion to the tumor, while minimizing the dose
delivered to adjacent organs at risk [63].

Study No. of Fractions Modality of Anatomy No. of registered Observed setup errors (mm) Ref.
(year) patients registration incorporated image sets Directionili 5 P
Chen 10 25 Automated bone Three vertebral 250 AP 0.9 15 29 (70]
(2007) bodies LR 1.1 3.7 5.2

CcC -2.2 48 44
Hawkins 20 30 Automated gray PTV + 1 cm margin 207 AP -06 14 20 [71]
(2011) LR 0.7 1.3 0.8

CC 0.8 1.7 39

AP: Anterior—posterior; CC: Cranio—caudal, LR: Left-right; PTV: Planning target volume.
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Conclusion
There have been sequential improvements in
tumor localization, as well as radiation planning
and delivery, over the past two decades [69]. 3D
conformal radiotherapy is now standard, with
EUS and FDG-PET being incorporated to aid
definition of the tumor and involved nodal areas.
The use of FDG-PET to detect occult nodal dis-
ease and correlation with detailed histopatho-
logical specimens analysis have provided further
guidance on CTV margin definition [28].
Curative therapy for esophageal cancer
remains a challenge. Further efforts to improve
the outcomes and toxicity of radiotherapy in
the neoadjuvant and definitive treatment set-
ting continue to be made. Randomized trials

Image-guided radiotherapy for esophageal cancer

testing the benefits of any new technology are
required; the demonstration of even small incre-
mental improvements in survival or quality of
life are of key importance in this disease, where
the treatment outcome currently remains poor.
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Imaging for gross tumor volume definition
The combination of CT, PET and endoscopic ultrasound imaging provides optimal staging information to allow accurate gross tumor
volume delineation.
Endoscopic ultrasound provides additional locoregional staging information to CT, informing on both the depth of tumor invasion and
longitudinal disease extent. It permits accurate assessment of peritumoral lymph node involvement by enabling the size and architecture
of nodes to be examined.
PET plays a valuable role in staging, chiefly by the detection of occult metastastatic disease, such as nonregional lymph nodes.

PET for radiotherapy planning
PET imaging should routinely be used, in combination with endoscopic ultrasound information, to enable accurate gross tumor volume
delineation when contouring.
Its use, in conjunction with CT imaging for radiotherapy planning, has been shown to frequently lead to a change in the delineated
gross tumor volume.
Novel PET tracers may play a future role in demonstrating areas of increased cellular proliferation to target as ‘boost’ volumes for
potential dose escalation.

Motion management
4DCT allows the assessment of intrafraction tumor motion.
The formation of an internal target volume from 4DCT data sets enables an individualized margin to be used to account for tumor
motion.

Treatment verification
The development of cone beam CT allows 3D image sets to be acquired for online verification of patient set up while the patient is on
the treatment couch; a process known as image-guided radiotherapy.

Future perspective
Advances in imaging technology, such as the use of MRI to aid tumor definition and the development of MRI-Linac Image guided
radiotherapies, are likely to play an increasing role in esophageal radiotherapy in the future.
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