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Abstract

Advances in technology have enabled the delivery of high doses of radiation therapy for pancreatic
ductal adenocarcinoma (PDAC) with low rates of toxicity. Although the role of radiation for
pancreatic cancer continues to evolve, encouraging results with newer techniques indicate that
radiation may benefit selected patient populations. Imaging has been central to the modern
successes of radiation therapy for PDAC. Here we review the role of diagnostic imaging, imaging-
based planning, and image guidance in radiation oncology practice for PDAC.

l. Introduction

In contrast to the declines in cancer-related deaths from other malignancies (i.e., lung and
bronchus, breast, colorectal and prostate cancer), progress in the management of pancreatic
ductal adenocarcinoma (PDAC) has been slow, and the incidence of cancer-related deaths
due to PDAC continues to rise[1]. Overall, PDAC is associated with a dire prognosis, and a
5-year survival rate of only 6%. As with many aggressive cancers, improved multi-modality
treatment and management are needed for patients with PDAC, including radiotherapy,
chemotherapy, and surgery. In each domain of therapeutic management of PDAC, diagnostic
imaging plays an important role. This is especially true for radiation oncology. Although
many patients die of distant metastasis, it is estimated that 30% of patients die due to local
disease progression, emphasizing the importance of treatments that focus on the primary
PDAC tumor like radiation and surgery [2].

While the role of radiotherapy for PDAC continues to evolve, the techniques of radiotherapy
for this disease are improving. Indeed, diagnostic imaging and image guided radiotherapy
have been important factors in modern successes with radiation for PDAC, and these
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successes are paving the way for new treatment approaches. Here we will review the
different techniques of radiotherapy and describe the central role that imaging plays.

[l. The role of radiation in different clinical situations

Changes to the staging for PDAC have recently been proposed [3]. Generally, clinical
management depends upon the surgical resection status of the patient, grouping patients into
those who are potentially resectable, borderline resectable, locally advanced, or metastatic.
The role, approach, and timing of radiation in each of these clinical stage groups differs
(Table).

Potentially resectable disease

Patients with potentially resectable disease are candidates for upfront surgery followed by
adjuvant therapy that begins with systemic chemotherapy. If patients have no evidence of
recurrence after adjuvant chemotherapy, they may be candidates for adjuvant
chemoradiation[4, 5]. Adjuvant stereotactic body radiotherapy (SBRT) has also been
performed[6]. Patients with potentially resectable disease may also undergo neoadjuvant
therapy [7] with chemoradiation, radiation alone, or SBRT, followed about 4 to 12 weeks by
surgery [8]. Current National Comprehensive Cancer Network (NCCN) guidelines
recommend neoadjuvant therapy on a clinical trial.

Borderline resectable disease

Borderline resectable PDAC is technically eligible for surgical removal of the primary
tumor, but given the relationship of the tumor with adjacent vessels, there is a high
propensity for R1 resections [9]. Therefore, patients with borderline resectable disease are
now recommended to receive neoadjuvant therapy, according to the NCCN. The neoadjuvant
regimens can be chemotherapy alone, chemoradiation, or sequential chemotherapy and
radiotherapy (chemoradiation or SBRT). The use of chemoradiation and SBRT in this
context continues to be investigated, including in an ongoing Alliance trial (A021501,
clinicaltrials.gov NCT02839343). Radiotherapy may be used postoperatively if no radiation
was given prior to surgery.

Locally advanced disease

Historically, patients would receive chemotherapy followed by chemoradiation or
chemoradiation upfront followed by chemotherapy. The LAPO7 trial evaluated
chemotherapy with or without capecitabine-based chemoradiation. The study indicated no
overall survival benefit with chemoradiation but there was a significant improvement in local
control[10]. Prior studies indicated both local control and overall survival benefits of
chemoradiation for locally advanced PDAC, but were limited by their retrospective nature
and smaller numbers[11, 12]. Thus, in patients with locally advanced disease, most
physicians use radiotherapy with a selective approach. For example, at MD Anderson
Cancer Center, our medical oncologists try to maximize chemotherapy and use radiotherapy
if the disease has been stable on chemotherapy after 4-6 months, chemo-limiting toxicity
develops, or local disease problems emerge or are anticipated (e.g., obstruction, venous
thrombosis). In general, the idea is to maximize chemotherapy and then incorporate
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radiation to prevent local progression. In select cases, patients may be considered for
surgical resection [13].

Recent retrospective data suggest there may be a survival benefit to escalated radiation doses
in selected patients with unresectable locally advanced disease [14]. These data show long-
term survivors after definitive radiation. SBRT may also be an attractive option in this stage
of disease, as it is well tolerated, safe and achieves median survival ranging from 10-20
months [13, 15].

Metastatic disease

Generally, radiotherapy does not play a role for stage IV disease. It is reserved for palliative
purposes, including painful metastases in bone, liver, or other sites. Treatment of the primary
tumor for a patient with metastatic disease is not typical, but may be considered if the
primary tumor is causing local symptoms (bleeding from bowel invasion, obstruction, or
venous thrombosis). Treatment of the primary tumor may also be considered in situations
where the metastatic disease has significantly responded to chemotherapy [16].

lll. Integration of imaging into Radiation Oncology clinical practice for

pancreatic cancer

In this section, we will describe the use of imaging at different phases of the patient
interaction for Radiation Oncology practice.

Consultation

Referral of a patient with PDAC to a radiation oncologist is generally tertiary. It is usually
either a surgeon or medical oncologist who receives the initial consultation after a diagnosis
or suspicion of PDAC. This referral will depend on whether the patient has localized or
metastatic disease. When the patient comes to the radiation oncologist, the physician will
review the baseline and follow up imaging to assess the local extent of disease. This will
help determine whether radiotherapy is indicated, and if so, the dose and fractionation of
radiotherapy. Different imaging modalities may aid in the radiation oncologist’s assessment.

CT is the recommended imaging modality for staging [17]. CT acquisition using a
pancreatic protocol with thin sub-millimeter slices provides precise visualization of the
pancreatic tumor in relation to the mesenteric vasculature, especially in conjunction with
multi-planar reconstruction. This also allows detection of lung, liver and peritoneal deposits.

Recent advances in CT technology include dual energy CT, which improves conspicuity of
PDAC in comparison to conventional CT images [18]. Dual energy has also been useful in
evaluating bowel disease [19], potentially making the technology useful in determining if the
tumor is invading the duodenum or stomach. This could influence the type of radiation that
may be delivered.

Pancreatic protocol MRI may also be helpful in the delineation of disease due to the superior
soft tissue contrast that MRI sequences may provide. This may be helpful for indeterminate
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liver lesions that are seen on CT and need further characterization [20]. MRI can also be
helpful as a problem solver for those tumors which are difficult to visualize on CT [21, 22].

Positron Emission Tomography (PET) may be used as an adjunct imaging modality for
PDAC, as it shows an increased sensitivity to detect metastatic disease compared to
conventional imaging.[23, 24] Approximately 30% of primary pancreatic tumors are not
avid on PET, however. This limits its usefulness in evaluation, but in patients for whom the
lesion is avid on PET, prognostic information may be gleaned [25]. Specifically, PET
aviditity was the most significant factor on multivariate analysis for survival following
gemcitabine and radiation therapy [25, 26]. Also, on Positron Emission Tomography (PET)
Response Criteria in Solid Tumors (PERCIST) analysis, metabolic tumor volume (MTV)
and total lesion glycolysis were found to be predictive for outcome following chemotherapy
and radiation.

On review of the diagnostic imaging, the radiation oncologist will review the extent of local,
regional, and metastatic disease for a patient with PDAC. As described above, the radiation
treatment options for each clinical stage of PDAC differ and multidisciplinary review is
recommended.

How imaging helps in deciding between standard fractionation and SBRT

There is no randomized comparison for different radiation fractionation regimens for PDAC.
The prospective data to date are difficult to compare due to changes in systemic therapy over
time, differences in patient selection, and evolution of radiation techniques. In general,
patients with adverse pathological features after surgery, including lymph node involvement
or positive margins, would be eligible for standard fractionation radiotherapy to 50 Gy at 1.8
to 2.0 Gy per fraction. At MD Anderson Cancer Center, most patients with resectable or
borderline resectable will receive preoperative radiotherapy at standard fractionation to 50
Gy, or to 30 Gy in 10 fractions, which was a regimen that was tested in two phase I clinical
trials [27, 28]. SBRT or hypofractionated radiation therapy is also being tested as
preoperative therapy in the ongoing Alliance A021501 trial [29].

A patient may be eligible for escalated-dose radiation (above 50.4 Gy in 28 fractions) if
surgical resection is not an option due to the tumor being locally advanced or the patient
being medically inoperable. The experience of dose escalation at MD Anderson Cancer
Center showed a two year survival rate of 36% in patients who received radiation doses to a
Biologically Effective Dose (BED) greater than 70 Gy, compared to 19% for those who
received standard doses (BED 59.5 Gy) [14]. The selection of patients for escalated dose
radiation was in cases where there was at least 1 cm of distance from the tumor to luminal
bowel. However, recent advances have enabled the use of escalated radiation in almost any
patient for whom resection is not an option. This method involves a simultaneous integrated
boost of high dose radiation and simultaneous integrated protection of adjacent critical
structures [30].

Considerations for patients who are eligible for SBRT include whether there is bowel
invasion by the primary tumor and the size of the tumor, which may impact late
gastrointestinal toxicity such as ulceration and bleeding. Diagnostic imaging often helps
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determine these factors, but direct tumor invasion is best documented using direct
visualization by endoscopy. The concern with using high doses per fraction in patients with
bowel invasion is that a gastrointestinal bleed may occur [31]. There is conflicting data on
this, however. A single institution experience demonstrated no major bleeding events in
patients who had duodenal invasion [32]. In situations of bowel invasion by the tumor, we
advocate for using standard fractionation, rather than SBRT. SBRT could be delivered if
subsequent surgery is planned.

The decision to use standard fractionation, dose escalation, or SBRT may also be based on
physician preference, familiarity, and convenience. Many physicians are comfortable with
standard fractionation since it has been done for decades. Due to the relatively new option of
SBRT, some radiation oncologists do not yet have the expertise to perform this procedure.
SBRT usually requires placement of radiopaque fiducials for target alignment using
orthogonal plain films in the treatment position and/or a cone beam CT. An experienced
endoscopist would be needed to place the fiducials (usually 3 are placed in a non-coplanar
arrangement). Alignment to metal stents is possible, but it has been reported that these can
move [33], making them less reliable for daily setup. We will discuss image-guided
radiotherapy in a subsequent section.

Simulation to prepare for treatment planning

CT simulation—After deciding to treat a patient with PDAC, a CT simulation is
performed. The objectives of the simulation are to (1) achieve a comfortable and
reproducible position for the patient in the treatment position and (2) obtain CT images in
this position so that targets can be defined and dose can be modeled. Prior to the simulation,
the radiation oncologist must decide the dose, fractionation, target, and technique of
radiotherapy.

Since the pancreas is adjacent to multiple luminal bowel structures (e.g., stomach,
duodenum, jejunum and colon), patients are often instructed to be fasting for 2 to 4 hours
prior to the CT simulation and each treatment, so that the internal anatomy is as consistent as
possible throughout. If a patient is being simulated for SBRT and kV image guidance will be
used, fiducials would have been placed prior to the CT simulation. CT on rails (and in some
cases cone beam CT) image guidance may be used in cases where fiducials cannot be
placed. The patient may drink 8 ounces of water just prior to the simulation and each
treatment to better delineate the duodenum and stomach. If the patient is receiving
postoperative treatment, scars or drains may be wired to help identify them on the scan.

During the simulation, the proper immobilization of the patient is critical (Fig. 1). Vacuum-
locked cradles are usually used to conform to the patient’s anatomy and keep the upper
extremities and torso in a consistent position. The arms are placed above the head so that
they are not in the path of the radiation beams. The patient receives marks on the skin (either
marker or tattoos) to triangulate their position using in-room laser guidance. The lasers are
indexed to a point of reference on the CT simulation table, which is modified to be flat (as
opposed to curved as for diagnostic CT tables). The skin marks are then placed in an anterior
and two lateral positions to perform initial alignment to the linear accelerator for each
treatment.
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For standard fractionation, practice patterns vary regarding image acquisition. A 4D CT may
be used to determine target motion and margins for treatment. An example of a 4D CT setup
is shown in Figure 1, including the use of respiratory surrogates with an infrared reflector on
the abdomen and infrared camera. Some radiation oncologists do not use the 4D CT and just
use a free breathing scan for planning. Generally, it is not necessary to treat a patient with
breath hold or gating techniques when standard fractionation is used. The coverage of
regional lymph nodes is a topic of debate, where some will cover them but others just focus
on the gross tumor volume (GTV) with a small margin.

For SBRT (5 fractions or less) or cases of dose escalation (using more than 5 fractions and to
doses above 50 Gy in 1.8 to 2 Gy fractions), imaging acquisition typically involves
respiratory management because the pancreas can move up to 2 cm during the breathing
cycle. When high doses are used in this area, this movement can significantly impact target
coverage and doses to critical structures like luminal bowel. Respiratory management can be
achieved with a variety of approaches, including breath hold, gating, or abdominal
compression. Each of these approaches has advantages and disadvantages. These approaches
may require additional time for setup and/or treatment compared to treating with standard
fractionation.

The use of contrast during a simulation is done in a compatible way with the technique of
radiation. For example, if a patient is receiving dose escalation, the contrast images would be
acquired in coordination with respiratory management such as breath hold. Contrast images
can be acquired in free breathing, as is often done with diagnostic CT scans. Contrast images
may also be acquired during a 4D CT procedure. Generally, the image acquisition would
replicate a pancreatic protocol CT scan, helping to delineate the tumor and the local vascular
anatomy around the pancreas [34].

MR Simulation

MR Simulation as compared with using a Diagnostic MRI—The objectives of an
MR simulation are similar to CT, except the MRI is used for treatment planning [35]. The
acquisition of an MRI in the treatment position enables normal organ and tumor delineation
in the exact position in which a patient will be treated with radiation therapy. This is
typically done in the same immobilization devices that are used during CT simulation.
Similar to CT simulation, laser coordinate systems can be used to mark a patient on the MR
simulator, or confirm existing alignment and positioning marks that were made during the
process of CT simulation. These confirmatory marks can then be used on the linear
accelerator to reproduce the patient’s exact position on a daily basis for radiation therapy
delivery [35]. The three MR sequences that will typically be utilized for contouring the
radiation targets are T2 (duodenal wall delineation), fat-suppressed T1 (normal gland
delineation), and late arterial phase post-contrast, fat-suppressed T1 (tumor boundary and
lymph node delineation; e.g. tumor appears dark, lymph nodes appear bright) because these
sequences offer the best contrast resolution between tumor and normal pancreatic
parenchyma.

Abdom Radiol (NY). Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koay et al.

Page 7

Advantages of MR simulation over CT simulation—While CT simulation remains
the standard for the process of external beam radiation therapy, MR simulation is an
emerging area of interest. MR simulation has advantages over CT in the process of GTV
delineation [36]. While CT is excellent in discriminating regions of the body with different
electron densities, it is limited in its ability to identify and demarcate tissues in regions with
similar electron densities. MR simulation offers particular advantages for pancreatic cancers
as it is able to distinguish the pancreatic tumor (GTV) from the normal pancreas and the
closely approximated pylorus and duodenum. Furthermore, MRI offers more options to help
define the GTV, which can include both functional (diffusion weighted imaging [DWI],
dynamic contrast enhanced [DCE] imaging) and morphologic (T1-weighted or T2-weighted
imaging) information [35, 37].

Disadvantages and Precautions Associated With MR simulation—While MRI
has advantages over CT simulation, there are also disadvantages and precautions that must
be considered when implementing MR simulation. The use of MRI has several
contraindications and can be considerably more dangerous when compared with CT
simulation. This is particularly true if patients have implanted medical devices, metal
fragments, or other contraindications to MRI [38]. The use of MRI requires careful review
by MR technicians specially trained in assessing a patient’s candidacy for MRI. This can be
logistically challenging for a Radiation Oncology department because radiation therapists
and physicists are primarily trained in CT-based radiation delivery systems. Departments
that adopt MR technology must hire or train the therapists and physicists, which can be a
significant investment of time and resources. In addition, MR simulation is expensive and
time consuming for the patient and health care system. The use of MRI requires a
considerable amount of technical expertise from physics collaborators that must be familiar
with optimal MR sequence development and acquisition. In addition, expensive equipment
is required to be cross compatible between CT and MRI, and this equipment may require a
substantial investment on the part of a radiation oncology department. This equipment can
include MR compatible immobilization devices, flat tabletop modifications, along with
additional software and licenses. Finally, the use of MR is subject to geometrical distortions
that must be understood and accounted for when these images are acquired and used for
radiation therapy planning and delivery [39-41]. In addition, motion management is
extremely important with MRI as motion can significantly degrade the images. Accounting
for these errors requires the use of a phantom and extensive quality assurance procedures to
be done on the MR with an experienced physics group.

Defining tumor and normal structures on the planning scans

Once the CT or MR images are acquired, treatment planning can ensue. Often, contrast
images from the simulation are all that is necessary to define the treatment volumes.
However, in difficult cases, fusion with diagnostic scans, including CT, MRI, and PET, may
be helpful. For standard fractionation, the radiation oncologist will define different treatment
volumes during this process, including a gross tumor volume (GTV), clinical tumor volume
(CTV), and planning tumor volume (PTV). The GTV is the pancreatic tumor and any
associated nodes. The GTV includes tumor extension along blood vessels. The CTV may
include the GTV, celiac artery, superior mesenteric artery and regional nodes with margin.
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Typical margins for CTV are about 1-2 cm around all of these structures. The PTV accounts
for anticipated setup error. This is usually 3-5 mm (Fig. 2). The normal structures include all
of the surrounding anatomy, such as kidneys, liver, stomach, duodenum, spinal cord, and
bowels.

Target delineation for dose-escalated radiation is different than standard radiotherapy. While
standard radiotherapy is usually prescribed to achieve fairly uniform doses throughout the
target volume (+/- ~10%), dose-escalated radiation attempts to achieve much higher doses
to the primary tumor and lower doses to regional areas at risk for nodal spread (Fig. 2). This
is called “dose painting”. To achieve this effect, the radiation oncologist also will define
avoidance structures so that there is a sharp dose falloff from the high dose region to organs
at risk, such as bowel. This has been termed “simultaneous integrated boost with
simultaneous integrated protection [30].”

Target delineation for SBRT is also different compared to standard and dose-escalated
radiotherapy. For example, in the Alliance trial [29], in addition to the GTV, the tumor vessel
interface (TVI) is defined. The luminal bowel is delineated carefully, just as with dose-
escalated radiotherapy. Expansions of 3mm around the GTV and TVI are performed, but
differential dosing may be performed to each of these structures, whereby higher doses are
given in areas that are safely away from critical organs. Just as with dose-escalated
radiotherapy, the radiation oncologist can “paint” the dose desired after defining targets and
may prescribe a lower, safer dose in areas close to bowel (Fig. 2). Once the targets are
delineated by a radiation oncologist, a dosimetrist designs the radiation treatment plan. The
radiation oncologist will review the plan to make sure the modeled dose meets clinical
standards, and a physicist will check that the plan is complete by performing multiple
quality checks, including chart reviews and radiation quality assurance [42].

Image-guided radiotherapy

Once the radiation treatment plan is completed, the use of image-guidance is important to
assure target alignment is consistent with the original simulation.

2D-2D matching—For standard fractionation, orthogonal kilovolt (kV) images are
sufficient to align bony anatomy. For SBRT, orthogonal kV can be used to align to fiducials.
In this case, on-board imaging is coordinated with gating or breath hold if those were used at
simulation. Shifts are measured and recorded each day to make sure alignment and setup are
consistent (Fig. 3).

3D-3D matching—In cases of SBRT or dose escalation, 3D matching of the anatomy at
the time of treatment with the anatomy at the time of simulation can be performed with more
advanced image technologies. This includes cone-beam CT (CBCT) [43, 44], CT on rails
[14, 45], or MRI (see next section) [46]. To achieve proper 3D-3D matching with CBCT and
CT on rails, multiple quality checks must be done to ensure that the physical matching of the
anatomy is accurate [47]. In complex cases, 3D-3D matching is necessary to avoid
overdosing bowel [30] (Fig. 3). In some situations, adaptive planning can be done if the
internal anatomy changes.
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MR Guided Radiation Therapy—Radiation therapy is rapidly evolving, and has
changed dramatically over the past decade. The ability to guide radiation therapy with the
acquisition of daily pre- treatment CT images has considerably improved the accuracy by
which radiation therapy can be delivered[48, 49]. In addition, frequent on board CT imaging
enables an early understanding of changes in the size of the tumor or changes in a patient’s
anatomy over the course of treatment. Such information can enable earlier adaption of
treatment to account for changes in patient size or tumor. Until recently, this was taking
place primarily with CT- based imaging that was acquired either with an onboard CT- based
imaging device (cone beam), or a diagnostic CT on rails[48]. Though bone is readily
visualized, one of the greatest limitations of cone beam CT imaging is the difficulty of
seeing soft tissue while an actual radiation therapy treatment is being delivered. Over the
past several years, additional imaging devices have emerged that have replaced CT on the
treatment machine with an MRI. Moreover, these devices enable an MRI to be acquired
while the radiation therapy is being delivered. This concept of “real time” tumor imaging
enables visualization of both tumor and normal tissue motion while radiation is delivered. In
addition, the change in tumor volume or MR signal can be monitored throughout the course
of treatment and treatment adapted if necessary. The ability for MRI to offer superior soft
tissue demarcation is an advantage of this technology [50]. To attempt to combine the
benefits of these two technologies, there have been a total of four MR combined radiation
therapy systems that have been developed.

The first of the hybrid MR guided radiation therapy systems to become commercially viable
is known as the ViewRay system (ViewRay Inc, Oakwood Village, OH) [51, 52]. This
system combines both MR imaging using a 0.35-T MRI and Co-60 sources that rotate
around the patient and can deliver a conformal dose distribution through intensity modulated
radiation therapy (IMRT)[53]. This system is currently commercially available and has been
actively treating patients for several years at multiple institutions. Limitations to this system
include the low MR field strength along with the Co-60 radiation therapy sources, which
have inherent dosimetric limitations. The ViewRay company is also developing a linear
accelerator equipped unit that will be combined with a 0.35 T MRI device[54].

There are several additional systems that combine MRI and radiation therapy delivery
technology that are under development. The Linac-MR research group in Edmonton Canada,
has published on the construction of a functional MR Linac system[55]. This system
incorporates a Linac waveguide placed between open MR planes, or through the central
opening of the planes. This consists of a 6 MV Linac that rotates concurrently with a 0.5-T
MRI in the transverse plane[56]. This configuration has been proposed to reduce a potential
for higher dose at the tissue-air interface and electron return effect[57]. While this system is
interesting it has yet to be scaled to multiple institutions and made widely commercially
available.

An Australian group has also developed an MR Linear accelerator which includesa 1.0 T
open bore MRI system with a 6 MV Linac[58]. This is known as the Australian MR-Linac
program and this system focuses on the development of a novel medical electron accelerator
intended to be robustly operated within magnetic fields. The wide scale commercial viability
of this implemental is yet to be seen[59].
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Elekta, Philips, and University Medical Center Utrecht have collaborated to create a full
field strength MR guided linear accelerator[46]. This device, known as the Unity, was
announced at the 36! European Society for Radiotherapy and Oncology (ESTRO)
meeting[60]. The Unity device combines a multi-leaf collimator (MLC) positioned on a ring
gantry which rotates around an MR scanner. This unit has a full 1.5 T MRI manufactured by
Phillips and has many of the same capabilities of diagnostic quality MR scanners. In
addition, there are numerous sequences that can be acquired using this full field strength MR
scanner. During the device rotation the treatment beam passes through the middle/inner ring
of the MRI and is capable of IMRT [61]. It has also been shown that the images can be
acquired during radiation therapy[62]. A research consortium has been formed by Elekta to
design and execute the optimal use of the Elekta-Philips MR Linac and define the optimal
use of this device.

V. Summary

Imaging is central to the practice of radiation oncology. The radiation oncologist must
understand diagnostic imaging to make treatment decisions at the time of consultation.
During simulation, the acquisition of imaging is critical and is performed in conjunction
with immobilization and consideration of the dose, fractionation, and technique of radiation.
Image-guidance is also an important aspect as the role of radiation for PDAC evolves. This
includes the use of 3D information using CT on rails, CBCT, and MRI units that are
combined with the radiation machines. This ensures proper alignment to the target and
adaptation of the radiation plan, if necessary. There is a trend toward using SBRT in multiple
situations for PDAC, which heavily relies on image guidance. Dose escalation for PDAC is
also a hot topic and may involve 5 fraction SBRT or more fractions to achieve higher doses.
Proper image guidance and treatment planning in these more complex treatment procedures
may enable higher efficacy and ensure safe radiation delivery.
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Figure 1.
Immobilization and motion management during CT simulation
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Figure2.
A. Postoperative radiation with IMRT treating tumor bed (red line) to 50 Gy (green line) and

the regional lymphatics to 45 Gy (orange line) in 25 fractions.

B. Preoperative radiation with 3D conformal technique (4 fields) treating tumor (red line)
and regional lymphatics to 30 Gy (yellow line) in 10 fractions.

C. Escalated dose radiotherapy with IMRT, treating tumor (red line) to 67.5 Gy (green line)
and regional lymphatics to 37.5 Gy (orange line) in 15 fractions.

D. Stereotactic body radiation therapy (SBRT) for PDAC, treating tumor (red line) to 33
Gyand tumor-vessel interface to 36-40 Gy(orange line). With SBRT, there is a steep dose
falloff. For example, a lower dose of 25 Gy is shown in the green line.
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Figure 3.
A. Fiducial alignment for SBRT using kV: Right lateral image shown for a patient with two

fiducials in the pancreas. An orthogonal Anterior-Posterior (AP) image was also taken for
alignment (not shown). A metal stent can also be seen.

B. CBCT for 3D-3D matching during SBRT. The daily CBCT image (top left and bottom
right quadrants of the axial, sagittal, and coronal images) are registered to the simulation CT
scan (top right and bottom left quadrants of each view). Fiducials are identified for
alignment and surrounding anatomy is identified in relation to radiation isodose lines.

C. CT on rails image guidance for escalated dose radiotherapy. The axial image on the left is
taken at the treatment machine using the in-room CT scan (labeled “Daily”). It is registered
to the original CT simulation scan on the right (labeled “Ref”). The tumor contour (red line)
and isodose lines are superimposed on the daily CT scan, allowing the radiation oncologist
and therapists to verify proper alignment and assess changes in anatomy during treatment.
Of particular importance is meeting dose constraints to the bowel and stomach. This patient
received escalated dose radiotherapy to 67.5 Gy in 15 fractions. The bowel constraint is 45
Gy in 15 fractions. The yellow isodose line is 45 Gy, and the green isodose line is 37.5 Gy.
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Table

Roles of radiation in the treatment of PDAC

Clinical Stage

Resectable

Borderline Resectable

Locally advanced

Metastatic

Possible role(s) of radiation, listed in order of approach with most supporting data

. Chemoradiation after resection

. Chemoradiation before resection
. SBRT before resection

SBRT after resection

Chemoradiation before resection
. Chemoradiation after resection

. SBRT before resection

SBRT after resection

Chemoradiation after chemotherapy
. SBRT after chemotherapy
. Palliation

WNRE AWNRE AWNRE

Palliation
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