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Abstract

The International Commission on Radiation Units and Measurements (ICRU) volumes are
standardized volume definitions used in radiation oncology practice that have evolved over time to
account for advancements in technology and radiation planning. The current definitions have
strengths but also practical limitations. The main limitation is related to the process of accounting
for tumor motion during treatment. As radiotherapeutic techniques become more precise, motion
interplay effects and anatomic changes during treatment must be taken into account to ensure
accurate and safe delivery of treatment. Adaptive re-planning can help to mitigate the impact of
these uncertainties and widen the therapeutic ratio by maximizing dose to the tumor and protecting
critical normal structures. As adaptive re-planning becomes more common, standardization of how
adaptive therapy is implemented and reported will become necessary.

Standardized volume definitions are integrated in radiation oncology practice, but this was
not always the case. In 1978, the first International Commission on Radiation Units and
Measurements (ICRU) volumes were defined with a distinction made between the target and
the treated volume[1]. The integration of volumetric imaging into the clinic resulted in
updates to the ICRU volumes and the concept of Gross Tumor Volume (GTV), Clinical
Target Volume (CTV) and Planning Target Volume (PTV) were introduced in ICRU 50[2].
These definitions were updated in ICRU report 62, where the concept of the Internal Target
Volume (ITV) was introduced to account for variations in the CTV shape, size and location
inside the patient[3]. The progression of the ICRU target volumes is discussed in detail by
Purdy[4].
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The standardization of contouring and naming targets and normal structures is essential for
advancing the field of radiation oncology. Multi-center clinical trials and the adoption of
improved treatment techniques rely upon this standardization. The use of the internal target
volume (ITV) varies widely across centers. The ITV assumes that the radiation treatment is
delivered based on setup to anatomic landmarks (e.g. bony anatomy, skin tattoos). The role
of the ITV when the treatment is aligned to the target remains unclear and lacks
standardization.

The strengths and limitations of the current ICRU definitions

The current ICRU definitions take into account advances in technology to more accurately
define margins required for tumor motion. The excursion of targets can be highly variable
depending on the patient and location in the body. Some patients may take shallower or
deeper breaths than others. Tumors close to the diaphragm typically have more motion than
tumors located farther away from the diaphragm. Creating an ITV individually tailors
respiratory motion margins for each patient and helps to more accurately target tumors.
Limitations related to creating an ITV include the ICRU-defined sequence of contouring the
ITV as well as uncertainties related to the technique for generating a motion envelope. Das
et al. evaluated compliance to ICRU-83, which was released in 2010, to specifically address
intensity-modulated radiation therapy (IMRT) and volumetric based planning. Plans from
5094 patients from 10 institutions were analyzed [5]. They found that compliance to ICRU
definitions is poor, with only 25% of cases using standard target site prescription names and
many (41%) cases using numbered variants of the nomenclature (ex: CTV1). When
contouring, the ICRU volume definition starts with creating a GTV followed by a CTV to
account for uncertainties in microscopic tumor spread. The CTV is usually generated by first
performing a margin expansion and then adjusting or cropping this volume for anatomic
boundaries. For example, tumors without bone invasion are unlikely to have microscopic
spread into nearby osseous structures. Therefore, the CTV is often cropped off bone.

According to the ICRU volume definition, the ITV should then be created to represent the
motion of the CTV. As CTV is a volume that encompasses microscopic tumor spread, it is
impossible to visualize the motion of microscopic disease. Therefore, it is difficult to follow
the sequencing of target volume generation based on the current ICRU definitions. A more
practical alternative margin method is needed.

In practice, radiation oncologists often alter the sequencing of contouring and contour a
GTV followed by IGTV based on the tumor motion of the GTV. The IGTV is then generally
expanded for microscopic extension and adjusted for anatomic boundaries. The name of this
structure is variable: CTV, ITV or ICTV. The name “ICTV” may be most appropriate, as this
structure takes into account both motion and microscopic tumor spread. This structure is
then expanded for setup uncertainty to create the PTV. This sequencing of GTV to IGTV to
ICTV to PTV is, therefore, a more practical approach for target volume definition.
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Generating a motion envelope and the uncertainties

Creating a free-breathing 1TV requires having an accurate motion envelope that
encompasses the moving tumor during radiation therapy. This is achieved by contouring the
tumor on four-dimensional CT (4DCT) scans and has replaced previous techniques of
estimating motion envelopes based on a slow-CT scan[6], interpolation between end-
expiration and inspiration breath-hold scans[7] and expanding the target volume to account
for motion[8]. During the acquisition of a 4DCT scan, the patient motion is monitored and
recorded using an external surrogate for motion. This surrogate may be a pressure transducer
on the patient’s abdomen, an infrared marker, or optical surface scanning systems that
characterize the location of the patient’s chest. While the patient motion is monitored, a
series of CT scans are acquired. These static scans are sorted by either phase or amplitude
[9], and this collection of sorted images makes up the 4DCT image set.

From the 4DCT study, the motion of the target (GTV) and organs at risk can be evaluated
and contoured throughout the breathing cycle. The Average Intensity Projection (AIP) image
represents the average of all of the images that make up the 4DCT image set. The Maximum
Intensity Projection (MIP) represents the maximum voxel value of all of the images that
make up the 4DCT image set. Contouring the target on the AIP or the MIP, using
appropriate window/leveling, and verifying that the contour is accurate by visually
comparing the contour to the 4DCT is commonly done and is less time-intensive than
contouring the target on each individual phase of the 4DCT image set. Although time-
efficient, there are limitations to using the MIP for targeting. This approach is only useful
when the tumor is surrounded by tissue with a large separation in Hounsfield units, such as a
peripherally located tumor surrounded by normal lung parenchyma. When the tumor is
surrounded by tissue of similar Hounsfield units, as is the case when the tumor is in close
proximity to bone, vessels, or the mediastinum, the MIP cannot optimally distinguish
between tumor and surrounding normal tissue, leading to potential over- or under-
contouring. Therefore, this approach is of limited utility for centrally located lung tumors
and tumors in close proximity to the chest wall.

For treatment planning, the assumption is that the motion captured during the imaging study
is representative of motion throughout the treatment. Target motion reproducibility has been
evaluated through serial CT scans on the same day[10] and through simulations of target
motion taken from patient tumor trajectories over multiple days of treatment[11]. It remains
a challenge to predict for which patients the target will move outside of the motion envelope.

Device-less 4DCT techniques are currently available that enable scans that do not rely on
external surrogates of motion[12, 13]. However, these techniques do not address if the
motion captured at the time of simulation adequately represents motion throughout the
course of treatment.

Motion and volume adaptation in current radiotherapeutic paradigms

As advanced treatment delivery techniques such as intensity-modulated radiotherapy
(IMRT), volumetric modulated arc therapy (VMAT), and pencil beam scanning (PBS)-based
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proton therapy are integrated into the radiotherapeutic armamentariums, concerns are often
raised regarding the impact of tumor motion on accurate delivery of dose to the target. The
primary concern is that interplay between tumor motion and beam modulation could result
in inadvertent underdosing of the tumor or excessive dose to nearby organs at risk. The
interplay effect has been extensively reported on in the setting of IMRT[14-17], VMAT[18-
20], and PBS[21, 22]. These studies then paved the way for the development of mitigation
strategies to minimize the potential impact of motion interplay. Strategies such as volumetric
or layer repainting in PBS-based proton delivery [23], as well as segmentation approaches in
VMAT-based lung radiotherapy[24] have been shown to increase the robustness of these
treatment approaches in the setting of mobile tumors.

Fortunately, despite potential concerns raised from simulations and theoretical models, the
clinical outcomes with these technologies have not suffered. In fact, IMRT was recently
shown to be associated with lower rates of clinically significant pneumonitis without any
compromise in overall survival, progression-free survival, or local control in the secondary
analysis of a large phase 111 randomized clinical trial of standard vs escalated radiation dose
in locally advanced non-small cell lung cancer.[25] This is despite the fact that patients
receiving IMRT generally had larger tumor volume and more advanced disease. Similarly,
VMAT has yielded comparable results for local control with favorable toxicity rates in the
setting of stereotactic body radiation therapy when compared with historical rates achieved
with 3D-conformal delivery.[26] The data with pencil beam scanning with protons are
emerging, but recent clinical data in the setting of esophageal cancer suggests that use of this
approach in the setting of esophageal cancer is safe and feasible.[27]

In summary, the quantification of potential interplay effects through carefully controlled
phantom and model-based studies are of vital importance prior to deployment of new
technologies in the clinic. These studies pave the way for mitigation strategies that
ultimately allow for safe and effective utilization of these highly conformal techniques in the
setting of mobile tumors.

Adaptive Re-planning

In addition to considering the impact of tumor and patient motion during treatment, it is
important to consider anatomic changes that can occur during a prolonged course of therapy.
The size of the tumor as well as the anatomic location of the tumor are subject to change
during radiation treatment. Multiple studies have demonstrated a median GTV reduction of
40-50% by weeks 3-5 in patients with non-small cell lung cancer (NSCLC)[28, 29]. This
reduction in volume in NSCLC has also been shown to occur as early as within the first 2
weeks of treatment and also correlates with outcome [30-32]. Additionally, changes in lung
density, due to atelectasis and pleural effusions, are possible during treatment and require re-
planning in about 10% of patients [33, 34].

Head and neck cancers and cervical cancers are also particularly sensitive to radiation
effects. Barker et al. demonstrated a 69.5% reduction in GTV volume with a median mass
displacement of 3.3mm at the end of radiation treatment in patients with head and neck
cancers. Cervical cancers have a median mid treatment regression rate of 69% at 36-45Gy
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when treated with radiation alone and 79% when treated with concurrent chemoradiation
[35]. The resulting anatomic changes during radiation treatment can have a significant
impact on dosimetric distributions and can result in inadequate dose delivery to the tumor
even with 4D CT image-guided radiotherapy planning [28, 36]. Britton et al. evaluated the
dosimetric consequences of anatomic changes during conformal photon beam radiotherapy
for 10 patients with NSCLC using weekly 4D CT Scans. The authors noted a substantial
decrease (—20.5%) in the PTV dose coverage and variable increases in doses to normal
tissue structures such as the lung, spinal cord, esophagus and heart [36].

At present, the standard of care is to base the entire course of radiation treatment upon the
initial treatment plan, which is derived from the pre-treatment scan. However, in some cases,
it is important to use on-board imaging or verification CT scans to assess the need for
treatment re-planning to adjust for anatomical changes during the course of radiation
treatment. This could widen the therapeutic ratio by maximizing dose to the tumor and
protecting critical normal structures. Ideally, one would account for both inter-and intra-
fraction variability on a daily basis or after a given number of fractions.

Example cases are noted in Figure 1 and 2. Figure 1 demonstrates CT simulation images of a
patient with locally advanced NSCLC undergoing concurrent chemoradiation at the initial
simulation (left) and at week 4 of treatment (right). At 4 weeks into treatment, significant
regression in tumor size was noted on weekly cone-beam CT. The patient was re-simulated.
When the volumes were adjusted for anatomic changes and the initial plan was calculated on
the new CT, it was noted that the patient’s lung V20 was over the acceptable range. The
patient required re-planning to ensure the radiation treatment would be safe.

Figure 2 demonstrates CT simulation images of a patient with locally advanced NSCLC
undergoing concurrent chemoradiation at the initial simulation (left) and after week 1 of
treatment (right). At the time of initial simulation, her right lung was completely collapsed.
After a few fractions of radiation, her right lung re-expanded, causing a dramatic shift in
anatomy and displacement of the GTV (red outline is the initial GTV and cyan outline is the
GTV on re-simulation). This displacement required a re-simulation and re-planning for
accurate targeting.

In addition to anatomic changes, functional changes in the tumor, as assessed by PET scan,
have been found during the course of radiation therapy in various cancers, such as lung, head
and neck and cervical cancers [37-39]. Mid-treatment PET scans are being investigated as
tools to risk-adapt treatment [37]. RTOG 1106 is a randomized phase I trial in patients with
locally advanced NSCLC undergoing concurrent chemoradiation. This trial investigated the
role of a week 4 PET scan to individually adapt therapy. The control arm treated patients to
the standard dose of 60 Gy in 30 fractions without re-planning. The experimental arm
escalated the radiation dose to areas of persistent FDG avidity on the week 4 PET scan in an
attempt to improve control of areas in the tumor with persistent activity. Results are pending.

Adaptive re-planning comes with some challenges. One concern is that shrinking target
volumes could lead to under-coverage of microscopic disease. Berkovic et al., however,
noted in a small retrospective study, that with adaptive planning at fractions 15-20, normal
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tissue structures receive lower doses of radiation and initial CTV volumes that account for
initial microscopic disease, still receive adequate microscopic doses of 50 Gy [40]. The
safety of re-planning needs to be evaluated in a prospective fashion, as in studies like RTOG
1106. In the experimental arm of this this protocol, 95% of the initial PTV volume was
required to receive a radiation dose of 50 Gy, and 95% of the initial CTV volume was
required to receive a dose of 60 Gy. These specifications help to ensure adequate coverage of
potential microscopic disease, even as tumors evolve during treatment.

Another challenge with adaptive re-planning involves allocation of resources for replanning.
Adaptive re-planning requires re-contouring and re-planning, which is currently time
consuming. Additional resources to acquire images, such as time on the treatment machine
for cone-beam CT images or CT simulator time are also needed. Due to the potential
benefits of adaptive re-planning, technology is evolving to accommodate these limitations
with automated planning and MR Linac technology [41].

Additionally, another potential burden of adaptive re-planning is standardizing nomenclature
to distinguish volumes and targets at different time points. The RTOG 1106 protocol had 10
target volumes in the adaptive arm to distinguish the phases and imaging modalities used to
generate the target volumes. With increasing numbers and variations of target volumes,
treatment planning becomes more complex. As the field moves in the direction of more
frequent adaptive re-planning, ICRU definitions to standardize and formalize treatment-
planning approaches will become necessary.

Implications of Tumor Motion and Adaptive Re-planning for Proton Therapy

Tumor motion and normal tissue changes during radiation therapy are of particular concern
in proton radiation therapy. Small differences in the amount of tissue that the proton beam
passes through can result in large deviations in the dose deposited in the target or
surrounding normal tissue. The decrease of a tumor mass as a result of therapy, differences
in lung density resulting from radiation therapy[42] and the presence/resolution of a pleural
effusion[33] may result in drastic changes to the target coverage and doses to organs at risk
if the proton beams pass through these variations and may necessitate adaptive re-planning.

This can be mitigated through the careful choice of beam angles, the use of multiple beams
and frequent imaging studies to verify the dose deposited to the target and surrounding
organs at risk. The integration of treatment room based volumetric imaging (e.g. cone beam
CT) in proton therapy has lagged behind external beam radiation therapy[43] and most
adaptive re-planning in proton therapy is based upon follow up CT scans at predetermined
intervals. Adaptive re-planning [44—-46] in proton therapy has the potential to ensure that the
target receives the prescribed radiation dose and normal tissue constraints are met
throughout treatment. Future clinical trials evaluating adaptive re-planning will require a
standardization of how adaptive therapy is implemented and reported.

Conclusions

In conclusion, while the current ICRU definitions have evolved over time and take into
account advances in technology to more accurately define margins and account for tumor
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motion, the current definitions are not ideal. Revisions of the current ICRU definitions to
more practical definitions are recommended. We suggest a more clinically relevant
sequencing approach of: GTV — IGTV — ICTV — PTV.

There are different methods of generating a motion envelope. Accounting for motion and
motion interplay effects is important, particularly as radiation technology and delivery
methods advance and become more precise and in the case of hypofractionated treatments.
In addition to tumor motion from respiration, tumor and normal tissue changes during the
course of radiation therapy are important to consider. Adaptive re-planning is being
investigated as a possible mechanism to widen the therapeutic window. Additionally, mid-
treatment functional imaging may be helpful in identifying areas of the tumor that may
require higher doses of radiation to achieve better tumor control.

Proton therapy may be particularly sensitive to tumor motion and anatomic changes during
treatment, as small differences in the amount of tissue that the proton beam passes through
can result in large deviations in the dose deposited. As technology advances and the field
moves more towards adaptive and bio-adaptive treatment planning, the ICRU definitions will
need to evolve to standardize these more complex approaches to radiation therapy planning
and delivery.
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Figure 1.
CT simulation images of a patient with locally advanced NSCLC undergoing concurrent

chemoradiation at the initial simulation (left) and at week 4 of treatment (right)
demonstrating considerable regression in the tumor during treatment.
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Figure 2.
CT simulation images of a patient with locally advanced NSCLC undergoing concurrent

chemoradiation at the initial simulation (left) and after week 1 of treatment (right)
demonstrating re-inflation of a collapsed lung.
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