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Introduction to Lymph Node Delineation and Its Clinical Significance

In the rapidly evolving landscape of radiation oncology, the precision of treatment delivery has moved from broad-
field irradiation to highly conformal techniques such as Intensity-Modulated Radiation Therapy (IMRT) and
Volumetric Modulated Arc Therapy (VMAT). Central to the success of these modalities is the accurate
identification and contouring of target volumes, specifically the Clinical Target Volume (CTV). The delineation of
lymph node regions is a critical component of this process, particularly in malignancies of the head and neck,
pelvis, and para-aortic areas. However, anatomical variability and the complexity of nodal pathways often lead to
significant inter-observer variability (I0V) among radiation oncologists.

To mitigate this variability and ensure standardized care, specialized anatomical atlases have been developed.
These atlases provide a consensus-based framework for defining the boundaries of nodal levels using Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) landmarks. By adhering to these validated

guidelines, clinicians can maximize the probability of tumor control while minimizing dose-related toxicities to
adjacent Organs at Risk (OARSs). This article provides an in-depth technical analysis of these atlases, focusing on
the para-aortic, pelvic, and head and neck regions.

Core Concepts and Theoretical Framework of Nodal Mapping

The fundamental objective of a lymph node atlas is to translate surgical and pathological nodal levels into three-
dimensional radiological volumes. This translation requires a deep understanding of vascular and skeletal
landmarks, as lymph nodes typically follow the path of major blood vessels. The theoretical framework for modern
atlases relies on three primary pillars: Anatomic Consistency, Pathological Correlation, and Radiological
Reproducibility.

The Role of Inter-Observer Variability (I0V)

IOV represents one of the most significant challenges in radiotherapy planning. Studies have shown that without
standardized guidelines, the volume and shape of a delineated lymph node region can vary by more than 40%
between different clinicians. This discrepancy can result in geographic miss(where subclinical disease is under-
dosed) or excessive irradiation of healthy tissue. Consensus atlases act as a stabilizing force, providing rigid
definitions for superior, inferior, anterior, posterior, and lateral boundaries.

Vascular-Centric Contouring

Most nodal regions are defined by their proximity to major arteries and veins. For instance, pelvic lymph nodes are
categorized based on their relationship to the common iliac, external iliac, and internal iliac vessels. The
technical guideline usually suggests a 7mm to 10mm expansion around these vessels, which is then manually
edited to exclude bone, muscle, and air—a process known as vessel-plus-margin contouring.



The Para-Aortic Lymph Node Region: Delineation for Cervical Cancer

Para-aortic lymph node (PALN) involvement is a significant prognostic factor in cervical cancer. Accurate
delineation is vital for patients requiring extended-field radiotherapy. The Keenan et al. (2018) atlas and
subsequent validations by Lee et al. (2019) have established the gold standard for this region.

Anatomical Boundaries of the PALN CTV

The para-aortic region generally extends from the level of the renal vessels down to the aortic bifurcation. The
specific boundaries are defined as follows:

e Superior Boundary: Typically the T12/L1 interface or the level of the renal artery emanation.

« Inferior Boundary: The bifurcation of the aorta into the common iliac arteries, usually occurring at the L4/L5
level.

e Anterior Boundary: 10-15mm extension from the anterior surface of the aorta and Inferior Vena Cava (IVC).

» Posterior Boundary: The anterior surface of the vertebral bodies and the psoas muscle.

e Lateral Boundaries: 10-15mm lateral to the aorta (on the left) and 5-10mm lateral to the IVC (on the right).

Technical Workflow for PALN Contouring

1. Image Acquisition: Use of intravenous contrast is mandatory to distinguish the aorta and IVC from
surrounding soft tissues.

2. Bony Landmark Identification: Identify the T12, L1, and L4 vertebrae to establish the longitudinal extent.

3. Vessel Delineation: Contour the aorta and IVC as separate structures.

4. Volume Expansion: Apply a non-uniform margin (typically 10mm) around the vessels.

5. Manual Editing: Trim the volume where it overlaps with the vertebral bodies, psoas muscles, and the
duodenum.

Atlas-Based Delineation of the Head and Neck (NO Neck)

In head and neck oncology, the Grégoire et al. (2014)consensus guidelines represent the most widely adopted
framework for contouring the node-negative (NO) neck. This atlas divides the neck into distinct levels (I through VII)
based on anatomical structures such as the hyoid bone, cricoid cartilage, and sternocleidomastoid muscle.

Level-Specific Criteria

Each level in the head and neck atlas has specific surgical and radiological triggers:

e Level | (Submental and Submandibular): Bound superiorly by the mylohyoid muscle and inferiorly by the hyoid
bone.

e Level lI-1V (Internal Jugular Chain): These levels follow the internal jugular vein and are divided by the lower
body of the hyoid (11/11l boundary) and the lower edge of the cricoid cartilage (IlI/IV boundary).

e Level V (Posterior Triangle): Defined by the posterior border of the sternocleidomastoid muscle and the
anterior border of the trapezius.

Comparison Matrix: Head and Neck Nodal Levels



Nodal Level Superior Boundary Inferior Boundary Key Anatomical
Landmarks

Level IA Symphysis of mandible Hyoid bone Between anterior bellies of
digastric muscles

Level IB Body of mandible Hyoid bone Lateral to Level IA, medial
to submandibular gland

Level Il Base of skull (C1) Hyoid bone (lower body) Posterior to submandibular
gland, anterior to SCM

Level llI Hyoid bone Cricoid cartilage (lower Between Level Il and Level

edge) IV along the 1V
Level IV Cricoid cartilage Clavicle / Sternal notch Lower jugular chain
Level V Apex of posterior triangle Clavicle Posterior to SCM, anterior

to Trapezius

The Pelvic Lymph Node Atlas: Prostate and Pelvic IMRT

For prostate and gynecological cancers, the pelvic nodal atlas provides a structure for treating the common iliac,
external iliac, internal iliac, and presacral nodes. The De Hertogh et al. (2024)update emphasizes the integration
of IMRT-specific requirements.

The Presacral Space

The presacral nodal region is often a site of recurrence but is technically challenging to contour. The atlas defines
this region as the space between the anterior surface of the sacrum (S1-S3) and the posterior wall of the rectum.
The lateral boundaries are the medial edges of the sacral foramina.

Integration of the Obturator Nodes

The obturator nodes are located along the lateral pelvic wall, medial to the obturator internus muscle. In many
atlases, these are included within the internal iliac volume, but specific protocols require they be contoured down to
the level of the obturator foramen to ensure coverage of the primary drainage pathway from the prostate or cervix.

Technical Analysis of Atlas Construction and Validation

Creating a validated atlas involves more than just drawing lines on a CT scan. It requires a rigorous methodology to
ensure the atlas is representative of a broad patient population.

1. Expert Consensus (The Delphi Method)

Most atlases, such as the RTOG (Radiation Therapy Oncology Group) or DAHANCAguidelines, utilize the
Delphi method. A panel of experts independently contours a set of standard cases. Their contours are then
merged, and areas of disagreement are discussed until a 100% consensus is reached on the boundary definitions.

2. STAPLE Algorithm

The Simultaneous Truth and Performance Level Estimation (STAPLE)algorithm is often used to generate a
"probabilistic ground truth" from multiple expert contours. This mathematical model accounts for the sensitivity and
specificity of each expert to create a definitive master contour.



3. Metric-Based Validation

To validate an atlas, researchers use metrics like the Dice Similarity Coefficient (DSC) and the Hausdorff
Distance (HD). A DSC score of 1.0 indicates perfect overlap, while 0.7 is generally considered the threshold for
clinical acceptability in nodal contouring. Recent studies on atlas-based auto-segmentation (ABAS) have shown
that using a multi-atlas approach (combining 45+ CT images) can significantly improve these scores compared to a
single-subject atlas.

Practical Implementation: A Field Guide for the Radiation Oncology Team

Implementation of an atlas within a clinical department requires a structured workflow to ensure all staff
(Dosimetrists, Physicists, and Oncologists) are aligned.

Step-by-Step Integration Procedure

1. Selection of the Guideline: Choose a specific published atlas (e.g., IASLC for lung, Grégoire for H&N) and
document this as the departmental standard.

2. Template Creation: Create contouring templates in the Treatment Planning System (TPS) with standardized
naming conventions (e.g., CTV_L_Neck_Il, CTV_ParaAortic).

3. Simulation Protocols: Standardize patient positioning (e.g., arms up for para-aortic) and slice thickness ("d
2.5mm) to ensure landmarks are clearly visible.

4. Peer Review: Implement a "Contour Rounds" session where nodal volumes are reviewed against the atlas
boundaries before dose calculation.

Mathematical Models in Auto-Segmentation

Modern TPS software uses Deformable Image Registration (DIR) to map an atlas onto a new patient's anatomy.
The transformation can be represented by the vector field u(x), where each point x in the atlas is moved to x + u(x)
in the patient scan. The goal is to minimize the energy function:

E(u) = Similarity(Atlas, Patient) + Regularization(u)

This ensures the resulting contours are anatomically plausible and follow the expert-defined boundaries of the
source atlas.

Case Studies and Troubleshooting Common Errors

Failure Mode 1: Variations in Patient Anhatomy

In patients with high Body Mass Index (BMI) or significant anatomical distortion due to large tumors, standard
vascular landmarks may be shifted. Solution:Prioritize skeletal landmarks (vertebrae/pelvic bones) as secondary
anchors and utilize MRI fusion to better visualize soft tissue planes.

Failure Mode 2: Over-Contouring into OARs

A common error is including the duodenum in the para-aortic CTV or the parotid gland in Level Il of the neck.
Solution:Always perform a final "Boolean subtraction” where the CTV is trimmed by 2-3mm from critical OARS to
prevent unnecessary toxicity, provided this does not compromise the target coverage.

Failure Mode 3: Naming Inconsistency

Inconsistent naming leads to errors in dose summation and data analysis. Solution: Adopt the AAPM TG-263
nomenclature for all nodal and organ structures.

Strategic Synthesis and Broader Implications



The shift toward personalized medicine and Al-driven oncology does not diminish the value of anatomical atlases;
rather, it amplifies it. These atlases serve as the "training data" for deep learning algorithms. Without high-quality,
consensus-based delineation, artificial intelligence would simply replicate the inconsistencies and errors of the

past. As we move toward Adaptive Radiotherapy (ART), where plans are adjusted daily based on the patient's
internal anatomy, the role of clear, reproducible nodal boundaries becomes even more paramount.

Standardizing lymph node delineation through these atlases is not merely a technical exercise—it is a clinical
necessity that directly impacts patient survival and quality of life. By mastering the boundaries of the para-aortic,
pelvic, and head and neck regions, the radiation oncology community ensures that the high-tech precision of
modern linear accelerators is matched by high-quality target definition. The ongoing evolution of these guidelines,
supported by robust validation studies and multi-institutional cooperation, remains the cornerstone of excellence in
oncological care.
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