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What is Head-and-Neck Cancer?

Credit to Terese Winslow

Voice box 

Throat

From 2016-2020, in the United States, 

232,535 new cases of Oral 
Cavity and Pharynx cancer were 

reported, and 51,781 people 
died of this cancer. For every 100,000 

people, 12 new Oral Cavity and 
Pharynx cancer cases were reported and 

3 people died of this cancer.

Presenter Notes
Presentation Notes
Basically, the head and neck cancer are the cancers that happens among the head and neck region. 

(Bullet point 1)

But there are a few exceptions like cancers of the brain, the eye, and the skin of the head and neck are not usually classified as head and neck cancers.

(bullet point 2)
Oral cavity: Includes the lips, the front two-thirds of the tongue, the gums, the lining inside the cheeks and lips, the floor (bottom) of the mouth under the tongue, the hard palate (bony top of the mouth), and the small area of the gum behind the wisdom teeth.

Throat (pharynx): The pharynx is a hollow tube about 5 inches long that starts behind the nose and leads to the esophagus. It has three parts: the nasopharynx (the upper part of the pharynx, behind the nose); the oropharynx (the middle part of the pharynx, including the soft palate [the back of the mouth], the base of the tongue, and the tonsils); the hypopharynx (the lower part of the pharynx).

Voice box (larynx): The voice box is a short passageway formed by cartilage just below the pharynx in the neck. The voice box contains the vocal cords. It also has a small piece of tissue, called the epiglottis, which moves to cover the voice box to prevent food from entering the air passages.

Paranasal sinuses and nasal cavity: The paranasal sinuses are small hollow spaces in the bones of the head surrounding the nose. The nasal cavity is the hollow space inside the nose.

Salivary glands: The major salivary glands are in the floor of the mouth and near the jawbone. The salivary glands produce saliva. Minor salivary glands are located throughout the mucous membranes of the mouth and throat.
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less pain, faster recovery

can’t completely remove the 
cancer for some patients

shrink a tumor to remove via 
surgery more easily

kill missed cancer cells after surgery  

 will receive radiation

Surgery Radiation therapy

How to deliver the radiation therapy accurately to the 
tumor, but sparing the healthy tissues, with littlest cost?

Presenter Notes
Presentation Notes
Nowadays, surgery of head and neck cancer is done robotically or via microsurgery through the mouth alone. These operations last about two hours and patients spend significantly less time in the hospital, experience less pain, recover faster.

However, depending on the location, stage, and type of the cancer, some people may need more than one operation. That’s when the radiation come into play to destroy remaining cancer cells.

Like surgery, radiation is considered a local treatment because it affects only the cancerous area of the body. Radiation therapy typically is used to first to shrink the tumor, or after surgery to kill any cancer cells that may have missed. However, the patient would receive some radiation which may destroy healthy tissue.

So the question is, how to deliver the radiation therapy accurately to the tumor, sparing the healthy tissues, with littlest cost?



Radiotherapy workflow (spatial)

1. Diagnosis (planning CT)

2. Counsel

4. Treatment planning (RayStation)

3. Simulation

5. Treatment delivery
(linear accelerator + CTOR scanner for daily FBCT)

*figure credits to RayStation 9A user manual

Presenter Notes
Presentation Notes
Before we dive into the problem, let’s take a look at how the radiotherapy works spatially in the hospital. (1 – 5 point)

Simulation: make patient lay down on the CT table and figure out the position for radiation treatment
Treatment planning: what beam we are gonna fire from what direction





Treatment Planning

1. Take a planning CT 2. Design repeatable treatment plan

Presenter Notes
Presentation Notes
On treatment planning day, the patient would first be taken a planning CT.

Then according to this CT image, the radiologist would design a repeatable treatment plan, which would be performed on each fractions. The radiation oncologist would decide how the beam set would be positioned and at what magnitude. Just like the down left figure shows.

On the right-hand side, is the dose distribution we will get from the left setup.



After Treatment Planning

Treatment Planning Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5

Week 1

Fraction 26 Fraction 27 Fraction 28 Fraction 29 Fraction 30

Week 6

Fraction … Fraction … Fraction … Fraction … Fraction …

Planning CT

Each weekday would carry 
out one treatment fraction.

Presenter Notes
Presentation Notes
A few days later, the patients would get their first treatment, namely the fraction 1. Each fraction corresponds to one treatment day.




However …
Planning CT 

(at the beginning of the treatment)
Fraction 30 treatment CT

(at the end of the treatment)

The patient has a substantial anatomical change, but 
the treatment plan stays static.

Presenter Notes
Presentation Notes
After comparing the CT scans of a patient before and after treatment, we observed a significant reduction in the size of the large tumor located on the right side of their neck following treatment.

While this reduction indicates a successful outcome, it's important to note that the treatment plan remained static throughout, with the patient receiving the same prescribed radiation dose from start to finish, despite significant anatomical changes.

Administering the initial radiation dosage during the later stages of treatment implies potential overdosing, posing a risk of harm to sensitive structures within the body.



Head & Neck cancer 
tumor response quick

Patients usually lose weight 
substantially due to side effect

Position setup error 
can accumulate

Can we identify the patients who may potentially be 
overdosed later using the early-stage data?

Before After

Presenter Notes
Presentation Notes
Head and neck tumors have a unique behavior—they respond super fast! That means even big tumors can shrink a lot over time.

And treating head and neck cancers can be also painful for patients. Side effects like xerostomia (dry mouth) can mess with eating habits and cause patients to lose a bunch of weight during treatment.

What’s more, ensuring accurate patient positioning is particularly challenging, as setup errors tend to accumulate over time.

When these three things happen together, it's a chance to study how the dose of radiation changes as patients lose weight during treatment. 

And whether we can identify the patients who may potentially be overdosed later using the early stage data, so we can redesign the treatment plan to avoid damaging healthy tissue.



Our dataset has 74 patients with HNC treated between 2012 and 2020. 
For each patient, there are:

Set of daily FBCTs
Set of dose delivery distribution 

in daily FBCT space

Ranging from 10 to 39 daily FBCTs,
with an average of 19.0 daily FBCTs 
per patient

1 treatment plan in 
planning CT space

More than half of the patients received a FBCT at least every second 
day during the treatment.

Presenter Notes
Presentation Notes
To monitor the dose delivery, a comprehensive dataset is needed to record all the data when the patients are receiving treatment

We can do this by doing a CT scan every day to see how much radiation they're really getting.

Our novel dataset consists of 74 patients with HNC treated between 2012 and 2020. For each patient, there is 1planning FBCT simulation scan, 1 approved and delivered treatment plan, and 10 to 39 daily FBCT IGRT image sets, with an average of 19.0 daily FBCTs per patient. The frequency of imaging in the patient cohort ranges from 1 to 2.7 days, with more than half of the patients receiving a FBCT at least every second day during the treatment.




Patient cohort demographic



Dose tracking workflow on RayStation

Rigid registration Deformable registration Dose simulation in daily CT space

Dose deformation Dose accumulation Biological response calculation

RayStation collapsed cone algorithm

Presenter Notes
Presentation Notes
Dose tracking was carried out using the RayStation and was automated using the built-in scripting application programming interface (API). 

Several scripts were developed to automate the following steps: replicate the registration utilized for image guidance, deformable image registration (DIR), contour propagation, dose calculation on daily images, dose deformation, and dose accumulation.



Rigid registration

rigid transformation = translation matrix + 3 rotation matrix (Pitch, Roll, Yaw)

Rigid registration

Presenter Notes
Presentation Notes
The transformation consists of translations and rotations and is represented by a 4 x 4 transformation matrix M. 

And the dicom file has stored a Frame of Reference Transformation Matrix inside, so what you have to do is only read them out and reorganized them as a matrix and do the multiplication.

When presented to the user, a more intuitive representation is derived from the matrix. This representation consists of a translation (T), three rotation angles (yaw, pitch, roll), and a rotation center point (c). 

Pitch: Rotation about the patient's Right-Left axis. 
Roll: Rotation about the patient's Inferior-Superior axis
Yaw: Rotation about the patient's Posterior-Anterior axis. 




Deformable registration

Weistrand, O. and Svensson, S., 2015. The ANACONDA algorithm for deformable image registration in radiotherapy. Medical physics, 42(1), pp.40-53.

Rigid registration Deformable registration

Image similarity

Grid regularization term

objective function = image similarity + grid regularization term 

Presenter Notes
Presentation Notes
Hybrid deformable registration uses a combination of image intensity information and anatomical information (ROIs and POIs). 

The problem is formulated as a non-linear optimization problem where the objective function is a combination of an image similarity term, grid regularization terms, and anatomical penalty terms. grid regularization term, which aims at keeping the deformed image grid smooth and invertible; The voxel containing vi is box shaped and the six-face connected grid points are denoted Ni. 


https://aapm.onlinelibrary.wiley.com/doi/epdf/10.1118/1.4894702


Dose deformation
Goal: deform delivered fractional dose distribution (𝑆𝑆) in daily FBCT space into planning CT space (𝑇𝑇)

𝑇𝑇: Deformed delivered fraction dose
𝑆𝑆: Delivered fraction dose

𝜑𝜑:ℤ3 → ℝ3 , 𝑆𝑆:ℝ3 → ℝ,𝑇𝑇:ℤ3 → ℝ𝑇𝑇 = 𝑆𝑆 ∘ 𝜑𝜑
Trilinear Interpolation

𝑆𝑆:ℤ3 → ℝ

Rigid registration Deformable registration Dose simulation in daily CT space

Dose deformation

Presenter Notes
Presentation Notes
Dose deformation in RayStation is always performed in the direction from the daily CT(source) set to plan CT(target) set. 
(describe the equation and symbol)

###
The dose deformation is performed through an interpolation procedure. 
Given a point in the target image set, the displacement field and the rigid registration is applied in order to find the corresponding point in the source image set. 
The dose on the source image set is then tri-linearly Interpolated and mapped back to the target image set. 
If any of the doses selected for deformation is not fully covered by the deformation grid, the grid will be automatically expanded. 
The expansion will be smoothly extended from the boundary and finally padded by zero deformation vectors to cover the dose.




Dose accumulation

+ … + + … +

Fraction 1 Fraction 10 Fraction 20

+ … =

Rigid registration Deformable registration Dose simulation in daily CT space

Dose deformation Dose accumulation

+…+ +…+ 

Total delivered dose

Presenter Notes
Presentation Notes
The dose accumulation step is simply summation of the deformed delivered fraction doses for the user selected consecutive fractions.

When it comes to the approximate total dose that patients received during the whole treatment course, just multiply the treatment plan dose with the total number of fractions.




Biological response calculation
We want to evaluate how sufficient high dose is delivered to the tumor, and how well the dose 
avoids the surrounding normal tissue. 

Rigid registration Deformable registration Dose simulation in daily CT space

Dose deformation Dose accumulation Biological response calculation

Radiobiological models 
Tumor Control Probability (TCP):  possibility of tumor would be under control

Normal Tissue Complication Probability (NTCP): possibility of normal tissue develops complication

Presenter Notes
Presentation Notes
Except for making sure the dose delivered to the patient accurately complies to the plan, what we really care about is how the tissues would respond to the treatment. Here we choose two radiobiological models to evaluate the treatment delivery

TCP, tumor control possibility is the Probability that a given dose of radiation will provide tumor control or eradication considering the specific biological cells of the tumor.

NTCP, Normal tissue complication Probability, is the probability that a given dose of radiation will cause an organ or structure to experience complications (considering the specific biological cells of the organ or structure). 
The NTCP is used in treatment planning as a tool to differentiate among treatment plans.
A dose-dependent mathematical model to gauge the probability of dose-induced complications in noncancerous tissue.

###
Radiobiological models are used in radiobiological treatment planning to estimate the probability of eradicating the tumour and the probability of inducing damage to the normal tissue. 
The tumor control probability (TCP) and the normal tissue complication probability (NTCP) are very popular tool for the plan evaluation.
Both TCP-Poisson LQ, NTCP-Poisson LQ  are based on cell survival models and Poisson statistics.

These biological indices can be used to compare rival dose distributions as well as rival fractionation schedules. Given a dose distribution the radiobiological tools can be used to manually modify the fractionation schedule so that a better fractionation schedule is obtained with respect to the biological models and the individual patient geometry. 
(last two bullet points)

The main goal in radiation therapy is to deliver a sufficiently high dose to the tumor so that all tumor cells are killed while avoiding radiation induced damage to the surrounding normal tissue. 




Biological response calculation

The uncertainty of the biological response deviation stems only 
from the dose received by each voxel at each fraction.

Presenter Notes
Presentation Notes
(describe the equation briefly)

Another thing that I would mentioned here is kept in mind that the biological models of today have a limited predictive power, 
You still need to make sure the physical dose distributions must be inspected and found acceptable in conventional terms before approving a plan for delivery. 
It’s just an auxiliary tool for decision making.


###
EQD2 ,the equivalent dose in 2Gy-fractions, is based on the linear quadratic (LQ) cell survival model and can be used for comparing fractionation schedules.
It estimates the total dose delivered in 2 Gy-fractions that gives the same biological effect as the total dose obtained using the fractionation schedule of interest. 
The general EQD is expressed as 



Deviation of D95/D98 of PTVs

A positive percentage indicates an increase ↑ from the plan and 
a negative percentage depicts a decrease↓ from the plan.
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D95: the dose received by 95% of the volume; 
D98: the dose received by 98 % of the volume.

Presenter Notes
Presentation Notes
Deviations of D95/D98 for the190 planning target volumes (PTV) are shown in Figure 1. Note that due to some patients being treated bilaterally or with simultaneous integrated boosts, 1 patient may have more than 1 PTV contour. 

The mean deviations of D95 and D98 of the PTVs were observed to be −0.7% and−1.3%, respectively. Among patients whose PTVs experienced decreased D95, the maximum deviation was −12.0%, followed by a patient whose D95 variation was −8.7%. 

With regard to D98 evaluation, 12 patients’ PTVs experienced a greater than 10% decrease, the largest followed by the next largest deviations of−28.3% and −16.8%, respectively. We closely investigated the patients whose PTVs experienced more than a 10% decrease in D98 and listed them in Table 2.



Dose delivery in PTVs

Presenter Notes
Presentation Notes
As is shown, patients who saw more than a 10% decrease in D98 of PTVs did not observe the same degree of deviation in D95 due to the relative dose shift being limited to within 10%. 

In contrast, the PTV of patient HN013 experienced a 12% decrease in D95but saw a 13.7% increase in D98.



Dose Deviation on OARs
mean dose deviation 
in parotid glands

maximum dose deviation 
in brainstems

maximum dose deviation 
in spinal cords

A positive percentage indicates an increase ↑ from the plan and 
a negative percentage depicts a decrease↓ from the plan.
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Presenter Notes
Presentation Notes
Total delivered dose was evaluated for 147 parotid glands (1 patient had only a right parotid gland), 73 brainstems (1 patient’s brainstem contour was not transferred), and 74 spinal cords. The distribution of variation between planned and delivered doses of critical OARs is detailed in Figure 2.

We observed an average 6.5% increase in mean dose across all 147 parotid glands for all 74 patients. Of the 147 parotid glands,71 experienced a ≥ 5% increase in mean dose, with 10 (13.5%)receiving a 20% to 50% higher mean dose than that was indicated by the original treatment plan. 

Less frequent increased dosing of the brainstem was observed: the mean and maximum deviation of maximum dose was a 2.3% decrease and a 12.5% increase, respectively. Only 2 patients experienced a 5%to 10% increase in maximum dose to the brainstem, with 1 receiving a cumulated maximum dose that was 12.5% higher than that indicated by the original treatment plan. We note that while the dose to the brainstem increased above what was originally planned, it is well below the known tolerance dose for this structure. 

For the spinal cord, the mean and maximum deviation of maximum dose was a 0.7% increase and a 13.7% increase, respectively, with 96% of patients receiving a less than 5% relative increase above the originally planned maximum delivered dose. Again, an increase in delivered dose beyond what was originally predicted does not mean that the structure exceeded its known tolerance dose. 

As demonstrated in the central and right panels of Figure 2, for maximum dose, only 3 patients’ brainstems and 3 patients’ spinal cords received ≥ 5% dose than was originally planned and approved. The majority of total dose increases occurred in the parotid glands as priority is typically given to adequate dose coverage of the target, which can subsequently and (sometimes) unavoidably spill dose to the immediately adjacent parotid gland(s).



Dose delivery in Parotid Glands
We curated a set of patients of interest who had at least 1 parotid gland that was prescribed a greater than 26 Gy 
mean, initial planning dose.

Presenter Notes
Presentation Notes
We next curated a set of patients of interest who had at least 1 parotid gland that was prescribed a greater than 26 Gy mean, initial planning dose, and for which the subsequent delivered mean dose was even higher than the planning goal by more than 4 Gy.

The dosimetric difference for parotid glands in this patient subset is listed in Table 3. Of 74 patients, 10 experienced a nontrivial variation of the delivered dose in parotid glands (according to the previously stated criteria), which resulted in NTCP increases compared with the anticipated NTCP in the original plan, ranging from11% to 44%. 

Table 3 lists the planned and delivered NTCPs in parotid glands. Notably, the NTCP in the right parotid glands increased by 44% and 27% in HN010 and HN030, respectively, and the NTCP of HN010 in the left parotid glands increased by 23%, which suggests a potential negative biological response. 

Further, we found HN010’s weight went from 218.9 to 198.2lb over the course of treatment, representing a loss of 20.7 lb or 9.4%of original weight. The primary gross tumor volume (GTV) was 26.4 cm3,while the nodal GTV was 51.2 cc. Subject HN030’s weight went from185.7 lb to 163.3 lb over the course of treatment, a loss of 22.4 lb or 12.1%of the original weight. 

Their primary GTV was 26.0 cc, while the nodal GTV was 33.9 cc. With relatively large primary GTVs that reduced in volume over the course of treatment, along with weight loss, it is not surprising that the parotids migrated closer to the high-dose area of the plan as treatment went on. While these 2 patients were theoretically expected to have a greater than 1in 2 chance of experiencing grade2 or higher xerostomia, they were clinically observed to only have grade 1 xerostomia, a very common effect seen in our patient cohort.



Correlation between predicted mean dose deviation and 
observed total mean dose deviation

For the parotid glands where the predicted dose deviation did not surpass the 3.9Gy threshold, 14 of these saw 
the observed final dose deviation reach above the threshold, indicating an 89.8% negative predictive value (NPV). 

Thus, the sensitivity of this model is only 43.5% despite a 99.2% specificity. 

Presenter Notes
Presentation Notes
To evaluate the potential need to replan during the treatment course, we also explored the correlation between the dosimetric data at the middle and the end of the treatment, as previously proposed by Hunter et al10and McCulloch et al11 where it was suggested that a midcourse dose deviation is likely to be predictive of the outcome for the entire treatment course. Recently published data from McCulloch et al11 suggested that a less than 15% deviation between planned and delivered doses for parotid glands would not have a significant toxicity impact on a patient population. While this threshold may be debatable, we endeavored to investigate the validity of this assertion for our own dataset. In Figure 3, we plot the deviation from the total planned to total delivered mean dose received by 147 parotid glands of 74 patients. Additionally, we calculated the deviation from accumulated planned dose to accumulated delivered mean dose in the first half of the treatment for each parotid gland and scaled each by 2 to serve as the predicted deviation at the end of the treatment (light blue dots in Figure 3). The predicted mean dose deviation at the end of the treatment is connected by color-coded segments to the actual observed total mean dose deviation at the end of the treatment. We ordered the parotid gland data by the predicted mean dose deviation for improved illustration and understanding. We defined the dose deviation threshold (dark blue dashed line) for the entire treatment course at 15% of the prescribed mean dose of 26 Gy for the parotid glands, resulting in a value of 3.9 Gy. As canbe seen, 10 patients’ parotidglands had a predicted meandose deviation exceeding a 3.9 Gydose deviation threshold, ie, 15%of the 26 Gy prescribed meandose for parotid glands. Amongthese, 3 parotid glands saw adecrease from predicted deviationto observed total dose deviation,and for 1 the observed totalmean dose deviation fell underthe 3.9 Gy threshold, suggesting a90% positive predictive value (PPV)in the cohort. For the parotid glands where the predicted dose deviation did not surpass the 3.9Gy threshold, 14 of these saw the observed final dose deviation reach above the threshold, indicating an 89.8% negative predictive value (NPV). Thus, the sensitivity of this model is only 43.5% despite a 99.2% specificity. We also investigate the two-thirdsand three-fourths points of thetreatment course: both of thesecheckpoints exhibit improved PPV(100%), NPV (92.54%), sensitivity(56.52%), and specificity (100%).However, it is worth notingthat a later evaluation timepoint may potentially nullify theadvantages gained through adaptivereplanning.



Correlation between observed mean dose deviation at 
midpoint/end of the treatment

In spite of the upward trend of the dark blue crossmarks representing different parotid glands’ observed total 
mean dose deviation, we could not observe an upward trend in midcourse dose deviation (light blue 
points),regardless of the variance of the midcourse deviation increases with the trend of total dose deviation.



2D distribution of parotid glands in the space of final actual dose 
deviation—final predicted dose deviation at the end

The color of the sample points is proportional to the difference between the observed and predicted dose 
deviations.  Redder → larger positive dose difference ; bluer →  larger negative dose difference

In this Figure, we plot 147 parotid glands in the 2D space with 
predicted total dose deviation on the x-axis and actual total dose 
deviation on the y-axis. 

116 parotid glands saw an increase from predicted total dose 
deviation to observed total dose deviation (points located above 
the green dashed line), and 72 out of 147 parotid glands had a 
positive predicted dose deviation and an even larger actual dose 
deviation. 

We observed that the majority of parotid glands (78.9%) received 
more dose in the latter half of the treatment than in the first half 
of the treatment. 



Bland-Altman plot of actual dose deviation and predicted dose 
deviation in parotid glands

Ideally, a reference measure should have all the sample points 
located on the y = 0 line (difference of 2 measures equals to 0). 
However, as shown in Figure, most of the sample points are 
located above the y = 0 line.

Difference between the predicted and observed total dose 
deviation is not strongly correlated with the predicted total dose 
deviation

Therefore, a midcourse evaluation of the need for replanning is 
unable to predict overdosing of critical OARs at the end of the 
treatment.
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