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Abstract

Cherenkov images can be used for the quality assurance of dose homogeneity in total skin electron 

therapy (TSET). For the dose mapping purpose, this study reconstructed the patient model from 

3D scans using registration algorithms and computer animation techniques. The Cherenkov light 

emission of the patient’s surface was extracted from multi-view Cherenkov images, converted into 

dose distribution, and projected onto the patient’s 3D model, allowing for dose cumulation and 

evaluation. The projected result from multiple Cherenkov cameras provides additional information 

about Cherenkov emission on the sides of the patients, which improves the agreement between the 

Cherenkov converted dose and the OSLD measurements.
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1. INTRODUCTION

Total skin electron beam therapy (TSET) is a widely utilized treatment for cutaneous 

lymphoma and leukemia[1–6]. The Stanford standing technique is employed in Penn’s clinic 

to position patients for TSET. The patient needs to stand in six different postures while being 

irradiated by the high-energy electron beam[7]. For each posture, the patient receives the 

beams from two gantry angles to ensure adequate dose coverage of the upper and lower 

body[8]. The goal for the setting is to obtain a uniform dose distribution (within 10%) on 

the patient’s whole skin surface, with exception of the region where the beam must incident 

obliquely due to the curvature of the body contour.

However, dose verification of the patient’s entire surface could be challenging in this 

context. Typical dosimetry tools, such as diodes, TLDs, and OSLDs, can only measure the 

dose at certain points of the body. Recent studies have demonstrated that Cherenkov imaging 

can be a promising optical imaging method to evaluate the 2D dose distribution for TSET 
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patients[9–11]. The Cherenkov light emits when the speed of the electron exceeds the light 

speed in tissue during the radiation and can be captured by a specific intensified camera[12, 

13]. Studies have indicated a linear relationship between the intensity of the Cherenkov 

signal and the surface dose of tissue with uniform optical properties[9]. As such, Cherenkov 

emission can be utilized as a surrogate for superficial dose, allowing for the derivation and 

visualization of the 2D surface dose distribution[11]. The Cherenkov-converted dose can 

then be projected onto the reconstructed patient 3D model for each posture. As for the 

cumulative dose analysis, computer animation techniques have been proposed to generate 

different models for different postures with the same vertex index for the same part of the 

body. The cumulative dose can be calculated by summation and displayed on the single body 

surface[14].

This study extends the methods by combining Cherenkov projections from three different 

views. The side cameras can capture the side Cherenkov emissions that are missed by the 

front camera and give a more accurate dose prediction on top of the single-view projection 

method.

2. MATERIALS AND METHODS

2.1 Setup of the treatment, camera and measurements

For TSET treatment, Truebeam Linac (Varian, Palo Alto, CA) is used to produce 6 MV 

electron beam. The Linac gantry is rotated to 90° and a TSE box (120 × 120 × 240 cm) 

is placed 400 cm away from the isocenter, right in the center of the radiation field. The 

patient stands in the center of the TSE box with a source-surface-distance (SSD) of 500 cm 

and is postured in six different positions throughout the treatment according to the Stanford 

standing setup. The treatment is administered in two-day cycles with three dual fields to 

treat three postures each day. For each posture, the gantry angle was set at 74° and 106° 

to deliver the upper and lower fields. Each field consists of 2226 Monitor Units (MU) 

of electron beam (HDTSE) at a dose rate of 2500 MU/Min. For every TSET treatment, 

optically stimulated luminescent dosimeters (OSLDs) are taped on the patient skin for 

the cumulative dose monitoring purpose. For the single-projection studies, six OSLDs are 

taped to the patient’s vertex, chest, umbilicus, perineum, right hand and right shin. For the 

multi-projection studies, two additional OSLDs are used to record the dose on the two sides 

of the patient, which can be later used for Cherenkov-to-dose conversion for side cameras.

To collect the Cherenkov emissions from the patient’s surface, three time-gated intensified 

cameras (CDose Camera System, DoseOptics, Lebanon, NH) are employed (Figure 1(a)). 

The front camera (Figure 1(b)) is mounted on the wall of the clinic room behind the Linac 

head and at the same height as the radiation isocenter. The distance between the front 

camera and the patient is around 7.5 meters. The two side cameras (Figure 1(c)&(d)) are 

as well mounted on the wall capturing the left and right side Cherenkov emissions. The 

door-side camera is 90 cm higher than the radiation isocenter, whereas the wall-side camera 

is 70 cm higher. All three cameras are angled to point at the patient to provide a full view of 

the TSE box.
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Two 3D surface cameras are placed in front of the patient to acquire the patient’s position 

during the treatment. After the patient is postured and held still as the therapist instructs, 

the two 3D cameras will scan the patient’s surface contour in two perspective views. The 

room light is dimmed for less contamination to the Cherenkov signals and the therapist 

can monitor the patient through an infrared camera. During the treatment, the Cherenkov 

cameras will record the Cherenkov light triggered by the electron pulse and provide a video 

about the real-time Cherenkov emission during this whole section. Then the Cherenkov 

image for each field can be acquired by accumulating each frame of the recorded video after 

background subtraction.

2.2 Corrections and conversions for the Cherenkov signals

In addition to the dose-response relationship, the Cherenkov intensity may also be affected 

by camera properties, such as cameras’ vignetting effect and sensitivity variations. To this 

end, flood correction (Figure 2(a)) is applied to address the different responses of the pixels. 

Subsequently, perspective correction (Figure 2(b)) is applied to account for the vertical 

inconsistency between the Cherenkov signals and the dose readings based on the diode 

measurement.

After applying the full corrections, the Cherenkov image for each view is converted to a 2D 

dose map. The Cherenkov-to-dose conversion factor corresponds to the optical properties of 

the patient skin and must be calculated daily, for each camera, and for each patient. For the 

front camera, the conversion factor can be derived by taking the ratio of the OSLD measured 

data and the corrected Cherenkov reading of the umbilicus point. As for the side cameras, 

the conversion factor can also be determined according to the OSLD measurements and the 

Cherenkov readings on the sides of AP, LPO, RPO postures for day 1, and PA, LAO, RAO 

postures for day 2.

2.3 Reconstruction of the patient model and dose mapping

A general workflow is developed to generate the patient finite element mesh (FEM) from 

the 3D scanned data (Figure 3) using deformable registration[15] and computer animation 

technique[14]. Because of the limitations of the camera view, two 3D scanners are used to 

acquire partial of the patient’s surface meshes. Then the two meshes, along with additional 

meshes cut from other postures to fill the missing surface, are registered and combined 

according to the positions of the TSE box and the continuity of the patient’s surface. Due to 

the low quality of the 3D scanners, the meshes need some manual editing, such as surface 

reconstruction and smoothing, to get the target FEM for the registration (Figure 3(a)). 

Deformable registration is then performed to a template FEM, with each vertex labeled, to 

generate the 3D model of the actual patient during the treatment (Figure 3(b)). Computer 

animation technique (i.e., Rigging, Blender is used in the study, Blender Foundation, 

Amsterdam) is applied to move the arms and the limbs of the patient’s model to get the 

other 5 postures (Figure 3(c)&(d)). This process will ensure the vertices index of the same 

body part remains the same for different postures, allowing for the summation to get the 

cumulative dose. Finally, manual modifications are made to better align the patient’s model 

to the 3D scans for each posture.
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For the dose mapping, a MATLAB code is developed to simulate the Cherenkov camera. 

The perspective view of the patient can be generated according to the location and 

orientation of the camera using the pin-hole camera model. Manual registration can be 

performed to align the perspective projection of the 3D model and the Cherenkov images. 

Then the Cherenkov converted dose can be projected onto each vertex of the patient model 

by 2D interpolation. For each view, code is developed to identify the back side of the patient 

according to the camera position and force the value to be zero. Then the projection result 

from different views is combined using the average and maximum function. Finally, the 

cumulative dose distribution is obtained by the summation of six postures and the analysis 

and evaluation for the 3D cumulative dose distribution can be made for each patient.

3. RESULTS

Figure 4 is the comparison of single-view projection and multi-view projection on the AP 

fields. Figure 5 is the comparison of the cumulative Cherenkov dose surface histogram of 

the two methods. Figure 6 is the dose comparison and profiles of the accumulated dose of 

six fields. Table 1 is the comparison of the relative dose to the umbilicus point between two 

projection methods based on OSLD measurements.

4. DISCUSSIONS

Figure 4 demonstrates that the multi-view projection method yields substantially higher dose 

distribution on the patient’s side compared to the single-view method. The horizontal profile 

indicates that the side cameras provide a higher dose estimation than the front camera, 

especially on the patient’s right side. The vertical profile shows that the two methods have 

a similar dose distribution in the middle of the torso, as expected due to the majority of the 

dose being captured by the front camera. However, extra noise is observed near the chest 

for the multi-view method, which could be attributed to the arm blocking Cherenkov side 

emissions. Figure 4(b) and 4(c) further indicate that the dose could be at a maximum of 10 

cGy higher for the multi-view method. Notice that the jagged pattern on the patient’s side is 

the result of the front projection, where we pixelate the patient’s mesh, and then manually 

set the back of the model to zero.

Figure 5 shows that the multi-view method would give a substantially better dose estimation 

based on the dose surface histogram. However, we find that the overall Cherenkov-converted 

dose is still lower based on our simulation studies. The DSH is affected by the errors and 

artifacts introduced by Cherenkov imaging, and it is not indicating the true dose that the 

patient got. The correction method for the Cherenkov images is still under investigation.

Figure 6 shows the cumulative dose distribution for patient 47 using each method. The 

multi-view method gives a more uniform and overall higher dose distribution. Hot spots are 

found over the body, which is expected to be due to the noise from Cherenkov projection, as 

well as the overlap of different fields based on simulation studies. From the profile (Figure 

6(b), Figure 6(c)), we could also find that there is almost a 20% to 30% percent dose 

increase on the patient’s sides. Table 1 also indicates a 10% increase of the relative dose in 
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the vertex and the side when using the multi-view method. However, the Cherenkov dose on 

the right shin is still about 30% lower and needed to be corrected for the real dose.

Besides the correction for the Cherenkov signal, there are two major errors in our approach. 

One is the inaccuracy of the patient model. The intensity of Cherenkov signals largely 

depends on the patient’s geometry. However, the quality of 3D scanner used in this study 

is relatively low and detailed parts of the patient body, such as the hands, are ignored. In 

the future, we’ll improve the scan quality and get more accurate patient geometry. Second, 

errors from the dose mapping process could attribute to significant uncertainties at the edge 

of the patient body contour, which could lead to a 100% dose error if the lateral position 

is not accurately obtained during the projection. Utilizing multiple views in the projection 

process could reduce these uncertainties, as the position could be double-checked by the 

light features on the patient’s body.

Furthermore, We assume that the Cherenkov signal is isotopically emitted from the patient’s 

surface and then make corrections to the Cherenkov image to get the surface Cherenkov 

emission. However, the geometry relationship between the patient’s surface and the camera 

hasn’t been considered yet. We’ll conduct more studies to determine the Cherenkov 

distribution not only that emit from the patient skin but also received by the camera. In 

this study, we simply use the average and the maximum function to combine different views. 

We will improve our method to better combine different views and get a more accurate 

measurement of the dose.

5. CONCLUSIONS

The single-camera Cherenkov projection is a reasonable method to visualize the total dose 

distribution for TSET patients. However, it has large errors on the edge of the patient’s 

body contour and would give a low prediction on the side of the patient. Multiple-camera 

projection provides a good way to validate the dose mapping process and can give a 

substantially better dose prediction of the side and the vertex based on relative dose 

measurement. More patient cases are being investigated and further studies are needed for 

the reliable use of the Cherenkov imaging method.
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Figure 1. 
(a) Schematics of the location of the Cherenkov cameras and treatment setup. (b) Cherenkov 

camera in the front. (c) Cherenkov camera on the door side (viewing from the TSE box). (d) 

Cherenkov camera on the wall side.
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Figure 2. 
(a) Flood image corrections (normalized to 1 at max point) for Cherenkov cameras at door 

(cam0, left), front (cam1, middle), and wall (cam2, right). (b) Plot of perspective geometrical 

correction factors (red line) used to correct the Cherenkov intensities, with reference point at 

the isocenter. The dotted lines are the measured data (ratio between the diode measurements 

and the Cherenkov readings) for different MUs, and the red line is the averaged result.
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Figure 3. 
The general workflow of reconstructing patient models. (a) Basic processing of raw data (b) 

Conversion of the template FEM to patient model, (c) Rigging the patient model to match all 

six postures (using Blender3.0). (d) The six postures of a patient undergoing TSET
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Figure 4. 
The comparison of the Cherenkov converted dose for the AP field of patient #47. (a) is the 

front view, (b) is the patient’s left side view, and (c) is the patient’s right side view. The left 

two columns are the projected result displayed on the patient’s model using single-view and 

multi-view methods respectively. The red dotted lines indicate the location where we got the 

dose profiles. The right two columns are the horizontal and vertical profiles of Cherenkov 

converted dose on the outer surface of the patient. The blue solid lines are the multi-view 

projected result and the orange lines are the projected result only using the front view. The 

unit of colormap is in cGy.
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Figure 5. 
The dose surface histogram (DSH) of the cumulative Cherenkov converted dose for patient 

47 using single-view and multi-view projection. The blue solid lines are the multi-view 

projected result and the orange lines are the projected result only using the front view.
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Figure 6. 
The comparison of the cumulative Cherenkov converted dose for the six fields of patient 

#47. (a) is the front view, (b) is the patient’s left side view, and (c) is the patient’s right side 

view. The left two columns are the projected result displayed on the patient’s model using 

single-view and multi-view methods respectively. The right two columns are the horizontal 

and vertical profiles. The unit of colormap is in cGy.
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Table 1.

Comparison of relative dose to umbilicus based on Cherenkov cumulative dose and OSLD measurements 

(Day1 + Day2) for single-view and multi-view projection methods

Locations OSLD data Cherenkov-dose (single-view) Cherenkov-dose (multi-view)

Umbilicus 1.000 1.000 1.000

Vertex 1.070 0.886 1.004

Top of R. Shin 0.811 0.512 0.543

Chest 1.019 1.166 1.139

Mid R. Trunk 0.827 0.697 0.768

Mid L. Trunk 0.869 0.719 0.822
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