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Abstract 

While Cherenkov emission was discovered more than eighty years ago, the potential 

applications of imaging this during radiation therapy have just recently been explored. With 

approximately half of all cancer patients being treated by radiation at some point during 

their cancer management, there is a constant challenge to ensure optimal treatment 

efficiency is achieved with maximal tumor to normal tissue therapeutic ratio.  To achieve 

this, the treatment process as well as biological information affecting the treatment should 

ideally be effective and directly derived from the delivery of radiation to the patient. The 

value of Cherenkov emission imaging was examined here, primarily for visualization of 

treatment monitoring and then secondarily for Cherenkov-excited luminescence for tissue 

biochemical sensing within tissue. 

Through synchronized gating to the short radiation pulses of a linear accelerator 

(200Hz & 3 µs pulses), and applying a gated intensified camera for imaging, the Cherenkov 

radiation can be captured near video frame rates (30 frame per sec) with dim ambient room 

lighting.  This procedure, sometimes termed Cherenkoscopy, is readily visualized without 

affecting the normal process of external beam radiation therapy. With simulation, 

phantoms and clinical trial data, each application of Cherenkoscopy was examined: i) for 

treatment monitoring, ii) for patient position monitoring and motion tracking, and iii) for 

superficial dose imaging. The temporal dynamics of delivered radiation fields can easily 

be directly imaged on the patient’s surface. Image registration and edge detection of 

Cherenkov images were used to verify patient positioning during treatment. Inter-fraction 

setup accuracy and intra-fraction patient motion was detectable to better than 1 mm 

accuracy. 
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Cherenkov emission in tissue opens up a new field of biochemical sensing within 

the tissue environment, using luminescent agents which can be activated by this light. In 

the first study of its kind with external beam irradiation, a dendritic platinum-based 

phosphor (PtG4) was used at micro-molar concentrations (~5 µM) to generate Cherenkov-

induced luminescent signals, which are sensitive to the partial pressure of oxygen. Both 

tomographic reconstruction methods and linear scanned imaging were investigated here to 

examine the limits of detection. Recovery of optical molecular distributions was shown in 

tissue phantoms and small animals, with high accuracy (~1 µM), high spatial resolution 

(~0.2 mm) and deep-tissue detectability (~2 cm for Cherenkov luminescence scanned 

imaging (CELSI)), indicating potentials for in vivo and clinical use. In summary, many of 

the physical and technological details of Cherenkov imaging and Cherenkov-excited 

emission imaging were specified in this study.  
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Chapter 1: Introduction 

1.1 External Beam Radiation Therapy (EBRT) 

The motivation for this work stems from the clinical use of radiation as a cancer therapy.  

So in this thesis, the function of radiation therapy and the delivery systems are described 

first, leading into the science of radiation interaction with tissue and Cherenkov emission, 

as part of this process. Any electromagnetic or particle radiation that has sufficient energy 

to ionize molecules is defined as ionizing radiation. Radiation at energies as high as the 

megavoltage (MeV) range has been widely used in radiotherapy for tumor treatment, and 

within this specialty, external beam radiotherapy (EBRT) is the most common form of 

delivery. Although external proton or heavy ion beams have started to be applied in recent 

years for radiotherapy, electron and X-ray beams from a linear accelerator are still the two 

main types of radiation used in humans for practical and economic reasons. The 

characteristic depth-dose profiles of different types of radiation beams determine the 

application most suitable to treat tumors seated at different depths into the body (Figure 

1.1c). EBRT targets the radiation at the tumor from outside the body with a series of 

overlapping beams delivered sequentially, and the device used to delivery this is typically 

a medical linear accelerator (LINAC). The worldwide distribution of LINACs is shown in 

Figure 1.1a, and in the United States, there are almost 4000 installed since 1995. 

Approximately 50% of all cancer patients were treated by EBRT, either for palliative or 

curative intent at some point in their cancer management [1]. In the following subsections 

a description of how the LINAC works is included, and issues about what concerns there 

are in terms of dose delivery. 
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1.1.1 The Medical LINAC 

In a LINAC, electrons are commonly generated by thermionic emission from a cathode, 

and they are accelerated through a waveguide by the action of radio-frequency (RF) 

electromagnetic waves generated by a magnetron [2], where the relatively low energy 

electrons are injected into an accelerating structure and gain energy as they travel down the 

structure. In most electron linear accelerators, resonant high frequency waves (around 3 

GHz) are used [2]. In practice the RF runs continuously during beam production while the 

electron gun is pulsed to inject electrons at the appropriate time. As shown in Figure 1.1b, 

injections of electrons are pulses of duration of a few microseconds and the pulse repetition 

rate varies a bit on the order of tens to hundreds of pulses per second with pulse widths of 

a few microseconds [3, 4]. 

As shown in Figure 1.1b, a typical LINAC system, electrons are accelerated to MeV 

energy by these resonant electromagnetic fields, and quasi-monoenergetic beam is shaped 

(to a spot about 1 mm) by magnetic fields, scattered by the scattering foil and confined by 

large jaws, a multi-leaf collimator (MLC) system and a secondary collimator or applicator, 

to form a radiation beam with controllable specific energy and shape. X-ray beams are 

generated by the accelerated electrons bent by the bending magnet and hitting a target (such 

as tungsten or alloy of rhenium (5%) and tungsten (95%)).  The x-ray energy spectrum 

produced results from Bremsstrahlung production, with peak energy dictated by the energy 

of the impinging electrons and the interactions between the electrons and the target 

material. When, controlled by the rotational gantry and the positions of the treatment bed, 

radiation beam energies are carefully chosen to reach specific depths in the body, and a set 

of beams from different gantry angles can be delivered to the patient from these planned 
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entrance positions (Figure 1.1d).  Delivery and imaging of the delivery is a key desired 

factor in radiotherapy, as will be discussed. 

 

Figure 1.1: Introduction of linear accelerators (LINAC) and EBRT beams – (a) Worldwide LINAC 

geographic distribution (Figure from http://www-naweb.iaea.org/NAHU/dirac/default.asp). (b) Typical 

structure within a LINAC are shown (Figure from http://www.pedsoncologyeducation.com/ 

RadiotherapyBasicsWhatisXRT.asp) . (c) Depth-dose profiles of different types of radiation beams are 

shown (Figure from http://commons.wikimedia.org/wiki/File:Depth_Dose_Curves.jpg). (d) Rotational 

gantry and typical dose delivery from different angles are specified in a treatment plan, as shown (Figure 

from http://www.appliedradiology.com/articles/risk-of-prostate-cancer-relapse-drops-with-hormone-

radiotherapy-treatment). 

http://www-naweb.iaea.org/NAHU/dirac/default.asp
http://commons.wikimedia.org/wiki/File:Depth_Dose_Curves.jpg
http://www.appliedradiology.com/articles/risk-of-prostate-cancer-relapse-drops-with-hormone-radiotherapy-treatment
http://www.appliedradiology.com/articles/risk-of-prostate-cancer-relapse-drops-with-hormone-radiotherapy-treatment
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1.1.2 Delivery of Radiation Dose 

Secondary charged particles resulting from x-ray interaction processes such as Compton 

scattering, photo-electric effect and pair production, transfer energy into the medium, while 

either the primary or these secondary electrons interaction via soft collisions (interaction 

distance >> classical radius of an atom) and hard collisions (interaction distance ≅ classical 

radius of an atom), which lead to more dissipation of energy delivery throughout the 

immediate volume. Absorbed dose is defined as the energy transferred to the medium per 

unit mass (Dose = Energy/Mass), and the old unit for dose is the rad, where 1 rad = 100 

ergs/g.  The new standard unit of dose is the grey (Gy), where 1 Gy = 1 J/kg, thus 1 Gy = 

100 rad = 100 cGy. By using ionization chambers, radiation dose can be related to 

ionization (charge/mass (C/kg)) with specific calibrations. Bragg-Gray cavity theory 

allows the measurement of ionization current in a small (compare to the range of charged 

particles) air cavity to be related to dose in actual phantom and tissue [5]. Similarly, dose 

can be measured by diode based on an electrical signal due to ionization in Si whose 

electron density is close to water. 

With well-developed theories describing particle transport and radiation-matter 

interaction, the radiation dose distribution can be calculated accurately from first 

principles, based upon numerical methods. In practice, the Monte Carlo (MC) method 

provides the best accuracy for radiation dose calculation, and while time consuming and 

computationally intensive, is one of the few ways to simulate this for realistic geometries 

and/or complex radiation cascades. Commercial treatment planning systems (TPS) have 

recently implemented Monte Carlo algorithms due to major advances in computational 

power. For practical reasons, these algorithms have been optimized for calculation speed 
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and therefore, for specific regions, such as near air-tissue surfaces, the accuracy of dose 

calculations still cannot be guaranteed. Furthermore the model data (such as depth dose 

curves for different field sizes and surface to source distances) used in some treatment 

planning systems are fit to measured dosimetry data by detectors (such as ionization 

chamber and diode) with non-negligible sizes, which may introduce uncertainties or 

inaccuracies at the surface due to measurement instrumentation.  

In the idealized situation, dose might only be delivered to the cancerous tissue, but 

unfortunately, due to the complexity of radiation-tissue interactions, cancerous tissue 

distributions and the use of external radiation beam delivery, it is inevitable to expose the 

benign tissues to certain levels of radiation dose. With techniques such as CT-guided 

treatment planning and modern treatment delivery techniques such as Intensity Modulated 

Radiation Therapy (IMRT) and Volumetric Modulated Arc Therapy (VMAT), the dose 

delivery can be planned to ensure minimization of the radiation dose to key sensitive 

benign tissues. However, treatment planning systems are not 100% accurate, especially in 

the regions near the tissue surfaces, due to the process of dose build-up that is sensitive to 

complex surface geometries. Also, factors such as patient positioning inaccuracy, 

deformation of the treatment region, patient movement and other human errors could 

further increase the uncertainty or inaccuracy of dose delivery. Thus, any technique 

monitoring the treatment process, which could implicitly ensure the quality of dose 

delivery and thus optimizing treatment planning, to maximize the therapeutic ratio (the 

ratio of the probability of tumor control to that of normal tissue complication), would be 

desirable. 
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In radiotherapy, real biological effects caused by irradiation are to the chemical 

bonds in cells, and cell lethality usually originates from damage to the DNA molecules. 

The clinical outcome strongly depends on some of the physiological microenvironment 

factors, such as oxygen partial pressure of the tumor. In radiobiology studies, it has been 

well documented that the presence of oxygen is a major factor influencing radiation 

damage by nearly a factor of 3, and ultimately the success or failure of radiation therapy in 

subjects. Thus, local chemical and biological information about the region of interest 

should ideally be monitored and taken into consideration to improve the efficiency of 

radiotherapy, and as will be shown later in this work there is potential to sample this with 

optical methods. 

In radiation therapy, an optical emission known as Cherenkov radiation can be 

generated through interactions between tissue and electrons. One part of study focused on 

imaging Cherenkov radiation for monitoring of treatment and dose delivery. The second 

part focused on examining the role of Cherenkov emission as excitation source for optical 

molecular imaging, to reveal physiological information such as oxygen partial pressure. 

The origins of the Cherenkov effect will be described in the following section, as it relates 

to the utility of the effect here.  

 

1.2 Cherenkov Radiation 

Cherenkov radiation is named after Pavel Alekseyevich Cherenkov who first detected it 

experimentally in 1934 [6]. The classical theory of this effect was later (1937) developed 

by Igor Tamm and Ilya Frank within the framework of Einstein’s special relativity theory 

[7]. Essentially, Cherenkov radiation is an electromagnetic interaction between a charged 
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particle (such as an electron) passing through a dielectric medium (such as water and 

biological tissue) at a speed greater than the phase velocity of light in that medium. The 

charged particles electrically polarize the molecules of that medium transiently (Figure 

1.2a, b), which then turn back rapidly to their ground state, emitting radiation in the process. 

The Cherenkov emission process is only observed when the particle velocity is higher than 

the speed of light in the medium, and occurs precisely from this electrical interaction. 

 

1.2.1 Simple Physical Picture 

An analogous situation to Cherenkov emission is the well-known Doppler effect, which 

occurs when a wave source moves with respect to the medium at high velocity. Specially, 

as shown in Figure 1.2c, wave fronts will be coherent when the wave source moves faster 

Figure 1.2: Introduction of Cherenkov radiation - (A) A charged particle polarizes and shifts orientation 

of adjacent molecules when traveling at high speed. (B) In comparison to (A), a charged particle polarizes 

adjacent molecules at low speed, but not at the timescale of its own movement. (C) Formation of coherent 
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than the velocity of wave fronts. In the situation of Cherenkov radiation, the charged 

particle could be thought of as the wave source and thus coherent radiation happens when 

the charged particle moves faster than the phase velocity of EM waves in the medium. 

As shown in Figure 1.2d, the emission angle of Cherenkov radiation with respect to the 

path of the charged particle and threshold condition can be derived. While the charged 

particle moves from A to B (AB = βc∆t), the coherent wavefront will propagate from A to 

C (AC = 
𝑐

𝑛
∆t). The emission angle could be decided by cos(θ) = 1/βn, where c is the speed 

of light, v is the speed of the charged particle, n is refractive index of the medium and β = 

v/c . Clearly, cos(θ) ≤ 1, which gives the threshold condition of Cherenkov radiation to be 

βn ≥ 1. From special relativity, the kinetic energy of the charged particle is 𝐸𝑘 =

𝑚𝑐2(
1

√1−𝛽2
− 1) . Thus, the threshold condition of Cherenkov radiation in dielectric 

medium with refractive index as n is
2

2
2 1

1k
nE mc

n

 
  

 
 

. The emission angles for 

electrons of different energies in water (nwater≅1.33) is shown in Figure 1.3a. The threshold 

energies of electrons and protons (with the mass more than 1000 times larger than that of 

an electron) for different refractive index are shown in Figure 1.3c. For example, in liquid 

water where n≈1.33, the threshold energy of Cherenkov radiation is Ek≈0.267MeV and 

emission angle is θ≈41◦ with β approaching 1 (assuming no dispersion) for electrons. For 

proton, the threshold energy of Cherenkov effect in water is above 450MeV, which is much 

higher than the energy of clinical proton beams (typically < 225 MeV). Therefore, the 

Cherenkov radiation during proton therapy must came from secondary charged particles or 

the decays of induced nuclear isotopes [8]. 
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1.2.2 Review of Classical Theory 

The derivations in this section follows what has been described in [7]. To derive the Frank-

Tamm formula for Cherenkov radiation, several assumptions have been made. The medium 

is assumed to be an isotropic dielectric, continuous, infinite and there is no dispersion, and 

then the radiation reaction happens. The charged particle is assumed to be slowing down 

in the medium if the following condition has been satisfied 𝑇
𝑑𝑣

𝑑𝑡
≪

𝑐

𝑛
, where T is the period 

Figure 1.3: Basic properties of Cherenkov radiation are shown - (a) Emission angles of Cherenkov 

radiation for electrons with different energies in liquid water. (b) Number of Cherenkov photons per unit 

path length of an electron with different energies. (c) Threshold energies of Cherenkov radiation from 

electrons and protons for different refractive indexes. (d) Spectrum of exiting Cherenkov radiation in 

water and typical biological tissue. 
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of the emission, v is the speed of the charged particle, c is the phase speed of light in 

vacuum and n is the refractive index of the medium. The physical meaning of this condition 

is that the change of the speed of the charged particle in a period of the emission is much 

smaller than the local phase speed of light. 

Starting with Maxwell’s equations for the electromagnetic wave field vectors: 

0 0

0

0

BE
t

EB j
t

E
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By substitution with a scalar potential, a vector potential and with the Lorentz gauge: 
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1 0
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t

A
c t

 


 




 


  




  



 

We get the Helmholtz equations of scalar and vector potentials: 

 

2 2
2

2

2 2
2

2 2

4

4

nA A j
c c

n
c n

  


 

 



   

     

 

Consider an electron moving in  direction at speed  , the current density would be:  

( ) ( ) ( )zj j z ev x y z vt z       

Expanding it into Fourier series and re-writing the component of angular frequency, , 

into a cylindrical coordinate system: 

z v
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 2exp ( ) ( ) exp ( )
2 4z
e z e zj j z i x y z i z

v v      
  

   
        

   
  

By substituting j  into the right side of the Helmholtz equation of the vector potential, the 

vector potential would then have a form of: 
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expz

A A
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And  U   is the solution of the following equation: 

  
2

2
2

1U U es U
c

 
    

 
   

 
  

Where  satisfies  
2

2 2 2 2
2 1s n

v


     . This equation could be re-written as: 

  

2
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2

0
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lim +
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Mathematically, this equation has two types of solutions. If the threshold condition for 

Cherenkov radiation has not been satisfied (i.e. ), then: 

 

 1
0

0

2

exp

2z

ieU H i
c

zi t
veA d

c



 








  
    

  
 

 

In this case, the z component of the vector potential decays exponentially as a damped 

wave, which is then an evanescent phenomenon. If the threshold condition of Cherenkov 

radiation is satisfied (i.e. 1n  ), then the solution is: 

s

1n 
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In this case, the z component of the vector potential has the form of a wave and can 

propagate out to large distances, which leads to Cherenkov radiation as follows: 

2 2
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 and

cos sin
4

zt
c n
   

 
 

   
 

. 

The energy of Cherenkov radiation emitted through a cylinder surface for unit path length

could be calculated by integrating the Poynting: 

  2
4
cW l E H dt






   

With the aid of this formula:  

     cos cost t dt      




       

We obtain: 

2

2 2 2
1

1 1
n

dW e d
dl c n



 




 
  

 
  

By completing the integral from an infinitely long wavelength ( 0  ) to the length of a 

classical diameter of the charged particle (d, 
c

nd
   ), we obtain: 

dl
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2

2 2 2 2

11
2

dW e
dl n d n

 
  

 
 

Without dispersion, the limitation to the radiation yield is min d  (in the range of 30 to 

300 pm), which is in the 𝛾-ray region of the spectrum. In real case, the emission spectrum 

will be limited by the dispersion of the medium. 

As described elsewhere [9], by approximating the refractive index in the form for a 

typical transparent medium: 

   2 2
2 2 2
0 0

1 , 0 1A An n 
  

   
       

   
 

where 0 is the frequency of the first resonance in the spectrum, we obtain the 

approximate expression for the energy loss per unit path for a fast electron ( 1  ): 

  
2 2

0
2 1 ln

2 1
edW

dl c
 




 
   

 
  

For a typical dielectric medium ( 15
0 6 10 Hz   ), the energy loss is in the order of 

several keV per cm, which is about 0.1% of the energy loss by ionization for a relativistic 

particle.  

By converting energy to photon numbers, the number of Cherenkov photons dN  in a 

wavelength range d  for unit path length  of the charged particle (Frank-Tamm’s 

formula) would be: 

 
2 2

2 2 2 2

2 1 21 sin sindN d d d
dl n c

  
    

  

 
     

 
 

dl
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Where 
2 1=

137
e
c

   is the fine structure constant. From Frank-Tamm’s formula, we can 

tell that the energy spectrum of Cherenkov radiation is flat (i.e. inverse-square with 

wavelength as shown in Figure 1.3d) because the Fourier transfer of the current density 

from a moving charged particle has no bias in frequency domain. Based on Frank-Tamm’s 

formula, the number of Cherenkov photons emitted per unit path length of electrons with 

different energies in water was shown in Figure 1.3b. 

 

1.2.3 The Relationship between Cherenkov Emission and Radiation Dose 

Above the threshold energy (as described in 1.2.1), Cherenkov radiation occurs, as charged 

particles continuously lose energy to the environment via this electromagnetic interaction. 

In the context of radiation dosimetry, the energy loss associated with Cherenkov radiation 

is negligible (on the order of 1 to 10 nW/cm3 in water during radiation therapy). However, 

it has been discovered recently that, above the threshold energy, the intensity of Cherenkov 

radiation is highly correlated to the deposited dose under certain limitations. Conceptually, 

radiation dose deposited per unit length can be expressed by 
𝑑𝐷

𝑑𝑥
= ∫ 𝑁(𝐸, 𝑥)𝑆(𝐸)𝑑𝐸

𝐸𝑚𝑎𝑥

0
, 

where 
𝑑𝐷

𝑑𝑥
 represents the deposited dose per unit length (J/(kg · m)), N(E,x) represents the 

energy dependent probability density function of charged particles (1/m3) and S(E) 

represents the mass stopping power of the charged particles (J · m2/kg). Similarly, 

Cherenkov radiation intensity per unit length can be expressed as
𝑑𝑁

𝑑𝑥
=

∫ 𝑁(𝐸, 𝑥)𝐶(𝐸)𝑑𝐸
𝐸𝑚𝑎𝑥

𝐸𝑐
, where C(E) represents the intensity of Cherenkov radiation emitted 

by a charged particle (such as electron in this situation) with energy E per unit length, Ec 

represents the threshold energy of Cherenkov radiation in the medium. By comparing those 
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two expressions, it can be concluded that, above the threshold energy of Cherenkov 

radiation, as long as N(E,x) stays spatially independent, the relationship between 

Cherenkov radiation and deposited radiation dose will also be spatially independent, 

leaving the intensity of Cherenkov radiation a potential surrogate of locally deposited 

radiation dose  [10-12]. Charged particles below the threshold energy of Cherenkov 

radiation contribute a constant offset of radiation dose. If all the charged particles are below 

the threshold energy of Cherenkov radiation, it cannot be investigated as a surrogate of 

radiation dose since no Cherenkov emission will be detected. 

Constant energy spectrum, means that the spectrum of charged particles is spatially 

independent, and this exists in medium when, for a given volume every charged particle 

leaving is countered by another charged particle of the same kind and energy entering. 

Constant energy spectrum is a reasonable approximation for most MeV X-ray beams in 

tissue, with a small discrepancy at the edges near air, and at larger depths into tissue due to 

the beam hardening effect (changing energy spectrum with depth). The accuracy of taking 

Cherenkov radiation as a surrogate of radiation dose will be further validated and discussed 

based on simulation and experimental results in later parts of this thesis. 

 

1.2.4 Transport in Biological Medium 

To investigate applications of surface emitted Cherenkov radiation and Cherenkov 

radiation as internal optical excitation source, the transport of ionizing radiation and optical 

photons in biological system needs to be modelled through interactions between photons, 

charged particles and matter. 
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The attenuation of the ionizing radiation and deposition of radiation dose are 

associated with the stopping power of the medium. Figure 1.4a show the stopping power 

of electrons with different energies in liquid water. In the range of energies used in radiation 

therapy (4 MeV to 22 MeV), the collision part dominates and the radiative part is mainly 

contributed by Bremsstrahlung effect, which indicates that Cherenkov radiation is a weak 

emission (in the order of 1 to 10 nW/cm3 in water during radiation therapy) as compared 

to the deposited radiation dose. As shown in Figure 1.4b, the stopping for X-rays is 

significantly smaller than that for electrons in the range of energy used in radiation therapy, 

which explains why the range of electrons (Figure 1.4c, Continuous slowing down 

approximation (CSDA) range around 10 mm) are significantly smaller than that of x-rays 

with the same energy. Therefore, as mentioned in the beginning, electron beams are mostly 

used to target superficial regions while x-ray beams are generally used to treat deeper-

seated tumors (Figure 1.1c).  

In radiation therapy with MeV electron or X-ray beams, Cherenkov radiation can 

be induced by primary or secondary charged particles (dominated by electrons) above the 

threshold energy. For MeV X-ray beams, secondary charged particles can be generated 

through photon-mater interactions such as Compton scattering (dominate), photoelectric 

effect and pair production (Figure 1.5a [13]). During the radiation transport, soft/hard 

collisions and radiative processes such as Bremsstrahlung and Cherenkov effects accounts 

for the energy losses of the charged particle. Attenuation of the radiation beam could be 

predicted by the stopping power of the medium. The energy of charged particles can be 

calculated for each step and be updated in Frank-Tamm’s formula to calculate how many 

Cherenkov photons will be generated. The number of Cherenkov photons emitted by 
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electrons and X-ray photons within the range of 10cm were simulated and shown in Figure 

1.4d for different energies. For the same energy, electrons are almost 10 times more 

efficient than X-rays in terms of emission of Cherenkov radiation. However, since the 

stopping power for electrons are significantly higher too, the intensity of Cherenkov 

emission normalized by deposited dose is about the same for both electrons and X-rays. 

The emission power of Cherenkov radiation during radiation therapy can be 

estimated in real radiation therapy by Monte Carlo simulation (refer to Chapter 3 for 

Figure 1.4: Attenuation of ionizing radiation is accompanied by Cherenkov radiation emission – (a) The 

stopping power of electrons in water. (b) The stopping power of electrons and X-rays in water and soft 

tissue. (c) The CSDA range of electrons in water and tissue, and (d) the number of emitted Cherenkov 

photons from electrons and X-rays in water within a range of 10 cm. (Stopping power data from NIST 

website http://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html) 
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details). Basically, Monte Carlo simulations validated that in a 1 cm3 volume at dmax (the 

depth where maximum was reached in the depth dose profile (Figure 1.1c)), the number of 

Cherenkov photons generated per Gy of deposited is around 3-10 ×1010. Since the energy 

distribution of Cherenkov photons are uniform, for an estimation, each photon could be 

assumed to be an energy of 2.5 eV, which gives the total energy in the order of 10 to 100 

nJ. In general, the clinical LINACs deliver radiation dose with a rate around 6Gy/min. 

Therefore, the emission power of Cherenkov radiation during radiation therapy is on the 

order of 1 to 10 nW for a 1 cm3 water equivalent medium at dmax. Due to tissue attenuation 

of optical photons, the emission power from the patient’s surface is approximately 1 order 

of magnitude lower (Figure 1.3d). The calibration of Cherenkov emission to absolute dose 

value is investigated in Chapter 3 for different conditions encountered in radiation therapy. 

Since Cherenkov radiation is an optical emission, the transport of Cherenkov 

radiation outwards from the point of generation into the biological medium can be 

described by the classical optical photon transport theory (Figure 1.5b [13]) where elastic 

scattering is typically dominant. Two basic processes, scattering and absorption, exist 

during the transport of an optical photon in biological tissue. Respectively, the probability 

of these processes per unit path length of the photon is defined by the scattering (µs) and 

absorption (µa) coefficients. Unlike Raleigh scattering, the scattering of optical photons in 

biological tissue is forward dominated, and because it is elastic and dominated by larger 

particle sized organelles and membranes as scatterers, it is often approximated by Mie 

scattering theory for dielectric sphere scatterers. A phase function could be defined to 

describe the angular distribution probability of a post scattering direction for the photons. 

In terms of the empirically observed phase functions for scattering in biological tissue, the 
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Henyey-Greenstein function [14, 15] is generally adopted as a reasonable form (Figure 

1.5c), given by: 

 

With defined optical properties (µs, µa and the phase function), the transport of an optical 

photon can be simulated by a Monte Carlo method. By sampling µs and µa, the event of 

scattering or absorption after a certain path length can be calculated. The direction of each 

photon (if not ended) after the scattering event can be decided by randomly sampling the 

phase function. Analytically, with the assumption of elastic scattering, the transport of 

optical phonons in biological tissue can be described by the Radiative Transfer Equation 

(RTE) [14, 15]. However, analytical solutions to the RTE only exist in regular geometries 

with a large degree of symmetry and simple boundary conditions. With the assumption that 

𝜇𝑠 ≫ 𝜇𝑎, which is true in most of biological tissue as long as the wavelength of the photon 

is not too short (UV-blue) and the region of interest is not too close to the source (> a few 

millimeters), RTE can be simplified to be similar to diffusion theory, which is a useful 

approximation for analytic modeling of light in tissue in the red-NIR wavelengths [14, 15]: 
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Where  is the fluence rate,  is the current density, D is the diffusion 

coefficient and  is the reduced scattering coefficient. 

 

 ,r t  ,J r t

s

Figure 1.5: Transport in a biological mediumis described here - (a) Radiation transport with generation 

of secondary charged particles and Cherenkov radiation. (b) Optical transport of Cherenkov radiation in 

biological medium. (c) Henyey-Greenstein phase function with different scattering angles , Ɵ, with 

different g values. (Figure from http://omlc.org/education/ece532/class3/hg.html). 

http://omlc.org/education/ece532/class3/hg.html
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As Cherenkov photons are emitted in a biological medium, the immediately scatter 

and travel through many scattering events, as will be discussed later. The shorter 

wavelength photons get absorbed in just a few hundred microns of tissue, due to the high 

absorption of water and blood, however longer wavelength photons (>600nm) can traverse 

many centimeters of tissue through elastic scattering, since the absorbance is much lower 

and the probability of scatter at least two orders of magnitude larger than absorption. 

Cherenkov light produced in tissue then results in a red emission from the tissue under 

irradiation (Figure 1.3d).  

 

1.3 Biomedical Applications of Cherenkov Radiation 

Although Cherenkov radiation has been well known for more than eighty years and the 

theory has been well developed within classical physics, special relativity and quantum 

theory, its application has been mostly limited to high energy particle detection in nuclear 

reactors, large accelerators and high energy cosmic ray detection. Only recently, interest 

has arisen in exploiting Cherenkov radiation in applications for nuclear medicine and 

radiotherapy. Four applications of Cherenkov light imaging are introduced below, 

including the simple idea of Cherenkov imaging of delivery in patient treatments, and 

secondly Cherenkov-excited optical molecular imaging. This thesis will specifically focus 

on these two latter aspects in detail. 

 

1.3.1 Cherenkov Luminescence Imaging (CLI) 

Many kinds of nuclear imaging (PET or SPECT) and nuclear medicine radiotracers (18F, 

64Cu, 68Ga, 131I, etc.) have been shown to emit Cherenkov photons during decay (such as 
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β+ or β−) and the emission can be imaged by commercial CCDs in both tissue phantoms 

and small animals. This fact has led to a new kind of low cost optical molecular imaging 

technique, known as Cherenkov luminescence imaging (CLI) [16-21]. Based on CLI, 3D 

tomographic Cherenkov imaging techniques have been developed which could be used to 

reconstruct the 3D distribution of eligible radiotracers [22-24]. These radiotracers (such as 

128I, 131I) or radiotracer-label molecules (such as 18F-FDG) will accumulate in targets organ 

(such as the thyroid gland) or tumor tissue. Images and reconstructions of the distribution 

can provide with useful diagnostic and functional information in preclinical applications 

[25-30]. Recently, Cherenkov emission from radioisotopes has been explored as excitation 

source for optical molecular probes, quantum dots and nano-particles [20, 31-34]. By 

shifting Cherenkov emissions to longer wavelengths, the transmission depth in biological 

tissue can be improved [20, 32-36]. 

 

1.3.2 Cherenkov Imaging Based Quality Assurance  

Given the theoretical discussion above (1.2), it is possible to utilize Cherenkov emission 

as a surrogate of the deposited dose for megavoltage X-ray beams. In particular imaging 

dose in a water tank is a direct application of Cherenkov imaging, to characterize linear 

accelerator (LINAC) beam dose deposition in water. Since the emitted Cherenkov light can 

be captured laterally from the direction of travel, it is feasible to use this imaging as a 

projection of the dose laterally through the beam [37]. The angular dependence of the 

emission can be corrected by simulated factors, by using a telecentric lens, which only 

accepts parallel rays or by doping the water with fluorescent dye, which converts 

Cherenkov emission to isotropic fluorescence [27, 38]. A reconstruction of projections 
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from different angle can render the dose distribution in 3-D [27]. Real-time QA for 

dynamic treatment plans (such as VMAT and IMRT) [39], small beams as well as 

Cherenkov based portal imaging were investigated. Due to the larger amount of failure of 

constant energy spectrum to be true, Cherenkov emission is not suitable for beam profiling 

for electron beams [40].  

 

1.3.3 Real-Time Cherenkov Imaging During Radiation Therapy (Cherenkoscopy) 

Cherenkov radiation emitted from the patient surface during therapy has been imaged in 

real-time (termed as Cherenkoscopy), as demonstrated in Chapters 2 through 5, in this 

thesis, [41-43]. Since this radiation is generated intrinsically by interactions between 

radiation and tissue, imaging of it provides an excellent way to monitor the delivery 

(Chapters 2 & 3). Unlike conventional treatment monitoring techniques, Cherenkoscopy 

could be used to monitor the radiation beams (Chapter 4) and the patient status in the field 

simultaneously (Chapter 5) [41, 42]. Dynamic radiation field, small delivery errors, patient 

positioning and movement can be tracked by this way [41-43]. Due to tissue attenuation, 

the sampling depth of Cherenkoscopy is limited to a several millimeters in biological tissue 

[11, 12] (explored in Chapter 2). It has been shown that constant energy spectrum holds 

for a superficial layer for both electron and X-ray beams [11, 12]. Therefore, this imaging 

could provide a fast, direct, non-invasive method for superficial dose imaging with field of 

view large enough to cover the whole treatment region, once the relationship between 

emitted intensity and dose delivered is well understood (investigated in Chapter 3). 
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1.3.4 Cherenkov-Excited Optical Molecular Imaging from Radiation Therapy 

Since Cherenkov radiation is an optical emission with a continuous spectrum from UV to 

NIR, it could be utilized as excitation source for optical molecular probes, as investigated 

in Chapters 6 through 9. Physiological information in the region of interest could be 

recovered from Cherenkov excited luminescence if biochemically sensitive probes are 

present in the medium. This thesis work has shown that coupling Cherenkov radiation with 

emission of oxygen sensitive probes allows oxygenation states be quantified (Chapter 6) 

[34]. Diffuse optical tomography (DOT) can be used to map oxygen distribution, 

potentially in real time, during radiotherapy (Chapter 7 & 8) [32, 33, 44]. Since Cherenkov 

is induced by the radiation beams locally and proportional to the radiation dose, the 

excitation can be delivered to deep (up to 100 cm) regions with optimized intensity 

distribution in region of interest (such as the tumor). Conventional diffuse optical 

tomography is known to have limited spatial resolution, but our recent study (Chapter 9) 

demonstrated that sheet-shaped LINAC beams are able to induce Cherenkov emission 

within tissue, and that in turn excites luminescence of optical probes in a highly spatially 

confined fashion thereby eliminating the need in using diffuse optical tomography 

algorithms to reconstruct distributions of luminescent sources [36]. Therefore, high-

resolution, deep-tissue, in vivo optical molecular imaging has been shown to be possible, 

within the limits that the depth of a recoverable region is still limited by the attenuation of 

optical signals transmitted out through biological tissue [36].   
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1.4 Summary 

Throughout this reported work, the physical insight into the origins of Cherenkov signals, 

the spectrum, the transport, and the physical factors affecting the intensity of this become 

important to understand the phenomena that were observed. In the later chapters, reference 

will be made to the theoretical descriptions provided in this introductory section for specific 

biomedical applications. 
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Chapter 2: Surface-Emitted Cherenkov Radiation for Superficial Dose 

Imaging: Tissue Phantom Imaging & Monte Carlo Studies 

The contents in Chapter are a modified version from the following publications,  

Zhang, R., C.J. Fox, A.K. Glaser, D.J. Gladstone, and B.W. Pogue, Superficial dosimetry imaging 

of Cerenkov emission in electron beam radiotherapy of phantoms. Phys Med Biol, 2013. 58(16): p. 

5477-93. 

Zhang, R., A.K. Glaser, D.J. Gladstone, C.J. Fox, and B.W. Pogue, Superficial dosimetry imaging 

based on Cerenkov emission for external beam radiotherapy with megavoltage x-ray beams. Med 

Phys, 2013. 40(10): p. 101914. 

2.1 Superficial Dosimetry Imaging of Cherenkov Emission for Electron 

Beams 

2.1.1 Introduction 

Knowledge of skin dose would be beneficial in a range of treatments if it could be measured 

accurately and within the acceptable workflow of patient throughput for fractionated 

therapy. Depending on the clinical goals, the skin may be included in the intended 

treatment volume or may be a dose limiting organ at risk. Many factors such as SSD [45-

47], beam types (electron or photon), beam energy [48, 49], field size, beam modifying 

devices [47, 49-55], angle of incidence [50, 56-58][48, 54-56][6, 12-14], complexities and 

deformation of the patients’ surface and heterogeneities of the internal tissue [59-65] can 

lead to the difficulty in achieving accurate surface dosimetry estimates or measurements. 

In all of these factors, the incident angle with respect to the normal direction of the surface 
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is one of the more complex issues which affects skin dose. Irregular surface profiles of the 

treatment region decrease the accuracy of surface dose prediction and may result in errors 

in the delivered dose for specified treatment plans. Conventional in-vivo dosimetry 

methods using radiochromic film [48, 64, 66-69], ionization chamber [48, 55, 70, 71], 

MOSFETs [60, 65, 72-74] or thermoluminscent dosimeters (TLDs) [75-78] have been 

proven to be able to measure surface dose in specific situations, however these techniques 

require additional personnel time for use and are not always exactly accurate at predicting 

the actual skin dose. Each are limited by small fixed region measurements and sensitivity 

is often a function of angular orientation of the detector with respect to the incident beam. 

Film and TLDs have longer offline processing procedures which prevent surface dose 

monitoring in real time. In this study, the ability to directly image Cherenkov light emission 

from the tissue phantoms was examined as a potential method of real time, in-vivo surface 

dosimetry in patients. As shown in Figure 2.1.1B, high energy particles deposit energy to 

the environment through interactions (soft and hard collisions) with the environment during 

their transport. Cherenkov photons are emitted along the path of primary and secondary 

charged particles and the intensity of emission is proportional to the locally deposited dose. 

Depending on the optical properties of the phantom or tissue, these Cherenkov photons 

generated in a thin layer at the surface will be scattered and finally escape the surface to be 

detected. Thus the surface dose distribution can be assessed by imaging. 

In this study, direct imaging of Cherenkov radiation emission resulting from 

external beam radiotherapy of tissue phantoms was utilized to compare superficial dose 

using a range of calculated and measured estimates. The light emission was imaged with a 

commercial CMOS camera in a darkened radiation treatment room, avoiding issues of light 
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contamination, although it is also possible to gate imaging in a room with ambient lighting 

[79]. Different integration times were studied to quantify the signal to noise ratio (SNR) 

achievable. Electron beams were imaged in this study, since they are routinely used for 

superficial radiotherapy treatments, and energies in the 6MeV~18MeV range were studied, 

with field sizes from 6cm×6cm to 20cm×20cm. A range of incident angles were used from 

0 to 50 degrees, to show how the superficial dose varies with incident angle and to explore 

a regime where measurements are known to disagree with most treatment planning system 

predictions. Sampling depth of superficial dosimetry based Cherenkov emission for 9 MeV 

electron beam has been investigated in layered skin model with typical optical properties. 
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2.1.2 Materials and Methods 

2.1.2.1 Phantom Surface Imaging 

The experiments were performed with a linear accelerator (Varian Clinic 2100CD, Varian 

Medical Systems, Palo Alto, USA) at the Norris Cotton Cancer Center in the Dartmouth-

Figure 2.1.1: Cherenkov surface imaging for electron beams -- (A) The geometry of the measurement system. CMOS 

camera was supported 2 meters away and 0.7 meter above the surface of the water equivalent phantom 

(300mm×300mm×40mm) and a computer was connected to the camera to remote control. (B) High energy particles 

deposit energy to the environment during transportation. Cherenkov photons will be emitted along the path of primary 

and secondary charged particles and the intensity of Cherenkov radiation emission is proportional to the deposited energy 

locally. Depending on the optical properties of the phantom or tissue, Cherenkov photons generated in a thin layer of 

surface will be scattered and finally escape the surface to be detected by the camera. (C) The geometry of Monte Carlo 

simulation in GAMOS. Dose has been scored in a 300mm×300mm×10mm water phantom with voxel size of 

0.5mm×0.5mm×0.1mm. (D) Image transformation process to correct the perspective aberration. (E) Cherenkov 

emission image of phantom with complex surface profile. 
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Hitchcock Medical Center. As shown in Figure 2.1.1A, a solid water equivalent phantom 

(Plastic Water, CNMC, USA) of 300mm by 300mm by 40 mm was irradiated by electron 

beams at SSD = 110cm to allow an unobstructed view of the surface by the camera. The 

measurement system consisted of CMOS camera (Rebel T3i, Canon, Japan) which was 

mounted 2 meters away and 0.7 meter above the surface center of the phantom and a 

computer which was used to remotely control the camera outside the radiotherapy room. 

Images of the phantom surface were taken during irradiation of the phantom for different 

integration times, field sizes, energies and incident angles. Integration time varied from 1 

sec to 30 sec. The essentials parameters adopted in this study has been listed in Table 2.1.1. 

SNR of the images for different integration time was calculated. Beam field size from 

6cm×6cm to 20cm×20cm were investigated. To investigate how the superficial dose 

distribution varies with incident angle, a 10cm×10cm electron beam was directed towards 

the surface with incident angles from 0 to 50 degrees in 10 degrees increments. For the 

proof of concept, an anthropomorphic head phantom with complex surface profiles was 

imaged while irradiating with a 9MeV electron beam. The dose rate was 1000MU/min f or 

all measurements.  

Dimensions 

(W×H×D) 

Weight 

(body only) 

Shutter 

speed 

Resolution Number of 

Pixels 

ISO f 

number 

Focal 

length 

133.1×99.5×79.7mm 515g 1 to 30 

sec 

5184×3456 17.90 

Megapixels 

6400 5.6 116mm 

2.1.2.2 Monte Carlo Simulation 

This study used the GEANT4 based toolkit GAMOS for Monte Carlo modeling to 

stochastically simulate radiation transport and dose calculation in order to objectively 

compare measurements with theoretical predictions. As shown in Figure 2.1.1C, the 

Table 2.1.1: Essentials parameters of the camera adopted in this study. 
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physical measurements were modeled in GAMOS using water as the medium. Since we 

were primarily concerned with the dose deposited in a thin layer of the phantom a 10mm 

thick layer of the phantom was voxelised into 0.5×0.5×0.1mm3 rectangular cubes. A phase 

space file of the 9MeV electron beam for Varian Clinic 2100CD had been generated 

elsewhere [80, 81][78, 79][83, 84, 43, 44, 45] and adopted as the source of the simulation. 

Primary particles were initialized from the phase space file and propagated through the 

defined phantom. Both primary and secondary particles have been included in the dose 

calculation. For each voxel, the dose deposited has been calculated by the built-in dose 

scorer of GAMOS. One hundred million primary particles were generated from the phase 

space file and transport was simulated in the phantom. The simulated dose for 1mm 

thickness in depth was integrated and compared with the Cherenkov emission images and 

TPS data from experiments for incident angles of 0 and 50 degrees.  

Thickness and optical properties of layers of the skin have been reported in several 

papers, and here we used the well characterized model by Meglinski et al [82]. This layered 

skin model (flat phantom with size of 300×300×40 mm3) was built in GAMOS with each 

layer having the corresponding thickness and optical properties (refractive index, 

absorption and scattering coefficient). Three kinds of skin (skin 1: lightly pigmented skin 

(~1% melanin in epidermis), skin 2: moderately pigmented (~12% melanin in epidermis), 

skin 3: darkly pigmented (~30% melanin in epidermis)) have been investigated. The 

thickness of each layer of the skin and corresponding optical properties are shown in Figure 

2.1.2. Figure 2.1.2A lists the name and thickness of each layer of human skin. Figure 2.1.2B 

shows the scattering coefficient of each layer and Figure 2.1.2(C-E) shows the absorption 

coefficient of each layer for the three types of skin. The same phase space file 
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(10cm×10cm, 9 MeV electron beam) was adopted to simulate the irradiation of this model 

phantom. Cherenkov photons were generated and tracked through processes including Mie 

scattering, absorption, reflection and refraction at the boundary. The generation of 

Cherenkov photons and transport of optical photons have been explained in detail by 

previous studies [34, 83]. For any Cherenkov photon escaping the entrance surface of the 

phantom, initial positions and final energy were recorded. The depth of all the Cherenkov 

photons escaping the entrance surface was logged in a histogram and then this shape was 

fitted by a single exponential decay. The effective sampling depth (depth where the 

detection sensitivity drops to 1/e) was calculated. Sampling depth tuning based on spectral 

filtering can be discerned from the results of this simulation. 

 

Figure 2.1.2: Optical properties of skin layers -- (A) Name and thickness of each layer of human skin. (B) The scattering 

coefficient of each layer. (C-E) The absorption coefficient of each layer for the three types of skins. 
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2.1.2.3 Treatment planning system (TPS) prediction 

The geometry used in the Monte Carlo simulations was defined here, with a water phantom 

300×300×40 mm3 simulated in the treatment plan system (Varian Medical Systems, 

Eclipse electron Monte Carlo algorithm EMC1028). The phantom was placed at source to 

surface distance (SSD) = 110cm and had voxels of size of 0.5×0.5×1mm3. A 10cm×10cm 

9MeV electron beam was defined in the TPS and phantom irradiation was modeled with 0 

and 50 degrees incident angles. Dose was calculated for each voxel and exported as 

DICOM files for further processing. The Eclipse Monte Carlo based dose algorithm was 

used for these studies. 

2.1.2.4 Water tank diode scan 

Both cross plane (CP) and in plane (IP) diode scans (IBA EDF 3G) for 10cm×10cm 9MeV 

electron beam with incident angles of 0 and 50 degrees were measured in a water tank 

beam scanning system (Blue Phantom, IBA, Bartlett, USA). The silicon diode used for 

scanning was 2mm diameter. The diode was placed at the surface of the water and scanned 

for both CP and IP with step size of 0.3mm.  

2.1.2.5 Image processing 

Background images were taken when the beam was off. All raw images were converted to 

grayscale images and then median filtered by a 15 pixels × 15 pixels kernel in MATLAB 

2011a (The MathWorks Inc., Natick, MA). As shown in Figure 2.1.1A and Figure 2.1.1D, 

perspective distortion exists in the images since the camera was at an angle about 20 

degrees with respect to the phantom surface. Due to the perspective distortion, the square 
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shape phantom looks like ladder-shaped. Figure 2.1.1D shows how the perspective 

distortion has been corrected. In the reference white light image, four corner points (Q) of 

the surface of the phantom and four corresponding objective points (P) were chosen, 

positions of the four corners of the flat phantom (ladder-shaped in the image, indicated by 

red circles in Figure 2.1.1D) has been transformed to four corners of a pre-defined square 

(indicated by yellow circles in Figure 2.1.1D). A transformation matrix (T) was calculated 

based on those four pairs of points by 2-D optimal affine transformation (Eq. 2.1.1) and 

applied to transform the images. Since we know what we imaged is the surface of a flat 

phantom, all the transformation of the image only needs to be done on the plane of the 

surface of the flat phantom. Thus, only (x, y) coordinates on the plane is needed, z will not 

provide any information since what we imaged is not a 3-D surface profile. After the 

transformation, the background image of the phantom was subtracted from the transformed 

images. The size of the background corrected, transformed image was 3456×3456 and with 

resolution of sub-millimeter.  

 

2.1.3 Results 

2.1.3.1 Cherenkov emission images of head phantom 

As shown in Figure 2.1.1E, a white light image of the phantom was taken with ambient 

light on. One side of the head phantom with complex surface profile was imaged while 
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  (Eq. 2.1.1) 
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irradiating by a 10cm×10cm 9MeV electron beam with ambient light off for 10 sec. For a 

proof of concept, the Cherenkov emission image of the phantom was added to the blue 

channel of the white light image to show how superficial dose distribution could be 

potentially affected by the complex surface profile and imaged based on Cherenkov 

emission. 

 

2.1.3.2 Different integration time and SNR 

Cherenkov emission images of 10cm×10cm 9MeV electron beams for integration time 

from 1 sec to 30 sec are shown in Figure 2.1.3A. Intensity of each image was calculated by 

Figure 2.1.3: Cherenkov imaging with different integration time -- (A) Cherenkov emission images of 10cm×10cm 

9MeV electron beams for integration time from 1 sec to 30 sec. (B) Intensities of the images plot with integration time 

and linear fitting. (C) SNR of the images plot with integration time and fitting.  
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summing up all the pixel values. Figure 2.1.3B shows that the normalized intensity is 

proportional to integration time with R2=0.99. SNR was calculated by the ratio of the mean 

value of a 400 pixels square region in the center and the standard deviation of that region. 

Figure 2.1.3C shows that the SNR increases from approximately 2 to 75 for integration 

time from 1 sec to 30 sec. Fitting of the SNR with integration time showed that SNR 

increases with the square root of integration time with R2>0.99. 

 

2.1.3.3 Different field size 

Figure 2.1.4A shows the images of 9 MeV electron beams of field size from 6cm×6cm to 

20cm×20cm for 30 sec integration time. The intensity of each image was calculated by 

summing up all the pixel values in the beam. Figure 2.1.4B shows that the intensity 

(normalized by the intensity of the 20cm×20cm beam) was simply directly proportional to 

the area of the beam with R2>0.99, as would be expected. 

Figure 2.1.4: Cherenkov images for different field sizes -- (A) Cherenkov emission images of 9MeV electron beams of 

field sizes from 6cm×6cm to 20cm×20cm. (B) Intensities of the images plot with field size and linear fitting. 
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2.1.3.4 Different energies  

Cherenkov emission images of 10cm×10cm electron beams with energies from 6 MeV to 

18 MeV are shown in Figure 2.1.5A, using a 30 second integration for each. The intensity 

of a chosen 400 pixels square region in the center of each image was calculated by summing 

up all the pixel values belonging to the chosen region. Superficial dose reference data (the 

fraction of superficial dose with respect to the dose at dmax) has been extracted from the 

depth dose profiles measured by ionization chamber scanning under the same experimental 

conditions (Field size = 10cm×10cm, SSD = 110cm). Figure 2.1.5B shows that the 

normalized intensity was proportional to the reference superficial dose data of 

corresponding energies with R2=0.97.  

Figure 2.1.5: Cherenkov images for different beam energies -- (A) Cherenkov emission images of 10cm×10cm electron 

beams of energies from 6MeV to 18MeV. (B) Intensities of the images plot with superficial dose reference data. 
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2.1.3.5 Different incident angles and comparison 

Cherenkov emission images of a 10cm×10cm beam are shown in Figure 2.1.6, with 

incident angles from 0 to 50 degrees with respect to the normal of the phantom surface. To 

quantify how accurate the images are in assessing the distribution of superficial dose, these 

images were directly compared with each of 1) Monte Carlo simulation data, 2) TPS data, 

and 3) water tank diode scanning measurements. The 2-D superficial dose distributions 

from Monte Carlo simulation, Cherenkov emission imaging and TPS were smoothed by a 

Figure 2.1.6: Cherenkov imaging for different incident angles -- Cherenkov emission images of 10cm×10cm electron 

beams with incident angles from 0 to 50 degrees. 
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bilateral filter [84] and the data are shown in Figure 2.1.7A. The CP and IP profiles of the 

Monte Carlo simulations, TPS data and water tank diode scanning have been aligned to 

match the middle points of full width half max (FWHM) of the profiles of Cherenkov 

images. All the profiles were normalized to the values of the middle points of their own 

FWHM and are plotted in Figure 2.1.7B and Figure 2.1.7C. For the convenience of 

comparison, all the CP and IP profiles have been interpolated to be a step size of 0.5mm 

between 0 and 300mm. In Figure 2.1.7D and Figure 2.1.7E, the difference between diode 

scanning data and data from other three techniques has been calculated by subtracting and 

plotted for both CP and IP scanning. Similar data processing and plots are shown for 50 

degrees incident angle in Figure 2.1.8. Maximum and average (average of the absolute 

values of disagreements) disagreements between diode scanning data and data from other 

three techniques has been listed in Table 2.1.2. 

Figure 2.1.7: Beam profiles comparison for normal incident angle -- (A) 2-D superficial dose distribution from Monte 

Carlo simulation, Cherenkov emission imaging and TPS for 0 incident angle. (B-C) CP and IP superficial dose profiles 

of the results from Monte Carlo simulation, Cherenkov emission imaging, TPS and water tank diode scanning. (D-E) 

CP and IP difference between the profiles from water tank diode scanning and other three techniques. 
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Incident 

angle 

(degree) 

Scan 

directions 

Maximum difference (%) 

 

Average difference (%) 

DIO-

OPT 

DIO-

SIM 

DIO-TPS DIO-OPT DIO-

SIM 

DIO-

TPS 

0 CP +4.6/-4.6 +2.7/-3.1 +2.5/-4.2 0.8 0.7 0.8 

IP +4.3/-3.6 +2.6/-3.4 +2.7/-4.4 0.6 0.8 0.6 

50 CP +2.3/-1.1 +3.6/-3.4 +8.0/-6.0 0.7 1.3 2.0 

IP +2.0/-1.6 2.8/-3.7 +5.4/-3.9 0.5 0.8 1.3 

2.1.3.6 Sampling Depth in Layered Skin Model 

The sampling depth distribution of Cherenkov photons and corresponding exponential 

fitting for average emission depth of origin is shown in Figure 2.1.9A for the three types 

of increasing skin pigment. Figure 2.1.9B shows the spectrum of Cherenkov emission on 

the surface, with the predominant emissions in the red and infrared wavelengths, and 

increasing overall emission for decreasing skin pigment, as might be expected. Effective 

Figure 2.1.8: Beam profiles comparison for large incident angle -- (A) 2-D superficial dose distribution from Monte 

Carlo simulation (SIM), Cherenkov emission imaging (OPT) and TPS for 50 degrees incident angle. (B-C) CP and IP 

superficial dose profiles of the results from Monte Carlo simulation, Cherenkov emission imaging, TPS and water tank 

diode scanning. (D-E) CP and IP difference between the profiles from water tank diode scanning and other three 

techniques. 

Table 2.1.2: Maximum and average disagreements for CP/IP scanned profiles. 
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sampling depth for different wavelength ranges (400 nm to 900 nm (overall) , 400 nm to 

500 nm, 500 nm to 600 nm, 600 nm to 700 nm, 700 nm to 800 nm and 800 nm to 900 nm) 

are listed in Figure 2.1.9C, illustrating that the sampling depth changes substantially with 

wavelength range.  In fact, wavelength range changes affect the emission sensitivity depth 

by more than an order of magnitude, whereas skin pigment changes alter this value by less 

than a factor of 2. 

2.1.4 Discussions 

Unlike conventional superficial dose measurement techniques such as radiochromic film, 

ionization chamber, MOSFET, diodes, or TLDs, superficial dose assessment based on 

Cherenkov emission imaging does not require anything to be put on or near the surface of 

Figure 2.1.9: Sampling depth for electron beams -- (A) The sampling depth distribution of Cherenkov 

photons and corresponding exponential fitting for the three types of skin. (B) The spectrum of Cherenkov 

emission from the surface. (C) Effective sampling depth for different wavelength ranges. 
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the patient, and is implicitly being emitted from every patient already undergoing radiation 

therapy. The significant value of this approach is that, the spatial resolution of Cherenkov 

images is sub-millimeter, which is much higher than any other conventional superficial 

dose measurement techniques. While film has similar spatial resolution, it clearly does not 

have the rapid and repeated ability to image that Cherenkov imaging have. Additionally, 

real time superficial dose assessment during radiotherapy could be realized by this 

technique and could be potentially adopted to monitor the treatment. Thus, while the 

imaging examined here is in a very early phase, the potential value of adding this imaging 

into conventional radiation therapy monitoring could be quite important. The goal of this 

work was simply to examine the methodology for its potential value. 

A key figure of merit is if the imaging can be quantitatively correlated to superficial 

dose. To test this, Figure 2.1.1E shows that, for a complex surface profile, the Cherenkov 

imaging technique could potentially image the superficial dose distribution. However, 

limited by the fact that the phantom is not optically tissue equivalent and there is a lack of 

information about the complex surface profile in 3-D, quantitative result cannot be gained 

from the testing Figure 2.1.1E at this point. However, for real tissue or tissue equivalent 

phantom, due to the internal highly scattering effect of optical photons, the angular 

distribution of Cherenkov photons escaped the surface will be close to Lambertian 

distribution exists in perfect diffusive medium[85]. Under the approximation of 

Lambertian distribution, intensity change of each pixel due to viewing angle and distance 

will be compensated exactly by the corresponding changes of solid angle and area of 

emission contributing signal to the pixel. Therefore, the radiance emitted will be 

independent of viewing angle and positions[85]. In other words, angular and distance (such 



43 

 

as inverse square) corrections of Cherenkov images of tissue surface are not necessary for 

the first order of approximation, which greatly simplifies image correction especially for 

flat and complex surface profiles. For flat and regular region, like the flat phantom 

investigated in this study, Cherenkov images could be transformed by the affine 

transformation to correct perspective distortion. For complex surface profiles, this problem 

becomes registration of 2-D Cherenkov images to the corresponding 3-D surface profiles. 

Radiotherapy monitoring system (e.g. AlignRT®, Vision RT; Catalyst™, C-Rad) 

incorporating optical 3-D surface imaging techniques[86] are able to measure the complex 

surface profiles of the treatment region accurately. By transform the coordinate systems of 

the 3D surface profiles and the 2D Cherenkov images to share the same x-y plane, pixels 

in the 2D Cherenkov images could potentially be registered to the corresponding small 

region on the 3D surface profiles. 

Tissue optical properties (absorption and scattering) could be measured to estimate 

the emissivity of Cherenkov emission. Figure 2.1.3B shows that the intensity of the image 

is linear with the integration time with R2=0.97, indicating that for a fixed geometry the 

reliability is outstanding. Thus, given the right tissue curvature and emissivity corrections, 

the imaging could be quite quantitative. The effects of field size and beam energy would 

be of interest, in particular to ensure that the imaging quantifies the effects in terms of dose 

accurately. Figure 2.1.4A shows the ability of Cherenkov imaging technique for 

radiotherapy beams with different field sizes (6cm×6cm to 20cm×20cm). From Figure 

2.1.4B, the linearity between the field size and integrated intensity (summing up all the 

pixel values in the beam) is outstanding (R2>0.99). In Figure 2.1.5, Cherenkov images for 

10cm×10cm electron beams of energies from 6MeV to 18MeV indicates that the intensities 
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are proportional (R2=0.97) to the corresponding superficial dose reference data. Thus in 

this controlled geometry, there is outstanding reliability to quantify superficial dose in the 

situation of changing beam size and energy. 

Another important feature of this type of dosimetry is the ability to image quickly 

with high spatial resolution. To test this, the data in Figure 2.1.3C shows that for integration 

times from 1 sec to 30 sec, the SNR of the images varies from 2 to 75. Most importantly, 

for a relatively short integration such as 5 sec, the SNR is above 20. The image processing 

(median filtering and perspective view transformation by not thoroughly optimized 

algorithms) takes less than 1 sec on a reasonable configured laptop, which further proves 

that superficial dose monitoring could be realized in real time or short time post therapy by 

this technique, with updated images on the second timescale.  

Perhaps the most important potential advantage for superficial dose imaging is to 

quantify the values when the incident beam is tangential or at high oblique angle to the 

tissue. This was tested using a 10cm×10cm 9MeV electron beam with incident angles from 

0 to 50 degrees (Figure 2.1.6). As seen here, the superficial dose distribution was highly 

sensitive to incident angle, with variation especially for large angles with respect to the 

normal direction of the surface. Thus, for treatment plans including beams incident at large 

angles such as tangential beam for breast or chest wall treatment [87-89], monitoring the 

surface is important. However it is not obvious which method of estimating superficial 

dose is most accurate in this setting. To quantify how accurate the Cherenkov imaging 

technique was, it was compared to superficial dose estimates from Monte Carlo simulation, 

TPS predication and water tank diode scan measurements. The difference of the CP and IP 
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profiles were calculated with the data compared to diode measurement data. For an incident 

angle of 0 degrees, Figures 2.1.6D and 2.1.6E show that the difference of Cherenkov 

images, TPS data and Monte Carlo simulation with diode scanning are ±4%, ±3~4% and 

±2~3% approximately (Table 2.1.2). Yet for incidence of 50 degrees, Figures 2.1.7D and 

Figure 2.1.8E show that the corresponding differences are ±1~2%, ±6~8% and ±2~3% 

(Table 2.1.2). It is known that TPS based on Monte Carlo algorithm may compromise the 

accuracy for calculation speed and also that the TPS is tuned to reproduce the input 

measurements [90, 91], typically made with cylindrical ionization chambers. Secondly, in 

TPS, dose is generally calculated in voxelised volume from the CT scan. However, the 

voxelised phantom does not render the surface profiles well (a more accurate way is mesh 

based surface profiles) and thus the transport and interaction of radiation near the surface 

will not be simulated to high accuracy. Even assuming that treatment planning systems can 

be used to calculate the superficial dose accurately, factors such as patient setting up and 

motion, deformation and weight loss during fractionated radiotherapy potentially 

contribute to errors between calculated superficial dose and superficial dose actually 

delivered. Dose prediction errors have been found in TPS when the region of interest is 

near the surface [61, 62, 66, 92-94], which explains why Cherenkov images and Monte 

Carlo simulation have shown better agreement with the diode scanning than the TPS, 

especially for large incident angles. 

Although the Cherenkov imaging has shown certain advantages for superficial dose 

assessment, several important issues exist which needs to be clarified by further 

investigation and validation. At first, the ambient light was shut off completely in this study 

through darkening the room, and blocking off all indicator lights. However, in real 
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radiotherapy treatments, a minimum amount of ambient is essential for the patient comfort 

and for the radiation therapy technicians to do their job. To solve this problem, temporal-

gating of image acquisition was demonstrated in a previous study, and could be adopted in 

the future clinical use [34, 79]. This gated camera was not available at the time of this 

preliminary study, and so was not utilized, but it is sufficient to image Cherenkov in the 

presence of a low level room light [79].  

A second issue is that the optical properties of the patients’ skin need to be 

considered to correct for the emissivity of the Cherenkov light, sampling depth and finally 

correlation of the intensity of the Cherenkov image with absolute dose value. If the optical 

properties of region of interest (ROI) are homogenous, the superficial dose distribution will 

not be affected. However, if heterogeneities exist in ROI, information of optical properties 

of ROI are needed for correction of the image. Optical properties will also affect the 

sampling depth of Cherenkov images. As shown in Figure 2.1.9A, the sampling depth 

distribution is sensitive to optical properties of the skin model. For skin types that are more 

pigmented (more melanin in the epidermis (layer 2)), the sampling depth distribution 

spreads slightly wider, which means that the sampling region is a bit deeper for more 

pigmented skin.  This observation might be a bit counter intuitive, but is caused by the 

presence of the absorber melanin being present in the superficial layer of the skin, meaning 

that as this pigment increases in concentration, it preferentially absorbs the light generated 

in the top layers of the skin.   

As mentioned before, the spectral emission of Cherenkov intensity is proportional 

to the inverse-square of the wavelength and weighed more highly in the short wavelength 
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ranges. However, Cherenkov photons with short wavelengths are generally more likely to 

be absorbed in tissue which leads to the spectrum of emission from the surface being 

weighted more to the NIR region (700 nm to 900 nm) (Figure 2.1.9B). The sensitivity of 

sampling depth depends on optical properties, increasing the complexity of superficial 

dosimetry based on Cherenkov radiation. In practice, optical properties of skin can be 

measured non-invasively and accurately by techniques such as reflectance spectroscopy 

[95] and thus sampling depth could be estimated.  An interesting observation from the 

simulations done here is that the sampling depth could be tuned by spectral filtering (Figure 

2.1.9C). As the spectral filtering range is varied from 400~500 nm to 800~900 nm, the 

effective sampling depth increases from 0.28 mm to 3.99 mm, 0.62 mm to 4.09 mm and 

0.49 mm to 4.15 mm for the three types of skin. This spectral filtering could limit the 

number of photons detected, thus comprising the image quality, but methods to compensate 

for this could be through the use of more sensitive imaging cameras, such as an Intensified 

CCD camera or longer acquisition times if possible. This is a topic for following studies, 

in which biological phantoms with different optical properties will be imaged while 

irradiating to determine how the optical properties and spectral filtering will affect the 

Cherenkov imaging.  

In this study, we have focused on comparing the relative dose values because of the 

challenges of calibrating Cherenkov intensity to absolute dose for different optical 

properties. Within this context, the diode is a better choice than ionization chamber, 

because the diode is the smallest detector (diameter about 2mm) and thus can measure the 

dose distribution with a higher spatial resolution, more closely matching what can be 

achieved with the Cherenkov imaging. Absolute values of dose are optimally measured 
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with ionization chamber, albeit at coarser spatial resolution, but in this study the Cherenkov 

images are normalized to peak values anyway, and this would be the likely usage. 

Ionization chamber measurements would be much coarser resolution and potentially would 

not match because of the large mismatch in sampling volume. This is especially important 

in regions of beam edges where the field changes rapidly with location. The sampling depth 

of the diode used in this study is about 1~2 mm. From the simulated results in layered skin 

model, for typical tissue optical properties, most of the detected Cherenkov photons 

generated within 2 mm underneath the surface. Thus, comparing the Cherenkov images 

with diode scanning and simulated dose within 1 mm underneath the surface (Figure 2.1.7 

and Figure 2.1.8) should be a reasonable approximation. Another reason we use diode is 

that the stopping power of silicon is very similar to water, unlike ionization chamber where 

correction due to stopping power difference between air and water is needed.  

The camera system used in this study has high resolution, and can capture changes 

with sub-millimeter resolution. While most Cherenkov and dose variations are slow 

functions of space, there are instances where this is not the case, such as in tissue folds or 

edges, and this is exactly where imaging can help. More abstractly, dose has likely never 

been imaged with this high level of spatial resolution, so advancing this technology to the 

point where it can be utilized to determine where there are high resolution changes in dose 

would be a worthy effort. However, when it comes to complex surface profiles such as 

whole breast cancer radiotherapy and head and neck treatment, the curvature of the surface 

will varies dramatically even with in several millimeters. Since superficial dose is highly 

dependent on the curvature of the surface, higher resolution is very useful to provide more 

detailed dose distribution, especially for complex surface profiles. Plus, even for a flat 
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phantom, higher resolution could potentially reveal small hot or cold spots which may be 

blind to conventional measurement methods due to the resolution issue. Pixel binning may 

benefit the acquisition speed and SNR of the image. However, higher acquisition speed 

and SNR could also be achieved by imaging with more sensitive devices such as an 

Intensified CCD without compromising the resolution. 

Finally, this study has focused on using electron beams instead of photon beams 

because electrons are frequently used to treat tumors near the skin. However, it has been 

shown that megavoltage X-ray beam generate secondary charged particles which emits 

Cherenkov radiation and can be detected directly by imaging techniques [96] . Recently, 

Cherenkov radiation generated in fiber arrays has been applied for megavoltage X-ray 

imaging [97].  Future studies will investigate use of Cherenkov emission to monitor 

superficial dose in X-ray beams for entrance and exit dosimetry. Image transformation and 

registration algorithms need to be designed to map the 2-D projected images to the 3-D 

surface profiles obtained by complimentary techniques such as CT, MRI, or optical 

stereotactic technologies. It is also possible, that Cherenkov emission might ultimately be 

better used to detect other features during radiation therapy such as variations in flatness 

and symmetry, or changes in output at the center of the beam with field size.  These would 

require different measures of utility, and would have to be the focus of future studies that 

required these applications.  

This work presents the first demonstration of Cherenkov emission surface imaging 

in a therapeutic radiation therapy beam, and demonstrates a high degree of correlation to 

superficial dose. While the work is a preliminary study in phantoms, and does not have all 
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the nuance of problems associated with patient imaging, it is clear that this signal is emitted 

from all patients, and in-vivo dosimetry via quantitative imaging should be possible with 

further development. This study demonstrates that surface Cherenkov emission is linear 

with dose, and quantitative optical imaging estimates the superficial dose accurately with 

variation in beam energy, size, and angle of incidence, to a level of error which appears 

suitable for practical monitoring of patients. Superficial dose can be imaged directly with 

a camera, and presented in real time to the radiation therapist control area. Simulation 

results in layered skin model shows the sensitivity of sampling depth depending on typical 

skin optical properties and suggested the potential of sampling depth tuning based on 

spectral filtering. The phenomenon is in an early stage of discovery, but has significant 

potential for real time patient monitoring. 
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2.2 Superficial Dosimetry Imaging Based on Cherenkov Emission for 

Megavoltage X-ray Beam 

2.2.1 Introduction 

The feasibility of using Cherenkov emission is investigated here for superficial dose 

imaging for megavoltage X-ray beam. As described in Chapter 1, local intensity of 

Cherenkov radiation can be taken as the surrogate of radiation dose with the approximation 

of constant energy spectrum of charged particles.  

In this study, the spectra of charged particles ( ( , )S E x ) was simulated at different 

regions (entrance and exit regions), crossing the whole beam  near the surfaces while 

irradiating flat and curved phantoms with megavoltage X-ray beams to validate the spatial 

homogeneity of ( , )S E x . Radiation beams were simulated in flat and curved phantoms, and 

radiation dose and local intensity of Cherenkov radiation near the surfaces were compared 

directly with each other, to demonstrate that local intensity of Cherenkov radiation is 

proportional to superficial radiation dose. Sampling regions of superficial dosimetry based 

upon Cherenkov emission for X-ray beams was investigated by Monte Carlo simulations 

in layered skin models (flat and curved surface) with typical optical properties. Angular 

distributions of Cherenkov photons escaped the surfaces on flat and curved phantom, which 

is potentially useful for intensity corrections due to the viewing angle and curvature of the 

surfaces, were simulated. Experimentally, while irradiating with megavoltage  X-ray 

beams, surface of flat and curved (breast-shaped) tissue-mimic phantoms were imaged by 

a time domain gating system [79], varying field sizes, incident angles and imaging regions. 

The acquisition speed and signal to noise ratio were investigated for different acquisition 
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procedures. The ability of imaging with reasonable ambient light levels was validated with 

a gated intensified CCD camera.  Taken together this provides a comprehensive pre-clinical 

analysis of the feasibility of surface dose monitoring with optical imaging.   

2.2.2 Materials and Methods 

This study utilized the GEANT4 based toolkit GAMOS for Monte Carlo modeling to 

stochastically simulate radiation transport, dose deposition, Cherenkov radiation emission 

and transport [98]. The process of radiation transport, dose deposition, generation of 

Cherenkov photons and transport of optical photons have been explained in detail by 

previous studies [13, 34]. Phase space files of 6 MV X-ray beams for the linear accelerator 

(LINAC) (Varian Clinic 2100CD) were generated elsewhere [99] and used in this study. 

The experiments were performed with a LINAC (Varian Clinic 2100CD, Varian Medical 

Systems, Palo Alto, USA) at the Norris Cotton Cancer Center in the Dartmouth-Hitchcock 

Medical Center.  

2.2.2.1 Simulation: energy spectra of charged particles 

Flat surface 

As shown in Figure 2.2.1A, detectors with size of 5×5×5 mm3 at positions (central and 

edge regions) were place on the surface of a flat phantom (water equivalent) of 100 mm 

thickness. Phase space files of 6 MV X-ray beams were used to irradiate the flat phantom 

at SSD = 1000 mm. Energies of charged particles in the detectors were logged. Entrance 

and exit plane were investigated for field sizes of 20×20 mm2, 40×40 mm2, 100×100 mm2 
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and 200×200 mm2. For each field size, one hundred million primary particles (X-ray 

photons from the phase space files) were launched for the simulation. 

 

 

Curved (cylindrical) surface 

As shown in Figure 2.2.1A, spherical detectors with diameter of 3 mm were positioned 

along the central arc of a cylinder phantom (water equivalent, diameter and height of 83 

mm) every 15 degrees. A phase space file of 6 MV X-ray beam with field size of 100×100 

mm2 was adopted to irradiate the cylindrical phantom centrally from the side at SSD = 

Figure 2.2.1: Validation of constant energy spectrum of charged particles for flat phantom -- (A) Position of detectors 

on flat phantom with respect to the beam field. (B) & (C) Energy spectrum of charged particles for entrance and exit 

plane. (D) & (E) Images of superficial dose and local Cherenkov emission for entrance plane. (H) & (I) Images of 

superficial dose and local Cherenkov emission for exit plane. (F) & (J) Cross plane (CP) and inter plane (IP) profiles of 

radiation dose and local Cherenkov emission for entrance plane and exit plane. (G) & (K) Discrepancy of CP and IP 

profiles of radiation dose and local Cherenkov emission for entrance and exit plane. 
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1000 mm. One hundred million primary particles were launched and simulated while 

energies of charged particles in these detectors were logged. 

 

Figure 2.2.2: Validation of constant energy spectrum of charged particles for cylinder phantom -- (A) Placement of 

detectors along the arc of cylindrical phantom. (B) Energy spectrum of charged particles along the arc. (C) & (D) Images 

of radiation dose and local Cherenkov emission of the central transection of the cylindrical phantom. (E) & (G) Profiles 

of superficial dose and local Cherenkov emission for entrance (0~90 degrees) and exit (90~180 degrees) plane. (F) & 

(H) Discrepancies between profiles of superficial dose and local Cherenkov emission for entrance (0~90 degrees) and 

exit (90~180 degrees) plane. 



55 

 

2.2.2.2 Simulation: radiation dose and local intensity of Cherenkov radiation  

Flat surface 

Similar to section 2.2.2.1, water equivalent flat phantom was defined in GAMOS and 

irradiated by 6 MV X-ray beams with field sizes of 20×20 mm2, 40×40 mm2, 100×100 

mm2 and 200×200 mm2. Layers with 10 mm thickness at the entrance and exit of plane of 

the phantom were voxelised with size of 0.5×0.5×0.1 mm3 (field sizes of 20×20 mm2 and 

40×40 mm2) and 0.25×0.25×0.1 mm3 (field sizes of 100×100 mm2 and 200×200 mm2). 

One hundred million primary particles were launched from the phase space files and 

simulated in the phantom. Radiation dose and number of local Cherenkov photon with 

wavelength form 400 nm to 900 nm were logged for each voxel. Images of radiation dose 

and local intensity of Cherenkov radiation were achieved by summing up the recorded data 

for 3 mm underneath the surfaces at entrance and exit planes. Images were smoothed by 

bilateral filter [100] and self-normalized by the maximum to the range of [0, 1]. Cross plane 

(CP) and inter plane (IP) profiles of images of radiation dose and local intensity of 

Cherenkov radiation were compared directly for corresponding field size. 

 

Curved (cylindrical) surface 

The cylindrical phantom defined in section 2.2.2.1 was voxelised with size of 0.5×0.5×0.5 

mm3. 6 MV X-ray beam with field size of 100×100 mm2 was simulated to irradiate 

centrally from the side at SSD = 1000 mm. One hundred million primary particles were 

launched and simulated and the radiation dose and local intensity of Cherenkov radiation 

were logged for each voxel. At the boundary, the number recorded by each voxel were 

weighted based on the fraction of the volume inside the cylinder. Six planes of voxels 
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adjacent to the central transection, representing a thickness of 3 mm, were isolated and 

median filtered along the central axis of the cylinder to generate images of radiation dose 

and local intensity of Cherenkov radiation of the central transection. Images of the central 

transection were smoothed by bilateral filtering. From the images of the central transection, 

for a cylindrical layer along the arc of 3 mm thickness underneath the side surface 

(indicated by dashed lines in Figure 2.2.2C and D), profiles of radiation dose and local 

intensity of Cherenkov radiation were compared. 

2.2.2.3 Simulation: sampling region in layered skin models 

Thickness and optical properties of layers of the skin have been reported in several papers, 

and here we used the well characterized model by Meglinski et al [82]. This layered skin 

models (flat phantom with size of 1000×1000×100 mm3) was built in GAMOS with each 

layer having the corresponding thickness and optical properties (refractive index, 

absorption and scattering coefficient) at entrance and exit plane. Three types of skin (skin 

1: lightly pigmented skin (~1% melanin in epidermis), skin 2: moderately pigmented (~12% 

melanin in epidermis), skin 3: darkly pigmented (~30% melanin in epidermis)) have been 

investigated. Pencil beam were generated by sampling the energy distribution of the phase 

space file (6 MV, 100×100 mm2). While irradiating (one hundred million primary particles) 

the surfaces of the phantom normally with the pencil beam, Cherenkov photons were 

generated and tracked through processes including Mie scattering, absorption, reflection 

and refraction at the boundary. The generation of Cherenkov photons and transport of 

optical photons have been explained in detail by previous studies [13, 34]. For any 

Cherenkov photon escaping the entrance surface of the phantom, initial positions and final 
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energy were recorded. The depth of all the Cherenkov photons escaping the entrance 

surface was logged in a histogram and was fitted by a single exponential decay [11]. The 

effective sampling depth (depth where the detection sensitivity drops to 1/e) was calculated. 

Sampling depth tuning based on spectral filtering can be discerned from the results of this 

simulation. 

2.2.2.4 Simulation: angular distributions of Cherenkov emission on the surfaces 

Flat homogeneous phantom 

A slab (1000×1000 mm2, varying thickness from 0.1 mm to 100 mm) of homogeneous 

water equivalent phantom was defined in GAMOS (Figure 2.2.5A). Pencil beams were 

adopted to irradiate the slab phantom. The final directions of any Cherenkov photon 

escaping the surfaces (entrance and exit plane) were logged. Angular distributions with 

respect to the normal of the surfaces was calculated by histogramming the directions and 

compared with the Lambertian distribution for ideal diffusive medium. Factors affecting 

the angular distribution, including incident angle (0 to 85 degrees), optical properties (1~5% 

blood + 1~3% intralipid)[34], refractive index (1.1 to 1.5), tissue thickness (0.1 mm to 100 

mm), beam energy (sampled from the 6 MV X-ray phase space file and monoenergetic 

from 2 MV to 10 MV) and scattering model, were investigated. As indicated in yellow 

color in Table 2.2.2, the default conditions are incident angle = 0 degree, optical properties 

= 1% blood + 1% intralipid, refractive index = 1.33, tissue thickness = 100 mm, beam 

energy = sampled from the 6 MV X-ray phase space file and scattering model = 100% Mie 

scattering. While varying one of the conditions, the other conditions were set to the default. 
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Flat surface of layered skin models 

Similar to section 2.2.2.3, slab phantom of layered skin (1000×1000×100 mm3) was built 

in GAMOS (Figure 2.2.5A). Pencil beams sampled from the 6 MV X-ray phase space file 

was adopted to irradiate the slab phantom. The final directions of any Cherenkov photon 

escaping the surfaces (entrance and exit plane) were logged. Angular distributions with 

respect to the normal of the surfaces was calculated by histogramming the directions and 

compared with the Lambertian distribution for ideal diffusive medium. The three types of 

skin mentioned before were investigated while incident angle varying from 0 to 70 degrees. 

 

Curved (cylindrical) surface of layered skin models 

Similar to the setup described in section 2.2.2.1, cylindrical phantoms of layered skin (41.5 

radius, 41.5mm height) were built in GAMOS and detectors (3 mm width, 5 degrees along 

the central arc) were placed on the surfaces (Figure 2.2.5B). For any Cherenkov photon 

escaped the surfaces and reach the detectors, direction was logged. The angular distribution 

with respect to the normal of the detectors was calculated and compared with a Lambertian 

distribution to investigate how it being affected by the curvature of the surfaces. 

2.2.2.5 Tissue phantom imaging with time domain gating system 

Flat phantom 

As shown in Figure 2.2.6A, the optical imaging system was created from a time domain 

gating ICCD camera (PI-MAX3, Princeton Instrument) with a Canon EF (55-250 mm, f/4-

5.6) lens. The LINAC works in pulsed mode and the radiation burst lasts for approximately 

3 µs at a frequency near 180 Hz. By synchronizing the ICCD gate to the radiation burst, 
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Cherenkov radiation emitted from the surfaces was imaged while the contribution of the 

signal from ambient light was significantly reduced [79]. A solid water equivalent phantom 

(Plastic Water, CNMC, USA) of 300×300×40 mm3 was irradiated by 6 MV  X-ray beams 

(600 MU/min) at SSD = 1000 mm. The ICCD camera was mounted 2.5 meters away and 

1 meter above the surfaces of the phantom and a computer which was used to remotely 

control the camera outside the radiotherapy room. Images were processed by background 

subtraction, median filtering over a stack of repetitive frames of images with each frame 

of image an accumulation of certain number (50 to 1000) of radiation bursts to remove 

stray radiation noise which results in saturated pixel values [101]. Affine transformation 

was implemented based on chosen points on the image to correct the perspective 

distortion[11]. Finally, each image was smoothed by bilateral filtering and self-normalized 

by the maximum to the range of [0, 1]. Acquisition speed and signal to noise ratio for 

different acquisition procedure were investigated.   

 

Breast shaped phantom 

To simulate whole breast radiotherapy, an anthropomorphic phantom (Figure 2.2.7A) was 

made of silicone and placed on a torso phantom at the correct clinical position while 

irradiating with 120×80 mm2, 6MV  X-ray beam, at an incident angle of 80 degrees (10 

degrees upward with respect to the horizontal plane). The ICCD camera was placed at the 

foot of the patient couch, at the same height of the breast phantom and about 3.25 meter 

away. Three positions of the side surface (entrance, exit and tangential) were imaged. 

Images were taken with ambient light on and off to validate that most of the ambient light 

can be rejected by the time domain gating technique.    
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2.2.3 Results 

2.2.3.1 Validation of local Cherenkov emission as surrogate of radiation dose 

Flat phantom 

Figure 2.2.1 shows the results of the energy spectra of charged particles and validation of 

local Cherenkov emission as a surrogate of radiation dose for 100×100 mm2, 6 MV gamma 

beam. Figure 2.2.1B and C shows the simulated energy spectra of charged particles at 

different regions (indicated in Figure 2.2.1A) on the entrance and exit plane. The spatial 

homogeneity of these spectra suggest local Cherenkov emission can be used as a surrogate 

of radiation dose within small discrepancy. Comparing Figure 2.2.1B with Figure 2.2.1C, 

the energy spectra of charged particles is more spatially homogeneous on the entrance 

plane than that on the exit plane, suggesting that the discrepancy between local Cherenkov 

emission and radiation dose should be smaller on the entrance plane. To quantify the spatial 

homogeneity of energy spectra of charged particles, the absolute average discrepancy 

(mean value of the absolute difference between two self-normalized energy spectra by the 

maximum to the range of [0, 1]) of the energy spectra of charged particles simulated at 

position 1 to 9 (Figure 2.2.1A) were calculated with respect to the spectra simulated at 

position 1 (center of the beam field) and listed in Table 2.2.1 for field sizes of 20×20 mm2, 

40×40 mm2, 100×100 mm2 and 200×200 mm2, showing a trend of increasing with field 

size. Figure 2.2.1D and E shows the simulated images of superficial dose and local 

Cherenkov emission for entrance plane. Cross plane (CP) and inter plane (IP) profiles were 

shown in Figure 2.2.1F. Figure 2.2.1G shows the discrepancies between these profiles. 

Figure 2.2.1H to K show the same results for the exit plane. The maximum and absolute 



61 

 

average discrepancies between local Cherenkov emission and radiation dose were 

calculated and listed in Table 2.2.1 for CP and IP profiles on entrance and exit plane for 

field sizes of 20×20 mm2, 40×40 mm2, 100×100 mm2 and 200×200 mm2. With largest 

discrepancy within 5% at the edges of the beam field and absolute average discrepancy 

within 2%, the discrepancy shows a trend of increasing with field size. Agreeing with the 

results of the energy spectra of charged particles, the average discrepancy for entrance 

plane is generally smaller than that of the exit plane.  

 

Cylindrical phantom 

As shown in Figure 2.2.2B, based on the similarity shared with each other, the energy 

spectra along the central arc on the surfaces of the cylindrical phantom can be divided into 

two groups (entrance plane (0~90 degree) and exit plane (90~180 degree)), suggesting that 

local Cherenkov emission could be taken as surrogate of radiation dose for both entrance 

and exit plane independently. The absolute average discrepancies of the self-normalized 

energy spectra of charged particles (with respect to data measured at 0 degree for entrance 

plane and 180 degrees for exit plane) were listed in Table 2.2.1. Figure 2.2.2C and D show 

the simulated images of radiation dose and local Cherenkov emission of the central 

transection. In Figure 2.2.2E and G, profiles of radiation dose and local Cherenkov 

radiation are self-normalized by the maximum to the range of [0, 1] for entrance and exit 

plane. The corresponding discrepancies were shown in Figure 2.2.2F and H with the largest 

and absolute average discrepancies listed in Table 2.2.1. 
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Figure 2.2.3: Sampling depth on entrance surface -- (A) The sampling depth distribution of Cherenkov photons and 

corresponding exponential fitting for the three types of skin for entrance plane. (B) The spectrum of Cherenkov emission 

from the entrance surface. (C) Effective sampling depth for different wavelength ranges on the entrance surface. 

 

Table 2.2.1: Validation of Cherenkov radiation as surrogate of radiation dose. 
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2.2.3.2 Sampling region in layered skin models 

The sampling depth distribution of Cherenkov photons and corresponding exponential 

fitting for average emission depth of origin on the entrance plane is shown in Figure 2.2.3A, 

for the three types of increasing skin pigment. Figure 2.2.3B shows the spectra of 

Cherenkov emission on the entrance plane, with the predominant emissions in the red and 

infrared wavelengths, and increasing overall emission for decreasing skin pigment, as 

might be expected. Effective sampling depths for different wavelength ranges (400 nm to 

900 nm (overall) , 400 nm to 500 nm, 500 nm to 600 nm, 600 nm to 700 nm, 700 nm to 

800 nm and 800 nm to 900 nm) are listed in Figure 2.2.3C, illustrating that the sampling 

depth changes substantially with wavelength range.  In fact, wavelength range changes 

affect the emission sensitivity depth by more than an order of magnitude, whereas skin 

pigment changes alter this value by less than a factor of 2. Similar results were shown in 

Figure 2.2.4 for the exit plane. The build-up effect (Figure 2.2.3A) is obvious for the 

entrance plane, which leads to larger sampling depth than that of the exit plane. 
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2.2.3.3 Angular distributions of Cherenkov emission on the surfaces 

Figure 2.2.5C shows the angular distribution of Cherenkov emission on the entrance 

surface for the three types of skin. All of the profiles looks similar to the Lambertian 

distribution while the discrepancy increases for increasing skin pigment. Figure 2.2.5D 

shows that the angular distribution is insensitive to incident angle, because of high 

scattering of Cherenkov photons in the tissue. As shown in Figure 2.2.5F, if the layer of 

the tissue is too thin (< 1 mm), which means Cherenkov photons will not be scattered 

enough, the angular distribution has a large discrepancy (Table 2.2.2) with respect to a 

Lambertian distribution. For a curved surface, Figure 2.2.5E shows the angular distribution 

is close to a Lambertian distribution and not sensitive to the curvature. All the other 

conditions mentioned in section 2.d were investigated for entrance and exit plane, and the 

Figure 2.2.4: Sampling depth on exit surface -- (A) The sampling depth distribution of Cherenkov photons and 

corresponding exponential fitting for the three types of skin for exit plane. (B) The spectrum of Cherenkov emission 

from the exit surface. (C) Effective sampling depth for different wavelength ranges on the exit surface. 
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absolute average discrepancy with respect to a Lambertian distribution are listed in Table 

2.2.2. In most of the cases, the absolute average discrepancy varies around 5%, suggesting 

that a Lambertian distribution is usually a reasonable approximation for angular correction 

of Cherenkov images.  

  

Figure 2.2.5: Angular distribution of surface-emitted Cherenkov radiation -- (A) Simulation of the angular distribution 

of Cherenkov photons escaped the surface for flat phantom with pencil beams. (B) Simulation of the angular distribution 

of Cherenkov photons escaped the surface for cylindrical phantom. (C) Angular distribution for different skin types. (D) 

Angular distribution for skin 1 with different incident angles from 0 to 70 degrees. (E) Angular distribution for skin 1 

along the arc of the cylindrical phantom. (F) Angular distribution for different tissue thickness from 0.1 mm to 100 mm 

on the entrance surface. 
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2.2.3.4 Tissue mimicking phantom imaging with a time- gated system 

Flat phantom imaging 

To image enough Cherenkov photons, each frame of the image was measured by 

accumulating the Cherenkov emission from many radiation bursts delivered by the LINAC. 

Figure 2.2.6B shows the acquisition speed of the time domain gating system for a frame of 

image, with accumulations from 1 to 1000 radiation bursts. To increase the signal to noise 

ratio (SNR) of the Cherenkov image, several frames of images with the same accumulation 

were taken together as a stack and median filtered over it. After background subtraction, 

image transformation and image smoothing with bilateral filtering, each image was 

1024×1024 pixels. Irradiating with 100×100 mm2, 6 MVX-ray beam, different acquisition 

procedures were investigated. A square region (100 pixels by 100 pixels) in the center of 

images were chosen to calculate the SNR (mean pixel value over the standard variance). 

Table 2.2.2: Angular distribution of Cherenkov photons escaped the surface compared with Lambertian distribution. 
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As shown in Figure 2.2.6C, the SNR increases with the number of accumulations and the 

number of frames of images included in median filtering. For example, from Figure 2.2.6B, 

a image of 50 accumulations takes about 0.21 sec and from Figure 2.2.6C, median filtering 

over 10 frames of images gives a SNR over 35, suggesting the possibility of real time or 

semi-real time (depending on SNR) superficial dose monitoring. By setting the acquisition 

procedure to be 50 accumulation each frame of image and median filtering over a stack of 

10 frames of images (about 2.1 sec acquisition time), Cherenkov images of different field 

sizes (from 50×50 mm2 to 200×200mm2) and incident angles (from 0 to 70 degrees with 

field size to be 100×100 mm2) were shown in Figure 2.2.6D and Figure 2.2.6E. 

 

Figure 2.2.6: Cherenkov images for different field sizes and incident angles -- (A) Time domain gating system. (B) 

Acquisition speed of one frame of image with accumulation of different number of radiation bursts. (C) Signal to noise 

ratio for different acquisition procedures. (D) Cherenkov images of flat phantom with field sizes from 20×20 mm2 to 

200×200 mm2. (E) Cherenkov images of flat phantom with incident angles from 0 to 70 degrees. 
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Breast shaped phantom imaging 

Figure 2.2.7 shows the Cherenkov images of the breast shaped phantom (described in 

section 2.e.ii) from different angles (entrance, tangential and exit as indicated in Figure 

2.2.7A) during EBRT. The acquisition procedure was set to be 50 accumulations each 

frame of image and 10 frames of images for median filtering over the stack. Figure 2.2.7C, 

D and E validated Cherenkov emission could be imaged and thus superficial dose could be 

estimated for complex surface profiles within the process of EBRT. As shown in Figure 

2.2.7E and F, images of the exit plane measured with and without ambient light (Figure 

2.2.7B) were similar to each other, suggesting imaging with reasonable level of ambient 

light during EBRT is possible.  There was a slight offset shown between them, which is 
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suitably smaller than the dynamic range, and so can be subtracted off as needed in post 

processing. 

 

2.2.4 Discussions 

Cherenkov radiation is intrinsically generated in tissue during irradiation. Different from 

conventional superficial dose measurement techniques, superficial dosimetry imaging 

based on Cherenkov radiation does not require any detector to be placed on patient or any 

clinical intervention within the process of EBRT. Instead of small region measurement, 

this technique is able to image a large field of view or focus on the region of interest which 

Figure 2.2.7: Cherenkov images of a breast shaped phantom with dimmed room light -- (A) A picture of the breast 

phantom placed on an anthropomorphic torso phantom (entrance, tangential and exit imaging region indicated in the 

picture). (B) A picture shows the ambient light tested for time domain gating. (C-E) Cherenkov images (ambient light 

off) of the entrance, tangential and exit region of the breast phantom under whole breast radiotherapy. (F) Cherenkov 

image of the exit region with the ambient light on. 
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provides global as well as detailed information about superficial dose distribution. As 

shown in Figure 2.2.6B and C, the acquisition time of images with reasonably good quality 

and SNR (about 35) is approximately 2 sec. Comparing this to the time scale of typical 

radiotherapy (about 10-20 sec at dose rate of 600 MU/min), real time monitoring of patient 

movement, deformation and the corresponding effects to superficial dose delivery is 

possible. Instead of correlating Cherenkov images to superficial dose distribution, this 

technique could also be used for quality assurance of the radiotherapy beam for hot or cold 

spot detection. 

Although Cherenkov imaging has shown certain advantages for superficial dose 

assessment, several important issues exist which needs to be clarified. First, local intensity 

of Cherenkov radiation is proportional to radiation dose under the approximation that the 

energy spectra of charged particles is spatially independent. This approximation was 

validated with maximum discrepancy within 5% and average discrepancy within 2% 

(Figure 2.2.1 and Table 2.2.1) for flat phantoms with different field sizes from 20×20 mm2 

to 200×200 mm2. For curved phantoms, as shown in Figure 2.2.2 and Table 2.2.1, this 

approximation holds for most of entrance and exit plane and has the largest discrepancy 

(within 15%) near the tangential region, which means that Cherenkov images of entrance 

and exit regions should be interpreted independently. It is worth noting that the images 

could under or over-estimate radiation dose several percent, especially near the edge of the 

beam field or in tangential regions. Calibration of this issue requires detailed information 

about energy spectra of charged particles at different regions, which is potentially possible 

but computationally intense. In practice, the easiest solution is that regions such as beam 

edges and tangential surfaces with respect to the direction of the incident radiation beam 
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could be eliminated from the image, or interpreted with caution for superficial dose 

estimation. 

Unlike conventional superficial dose measurement techniques, Cherenkov 

emission samples the superficial dose several millimeters (0 to 5 mm) underneath the 

surfaces with the sampling region being sensitive to the optical properties (Figure 2.2.3A 

and Figure 2.2.4A). The detected Cherenkov intensity is also correlated to optical 

properties (Figure 2.2.3B and Figure 2.2.4B). One potential way to solve this issue is 

including non-invasive optical properties techniques such as reflectance spectroscopy [95] 

to measure optical properties of the skin accurately and adopted for sampling region 

simulating, sampling depth tuning by spectral filtering (Figure 2.2.3C and Figure 2.2.4C) 

and Cherenkov intensity to absolute dose calibration. This will be investigated in following 

clinical studies focusing on whole breast treatment and correlate the Cherenkov images to 

superficial dose and skin reactions for different types of skin. 

For complex surface profiles (breast or head and neck tumor treatment), the angular 

correction of Cherenkov images is important. For highly scattering media such as human 

tissue, optical photons could be scattered sufficiently and lose their initial angular 

distributions. As summarized in Table 2.2.2 for flat and curved tissue mimic phantom, the 

angular distribution of emission is close to the theoretical Lambertian distribution for 

perfect scattering medium. Lambertian distributions essentially simplify the angular 

correction to a trivial monotonic function with a known analytic expression, which is 

especially important for complex curved surfaces, because the intensity changes due to the 

curvature of the surfaces will be exactly compensated by the corresponding changes of the 

solid angle. The results in this study suggest that Lambertian correction would be a 
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reasonably good normalization factor to correct the emission intensity. While complete 

angular correction is a challenge because angular distributions is affected slightly by the 

surfaces profiles combined with all the potential factors,  many of these issues can be 

potentially addressed by 3D surface capture techniques[86]  and systems (e.g. AlignRT®, 

Vision RT; Catalyst™, C-Rad). In the following clinical trial of whole breast radiotherapy, 

combining 3D surface profiles with the treatment plan of radiation delivery and measured 

optical properties of patient skin will be investigated. By coupling 3-D surface profiles and 

measurements of optical properties with Cherenkov images, factors such as curvatures of 

the surfaces, incident angles and optical properties could be decided for the treatment 

region and adopted to simulate the angular distribution, which will be later used for 

intensity corrections due to viewing angles and curvatures. 

In practice, a reasonable level of ambient lighting is essential for the patient’s 

comfort and for the radiation therapy technicians to do their job. This ambient light could 

easily affect Cherenkov images if imaging with standard cameras. To solve this problem, 

time-gating of image acquisition was demonstrated in this study. By synchronizing the 

camera to short radiation bursts (3µs at a repetitive frequency about 180 Hz), ambient light 

which is generally continuous in time will be reduced to less than 5% of the signal. As 

shown in Figure 2.2.7E and Figure 2.2.7F, with the ambient light level to be what shows 

in Figure 2.2.7B, the Cherenkov images are not significantly affected. Further 

improvement will be implemented by coding the camera to take background images during 

the gating while radiation burst is just off and subtract the background image from 

Cherenkov image automatically. 
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We have shown that local Cherenkov emission can be used to estimate radiation 

dose for flat and curved surfaces. Simulation of the sampling region of Cherenkov emission 

in layered skin models suggested the possibility of sampling depth tuning based on spectral 

filtering. Angular distributions of Cherenkov photons escaping the surfaces is close to the 

well-known Lambertian distribution, because of the tissue’s high optical scattering, 

simplifying the angular correction of Cherenkov image for flat and curved surfaces. The 

concept of superficial dose imaging based on Cherenkov emission for MV EBRT X-ray 

beams was demonstrated in breast phantoms by time domain gating, suggesting real time 

superficial dose monitoring with reasonable ambient light level. While this work focuses 

on Monte Carlo simulations and phantom studies, it is clear that this signal is emitted from 

all tissue, and in-vivo superficial dosimetry via quantitative imaging will be investigated 

with further development in a whole breast radiotherapy clinical trial.  
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Chapter 3: Calibrations to utilize Surface emitted Cherenkov Radiation 

as Surrogate for Superficial Radiation Dose 

3.1 Introduction 

The previous chapter showed that, with the approximation of constant energy spectrum, 

the intensity of local Cherenkov radiation is proportional to superficially deposited 

radiation dose [11, 12]. Although the coefficient between local Cherenkov intensity and 

radiation dose is affected by many factors (such as beam energy spectrum, which is in turn 

affected by the original choice of beam energy, shape and the depth into the medium), it 

can be estimated by Monte Carlo simulations and measurements in tissue mimicking 

phantoms [10]. The calibration of Cherenkov emission to radiation dose in water has been 

well investigated by this recent study.  

However, in biological tissue, the issue is a bit different. Due to the attenuation 

(scattering and absorption) of biological tissue to Cherenkov emission, the sampling region 

of Cherenkov emission in vivo (such as on patient surface) is limited to several millimeters 

[11, 12]. To estimate local calibration factors, the correlation between surfaces emitting 

Cherenkov intensity and the radiation dose depends dominantly upon the transmission 

processes of Cherenkov photons and how they escape the surface and get captured by the 

detector. 

Here, through Monte Carlo simulations and phantom studies, the dominance of 

factors affecting the calibration of superficial Cherenkov intensity to absolute surface dose 

were investigated, with a goal of prioritizing what are believed to be the key factors, 

including:  



75 

 

(i) tissue optical properties,  

(ii) tissue curvature,  

(iii) beam properties, 

(iv) imaging angle.  

These results shed light on how, and to what extent, different conditions affect the calibration from 

Cherenkov intensity to absolute superficial dose, and may provide a practical solution to allow 

quantitative Cherenkov signals to be used as a surrogate for dose. For the first time, a reflectance 

based correction method was investigated, allowing convenient calibrations to the first-order 

accuracy in practice without affecting the normal treatment process.    

3.2 Materials and Methods 

3.2.1 Monte Carlo simulations 

The phase space files for the TrueBeam system from Varian were used in GAMOS (a 

GEANT4 based Monte Carlo simulation toolkit) [13] to simulate surface emission 

Cherenkov signals and the correlated deposited dose. The parameters examined were: i) 

different tissue optical properties (skin color from light to dark), ii) beam energies, iii) 

thickness of tissues (2.5 cm to 20 cm), v) SSD (80 cm to 120 cm), iv) field sizes (0.5×0.5 

cm2 to 20×20 cm2), vi) entrance/exit sides, vii) curvatures (cylinders with diameters from 

2.5 cm to 20cm) and ix) imaging angles (0 to 90 degrees). In a specific case, for any 

Cherenkov photon emitted from the surface, the original position and direction, final 

position and direction and energy were recorded.  

 

Flat phantom 
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As shown in Figure 3.1a, for a slab phantom irradiated by a specific beam, the deposited 

dose was recorded in a voxelised volume (0.5×0.5×0.5 mm3). As described in previous 

studies, skin layers were placed at the entrance and exit surface of the slab phantom. 

Similarly, optical properties (µs, µa and g) were defined for the medium and each layer of 

the skin model [102] (skin 1: lightly pigmented skin (~1% melanin in epidermis), skin 2: 

moderately pigmented (~12% melanin in epidermis), skin 3: darkly pigmented (~30% 

melanin in epidermis)). The sampling region of surface emitted Cherenkov photons was 

calculated by making a histogram of the initial positions of the voxelised volume, where 

deposited doses were scored. The calibration factor (dose (Gy) per emitted Cherenkov 

photon in 1 mm3 volume) was calculated by a summing up the dot product of the 

normalized sampling sensitivity and the dose distribution voxel by voxel. By examination 

of the histogram, the emitted Cherenkov photons versus depth were fit with an exponential 

decay model, and the sampling depth was determined from the natural logarithm decay 

constant.   

The default conditions were set as light colored skin, and the phasespace file 

generated 6 MV X-ray beam or 6MeV electron beams, slab phantom with the thickness of 

10 cm, entrance side of the phantom at SSD = 100 cm, field size of 10×10 cm2 at SSD = 

100 cm. Keeping all the other conditions as default, three types of skin (light, medium and 

dark colored), with optical properties described elsewhere [102], were investigated; X-ray 

beams with different energies (4 MV, 6 MV, 8 MV, 10 MV and 15 MV) were simulated; 

SSD varies from 80 cm to 120 cm with 5 cm increment; field size varies from 0.5×0.5 cm2 

to 20×20 cm2. 
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Cylindrical phantom 

As shown in Figure 3.1c, similar to the flat phantom case, for a cylindrical phantom 

irradiated by a specific beam, the deposited dose was recorded in a voxelised volume 

(0.5×0.5×0.5 mm3). Skin layers of light colored skin were placed on the side surface of the 

cylindrical phantom. Along the arc (from 0 to 180 deg (0 to 90 deg for electron beams) 

with 10 deg increment), calibration factors, sampling depths, angular distributions and 

spectrums of surface-emitted Cherenkov radiation were calculated from recorded data. To 

investigate different curvatures, solid cylinders with diameter from 2.5 cm to 20 cm with 

2.5 cm increment were simulated. 
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3.2.2 Experimental implementation 

Phantoms in an array of different optical properties 

As shown in Figure 3.11a, a phantom array (15×15 cm2) was made with 1% v/v intralipid 

and different concentration of blood (8%, 4%, 2%, 1%, 0.5% and 0.25% v/v whole blood) 

for each column. To simulate skin layers, one layer of melanin solution (1mg/ml, 0.5mg/ml, 

0.25mg/ml, 0.125mg/ml, 0.063mg/ml, and 0.015mg/ml in 1% v/v intralipid) was added 

(for each row) on the top with approximately 200 micron thickness, approximately 

Figure 3.1 Simulated dose and sampling regions of surface-emitted Cherenkov radiation -- (a,c) 

Examples of deposited radiation dose scored in voxelised slab and cylindrical phantoms. (b,d) Examples 

of sampling sensitivity of surface emitted Cherenkov radiation in the case of entrance/exit surface of the 
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matching that of human dermis. These were optically equivalent to skin color from dark to 

light, as estimated by known values of human skin [102], and matched the visual 

appearance expected quite well. 

The Cherenkov emission from top surface of the phantom array was imaged while 

the phantom was normally irradiating by a 25×25 cm2, 6 MV X-ray beam delivered by a 

LINAC (model CLINAC 2100CD). As described before, an ICCD camera (PIMAX-4, 

Princeton Instrument) synchronized to the LINAC was used for Cherenkov imaging. One 

hundred frames were acquired with each frame containing accumulated Cherenkov 

emission from 100 radiation pulses. The final Cherenkov image was generated by median 

filter over the stack of 100 frames.    

A reflectance image of the phantom array was captured by a DSLR camera (Canon 

T3i) under uniform white light illumination. For a region of interest in each well of the 

phantom array, the mean intensity of Cherenkov emission and reflectance in the RGB and 

grayscale channel was calculated. 

First reflectance based calibration for the patient 

The reflectance based calibration for surface emitted Cherenkov radiation was tested for a 

clinical case. For a patient receiving post-lumpectomy whole breast radiation therapy 

(detailed treatment procedure description is later discussed in Chapters 4 and 5) [41, 42], 

the Cherenkov image was captured from the surface of the treatment region. A grayscale 

image was captured by the same set up, under uniform illumination from a wide angle LED 

white light source. A composite Cherenkov image was generated by a weighted sum of the 



80 

 

Cherenkov images at entrance and exit side multiplied by the corresponding calibration 

factors decided from MC simulations. The calibrated Cherenkov images were generated 

by dividing (pixel by pixel) the Cherenkov image with the self-normalized white light 

image as 𝐼𝑐(𝑖, 𝑗) =
𝐼𝑟(𝑖,𝑗)

𝐼𝑤(𝑖,𝑗)
, where 𝐼𝑐 , 𝐼𝑟 , 𝐼𝑤  represents the corrected image, the raw 

Cherenkov image and the reflectance image. Thermoluminescent dosimeters (TLD) were 

placed for four different positions on the patient (Figure 3.12b). The correlations between 

Cherenkov intensity with/out reflectance based correction and TLD measured surface dose 

were calculated. 

3.3 Results 

3.3.1 Monte Carlo simulations 

The calibration factor, sampling depth, angular distribution and emission spectrum for all 

investigated factors are shown below. 

Tissue thickness 

As can be seen from the data, tissue thickness (2.5 cm to 20 cm) does not have a significant 

effect on the calibration from Cherenkov intensity to radiation dose. For the exit side, the 

factor decreases with increasing thickness to an extent about 2% (Table 3.1). This is due to 

beam hardening effect so that several percent more Cherenkov photons are generated for 

harder beams, due to the average beam photon energy increasing. For the sampling depths, 

tissue thickness has no significant effect at both entrance and exit side. 
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Beam energy 

For X-ray beams, the effect from clinical beam energies (4 MV to 15 MV) on the 

calibration varies to an extent about 21% (Table 3.1). This is mostly due to the fact that the 

number of local Cherenkov photons per unit dose increases with beam energy. Therefore, 

the calibration factor (i.e. dose per emitted Cherenkov photon) tends to decreases with 

increasing energy (Figure 3.3a,e). However, on the entrance side, beams with higher energy 

have a deeper build-up region, making Cherenkov photons more difficult to escape the 

surface (this competes with the effect that more photons are generated) and increases the 

sampling depth (Figure 3.3b) as well as the calibration factor. This explains the variation 

for the calibration factor for the entrance side is slightly smaller than that of the exit side 

(Table 3.1). For electron beams, as shown in Figure 3.4, the dependence of both the 

calibration factors and the sampling depths on beam energies becomes flat in the clinical 

Figure 3.2: Calibration for entrance and exit surface -- Calibration factors between Cherenkov and 

superficial dose at entrance and exit surface for different tissue thickness are shown in (a) with 

corresponding sampling depths shown in (b).  
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energy range. The effect of beam energy in the clinical range (6 MeV to 22 MeV) on the 

calibration varies to an extent about 0.4% (Table 3.2). Calibration factors and the sampling 

depth for mono-energetic beams are shown in Figure 3.3c and Figure 3.4a. With the 

calibration factors simulated for mono-energetic beams (Figure 3.3c) and the spectrum 

information of a clinical beam (Figure 3.3e), a convolution will give the calibration factor 

for a beam with a specific energy spectrum.  
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Figure 3.3: Calibration for X-rays with different energies -- Calibration factors between Cherenkov and 

superficial dose at entrance and exit surface for radiation beams generated from phase space files for 

different energies are shown in (a) with corresponding sampling depths shown in (b). Calibration factors 

between Cherenkov and superficial dose at entrance and exit surface for mono-energetic radiation beams 

are shown in (c) with corresponding sampling depths shown in (d). The energy spectrum for different 

phase space files were shown in (e) and fro the 6 MV beam, the energy spectrum for different fields are 

shown in (f). 
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Skin Color types 

For different tissue optical properties (light colored skin to dark colored), the calibration 

factor varies to an extent of 45% for X-ray and 43% for electron beams (Table 3.1 and 

Table 3.2). As the skin color increases, less Cherenkov photon will escape the surface 

therefore each photon represents more radiation dose (Figure 3.5a,c). The sampling depth 

tends to increase with skin color, this is mainly because most of the absorption of the skin 

exists in the very superficial two layers. Therefore, for darker skin types, a larger portion 

of emitted photons originate in deeper positions (Figure 3.5b,d). 

Figure 3.4: Calibration for electron beams with different energies -- Calibration factors between 

Cherenkov and superficial dose at entrance and exit surface for electron beams with different energies 

are shown in (a) with corresponding sampling depths shown in (b). 
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Field size 

For X-ray beams with different field sizes (0.5×0.5 cm2 to 20×20 cm2), the calibration 

varies to an extent of 5% (Table 3.1). This is mainly due to the energy spectrum changes 

for different field sizes (Figure 3.3f) and the corresponding sampling depths. Typically, the 

energy spectrum for a beam with smaller size is harder (more Cherenkov photons per unit 

dose locally) and thus results in a larger sampling depth (Figure 3.6a) on the entrance side, 

which in turn leads to a larger calibration factor (Figure 3.6b). However, since build up 

Figure 3.5: Calibration for different skin color -- Calibration factors between Cherenkov and superficial 

dose at entrance and exit surface for different skin colors are shown in (a) with corresponding sampling 

depths shown in (b) for X-ray. Calibration factors and the sampling depths for electron beams are shown 

in (c) and (d).  
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region does not exist on the exit side, the increment of calibration factor with increasing 

field size is merely due to softer energy spectrum for larger field sizes. 

Unlike X-ray beams which typically have broad energy spectrums, the spectrum of 

electron beams is narrower and almost independent of field size. For electron beams with 

different field sizes (0.5×0.5 cm2 to 15×15 cm2), the calibration factors and sampling 

depths are shown in Figure 3.6c and 3.5d with the calibration varies to an extent of 2.4% 

(Table 3.2).  
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Source to surface distance (SSD) 

As shown in Figure 3.7, the effects of different SSD on the calibration and sampling depth 

are not significant (varies to an extent of 1% as shown in Table 3.1 for X-ray beams and 

0.33% as shown in Table 3.2 for electron beams). This is because megavoltage radiations 

can easily transmit through air without significant changes in the energy spectrum. 

Figure 3.6: Calibration for different field sizes -- Calibration factors between Cherenkov and superficial 

dose at entrance and exit surface for different field size are shown in (a) with corresponding sampling 

depths shown in (b) for X-ray beams. Calibration factors and the sampling depths for electron beams are 

shown in (c) and (d).  
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Cylinder diameter 

For X-ray beams, as shown in Figure 3.8a, the calibration factor decreases (with the 

variation to an extent of 18% as shown in Table 3.1) along the arc of a cylinder from 

entrance to exit side. This is mainly due to the decreasing sampling depth along the arc 

(Figure 3.8b) so that photons are easier to escape the surface. The diameter of the cylinder 

(i.e. curvature) does not significantly affect the calibration (varies to an extent of 1.4%). 

Figure 3.7: Calibration for different SSDs -- Calibration factors between Cherenkov and superficial dose 

at entrance and exit surface for different SSD are shown in (a) with corresponding sampling depths shown 

in (b) for X-ray beams. Calibration factors and the sampling depths for electron beams are shown in (c) 
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The slightly larger discrepancies observed for the cylinder with 2.5 cm diameter is due to 

statistical sampling uncertainties for a small volume.    

A more complex relationship exists for electron beams. As shown in Figure 3.8c, 

the calibration factor decreases along the arc and then tends to increase after 70 degrees for 

cylinders with diameters larger than 5 cm (with the variation to an extent of 7.8% as shown 

in Table 3.2). The corresponding sampling depths are shown in Figure 3.8d. Approximately 

from 0 degree to 70 degrees along the arc, the calibration factors tend to increase and the 

sampling depth tends to decrease with decreasing diameters of the cylinders (i.e. increasing 

curvatures). On average, the effect of diameters of the cylinder (i.e. curvature) on the 

calibration varies to an extent of 2% (Table 3.2). 
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Angular distribution 

The angular distribution of Cherenkov emission along the arc of a cylinder (Figure 3.9a) is 

close to the Lambertian distribution and seems to be independent of the position along the 

arc. The discrepancies between the actual distribution and the Lambertian is likely due to 

refractive index mismatching among different layers of the skin and the skin-air interface. 

The ratios between the actual distribution and Lambertian distribution (Figure 3.9b) should 

Figure 3.8: Calibration for a curved surface -- Calibration factors between Cherenkov and superficial 

dose for cylinders with different diameters are shown in (a) and (c) with corresponding sampling depths 

shown in (b) and (d) for electron beams.  
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serve as the correction factor for different imaging angles, with the approximation that the 

detector is far away (can be approximated as a point) from the object. 

 

Spectrum of emission 

In agreement with the sampling depth, along the arc of a cylinder, the spectrum is 

more weighted in the NIR region at positions where the sampling depth are larger. This is 

because for larger sampling depths, photons with shorter wavelength are more probable to 

be absorbed and thus the observed emission spectrum will be red shifted. 

Figure 3.9: Angular distributions on curved surface -- Angular distribution Cherenkov emission on 

different positions along the arc of the cylinder with 10 cm diameter are shown in (a) and (c) with 

corresponding ratios to Lambertian distribution shown in (b) and (d) for X-ray and electron beams.  
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Figure 3.10: Spectrum on curved surface -- Simulated Cherenkov emission spectrum (400 nm to 900 

nm, skin type 1) along the arc of a cylinder with 10 cm diameter for X-ray (a) and electron beams (b).  
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3.3.2 Experiment with phantom array and patient 

Phantom array 

For the array phantom with different optical properties (Figure 3.11a,b), the Cherenkov 

intensity (Figure 3.11c) shows strong linear correlation with the reflectance intensity, 

suggesting that Cherenkov emission from tissue with different optical properties can be 

corrected by the reflectance to the first order accuracy. Figure 3.11d shows the results in 

the green channel but similar results exist in the red, blue and gray channel.  The linearity 

of response seems to indicate that reflectance could be used as a calibration to compensate 

the emitted Cherenkov signal for tissue optical properties. 
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Reflectance based calibration for patients 

Figure 3.11: Validation of reflectance based calibration with a matrix phantom -- The phantom array are 

made with 1% intralipid and different concentrations of blood for each column in (a). A solution layers 

(about 200 micron) with different concentration of melanin was added for each row in (b). The Cherenkov 

emission was imaged (c) while the phantom was irradiated by a 25×25 cm2, 6 MV X-ray beam. The 

intensity of Cherenkov emission and Green channel of the white light image were plotted in (d). 
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The Cherenkov image without correction is shown in Figure 3.12a. Dividing the raw 

Cherenkov image with the white light correction image captured with uniform illumination 

(Figure 3.12b) pixel by pixel, the corrected image was shown in Figure 3.12c. The 

correlation between Cherenkov intensity with/without reflectance based correction and 

TLD measured surface dose are shown in Figure 3.12d. 
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Figure 3.12: Validation of reflectance based calibration in clinical radiation therapy -- The composited 

Cherenkov image for a patient underwent post-lumpectomy whole breast radiation therapy is shown in 

(a). The while light correction image when the patient was under uniform illumination was shown in (b), 

with the positions of TLD measurements indicated. The pixel by pixel calibrated Cherenkov image was 

shown in (c). The correlation between Cherenkov intensity and TLD measured surface dose are shown 

in (d). 



97 

 

3.4 Discussions 

This chapter investigated by what factors, to what extent, for what reason, the calibration 

between surface-emitted Cherenkov radiation and dose could be affected, as summarized 

in Table 3.1 for X-ray beam and Table 3.2 for electron beams. Three major factors affecting 

the calibration are optical properties (45% for X-ray beam and 43% for electron beams), 

beam energies for X-ray beams (22%), entrance/exit side for X-ray beams and along the 

curved surface (18% for X-ray beams and 8% for electron beams). 

Due to the highly scattering in biological tissue, the angular distribution of surface-

emitted Cherenkov emission is close to Lambertian distribution. Calibration factors of the 

imaging angle is calculated by the ratio of the actual distribution and theoretical Lambertian 

distribution. For imaging angle larger than 60 degrees, the angular calibration becomes 

significant. 

The spectrum of surface emitted Cherenkov emission is affected by the sampling 

region. Basically, the larger the sampling depth is, the more the spectrum will be red-shifted. 

To what extent this will affect the calibration is decided by the response sensitivity of the 

detector for photons with different wavelength. 

A reflectance based correction method was introduced here and validated with a 

phantom array with different optical properties. This method works like a first order 

approximation for calibrations of different optical properties. In practice, three aspects 

(optical properties, imaging angle and fixed pattern noise of the detector) could be 

corrected by normalize the Cherenkov imaging with a white light image acquired with a 

uniform and diffusive illumination. Cherenkov intensities from the corrected image shows 

a better correlation with TLD measured surface dose (Figure 3.12d). To achieve the best 
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calibration effect, the illumination light should be ideally homogeneous and diffusive. The 

wavelength range of the illumination should be chosen to have a similar sampling depth as 

where Cherenkov emission will be imaged so that artifacts caused by internal optical 

heterogeneities (such as the blood vessels) can be corrected.  
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Skin color range light to dark 

 

Coefficient  

Gy/photon * 10-7 

% effect  

(std dev)/mean 

Sampling Depth 

(mm) 

% effect on 

sampling depth 

(std dev)/mean 

entrance 3.5 to 8.6 42% 5.7 to 6.2 4% 

exit 1.6 to 4.1 45% 2.1 to 2.7 13% 

     

Beam energy phsp 4 MV to 15 MV  

entrance 4.3 to 2.5 20.9% 5.4 to 6.0 3.7% 

exit 1.9 to 1.1 22.0% 2.09 to 2.03 1.2% 

     

Curved surface 

0 (entrance side) to 180 deg (exit side) along the arc of a cylinder (10 cm 

diameter) 

entrance side (0 to 90 

deg) 3.4 to 2.2 18% 5.0 to 3.1 17% 

exit side (90 deg to 

180 deg) 2.2 to 1.6 14% 3.1 to 2.4 9% 

     

Field size 0.5 cm square beam to 20 cm square beam 

entrance 3.8 to 3.4 4% 6.3 to 5.1 8% 

exit 1.4 to 1.6 5% 2.0 to 2.1 1% 

     

Thickness Thickness of the slab phantom from 2.5 cm to 20 cm 

entrance 3.5 to 3.5 0.7% 5.7 to 5.7 0.2% 

exit 1.6 to 1.5 2.3% 2.1 to 2.1 0.2% 

     

Curvature cylinders with diameter from 2.5 cm to 20 cm (mean values for each cylinder) 

mean over entrance 

side 3.0 to 2.9 1.4% 4.0 to 4.3 2% 

mean over exit side 1.9 to 1.8 1.2% 2.4 to 2.6 2% 

     

SSD 80 cm to 120 cm 

entrance 3.5 to 3.6 0.2% 5.67 to 5.71 0.2% 

exit 1.54 to 1.59 1.1% 2.06 to 2.08 0.3% 

Table 3.1: A summary of calibration factors and sampling depths for X-rays. 
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Skin color range light to dark 

 

Coefficient  

Gy/photon * 10-7 

% effect  

(std dev)/mean 

Sampling 

Depth (mm) 

% effect on 

sampling depth 

(std dev)/mean 

entrance 1.3 to 3.3 43% 2.7 to 3.4 11% 

     

Curved surface 0 to 90 deg (entrance side) along the arc of a cylinder with 10 cm diameter 

entrance side (0 to 90 

deg) 1.1 to 1.4 7.8% 1.6 to 2.8 20% 

     

Field size 0.5 cm square beam to 15 cm square beam 

entrance 1.2 to 1.3 2.4% 2.8 to 2.7 1.6% 

     

Curvature cylinders with diameter from 2.5 cm to 15 cm (mean values for each cylinder) 

mean over entrance 

side 1.2 to 1.3 2.0% 2.4 to 2.5 1.6% 

     

Beam energy 6 MEV to 22 MEV  

entrance 1.33 to 1.34 0.38% 2.6 to 2.7 1.7% 

     

SSD 80 cm to 120 cm 

entrance 1.32 to 1.33 0.33% 2.7 to 2.6 0.61% 

Table 3.2: A summary of calibration factors and sampling depths for electron beams.  
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Chapter 4: In vivo Cherenkoscopy during Radiation Therapy 

The contents in Chapter are a modified version of the following publications: 

Jarvis, L.A., R. Zhang, D.J. Gladstone, S. Jiang, W. Hitchcock, O.D. Friedman, A.K. 

Glaser, M. Jermyn, and B.W. Pogue, Cherenkov video imaging allows for the first 

visualization of radiation therapy in real time. Int J Radiat Oncol Biol Phys, 2014. 89(3): 

p. 615-22. 

Zhang, R., D.J. Gladstone, L.A. Jarvis, R.R. Strawbridge, P. Jack Hoopes, O.D. Friedman, 

A.K. Glaser, and B.W. Pogue, Real-time in vivo Cherenkoscopy imaging during external 

beam radiation therapy. J Biomed Opt, 2013. 18(11): p. 110504. 

4.1 Real-time In vivo Cherenkov imaging during Veterinary External 

Beam Radiation Therapy 

4.1.1 Introduction 

Recent work has shown, in phantoms, small animals [103] and clinical patients [104], that 

Cherenkov emission is generated by β+ and β- emitters in diagnostic (18-FDG) and nuclear 

medicine (131-I) applications. However, to date, Cherenkov radiation emission has never 

been imaged in vivo during external beam radiation therapy (EBRT), where there is 

considerable signal throughout the treated regions of tissue. Imaging this emission from 

the skin surface in real time could have applications in treatment validation, monitoring 

and superficial dose estimation without affecting the planned treatment itself.  Here, we 

present the linearity test between surface dose and Cherenkov emission in a phantom, 
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followed by the first video sequence of Cherenkov emission in vivo. This imaging is here 

named Cherenkoscopy, for the parallel between fluoroscopy but with surface imaging of 

Cherenkov signal. The imaging was performed while a dog was undergoing planned EBRT 

for treatment of a spontaneous oral tumor.  

The occurrence of Cherenkov radiation in water during megavoltage external beam 

radiotherapy with both electron and photon beams has been demonstrated in several recent 

papers [37, 105]. Based on the detection of Cherenkov radiation or excited luminescence 

during EBRT, techniques such as radiation beam profiling [32, 37, 38], oximetry [32, 34] 

and superficial radiation dosimetry have been investigated in phantoms [11, 106].  While 

the utility of this emission is still under investigation, the applications are likely dependent 

on the ease of imaging and the frame rate of acquisition. Here, the goal was to assess the 

feasible frame rate for imaging emission from tissue, and confirm that there would be 

sufficient signal to noise for near real-time imaging.    

 

Technique Machine/Energy Gantry (deg) Collimator (deg) Couch (deg) Wedge 

STATIC-I CD 120 - 6X 90.0 180.0 180.0 EDW20OUT 

Field X (cm) X1 (cm) X2 (cm) Field Y (cm) Y1 (cm) Y2 (cm) 

5.4 +3.5 +1.9 5.9 +1.6 +4.2 

X (cm) Y (cm) Z (cm) SSD (cm) MU Ref. Dose (cGy) 

-2.48 -1.52 -1.26 95.0 59 60.5 

 

Table 4.1.1: Parameters of the treatment plan. 
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4.1.2 Materials and Methods 

The experimental configuration is shown in Figure 4.1.1A. The external beam irradiator 

was a Varian Clinic 2100CD linear accelerator (LINAC, Varian Medical Systems, Palo 

Alto, USA). A time gated ICCD camera was set up on a tripod to image the entrance region 

of the treatment beam on tissue phantoms or tissue. The LINAC delivers radiation in pulsed 

mode, as described in Figure 4.1.1B, and the ICCD camera was synchronized to the 3 

microsecond radiation bursts, detecting Cherenkov emission effectively and rejecting most 

of the ambient light [79]. This imaging system was first tested by imaging Cherenkov 

emission from a slab (30×30×4 cm3) phantom made of opaque water equivalent plastic 

while irradiating it with a 6 MV square (10×10 cm2) photon beam at a dose rate of 600 

monitor units (MU, 1 MU = 1cGy for 10×10 cm2 field at dmax) per minute. Cherenkov 

images for different delivered doses at dmax (0.5 cGy to 25 cGy) were acquired. 

 

Figure 4.1.1: Cherenkov imaging of a dog during radiation therapy -- (A) Relative positions of the LINAC gantry, 

treatment region and the time domain gated system. The ICCD was synchronized to radiation bursts from the LINAC 

and Cherenkoscopy were taken from the beam incident on the treatment regions. (B) Time line about the temporal gating. 
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4.1.3 Results  

The Cherenkov images of the flat phantom for dose at dmax from 0.5 cGy to 25 cGy are 

shown in Figure 4.1.2A. Each image was smoothed by a median filter with kernel size of 

10 pixels × 10 pixels to remove the noise caused by high energy photon hitting the CCD 

directly. The signal to noise ratio (SNR) of images acquired with different frame rates were 

calculated (mean value over the standard deviation) based on a chosen region (100 pixels 

× 100 pixels around the center) as indicated in Figure 4.1.2A. SNR values were plotted 

with the corresponding frame rates in Figure 4.1.2B. To ensure relatively good image 

quality as well as real time data acquisition, an accumulation of 50 radiation bursts (fps = 

4.7) for each image was chosen as the imaging procedure for the following in vivo imaging. 

The average pixel value of each image was calculated and plotted with the corresponding 

delivered dose in Figure 4.1.2C. Least square linear fitting was applied and the results of 

the fitting are listed in Figure 4.1.2C. The good linearity (R2 = 1) between Cherenkov 

intensity and delivered dose suggests that Cherenkoscopy could be a novel technique for 

superficial dose estimation. Our previous work focusing on a phantom study validated that, 

in tissue equivalent phantom, Cherenkov emission could sample superficial dose up to 

6mm and could be taken as surrogate of radiation dose in the sampling region with average 

discrepancy about 1% [11, 106]. Within the scope of this short note, we focus on validating 

the fast imaging capabilities of Cherenkoscopy in vivo and correlate this signal to 

superficial dose qualitatively within the process of EBRT.  
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As shown in Figure 4.1.3A, a treatment plan was designed in Eclipse to treat a dog 

with a spontaneous oral tumor. The LINAC was set to irradiate the treatment region with 

6 MV photon beam, at a dose rate of 600 MU/min. A total dose of 59 MU (reference dose 

of 60.5 cGy) was delivered. A dynamic wedge (indicated in Figure 4.1.3A) was designed 

to control the beam dynamically during the treatment, delivering a homogenous dose 

distribution even in the presence of complex tissue geometry. Detailed information about 

the treatment field and the dynamic wedge are listed in Table 4.1.1. The delivered dose on 

Figure 4.1.2: Linearity and signal to noise ratio for different delivered dose -- (A) Cherenkoscopy from a 6 MV square 

(10×10 cm2) photon beam, incident normally on a tissue phantom (30×30×4 cm3) of opaque water equivalent phantom 

at SSD = 100 cm with delivered dose at dmax varying from 0.5 to 25 cGy. (B) Signal to noise ratio (SNR) of Cherenkov 

images with delivered dose at dmax varying from 0.5 to 25 cGy. (C) Linearity between intensity of Cherenkov emission 

from the surface and delivered dose is established under these controlled conditions. 
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the surface of the treatment region was calculated by Eclipse and shown in Figure 4.1.1A. 

Since phantom studies validated that image quality (SNR over 30) and fast imaging 

capability (fps = 4.7) are balanced by an accumulation of 50 radiation bursts, 

Cherenkoscopy was acquired using this acquisition procedure. The tungsten light in the 

radiotherapy room was turned on to provide a reasonable level of ambient light while 

imaging. The background image was acquired with the same procedure before the 

treatment (radiation off) and background subtraction was applied simultaneously during 

the process of data acquisition. To remove the noise caused by high energy photons hitting 

the CCD directly, a median filter with kernel size of 10 pixels × 10 pixels was applied to 

smooth the Cherenkoscopic images. Figure 4.1.3B shows the photographic view of the 

entrance region from the imaging system. Figure 4.1.3C shows the colorized 

Cherenkoscopy taken in vivo corresponding to the treatment plan described in Figure 

4.1.3A and Table 4.1.1. In the first image of Figure 4.1.3D, Cherenkoscopy was co-

registered to the photographic view by adding the Cherenkoscopy to the blue channel. It 

can be validated that the detected Cherenkov emission is from the treatment region. To the 

extent of overall beam field shape, hot and cold regions, the Cherenkoscopy (Figure 

4.1.3C) shows similar distribution compared with the predicted surface dose (Figure 

4.1.3A). The hot regions in Cherenkoscopy around the teeth disagree with the predicted 

dose due to the relatively low absorption of Cherenkov photons by the teeth. Figure 4.1.3D 

shows frames of co-registered Cherenkoscopy monitored throughout the entire treatment. 

Beam changes corresponding to the planned dynamic wedge were monitored by 

Cherenkoscopy in real time (fps = 4.7). 
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4.1.4 Discussions 

We demonstrated that the concept of in vivo Cherenkoscopy is feasible in real time during 

EBRT, with acceptable SNR. It has been shown that Cherenkov emission is directly 

proportional to the delivered radiation surface dose in a tissue equivalent phantom (Figure 

4.1.2C). Due to the complexity of the oral tumor geometry, the small surface treated and 

the high optical absorption areas, the experimental conditions were not ideal for 

demonstrating this technique. The relatively low absorption of Cherenkov photons in the 

teeth lead to hot regions in Cherenkoscopy and a disagreement with the predicted surface 

dose. However, in the regions where the optical properties were relatively homogenous, 

Figure 4.1.3: Real time Cherenkov imaging showing dynamic field -- (A) The treatment plan shows incident of the 

beam and dynamic wedge. Surface dose was calculated by the treatment planning system (Eclipse) and mapped on the 

surface of the treatment region. (B) Field view of the treatment region from the gated ICCD system. (C) Cherenkoscopy 

of the treatment region while irradiation progresses is shown. (D) Cherenkoscopy overlaid on the white-light images of 

the treatment field and sequence of Cherenkoscopy showing the beam field changing while a wedge is moved into the 

beam to shape the integrated dose on the field. 
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Cherenkoscopy (Figure 4.1.3C) showed similar hot and cold regions as compared to the 

predicted surface dose (Figure 4.1.3A). In order to be quantitative, the effect of optical 

properties on the intensity of Cherenkov emission from the surface needs to be investigated 

and compensated for. In practice, optical properties of the treatment region can be 

measured non-invasively and accurately by techniques such as reflectance spectroscopy 

[95] and utilized to determine correction factors for Cherenkov intensity. The complex 

surface profiles may require that Cherenkoscopy be registered to the 3-D surface profiles 

of the treatment region, and this could be readily integrated into radiotherapy monitoring 

systems (e.g. AlignRT®, Vision RT; Catalyst™, C-Rad) that have 3-D surface imaging 

techniques [86]. The next stage of evaluation of this technology will be in vivo 

Cherenkoscopy of human patients to monitor treatments. With the ability to image 

treatment fields on the surface of the treatment region (Figure 4.1.3D) in real time, beam 

changes due to the motion of a dynamic wedge or multi-leaf collimators could be 

monitored to make sure treatments are delivered as planned. 

In conclusion, in vivo Cherenkoscopy was acquired for the first time during EBRT 

in an animal undergoing standard radiation treatment for an oral tumor. This imaging is a 

novel approach for beam field monitoring and could be extended to radiation dose 

assessing, in real-time on the tissue surface during EBRT.  
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4.2 Cherenkov video imaging allows for the first real time visualization 

of external beam radiation therapy in a human 

4.2.1 Introduction 

Approximately half of all cancer patients receive radiation therapy, either for palliative or 

curative intent (NCI 2010). A typical course of external beam radiotherapy (EBRT) is five 

daily treatments a week, given for four to eight weeks. Each treatment, or fraction, must 

deliver an accurate dose to a specific geometric field, as determined by the patient’s tumor 

volume, normal anatomy and potential for microscopic spread of disease. Errors in the 

delivery of radiation therapy occur in less than 1% of these treatments, and are usually 

clinically insignificant events [107]. Rarely, however, serious errors do occur that can 

cause tissue injury, excessive skin burns, and potentially death [108] .  The ability to verify 

that treatment is being delivered appropriately throughout the entire course of therapy 

would reduce such injuries and can be expected to become more important as the 

complexity of treatments continues to increase.  In this study, a new imaging approach, 

Cherenkov light emission imaging was developed and used to monitor the delivered 

treatment in fractionated whole breast irradiation to illustrate and test its ability for a 

fundamentally new paradigm in onboard dosimetry.  

Here we demonstrate that Cherenkov imaging, or Cherenkoscopy, will allow 

visualization of therapeutic radiation delivery during patient treatments [11]. The clinical 

implications of such real-time information are many, including monitoring of day-to-day 

variability in patient positioning, predicting skin reactions, decreasing skin toxicity, 

increasing tumor irradiation dose, and improved safety.  
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One particular population standing to benefit from Cherenkoscopy is breast cancer 

patients who have undergone breast conserving surgery. For these patients, the goal of 

radiation is to deliver homogenous doses to the entire breast while minimizing heart, lung, 

chest wall and skin toxicity. Despite several techniques for accomplishing this goal, 

approximately one-third of patients develop uncomfortable skin reactions during their 

therapy [109-113].  Surface doses are inherently difficult to predict in radiation treatment 

planning systems, therefore, we sought to develop an imaging technique to visualize the 

superficial skin dose distribution during therapeutic radiation and estimate the resulting 

skin reactions.   

We report the first Cherenkov imaging performed in a patient during external beam 

radiotherapy and demonstrate the ease of monitoring some critical factors for safe and 

effective radiation delivery.  We hypothesize that in the future, the ability to monitor 

superficial dose accurately and repeatedly during every fraction of treatment could confirm 

daily positioning, monitor skin dose, indicate the need for adaptive planning, and provide 

assurance that appropriate dose was delivered as prescribed. 

4.2.2 Materials and Methods   

4.2.2.1 Radiation therapy 

The external beam irradiator for this study was a Varian Clinac 2100CD linear accelerator 

(LINAC, Varian Medical Systems, Palo Alto, CA USA). The LINAC delivers radiation in 

pulsed mode, as depicted in Figure 4.2.1a, with each radiation burst lasting 3.25 µs at a 

frequency approximately 200 Hz.  
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Radiation treatment planning was performed in the Varian Eclipse planning system (Varian 

Medical Systems, Palo Alto, CA USA).  The entire ipsilateral breast was treated with a 

dose of 42.56 Gy delivered in 16 daily fractions followed by a surgical cavity boost was 

delivered with a dose of 10 Gy in 4 daily fractions.  Treatment of the whole breast was 

accomplished with tangential beam geometry using four fields to achieve dose 

homogeneity (LPO, gantry at 233 degrees, 6 MV and 10 MV and RAO, gantry at 53 

degrees, 6 MV and 10 MV). Dynamic field-in-fields were designed for the 6 MV beams 

while the 10 MV beams were static.  The surgical cavity boost treatment was designed with 

two fields (AP, gantry angle 180, 10 MV and LPO, gantry angle 53 degrees, 6 MV).  Both 

fields were modulated with an enhanced dynamic wedge. 
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4.2.2.2 Cherenkov imaging  

Our imaging system consisted of an intensified CCD camera (ICCD, PI-MAX3, Princeton 

Instruments), a commercial lens (Canon EF 135mm f/2L USM) and a tripod mounted 

approximately 3 meters from the treatment.  The camera was focused on the left lateral 

breast and axilla.  

The ICCD camera was synchronized to the 3.25 µs radiation pulses with the 

intensifier set as ×100, detecting Cherenkov emission effectively rejecting most of the 

ambient light. Cherenkov images were acquired continuously (2.8 frames/sec) during 

irradiation with each frame an accumulation of 100 radiation pulses (approximately 5 MU). 

Figure 4.2.1: Integration of an ICCD camera into a radiation treatment unit for clinical detection of Cherenkov emission 

images -- (a) Diagram of LINAC generated radiation pulses (3.25 µs) at a frequency of approximately 200 Hz, to which 

the ICCD acquisition was synchronized to allow rejection of most room light from the images. (b) Photograph of the 

radiation treatment room with the ICCD camera set up lateral to the patient couch, right arrow pointing to ICCD camera.  

(c) Photographic view of the treatment region from the imaging system. (d) Mean pixel values detected by ICCD camera 

plotted against monitor units delivered from the linear accelerator, showing linearity between averaged Cherenkov 

intensity and delivered radiation dose, R-square: 0.999, 6 MV LPO dark blue, 6 MV RAO green, 10 MV LPO red, 10 

MV RAO light blue. (e-h) The radiation treatment plan for patient imaged with Cherenkoscopy.  (e) The yellow lines 

delineate two opposing tangential fields, from the LPO and RAO directions.  The color wash depicts the surface dose 

predicted by the Eclipse radiation therapy planning system.  (f) An axial section of the patient’s CT scan shows the 

predicted dose distribution as planned, with the prescribed dose in red.  (g) The second phase of the radiation treatment 

plan was delivered with two fields conforming to the surgical cavity.  The color wash shows the predicted surface dose.  

(h) An axial section of the CT scan shows the predicted dose from the boost phase of the treatment with the prescribed 

dose in red. 
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Background images were acquired before the treatment for each planned gantry rotation 

with the same imaging procedure, but radiation off. After background subtraction, each 

frame of Cherenkov image was smoothed by a median filter (kernel size = 10 pixels × 10 

pixels) to remove saturated pixels caused by high energy photons hitting the ICCD directly. 

Mean pixel values of Cherenkov images corresponding to delivered dose from 5 to 70 MU 

(before the dynamic field-in-field) were calculated, plotted and least square linearly fitted 

in Figure 4.2.1d. Good linearity (R2 = 0.999) between Cherenkov intensity and delivered 

dose validated the data acquisition and suggests that Cherenkov images could be correlated 

to delivered superficial dose as well as skin reactions. 

In  each  of  the  images  (accumulation  of  Cherenkov  emission  from  100 radiation 

pulses in this study), a subset of the pixels will be saturated due to the stray radiation striking 

the camera sensor. The locations of the affected pixels will statistically differ from image to 

image, and by median filtering through the image stack pixel by pixel, the saturated pixels are 

removed (because the probability of a single pixel being struck in all images is very low). This 

temporal median filtering method is the most effective way to remove this noise (8).  To make 

sure enough Cherenkov photons were detected, a number of accumulations (100 in this study) 

of radiation bursts are needed per image. However, too many accumulations per image are 

going to limit the acquisition speed and lead to more that Cherenkov emission from a single 

radiation pulse (100 accumulation in the current study) can be imaged with a similar ICCD 

camera but an intensifier more sensitive to the NIR regions (600 nm to 900 nm) which can 

further increase the frame rate to 30 fps approximately. 
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The composite Cherenkov emission images were registered with the 3D triangular 

surface mesh from a surface mapping system (VisionRT Inc, Columbia, MD).  Using 

transformation parameters and a ray-casting algorithm, the 2D image data was projected 

onto the 3D surface.  

4.2.2.3 Composite Images 

Intensity of Cherenkov emission is proportional to radiation dose locally. The depth dose 

curve varies with beam energy and build-up region exists underneath the entrance plane. 

Depending on the tissue optical properties, Cherenkov photons generated at different depth 

have a different chance to escape the surface and be detected. Thus, Cherenkov emission 

detected from the surface samples superficial dose for entrance and exit region with different 

sensitivity profiles. To generate the composite Cherenkov image, emissions from the entrance 

and exit surface need to be calibrated independently to the sampled superficial dose for 

different beam energies. These calibration factors were calculated based on Monte Carlo 

simulations in GAMOS (1) for 6 MV and 10 MV beams on the entrance and exit surface. 

Layers of skin (2, 3, 4) were modeled on the entrance and exit surface separated by a 

slab (300×300×100 mm3) of tissue equivalent phantom. Optical properties (2, 3, 4) of each 

layer of the skin were assigned to simulate lightly pigmented skin as it is the case of the patient 

in this study. The whole phantom was voxelised with voxel size of 0.5×0.5×0.1 mm3. Phase 

space files of 6 MV and 10 MV photon beam with field size of 100×100 mm2 were generated 

in EGSnrc (5) for the LINAC (Varian Clinic 2100CD) used in this study. Primary particles 

were sampled from the phase space files and adopted as the radiation source for the 

simulations. The entrance plane of the phantom was placed at SSD = 1000 mm and irradiated 
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normally by the radiation beams. The process of radiation transport, Cherenkov emission, 

optical absorption and scattering were explained in previous (2, 4, 6, 7). For each Cherenkov 

photon escaping the entrance or exit surfaces, initial depths where it was generated were 

recorded. For each voxel, deposited radiation dose was scored. For each of the radiation beams 

(6 MV and 10 MV), one hundred million primary particles were sampled and simulated. 

Detection  sensitivity  profiles  for  Cherenkov  photons  generated  from  6  MV  and  

10  MV  beams  on entrance and exit plane were calculated by histogramming the recorded 

initial depths of Cherenkov photons escaping the surface. Depending on the depth of the 

voxels, scored radiation dose were weighted by the corresponding values form the detection 

sensitivity profile. Sampled superficial dose were calculated by summing up the weighted 

dose values for the whole phantom volume. Calibration factors for 6 MV and 10 MV beams, 

each at entrance and exit plane, were determined by the ratio of sampled superficial dose 

values and total numbers of Cherenkov photon escaping the surface. The calibration factors 

were then normalized by the minimum to give the values as 1, 1.08, 1.08 and 1.46 for 6 MV 

entrance/exit and 10 MV entrance/exit respectively. The composite Cherenkov image was 

calculated by summing up individual images multiplied by the corresponding calibration 

factors. 

4.2.2.4 Image reconstructions 

For image reconstructions, the composite Cherenkov emission images were registered with 

the 3D triangular surface mesh from a surface mapping system (VisionRT Inc., Columbia, 

MD). Using transformation parameters and a ray-casting algorithm, the 2D image data was 

projected onto the 3D surface. First the transformation applied by the surface mapping system 
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to the surface mesh was calibrated by generating a test mesh of a 3D box with known 

dimensions. The box was placed centered at the isocenter of the system, allowing scaling 

factors, translation, and rotation of the meshes to be determined. Scaling and translation 

factors were found to be negligible. Images were taken of the ruler in the plane located at the 

isocenter and orthogonal to the camera, to determine the pixel size of Cherenkov images in 

the plane of the isocenter. Furthermore they were used to determine the coordinate offsets of 

the isocenter from the center of the camera. This information, as well as measurements of the 

camera location relative to the isocenter, defined a camera image plane. For each vertex of the 

surface mesh, the Cherenkov value at that vertex was determined by casting a ray between 

the camera location and the vertex location. The intersection of this ray with the camera image 

plane was a point in the camera image, and the value at that point was assigned to the texture 

value of the vertex in the mesh. During this process, ray-casting occlusion was used to ensure 

that the Cherenkov image was projected onto the visible surface mesh from the camera view 

angle, without projecting through the initial point of contact. The resulting textured surface 

mesh was then visualized by interpolating vertex values to color each triangle of the mesh. 

4.2.3 Results 

4.2.3.1 Feasibility of in vivo Cherenkoscopy imaging within the normal process of 

external beam radiotherapy 

To image Cherenkov emissions during breast radiotherapy, an ICCD camera was mounted 

inside the radiation oncology clinical treatment room and externally gated by the output 

trigger of the clinical LINAC (Figure 4.2.1a,b).  The camera location imaged the lateral 

breast (Figure 4.2.1c) during tangential beam and surgical cavity boost breast treatments 
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(Fig 1e-h).  The set-up and capturing of Cherenkov emissions did not interrupt clinical 

workflow, was easily accomplished by one person, and added minimal time to each 

treatment session (average treatment time during a course of therapy was 2.35 +/- 0.30 min 

when no imaging was performed, 3.36 +/- 0.64 min with Cherenkoscopy, and 8.92 +/- 2.39 

min with standard portal imaging).  The minimal additional time was attributed to 

performing standard digital imaging prior to treatment and laptop movement from inside 

the treatment bunker to the console area in the current system configuration, which won’t 

be necessary in future configurations.   

The ICCD camera system detected Cherenkov emissions from the breast surface 

during both 6MV (Figure 4.2.2c,g) and 10MV radiation treatments (Figure 4.2.2d,h). The 

captured images were averaged to visualize the superficial dose along the left lateral breast 

and axilla during entrance of the left posterior oblique (LPO) view (Figure 4.2.2c,d) and 

exit of the right anterior oblique (RAO) beams (Figure 4.2.2g,h). The Cherenkov images 

correspond to the projections of the treatment fields on the patient’s 3D surface anatomy 

(compare to Figure 4.2.3b,f).  Similar images for the surgical cavity boost fields (Figure 

4.2.2i-n) show the applicability of this technique with different treatment field geometry 

during treatment of a deeper target.  Regions of higher absorption or lower superficial dose, 

such as blood vessels (asterix in Cherenkov images of Figure 4.2.2c, d), contrast with 

regions of greater superficial dose, such as the inframammary fold and axilla (white in 

Cherenkov images).   The Cherenkov images were also compared to predicted surface dose 

images from the Eclipse planning system (Figure 4.2.3a-h). 
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4.2.3.2 Real-time Cherenkoscopy tracks MLC motion and corresponding field changes 

Figure 4.2.3: Comparison of predicted superficial dose estimates to Cherenkov images -- (a, c, e, g) Superficial dose 

estimates from the Eclipse planning system for individual treatment beams.  (b, d, f, h) Corresponding Cherenkov images.  

The four left panels (a-d) are of the whole breast tangent fields and the right panels (e-h) are the surgical cavity boost 

fields. 

Figure 4.2.2: Imaging of Cherenkov emission from a patient during therapeutic radiation correlates with surface 

projections of treatment fields -- (a, e) Beam’s eye view of the tangential fields used for delivering whole breast 

radiotherapy in this case.  The first row is the LPO treatment field and second row is the RAO treatment field (b, f) 

Corresponding projections of the beam on the patient’s skin.  The brown lines depict the entrance shape of the LPO beam 

(b) and the exit shape of the RAO beam (f) on the lateral aspect of the patient.  (c, d, g, h) Imaging of the Cherenkov 

emissions generated from the radiation entering the breast tissue from either a 6 MV (c) or 10 MV beam (d) or exiting 

the breast tissue of the 6 MV (g) or 10 MV beam (h).  Cherenkov images are displayed in pseudo color with the pixel 

intensity on the y-axis, with white corresponding to highest doses and black being the lowest. (i-n) Images of the surgical 

cavity boost fields are shown with beam’s eye view of the LPO (i) with corresponding skin projection (j) and Cherenkov 

image (k).  Beam’s eye view of the AP boost field (l) is shown with corresponding skin projection (m) and Cherenkov 

image (n). 
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Dynamic field-in-field blocks were designed for the 6 MV LPO and RAO treatment beams. 

MLC motions from the 6 MV LPO beam’s eye view are shown in Figure 4.2.4a.  These 

dynamic beam profile projections on the surface of the treatment region are shown in 

Figure 4.2.4b. By continuously monitoring (fps = 2.8) the treatment, frames of Cherenkov 

images corresponding to the dynamic beam field changes were captured (Figure 4.2.4c). 

Comparison of Figure 4.2.4b and 4c validates that real time Cherenkoscopy correctly 

monitored MLC motions as well as the corresponding beam field changes. Similar results 

for the 6 MV RAO beam were obtained (Figure 4.2.3a-c).  These motions were visualized 

in real-time, at the clinical linear accelerator console as seen in videos (Figure 4.2.3d,e).  

In phantom studies, we simulated a series of the serious radiation errors due to mechanical 

malfunction of MLCs, a dynamic wedge or a missing physical wedge and demonstrated 

the obvious visual differences in the Cherenkov images that would be observed during 

delivery of the incorrect treatment (Figure 4.2.6). 
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Figure 4.2.4: Cherenkoscopy detected dynamic changes in radiation treatment fields during a treatment delivery -- (a) 

beam’s eye view of the 6 MV LPO field designed with dynamic MLC motion. Treatments start with an open field, left 

most image, then the MLCs (blue) move, blocking the radiation from areas behind the blue lines. Red line is the 

lumpectomy scar. (b) Brown lines show entrance profiles created by the MLC motion on the surface of the patient. (c) 

Cherenkov images taken during each MLC position capturing the changing doses in real time (pseudo coloring as in Fig 

2). 
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Figure 4.2.5: Cherenkoscopy detects dynamic changes in radiation treatment fields during a treatment delivery on the 

exit surface -- Similar to Figure 4.2.4, but the exit dose from the RAO tangent field is imaged.  
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4.2.3.3 Stability of this technique and potential for patient set up validation 

For this study, Cherenkoscopy was performed during seven radiation fractions, 

representing treatment weeks 1, 3 and 4 of the patient’s tangential radiotherapy. The 

Figure 4.2.6: Detection of radiation errors caused by hardware malfunction simulated in phantom studies -- (a) The 

Cherenkov images of the entrance dose of the tangent field modulated by dynamic wedges (a dynamic wedge is standard 

MLC motions to account for tissue thickness differences to eliminate radiation “hot spots”). (b) Cherenkov images from 

the same radiation treatment fields as in a, but without the dynamic wedge motion to simulate a hardware error. (c) The 

Cherenkov images of the entrance region of the tangent field modulated by a dynamic field in field. (d) Cherenkov 

images from the same radiation treatment fields as in c, but without the dynamic field in field to simulate an MLC error. 

(e) Cherenkov image of the entrance field of modulated by a physical wedge (a device placed in the head of a linear 

accelerator to modulate the beam). (f) Corresponding Cherenkov image using the same tangent field in e, but without the 

physical wedge in the linear accelerator to simulate the breast treatment error reported in the New York Times article by 

Bogdanich. 
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average Cherenkov image for each of these fractions was grossly similar to each other in 

both the geometry and intensity of pixel values, which have been previously shown to 

correlate with average superficial dose (Figure 4.2.7a). However a striking feature of our 

images was the visualization of blood vessels in the images. These intrinsic biologic 

features provide detail which could be utilized for spatial registration.  In order to test the 

spatial registration, the spatial correlation was examined for the repeated images from each 

fraction of treatment. 2D correlations between images from each session and the averaged 

images over the seven imaged sessions were calculated and plotted in Figure 4.2.7b. Mean 

pixel values and errors (standard deviation / mean values) for each beam over the seven 

imaged sessions were plotted in Figure 4.2.7c and d. Good correlations (> 0.98) and small 

errors (< 3%) indicated that similar images were obtained for each session and thus the 

imaging technique is stable and reliable. The averaged Cherenkov images over the seven 

imaged sessions for each beam (indicated in Figure 4.2.7a) were shifted in x and y 

directions from 0 to 50 mm and rotated in pitch angle from 0 to 360 degrees. 2D correlation 

between the shifted or rotated images and original images were calculated and plotted in 

Figure 4.2.7d, e and f. Figure 4.2.7b shows that the tolerance of 2D correlation due to 

stability of this technique is over 0.98. From Figure 4.2.7d, e and f, this tolerance value 

allows 1-2 mm shifting in x and y direction or rotation in pitch angle approximately 3 

degrees. Thus Cherenkoscopy is able to validate the patient set up and monitor the patient 

movement (shifting and rotation) within 1-2 mm and 3 degrees.   
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Figure 4.2.7: Evaluation of the reproducibility of breast Cherenkoscopy -- (a) Repetitive Cherenkov measurement of 

the four beams during each of seven daily fractions of radiation. Each row represents the same beam, imaged by the 

camera on different days (date on top x-axis). High pixel values are in red, low pixel values are in blue.  (b) The 2D 

correlation between the images of the four beams at each fraction and the averaged images of all the seven fractions is 

shown. (c) The mean pixel values of Cherenkov images at each fraction and the errors (standard deviation/mean) for 

each beam are shown, Error = 2.90%, 2.49%, 2.91%, 1.88% for 6 MV LPO/RAO & 10 MV LPO/RAO. In (d) & (e) 

the 2D correlation is shown between the original image and the original image shifted in caudal/cranial and ventral/dorsal 

directions. (f) The 2D correlation between the original image and the original image rotated with different pitch angles.  

Legend for all figure 4 graphs: 6 MV LPO dark blue, 6 MV RAO green, 10 MV LPO red, 10 MV RAO light blue. 
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4.2.3.4 High intensity regions in the composite Cherenkov image correspond with patient 

skin reactions 

The composite Cherenkov image was generated from the four treatment beams (Figure 

4.2.8a).  Radiation dermatitis was documented during the course of therapy and the 

maximum reaction was noted during the fourth week of radiation (Figure 4.2.8b). The 

composite Cherenkov images showed hot regions (indicated by arrows in Figure 4.2.8) 

consistent with the location and shape of the highest grade skin reactions. 3D surface 

profiles of the treatment region were obtained from the treatment monitoring system 

(AlignRT®, Vision RT). Registration of the Cherenkov image to the 3D surface profile 

(Figure 4.2.8c) was performed based on ray tracing algorithm, which allows Cherenkov 

images to be directly compared with 3D superficial dose distribution calculated by 

treatment planning systems in CT scan. 
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4.2.4 Discussions 

We reported here the development, testing and implementation of a novel concept for 

ensuring the accurate and safe delivery of radiation in clinical practice- an imaging system 

capable of visualizing radiation in vivo and in real-time.  We showed that Cherenkov 

imaging performed during therapeutic breast radiation confirms accurate patient 

positioning, the appropriate use of radiation modulation devices (MLCs or wedges), and 

the consistent 3-dimensional delivery of dose.  This imaging technique could provide an 

independent safety check in addition to the existing technology of clinical LINACS and 

treatment planning systems.   

One important feature of Cherenkoscopy is its ability to display images at the 

treatment console, which is outside of the treatment room, during the actual delivery of 

radiation.  This feature would allow a member of the treatment team to stop treatment if 

Figure 4.2.8: Cherenkov image registered on 3-D surface and compared with skin reactions -- Cherenkoscopy was 

examined for imaging superficial doses, and so in (a) a composite Cherenkov image for the four treatment beams is 

illustrated which shows high superficial doses in areas typical for higher grade radiation skin reactions, inframammary 

fold and axilla. In (b) the skin reaction of the treatment region of patient at the end of radiation is shown.  The arrow 

pointing to the inframammary fold indicates skin desquamation.  In (c) an overlay of the composite Cherenkov image 

on surface mesh created by the VisionRT system is shown for 3D visualization. 
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the radiation delivery appeared grossly incorrect, as would be the case in a mechanical 

hardware failure.  Although such events are extremely rare, the ability to immediately 

recognize and intervene during erroneous treatments could prevent serious side effects and 

even patient fatality.    

We also envision the development of automated systems that would alert the 

radiation oncologist when the daily Cherenkoscopy exceeds a set tolerance limit, which 

could reasonably be set at approximately 1-2mm or 3 degrees of movement.  Further 

studies are underway to confirm the tolerance limits detected by Cherenkoscopy.  In the 

future, we intend to confirm these tolerance limits in a larger patient population and are 

developing predictive models for comparison rather than comparison against the mean.  

We anticipate that the system could recognize changes too subtle for detection by the 

human eye, such as day-to-day variations in patient positioning and anatomy. This high 

degree of sensitivity comes from the images containing features of the blood vessels 

attenuating the Cherenkov emission, and thereby providing ‘biological landmarks’ as 

metrics for patient alignment verification.   

Currently there is an appreciation that anatomic changes during the course of 

treatment, for example weight loss, weight gain, edema or wound-contracture,  may result 

in suboptimal radiotherapy because the delivered treatment is no longer identical to that  

intended by the radiation oncologist [114].  However, there is no standard approach to 

identifying when these anatomic changes are significant enough to warrant an adaptive 

plan, which requires rescanning the patient, redrafting a treatment plan, and reevaluation 

of the plan by the radiation oncologist.  A Cherenkoscopy-based system would be 
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especially suited for this application, as it could indicate changes in anatomy by detecting 

deviations in the superficial dose being received by the patient. Physical changes that are 

significant enough to alter superficial dose are undoubtedly affecting deeper doses as well.  

A third anticipated use for Cherenkoscopy is the visualization and monitoring of 

doses received by skin.  It is recognized that entrance surface dose estimates are inaccurate 

and difficult to model due to the complexity of factors including energy level, field size, 

blocking materials, distance of the skin from the beam source, obliquity of the beam, and 

uncertainties in exit dose estimates [115].  Current devices for measuring skin dose take 

point measurements and don’t reflect the complexity of surface dose throughout the 

targeted tissue.  Cherenkoscopy, on the other hand, images superficial dose across the 

entire surface being treated. We have shown that regions of the breast receive high 

superficial irradiation, and that these hot-spots correspond to both our presented patient’s 

skin reactions and known sites of frequent radiation dermatitis (e.g. the axilla and 

inframammary fold).  It will be important, however, to study this association in a greater 

number of patients and to determine the correlation of Cherenkovscopy with surface dose 

prediction from treatment planning systems.  This field of study could impact our patients, 

as radiation dermatitis has been shown to decrease patients’ quality of life and delay 

treatments [116-119].  
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Chapter 5: Cherenkoscopy Based Patient Positioning Validation and 

Movement Tracking 

The contents in this Chapter are a modified version of the following publication: 

Zhang, R., J.M. Andreozzi, D.J. Gladstone, W.L. Hitchcock, A.K. Glaser, S. Jiang, B.W. 

Pogue, and L.A. Jarvis, Cherenkoscopy based patient positioning validation and movement 

tracking during post-lumpectomy whole breast radiation therapy. Phys Med Biol, 2015. 

60(1): p. L1-14. 

5.1 Introduction 

In external beam radiation therapy (EBRT) with a linear accelerator (LINAC), doses are 

prescribed to the clinical target volume (CTV) as simulated in the treatment planning 

system (TPS) from CT scans. Fractionated delivery is standard, and to make sure the 

prescribed dose is delivered to the CTV as planned, accurate positioning of the patient 

according to the treatment plan is essential, especially for a treatment course including 

many sessions. Geometric tolerance for small errors in patient positioning are included in 

the treatment plan by adding adequate margin for error to the planning target volume 

(PTV).  Routine limits of setup accuracy are usually clinically insignificant events; 

however, if the planned treatment accuracy tolerance is not met, unplanned dose may be 

delivered to surrounding benign tissue while undertreating the CTV [107]. In some specific 

situations (brain, lung, breast tumor, etc.) where the CTV is fairly close to vital organs 

(brain stem, lung, heart, etc.), extreme accuracy in patient positioning is required and 

immobilization techniques such as mask fixation and respiratory gating are important to 
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avoid treatment inaccuracies [120-122].  In this study a new method for direct visualization 

of radiation dose from Cherenkov emission was utilized for real-time monitoring and to 

assess the ability to estimate positional accuracy.   

In general, the positioning of the patient as a rigid body is achieved by matching 

marks tattooed on the patient to the planned position using room lasers aligned to the 

treatment isocenter. Depending on stability of the tattooed tissue, routine setup accuracy is 

limited to approximately 5mm.  Setup accuracy may be improved to approximately 1mm 

– 2 mm by using image guided radiation therapy (IGRT) [123], techniques such as daily 

portal imaging or cone beam computed tomography (CBCT) before treatment is delivered 

[124]. Surface detection and matching techniques [125] such as the AlignRT system are 

used to compare the optically detected patient surface with that derived from the planning 

CT scan and can achieve setup accuracy up to 3 mm and 3 degrees of rotation [126-129]. 

These techniques assume the patient is a rigid body and challenges exist in several more 

complex scenarios [130], such as when patients loses significant weight, the tumor changes 

shape/size, or there is anatomic motion such as bowel displacement or respiration [131-

133]. Many existing techniques, including portal imaging, respiratory monitoring (RPM) 

[134], patient monitoring systems such as AlignRT and predictive models [135] can be 

used to record or monitor these changes at the beginning or during the treatment. 

Depending on the magnitude of these changes and their effects to the treatment course, 

adaptive modifications can be made to the original plan during the treatment course [135-

137].  All of these techniques focus on the patient prior to turning on the radiation beam 

(validation of patient positioning or motion tracking) and lack the ability to directly monitor 

the static or dynamic beam actually delivered to the patient during treatment. In order to 
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validate patient positioning, track patient motion and globally monitor how the positioning 

and motion interactively affect the treatment delivery, both the patient and the radiation 

field need to be monitored simultaneously.  

Here, we present a technique based on Cherenkov radiation imaging during EBRT, 

termed as Cherenkoscopy, which is capable of direct dose imaging and patient position 

verification in real time. Video imaging of Cherenkov emission was captured by a time 

domain gated system for a clinical trial of patients undergoing post-lumpectomy whole 

breast irradiation. Images from different treatment sessions were registered to the average 

image to calculate errors in patient positioning and then compared to the tolerance value 

preset in the AlignRT system. A Canny edge detection algorithm was applied to Cherenkov 

images to highlight beam edges and blood vessels, which shows the potential of vessels as 

internal biological markers. Respiratory motion tracking was investigated by calculating 

the positioning difference for every frame of Cherenkov images taken within one fraction 

of treatment. The entire study was conducted in realistic clinical environment without 

affecting the normal process of planned radiation therapy.  
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5.2 Materials and Methods 

5.2.1 Post-lumpectomy Whole Breast Radiation Therapy 

This clinical trial was conducted at the radiation oncology department of Norris-Cotton 

Cancer Center, as described in the previous chapter. As illustrated in Figure 5.1b, in post-

lumpectomy whole breast radiation therapy, tangential beams were designed to irradiate 

the whole breast and spare the heart and lung (Figure 5.1b). For the 12 patients investigated 

in this study, the radiation treatment planning was performed in the Varian Eclipse 

planning system (Varian Medical Systems, Palo Alto, CA USA). In general, a normal 

treatment course will be followed by a boost treatment course for each patient; however, 

this study will only focus on the first treatment course. The first treatment course was 

delivered with either standard (28 whole breast fractions) or hypo-fractionation (16 whole 

Figure 5.1: Illustration of Cherenkov imaging for patients -- (a) Illustration of the basics of radiation interaction, 

generating Cherenkov and the optical photon transport in biological tissue. Cherenkov photons emitted by primary or 

secondary charged particles can be scattered and absorbed in biological tissue, with some escaping surface and being 

detected by the camera. (b) Setup of the time domain gated imaging system, which is synchronized to the delivered 

radiation pulses, for a patient undergoing post-lumpectomy whole breast radiation therapy with oppositely directed 

tangential beams (inset plan). 
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breast fractions) with each fraction delivering a dose of 180 or 266 cGy. Depending on the 

specific clinical considerations for each patient, radiation beams with different 

configurations (energies, monitor units (MU), field sizes, incident angles, etc.) were 

delivered for each fraction. Information about the treatment course related to this study for 

each patient is summarized in Table 5.1. At the beginning of each treatment fraction, the 

patient was set up to the planned position with the aid of the AlignRT system. The tolerance 

values set for the AlignRT system were 3 mm in linear shift and 1 degree in pitch rotation.  

Patient # 1 2 3 4 5 6 7 8 9 10 11 12 

Treatment side L R L R L R R R R R R L 

Imaged 

fractions/total 

fractions 

7/16 6/16 8/28 10/28 7/28 10/28 7/28 6/28 9/16 7/16 10/25 7/16 

Dose(cGy)/monitor 

units(MU) per 

fraction  

266/315 266/306 180/215 180/205 180/205 180/218 180/213 180/21

2 

266/3

17 

266/3

19 

180/211 266/289 

Beam 

configurations 

RAO 

6MV- 

83MU; 

RAO 

10MV- 

76MU; 

LPO 

6MV- 

82MU; 

LPO 

10MV- 

74MU 

LAO 

6MV- 

136MU; 

LAO 

10MV- 

28MU; 

RPO 

6MV- 

112MU; 

RPO 

10MV- 

30MU 

RAO 

6MV- 

110MU; 

LPO 

6MV- 

105MU 

LAO 

6MV- 

107MU; 

RPO 

6MV- 

98MU 

RAO 

6MV- 

78MU; 

RAO 

10MV- 

29MU; 

LPO 

6MV- 

68MU; 

LPO 

10MV- 

30MU 

LAO 

6MV- 

136MU; 

LAO 

10MV- 

28MU; 

RPO 

6MV- 

112MU; 

RPO 

10MV- 

30MU 

LAO 

6MV- 

108MU; 

RPO 

6MV- 

105MU  

(SCV tx 

LAO 

10MV- 

141MU 

and 

RPO 

10MV- 

50MU) 

LAO 

6MV- 

94MU; 

LAO 

10MV- 

13MU; 

RPO 

6MV- 

59MU; 

RPO 

10MV- 

46MU 

LAO 

6MV- 

167M

U; 

RPO 

6MV- 

150M

U 

LAO 

6MV- 

160M

U; 

RPO 

6MV- 

159M

U 

LAO 

6MV- 

110MU; 

RPO 

6MV- 

101MU 

RAO 

6MV- 

147MU; 

LPO 

6MV- 

152MU 

Camera PI-

MAX3(

ICCD) 

PI-

MAX3(

ICCD) 

PI-

MAX3(

ICCD) 

PI-

MAX3(

ICCD) 

PI-

MAX4(e

mICCD) 

PI-

MAX3(

ICCD) 

PI-

MAX3(

ICCD) 

PI-

MAX3(

ICCD) 

PI-

MAX

3(ICC

D) 

PI-

MAX

3(ICC

D) 

PI-

MAX3(

ICCD) 

PI-

MAX3(

ICCD) 

Lens(focal length 

(mm)/f number) 

135/2.0 135/2.0 135/2.0 135/2.0 135/2.0 100/2.0 100/2.0 100/2.0 100/2.

0 

100/2.

0 

100/2.0 135/2.0 

Intensifier ×100 ×100 ×100 ×100 ×10000 ×100 ×100 ×100 ×100 ×100 ×100 ×100 

Table 5.1: Treatment information and acquisition procedures for each patient. 
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5.2.2 Time gated Cherenkov imaging (Cherenkoscopy) 

Our imaging system, as described in previous chapters [43, 79, 138] and shown in Figure 

5.1b, consisted of an intensified CCD (ICCD) camera (ICCD, PI-MAX3 (×100, 1024 × 

1024), emICCD, PI-MAX4 (×10000, 512 × 512), a commercial lens (Canon EF 135mm or 

100mm, f/2L USM) and a tripod, was mounted approximately 3 meters from the treatment 

couch in order to provide full access to the patient and permit gantry rotation. Depending 

on the treatment side, the camera was focused on the left or right side of the patient and 

remained in this position (except for patient 5) over the entire normal treatment course. The 

room light was dimmed during the treatment to a level which balanced patients’ comfort, 

ability of the treating therapist to monitor the patient, and the acquisition of the weak 

Cherenkov signal. To detect the Cherenkov emission effectively and reject most of the 

ambient light, the camera was synchronized to the LINAC (by the trigger signal shown in 

Figure 5.1b), which delivered radiation in pulses of 3.25 µs temporal length, at a repetition 

frequency of approximately 200 Hz. For each patient, 10 fractions during the whole 

treatment course (first course and boost treatment) were imaged. This study was only based 

on the data acquired from the first course, whole breast treatments. 

Cherenkov images were acquired continuously (frame rates of 2.8, 4.7 or 30 fps) 

during irradiation with each frame an accumulation of certain number (100, 50 or 1) of 

Accumulated pulses 

per frame 

100 50 100 50 1 50 50 50 50 50 50 50 

Frame rate (fps) 2.8 4.7 2.8 4.7 30 4.7 4.7 4.7 4.7 4.7 4.7 4.7 
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radiation pulses. The acquisition procedures, including the camera, lens, intensifier, 

accumulation settings and the corresponding frame rate, are summarized in Table 5.1 for 

each patient. Background images were acquired before the treatment for each planned 

gantry rotation with the same imaging procedure but radiation off and then subtracted from 

the acquired Cherenkov images. White light images of the treatment region, to which the 

Cherenkov images could be overlaid for post processing, were also captured before the 

radiation delivery. As summarized in Table 5.1, similar acquisition procedures were 

applied to the patients with changes made to realize specific experimental goals. For 

example, due to limits in the treatment schedule, sometimes it was essential to image 

multiple patients in the same day without moving the camera. Since each patient was 

positioned differently, it was necessary to switch the lens (from 135 mm focal length to 

100 mm focal length) to capture a larger field of view which covered the treatment region 

for every patient. The number of accumulated radiation bursts for each frame of Cherenkov 

image was changed for some of the patients to investigate how this impacted the possible 

frame rate. Specifically, for patient 5, a more sensitive PI-MAX4 camera (×10000, 

512×512) was used for data acquisition to prove that video rate (frame rate up to 30 fps) 

was possible by single radiation pulse imaging. Within the scope of patient positioning and 

movement tracking, these changes in the acquisition procedure will not affect the main 

conclusions of this work.  

5.2.3 Image processing 

All the acquired images for this study were processed in the image processing toolbox of 

Matlab (Matlab 2013b, MathWorks Inc., Boston, MA). To reduce saturated pixels caused 
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by high energy particles hitting the ICCD directly, a temporal median filter was applied to 

stacks of Cherenkov images sequentially, with each stack consisting of a number of 

adjacent frames which was equivalent to 1 sec of acquisition time [101]. For example, in 

the case where the frame rate was approximately 3 fps, with each frame an accumulation 

of 100 radiation bursts, a stack for the temporal filtering consisted of three frames of 

Cherenkov images. A spatial bilateral filter (kernel size = 10 pixels × 10 pixels for the PI-

MAX3 camera) was then applied to the temporal median filtered frames to further smooth 

the images with the ability to preserve the edges [139]. A summation of all processed 

frames of Cherenkov images was self-normalized to be the post-processed image for each 

specific patient at a single imaged treatment fraction. The post-processed image of the first 

imaged fraction for each patient was overlaid (to the blue channel) to the white light 

reference image taken at the beginning of the treatment (Figure 5.2a). 

Post-processed images for different treatment fractions were rigidly registered to 

the averaged image by calling the built-in image registration function in Matlab. From the 

returned registration matrix, shifts in x and y directions and pitch angle rotation with 

respect to the center of the image, as indicated in Figure 5.2a, were retrieved. The Canny 

edge detection algorithm was applied to enhance edges in post-processed images [140]. 

This method finds edges by looking for local maxima of the gradient, and the gradient was 

calculated using the derivative of a Gaussian filter. The Canny method then used two 

thresholds, to detect strong and weak edges, and included the weak edges in the output only 

if they were connected to strong edges. The kernel size of the Gaussian filter was chosen 

to be 10 pixels × 10 pixels in this study. Based on statistical features of the input data, the 
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threshold values were calculated automatically and chosen heuristically by the robust built-

in edge detection function. 

To investigate movement tracking, mainly the respiratory motion, within one 

treatment fraction for each delivered beam, Cherenkov images acquired for a specific beam 

within one imaged treatment fraction were temporal median filtered and a bilateral filter 

smoothed as described above. Each processed frame was rigidly registered to a chosen 

reference frame. From the registration matrix, shifts in x and y directions with respect to 

the reference frame were retrieved. The amplitudes of movements (respirations) were 

calculated as the length of the error vector ([shift in x direction, shift in y direction]). The 

edge detection was also applied to every processed frame to validate the movement 

tracking.  
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5.3 Results 

5.3.1 Cherenkov and edge enhanced images 

Figure 5.2a shows the post-processed Cherenkov image overlaid on the white light image 

for each patient indicating that the Cherenkov emission from the treatment region was 

successfully imaged. Note that for patient 2 and 11, their treatment plans included couch 

kicks (rotation of the treatment coach) among different delivered beams, which can be 

clearly observed in the composite images (indicated in Figure 5.2a). The edge enhanced 

images are shown in Figure 5.2b. For patient 2 and 11, because of the couch kicks, the edge 

enhancing was done in the Cherenkov image acquired for one beam instead of the 

composite image of all the treatment beams. The edges of the beam fields were correctly 

detected. More interestingly, regions with higher absorption such as the major blood 

vessels near the breast surface were observed in the Cherenkov images as decreases in 

Figure 5.2: Cherenkov images for the first clinical trial -- (a) The post-processed Cherenkov image for each patient 

overlaid with the corresponding white light image. Beam fields, blood vessels and artifacts caused by couch kicking 

could be clearly observed. (b) Edge enhanced Cherenkov images for each patient. 
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emitted intensity.  These provide a unique pattern for different patients in the edge 

enhanced images and one which is unique to the biological region being treated.  

5.3.2 Patient positioning validation 

Patient positioning errors retrieved from the rigid image registration were shown in Figure 

5.3. Shifts in x, y directions and pitch angle rotations for all the imaged fractions of each 

patient (except patient 5) were shown in Figure 5.3a, 3b and 3c. For patient 5, the camera 

(PI-MAX4) with lower resolution (512 × 512) was used, so for consistency of data, the 

images of patient 5 were not included in Figure 5.3. For each patient in this study, the 

positioning error was well controlled with the aid of the AlignRT system. Statically, shifts 

in x and y direction were controlled within 2 mm (Figure 5.3a and 3b) and the pitch angle 

rotation was within 1 degree (Figure 5.3c). Figure 5.3d shows the scatter plot of shifts in x 

and y directions for all imaged fractions with respect to two circles representing the error 

of 3 and 4 mm. In 95.40% of the imaged fractions, the patient was positioned within the 

preset error tolerance (3 mm) with few (4.60%) exceeding by no more than 1 mm. 

Focusing on patient 3, who was required to hold her breath during the treatment 

(the breath holding was monitored by the RPM system), a case study was conducted to 

illustrate more details related to patient positioning in Cherenkov and edge enhanced 

images. The edges of beam field and blood vessels were enhanced in the averaged 

Cherenkov image (Figure 5.4a). Detected edges from the Cherenkov image acquired for 

individual fractions are shown in Figure 5.4b with false colors representing different 

imaged fractions. The retrieved positional errors for patient 3 are plotted in Figure 5.4c, 

using the same color coding as in Figure 5.4b for different fractions. Comparing Figure 
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5.4b and 4c, consistencies exist between the relative shifts of the edges and the 

corresponding retrieved positioning error. For example, the edges color coded as blue in 

Figure 5.3b showed maximum shift in -x direction, so is the retrieved positioning error in 

Figure 5.3c. Similar results were observed for all the other patients, which suggest that the 

enhanced edges together with the retrieved positioning errors could be utilized to track 

position changes.  



143 

 

 

In Figure 5.4b, the edges of blood vessels showed less overlay with each other than 

the beam edges, especially in x direction. This could be caused by internal deformation in 

the treatment region even though the patient was positioned accurately as a rigid body. To 

validate this, an internal region was indicated in Figure 5.4a by a dotted line that was chosen 

Figure 5.3: Statistics of patient positioning retrived from Cherenkov imaging -- (a-c) Statistical results (shift in x, y 

direction and pitch angle rotation respectively) of positioning errors retrieved from rigid image registrations for each 

patient’s imaged treatment fractions. (d) Scatter plot of the positioning error vector in x and y directions, with the 

comparison with tolerance values preset in the AlignRT system. 
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for the images from different fractions. The chosen region was then rigidly registered to 

the averaged full Cherenkov image. The retrieved positioning errors were plotted in Figure 

5.4d. Comparing Figure 5.4c and d, the positioning errors spread out, especially in x 

direction (agree with Figure 5.4b), suggesting that even though the patient can be 

positioned well as a rigid body, deformations could potentially contribute to positioning 

errors. The edge enhanced biological features (blood vessels) in Cherenkov image could 

potentially indicate these deformations and serve as unique biological markers for patient 

positioning. 
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Figure 5.4: Edge detection in Cherenkov images indicates deformation and larger positioning error -- (a) The edge 

enhanced Cherenkov image of patient 3 with a chosen internal region (indicated by dotted lines) within the treatment 

beam field. (b) Detected edges in Cherenkov images for patient 3, false colored for different imaged treatment fractions. 

(c) Retrieved positioning errors for patient 3 from rigid image registrations based on the full frame of images. (d) 

Retrieved positioning errors for patient 3 from rigid image registrations based on the chosen internal region as indicated 

in (a) with dotted lines. 
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5.3.3 Movement (respiration) tracking 

Depending how long a specific treatment beam takes to be delivered, respiration motions 

during the delivery process could be monitored by Cherenkoscopy. Data acquired during 

the delivery of specific treatment beams (6MV/RAO for patient 3, 10MV/LPO for patient 

1, 6MV/LPO for patient 12 and 6MV/LAO for patient 9) for different beam configurations 

and acquisition conditions were processed and shown here to illustrate this concept. Edges 

were detected in every frame of the processed Cherenkov images acquired for each beam. 

Figures 5a, 5c, 5e and 5g show the averaged edges over all the processed frames for these 

four beams. Correspondingly, respiratory amplitudes retrieved from image registrations 

were plotted in Figure 5.5b, d, f and h. For patient 3 with a breath hold during the treatment, 

the edges were relatively sharp in Figure 5.5a. The respiratory amplitude was zero during 

the delivery of the entire beam. For other patients who were breathing freely during the 

treatment, it can be observed that the averaged edges were blurred (Fig 5c, 5e and 5g), 

especially for the beam field and blood vessel edges. Depending on the length of the beam 

and the respiratory frequency of the patient, single (Figure 5.5d) and multiple (Figure 5.5f 

and h) respiratory periods were monitored.  To show the monitored respiratory motions 

more clearly, video files (Appendix: Movie 5.1, 5.2, 5.3 and 5.4) for the four beams were 

included. Similar results were observed for other beams and thus the idea of respiratory 

monitoring based on Cherenkoscopy is valid for all the patients in this study. Although, 

limited by the length of most of the treatment beams, only a partial or a single respiratory 

period, similar to what shows in Figure 5.5c, were monitored. 



147 

 

 

5.4 Discussions 

The data was acquired in the clinical environment without significantly changing the 

normal treatment process, suggesting that Cherenkoscopy imaging is a robust and 

relatively straightforward technique for clinical use.  The imaging requires nothing more 

than a gated camera in the treatment room and can provide real time feed of the beam 

incident upon the tissue to the control room.  In addition this real time image stack can be 

processed to provide patient positional information, as was studied here.   

Figure 5.5: Cherenkov imaging based respiratory tracking -- (a) Averaged edges for one treatment beam (6MV/RAO) 

for a patient (patient 3) treated with a breath hold. (b) Retrieved respiratory amplitude for patient 3 treated with a breath 

hold. (c, e, g) Averaged edges for patients (patient 1, patient 12 and patient 9) breathed freely during the delivery of 

treatment beams (10MV/LPO, 6MV/LPO and 6MV/LAO). Blurred beam field and blood vessel edges were observed. 

(d, f, g) Retrieved respiratory amplitude for patients (6MV/RAO for patient 3, 10MV/LPO for patient 1, 6MV/LPO for 

patient 12 and 6MV/LAO for patient 9) breathing freely, showing periodic respiratory motions. 
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As shown in Figure 5.3, the patient positioning errors for each treatment fraction 

were retrieved from the Cherenkov images. The result was consistent with the tolerance 

value planned (3 mm in shifts and 3 degree in pitch angle rotation), as preset in the AlignRT 

system, with just a few outliers exceeding no more than 1 mm. The positioning errors due 

to deformations and motions (such as respiration) can be recorded by the Cherenkov 

images which is likely the reason for the few outliers observed (4.60% for shifts and none 

for pitch angle rotations).  

Treatment field edges and blood vessels could be highlighted by applying the edge 

detection algorithm to the acquired Cherenkov images (Figure 5.2b). Similar to the idea of 

portal imaging, Cherenkov imaging could be acquired in advance of the delivery of the 

whole treatment in as little as a single pulse from the LINAC. Highlighted edges, especially 

the ones from the blood vessels, could serve as unique biological markers (Figure 5.3), 

which not only indicate the patient position but also deformations with respect to the 

treatment field, and vary as the patient shape may vary (due to weight loss, tumor change 

or skin stretch). 

Perhaps the most significant advantage of Cherenkoscopy in the scope of patient 

positioning and movement tracking is the ability to monitor the patient and the delivered 

beam field on the patient simultaneously. As shown in Figure 5.5 and Appendix: Movie 

5.1, 5.2, 5.3 and 5.4, respiratory motions in the beam field were clearly monitored in real 

time. The patient treated with a breath hold was successfully distinguished from patients 

who breathed freely, based on the retrieved respiratory amplitude (Figure 5.5b, d, f and h). 

Besides respiration, other motions, such as accidental movements of the patient in the 
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middle of the treatment, could be potentially monitored. Because Cherenkoscopy records 

the movements and the beam field simultaneously, the effect of the movement on the 

delivery of beams can be accessed and followed with actions such as suspending the 

treatment, to ensure the security and quality of the treatment. Although this study focused 

on the case of post-lumpectomy whole breast radiation therapy, this technique could be 

extended to other situations (such as radiation treatments for head and neck tumor) without 

much extensive efforts. 

In practice, certain limitations exist in the current stage of this technique. Due to 

the set-up of the camera, Cherenkov emissions were imaged from limited angles. In this 

study, either the entrance or exit side of the radiation was imaged. Additional cameras 

mounted at different positions are necessary to cover a larger imaged solid angle. The frame 

rate was limited to be approximately 5 fps with the ICCD camera currently used. For this 

study, it has been shown that 3 to 5 fps is reasonably fast to capture the delivered field and 

respiratory motions in real time. However, higher frame rates are desirable, especially for 

treatments with arcs and highly dynamic beam fields, due to the fast motion of the MLCs 

(such as the treatment for head and neck cancers). For a proof of concept, another camera 

with the intensifier’s response spectrum more sensitive to the Cherenkov emission from 

biological tissues (weighted in the red to NIR region because of tissue’s strong scattering 

and absorption in the blue region) was tested in imaging patient 5. In this case, fewer 

radiation pulses (single pulse compared to 50 or 100) were accumulated for each frame of 

images and resulted in acquisition with a higher frame rate close to 30 fps (Appendix: 

Movie 5.5 and Appendix: Movie 5.6). In this study, the AlignRT was only used for patient 

positioning at the beginning of each treatment fraction. Ideally, it should be kept on to 
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monitor the whole treatment. However, the bright red light projected by the AlignRT 

system saturated the ICCD camera and thus Cherenkov emissions cannot be imaged. Since 

the AlignRT system projects pulsed light (approximately 240 Hz based on our 

measurements) on the patient, one possible way to overcome this problem is to synchronize 

the ICCD camera to both the radiation pulses and projected light pulses. Detection of 

Cherenkov emission when the radiation is on and the projected light is off should allow the 

acquisition of Cherenkov emissions with the AlignRT system on all the time. These issues 

are currently under investigation and the results will be presented in following studies. 

In conclusion, real time Cherenkoscopy imaging, where both patients and beam 

fields can be simultaneously imaged, is a novel tool for the purposes of treatment 

monitoring, patient positioning and movement tracking. 
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Chapter 6: Spectroscopy of Cherenkov Excited Luminescence (CREL) 

for Oxygen Sensing 

The contents of this Chapter are a modified version of the following publication: 

Zhang, R., A. Glaser, T.V. Esipova, S.C. Kanick, S.C. Davis, S. Vinogradov, D. Gladstone, 

and B.W. Pogue, Cerenkov radiation emission and excited luminescence (CREL) 

sensitivity during external beam radiation therapy: Monte Carlo and tissue oxygenation 

phantom studies. Biomed Opt Express, 2012. 3(10): p. 2381-94. 

6.1 Introduction 

Unlike fluorescence or emission spectra that have characteristic spectral peaks originating 

from quantized energy transitions, Cherenkov emission is largely continuous, with a 

relative intensity that varyies with the inverse-square of the wavelength [141]. Thus, higher 

frequencies (shorter wavelengths) are more intense in Cherenkov emission, making it the 

usual visual appearance of light blue and suitable to excite luminescence form a wide range 

of optical emission molecules. Recent work has demonstrated emission during external 

beam radiotherapy [105], and that this LINAC induced signal can be used for Cherenkov 

emission spectroscopy (CES) in both fluorescence and absorption spectroscopy methods 

[142]. The spectroscopy of tissue hemoglobin oxygen saturation (StO2) has been 

demonstrated in concept. 

It is well known that tissue oxygenation is a major factor influencing the success or 

failure of radiation therapy [143, 144], given that the oxygen enhancement ratio yields a 
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factor of 3 increase in killing when tissue is oxygenated relative to that in which it is 

hypoxic.  Additionally, chronically hypoxic tumor tissues are refractive to chemotherapy 

due to poor delivery. Thus techniques for measuring tumor pO2 during fractionated therapy 

may be extremely useful for tuning the treatment conditions and monitoring therapeutic 

outcome. However, current measurements of pO2 are usually invasive [145], and the 

obtained signals are heterogeneous on a microscopic scale, requiring sampling of large 

volumes to gain information about individual tumor’s oxygenation status [146, 147]. 

Optical spectroscopy is a noninvasive technique that has been used to measure oxygen 

hemoglobin saturation, which is related to tissue pO2, during the course of fractionated 

radiation therapy in experimental tumors [148]. Since Cherenkov light has the spectrum 

allowing quantification of hemoglobin StO2 [142], measuring this spectrum during 

treatment has the potential for real-time monitoring of blood oxygen saturation during 

treatments. In the previous work, alterations in the Cherenkov emission spectroscopy 

(CES) measured during radiation treatment of living tissue have been combined with 

diffuse optical tomography (DOT) to estimate microvascular StO2 [142]. Further 

exploration of the utility of CES for determination of tumor blood oxygen saturation may 

prove to be valuable for potential clinical applications. Using simulations, this study takes 

an in-depth look at the spatial origins of the CR signal induced by an electron beam and 

sampled by an optical fiber, with varying fiber-to-beam distances. 

Cherenkov emission has been shown to be able to serve as an excitation source for 

secondary luminescence, most recently with quantum dots (Qtracker705)  [149]. The UV-

blue-green components of this emission are higher in intensity, but the attenuation of this 

light is orders of magnitude higher than of the red-near-infrared components due to the 
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hemoglobin absorption. Thus Cherenkov Radiation Excited Luminescence (CREL) can be 

used to induce emission at wavelengths in the near-infrared (NIR) range, where there is 

less absorption and light originating from deep tissues reaches the surface. One of the 

advantages of Cherenkov emission is that it is generated only within the targeted tissue of 

interest, such as within tumor during targeted radiation therapy. This provides a broadband 

source within the irradiated tissue with a well-known spatial origin, whereby CREL 

detection can be optimized by arranging the detection system with respect to the incident 

electron or photon beam.  

Here we explore the possibility of combining Cerenkov emission with the 

phosphorescence quenching method [150] for tissue oxygen imaging. CES of hemoglobin 

and CREL, in combination with phosphorescence, has been shown to   have the potential 

to reveal spatial distributions of two important tissue parameters: StO2 and pO2. Spatial 

origins of the two signals have been evaluated in order to evaluate the technique's potential 

for pre-clinical or clinical radiation therapy. This study was based on tissue phantoms and 

Monte Carlo simulations to characterize spatial signal distributions for CES and CREL. 

The experimental CREL lifetime measurements were carried out using a well-

characterized oxygen sensitive probe, PtG4, [151]. Since the lifetime of CREL of PtG4 is 

sensitive to changes in pO2, phosphorescence lifetime measurements could be used to 

obtain information on oxygenation of the sampled region. Simulations were carried out to 

investigate the influence of spatial arrangements of the radiotherapy beam relative to the 

sampling optical fiber.  
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6.2 Materials and Methods 

6.2.1 CR-induced phosphorescence lifetime measurements 

To couple Cherenkov Radiation (CR) with Phosphorescence Lifetime Imaging (PLI) we 

used dendritic phosphorescent probe PtG4. PtG4 is the direct analog of recently reported 

probe G4 [151], with the difference being that PtG4 contains platinum(II) instead of 

palladium(II) tetraaryltetrabenzoporphyrin as its core phosphorescent sensor. A number of 

closely related Pt tetrabezoporphyrin-dendrimers have been recently disclosed [152]. PtG4 

phosphoresces at room temperature in deoxygenated aqueous solutions with quantum yield 

of 0.07 (measured against fluorescence of Rhodamine 6G in ethanol, 0.94). The 

phosphorescence lifetime of PtG4 in the absence of oxygen at 22oC is τ0 = 47μs. The 

phosphorescence lifetime imaging system used in the present study resembled that used 

recently [151]. PtG4 has been introduced in the phantom. Phosphorescence of PtG4 was 

excited by Cherenkov radiation originating from the radiotherapy beam. A lifetime 

imaging system, based on an ICCD camera, operated in time domain, as described below. 

6.2.2 CREL tissue phantom 

This study utilized liquid optical phantoms composed of phosphate buffered saline solution 

(D-PBS, Mediatech Inc., Manassas, VA), with 1% v/v Intralipid (Fresenius Kabi, 

Uppsala, Sweden) used to provide scattering, and 1% v/v porcine whole blood to provide 

absorption.  For the pO2 luminescence studies, PtG4 was added to the phantom to reach 

the final concentration of 5 µM. The phantom was deoxygenated using D-glucose, glucose 

oxidase and catalase [153]. Fully oxygenated and fully deoxygenated states were 
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investigated. The phantom was sealed during the deoxygenation process to avoid re-

oxygenation.  

6.2.3 CREL lifetime measurement system 

The experiments were performed with a linear accelerator (Varian Clinic 2100C, Varian 

Medical Systems, Palo Alto, USA) at the Norris Cotton Cancer Center. As shown in Figure 

1(A), the initial beam shape was 60mm by 60mm square, which irradiated the entire top of 

the phantom. An electron beam with energy of 18MeV was used for these measurements. 

The measurement system consisted of a single fiber bundle (CeramOptec, Germany) 15 

meters in length, which housed nineteen 200 micron diameter silica fibers. This fiber 

bundle collected the light at the boundary of the phantom at a point location and guided the 

signal into a vertical line of fibers at the entrance slit of the spectrometer. The fiber bundle 

tip was positioned in contact with the flat surface and 25 mm from the top surface of the 

liquid. The spectrometer (Acton Insight, Princeton Instruments, Acton, USA) was 

connected to a fast gated ICCD (PI-MAX3, Princeton Instruments, USA). Since the 

spectrometer and ICCD were placed outside the radiotherapy room, no shielding from the 

radiation generated by the LINAC was necessary The ICCD was cooled to -25oC and the 

grating used in all experiments was 300 lines/mm. Continuous wavelength spectra were 

acquired with an integration time of 20 seconds. For all the measurements, background 

files were measured for the same setting up, same time-line and same radiotherapy beam 

with empty container. Each spectrum was processed by normalizing the total collected 

counts by the integration time (yielding counts/sec), background subtraction and 

smoothing by averaging ten neighboring spectral data points into bins 0.49nm wavelength 
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width. The background subtraction technique accounted for Cherenkov emission induced 

in the fiber and containers during phantom measurements. The lifetime and oxygen partial 

pressure for both fully oxygenated and deoxygenated states were measured independently 

using a frequency-domain phosphorometer [152, 154] to validate the CREL lifetime 

measurements.  

6.2.4 CREL lifetime measurement sequence 

Since the linear accelerator (LINAC) pulses electrons in 5μs bursts at a repetition rate near 

180 Hz, a fast time gated system was designed to measure the lifetime of CREL gating to 

these pulses. As shown in Figure 1B, the external radiotherapy beam triggers when the 

beam is on, to sample the CREL signal and reject sampling when the beam is off. By 

choosing the gate delays with respect to the trigger signal, the intensity of CREL at different 

time points was measured and the lifetime was calculated by fitting the intensity decay 

with a single exponential model (Eq. 6.1): 

It = I0 exp (−
t

τ
)       (Eq. 6.1) 

Where I0 is the initial intensity, It is the intensity measured for different time points and 

 is the lifetime. Once the lifetime been calculated from the exponential fitting, pO2 values 

could be calculated from Stern-Volmer model (Eq. 6.2): 

1

τ
=

1

τ0
+ kq × pO2        (Eq. 6.2) 
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Where τ is the phosphorescence lifetime at a specified oxygen pressure pO2, τ0  is the 

phosphorescence lifetime in the absence of oxygen (pO2=0) and kq  is the quenching 

constant [151]. 

In this work, delays were set with respect to the falling edge of the trigger signal. 

About 35 time points were measured by choosing the delays varied from 8μs to 200μs. The 

gate width was chosen to be 3ms to make sure that all the CREL emitted after the delay 

was measured. The intensifier of the ICCD was turned on to be a gain of × 100. The 

measurement for every time point was an on-CCD accumulation for 500 trigger pluses. 

Each time point takes 2.5 sec to measure and thus 35 time points measurement for the 

lifetime exponential fitting takes 87.5 sec approximately. The dose rate of the LINAC has 

been kept to be 4Gy/min which leads to an entrance dose of approximately 5.83Gy 

delivered to the phantom for the CREL lifetime assessment of one oxygenation state. 

To prove that this gating technique could also be applied to measure CR instead of 

CREL for fully oxygenated and deoxygenated states, gated measurement of CR has also 

been done by setting the delay to 3μs and gated width to 5μs to only detect the CR signal 

for a phantom without adding PtG4. StO2 values have been measured by an ischemia 

monitoring system (Spectros T-stat, Spectros, Portola Valley, CA).   
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6.2.5 CR and CREL detection sensitivity simulation: 

This study uses the Geant4 toolkit for Monte Carlo modeling to stochastically simulate 

radiation transport associated with CR and CREL measurements. This C++ code was 

developed by an international consortium to model particle (such as photons, electrons or 

protons) transport through matter using subroutines that describe the physics of particle-

matter interactions; these subroutines have been validated against National Institute of 

Standards and Technologies reference data [155]. The experimental geometry was modeled 

in the GEANT4 code to study the detection sensitivity for both CR and CREL. Optical 

properties of tissue phantom were pre-defined. Adjoint method was adopted to simulate 

the detection sensitivity distribution.  

Figure 6.1: The geometry of the measurement system and temporal acquisition process -- (A) the fast time gated 

spectrometer system, (B) the time line of how the linear accelerator works in pulsed mode and the way to measure decays 

of CREL. The data were acquired while choosing gate width (D to E) of 3ms and a gate delay varying (A to D) starting 

with 10μs and ending up with 200μs. 
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6.2.6 Geometry and tissue phantom 

The GAMOS toolkit [156], was used to mimic the geometry utilized in experiments in the 

simulations performed by Geant4. The present study simulates fiber optic measurement of 

an irradiated phantom that is defined here as slab geometry with specified dimensions of 

60 x 60 x 100 mm, which was voxelised into cubes with 0.5 mm dimension. Figure. 2(A) 

shows a schematic of this simulated geometry. A fiber with a diameter of 1.2mm and 

numerical aperture of 0.22 was placed in contact with the surface of the container at several 

positions (30mm, 0mm, and 75mm) along the +y direction. Parallel external beam were 

used to irradiate the phantom from the top surface. To illustrate the configuration, Figure 

6.2(B) shows the simulated detection sensitivity of CR within a homogeneous, tissue-

mimicking volume with absorption and scattering spectral properties given in Figure 

6.2(C). To investigate how the detected sensitivity distribution and effective sampling 

depth are influenced by changes to the arrangement of the radiation beam and the fiber 

bundle, the electron beam has been shifted further and further away from the fiber tip with 

fiber-to-beam distance (FBD) of 0mm, 10mm, 20mm and 30mm.  

To match the experimental conditions, both the components and optical properties 

of phantom for simulation have been defined to match the experimental phantom described 

in 2.1.1. For the CR detection sensitivity simulation, the phantom was composed of water 

with 1% v/v intralipid as a scattering standard and 1% v/v porcine whole blood as an 

absorber. The oxygen saturation (StO2) in these phantoms was defined as 90%. For CREL 

detection sensitivity simulation, the oxygen-sensitive luminescent agent PtG4 was defined 

as an additional component of 5μM concentration. Phantom optical properties were defined 
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for all the materials for the simulations. In details, reflective index and absorption 

coefficient was defined for water from previous work [157, 158]. The absorption 

coefficients of whole blood were calculated by weighting the absorption of hemoglobin 

and absorption of deoxy-hemoglobin according to predefined StO2 value [159, 160] at all 

relevant wavelengths needed. The absorption coefficient, emission spectrum and quantum 

yield were defined for PtG4 as measured in previous studies [151], and are displayed in 

Figure 6.3(A) and Figure 6.3(B). The total absorption coefficient of the phantom for 

simulation was calculated by (Eq. 6.3): 

μa = cHbtot × [StO2εHbO + (1 − StO2)εHb] + CwμH2O + CG4μG4        (Eq. 6.3) 

Where cHbtot  is the total hemoglobin concentration, εHbO  and εHb  is the extinction 

coefficient for oxy- and deoxy-hemoglobin respectively. Cw is the water fraction, and μH2O 

and μG4  is the absorption coefficient of pure water and PtG4. The exact scattering 

coefficient and g factor values for intralipid [161, 162] were calculated for the chosen 

concentration and wavelength range by (Eq. 6.4 and Eq. 6.5): 

μs = CIntralipid × 2.54 × 109 × λ−2.4        (Eq. 6.4) 

g = 1.1 − 0.58 × 10−3 × λ        (Eq. 6.5) 

All the optical properties have been defined in data arrays corresponding to 

wavelength from 300nm to 1000nm with increment of 2nm. An 18 MeV electron parallel 

beam was defined for all simulations.  
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6.2.7 Monte Carlo simulations 

CR detection sensitivity simulations included subroutines to perform the following 

processes: 1) propagation of primary particles through the medium, 2) generation and 

propagation of secondary particles through the medium, 3) the generation of Cherenkov 

emission from charged particles. For CREL detection sensitivity simulations, additional 

subroutines 4) the propagation of Cherenkov photons through the medium subject to scatter 

and absorption, 5) absorption and emission of photons by phosphor [163] were included. 

This study utilized an adjoint method for Monte Carlo modeling, which independently 

determines 1) the emission fluence field for Cherenkov and phosphor emission and 2) the 

fiber capture field. The details of these calculations are given below.  

Figure 6.2: The geometry of simulations and optical properties of phantom -- (A) a 60x60x100mm cuboid container 

defined and voxelised into 0.5mm cubes. The coordinate system was as indicated here, and a fiber with diameter 1.2mm 

and numerical aperture 0.22 was posited right on the surface of the container at position (x=30mm, y=0mm, z=75mm). 

The external electron beam irradiated the phantom from the top surface. In (B) the intersections of a typical simulation 

to show how the sensitivity distribution appeared in 3D, and in (C) the optical properties are shown of the tissue 

mimicking phantom made of water, 1% Intralipid, 1% whole blood and PtG4 with a concentration of 5μM. 
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During simulation of Cherenkov emission, primary electron transport is initialized by 

selecting a random location within the illumination cross-section x-y area and assigned z-

direction trajectory normal to the interface. Geant4 accounts for complex processes of 

electron transport [163] such as Columbic interactions, and soft and hard collisions. 

Secondary particles generated during the transportation of primary particles have been 

taken into consideration when calculate Cherenkov emission. For every step of a charged 

particle track, Cherenkov radiation is stochastically sampled with the probability of 

emission given by application of the Frank-Tamm formula (Eq. 6.6): 

dN

dl
≅

2πα

λ2
(1 −

1

β2n2
) dλ        (Eq. 6.6) 

Where n is refractive index, β is the phase speed of the particle over the speed of light in 

vacuum, λ is the wavelength of Cherenkov photons, α ≅
1

137
 is the fine-structure constant 

and thus dN is the number of generated Cherenkov photons for the movement of step size 

dl in the wavelength range dλ.  

To avoid overflowing of Cherenkov photons generated per step, a maximum 

number of two Cherenkov photons per step were instituted. The two photons limitation 

ensures that for each movement, the step size of charged particles will be calculated small 

enough to make sure no more than two Cherenkov photons will be generated. Upon 

Cherenkov emission, the location, wavelength, intensity, and trajectory of the Cherenkov 

photons were logged and returned as the CR field. For simulation of phosphorescence 

emission, Cherenkov photons are propagated following emission, with the probability of 

absorption of Cherenkov photons by PtG4 determined by the absorption coefficient of 
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PtG4 at the Cherenkov wavelength. Following absorption, the phosphorescence quantum 

yield of PtG4 was taken into consideration to calculate the number of CREL photons 

emitted by the corresponding absorption event. Finally, the known emission spectrum of 

PtG4 was sampled to determine the wavelength of the CREL photons. The wavelength 

shifting process built in Geant4 was adopted to simulate the luminescence process. Upon 

phosphorescence emission the location, wavelength, and intensity were sampled and 

returned within the CREL field.  For each radiotherapy beam, 100 millions of electrons has 

been launched as primary particles. 

This study utilized the adjoint method to determine detection sensitivity profiles for 

an optical collection fiber.  This is accomplished by assuming the detection fiber is actually 

a light source and simulating the optical photons at chosen wavelengths. Initial photon 

trajectories were sampled within the fiber cone of acceptance, which is governed by the 

numerical aperture. Photon mean free paths were determined using Mie scattering, 

Fresnel’s equations and Snell’s law were used to determine reflection and refraction, and 

the Beer-Lambert law modeled attenuation due to absorption. The propagation histories of 

photons throughout the voxelised volume was tracked, and used to return the fiber capture 

field. Using the reciprocity principle, the detected sensitivity distribution for Cherenkov 

emission was calculated as the product of the normalized fiber field and the normalized CR 

field. Similarly, the detected sensitivity distribution for CREL was calculated by 

multiplying the normalized fiber field and the normalized CREL field. The effective 

sampling depth was calculated by summing the corresponding coordinate of each voxel, 

weighted by the sensitivity value of that voxel (Eq. 6.7): 
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Deptheff =
∑ Widii

∑ Wii
        (Eq. 6.7) 

Where Wi is the sensitivity value for each voxel and di is the corresponding depth. This 

calculation returns a statistical depth value where the signal will be detected averagely. Not 

only the detected spatial sensitivity distribution, but also the effective sampling depths for 

different wavelengths will yield the wavelength dependent intensity spectra recorded 

during measurements. 

6.3 Results 

The continuous wavelength measurement of CREL and gated measurement of CREL and 

CR will be shown. By applying the time-gating technique, intensity of CREL for different 

time points has been measured for fully oxygenated and deoxygenated states. 

Phosphorescence lifetime and pO2 information have been recovered by fitting the decay of 

CREL with an exponential model and applying Stern-Volmer equation. Finally, simulation 

results about the detection sensitivity distribution and effective sampling depth for both CR 

and CREL will be shown and discussed. 

6.3.1 Experimental measurements of CR and CREL 

The absorption and emission spectra of PtG4 are shown in Figure 6.3(A) and Figure 6.3(B). 

Spectra measured using continuous wave (CW) and gated CREL techniques for different 

pO2 levels (pO2=141.95Torr and pO2=2.31Torr) are shown in Figure 6.3(D).  These results 

clearly show the phosphorescence peak at 772 nm, suggesting that Cherenkov radiation 

emission can be used to excite PtG4. As expected, the intensity of CREL from PtG4 
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increases upon removal of oxygen.  Comparing the CW and gated spectral measurements 

demonstrates that time gating can be used to effectively isolate the phosphorescence signal 

from the Cherenkov emission. The lifetime measurements and exponential fitting are 

shown in Figure 6.3(E). The recovered lifetime values from the fitting were listed in Table 

6.1 with 95% confidence range for each pO2 level and were compared with the values 

measured independently by a frequency domain phosphorometer [164]. A gated spectrum 

measurement of CR from tissue mimicking phantoms with different StO2 (StO2=92% and 

StO2=5%) is shown in Figure 6.3(C). The spectrum is similar to the previous results of 

continuous wavelength measurements [142], which indicate that besides continuous 

wavelength measurements, the time gating technique could also be adopted to measure CR 

spectrum and fitting the StO2 value similarly. One of the major advantages of the time 

gating technique is the ability to reduce ambient light and thus there is no need to black out 

light in the radiotherapy room [79]. Another advantage is that time-resolved measurement 

is independent on the probe concentration, reporting only on the amount of oxygen in the 

probe environment. 
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  pO2=141.95Torr pO2=2.31Torr 

Lifetime values from fitting 20.79μs/(20.08μs, 21.56μs) 45.64μs/(45.13μs, 46.19μs) 

Reference lifetime values 21.29μs 45.62μs 

 

Figure 6.3: Experimental measurements of CREL are shown for PtG4 in different pO2 levels -- In (A) the Molar 

extinction coefficient of PtG4 is shown, with (B) the emission spectrum and (C) a gated spectrum measurement of CR 

shown from tissue mimicking phantoms with different StO2 (StO2=92% and StO2=5%). (D) A continuous wavelength 

and gated spectrum measurement of CREL shown from tissue mimicking phantoms with different pO2 levels 

(pO2=141.95Torr and pO2=2.31Torr). In (E) the lifetime fitting of the fast time gated CREL intensity data is shown. 

Table 6.1: CREL lifetime values for different pO2 levels 
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6.3.2 Sensitivity simulations of CR emission 

The calculated sensitivity distributions in the y-z plane at x=30mm are shown in Figure 

6.4(A-D) and sensitivity vs. depth profiles in Figure 6.4 (E-H) for wavelengths from 300nm 

to 1000nm and FBDs of 0mm, 10mm, 20mm and 30mm. As shown in the figure, the 

detection sensitivity distribution changes with wavelength for CR which is basically due 

to wavelength dependent optical properties of the phantom. For FBD=0mm, i.e. the fiber 

is in touch with the side of radiotherapy beam, regions near the fiber tip are more sensitive 

than other regions. When the beam is shifted further  away with FBD=10mm, 20mm or 

30mm, regions near the beam where most of the CR have been generated showed 

increasing sensitivity with respect to regions near the fiber tip, especially for wavelengths 

greater than 500nm which generally have better penetration through tissue. Thus, the 

detection sensitivity distribution of CR depends on wavelengths and the relative 

arrangement of the fiber and the radiotherapy beam. 
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Figure 6.4: Detective sensitivity distribution of Cherenkov radiation emission and sensitivity vs. depth profiles -- In (A-

D) the Detective sensitivity distribution of Cherenkov radiation emission is shown in y-z plane while x=30mm for broad 

electron beam with 18MeV energy and fiber-beam distances=0mm, 10mm, 20mm and 30mm. The coordinate system 

was the same shown in Figure 6.2A. The external radiotherapy beam propagated in –z direction initially and the fiber 

was put at (y=0, z=75), pointing +y direction.  For each fiber-beam distance, wavelength from 300nm to 1000nm with 

25nm increment have been investigated and shown here (left to right, top to bottom). In (E-H) the sensitivity vs. depth 

profiles for broad 18MeV electron beams are shown with fiber-beam distances of 0mm, 10mm, 20mm and 30mm and 

wavelength from 300nm to 1000nm with 100nm increment. 
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Effective sampling depth and intensity were calculated and shown in Figure 6.4 for 

wavelengths from 300nm to 1000nm in 25nm increments and for all the FBDs investigated 

here. As anticipated, the effective sampling depth changes with wavelength because of 

different penetration ability in tissue. Also, as the beam moves away from the fiber tip, the 

effective sampling depth increase because of most of CR has been generated and detected 

from deeper in tissue phantom. What’s worth to note here is that the simulated spectrum 

for broad beam with FBD=0mm and for StO2=0.9 is quite similar to both the gated 

spectrum of CR with StO2=0.92 in Figure 6.3(C) and the continuous wave measurement 

under similar conditions we have done in the previous paper[142], which validates the 

simulation method. 

 

6.3.3 Simulations of CREL 

Since the phosphorescence of PtG4 peaks at 772nm, for the detected sensitivity distribution 

and effective sampling depth of CREL, only the wavelength of 772nm has been considered 

as the rest of the spectrum is assumed to behave similarly in tissue. For this reason, the 

Figure 6.5: Sampling depths and the corresponding Cherenkov spectrum -- In (A) the effective sampling depth vs. 

wavelength are shown for fiber-beam distances of 0mm, 10mm, 20mm and 30mm. In (B) the normalized intensity of 

Čherenkov radiation emission vs. wavelength is shown (i.e. simulated spectrum). 
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detection sensitivity distribution for CREL should be less sensitive than that of CR. As in 

the Cherenkov radiation emission simulations, detected sensitivity distributions are plotted 

in the y-z plane at x=30mm in the sensitivity vs. depth profiles shown in Figure 6. To 

compare the effective sampling depth of Cherenkov radiation and CREL, the effective 

sampling depths for 772nm wavelength in both cases are listed in Table 6.2. From Table 

6.2, it is seen that although the effective sampling depth for CREL increases with 

increasing FBDs, it does not increase as much as that of CR. In other words, compared 

with CR, the detection sensitivity distribution and effective sampling depth for CREL is 

less sensitive to the relative arrangement of fiber and radiotherapy beam.  

 

 FBD=0mm FBD=10mm FBD=20mm FBD=30mm 

Figure 6.6: Calculated sensitivity distribution and sensitivity vs. depth profile of CREL -- In (A-D) in the y-z plane while 

x=30mm for fiber-beam distances of 0mm, 10mm, 20mm and 30mm. In (E) the sensitivity vs. depth profiles for the 

same FBDs are shown. 

Table 6.2: Comparison of effective sampling depth of Čerenko radiation emission and CREL for different fiber to 

beam distances (FBD) 
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Cherenkov 

emission 

7.6mm 14.8mm 22.8mm 29.2mm 

CREL 9.3mm 12.1mm 15.8mm 18.9mm 

6.4. Discussions 

One of the advantages of Cherenkov emission is that it is emitted within a targeted tissue 

of interest such as a tumor, where the LINAC beam delivery is well known and in fact 

extensively planned for each subject. The position and intensity of emission depends highly 

on where the charged primary particles deposit most of their energies, and thus the 

detection can be optimized by the relative arrangement of the optical detector system and 

external beam incidence. It is well known the optical elements themselves can generate 

CR, and so care must be taken experimentally to ensure that the signal measured is from 

the tissue and not from the instrumentation. However given the high degree of knowledge 

about the 3D treatment plan, it is feasible to plan light pick up instrumentation around the 

planned delivery of the radiation. The purpose of this work was to provide a comprehensive 

interpretation of the locations where detected CR signals originate from within tissue, and 

develop some estimates on the limits of sensing if applied in external beam radiation 

therapy to monitor oxygen in tumors.  

The detected sensitivity distributions shown in Figure 6.4 vary with wavelength 

and fiber to beam distance. For broad beams which irradiate the entire top surface of the 

phantom, tissue regions nearest the fiber tip are more readily detected and the extension of 

detection sensitivity increases non-linearly with wavelength due to optical properties 

affecting the attenuation traveling through tissue. For FBD not equal to 0mm, the 

sensitivity vs. depth profiles has two peaks in most of the cases (Figure 6.4 bottom right). 
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Besides regions near the fiber tip, regions inside or near the beam are also very sensitive 

because CR photons are generated in those regions. For longer wavelengths (~600nm), 

regions inside the beam are even more sensitive than the near the fiber due to better 

penetration ability in tissue. As shown in Figure 6.5, while fiber-beam distance changes 

from 0 to 30mm, the effective sampling depth varies roughly from 4 to 29mm for 600-

1000nm wavelength range. 

Taking detected sensitivity distributions and effective sampling depth into 

consideration, some limitations exist for the StO2 measurements based on Cherenkov 

radiation emission spectrum fitting [142]. At first, this method requires the pre-existence 

of hemoglobin and deoxy-hemoglobin in the region of interest (ROI). Secondly, since the 

sensitivity distributions and effective sampling depths depend on wavelength, the 

recovered value of StO2 should be an effective value for multiple StO2s sampled at different 

regions and depths. Lastly, even though the system could be optimize to detect the 

Cherenkov radiation emission generated in the ROI, in most cases the signal needs to 

propagate through regions surrounding the ROI before detection which leads to a mixed 

StO2 value of the ROI’s and other unwanted regions.  Thus while StO2 signals can be 

derived from measurements that propagate through several centimeters of tissue, the actual 

value derived will be from a mixture of attenuations of the source tissues as well as those 

tissues that the signal has propagated through. This is one inherent limitation of StO2 

sensing with this approach to CR detection.  In comparison CREL signal measurement has 

a slightly different spatial sensitivity which may lead to better localization of the resulting 

pO2 estimate.  



173 

 

The CREL signal from PtG4 has a lifetime which is sensitive to tissue background 

pO2 level at the point where the luminescence emission is generated. The emission is 

peaked in the near-infrared which provides maximal tissue penetration, and is only weakly 

attenuated by absorption. Similar to CR, the detected sensitivity distribution and effective 

sampling depth for CREL provides information about regions and relative intensities that 

the signal has been detected from and through. However, since CR photons stimulate the 

CREL where the phosphor is located, the CREL field and sensitivity distribution is more 

spread out than that of Cherenkov radiation emission (Figure 6.6) and is less affected by 

absorptive attenuation. This explains why CREL is less dependent on fiber to beam 

distance than is CR (see Table 6.2). For this reason, the effective sampling depth of CREL 

for broad beam while fiber to beam distance of 0mm is about 2mm larger than that of CR. 

While the distance changes from 0 to 30mm, the effective sampling depth has been shown 

to vary from 9mm to 19mm. Since both the intensity and lifetime of CREL from PtG4 

depend on the pO2 value of the environment, either intensity or lifetime measurement could 

provide potential ways to measure pO2 in the tissue.  However lifetime has the advantage 

that it is not affected by either spectral changes or the strong spatial variation of intensity 

which may occur in tissues.   

The concentration of PtG4 used in this study was 5μM while some previous 

preclinical studies [165-167] have used much higher concentrations of similar probes. In 

this study, we take 500 pulses on-CCD accumulations for each time point data and 

measured about 35 time points for the exponential fitting which leads to the measurement 

time to be 87.5 sec approximately. However, the measurement could be further improved 

by taking less on-CCD accumulation and less time points for the exponential fitting. 
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Assuming an exponential decay, the lifetime could be decided by measurements at only 

two different time points. The intensity of phosphorescence showed dependence on pO2 in 

the phantom. As shown in Figure 6.3(D), the intensity of CREL from PtG4 increases with 

deoxygenation. To isolate the CREL signal from Cherenkov emission, the time gating 

system was designed to detect CREL only by setting the time line properly. Comparing the 

continuous wavelength measurements and gated measurements in Figure 6.3(D), CREL 

has been isolated from Cherenkov radiation emission. As shown in Figure 6.3(E), 

combined with the fast time gated measurement system, the intensity of phosphorescence 

could be measured at different time points and lifetime could be calculated correctly by 

fitting the decay of phosphorescence (Table 6.1).  

Compared with the StO2 recovery method based on CR spectrum fitting, several 

advantages exist in the pO2 recovery method based on CREL lifetime measurement. 

Lifetime measurement avoids difficulties associated with measurements and fitting of the 

whole detected spectrum. Unlike CR spectroscopy which uses a wide wavelength range 

for fitting, CREL from PtG4 emitted with a peak centered at 772nm, therefore, the 

sensitivity distribution and sampling depth are less wavelength-dependent. Furthermore, 

the lifetime of CREL is not affected by the propagation in tissue and yields the oxygenation 

information exactly where the CREL has been stimulated. 

In summary, Cherenkov emission spectroscopy during external beam radiotherapy 

was used to sample blood and tissue oxygenation with computation and phantom 

experiments. The lifetime of PtG4, an oxygen sensitive phosphor, recovered using CREL 

was calculated by CREL correctly by fitting the decay and thus could be potentially 
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adopted to reveal the tissue pO2 value in the sampling region. In order to assess the depth 

from which signals can be measured, extensive Monte Carlo simulations were carried out, 

and results show that both CR and CREL could be detected at depths of a few centimeters 

into tissue. The detected sensitivity profiles and effective sampling depth are highly 

dependent on the wavelength and the relative arrangement of external radiotherapy beams. 

The near-infrared wavelengths penetrate up to 20-30 mm while sensitivity to the blue, 

green and red wavelengths was substantially shallower. Information about the detected 

sensitivity distributions and effective sampling depths could be linked to treatment 

planning in order to spatially recover the regions where the signals have been detected. The 

simulation for different StO2 values could be similarly done and small animal models could 

be potentially adopted as the geometry. Further testing of this approach in phantoms and 

animals with realistic blood StO2 tissue pO2 changes in tumors should follow to validate 

this methodology. 
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Chapter 7: Diffuse Optical Tomography (DOT) of CREL and Oxygen 

Partial Pressure (pO2) Imaging 

The contents of this Chapter are a modified version of the following publication: 

Demers, J.L., S.C. Davis, R.X. Zhang, D.J. Gladstone, and B.W. Pogue, Cerenkov excited 

fluorescence tomography using external beam radiation. Opt Lett, 2013. 38(8): p. 1364-

1366. 

Zhang, R., S.C. Davis, J.L. Demers, A.K. Glaser, D.J. Gladstone, T.V. Esipova, S.A. 

Vinogradov, and B.W. Pogue, Oxygen tomography by Cerenkov-excited phosphorescence 

during external beam irradiation. J Biomed Opt, 2013. 18(5): p. 50503. 

7.1 DOT of Continuous-Wave Measured Cherenkov-Excited 

Fluorescence 

7.1.1 Introduction 

Photons emitted through Cherenkov radiation, exhibit a spectral dependence that is 

inversely proportional to the wavelength squared. A majority of the photons generated are 

in the ultraviolet and blue regions of the spectrum; however, these wavelengths are largely 

absorbed in tissue. Therefore the ability to measure Cherenkov light in patients is limited 

to shallow depths of light generation. Work has been done showing that Cherenkov 

radiation from radioactive probes can be used to excite fluorescence from quantum 

nanoparticles in close proximity through Cherenkov radiation energy transfer (CRET). By 

combining the Cherenkov light generated during radiation therapy with a fluorophore, 



177 

 

which will shift some of the light to longer wavelengths in order to increase the intensity 

of surface measurements when irradiating a tissue-equivalent phantom. An ideal 

fluorophore for this application would have a large Stokes shift with a large absorption 

peak in the shorter wavelengths and an emission peak that is within the near infrared (NIR) 

window where it can propagate through thick tissue. Here, we used Cyto500LSS 

(absorption band max 500nm and emission band max 630nm) which can be conjugated 

with multiple targeting agents to increase its specificity of binding to tissues of interest.   
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Figure 7.1.1: Experimental set up for Cherenkov excited fluorescence tomography -- a) Schematic of the experimental 

setup showing the location of the phantom and measurement devices.  b) The phantom schematic shows the region of 

the phantom where Čerenkov would be generated in a 3D volume. c) Top view of the phantom shows a white light 

image of the experimental set up with the phantom exterior highlighted with red. 
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7.1.2 Materials and Methods 

The cylindrical tissue equivalent phantom contained 1% Intralipid and had a height of 

164mm and diameter 85.7 mm.  An anomaly with height 114mm and 33.4mm diameter 

was placed 13mm from the outer boundary of the phantom wall (Figure 7.1.1c). The 

anomaly was filled with 1% Intralipid inclusions with varying concentrations of 

fluorophore ranging from 0.1 mg/mL to 3.2 mg/mL. Thirteen fiber bundles were placed 

around the exterior of the phantom to collect surface spectra. Fiber bundles contained 7 

individual detection fibers of 400-micron diameter and NA of 0.37 and have a length of 

13m. Each fiber was connected to an individual spectrometer and cooled CCD on an 

imaging cart that was kept outside of the lead treatment door in order to decrease noise in 

the measurements due to scattered radiation. The fiber arrangement can be seen in Figure 

7.1.2b. A 300lp/mm grating was used to collect spectra from 500nm to 800nm.  Fibers 

were placed 88mm above the treatment couch and data was collected for 30 seconds of 

LINAC treatment to the phantom with a 6MV photon beam.  

The LINAC beam size and shape can be altered to match a treatment plan for each 

individual patient using a multi-leaf and collimator system.  Beam size is measured at the 

isocenter, located 1m from the source, but in this experiment measurements were acquired 

at 1.36m.  The beam size was expanded to include the angular variation leading to a square 

beam with sides of length 58mm (40mm at isocenter). Beam size and shape were restricted 

only by the requirement of not passing directly through a collection fiber as large amounts 

of Cherenkov radiation would be generated Cherenkov radiation. A basis spectrum of the 
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background Cherenkov radiation level was generated by measuring surface data when the 

anomaly was filled with a 1% Intralipid vessel.  

Images of the fluorophore distribution within the phantom were generated using the 

open source NIRFAST software package [168-171].  Reconstructions were completed both 

with and without the presence of spatial priors on a finite element mesh that was created 

using simple shape geometries and a defined mesh resolution.  Nodes within the anomaly 

region were marked.  Optical properties were applied to each node of the mesh as the 

average values over the 20nm region described previously. 

The reconstruction algorithm works through an iterative process to match the 

measured surface data to a diffusion model of light propagation.  Unlike traditional 

fluorescence tomography measurements where excitation is done with a laser entering the 

medium at the surface; our fluorophore was excited by Cherenkov radiation, which was 

generated throughout the interior of the phantom. To approximate the excitation field, 

distribution and photon intensity, Monte Carlo modeling was performed using GAMOS 

[13, 98].  The resultant field calculations were interpolated onto our mesh and used in the 

diffusion forward model, see Figure 7.1.3a. 

7.1.3 Results 

Figure 7.1.2a includes an example least squares fit of the measured spectra and its two 

basis, the background Cherenkov and the fluorophore emission curve. The emission curve 

of the fluorophore was allowed to shift up to 5nm in order to get the best fit.  Figure 7.1.2b 

is a 2D representation of the slice containing the detection fibers. The blue square 
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represents the beam size and Cherenkov light field region and the fiber positions are 

numbered.  Figure 7.1.2c shows the result of integrating a 20nm region centered on the 

emission peak maximum for each of the 13 detectors for the different concentrations of 

fluorophore. A poor least squares fit for detector 1 in the 0.1mg/mL concentration led to 

the removal of that data point prior to reconstruction. 

NIRFAST reconstructions generate images of the fluorescence yield, a product of 

the quantum yield of the fluorophore and the absorption coefficient of the fluorophore 

(Figure 7.1.3b).  A second method of reconstruction, hard priors, includes a priori 

information tagged in the mesh, to designate the different regions within which the 

reconstructed fluorescence yield must be homogeneous [172]. The fluorescence yield 

recovered for the various concentrations had high spatial correlation without the inclusion 

of spatial information, although the values were surface weighted as is sometimes 

encountered in tomographic reconstructions. A linear relationship exists between the 

concentration of fluorophore and the difference between the mean reconstructed value in 

the anomaly region and the mean reconstructed value in the background for both the no 

priors and hard priors reconstruction results (Figure 7.1.3c).  Cherenkov light was 

Figure 7.1.2: Data for tomography -- a) Least squares fitting of the background Čerenkov radiation and the fluorophore 

emission spectrum were done for each detector location shown in (b).  c) The integrated intensity of the signal measured 

in each detector for increasing concentrations of fluorophore in the anomaly. 
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generated throughout most of the phantom due to the beam location, but through spectrally 

resolving the two light components, Cherenkov and fluorophore, reconstructions of the 

signal of interest were calculated with relatively high contrast to background values. 

 

7.1.4 Discussions 

Using a single light source, in this case the Cherenkov light field creates a much different 

reconstruction problem than typical fluorescence molecular tomography, which uses 

multiple source projections to build up a data set [173, 174].  A single source generated 

beneath the surface of the imaging domain is much closer to the bioluminescence problem 

that is known to be more difficult to reconstruct [22, 175-177].  Additional difficulties in 

reconstruction of the fluorescence signal and location lie in the amount of signal generated 

per treatment, the ability to accurately separate the fluorescence generated light from the 

tail of the Cherenkov spectra, and accounting for any degradation of the fluorophore over 

Figure 7.1.3: Tomography of different concentrations -- a) Calculated field of Čerenkov radiation for the plane of the 

detection fibers. b) Reconstructed images using no spatial information for the concentrations marked. c) The linear 

relationship between the concentration of the anomaly and the reconstructed values.   
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time due to photobleaching from prolonged Cherenkov light generation due to treatment 

by the LINAC beam. 
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7.2 DOT of Time Domain Gated Oxygen Sensitive CREL 

7.2.1 Introduction 

Previously, we showed that Cherenkov radiation could excite optical dyes and the emission 

at longer wavelength transmit further in biological tissue. Measuring luminescence of a 

fluorophore or phosphor excited by the Cherenkov radiation, i.e. Cherenkov radiation 

excited luminescence (CREL), has potential for monitoring a variety of functional 

parameters during radiation therapy. We demonstrated that phosphorescence of a near-

infrared oxygen-sensitive probe (platinum(II)-G4, PtG4) [151] can be excited by 

Cherenkov emission and measured during external beam radiation therapy in tissue 

phantoms [34] in a point-probe geometry. Coupling this measurement approach with a 

tomographic imaging modality would facilitate volumetric assessment of tissue 

oxygenation and provide more accurate quantification of these parameters in deep tissues. 

Here, we investigate the ability to recover tomographic images of CREL-induced 

phosphorescence yield in a variety of phantom configurations and oxygenations states, and 

examine the feasibility of CREL tomography to recover images of pO2 from time-resolved 

phosphorescence measurements.  
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7.2.2 Materials and Methods  

The experimental configuration is shown in Figure 7.2.1A. The external beam irradiator 

was a Varian Clinic 2100CD linear accelerator (LINAC, Varian Medical Systems, Palo 

Alto, USA). In this study, the LINAC was set to irradiate the phantom with a 4 cm square 

gamma photon beam with energy of 6 MV and a dose rate of 600 MU/min. A 60 mm 

diameter cylindrical tissue-simulating phantom was positioned on the treatment bed 100 

cm from the LINAC head. The phantom contained a 20 mm diameter cylindrical anomaly 

region to simulate tumor tissue. Both the background and anomaly were filled with 1% v/v 

Intralipid (Fresenius Kabi, Uppsala, Sweden) emulsion in water to mimic tissue properties 

Figure 7.2.1: Set up of the experiment for Cherenkov excited phosphorescence  -- (A) Diagram of the measurement 

system consisting of a linear accelerator, radiation/optical tissue phantom, and an optical fiber which couples light from 

the phantom to a spectrometer with a gated ICCD synchronized to the radiation bursts of the LINAC. (B) Top view of 

the phantom geometry. (C) A 2D cross section of the Cherenkov field modeled using GAMOS and used as the excitation 

field for phosphorescence yield image reconstruction. 
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for both external beam radiation and optical photon propagation. In addition to the 

water/Intralipid solution, PtG4, the oxygen-sensitive phosphor, was added to the 

background and anomaly regions of the phantom. Oxygen quenches the phosphorescence 

emission and lengthens the phosphorescence lifetime of this probe in a well-defined way, 

making it PtG4 a reliable reporter of pO2. Four combinations of PtG4 contrast and 

oxygenation states were used, as tabulated in Figure 7.2.2. In all cases, the concentration 

of PtG4 in the anomaly region was 1 µM, while in the outside medium it was either 0 or 1 

µM. Oxygenation in the anomaly was controlled using the glucose/glucose 

oxidase/catalase system [153]. Reference values for the PtG4 phosphorescence lifetime in 

deoxygenated and oxygenated environments were measured independently using a 

frequency-domain phosphorometer [164]. 

Optical measurements were acquired with a gated Princeton Instruments PI-MAX3 

ICCD (Princeton Instruments, Trenton, USA) attached to an Acton Research Insight 

spectrograph (Princeton Instruments, Trenton, USA) positioned outside the treatment 

room. The ICCD was cooled to -25oC and the intensifier set to the maximum gain. Light 

emitted from the phantom was coupled to the spectrometer through a fiber bundle 

composed of nineteen 200 µm silica fibers. Using a gated ICCD enables the system to take 

advantage of the pulsed operation of linear accelerators. Radiation from the LINAC is 

delivered in 3.23 μs bursts at a repetition rate of 200 Hz. By synchronizing the ICCD with 

a trigger signal from the LINAC, as described previously [34, 79], the intensity of CREL 

at different time points after each radiation burst can be measured. This effectively 

eliminates the contaminating excitation signal, i.e. the Cherenkov emission itself, and 

facilitates the measurement of phosphorescence lifetime. Optical measurements were 
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acquired after the radiation pulses at time delays between 0 and 200 μs in 4 µs increments, 

with a gate width of 500 µs. To improve signal-to-noise, 100 spectra were acquired at each 

time delay and summed up. Background measurements were also acquired and subtracted 

from the spectra. To produce a full tomographic data set, this process was repeated 

(sequentially) for 16 positions of the fiber bundle around the boundary of the phantom as 

represented in Figure 7.2.1 A and B. Once processed, all spectra were reduced to a single 

intensity value suitable for image reconstruction by integrating ±50 nm around the PtG4 

phosphorescence peak λmax=772 nm.  

Reconstructing images of phosphorescence yield (a product of the PtG4 absorption 

coefficient at the excitation wavelengths and its phosphorescence quantum yield) requires 

an estimate of the optical excitation field, which in this case, is the Cherenkov field. 

Accurate modeling of the Cherenkov field can be accomplished by employing established 

tools from radiation oncology. In this study, GAMOS (a Geant4-based Monte Carlo 

toolbox) [178] was used to simulate a 6 MV gamma photon beam, irradiating a 6×6 cm2 

area with voxel size 0.5mm×0.5mm×0.5mm. A total of 108 primary particles (6MV gamma 

photon) were launched, and the Cherenkov photons generated were scored [34]. A 2-D 

slice of the field, corresponding to the plane of the optical detectors, was extracted and 

adopted as the excitation field for image reconstruction.  

The excitation field and processed optical data from the CREL measurements were 

combined to recover images of phosphorescence yield using the fluorescence toolbox in 

NIRFAST [168, 171, 172], a finite element-based software package for diffusion-based 

NIR image reconstruction. Images were recovered using a 60 mm diameter mesh with 1785 
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nodes, homogeneous absorption (µa) and scattering (µ´s) properties at the excitation 

(µax=0.033mm-1, µ´sx=1.8mm-1) and emission (µam=0.002mm-1, µ´sm=1.033mm-1) 

wavelengths, and a refractive index n=1.327.  

7.2.3 Results 

To demonstrate external beam-induced CREL tomography of PtG4, reconstructions were 

performed in the four phantom configurations using a time delay of zero with respect to 

the falling edge of the radiation burst, which is simply the integrated phosphorescence 

decay after the pulse. Images of phosphorescence yield and the associated recovered 

contrast values, calculated as the mean phosphorescence yield in the known area of interest 

divided by the same in the known background area, are presented in Figure 7.2.2. These 

results closely follow expected trends, with the deoxygenated region producing the highest 

phosphorescence yields and contrasts. Particularly encouraging are the images for 

phantoms with a constant concentration of PtG4 in both the background and tumor region. 

While clear contrast in phosphorescence yield was observed when the phantom contained 

an anoxic tumor region, a nearly homogenous distribution obtained when both regions were 

aerated. This demonstrates the strong sensitivity of PtG4 CREL tomography to pO2, and 

insensitivity to phosphor concentration. 
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For the third configuration of Figure 7.2.2, reconstructions are performed from data 

acquired with initial delays from 0 µs up to 160 µs (Figure 7.2.3A). Due to different 

oxygenation state for the background and inclusion, the intensity of CREL decays with 

different time constant. The CBR of the reconstruction was found to be tunable by initial 

delays with the maximum (CBR > 1.8) when the initial delay is around 80 µs.   

Figure 7.2.3: Contrast to background for different initial delays -- (A) Images of phosphorescence yield from CREL 

tomography for the third configuration in Figure 7.2.2 with different initial delays from 0 µs to 160 µs. (B) Corresponding 

contrast to background ratio of the reconstructions. 

Figure 7.2.2: Images of phosphorescence yield from CREL tomography and associated contrast-to-background values 

for four PtG4 phantom configurations. 
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To examine the feasibility of using this imaging approach for CREL-based pO2 

tomography during radiation therapy, time-resolved phosphorescence decay images were 

analyzed for the phantom with a constant concentration of PtG4 but with an aerated 

background and anoxic tumor region, as may be encountered in vivo. This was 

accomplished by reconstructing images for each time delay (from 0 to 200 µs in 4 µs 

increments) and fitting each image pixel over time to a single exponential. Figure 7.2.4A 

shows the phosphorescence decay curves for pixels in the anoxic and aerated regions, 

labeled “Anomaly” and “Background”, respectively. The full image of phosphorescence 

lifetime is shown in Figure 7.2.4B. From this image, an image of pO2 can be recovered 

directly using the Stern-Volmer equation. 

The resulting pO2 image is shown in Figure 7.2.4C. It is noteworthy that the 

recovered values of pO2 in the aerated (150 Torr approximately) and anoxic regions (0 Torr 

approximately) are very close to the true values measured with the reference probe 

(reported in Figure 7.2.2). Furthermore, images of pO2 and lifetime provide much higher 

contrasts than those of phosphorescence yield alone, suggesting that the time-dependent 

approach is more sensitive and quantitative than imaging based on intensity alone.  

Figure 7.2.4: Tomography of lifetime and pO2 -- (A) Phosphorescence decays calculated as the average values in the 

aerated anomaly and anoxic background. (B) Recovered lifetime distribution. (C) pO2 disbritution converted from the 

lifetime distribution using the Stern-Volmer model. 



191 

 

7.2.4 Discussions 

These results suggest that CREL-based oxygen tomography is feasible and that 

incorporating time-domain analysis can provide an accurate, robust, and quantitative pO2 

imaging paradigm. The delivery of megavoltage radiotherapy is well controlled and 

extensively planned for each subject and Cherenkov radiation emission will be emitted 

from targeted cancer tissues where the charged primary or secondary particles deposit most 

of their energy. Thus, CREL will often be excited in rather deep tissue regions. The 

emission peaks of the oxygen-sensitive phosphors are well above 750 nm and thus 

propagate readily through most tissues. Standard diffuse optical tomography (DOT) 

systems commonly measure light at these wavelengths through 10 cm of tissue without 

requiring invasive placement of the optical detectors. As in all forms of optical near 

infrared tomography, tissue scattering and absorption limit depth resolution of the 

disclosed method. However, because of the relatively slow time scale of triplet emission, 

phosphorescence lifetime imaging is less affected by scattering and absorption (17) than 

e.g. fluorescence lifetime imaging, allowing for more accurate spatial reconstructions.  

The instrument used for this pilot experiment was composed of a spectrometer 

coupled to a small spectroscopy fiber, a configuration known for relatively poor light 

collection efficiency, as this is what was available for this prove of concept study. The 

active area of the fiber was approximately 0.3 mm2 (only ten of the nineteen 200um fibers 

in the bundle illuminated the entrance slit) and spectrometer throughput in the 10 – 15% 

range. However, spectral resolution is not required for this application and thus these 

systems could easily be replaced with large-area APD’s or PMT’s and fibers with active 
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areas around 50 mm2. This arrangement would collect over 1500 times more photons than 

the current system based on fiber area alone, without loss of tomogram resolution. Thus, 

acquisition times could drop precipitously and sensitivity to the phosphor in absorbing 

media would increase dramatically. A key point to keep in mind is that because we are 

using time-delayed detection and thus eliminate the excitation light entirely from the signal, 

the dominant source of noise is the instrument dark and read-out noise. Thus, more 

sensitive detectors with low noise characteristics can further improve sensitivity. 

The lifetime dynamic range of PtG4 is relatively small (20 µs and 47 µs for fully 

deoxygenated and oxygenated states). However, this molecule was used only as a 

demonstration platform for the concept of CREL-based oxygenation tomography.  The 

dynamic range of the lifetime will increase by a factor of 10 using the palladium-based 

counterpart, PdG4 [151], which is a molecule that has been tested in animals and shows no 

toxicity. The quantum yield of PdG4 is about one third that of PtG4. However, this is not 

significant when considering the opportunities to optimize the technique as described 

above.  

The image quality of the tomograms is consistent with diffuse optical tomography 

(DOT) images from real data published throughout the community over the past 15 years.  

Diffuse Gaussian-shaped structures are common due to the nature of the light transport and 

wide sensitivity profiles.  Because of this reality, there are many techniques under 

investigation to significantly improve image accuracy for DOT, many of which can be 

readily implemented here. Besides acquiring data at more positions (16 positions evenly 

distributed around the circle in this study), one of the more promising approaches is to 

incorporate spatial prior information from other image modalities.  It is reasonable to 
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envision applying that approach here since all patients undergoing treatment also have 

extensive co-registered CT scans used for treatment planning.  These scans could be used 

to introduce spatial priors implementations into the tomographic reconstruction algorithms, 

a process which has been shown to dramatically improve optical parameter estimation, and 

is fast becoming the standard approach for optical tomography. The current study focuses 

on demonstrating the feasibility of this complex imaging approach. That the images 

achieve accuracy consistent with DOT before more sophisticated constraints are applied is 

very promising. We should also note that the imaging problem solved in the current study 

is actually more difficult than the one addressed with typical DOT, the latter of which uses 

many source-detector projections through the volume.  In the current study, a single, nearly 

homogeneous excitation field is used. This creates a situation more akin to 

bioluminescence tomography which produces a more non-unique inversion for image 

recovery.  However, under treatment regimens, the dose distribution (and therefore 

excitation field) is more focused on the tumor volume as compared to the distribution used 

herein.  Since this field is known, the image recovery becomes more unique than the one 

tested herein, and therefore will result in more accurate images.  The fact that the image in 

the current study compares favorably with standard DOT imaging of these probes [179] is 

particularly encouraging.   

The ability to image pO2 distribution during radiotherapy, as demonstrated here, 

would provide unprecedented information about the tumor micro-environment. This may 

have a significant impact in radiotherapy research programs, such as in the development of 

adjuvant and synergistic therapies, and in planning and tailoring clinical treatment 

regimens.  
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Chapter 8: Cherenkov-Excited Phosphorescence Oxygen (CEPhOx) 

Imaging during Multi-beam Radiation Therapy 

The contents of this Chapter are a modified version of the following publication: 

Holt, R.W., R. Zhang, T.V. Esipova, S.A. Vinogradov, A.K. Glaser, D.J. Gladstone, and 

B.W. Pogue, Cherenkov excited phosphorescence-based pO2 estimation during multi-

beam radiation therapy: phantom and simulation studies. Phys Med Biol, 2014. 59(18): p. 

5317-28. 

8.1 Introduction 

Radiation therapy is performed by directing ionizing radiation to a prescribed volume in 

overlapping sequential beam treatments.  In order to maximize the radiation dose in the 

tumor region and minimize the dose to benign tissue, multiple crossing beams at different 

incident angles are used (Figure 8.1) in carefully planned directions. This treatment occurs 

by moving the beam of a linear accelerator or rotating the patient bed, or both.  The concept 

behind tomographic CEPhOx imaging done in a geometry which matches clinical delivery 

is that it makes use of these multiple beam directions to perform tomographic recovery of 

the pO2 values in the targeted region relative to the surrounding tissue. 
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In the pevious chapter, Cherenkov emission from megavoltage photon beams was 

used to excite and tomographically recover fluorescent or phosphorescent targets [32-34, 

79, 180]. However, only the simplest situation with irradiation of the entire phantom by a 

single radiation beam was investigated. Oxygen tomography based on Cherenkov radiation 

Excited Luminescence (CREL) has also been investigated in a previous study with 

phantoms using a fiber bundle based system, based on conventional diffuse optical 

tomography (DOT) [32, 181] and phosphorescence lifetime tomography  [182-184]. Since 

conventional DOT does not make use of any prior anatomical information, defining the 

location of tumor, it is less accurate than image-guided image recovery. Following our 

previous studies, the CEPhOx imaging scheme tested here was different because it utilized 

multiple radiation beam locations and a fixed imaging system, consisting of an intensified 

charge couple device (ICCD) and a standard optical macro lens.  The theoretical and 

experimental approach presented here was similar to that employed in x-ray induced 

fluorescence imaging, previously described by Pratx and Carpenter [185, 186]. However, 

Figure 8.1: A schematic of a multi-beam radiation treatment plan for a brain tumor is shown. 
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here it is adapted specifically for a radiotherapy approach using targeted beams and is 

applied to emission lifetime recovery rather than just intensity.  

8.2 Materials and Methods 

Platinum(II)-G4 (PtG4) was used in our CEPhOx experiments as a phosphorescent probe 

[151, 152, 187]. In this paradigm, the measured phosphorescent light can be modeled as a 

function of time using 

d(rb, t) = EC ∫ ∫ ΦCh(r, rb, t − t′)qc(r)e
t′

τ(r)Φd(r, t′)d3rdt′
t

0
, (Eq. 8.1) 

where ΦCh(r, rb, t) is the Cherenkov light profile for beam location rb at time t, r denotes 

the vector coordinate throughout the volume, c(r) is the  probe distribution, τ(r) is the 

phosphorescence lifetime map, Φd(r, t) is the sensitivity of the detection at location r and 

time t, q is a constant proportional to the probe's extinction coefficient and quantum yield 

of formation of the phosphorescent triplet state, and EC is the efficiency of the detector.  

The characteristic time of the propagation of the light through the tissue (on the order of 

ns) is much shorter than the phosphorescence lifetime of the probe (microseconds, μs).  

Therefore, the characteristic time change of ΦCh  and Φd  is much less than that of the 

exponential term, meaning that on the time scale of phosphorescent measurement these 

functions can be treated as the steady state condition, and the additional constants from the 

integration will be rolled into EC [183, 184].  Using this model we can define a forward 

model operator for measurement i at position r: 

A(i, r) =  ∫ ΦCh(r, rb) Φd(r)d3r, (Eq. 8.2) 



197 

 

Characteristic representations of the fields and the resulting operator from equation 3 are 

shown in Figure 8.2.  The spatially integrated data point corresponding to measurement 

resulting from a beam at rb at a single time pointk can then be modeled using 

ECq ∑ Aijcje
−t/τjn

j=1 =  d(rb, tk), (Eq. 8.3) 

where j is an index denoting the spatial location and n is the number of voxels or finite 

element nodes in the model.  In a compact form this equation can be represented by 

Ap = d, (Eq. 8.4) 

where pj = ECqcje
−t/τj is the weighted phosphorescence light emission distribution. 

 

The inverse problem in tomographic optical imaging, including phosphorescence 

lifetime imaging, is severely ill-posed.  In order to improve the accuracy of image recovery, 

Figure 8.2:  Visual representations of the components of the forward model matrix -- (a) Monte Carlo-derived 

Cherenkov emission profile, ΦCh . (b) Optical detection sensitivity Φd . (c) Resulting forward model sensitivity 

distribution. 
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it is possible to use an n-by-m mapping matrix to reduce the number of free parameters in 

the problem to the number of distinct regions (with the number of regions given by m).  

The matrix elements are defined by 

Kij = {

1

nj
, if node i is in region j

0,                          otherwise
, (Eq. 8.5) 

where nj  is the number of elements in region j .These distinct regions are typically 

segmented from structural medical images such as ultrasound, x-ray CT, or MRI.  

Typically, anatomical medical imaging is performed prior to radiation treatment planning.  

Using the information from these images, the system may be reduced to  

AKp̃ = d, (Eq. 8.6) 

where p̃ is the r-by-1 vector representing mean phosphorescence light emission density in 

each region.  

Two phantom experiments were performed to verify the validity of CEPhOx image 

recovery scheme outlined above. A cylindrical liquid phantom 65 mm in diameter and 

height of 50 mm was constructed to be fully oxygenated (with pO2 of approximately 140 

mmHg) with 1% v/v intralipid, 0.0025% v/v Indian ink and a 1 μM concentration of PtG4 

(Figure 8.3).  A 25 mm diameter cylindrical inclusion was placed such that the edge of the 

inclusion was 5 mm away from the external boundary of the phantom. The inclusion 

contained 1% v/v intralipid, 0.002%v/v Indian ink and a 5 μM concentration of PtG4.  The 

concentration of the probe was higher in the inclusion than in the background to reflect 

clinical conditions; the probe will accumulate at a tumor site. For the first experiment, the 
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inclusion was fully oxygenated.  For the second experiment the inclusion was fully 

deoxygenated using a glucose/glucose oxidase/catalase enzymatic system [188].   

In both experiments, to simulate a simple situation encountered in the established 

stereotactic tumor treatment, the phantom was irradiated by 20 uniquely placed radiation 

beams along the central arc of the cylindrical phantom, covering an angle range of 95 

degrees. The resulting phosphorescence was measured by gated ICCD camera (PI-MAX3, 

Princeton Instrument) with a commercial lens (f = 2.0) trained at the side surface of the 

phantom. The linear accelerator delivers 3.25 µs radiation pulses at 200 Hz. The camera 

operation was synchronized with the radiation pulses [79]. Initial delays from 3.25 µs (right 

after the radiation pulse) to 203.25 µs with 5 µs increments were used to gate the collection 

of the phosphorescence at different delay times after the excitation. The gate duration was 

fixed at 200 µs. For each delay, phosphorescence from 100 radiation pulses were 

accumulated and stored as one frame of image.  Thus, 40 images with different initial 

delays in sequence and each image an accumulation of 100 radiation pulses were acquired 

for one incident angle and then repeated for 20 incident angles. 
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Figure 8.3: Schematic diagram of imaging experiments -- (a) Diagram of imaging system with camera and time gating. 

(b) Overhead schematic of phantom geometry and beam locations with respect to the camera. (c) Cherenkov radiation 

profile from Monte Carlo Simulations. (d) Composite map of summed Cherenkov radiation for all beam locations, which 

is known to be a surrogate of the radiation dose map. 



201 

 

8.3 Results 

For a benchmark of the recovery accuracy of the proposed method, the bulk 

phosphorescent lifetime was calculated based on the integrated intensity measurements 

without performing tomographic recovery.  These values are shown in Table 8.1. 

Inclusion Type Recovered Bulk 

Phosphorescent Lifetime 

(µs) 

Recovered Bulk pO2 

(mmHg) 

Oxygenated  24.6 107 

Deoxygenated  36.1 34.8 

 

In this case, the imaging domain was separated into two regions: the bulk of the 

phantom and the inclusion (Figure 8.3).  This improved the conditioning of the problem 

sufficiently so that a simple least-squares method could be used to invert the system.  For 

each frame, the normal system of equation 7 was inverted using QR decomposition and 

Gaussian elimination to recover the phosphorescent light distribution.  These values were 

then used to calculate a phosphorescence lifetime map, which in turn allowed recovery of 

the pO2 distribution using the Stern-Volmer model.   

The phantom was discretized into 1440 nodes corresponding to 2789 triangular 

finite elements.  Based on the concentration of intralipid, the optical absorption at the 

wavelength of the phosphoresced light was set to be 0.0025mm-1, while the reduced scatter 

was set to 1.033mm-1.  The orientation of the camera with respect to the phantom was 

known, allowing for construction of an optical sensitivity profile.  The NIRFAST software 

package was used to build the integrated-field ICCD sensitivity function (Figure 8.2) [168, 

Table 8.1: Bulk Properties Estimates 
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189].  The gamma ray excitation profiles and subsequent Cherenkov photons were 

simulated using GAMOS, a Geant4-based Monte Carlo toolbox [13, 190].  For the 

purposes of this simulation, the phantom was discretized into uniform voxels of edge size 

0.2 mm and modeled using water-equivalent values.  For each simulated beam location, 

one hundred million primary photons were injected into the phantom and tracked.  In order 

to exploit the cylindrical symmetry of the imaging domain, all Cherenkov profiles were 

summed into a 2-D distribution.  These are the 2-D Cherenkov profiles referred to in 

equation 2 (Figure 8.3). 

 

The recovered phosphorescence intensity values for are shown in Figure 8.4, and 

the pO2 values recovered using the proposed framework are shown in Table8.2.   

Figure 8.4: Phosphorescence intensity recovered for both the inclusion and background regions -- (a) the oxygenated 

inclusion experiment and (b) the deoxygenated inclusion experiment. 
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Inclusion 

Type 

Recovered 

Phosphorescent 

Lifetime in 

Inclusion (µs) 

Recovered 

Phosphorescent 

Lifetime in 

Background (µs) 

Recovered 

pO2 in 

inclusion 

(mmHg) 

Recovered 

pO2 in 

background 

(mmHg) 

Oxygenated  23.9 26.3 113 92.4 

Deoxygenated  41.2 21.3 15.4 142 

With the current results, this method was only capable of distinguishing high versus 

low oxygenation.  However, the use of image guidance permitted the use of far fewer data 

points.  Table 8.3 shows the oxygenation recovery when the results from only four beam 

excitations are used, indicating how robust this approach is to sparse data. 

 

8.4 Discussions 

An accurate recovery of oxygenation only requires that the agent is present, since it is the 

lifetime of the signal which correlates to oxygenation. Thus it is not necessary to calibrate 

the intensity measurements of the imaging system, only that the system response is 

consistent throughout the experiment.  Similarly, it is not necessary that the phosphor be 

uniformly distributed. 

For each incident angle, the data acquisition time was about 20 seconds, which is 

similar to the time each beam lasts in real treatments, although dose per beam varies 

Inclusion 

Type 

Recovered 

Phosphorescent 

Lifetime in 

Inclusion (µs) 

Recovered 

Phosphorescent 

Lifetime in 

Background (µs) 

Recovered 

pO2 in 

inclusion 

(mmHg) 

Recovered 

pO2 in 

background 

(mmHg) 

Oxygenated  21.3 28.1 141 78.6 

Deoxygenated  42.8 21.2 10.5 143 

Table 8.3: Tomographic Oxygenation Recovery, Reduced Number of Measurements 

Table 8.2: Tomographic Oxygenation Recovery 
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considerably with different treatment plans. However, for each incident angle, the data was 

acquired at 40 different time points, which is redundant for the lifetime fitting. In theory, 

for an exponential decay, 2 different time points would be sufficient to fit the lifetime 

correctly [151, 179, 183]. Thus, the data acquisition time could be easily reduced to be 

within 2 seconds without affecting the normal treatment process. 

Traditional optical excitation fields are generally delivered from outside of the 

tissue and have limited penetration depth due to the high absorption of optical light in 

tissue.  In contrast, Cherenkov emission is generated by the radiation locally and can serve 

as internal excitation source even when the region of interest is deeply seated.  

Additionally, it has been shown that the intensity of local Cherenkov emission is 

proportional to the delivered radiation dose [13, 96, 191].  Since the dose map calculation 

is a significant part of the treatment planning, and the treatment is constructed to maximize 

dose at the target site, the Cherenkov light will maximize the signal emanating from the 

target. 

The use of image guidance in the phosphorescence recovery improves accuracy, 

based on the comparison of the bulk characteristic in Table 8.1 to the region-based 

characteristics of Table 8.2, but also allows for the use of fewer beam excitations for 

oxygen imaging.  Since a great deal of position information is encoded in the Cherenkov 

profiles, and since the image recovery is mapped into uniform regions, it is no longer 

necessary to discretize the optical measurements at the surface; an integrated signal is now 

sufficient for accurate recovery.  Further, since the optical signal can be integrated, this 

vastly improves the quality of the data underlying reconstruction.  In effect, each data point 
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was constructed from thousands of pixel measurements lowering the noise significantly.  

Thus using image guidance, it was possible to use only four beam locations with 

comparable accuracy in this experiment. 

We have proposed the CEPhOx method to perform oxygenation imaging within 

tumors during external radiation beam therapy. This method only requires the addition of 

a non-toxic phosphorescent tracer and the presence of a camera in the imaging room.  It 

is therefore minimally invasive and should work within the established work flow of 

radiation therapy in situations where tumor pO2 measurement is a pertinent dosimetric 

need. 
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Chapter 9: Cherenkov Excited Luminescence Scanned Imaging (CELSI) 

The contents in Chapter are a modified version from the following publications,  

Zhang, R., V. D'Souza A, J.R. Gunn, T.V. Esipova, S.A. Vinogradov, A.K. Glaser, L.A. Jarvis, D.J. 

Gladstone, and B.W. Pogue, Cherenkov-excited luminescence scanned imaging. Opt Lett, 2015. 

40(5): p. 827-30. 

9.1 Introduction 

In the previous chapter, we showed that Cherenkov emission induced by LINAC beams 

can be used to excite porphyrin-based oxygen sensitive phosphorescent probes [151] such 

as PtG4 [151, 152], which efficiently absorbs blue and red light and emits phosphorescence 

in the NIR region (λmax = 772 nm). Phosphorescence intensity was recorded at different 

time points after the LINAC pulse, and the phosphorescence decay time (lifetime) was 

calculated from the obtained data points using single exponential fitting [34]. Intensity and 

lifetime tomography were performed with/without prior information of the region of 

interest [32, 44].  

In this chapter, it was demonstrated that sheet-shaped LINAC beams are able to 

induce Cherenkov emission within tissue, and that in turn excites luminescence of optical 

probes in a highly spatially confined fashion thereby eliminating the need in using diffuse 

optical tomography algorithms to reconstruct distributions of luminescent sources [44]. In 

this new method, termed Cherenkov-Excited Luminescence Scanned Imaging (CELSI), 

LINAC beams of relatively low intensity (Figure 9.1a) are used as line-scanning sources, 

while the readout is due to secondary luminescence.  
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The basic concept of CELSI is illustrated in Figure 9.1b and 1c. In this study we 

used probe PtG4 (30 µL, 2 mM) injected directly into the axillary lymph node of a rat. This 

probe concentration is rather high, but it is important to note that it is equivalent to the 

concentration of Methylene Blue, used routinely for sentinel lymph node detection in 

human breast cancer surgery. With the lymph node positioned approximately at the LINAC 

iso-center gantry rotation (indicated by the intersection of red laser lines in Figure 9.1b), a 

thin sheet-shaped radiation beam, collimated by multi-leaf collimators (MLCs) was 

scanned through the axillary region in three orthogonal directions (Figure 9.1c). Unlike 

optical radiation, which is strongly scattered in tissue, X-ray does not experience 

significant scattering (Figure 9.5). Cherenkov radiation is emitted in tissue due to 

secondary electrons (above the threshold energy approximately 220 keV in tissue) 

produced due to Compton scattering of X-rays (Figure 9.7). Cherenkov photons in the UV-

blue spectral range have very short diffusion path (< 1 mm) in the tissue due to the 

hemoglobin and water absorption (Figure 9.7). Therefore, luminescence of the probe is 

excited only within the volume which is directly in the pathway of the scanning radiation 

beam. This property constitutes the key aspect of the CELSI scheme that is that any 

luminescence signal detected by the ICCD (Figure 9.1b) originates exclusively along the 

pathway of the LINAC beam, which in this study was shaped as a 2-dimensional sheet. By 

measuring total luminescence signal and considering prior information about position of 

the scanning beam, the distribution of optical signal along the direction of scanning can be 

recovered. Thus, based on back-projections of Cherenkov excited luminescence recovered 

from scans in three orthogonal dimensions (Figure 9.1c), the spatial distribution of PtG4 
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phosphorescence could be reconstructed, making it possible to visualize the lymph node 

within the scanned region. 

Figure 9.1: Introduction of CELSI -- The relative radiation dose planned for use in CELSI is shown (a) 

with respect to many other diagnostic and therapeutic applications. The setup of the ICCD and rat is 

shown (b), and the geometry of the LINAC sheet-scans in 3 orthogonal directions (c).  



209 

 

9.2 Materials and Methods 

To investigate resolution capability of CELSI, a phantom study was carried out using 

tissue-equivalent phantoms. As shown in Figure 9.2a, a capillary (~ 1 mm in diameter) 

containing solution of PtG4 (500 µM) was placed in a container. The tissue-like phantom 

material consisted of 1% v/v intralipid and 0.002% v/v of India ink, with absorption and 

reduced scattering coefficients estimated to be µa=0.01mm-1 and µs
/=1.0mm-1 in the NIR 

spectral region. The ICCD camera trigger was synchronized with the radiation pulse 

(approximately 3.25 µs duration, 200 Hz repetition rate) from the LINAC. The surface of 

the phantom was imaged as shown in Figure 9.2b. The ICDD was turned on at a pre-

selected delay following each radiation pulse, and phosphorescence was integrated on the 

CCD. As illustrated in Figure 9.2b, a radiation beam (5 mm × 5 mm) collimated by the 

MLCs was programmed to scan through the volume (5 mm × 40 mm) in one direction with 

step size of 0.2 mm. For each step, Cherenkov-excited phosphorescence from 50 radiation 

pulses was integrated on the CCD chip and read out as an image (8×8 hardware binning 

from chip size of 1024 pixels × 1024 pixels). The scans were repeated for each increasing 

amount of liquid phantom, so that the inclusion was at varying with depths from 0 to 20 

mm in steps of 2.5 mm. Background images were acquired using the same procedure but a 

500 µs time delay. These were subtracted from images of phosphorescence. 

Phosphorescence intensities for each step were calculated by summing up the resulting 

intensity images. To investigate the spatial resolution of CELSI, capillary tubes, containing 

solution of PtG4 (500 µM), with diameters from 0.1 mm to 1 mm was scanned in PBS. To 

investigate the detectability in terms of probe concentration and depth, an inclusion 

containing PtG4 with concentrations from 0.1 µM to 100 µM was detected at depth from 
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0 to 25 mm in tissue equivalent phantom made with 1% v/v intralipid and 1% v/v whole 

blood.   

For the in vivo study, a thin sheet-shaped beam (5 mm × 50 mm) was used to scan 

through the rat axillary gland region (50 mm × 50 mm) with a step of 0.2 mm (226 beams 

with locations of the central axis from -22.5 mm to + 22.5 mm) in three orthogonal 

directions (Figure 9.1c). To investigate the feasibility of CELSI at different powers of 

primary radiation, luminescence signals were excited by 50 (about 1 cGy) and 1 (about 

0.02cGy, the lowest dose a LINAC can deliver stably) radiation pulses. Similar to the 

phantom study, background images were acquired and subtracted from images of 

luminescence. The distribution of PtG4 in each scanning direction was recovered from 

intensities of excited luminescence at the corresponding scan steps. The 3D distribution in 

the lymph node was reconstructed from the back projections of the luminescence intensity 

profiles in the corresponding directions. A fiducial marker was placed on the rat at a 

recorded location with respect to the isocenter. X-ray Computed Tomography (CT) scans 

were perform on the rat, and the reconstructed CELSI images were overlaid with the CT 

images using the fiducial marker’s position with respect to the isocenter as a reference. 

Once the target (lymph node) was located, a small radiation beam (5 mm × 5mm) 

was used to irradiate it. The intensity images of Cherenkov-excited luminescence at 

different delays (0 to 200 µs, counting from the end of the radiation pulse, with increment 

of 4 µs) were acquired keeping the acquisition time constant at 500 µs (>10 

phosphorescence lifetimes). Such measurements were performed before and after the rat 
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was euthanized, i.e. for two different oxygenation states. The calculated lifetimes were 

converted to pO2 values using the Stern-Volmer relationship (Eq. 9.1). 

Figure 9.2: CELSI reconstructed profiles at different depths -- The ICCD camera and phantom geometry 

is shown in the photo (a) and the schematic (b).  The diffuse emission images (c) are shown,  if a single 

broad excitation beam was set to cover the whole scanned region, the diffuse emission surface profiles 

appear as shown in (d), whereas when a sheet-scan is used they were as shown in (e).  When 

deconvolution of the sheet beam shape was included the line profiles were as shown in (f). 
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9.3 Results 

Figure 9.2c shows images of phosphorescence excited by a single broad beam having the 

same size as the entire scanned region (5 mm × 40 mm) with inclusions placed at depths 

ranging from 0 to 20 mm. Not surprisingly, Cherenkov-excited luminescence appears more 

and more diffuse as the depth of the inclusion placement increases. The normalized 

intensity profiles are shown in Figure 9.2d. Profiles of the phosphorescence intensity 

recovered from the scans were plotted (Figure 9.2e), appearing to be very similar regardless 

of the inclusion depth, until the luminescence signal became close to the noise level (i.e. at 

depths > 20 mm). The recovered profiles appear wider than the actual size of the inclusion 

in Figure 9.1e, because of the convolution effect of the scanning beam of a finite size (5 

mm × 5 mm). After deconvoluting each line-scan data set using the kernel function as 

defined by the size of the scanning beam, (Figure 9.2f), the recovered phosphorescence 

profiles appeared narrower and closer to the actual size of the inclusion. These results 

validate that CELSI is capable to reconstructing 1 mm inclusion in a 20 mm-thick tissue 

phantom. As shown in Figure 9.3, concentrations of PtG4 down to around 1 µM were 

detectable and capillary tubes containing the probe with diameters down to 200 µm could 

be resolved by CELSI at 5 mm depth in tissue equivalent phantoms.  
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For the in vivo study, the normalized profiles of Cherenkov-excited luminescence 

in three scanning directions (Figure 9.1c) are shown in Figure 9.4a and 3c for doses of 1 

cGy and 0.02 cGy per step, respectively. Considering the overlap ratio (beam width)/(step 

size) = 5 mm/0.2 mm = 25,  the total radiation doses delivered during the full 3D scans 

were 75 cGy and 1.5 cGy. Not surprisingly, the luminescence profiles in the case of the 

lower dose (weaker excitation) are much nosier than those in the case of higher dose case 

(stronger excitation). By downsampling the data uniformly to achieve the overlap ratio 1 

(i.e. no overlap of scanning beams), (Figure 9.4b and 3d), the total radiation doses were 

reduced to 3 cGy and 0.06 cGy. The reconstructed image of the auxiliary lymph node using 

Figure 9.3: Contrast to background ratio of CELSI for different conditions -- Capillary tubes containing 

Oxyphor G4 (500 µM) with diameters from 0.1 mm to 0.9 mm were shown in (a) and the corresponding 

1-D profiles reconstructed (without deconvolution) from CELSI were shown in (b).  Full width at half 

maximum (FWHM) of the reconstructed profiles (c) as well as the corresponding intensities (d) are 

shown, both showing linearity with the size/volume of the capillary tubes. In tissue equivalent phantom 

made with 1% v/v whole blood and 0.002% v/v ink, CELSI was performed for a 1 mm capillary tube for 

different depth, different concentrations and different delivered radiation doses. The contrast to 

background (CBR) ratios are shown in (e-g) respectively. 
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the downsampled data are shown in Figure 9.4e and f for the high dose and low dose cases, 

respectively. The lymph node is well seen in both cases, but appears slightly nosier in the 

case of low radiation dose. Luminescence intensities at different time points and the 

exponential fittings are shown in Figure 9.4g. The lifetime changes from 23 µs to 45 µs, 

indicating decrease in tissue oxygenation with euthanasia, as expected. Based on the Stern-

Volmer’s model (Eq. 9.1), the pO2 values were calculated to be 123 mmHg and 4 mmHg 

respectively. 

 

Figure 9.4: CELSI in vivo -- The line-scan emission data from the LINAC sheet moving in each of the 3 

orthogonal directions is shown in (a) for 226 locations across with 1 cGy dose per sheet, and the data 

reduced to (b) just 10 sheet locations across. The delivered energy was reduced to 0.02 cGy/sheet and 

scans repeated in (c) and again downsampled to 10 sheet locations in (d). Backprojected reconstructions 

(red) are shown overlaid on the CT scans (blue) in (e) and (f) for the two conditions with the luminescence 

intensity in red. The pO2 emission lifetime data is shown in (g) 
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9.4 Discussions 

Image reconstruction in diffuse optical tomography (DOT) is a severely an ill-posed 

problem. Unlike DOT, in CELSI the spatial information encoded by controlled positioning 

of radiation beams. The camera in our setup simply works as a single detector to measure 

the intensities of interested signals, and in principle it can be substituted by a simple 

photomultiplier (PMT). Therefore, luminescent heterogeneities can be imaged by CELSI 

at high resolution without prior information and/or application of complex reconstruction 

algorithms. Similar to diffuse optical tomography, strong attenuation of optical signals by 

biological tissue limits the depth of sampling by CELSI. Based on the results of our 

phantom study (Figure 9.2), the recovery of luminescent inclusions ~1 mm in diameter 

could be performed successfully at depth less than or equal to 20 mm under the tissue 

surface. From Figure 9.3(b-d), a capillary tube with the diameter down to 0.2 mm can be 

resolved. The lowest concentration of PtG4 can be detected (in a 1 mm capillary tube at 

depth of 5 mm) is around 1 µM (Figure 9.3f). It is expected that use of PMTs would 

improve the imaging depth, although it is unlikely to be extend beyond 50 mm. 

The small radiation dose required for CELSI is one of the main attractive points of 

this new technique. In the in vivo study, CELSI was feasible using radiation doses ~0.06 

cGy, which is considerately lower than the doses commonly delivered in most of radiation-

based diagnostic and therapeutic techniques (Figure 9.1a). Although with a decrease in the 

concentration of the probe, the radiation dose will likely need to be increased, application 

of CELSI to imaging isolated regions such as lymph nodes still can have medical relevance, 

especially in the cases where accurate knowledge of tissue oxygenation is required. Perhaps 
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the most important property of CELSI is that the radiation is confined to the scanned region, 

unlike in PET or SPECT where the radioactive tracer winds up depositing most dose to the 

excretory organs. 

To overlay the reconstructed lymph node to the CT scans, a fiducial marker was 

used in this study so that the CT scans can be registered with respect to the isocenter of 

CELSI scans. In fact, most of current LINAC models have a cone beam CT (CBCT) system 

mounted on the gantry and all the scans are perfectly centered with respect to the isocenter. 

Therefore, by using a newer model of LINAC, CELSI scans will be already registered to 

the CBCT scans and fiducial makers are not necessary. 

With the lymph node located by CELSI, pO2 was recovered by measuring the 

lifetime of Cherenkov-excited luminescence of probe PtG4. Since the pO2 information is 

encoded in the phosphorescence lifetime as opposed to intensity, it is not affected by the 

optical properties of the surrounding environment. Importantly, while this study focused 

on applying CELSI to oxygen imaging using PtG4, other luminescent probes excitable by 

Cherenkov photons can be used to obtain probe other physiological variables (e.g. pH, 

metal ions etc.). 

The concept of CELSI is based on the assumption that luminescence of the probe 

is excited only within the volume which is directly in the pathway of the scanning radiation 

beam. To validate this, the fluence of X-ray photons, secondary electrons and Cherenkov 

photons from a 5 mm, 6 MV radiation beam are simulated to validate this assumption in 

tissue equivalent phantom (optical properties from 1% v/v intralipid and 1% v/v whole 

blood) up to 10 cm in depth. For X-ray photons, as shown in Figure 9.5, only photons of 
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low energy (below 0.2 MeV) showed slightly stronger scattering. This is not a problem for 

CELSI, because secondary electrons generated by those X-ray photons will be below the 

threshold energy of Cherenkov radiation. Similarly, secondary electrons, as shown in 

Figure 9.6, are well confined in the region of the beam. However, as shown in Figure 9.7, 

the fluence of Cherenkov photons strongly depends the wavelength and optical properties 

of the medium. For PtG4 used in this study, the major excitation wavelength is between 

400 nm and 450 nm, therefore the effect of beam blurring is negligible. But it is worth to 

note, for optical dyes excitable by Cherenkov photons with longer wavelength (> 600 nm), 

the blurring of the beam needs to be carefully investigated and could be potentially 

corrected by deconvolution with the fluence distribution.  

In conclusion, we have disclosed a new molecular imaging technique which utilizes 

radiation from a LINAC source while featuring optical readout. Potential applications of 

CELSI include depth-resolved imaging of distributions of optical probes in tissues. 
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Figure 9.5: Fluence of X-rays -- Energy resolved fluence of X-ray photons from a 5 mm, 6 MV beam in 

tissue equivalent phantom (optical properties from 1% v/v intralipid + 1% v/v whole blood). 

Figure 9.6: Fluence of secondary electrons -- Energy resolved fluence of secondary electrons from a 5 

mm, 6 MV beam in tissue equivalent phantom (optical properties from 1% v/v intralipid + 1% v/v whole 
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Figure 9.7: Fluence of Cherenkov radiation -- Wavelength resolved fluence of Cherenkov radiation from 

a 5 mm, 6 MV beam in tissue equivalent phantom (optical properties from 1% v/v intralipid + 1% v/v 

whole blood). 
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Chapter 10: Conclusions and Suggestions for Future Work 

Although Chernekov radiation has been discovered for more than eighty years, it is the first time 

that Cherenkov was imaged in vivo during radiation therapy. So far, Cherenkov imaging is the only 

way to literately see the radiation beam and deposited radiation dose with a large field of view in 

real-time. Calibrations (as investigated in Chapter 3) are necessary to qantify Cherenkov intensity 

to superficial dose with clinically acceptable accuracy (about 5%). Imaging of surface-emitted 

Cherenkov radiation readily provides an innovative way for radiation therapy monitoring, which 

could allow the validation of treatment quality, security, patient positioning and movement without 

affecting the established treatment process. As a novel excitation source, Cherenkov radiation can 

be delivered by ionizing x-rays deep in tissue, stimulating a wide range of optical molecular probes. 

Physiological information (such as pO2) could be recovered in the region of interest from the 

tomography of Cherenkov-excited luminescence. In vivo optical molecular imaging with deep 

tissue exciation and hight spatical resolution (controlled by stepsizes of the scan) can be realized 

with CELSI. 

10.1 Imaging of surface-emitted Cherenkov 

Imaging of surface Cherenkov emission provides an innovative way to monitor radiation 

therapy, which could allow the validation of treatment quality, patient positioning and 

movement. The superficial dose might be qualitatively (field shape, hot/cold spots) imaged 

with simplified reflectance based calibration. This thesis has focused on investigating many 

of the basic physical aspects of using this as an imaging tool, and pilot studies of veterinary 

and human imaging have shown feasibility. In each application, the potential is there, and 

further systems engineering would be required to develop a fully automated system. 
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The major advantages of direct Cherenkov imaging for dose verification are:  

1. The signal is directly induced by interactions between the radiation beam and 

medium, which happens in all cases of radiation therapy. 

2. The acquisition is non-contact and does not interrupt the normal treatment 

process, with a simple ICCD camera installed in the treatment room. 

3. It has a flexible field of view, monitors the radiation beam and the treatment 

region in the field simultaneously. 

4. Has potential for a real time display, which is not something that is routinely 

possible today, allowing visualization by therapists in the control area.  

5. Could be automatically synchronized to the linear accelerator treatment and 

images can be archived in patient records.  

The major challenges/disadvantages are: 

1. The signal is a weak optical emission. Locally, the intensity of emission is in the 

order of magnitude of 1 to 10nW/cm3
 during regular radiation therapy. Due to 

tissue attenuation, the intensity of surface-emitted Cherenkov radiation is 

approximately 10 times lower. Therefore, clinically, an ICCD camera 

synchronized to the radiation pulses is necessary and the room light has to be 

dimmed slightly. The ICCD is a fairly expensive imaging tool. 

2. Quantitative optical imaging is challenging because the optical transmission is 

sensitive to many factors such as optical properties, imaging angle and curvature 

of the surface. All of these factors are extremely variable for different patients 

and so it is difficult to measure accurately. Even with all the needed information, 
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the calibration process for good accuracy requires detailed simulation of optical 

transmission in a relatively complex geometry with optical heterogeneities, 

which is computationally intensive and time-consuming. 

3. The Cherenkov image would be corrupted by any material put on the patient 

surface (such as the bolus) or immobilization devices (such as the mask for head 

and neck treatments). 

4. Limited by the sampling depth in vivo (2~7 mm), dosimetry based on imaging of 

surface-emitted Cherenkov radiation for deeper regions is not feasible. 

 

Some suggestions for future work would be: 

1. Automate the acquisition process and semi-automate the image processing. This 

could be realized in the LabView environment or in the LightField software with 

a self-developed plug-in by using the provided SDK. 

2. For the purpose of treatment monitoring, generate real-time feedback (detected 

edges of the field and blood vessels) to stop the delivery when necessary (such 

as delivery error or significant patient movement). 

3. For the reflectance based image correction, use a light source which is uniform 

and diffuse. A cross polarized light source could also be investigated to sampling 

a similar region as the Cherenkov radiation. A light source weighted in red or 

NIR wavelengths could be better than a white light source because the former 

shares a closer sampling depth in tissue to that of Cherenkov emission as viewed 

from the surface of biological tissue undergoing irradiation. 
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4. Spectral information of surface-emitted Cherenkov radiation could be acquired 

by a hyperspectral camera or a combination of filters and be explored for pixel 

by pixel skin color and sampling depth correction. 

10.2 Cherenkov-Excited Optical Molecular Imaging 

The studies using Cherenkov radiation to excite optical molecular probes focused on 

determining the feasible geometries and signals. In radiation therapy, physiological 

information (such as tissue pO2) could be recovered, utilizing the LINAC as a diagnostic 

device, high-resolution, deep-tissue, in vivo optical molecular imaging could be realized 

by CELSI with relatively low radiation dose. 

The major advantages of this application are: 

1. Cherenkov radiation is present in all cases of radiation therapy above the 

threshold energy. 

2. Cherenkov radiation can be delivered deep into biological tissue by megavoltage 

x-rays with an attenuation coefficient much lower than keV x-rays and optical 

photons. 

3. The spectrum of Cherenkov emission is continuous and weighted for shorter 

wavelengths, making it suitable to excite a wide range of optical molecular 

probes, although the optimal ones seem to be in the red wavelengths. 

4. The excitation region could be well controlled. For radiation therapy, the 

intensity of Cherenkov radiation will have similar distribution to the planned 

dose and thus will be optimized in the region of interest. 
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The major challenges/disadvantages are: 

1. Cherenkov emission is involved with high energy ionizing radiation, which 

may limit application if high doses are required for accurate imaging. 

2. The intensity of Cherenkov emission is modest, limiting the detection 

sensitivity possible to higher yield emitters (reasonably high quantum yield) 

and higher concentrations (microMolar). 

3. The attenuation of the exiting luminescence is still diffuse and attenuated by the 

body of the subject, ultimately limiting how deep the imaging methodology will 

work (likely a few cm deep). 
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