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At least 250 papers on Compton camera PG imaging!

- Parajuli RK et al, Development and Applications of Compton Camera-A Review. 

Sensors (Basel). 2022 Sep 28;22(19):7374. doi: 10.3390/s22197374. PMID: 

36236474; PMCID: PMC9573429.

- Krimmer J, et al,Prompt-gamma monitoring in hadrontherapy: A review. Nucl 

Instr Methods Phys Res A (2018) 878:58–73. doi:10.1016/j.nima.2017.07.063

- Parodi K, Polf JC. In vivo range verification in particle therapy. Med Phys. 2018 

Nov;45(11):e1036-e1050. doi: 10.1002/mp.12960. PMID: 30421803; PMCID: 

PMC6262833.

- Jerimy C. Polf, Katia Parodi; Imaging particle beams for cancer 

treatment. Physics Today 1 October 2015; 68 (10): 28–

33. https://doi.org/10.1063/PT.3.2945

Some reviews:

https://doi.org/10.1063/PT.3.2945


Basics   

- Multi-stage detector

- 2, 3, or more stages

- Record energy deposited and 
position of a gamma interaction
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Stage 1

Stage 2

Stage 3

Energy deposited,   Position

E1 (X1, Y1, Z1)

- Compton Scatter

- Photoelectric Absorption

- Pair Production

- Compton Camera



Basics   

- Compton Camera
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Stage 1

Stage 2

Stage 3

- Double Scatter (DS)

- Compton Scatter – Photoelectric Abs.

- Compton Scatter – Pair Production

- Compton Scatter – Compton Scatter

- Single Scatter (SS)

- Triple Scatter (TS)

- Compton – Compton – Compton 

- Compton – Compton – Photoelectric Abs. 

- Compton – Compton – Pair Production 
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- “List-mode” data file
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…

…

Stage 1

Stage 2

Stage 3

1, E1, X1, Y1, Z1

1, E1, X1, Y1, Z1

2, E2, X2, Y2, Z2

1, E1, X1, Y1, Z1

1, E1, X1, Y1, Z1

2, E2, X2, Y2, Z2

3, E3, X2, Y2, Z3

1, E1, X1, Y1, Z1

2, E2, X2, Y2, Z2

3, E3, X3, Y3, Z3
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- “Cone-of-origin”
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E0 = E1 + E2

“Scatter Angle” 

I2(X2,Y2,Z2)

data file

(DS)

“Scatter Axis”I1I2 = (X2-X1)x,(Y2-Y1)y,(Z2-Z1)z ^ ^ ^

Cone central axis:

Cone half angle:

Compton Scatter

 formula

(DS)

Gamma initial

energy

Second scatter angle

I1I2

I2I3

(TS)

q2

I1(X1,Y1,Z1)
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- “Cone-of-origin”
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data file

E0 = E1 + E2

“Scatter Angle” 

(DS)

“Scatter Axis”I1I2 = (X2-X1)x + (Y2-Y1)y + (Z2-Z1)z ^ ^ ^

Step 3: Cone central axis:

Step2: Cone half angle:

(TS)

Step 1: Gamma initial energy (E0)

q1

I2I3
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- “Cone-of-origin”
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Surface of the Cone-of-origin will overlap with

The position of the gamma source.  

As many cones are created, they will all 

overlap the source position. 

Back-projection image

Can back-project the cones onto a plane in 

space to form an image.

The source position:   Where the most cones 

overlap (The brightest point in the image).
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Proton beam

Phantom/target

PGs

A Lot of studies on using Compton cameras (CC)

For prompt gamma (PG) imaging during particle

Beam therapy

- Monte Carlo studies:

- PG emission/detection characteristics

- CC design optimization

- Detection dynamics

- Image reconstruction

- Proton beam range verification
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Proton beam

Phantom/target

PGs

A Lot of studies on using Compton cameras (CC)

For prompt gamma (PG) imaging during particle

Beam therapy

- Monte Carlo studies:

PG emission spectra

Simple back-projection
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Proton beam

Phantom/target

PGs

A Lot of studies on using Compton cameras (CC)

For prompt gamma (PG) imaging during particle

Beam therapy

- Monte Carlo studies:

Iterative reconstruction

MLEM

OE

Lozano et al, Zeitschrift für Medizinische Physik, Volume 33, Issue 2, 2023,124-

134,https://doi.org/10.1016/j.zemedi.2022.04.005.
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- CC measurements of PG emission:

Hueso-Gonzalez et al, IEEE TRPMS, 1(1), 2017

Solevi et al, Phys. Med. Biol. 61 (2016) 5149

Polf et al, Phys. Med. Biol. 60 (2015) 7085
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- CC measurements of PG emission:

E Draeger et al 2018 Phys. Med. Biol. 63 035019

Full 3D imaging of PG emission during 

proton beam delivery!!!

But ……

- Low intensity proton beam

- High doses delivered.  

Still need to demonstrate CC imaging at clinical 

beam currents
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- CC measurements of PG emission:

- Clinical beam current: > 1 x 109 proton/sec

- Total protons delivered: 3 x 109 

Polf et al, Front. Phys. (2022) 10:838273. doi: 10.3389/fphy.2022.838273

XZ

YZ

- It worked in 2D    …sort of…

- But in 3D….    …not so much…



Prompt gamma imaging  Chapter 3:3:  Compton camera 

- CC measurements of PG emission:

- Clinical beam current: > 1 x 109 proton/sec

- Total protons delivered: 3 x 109 

Polf et al, Front. Phys. (2022) 10:838273. doi: 10.3389/fphy.2022.838273

XZ

YZ

Was possible to measure TS and DS events:

   - decreased as beam current increased, 

   - produced noisier images, than at low 

     current, even if we used the same number 

     of DS/TS events.

- Could not measure small changes in

   proton beam range even with large

   number of DS/TS events. 
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- What is the CC measuring?

- Everything emitted from the patient/phantom 

during irradiation:

- Prompt gammas (PGs)

- Scattered (PGs)

- Annihilation gammas (511 keV)

- Neutrons

- Neutron induced PGs

- Other particles (x-rays, scattered protons)

Panthi et al, IEEE TRPMS. 2021 5(3): 383–391.

https://ieeexplore.ieee.org/document/9220843
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• DS and TS events can be incorrectly 
recorded by the CC resulting in a “mis-
ordered” (MO) event. 

3, Stage 3, E1, X1, Y1, Z1

2, Stage 2, E2, X2, Y2, Z2

1, Stage 1, E3, X3, Y3, Z3

1

2 3

• CC components have finite readout timing 

characteristics.  

What went wrongChapter 3:3:  Compton camera 

- How is the data recorded?



1

2 3

What went wrongChapter 3:3:  Compton camera 

- How is the data recorded?

• DS and TS events can be incorrectly 
recorded by the CC resulting in a “mis-
ordered” (MO) event. 

• CC components have finite readout timing 

characteristics.  

• Back-projected cone no longer intersect 
with the source location.



.

• The CCs are operating in high count rate 
environments, such as those encountered 
during proton radiotherapy: 

1, E1, X1, Y1, Z1

1, E1, X1, Y1, Z1

• A detection stage may be in its “readout dead 
state” (“gray” 1st stage), meaning it is currently 
processing and recording the data from a previous 
gamma event. It is therefore unable to detect and 
readout the current gamma interaction. Thus the 
gamma DS or TS event would not be recorded.

What went wrongChapter 3:3:  Compton camera 

- How is the data recorded?



false double

Stage 1, E1, X1, Y1, Z1

Stage 2, E2, X2, Y2, Z2

double-to-triple

Stage 1, E1, X1, Y1, Z1

Stage 2, E2, X2, Y2, Z2

Stage 3, E3, X2, Y2, Z2

More than one gamma may interact within the 
active detection window, which can result in a 
“False” DS or TS event being readout

• False DS and TS events, can arise from:

– Two SS or three SS interactions from two or 
three separate gammas, or

– A DS plus a SS from a separate gamma 
resulting in the DS being readout as a TS, 
creating a “double-to-triple” (D-to-T) event.

What went wrongChapter 3:3:  Compton camera 

- How is the data recorded?

• The CCs are operating in high count rate 
environments, such as those encountered 
during proton radiotherapy: 



• These types of “false” events produce cone-of-
origins that do not overlap with the source 
position, thus only contributing noise to the 
final image.  This effectively reduces the 
number of cones-of-origin from “good” DS and 
TS events (i.e. that intersect the true source 
position) that will allow an image of the source 
to be reconstructed. 

What went wrongChapter 3:3:  Compton camera 

- How is the data recorded?
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- What is the CC measuring?

Ideal image

High count rate

image

For CC imaging in high count rate clinical proton 

therapy application the final PG image is greatly

Degraded!

This issue, plus the large size and expensive 

components of many experimental CCs led 

many to conclude the CC imaging for PGI base 

proton range verification was not clinically 

viable.
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• Development of smaller, faster, cheaper CCs.

• 5 cm x 5 cm x 12 cm

• < 250 g

• 0.1 – 9 MeV energy range

• > 2 MHz count rate.

• USB data streaming

• Machine learning.

• Remove false events

• Predict correct event ordering

• Remove image artifacts

• PG to dose transformation

• Eliminate image reconstruction 

CCs

Neural 

Network

• Mounting CC imagers to gantry

• University of Maryland



Validate and test accuracy of NN event type  

and interaction ordering against known event 

type and interaction ordering from MC 

generated datafile. 

Build and Train NN to identify event 

type and interaction ordering. 

NN Event classification

MC generation of PG  data of true DS and TS

     events with known interaction ordering. 

Generate PG data

1. Create false DS, TS & D-to-T events, 

2. scramble interaction order of all

     recorded PG events

How it can still workChapter 3:3:  Compton camera 

• Machine learning.

Courtesy of Dr. Carlos Barajas

- Generate Monte Carlo “training” and 

“validation” data

- Data must accurately reproduce measured 

data and contain:

- Mis-ordered events

- False events,

- Etc.

- Train Neural Network (NN) to accurately 

predict True/False events, and event order



 

Known event 
properties:

- True/False
- Interaction order

Event predictions

Prediction accuracy

Predicted = Known?

Event Type

Interaction Order

• Machine learning.

- Generate Monte Carlo “training” and 

“validation” data

- Data must accurately reproduce measured 

data and contain:

- Mis-ordered events

- False events,

- Etc.

- Train Neural Network (NN) to accurately 

predict True/False events, and event order

- Validate on independent dataset

How it can still workChapter 3:3:  Compton camera 
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• Machine learning.

Measured PG 
data

Measure PG emission with pre-clinical CCs

During clinical proton beam irradiation

Process CC list-mode data with fully trained

Neural network (NN)

Reconstruct NN processed data. 

Could see 3 mm and 5 mm shifts in delivered

Beam range.
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• Machine learning.

Could see 3 mm and 5 mm shifts in delivered

Beam range.

PG 40% distal falloff as range metric. 

       - Minimum range shift was 3 mm.
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• Machine learning.

Full 3D imaging of PG emission profile 

Jiang et al, (2023) Phys. Med. Biol. 68 075001
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• Machine learning.

Full 3D imaging of PG emission profile 

Jiang et al, (2023) Phys. Med. Biol. 68 075001

- Start with simple back-projected image

- Input back-projected image into trained NN

- Final 3D image of pencil beam

- Good prediction of full pencil beam

- No need for iterative reconstruction

- 1st step to generating image without

      reconstruction algorithm
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• Machine learning.

Jiang et al, (2023) Phys. Med. Biol. 68 075001

- Liu et al, Phys Med. 2020 69:110-119. doi: 10.1016/j.ejmp.2019.12.006.

- Kshirsagar, et al. Sci Rep 13, 9948 (2023). https://doi.org/10.1038/s41598-

023-36832-8 

- Kozani et al, Phys Med Biol. 2022 67(15). doi: 10.1088/1361-6560/ac71f2.

-  Lerendegui-Marco, J et al. Sci Rep 12, 2735 (2022). 

https://doi.org/10.1038/s41598-022-06126-6

- Barajas et al, Front. Phys., 2023 Sec. Medical Physics and Imaging

Volume 11 - 2023 https://doi.org/10.3389/fphy.2023.903929

- Muñoz E et al. Sci Rep (2021) 11:9325. doi:10.1038/s41598-021-88812-5

- Zoglauer A, Boggs SE. IEEE Nuclear Science Symposium Conference 

Record (2007). doi:10.1109/NSSMIC.2007.4437096

https://doi.org/10.1038/s41598-022-06126-6
https://doi.org/10.3389/fphy.2023.903929
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• FLASH Radiotherapy

F Abouzahr et al 2023 Phys. Med. Biol. 68 125001, DOI 10.1088/1361-
6560/acd29e

MD Anderson Proton Treatment Center

Dose delivered:     16.3 Gy

Dose rate: 161 Gy/sec

PG Imaging 

- Online imaging (during beam delivery)

- 0.1 – 3 MeV gammas

- Simple back-projection imaging
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• FLASH Radiotherapy

F Abouzahr et al 2023 Phys. Med. Biol. 68 125001, DOI 10.1088/1361-
6560/acd29e

MD Anderson Proton Treatment Center

Dose delivered:     16.3 Gy

Dose rate:             161 Gy/sec

PG Imaging 

- Online imaging (during beam delivery)

- 0.1 – 3 MeV gammas

- Simple back-projection imaging
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• Compton cameras can image PG

 emission during proton beam delivery. 

• Can produce 3D images of PG emission

• PG imaging with clinical proton beams is (was)

     problematic

  

• Machine learning will make 3D (4D) PG imaging

     possible
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• New CCs:

• Small, small, small

• No impact to clinical treatment time 

• 3D imaging:

• Real-time overlay/display on daily CBCT

• (4D imaging)

• Adaptive re-planning

• Online

• Post-daily fraction

  

• Functional imaging

Target

CC

Proton RT

machine
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Questions?
Please……

  bring your brilliant new ideas

 to Compton Camera research!!!!
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