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Introduction
• Why does dose summation matter?

• Re-irradiation is becoming increasingly common due to an 
aging population and advancements in cancer detection 
and treatment.

• Different fractionation: standard fractionation (2 Gy/fx) + 
hypofractionation (SBRT/SRS)

• Different modalities: EBRT + brachytherapy
• Adaptive radiotherapy (ART)

• Real clinical questions:
• “Where is the true hotspot?” 
• “Is this treatment safe?”
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Types of Dose Summation

• Plan Summation

• Dose Accumulation

• Biological Dose Accumulation
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Plan Summation

• A simple addition of dose distributions from 
multiple plans.

• Usually done voxel-by-voxel in the same image 
set or different image sets with rigid image 
registration.

• Example: Sequential EBRT plan with boost
• Limitations:

• Ignore anatomical changes
• No correction for fractionation
• Physical dose only, not consider the biological effect
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Dose Accumulation
• Doses from different plans or fractions are mapped 

onto a reference image using deformable image 
registration (DIR).

• The mapped doses are then summed voxel-by-voxel.
• Accounts for anatomical changes (tumor 

growth/shrinkage, weight gain/loss, organ motion or 
deformation) and works for different imaging dataset 
(CT, MRI, CBCT)

• Examples: 
• Re-irradiation, adaptive radiotherapy, staged SRS

• Limitations:
• Accuracy depends on quality of DIR
• No correction for fractionation
• Still physical dose only
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Biological Dose Accumulation
• Physical doses are converted to biological doses 

(such as BED or EQD2). 
• The converted biological doses are then summed 

voxel-by-voxel (with or without DIR).
• Accounts for differences in fractionation, tissue 

radiosensitivity (α/β ratio), and differences 
between EBRT and brachytherapy.

• Examples: 
• Re-irradiation (with different fractionation schemes), 

EBRT + BT
• Limitations:

• Depends on assumed α/β ratios
• More uncertainty than physical dose
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Dose Summation Workflow

Dose Mapping & Accumulation
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Image Registration

Biological Dose Conversion



Image Registration
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(target or reference or fixed)

(source) Displacement or 
Deformation 

Vector Field (DVF)

Geometry-Based &
Intensity-Based

Kessler / The British Journal of Radiology, 79 (2006), S99–S108



Image Registration

• Various image modalities:
• CT: for planning with heterogeneity corrections
• MRI: for enhanced soft-tissue contrast
• PET: for the physiological information
• CBCT: for daily image guidance

• Types of image registration:
• Rigid image registration (translations & rotations, 6 DoF)
• Affine image registration (adds scaling, shearing and 

plane reflection, 12 DoF)
• Deformable image registration (DIR; allows spatially 

varying transformations; B-spline, Demons, biomechanical 
finite-element models, AI-based deep neural networks)
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Similarity Metrics
• Landmark-based: Distance between points
• Segmentation-based: Dice similarity coefficient (DSC) 

between contours
• 0: no overlap
• 1: perfect agreement

• Intensity-based: 
• Sum Squared Difference (SSD)
• Cross Correlation
• Mutual Information (useful for registering images from 

different modalities)
• Jacobian determinant

• >1: volume expansion
• =1: remain constant
• >0 and <1: volume reduction
• <0: indicate an error has occurred
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Dose Summation Workflow

Dose Mapping & Accumulation
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Image Registration

Biological Dose Conversion



• Dose Mapping: the process in which dose from one 
source image dataset (S) is mapped to one target (T) 
or reference dataset, i.e. dose mapping will entail 
“warping” of the dose based on the DVF between 
the two image datasets. 

• Dose Accumulation: the process in which dose is 
summed over multiple “mapped” image datasets to 
form a composite dose distribution.
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Dose Mapping & Accumulation

Chetty et al. / Semin Radiat Oncol 2019 (29):198−208



Dose Mapping & Accumulation
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Chetty et al. / Semin Radiat Oncol 2019 (29):198−208

Center-of-Mass (COM) Method Trilinear Interpolation Method

Direct Voxel Tracking Method Energy Transfer Method



Dose Accumulation Workflow for ART
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Chetty et al. / Semin Radiat Oncol 2019 (29):198−208



Dose Summation Workflow

Dose Mapping & Accumulation
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Image Registration

Biological Dose Conversion



Linear Quadratic Model (LQM)
•The most commonly used cell survival curve model
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Hall, Radiobiology for the radiologist 

• Key assumptions:
• At least two DNA lesions are required for 

cell killing (double strand breaks)
• Lesions can be created by 

a single ionizing particle creating two 
strand breaks

  P = αD
• Lesions can be created by two ionizing 

particles creating two strand breaks.
  P = βD2

• Total probability of killing a cell: 
  P = αD+βD2

• The surviving fraction (S) as a function of 
dose (D):

   S(D) = exp(-αD-βD2)



α/β Ratio
• α/β Ratio is the dose at which the 

linear and quadratic components of 
cell killing are equal.

• Unit: Gy
• Tumors (non-radioresistant): 
  high α/β Ratio of 10
• Prostate tumors: 
  low α/β Ratio of 1.5
• Late responding tissues (e.g. CNS, 

lung, kidney, heart):
  low α/β Ratio of 3
• Early responding tissues (e.g. skin, GI 

epithelium, hematopoietic cells): 
  high α/β Ratio of 10
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Hall, Radiobiology for the radiologist 



Biologically Effective Dose (BED)

𝑩𝑩𝑩𝑩𝑩𝑩 = 𝒏𝒏𝒏𝒏(𝟏𝟏 +
𝒅𝒅
α/β

)

• n: number of fractions
• d: dose per fraction (Gy)
• α/β: alpha-beta ratio for the tumor or organ at risk (OAR) 

• Why BED is useful?
• Compare different fractionation schemes 
• Estimate whether hypofractionation will be more 

effective or not
• Help estimate tumor control and normal tissue toxicity
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Equivalent Dose in 2 Gy Fractions (EQD2)
• A common application of BED is EQD2.  
• EQD2 converts any fractionation scheme into the 

equivalent total dose if given as 2 Gy per fraction and 
achieve the same BED.

𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 =
𝑩𝑩𝑩𝑩𝑩𝑩

𝟏𝟏 + 𝟐𝟐
α/β

    
        𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 = 𝒏𝒏𝒏𝒏(𝒅𝒅+𝜶𝜶/𝜷𝜷

𝟏𝟏+𝜶𝜶/𝜷𝜷
)

• Why EQD2 is useful?
• 2-Gy fractions are commonly used in historical trials
• Dose constraints are usually based on 2-Gy fractions
• Easier for clinical comparison and decision making
• Commonly used in re-irradiation
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Clinical Cases

•Re-irradiation

•Staged SRS 

•EBRT + Brachythearpy (BT)
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ESTRO-EORTC Consensus 
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• Definition of Re-Irradiation

N Andratschke, et. al. / The lancet oncology, 2022-10, Vol.23 (10), p.e469-e478



ESTRO-EORTC Consensus 
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• Definition of Re-Irradiation

N Andratschke, et. al. / The lancet oncology, 2022-10, Vol.23 (10), p.e469-e478



ESTRO-EORTC Consensus 
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• Reporting Recommendations

N Andratschke, et. al. / The lancet oncology, 2022-10, Vol.23 (10), p.e469-e478



ESTRO-EORTC Consensus 
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• Reporting Recommendations

N Andratschke, et. al. / The lancet oncology, 2022-10, Vol.23 (10), p.e469-e478



• U Michigan experience based on ~3000 
reirradiation courses

• Standardized workflow for reirradiation special 
medical physics consultation (SMPC)

• Two dose summation methods
Rigid Image Registration vs. Point Dose Estimate
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Body Site Distribution
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K Paradis, et al. / International journal of radiation oncology, biology, physics, 2025, 
Vol.122 (5), p.1327-1336

N = 427

Reirradiation SMPC
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K Paradis, et al. / International journal of radiation oncology, biology, physics, 2025, 
Vol.122 (5), p.1327-1336

Reirradiation SMPC



Rigid Image Registration vs Point Dose Summation
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K Paradis, et al. / International journal of radiation oncology, biology, physics, 2025, 
Vol.122 (5), p.1327-1336

• Deformation of bowel, colon,  
bladder, thorax

• Changes in patient positioning 
(e.g. neck/spine flexion, supine vs 
prone, arms up vs. arms down

• Brachy applicator



Image Registration-based vs Point Dose 
Cumulative Dose Estimation 
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Red: Prior target; Green: Current target; Pink: Heart; Magenta: Duodenum 

• Prior plan: 50 Gy in 5 fx to liver metastasis
• Current plan: 50 Gy in 5 fx
• Time elapsed: 11 months
• Recovery factor: none
• Rigid registration focused on the high-dose areas
• EQD2Gy (α/β = 2.5 Gy)
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Image Registration-Based vs Point Dose 
Cumulative Dose Estimation 

• Heart: 
• Registered well and received high dose to the same area
• A point dose summation of near-maximum doses is very similar to a 

registration-based cumulative dose calculation. 
• Duodenum: 

• Did not register well and received a relatively low dose from both plans
• The prior high dose region is mapped into a region where the current 

duodenum is located, leading incorrect cumulative dose (83.2 EQD2Gy).



We have compared Rigid Image 
Registration vs Point Dose Estimate.

How about Deformable Image 
Registration (DIR)?
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Comparison of Dose Summation Methods

• Three dose summation methods:
• Rigid raw sum: with rigid registration of the 

planning images and direct dose summing
• Deformable raw sum: with deformable image 

registration and direct dose summing
• Deformable biological sum: with deformable 

registration and take into account the dose per 
fraction in biological manner in certain critical 
organs
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E. Boman et al. / Medical Dosimetry 42 (2017) 296–303

Physical Dose
d1 + d2

Biological Dose
BED1 + BED2

• Three clinical cases: head and neck, brain, and mediastinum



Head and Neck (HN)

E. Boman et al. / Medical Dosimetry 42 (2017) 296–303
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• C1: 33 fx x 2/1.82/1.64 Gy 
(66/60/54 Gy) to the left 
side of tongue

• C2: 25 fx x 2 Gy (50 Gy) to 
the right side of HN

• Time elapsed: 2 years
• Healing assumption: 25%
• Note: Tumor mass and 

abnormal neck rigidity
• Medulla: α/β Ratio of 2
• Mandible & Pharynx: α/β 

Ratio of 3



E. Boman et al. / Medical Dosimetry 42 (2017) 296–303
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Head and Neck (HN)

Effect of healing

Medulla

Mandible



E. Boman et al. / Medical Dosimetry 42 (2017) 296–303
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Brain

• C1: 25 x 1.8 Gy (45 Gy) to 
PTV1 (red) followed by 8 x 
1.8 Gy booster (magenta) 
(total of 59.4 Gy)

• C2: 33 x 1.8 Gy (59.4 Gy) to 
PTV2 (orange)

• C3: 20 x 2 Gy (40 Gy) to PTV3 
(cyan)

• Time elapsed: 4 yr & 1 yr
• Healing assumption: 25% for 

C1
• OARs (brainstem & cochlea): 

α/β Ratio of 3



E. Boman et al. / Medical Dosimetry 42 (2017) 296–303
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Brain

Minor effect of healing

Dose/fx <2 Gy



E. Boman et al. / Medical Dosimetry 42 (2017) 296–303
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Mediastinum

• C1: 5 x 4 Gy (20 Gy) to PTV1 
(orange) in the mediastinum

• C2: 10 x 3 Gy (30 Gy) to PTV2 
(red) in the HN

• Time elapsed: a few months
• Healing assumption: No
• Note: arm-up in C1 & arm-

down in C2
• OARs (medulla & esophagus): 

α/β Ratio of 3

Arm 
Up

Arm 
Down



E. Boman et al. / Medical Dosimetry 42 (2017) 296–303
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Mediastinum

Dose/fx >2 Gy
Poor rigid registration



Clinical Cases

•Re-irradiation

•Staged SRS 

•EBRT + Brachythearpy (BT)
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BED of Gamma Knife Staged SRS

• 12 patients with 24 brain metastases were treated with two sessions of GK 
staged SRS

• Larger tumor: max diameter > 2 cm or total volume > 4 cc
• Interval: 30.5 d (range: 21-51 d)
• Rx Dose: 13 Gy (range: 13-15 Gy) + 13 Gy (12-13 Gy)
• Relative tumor volume reduction: -52.2% (-81.8% to 4.3%)
• Replanned for single-fraction SRS and hypo-fractionated SRS
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T. Cui et al. / Frontiers in Oncology 12 (2022) https://doi.org/10.3389/fonc.2022.892139

https://doi.org/10.3389/fonc.2022.892139


Workflow to Calculate BED in Staged SRS
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T. Cui et al. / Frontiers in Oncology 12 (2022) https://doi.org/10.3389/fonc.2022.892139

https://doi.org/10.3389/fonc.2022.892139


Formula to Calculate BED in Staged SRS
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T. Cui et al. / Frontiers in Oncology 12 (2022) https://doi.org/10.3389/fonc.2022.892139

Di: physical dose delivered in the ith staged SRS session
α/β: 12 Gy for brain metastases, 2 Gy for normal brain tissue

For tumor: need to consider cell repopulation

For normal brain: cell repopulation is negligible for late 
responding tissue

Tpot: tumor double time, 3 d
Tk: repopulation kick-off time, 28 d
T: interval between sessions, 21-42 d

https://doi.org/10.3389/fonc.2022.892139


BED of Gamma Knife Staged SRS
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T. Cui et al. / Frontiers in Oncology 12 (2022) https://doi.org/10.3389/fonc.2022.892139

Session 1 Session 2

https://doi.org/10.3389/fonc.2022.892139


Comparison between Different SRS Techniques
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T. Cui et al. / Frontiers in Oncology 12 (2022) https://doi.org/10.3389/fonc.2022.892139

Single-Fraction SRS

Hypo-Fractionated SRS 

Staged GK SRS

https://doi.org/10.3389/fonc.2022.892139


Comparison between Different SRS Techniques
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T. Cui et al. / Frontiers in Oncology 12 (2022) https://doi.org/10.3389/fonc.2022.892139

Normal Brain V84Gy2 (cc) GTV BED98% (Gy12)
SF-SRS HF-SRS Staged SRS SF-SRS HF-SRS Staged SRS

Median 28.3 23.6 28.6 35.6 51.4 45.6
Min 4.0 4.03 4.0 27.1 48.8 32.8
Max 80.8 71.0 84.9 47.2 57.3 64.2

• Normal Brain V84Gy2 : biologically equivalent to V12Gy assuming α/β of 2 Gy
• GTV BED98%: minimum BED delivered to at least 98% of the tumor

• Better normal brain sparing in the HF-SRS plans than those in the staged SRS 
plans.

• Higher BED in HF-SRS plans compared to those in the staged SRS plans.

https://doi.org/10.3389/fonc.2022.892139


Clinical Cases

•Re-irradiation

•Staged SRS 

•EBRT + Brachythearpy (BT)
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GYN
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A.N. Viswanathan et al. / Brachytherapy 11 (2012) 47e52



GYN
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A.N. Viswanathan et al. / Brachytherapy 11 (2012) 47e52



DVH Parameter Addition
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DVH Parameter Addition
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Total 
BT

Total 
BT+EBT



We have shown DVH Parameter 
Addition.

Can Deformable Image Registration 
(DIR) perform better?
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• 47 patients with locally advanced 
cervical cancer 

• EBRT + 2 Fx individually planned BT
• DVH parameter addition vs. DIR 

dose accumulation
• DVH parameter addition provides a 

good estimate compared to DIR 
Dose accumulation for bladder 
D2cc, whereas D0.1cc is less robust.

Radiotherapy and oncology, 2013-04, Vol.107 (1), p.52-57

0.4 ± 0.3 Gy 
(1.5 ± 1.8%)

1.9 ± 1.6 Gy 
(5.2 ± 4.2%) 



We have looked at the bladder dose.

How about other OARs such as 
rectum and sigmoid??
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GYN
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• 59 cervical cancer patients receiving EBRT and BT
• DVH parameter addition vs Full DIR addition vs Partial DIR addition
• Rectum + Sigmoid: D2cc, D1cc, D0.1cc
• Rectum + Sigmoid: V50, V60, V70 Gy (Full DIR addition only)
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Dose Summation Workflow

Miyasaka et al. / Journal of Radiation Research, 2021-01, Vol.62 (1), p.155-162
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Miyasaka et al. / Journal of Radiation Research, 2021-01, Vol.62 (1), p.155-162

Accumulative dose using DIR could be more effective by 
accumulating not only BT but also all pelvic irradiation using DIR.
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Full DIR addition may have the potential to predict toxicity more 
accurately than the conventional DVH parameter addition.
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Full DIR addition may have the potential to predict toxicity more 
accurately than the conventional DVH parameter addition.

Full DIR Addition



Uncertainty of Dose Summation

•Image registration accuracy (dominant 
uncertainty)
•Rigid vs Deformable

•Dose mapping assumptions
•Interpolation
•Grid resolution

•Radiobiological parameters
•Choice of α/β ratio
•Fractionation differences
•Recovery factor
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Summary
•What dose summation can do:

• Identify potential cumulative hotspots
• Support re-irradiation risk assessment
• Enable comparison across fractionation schemes
• Inform physicist–physician discussion
• Help Dr. Jimm Grimm get high quality data for his 

dose-response models!!!
•What dose summation cannot do:

• Eliminate uncertainty
• Predict toxicity on its own
• Replace clinical judgment
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NRG Dose Summation Working Group
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Mihaela Rosu Yixiang Liao Stanley Benedict Rob Hobbs Ying Xiao Yi Rong

Martha Matuszak Heng Li Hayeon Kim Mark Pankuch Jesicca Lowenstein Zhilei Shen

Richard Castillo Rachel Ger Yang Sheng Huaizhi Geng Jennifer Presley
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