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IMRT OPTIMIZATION: FROM THE ORIGINS AND 

DELIVERY TO ROBUSTNESS, AUTOMATION 

AND BIG DATA

Todd McNutt PhD
Johns Hopkins University

Intensity Modulated Radiotherapy

Iterative Optimization

Adjust Parameters

Compute Dose

Evaluate Objective

No

Yes

Done
Is Solution

Optimal?
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Gradient or Stochastic 

How do we know we found the global 

minimum?   ... not sure we ever did.
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F(f)

Biological or Physical Objectives
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In the beginning…

• Planning would be easier and automatic

• Planning became a process of 

manipulating regions of interest and 

objectives to get what you wanted
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Nomos MIMiC (Serial Tomotherapy)
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Helical Tomotherapy

VMAT - RapidArc
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SPORT (R. Li, L. Xing)

July 31, 2017 13

4 p  (K. Sheng, D. Low et. al.)  UCLA
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4 p  (K. Sheng, D. Low et. al.)  UCLA
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Positional uncertainty

• Adaptive

• Robust
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Robust optimization
• Not all IMRT plans are equal with patient motion

• Goal is to create an IMRT plan that degrades less with setup and motion 

uncertainty from the patient

• Solution is to include the motion uncertainty in the calculation of the 

objective functions to drive the optimization to delivery solutions that are 

more robust

W. Liu et al

Med Phys 39(2)

IMPT Plan

Automation
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Multi-criteria Optimization
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Plans minimizing a

weighted sum of

F1 and F2

F2

F1

Pareto optimal

Possible

treatment plans

Enables exploration of trade-offs

What makes a high quality plan?

• Are all dose protocol guidelines met?

• Is the conformity and uniformity of dose in 

the targets appropriate?

• Are the contours correct?

• Is the sparing of organs at risk at the limit of 

the delivery capabilities?

• Is there a proper balance of dosimetric

trade-offs between organs at risk?
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OVH: serial vs parallel

For parallel organs, OAR2 is more easily spared.

For serial organs, OAR1 is more easily spared.

70,1r 70,2r
OAR2

OAR1
Target
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Mandible
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Mandible

vs

PTV_7000

pt: 822

7/31/2017 24

Mandible

vs

PTV_7000

pt: 295
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Mandible

vs

PTV_7000

pt: 258
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Mandible

vs

PTV_7000

pt: 234

Shape-dose relationship for 

radiation plan quality

Decisions:
• Plan quality assessment

• Automated planning
• IMRT objective selection

• Dosimetric trade-offs

Shape relationship Dose predictionDB of prior patients

parotids
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For a selected Organ at Risk and %V, find the 

lowest dose achieved from all patients whose 

%V is closer to the selected target volume?
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Interface
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Green boxes 

queried from DB

Yellow if failed

Sample automated radiation 

planning result  (B. Wu et al)

Original plan Automated plan 30% reduction in dose to parotids
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Auto plan

Original Plan

Dot: right

No-dot: left

brain (Gy) (max) Brainstem (Gy) (max) Cord4mm (Gy) (max) L inner ear (Gy)(mean)

original 61.25 54.58 41.75 57.18

re-plan 56.33 46.48 37.89 43.72

R inner ear (Gy) (mean) mandible (Gy) (max) larynx for edema (V50) esophagus (Gy)(max)

original 40.57 66.58 61% 63.74

re-plan 38.38 63.78 59% 61
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Pinnacle IMRT Alpha Demo

“What I really want to do is have the 

patient fill out a questionnaire telling me 

what is most important to them and have 

the computer design the best plan for that 

patient?” unidentified senior 

radiation oncologist 

(circa ASTRO 2001)
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Which patient will do better?
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63-year-old man with T3 N2b M0 Stage IVA Squamous cell 

carcinoma, NOS of the Malignant neoplasm of larynx
69-year-old man with Stage Squamous cell carcinoma, NOS 

of the Right Malignant neoplasm of tonsil

DVH, Toxicities and Grade distributions

Voice Change

Larynx

50% Volume

Dysphagia

Larynx_edema

30% Volume

Number of 

patients by 

grade at D50%

Toxicity Grade

0,1,2,3,4,5

Mean and stddev

of DX% at grade
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DVH, Toxicities and Grade distributions

Trismus

Mandible

20% Volume

Dysphagia

Superior 

Constrictor

50% Volume

Number of 

patients by 

grade at D20%

Toxicity Grade

0,1,2,3,4,5

Mean and stddev

of DX% at grade

Toxicity and Dose Volume Histogram
(Scott Robertson et al…)

35

Spatially dependent features of dose in 

the structures (F. Marungo et al.)

Method Voice dysfunction
n=99, n+=8, n-=91

Xerostomia
n=364, n+=275, n-

=89

Bagged Naïve Bayes  (1000 iterations) 0.915 0.743

Bagged Linear Regression (1000 iterations) 0.905 0.737

Naïve Bayes 0.900 0.734

Linear Regression 0.896 0.731

Random Forest (1000 trees) 0.724 0.683

NTCPLKB 0.596 0.700
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• Predictors:

– (1: Diagnosis) ICD-9 code

– (2: Dosimetry) dose to swallowing muscles, larynx, parotid

– (3: Patient) age

• Prediction result: High negative predictive value
– The model can screen out patient without weight loss

– Physicians can focus on patients with high probability of weight loss

Results: Weight loss prediction at planning 
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Diagnostic ICD-9

Larynx 
D78 < 24Gy
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Superior Constrictor 
Muscle D100 < 40Gy

larynx
salivary glands
nasal cavity

Parotid 
D89 < 15Gy

Masticatory Muscle 
D90 < 14Gy

oropharynx
tongue
nasopharynx
hypopharynx

Age < 58

AUC 0.773

Sensitivity 0.766

PPV 0.426

NPV 0.901

Prediction result

Endpoint:  > 5kg loss at 3 months post RT

Sierra Zhi Cheng MD MS

Minoru Nakatsagawa PhD

Results: Weight loss prediction during RT

• Predictors:

– (1: QOL) patient reported oral intake 

– (2: Diagnosis and staging) ICD-9, N stage 

– (3: Dosimetry) dose to larynx, parotid

– (4: Toxicity) skin toxicity, nausea, pain 

– (5: Geometry) minimum distance b/w PTV, larynx

Able to eat foods I like >= 3

Larynx D10 < 42Gy

Skin Acute < 3

Nausea < 1

N stage < 2

Distance: PTV to 
Larynx >= -1.3cm

Pain Intensity < 5

Larynx D59 < 27Gy

Parotid D61 < 8Gy
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Larynx
salivary glands

thyroid
hypopharynx

oropharynx
tongue

nasopharynx
nasal cavities

tongue

Diagnostic ICD-9

Diagnostic ICD-9

Parotid
D96 < 7Gy

AUC 0.821 

Sensitivity 0.977 

PPV 0.462

NPV 0.986

Prediction result

Endpoint:  > 5kg loss at 3 months post RT

Sierra Zhi Cheng MD MS

Minoru Nakatsagawa PhD

61.3 

Combined 

parotid volume 

< 70.2

N = 10

100% Low

grade

xerostomia

N = 45

80% Low
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xerostomia

N = 18

78% Low
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xerostomia

N = 58

53% severe 

xerostomia

Ever 

smoker

N = 26

62% Low
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xerostomia

N = 16

56% Low
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N = 10

80% Low

grade

xerostomia

N = 56

88% severe 

xerostomia

Primary 

tumor stage 

0 or 1

Age < 51

KPS < 85

N = 80

Parotid mean 

dose < 9.07 Gy

African American, 

Caucasian, Declined, 

Unknown or others 

ethnicity

Weight loss

<

Parotid D95 dose < 9.26 Gy

84% Low

grade

xerostomia

YES NO

AUC Accuracy Sensitivity Specificity

0.627 0.687 0.536 0.784

Xerostomia Prediction (3-6 m post RT)

Xuan Hui MD MS
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In the future…

Automated real-time biologically data-

driven robust adaptive planning 

capabilities that provide easy trade-off 

evaluation and progressively lowers dose 

outside of the targets where possible.
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Which is something I may 

have said at my last Mike 

talk…

…a true friend and confidant

Miss you buddy!

What’s Next in IMRT

• Delivery Advancements

• True automation

• Data-driven “biological” models

• Real-time planning and adaptation

– with MR Linac
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Currently, shape (knowledge) 

based auto-planning…

• has demonstrated improved quality 

• removed human variability for standard 

cases

• can learn as we improve our techniques 

and change our practices.

• is now advancing commercially
7/31/2017 43

• Delivery methods

– Tomo

– Fixed beam

– VMAT

– Proton

• Optimization

– Stochastic vs Gradient

– Biological

– Global Minimum – What Objective

– Multi-criteria

– Drive down dose

– Data driven

– Robust
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• How do we know we found the global minimum... turns out 

we don't even know the right objective.

• Did biological work?

• Well, let's try Pareto multi-criteria

• Continuous driving down of dose 

• Then data driven...
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Pancreas Resectability
(S. Cheng et al…)
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Distance from PTV (cm)

Variable, mean LA (n=76) BR (n=20) P-value

Distantce_SMA_0% -0.8302 -0.3216 0.0764

Distantce_SMA_25% -0.3739 0.1231 0.0922

Distance_SMA_50% -0.0362 0.4849 0.0882

Distance_SMA_75% 0.4101 0.9975 0.0805

Distance_ClosestVessel_0% -1.0421 -0.4121 0.0361*

Distance_ClosestVessel_25% -0.6513 -0.0427 0.0454*

Distance_ClosestVessel_50% -0.3894 0.2739 0.0373*

Distance_ClosestVessel_75% -0.08 0.5603 0.0238*

PTV volume 89.2791 66.7585 0.0065*

Professional Guidance

Medical Physics Volume 30, Issue 8, 1 August 2003, Pages 2089-2115

Guidance document on delivery, treatment planning, and clinical implementation of IMRT: 

Report of the IMRT subcommittee of the AAPM radiation therapy committee(Article)

Ezzell, G.A, Galvin, J.M.b, Low, D.c, Palta, J.R., Rosen, I., Sharpe, M.B., Xia, P., Xiao, Y., Xing, 

L., Yu, C.X.

International Journal of Radiation Oncology Biology Physics Volume 58, Issue 5, 1 April 2004, 

Pages 1616-1634

Implementing IMRT in clinical practice: A joint document of the American Society for Therapeutic 

Radiology and Oncology and the American Association of Physicists in Medicine(Article)

Galvin, J.M. Ezzell, G., Eisbrauch, A., Yu, C., Butler, B., Xiao, Y., Rosen, I., Rosenman, J., 

Sharpe, M., Xing, L.b, Xia, P.b, Lomax, T.b, Low, D.A.b, Palta, J.
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