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Disclosure
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Medical Advice Disclaimer
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treatment approaches. Individual results may vary.
Safety Statement
Most side effects of radiotherapy, including radiotherapy delivered with Accuray systems, are mild 
and temporary, often involving fatigue, nausea, and skin irritation. Side effects can be severe, 
however, leading to pain, alterations in normal body functions (for example, urinary or salivary 
function), deterioration of quality of life, permanent injury and even death. Side effects can occur 
during or shortly after radiation treatment or in the months and years following radiation. The 
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How it’s Going:
Aorta and Major Vessel data from 625 Cases, Xue 2016
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Radiation has a Dose Response

HyTEC at Geisinger, Jimm Grimm, PhD 5

• Edith Quimby
• 1928, RSNA
• Erythema dose

• The first electronic 
computer wasn’t 
invented until a decade 
or so later!

• Graph paper!

• Confidence intervals 
via “add one” and 
“omit one”

How it Started:
Quimby 1928, graph paper

For 80% risk level, only need about a dozen cases…
For 1% risk level, need about 1000!



Rubin → Emami → QUANTEC → HyTEC →  _________
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QUANTEC

?

HyTEC

Emami
Rubin

Our Next
ProjectTCP: Tumor control probability

NTCP:  Normal tissue complication probability



HyTEC: ‘Hy’ Dose per Fraction, Hypofractionated Treatment Effects in the Clinic
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HyTEC: ‘Hy’ Dose per Fraction, Hypofractionated Treatment Effects in the Clinic
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Optic NTCP: Single- and Multi-Fraction Stereotactic Radiosurgery 
Dose Tolerances of the Optic Pathways
Milano MT, Grimm J, Soltys SG, Yorke E, Moiseenko V, Tomé WA, Sahgal A, Xue J, Ma L, Solberg TD, 
Kirkpatrick JP, Constine LS, Flickinger JC, Marks LB, El Naqa I. 

• Pooled data from 34 studies
• 1578 patients
• Linear Quadratic (LQ) with 
α/β=1.6 Gy

• Dose tolerance for Grade 3 or 
higher radiation induced optic 
neuropathy:

HyTEC for DVC AAPM, Jimm Grimm, PhD 10

HyTEC: Optic Nerve
Dose Tolerance

NTCP

* Read the fine print in the HyTEC papers: Although the source data may have included some patients who
had undergone reirradiation (refer to the individual reports for specifics), unless stated otherwise, the NTCP risks from the compiled data are meant to apply for patients who received no prior
radiotherapy. Acceptable risk in any given patient should reflect the clinical decision making of the physician and consent of the patient. Providers are strongly advised to use the individual HyTEC
articles to assess the full context and applicability of these values for each scenario. Because the overall survival duration is limited in many patients who receive SRS/SBRT, the long-term NTCP
may not be accurately represented by the reported data. There are several other reference documents that address these and other sites (e.g., Seminars in Radiation Oncology 37,38).

Separate 
Model

SRS Only
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HyTEC
Summary

Table:
NTCP
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HyTEC
Summary

Table:
TCP
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HyTEC: ‘Hy’ Dose per Fraction, Hypofractionated Treatment Effects in the Clinic
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Tumor Control Probability of Radiosurgery and Fractionated 
Stereotactic Radiosurgery for Brain Metastases
Redmond KJ, Gui C, Benedict S, Milano MT, Grimm J, Vargo JA, Soltys SG, Yorke E, Jackson A, El Naqa I, 
Marks LB, Xue J, Heron DE, Kleinberg LR. 
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Tumor Control Probability of Radiosurgery and Fractionated 
Stereotactic Radiosurgery for Brain Metastases
Redmond KJ, Gui C, Benedict S, Milano MT, Grimm J, Vargo JA, Soltys SG, Yorke E, Jackson A, El Naqa I, 
Marks LB, Xue J, Heron DE, Kleinberg LR. 
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• Pooled data from the 56 of 2951 studies 
with data

• Linear Quadratic (LQ) with α/β=20 Gy
• 2-year local control by lesion size:

† ‡ Read the fine print in the HyTEC papers: † Some reports estimate local control via an actuarial method. Care is needed when

interpreting actuarial data in the setting of metastatic cancer. Often, the local control is estimated by censoring patients at the time of death, and the accuracy of actuarial techniques requires that censoring events should be independent of the endpoint
under consideration. Because the pace of disease beyond the treated site (that can cause the censoring event of death) and the pace of regrowth of treated site (that obviously impacts local recurrence) are likely related, actuarial estimates may not be
accurate and may overstate the local control. (Gelman 1990). Similarly, for many tumor sites, local recurrence is difficult to establish with certainty by noninvasive imaging methods, and there are other statistical issues (e.g., a failure to consistently
assess for local failure in patients with systemic disease, and favorable patient selection for both retrospective analyses and prospective studies) that collectively may tend to overestimate the true local control rates across an entire population.‡

BED, biological effective dose, calculated per linear quadratic model = total dose * (1+(dose per fraction) / (α/β) )

HyTEC:
Brain Mets

Tumor Control
TCP

15Gy/1fx



Tumor Control Probability of Radiosurgery and Fractionated 
Stereotactic Radiosurgery for Brain Metastases
Redmond KJ, Gui C, Benedict S, Milano MT, Grimm J, Vargo JA, Soltys SG, Yorke E, Jackson A, El Naqa I, 
Marks LB, Xue J, Heron DE, Kleinberg LR. 
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• Pooled data from the 56 of 2951 studies 
with data

• Linear Quadratic (LQ) with α/β=20 Gy
• 2-year local control by lesion size:

† ‡ Read the fine print in the HyTEC papers: † Some reports estimate local control via an actuarial method. Care is needed when

interpreting actuarial data in the setting of metastatic cancer. Often, the local control is estimated by censoring patients at the time of death, and the accuracy of actuarial techniques requires that censoring events should be independent of the endpoint
under consideration. Because the pace of disease beyond the treated site (that can cause the censoring event of death) and the pace of regrowth of treated site (that obviously impacts local recurrence) are likely related, actuarial estimates may not be
accurate and may overstate the local control. (Gelman 1990). Similarly, for many tumor sites, local recurrence is difficult to establish with certainty by noninvasive imaging methods, and there are other statistical issues (e.g., a failure to consistently
assess for local failure in patients with systemic disease, and favorable patient selection for both retrospective analyses and prospective studies) that collectively may tend to overestimate the true local control rates across an entire population.‡

BED, biological effective dose, calculated per linear quadratic model = total dose * (1+(dose per fraction) / (α/β) )

HyTEC:
Brain Mets

Tumor Control
TCP

25Gy/5fx ~ 17Gy/1fx



Tumor Control Probability of Radiosurgery and Fractionated 
Stereotactic Radiosurgery for Brain Metastases
Redmond KJ, Gui C, Benedict S, Milano MT, Grimm J, Vargo JA, Soltys SG, Yorke E, Jackson A, El Naqa I, 
Marks LB, Xue J, Heron DE, Kleinberg LR. 
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• Pooled data from the 56 of 2951 studies 
with data

• Linear Quadratic (LQ) with α/β=20 Gy
• 2-year local control by lesion size:

† ‡ Read the fine print in the HyTEC papers: † Some reports estimate local control via an actuarial method. Care is needed when

interpreting actuarial data in the setting of metastatic cancer. Often, the local control is estimated by censoring patients at the time of death, and the accuracy of actuarial techniques requires that censoring events should be independent of the endpoint
under consideration. Because the pace of disease beyond the treated site (that can cause the censoring event of death) and the pace of regrowth of treated site (that obviously impacts local recurrence) are likely related, actuarial estimates may not be
accurate and may overstate the local control. (Gelman 1990). Similarly, for many tumor sites, local recurrence is difficult to establish with certainty by noninvasive imaging methods, and there are other statistical issues (e.g., a failure to consistently
assess for local failure in patients with systemic disease, and favorable patient selection for both retrospective analyses and prospective studies) that collectively may tend to overestimate the true local control rates across an entire population.‡

BED, biological effective dose, calculated per linear quadratic model = total dose * (1+(dose per fraction) / (α/β) )

HyTEC:
Brain Mets

Tumor Control
TCP

27Gy/3fx ~ 20Gy/1fx
30Gy/5fx ~ 20Gy/1fx



Does targeting accuracy make a difference?
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Does targeting accuracy make a difference?

From HyTEC to Personalized, Jimm Grimm, PhD Frontiers in Oncology, Feb 2021, PMID: 33634020

Total number of patients
in dose range

Grade 3 or higher
complications

CyberKnife®

with 
Synchrony®

Linac
or no

Synchrony

CyberKnife
with 

Synchrony

Linac
or no

Synchrony
p-value

Aorta/Major Vessels D1cc 111 133 0 3 0.253
Chestwall D2cc 25 114 0 19 0.024
Duodenum D1cc 32 11 2 3 0.097

Small Bowel D2cc 47 65 0 7 0.021
Total 215 323 2 32

1% 10% p < 0.0002

because Submillimeter End-to-End Tracking

10 Times Lower Risk



Clinical Challenge
Targets move - Life is always in motion

Methods of correcting for breathing, 
circulation, and digestion

Expand treatment margins and treat the entire motion 
envelope – ITV

Manage breathing, and turn the beam ON/OFF depending on 
tumor position – gating

Efficiently follow the dynamically moving target with the beam 
– Accuray Synchrony® motion tracking
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Key Challenge: Hitting Moving Targets

Current “motion 
management” for 

precise RT

Synchrony®

Accuray
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Synchrony® is Accuray Exclusive

• Artificial intelligence (AI) driven

• Real-time adaptive treatment delivery

• Continuously personalized to each patient

• Indication specific 

• Random or cyclic motion

• Sub-millimeter delivery precision 
and accuracy 

INTRA-FRACTION
IMAGING 

BEAM-TO-TARGET
SYNCHRONIZATION

COMPUTER-GUIDED 
TREATMENT DELIVERY 

SEQUENTIAL MONOSCOPIC 
KV IMAGES

JAWS & MLC
MOVES THE BEAM

ROBOT MOVES
THE BEAM

STEREOSCOPIC 
KV IMAGES



Factors Affecting Outcomes
(Like Section 5 of all QUANTEC and HyTEC papers)
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Factors Affecting Outcomes
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Deformation:   4DCT   of      A Perfect Sphere

Deformation vs Artifact, Jimm Grimm, PhD 25

Axial

Sagittal

Coronal



Deformation:   4DCT   of      A Perfect Sphere

Deformation vs Artifact, Jimm Grimm, PhD 26

Axial

Sagittal

Coronal

4DCT

4DCT artifact can 
look like deformation



Which two phases would you use for normal exhale and normal inhale?

• If you have a 4D CT scanner that you are 
absolutely certain is submillimeter end-
to-end in all phases, I would be interested.

• Until then, this is not meeting 
CyberKnife® accuracy requirements

• 4D CT can verify the extents of normal 
breathing if fused as a secondary scan, 
but not for the planning CT

• Spirometer, Varian RPM, etc. can ensure 
good breath-hold scans

• If people use the CyberKnife in a non-
ideal way, they may get suboptimal 
results

Deformation vs Artifact, Jimm Grimm, PhD 27

We know the phantom is a perfect sphere.
This is entirely artifact, not deformation.

My answer: None of these will give submillimeter end-to-end, to put it nicely…

A



Compare to Synchrony® live Tracking during treatment

• Clear as day!

Deformation vs Artifact, Jimm Grimm, PhD 28

Submillimeter end-to-end Specification

C



Deformation or Artifact?

Synchrony
interpolates
15 phases

and optically 
updates 
tracking 
100 times

per second

Deformation vs Artifact, Jimm Grimm, PhD 29

Synchrony® 4DCT 4DCT



Could this artifact ever happen on a real patient?

• How likely is it that this tumor 
actually separates into two pieces and 
rejoins itself?

Deformation vs Artifact, Jimm Grimm, PhD 30

B



Renal Case Study: 80% phase.  A fiducial is >2x known length

Deformation vs Artifact, Jimm Grimm, PhD 31

A

Sagittal Coronal



Renal Case Study: 90% phase. Is one fiducial a double?

Deformation vs Artifact, Jimm Grimm, PhD 32

B

Sagittal Coronal



Renal Case Study: 0% phase.  No, it was just 4DCT artifact!

Deformation vs Artifact, Jimm Grimm, PhD 33

C

Sagittal Coronal



This 4DCT is not Submillimeter End to End!

Deformation vs Artifact, Jimm Grimm, PhD 34

Sagittal, 80% phase Sagittal, 90% phase



Synchrony® is designed to solve these problems

Deformation vs Artifact, Jimm Grimm, PhD 35

CyberKnife® Synchrony
Tracking, since 2004

Synchrony is now available on Radixact® as well

1. Ring gantry
2. Patient positioning system
3. kV X-ray source
4. Linear accelerator (LINAC)
5. Jaws and binary Multileaf 

Collimator
6. X-ray detector
7. Synchrony® Respiratory 

Camera Array (option)

1

2

3

4

5

6

7



• Normal BreathHold scans

• combined with Synchrony® tracking

• can solve this problem:    

Deformation vs Artifact, Jimm Grimm, PhD 36



First watch the patient’s breathing to determine 
Normal Inhale and Normal Exhale positions

Deformation vs Artifact, Jimm Grimm, PhD 37

Normal
Inhale

Normal
ExhaleA



Normal Exhale:
Practice with the patient several times before the scan

Deformation vs Artifact, Jimm Grimm, PhD 38

“…and 
hold it.”

“blow it 
out, …”

“Take a deep 
breath in…”

B

This by itself is not 
submillimeter 
anything – it is just 
breathhold in a 
reasonably 
representative 
position

Synchrony fiducial 
tracking during 
treatment can make 
it submillimeter 
end-to-end



Normal Inhale:
Practice with the patient several times before the scan

Deformation vs Artifact, Jimm Grimm, PhD 39

“…and 
hold it.”

“let out a 
little bit, …”

“Take a deep 
breath in…”

C

There is no need to 
hit the exact mark –
just try to ensure no 
motion during the 
CT scan, in a 
representative 
position

Synchrony fiducial 
tracking during 
treatment can make 
it submillimeter 
end-to-end



For slow CT scanners, the breath hold only needs to be 
near the tumor

Deformation vs Artifact, Jimm Grimm, PhD 40

“OK you can 
breathe!”

“…and 
hold it.”



Compare fiducial locations in each breath hold scan

Deformation vs Artifact, Jimm Grimm, PhD 41



Normal Exhale and Normal Inhale matched within 1mm

Best Exhale, 
Reference, mm Rejected Exhale, mm Inhale, mm Re-Scanned Exhale, mm

FID X Y Z X Y Z 3D Err X Y Z 3D Err X Y Z 3D Err
1 -95.4 -211.6 -12.9 -95.9 -213.7 -10.7 3.1 -94.8 -211.3 -13.4 0.8 -95.6 -211.8 -12.7 0.4
2 -105.6 -223.1 0.1 -105.0 -222.9 -0.5 0.8 -105.4 -222.9 -0.4 0.5 -105.4 -223.4 0.0 0.4
3 -93.9 -226.6 -2.5 -93.5 -226.4 -2.7 0.5 -94.5 -226.3 -2.6 0.7 -94.0 -226.3 -2.7 0.4
4 -111.5 -227.5 6.2 -111.2 -226.6 6.1 0.9 -111.1 -227.2 6.4 0.6 -111.5 -227.6 6.2 0.1

Deformation vs Artifact, Jimm Grimm, PhD 42

Mismatch 
detected, so 
rescanned



It is very important to follow Accuray recommendations!

Deformation vs Artifact, Jimm Grimm, PhD 43



A typical Linac beam profile explains a lot: 
Linac 80/20 Penumbra: 5mm => 4x dose

25 Years of CyberKnife®, Jimm Grimm, PhD 44

5mm 80/20 Penumbra
=> 4x dose

Off-axis distance, cm

D
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e 
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ut

A.

Mahadevan et al. 2021, 
IJROBP May 

1;110(1):206-216.



A typical Linac beam profile explains a lot: 
Linac 60/40 Penumbra: 1.5mm => 1.5x dose

25 Years of CyberKnife®, Jimm Grimm, PhD 45

1.5mm 60/40 Penumbra
=> 1.5x dose

Off-axis distance, cm
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e 
ou
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ut
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A reviewer said: but that’s just from a single beam!

25 Years of CyberKnife, Jimm Grimm, PhD 46
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8Gy limit, 12 Gy script

50% gradient, 1.53mm



CyberKnifeNon-CyberKnife®

Spinal cord example, 1.5mm could correspond to 50% higher dose

25 Years of CyberKnife®, Jimm Grimm, PhD 47

14 Gy 21 Gy
• If the 14Gy/1fx had a 1.5 mm 

targeting uncertainty…

• 14*60/40 = 21 Gy

• Recall the shape of a single beam

• Need models accounting for 
targeting errors and volume 
effects, including random 
direction of errors

1.5mm, potentially
50% higher dose



What if tracking was not submillimeter end-to-end?

25 Years of CyberKnife®, Jimm Grimm, PhD 48

1.5mm 60/40 Penumbra
=> 1.5x dose

Off-axis distance, cm

D
os

e 
ou

tp
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B. 4DCT



Many more factors affecting outcomes

• Monte Carlo dose calculation
• Fiducial placement guidelines, 4-6 fiducials
• Migration-resistant fiducials
• LOT: make sure you can see the tumor
• Multiphasic contrast for liver and pancreas
• MRI with 3D distortion correction
• Fiducial placement skill.  SuperDimension / endoscopic / CT guided, etc.
• Increased margin for the smallest tumors, to ensure not missed entirely
• Synchrony®: breathing coaching for irregular breathers
• Synchrony: delete old peaks instead of new ones, if new peaks mismatch
• Synchrony: center rotations across peak and valley to remain within ±1.5o

• Synchrony: Spirometer or RPM to ensure normal exhale and inhale CT
• Immunotherapy
• Prostate: bladder and bowel prep
• Bath and shower – ensure low dose to large volumes
• Vascular damage may help TCP if you can get above 10Gy/fraction
• Pass IROC phantoms to ensure accurate dose calculation and targeting
• Treating far off-axis only works well when the patient doesn’t deform
• Gas can affect spine tracking – use a mild bowel prep even for spines
• Is it OK to import contours from every other system?  Are you sure they are accurate?
• Tumors grow exponentially until treated – therefore minimizing the time from diagnosis to treatment can improve outcomes.

Deformation vs Artifact, Jimm Grimm, PhD 49

Etc.

Need to handle these 
efficiently and cost-
effectively within the 
clinical workflow



Factors Affecting Outcomes
Best Subset: The most benefit within feasible efficiency

Deformation vs Artifact, Jimm Grimm, PhD 50



We can save data from our own patients on NCI sponsored studies

Radiosurgery in Motion, Jimm Grimm, PhD 51



Conclusions

• Synchrony® has potentially 10x lower risk:
♦ “Pooled logistic and probit models for grade 3 or higher toxicity for aorta, 

chest wall, duodenum, and small bowel suggest a significant difference when 
live motion tracking was used for targeting tumors with move with respiration 
which was on the average 10 times lower, in the high dose range.”

♦ Frontiers in Oncology, Feb 2021, PMID: 33634020

• Need to define the best treatment techniques with Synchrony to 
ensure best outcomes

• Need to accumulate prospective long-term data to fine-tune

Deformation vs Artifact, Jimm Grimm, PhD 52
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From Coal Miner
to Data Miner

in 3 Generations



This is not the end – just the beginning!

If you treat patients you have data – let’s analyze and publish it together!

54
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