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Imaging in Radiation Therapy: MR or CT?

T,-Weighted T, FLAIR In Treatment Position CT




MR Imaging: Structure Morphology and Function

MR Spectroscopy
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Objective
To answer the question:

How do | start, develop, and maintain a program

for MR imaging in radiation therapy?



Outline

* Choosing an MR scanner

* MR Imaging techniques and pulse sequences

* Diagnostic vs. radiation planning MR Imaging

* Radiation therapy MR planning protocols

* MR imaging in the treatment position

* Sources of error in MR and corrective methods
* QA & QC

e Conclusions



Choosing an MR Scanner



Choosing an MR Scanner
* Field strength
* RF coils
* Bore Diameter
* Software
* 2D vs. 3D pulse sequences

* Advanced imaging (diffusion, perfusion, “e 4
MRE...)

* Post processing tools
* Vendor relationships




Choosing an MR Scanner: Field
Strength

1.5T vs. 3.0T
* 3.0T Pros: v
* MR signal scales with field strength (B,)

* Potentially faster or higher resolution imaging
* 3.0T Cons:

* Cost: S = B,

* Artifacts are worse at 3T

* RF power deposition (SAR) scales with B,?



MR Signal (M,)

Field Strength Considerations

Magnetic Field Strength

Magnetic Field Strength (B,)

>

RF Heating

(Specific Absorption Rate - SAR)

SAR o B,% 0% Af

>

MR Signal (M,)

Magnetic Field Strength (B,)

>



Choosing an MR Scanner: RF Coils

* Consider how the scanner will be used clinically:

* Will it be used for both diagnostic and therapy
MR imaging or therapy only?

* What coils are provided for diagnostic imaging?

 What suite of surface/flexible coils are available and
what is their interconnectivity?



Choosing an MR Scanner: RF Coils

* Diagnostic RF coils: )|
s Volumetric — Close proximity to pt

* Uniform sensitivity coverage |\ Iy '

_

within imaging volume 2 -

* Form factors tailored to
specific anatomic sites

* Close proximity to patient |

* Assumes patients are in
neutral position




Choosing an MR Scanner: RF Coils

Therapy planning RF coils:
* Generic surface array coils

* Incomplete coverage of imaging
volume

* Challenging to place coils close
to patient due to
immobilization devices

— p—
_. S R —— -
Non uniform volumetric coverage




Choosing an MR Scanner: Bore Diameter &

Gradient Performance
60 cm Bore 70 cm Bore

Max. gradient amplitude 50 mT/m 44 mT/m
Max. slew rate 200 T/m/s 200 T/m/s
Echo Planar Imaging
Min. Echo Spacing - 25 cm FOV (64x64) 0.376 msec 0.456 msec
Min. Echo Spacing - 48 cm FOV (64x64) 0.256 msec 0.328 msec
Minimum TR (256 x 256) 5.0 mMs 6.0 ms

Minimum TE (256 x 256) 1.5 ms 1.6 ms




Choosing an MR Scanner: MR Software & Vendor

e Software:

* Does the vendor have the pulse sequences needed for
radiation planning?

 What are the post processing options available?
* Reformatting
* Advanced post processing

 Vendor:

* What type of relationship do you expect with your
vendor

* What is the vendor’s long term product roadmap



2D vs. 3D Imaging

* 3D Imaging
* Pros:
* Increase in SNR o VSlices
* Potential for isotropic resolution
(improved reformatted data)
* Cons:
* More susceptible to motion corruption
* Insufficient tissue contrasts
* Artifacts
* Does the vendor provide sufficient range of pulse
sequence types for 2D and 3D imaging?




2D vs. 3D Data

2D Sagittal T, FLAIR (5 mm) Coronal Reformat Axial Reformat




2D vs. 3D Data

3D Sagittal MPRAGE (1 mm) Coronal Reformat Axial Reformat
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Planning MR-CT Fusion & Registration
2D Ax T, FS 3D Coronal CUBE T, FS

p-sclav - Blended with registered image:AxT2Fs & ‘ap-sclav - Blended with registered image: Cor CUBET2FS @
i Showing dose I H Showing dose
from image from image
R Scap-sclav R Scap-sclav
- o [ ) I -
B o CT-MR Fusion — Axia Ty ‘
K L A it ' )

s

R Scap-sclav R Scap-sclav
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(axtzes ) CorcuBeT2Fs )- U
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Showing dose
from image

g fShowjng dose
R Scap-sclav rom image

R Scap-sclav




Target Volume Accuracy

R Scap-sclav - Retired - Transversal - R Scap-sclav




Advanced MR Techniques for Radiation Planning

Diffusion Tensor Tractography

First pass perfusion

* MR provides variety of both
structural and functional
information

. fMRI MR Elastography
* Tempting to rely on new methods

(perfusion, fMRI, DTI, MRE, etc) for
high precision radiation therapy
pla 1] ning blood vovlume

* Need to understand methods,
reproducibility/accuracy of data,
what is being measured before
using information




MR Imaging Techniques & Pulse
Sequences






Pulse Sequence Basics

Gradient
Recalled Echo
(GRE)

Spin Echo

True FISP : 4 oSTSE

T2-FFE |

?\5" Fl ESTA

Free Induction
Decay



Free induction Decay

* Apply RF pulse to create transverse magnetization

* Signal will rapidly decay due to T,* dephasing




Pulse Sequence Basics

Gradient
Recalled Echo
(GRE)

Free Induction
Decay



Gradient Recalled Echo (GRE) Imaging




Pulse Sequence Basics
Spoiled GRE

Gradient
Recalled Echo
(GRE)

Balanced
SSFP



Balanced SSFP vs Spoiled GRE

Spoiled GRE Balanced SSFP GRE
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Pulse Sequence Basics

17
r. _ _ Spin Echo




Spin Echo Imaging
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The Pulse Sequence Diagram

0 Radio Frequency
RF -\/\/»~ Pulse Waveform
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The Pulse Sequence Diagram
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The Pulse Sequence Diagram

Signal




MR Image Contrast
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Sagittal Spine
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Sagittal Spine
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T,-Weighted T,-Weighted

TE = 13 msec TE =114 msec
TR =450 msec TR = 3267 msec



SERIES 1.

Patient {RF) Imaging Acquisition Timing
Coll Head+MNeck 2B ‘Scan plane 3PLANE Freguency 384
Scan Timing Moge 20 Phase 180
Pulss sequence Spin Echa phase field of view 1.00
TE 800
Imaging Cotions Seq, EDR, Fast, 55, ARC phase comect Mo
TR Minimum
ol e Additional Parameters EW/3p phase & Trequency LISy
autcesnim ALt
User CVs
Ci 1.00 Range | Prescription
w2 240.00 fledd of view 440

* Collection of imaging - - -
S e q u e n Ce S iiﬁlﬁéﬂ Imaging Acquisition Timing

Col  HaadsNeck 48 Sean plane COROMAL Fraquency 384
Scan Timing Mada 3o Phass 256
[ ] Pulse sequence Cune NEX 1.00
. TE ML — 4
Executed for a given Pm S Seeene Do
_— Additional Parameters FaED phage & frequency i
Aubashim Ao
° P P ® ) BWi1 62.50 Ltser CW's
iIndication/disease site oz = s [Presenpter
sices perslab 150
fiakd of view 340
sice Mickness 14

* Provide variety of —

Patient {RF) Imaging Acquisition Timing

)
co nt ra Sts a n d fu n ct I O n a I Col  Head+Meck 46 Scan plane CORONAL Frequency 320
Scan Timing Made 0 Phass 255
Puise sequence Cube NEX 200
[ ° TE  100.0 _
TR 20000 Imaging Cptions FC, MPW, EDR, Fast, ZIP2, FR, ARG phase comact Na
I n O r m a I O n ETL 110 Additional Parameters Flow comg directon Freq
BW1 6250 FWED phass & requancy i
- Jser s auioshim Auto
CNS D.BS
C2D 000 Range ! Prescription
cvz2 200 sllces per slab 170
Tield of view 340
sllce thickness 12
mumibser of slices 1

Comments  Imaging Tip: ] )
To prevent slab wrap. cover all anatormy from side o side.




Diagnostic vs. Radiation Planning MRI

Diagnostic MRI: Planning MRI:
* What is the problem? * What is the spatial extent of
 High conspicuity the problem?
 Dedicated/customized RF * Where are the adjacent

radiosensitive organs?
* High resolution 3D
* Image in treatment position

coils

* Multiple sequences:

* Varying contrast

* Functional information * Non ideal (surface coils)
. Often qualitative * Relatively limited imaging
sequences

* Requires large FOV data



Radiation Planning Protocols: Tissue Contrasts

* Pre Contrast T,:

* ldentification of tumor volume, lymph node
involvement and organs at risk (OAR)

* Pre Contrast T,:
* Visualization of fat/fluid infiltration

* Post Contrast T,:

 Differentiate between tumor (enhancement) and
fat/edema

* Often compare to pre contrast T, to improve
differentiation



Technology in Cancer Research and Treatment Vol. 12, # 5, 2013

The Potential for an Enhanced Role For MRI
in Radiation-therapy Treatment Planning
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Tissue Contrasts
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MR Protocols for Radiation Planning

Soft Tissue . Brain Bone

1. T,-weighed

Y\ 1. T;-weighed

1N

2. T,-weighted with
fat saturation

YW\ 1. T,;-weighted
N
2. T,-weighted with
fat saturation

sﬁ;}g

2. T,-weighted with
fat saturation

3. T,-weighted with 3. T,-weighted 3. T,-weighted with
fat saturation fat saturation



Soft Tissue Treatment Planning

Fat Saturated T,-Weighted T,-Weighted T,-Weighted

Pre Contrast Post Contrast




Soft Tissue Treatment Planning
Fat Saturated T,-Weighted T,-Weighted T,-Weighted

;D e N
J‘ o U

o Wa\\
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Pre Contrast Post Contrast



Bone Treatment Planning
Fat Saturated T,-Weighted T,-Weighted T,-Weighted

Pre Contrast Post Contrast



MR Imaging in Treatment Position

* RF Coils and Immobilization
* Set up Instructions:
* Coils and immobilization
* Set up and imaging

 Protocol Instructions



MRI in Treatment Position: Coils and Immobilization

I T N :
*‘ oy i | Pelvis




MRI in Treatment Position: Setup &
Imaging Instructions
Details and pictures highlight:

of interest is around H2/H

* Fabrication of immobilization
Placement of immobilization
* Coil configuration

* Anatomy wrt coils

« Figurel

Typical coverage listed:

* tumor + edema + closest joint - _
gure 3 =
(prEfer scan ra nge to cover 4- *he \{Il\x‘,n'n’n«n\idv.x]cnnlmm'.xu’l\.)r‘: ) A - ‘
5cm beyond extent) : ‘ j T . " _ X 7— Figure9

* Typical coverage for proximal
femur - include distal pelvis

P Figure 4
R e



MRI in Treatment Position: Protocol Instructions

RO Tx Pln - MSK Lower Extremity - MR50

* Each protocol has a document

Indications:

- I n d icat i O n S h e I p t h e d OSi m et ri St ®  Bone or soft tissue sarcoma inlower extremity (femur, calf, foot)
kn oW Wh iC h p rOtOCOI ta b I (S tO Current Protocol on MR50:
review with the radiation

- oY and patient immobilization device
SCANMNED:
IEFAL f ired)
we DY |
fop I
| i )

* Table filled out by the
dosimetrist with the area to be
scanned, with any edits per
radiation oncologist




Sources of Error in MRI



Sources of error in MR

e Spatial distortion:
* B, inhomogeneity
* Gradient non linearity
* RF non uniformity
* Susceptibility induced distortion

* Motion and organ filling



Spatial Distortion in MRI

Superconducting coils

Magnetic field
inhomogeneity at
edge of imaging
volume

MR Scanner Main Magnetic Field



Spatial Distortion in MRI

Superior Inferior




B, Inhomogeneity: Shoulder Imaging

Axial Coronal




Spatial Encoding Gradient Fields

Gradient Coils

Y Gradient Coils

Static Field

Magnetic Coill

X Gradient Coils

Z Gradient Coils
Jacobs M A et al. Radiographics 2007; 27: 1213-1229



1.5T MR Scanner S

1

patial Distortion

10

Max absolute deviation (mm)

Max absolute deviation (mm)

Plane position along z (mm)

Lo

F -3

i

£
:
§
£
:
:

Max absolute deviation (mm)
oy %]

[=]

Radius (mm) Radius (mm)
Wang et al. Magnetic Resonance Imaging, Volume 22, Issue 9, 2004, 1211 - 1221



Acceptable Spatial Distortion Limits

Characterization, prediction, and correction of geometric distortion
in 3 T MR images

Lesley N. Baldwin®

Division of Medical Physics, Departments of Physics and Oncolog
Department of Medical Physics, Cross Cancer Institute, 11560 Un 4
Alberta T6G 122, Canada 9

Total Distortions (mm)at Z = 0 mm X Gradwent Distortions (mm Y Gradient Distortions (mm)

Keith Wachowicz
Division of Medical Physics, Department of Oncology, University | 2
Physics, Cross Cancer Institute, 11560 University Avenue, Edmont

: . 0! - : 100
Steven D. Thomas, Ryan Rivest, and B. Gino Fallone e e 0 00" 100° o Lol
Division of Medical Physics, Departments of Physics and Oncolog ) R ) e ) ey
Department of Medical Physics, Cross Cancer Institute, 11560 Un
Alberta T6G 172 Cﬁ?mdﬂ- Z Gradient Distortions (mm) Susceptibility Distorions (mm) Bo Dislerbons (mm)
(Received 9 July 2006; revised 4 October 2006; accepted fc 4 4 "
published 8 January 2007) | 4 4
ra 2 2 2
0/ 0
-2 ¢ -2 :
100 o2 100 2
0 p 0 100 0 s 0 vy
100 1CO 100 100

* Baldwin et al reported on spatial distortion of ~ 5mm within 20 cm radius
centered at isocenter for a 60 cm 3T scanner (Med. Phys. 34(2), 2007)




Spatial Distortion: Correction Methods

* B, Corrections:
* Passive and active shimming techniques

 Gradient Field Corrections:
* Distortion can be modeled and corrected

* Correction algorithms applied for all 3 gradient
axes

* Check to make sure that gradient distortion
correction is on!




Gradient Non Linearity: Corrections

Gradient Distortion
Original Corrected Difference




RF Non Uniformity

* RF field (coil sensitivity) falls off nonlinearly with
depth from coil

 Surface (receive-only) coils create non uniform
MR images

* Typically require some type of post processing to
correct for non uniform image intensity



RF ( B,") Field
Inhomogeneities

8 Channel Head Coil




Uniformity Correction

Original Intensity Corrected Difference




RF Non Uniformity: Coil Sensitivity

Vacloc bag

Posterior spine array  F|at tabletop insert



Magnetic Susceptibility (X)

Magnetization of a material M is given by:

M=M, + XH

M, = Inherent magnetization of material

XH = Magnetization induced by
externally applied magnetic field



Susceptibility Induced Field Distortion

Object

Object Orientation Field Map

Joakim H. et al., Internal Fiducial Markers and Susceptibility Effects in
MRI: Simulation and Measurement of Spatial Accuracy, JROBP, Vol. 82, #
5,2012, pp 1612 - 1618



Challenges: Foreign Metal Implants




Field Strength Dependency

1.5T 3.0T
e Susceptibility ~ ’
induced distortion
scales with field
strength

* 3.0T will greater

artifacts compared J;, \
to 1.5T AN
il N




Foreign Metal Implants

* Foreigh metal implants pose
significant image quality problems
in MR

* Differences in magnetic
susceptibility, geometry and
orientation with respect to B,
make artifacts difficult to eliminate

* Metal artifact reduction sequences
designed to reduce these effects
but don’t eliminate them




Metal Reduction Techniques

T,-weighted 3D Spin Echo T,-weighted 2D Metal Reduction Technique




Metal Reduction Techniques

T,-weighted 3D Spin Echo T,-weighted 2D Metal Reduction Technique




Organ Filling and Motion



Organ Filling for OAR

* Organ filling, most notably the bladder can cause
shifts in OAR and other structures.

* Result in over/under dose of tissue and result in
sub optimal treatment.

* For external beam treatment of the prostate
Pinkawa et al. have reported and almost doubling
of dose when bladder is empty compared to full.



D A T Int. J. Radiation Oncology Biol. Phys., Vol &4, No. 3, pp. 856-861, 2006
Copyright © 2006 Elsevier Inc.
Printed in the USA. All rights reserved
0360-3016/06/F—see front maiier

E I R doi:10.1016/j.ijrobp.2005.08.016

CLINICAL INVESTIGATION Prostate

PROSTATE POSITION VARIABILITY AND DOSE-VOLUME HISTOGRAMS
IN RADIOTHERAPY FOR PROSTATE CANCER WITH FULL
AND EMPTY BLADDER

Results: Compared with the primary scan, FB volume varied more than EB volume (standard deviation, 106 cm”
vs. 47 cm”), but the prostate/seminal vesicle center of mass position variability was the same (>3 mm deviation
in right-left, anterior—posterior, and superior-inferior directions in 0, 41%, and 33%, respectively. with FB vs.
0, 44%, and 33% with EB). The bladder volume treated with 90% of the prescription dose was significantly
larger with EB (39% £ 149% vs. 22% % 10%: p < 0.01). Bowel loops received =90% of prescription dose in 37 %

(3% with FB; p < 0.01).

with FB and EB before and after 4 and 8 weeks of radiation therapy. The scans were matched by alignment of
pelvic bones. Displacements of the prostate/seminal vesicle organ borders and center of mass were determined.
Treatment plans (FB vs. EB) were compared.

Results: Compared with the primary scan, FB volume varied more than EB volume (standard deviation, 106 cm
vs. 47 cm”), but the prostate/seminal vesicle center of mass position variability was the same ( >3 mm deviation
in right-left, anterior—posterior, and superior—inferior directions in 0, 41 %, and 339, respectively, with FB vs.
0, 4%, and 33% with EB). The bladder volume treated with 90% of the prescription dose was significantly
larger with EB (39% = 14% vs. 22% = 10%: p < 0.01). Bowel loops received =90% of prescription dose in 37 %
(3% with FB; p < 0.01).

Conclusion: Despite the larger variability of bladder filling, prostate position stability was the same with FB
compared with EB. An increased amount of bladder volume in the high-dose region and a higher dose to bowel
loops result from treatment plans with EB.  © 2006 Elsevier Inc.

3

Prostate neoplasm. Radiotherapy. Organ motion, Treatment planning.



Organ Filling: Full vs Empty Bladder

AT = 39:23 (min : sec)

Full Bladder Volume = 245 ml Empty Bladder Volume = 134 ml




Organ and Bulk Motion

 Motion during imaging results in
blurring and signal loss

* Motion sources:
* Respiration and peristalsis
* Bulk patient motion

* Volumetric (long) acquisitions more
susceptible to these effects




Motion Example: L Spine Imaging

T, Sagittal Volumetric —
T, Sagittal Volumetric Axial Reformat

Blurring

Signal Replication




Motion Example: L Spine Imaging

T, Coronal Volumetric
T T, Coronal Volumetric — Axial Reformat

/ Blurring

s~
Yo

e

-

‘ ‘ : ‘
3 : \ Slgnal Replication

“



Motion vs. No Motion

Source Data Reformatted

Motion




Motion Tracking Techniques: Navigator Echoes

Magnetic Resonance Imaging

Richard L. Ehman, MD = Joel P. Felmlee, MS

Radiology 1989; 173: 255 - 263

Adaptive Technique for High-Definition
MR Imaging of Moving Structures!

Y-axis - ..
R K-space Projection
Projection .
Coronal MR Image R K-space 5001

L

a9
9
9

82l

=rd
._I_.l-

g6l
cBl
cEl




Retrospective Motion Correction: Navigator Echoes

Magnetic Resonance Imaging

Richard L. Ehman, MD = Joel P, Felmlee, MS

Radiology 1989; 173: 255 - 263

Adaptive Technique for High-Definition
MR Imaging of Moving Structures!




Prospective Motion Correction: Navigator Echoes

Coronal MR Image

‘Pencil beam’ Navigator profile

Upper diaphragm
position

2

L)

Lower diaphragm
position

Time




Rep Rep 2 Repn

o Header 10 Data Headar 10 Data der 10 Data |
Original
{—Space Header | 10 Mata Header 10 Data Header 10 Diata
(Time- - '
Locked) ) ] / ‘
BinjL Bin 2 Bin 10
Header Header | B0 Dot | Header 10 Cata
Reshuffled Header 10 Data Header 10 Data Header 10 Data
“Hybrid” - -
. : k-S . .
« 3D FLASH with DC navigator: R ; ‘
— Self-navigated
g 3D FFT + PFR § ! X
* Time-locked temporal - 4 2
reshuffling of k-Space: Ry N )
- Retrospective rebinning ¢S Ne D LA
| |
Paulson ES, 2" MRI in RT Symposium, 2014 0% Phase 10% Phase 90% Phase

Courtesy Eric Paulson Ph.D., Medical College of Wisconsin




Quality Assurance & Quality Control



QA & QC

Establish a QA/QC program that is traceable to established
standards and tolerances

* American College of Radiology (ACR) MR QC program
 AAPM TG reports for other parameters

Check with your service team/provider regarding
preventative maintenance

QA/QC program should test all aspects of process with
known and measurable tolerances/limits

Will likely involve development of additional phantoms &
testing protocols



ACR MRI Weekly QC Standards

* Parameters derived from T,-weighted sagittal and axial images of ‘ACR phantom’:
Center frequency
Transmit Gain/Attenuation
Geometric accuracy
High-contrast spatial resolution
Slice thickness
Slice position
Image intensity uniformity
Percent-signal ghosting
Low-contrast object detectability

Signal-to-noise
 Phantom images are reviewed and free of artifacts
MR Table and operator console are fully functional
» Visual inspection of specified items



3D Large FOV Distortion Phantom

Physical Phantom

Paintball
inserts

Hwang KP, lllerstam F, Torfeh T, Maier J, Shave S, Hoang M. Spatial Accuracy QA of an MR System. AAPM 2014.



istortion Phantom

CT_1 - Blended with registered image: Ax 3D FSPGRw3DGW
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End-to-End QA / QC testing

Vibration

Proximity to conventional linac

BO homogeneity

BO drift

Bl+ Gains

Geometric accuracy (ACR Phantom)
Percent image uniformity (volume coils)
Percent signal ghosting

External lasers/MR isocenter

Couch indexing and repositioning

AAPM Report 100
Earth

AAPM Report 100
AAPM Report 100
AAPM Report 100
ACR

ACR

ACR

TG-66

TG-66

?

0.5G fringe at linac
<0.5 ppm RMS
<0.25 ppm/day
<5% manual vs auto
2 mm

>87% 1.5T, >82% 3T
<2.5%

2 mm

1 mm

Courtesy Eric Paulson Ph.D., Medical College of Wisconsin




Conclusions

* Consider both the strengths and limitations when
choosing your MR scanner:
* Field strength
* Bore diameter vs. gradient performance
* RF coils
» Software (pulse sequences and post processing
options)

* Diagnostic MR # Therapy planning MRI



Conclusions

* Beware of artifacts:
* Foreign metal implants
* Gradient and B, field distortion
* RF coil uniformity
* Motion
* When at all possible collaborate with your diagnostic
colleagues
* Establish and maintain a QA/QC program



