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X. Quality Control

The following section deals with all aspects of quality control in DWI-MRI studies.  Primary objectives of a DWI QA/QC program are: (a) to confirm DWI acquisition protocol compatibility and compliance across participating centers; (b) assess performance of each MRI system in measuring key DWI/ADC quantities; (c) certification of systems/sites to meet quantitative performance thresholds or identify source of performance deficiency; and (d) establish ongoing quality control.  This includes selection of imaging centers and specific scanners.  In addition, the use of DWI phantom imaging and analysis of phantom data are discussed.  Finally, post DWI acquisition quality assessment is described.  Details of these procedures will necessarily vary for the specifics of each trial thus need adjustment, although the common framework is shared.
Guidelines for appropriate patient selection, tumor selection, and post processing are also discussed below.
X.1
Selection of appropriate imaging centers for DWI studies

Typically sites are selected based on a record of competence in clinical oncology and access to a sufficiently large patient population under consideration in the clinical trial.  Sites should also be competent in standard MRI procedures, DWI methodology applied to the relevant anatomical area(s), other advanced MR procedures that may be employed in the trial (eg. MRS, DCE-MRI), as well as access to quality-maintained clinical MRI systems.  In order to ensure high quality DWI results, it is essential to implement procedures that ensure quality assurance of the scanning equipment and reliable image acquisition methodology.  These processes must be established at study outset and maintained for the duration of the study.  A site “imaging capability assessment” is required and should include evaluation of:
· Appropriate MR equipment and standard QC processes

· Experienced MR technologists

· Experienced MR radiologists

· Experienced MR physicists or MR imaging scientists

· Procedures to assure protocol compliance during the trial

X.1.1
DWI acquisition scanner

DWI studies targeted by this profile require a 1.5T or 3T scanner.  The scanner software/hardware versions should be identified and tracked with time over the course of a clinical trial.  Sites often have multiple scanners at the same or variable software/hardware platforms.  It is beneficial to identify and qualify multiple scanners at a given site if such are available in the event a study-eligible scanner is temporarily unavailable.  However, adherence by the site to a use of a specific scanner or pool of scanners for trial subjects must be established by study design.  Likewise, rules for serial scanning a given trial subject on one or multiple systems must be clearly established.  Means to confirm adherence to study design, in terms of eligible scanner for each patient and time point, should utilize specific scanner identifiers available in the DICOM header.  
The MRI scanner must undergo routine QA/QC processes and have a service plan that includes a preventative maintenance schedule appropriate for standard clinical MR applications.  In addition, to assure adequate quantitative MR imaging results study-specific quality control measures are required as detailed below.
X.1.2
Site personnel performing DWI studies


(Analogous to DCE profile)

X.1.3
MR Radiologist or other anatomic experts

(Analogous to DCE profile)

X.1.4
Site protocol compliance


(Analogous to DCE profile)

X.2
Site qualification process
X.2.1
Site readiness


(Analogous to DCE profile)

X.2.2
Scanner qualification


(Analogous to DCE profile)

X.2.3
Phantom imaging

To qualify the MRI scanner a DWI phantom imaging procedure is required.  The DWI phantom must contain one or multiple media having known properties of: (a) diffusion coefficient(s), (b) b-value dependence, and (c) isotropy/anisotropy.  Molecular mobility is a function of temperature (eg. water mobility varies ~2.4%/Co), therefore quantitative diffusion coefficient values require knowledge or control of internal phantom temperature.  DWI phantoms at room temperature are convenient for scanning, although the range in room temperature (~10 Co) requires calibrated internal temperature readouts recorded with phantom scans for look-up-table conversion to known diffusion coefficient values.  Alternatively, phantoms designed with an ice-water bath surrounding diffusion media provide an economical means to establish and maintain temperature control at 0Co for several hours.  A test compartment of water at 0Co has a precisely known diffusion coefficient = 1.1x10-3mm2/s, which is comparable to the ADC value of tissue.  However, ice-water phantoms are less convenient since they require on-site preparation.
X.2.4
Phantom imaging data analysis

Phantom data should be analyzed in a uniform manner and preferably by a central analysis site.  Assurance should be made by the analysis center that the phantom scan orientation is correct, and appropriate phantom positioning was performed.
Clinical DWI protocols may require controlled ranges in geometry values (eg. FOV, slice thickness, quantity of slices) to accommodate a range in patient body habitus.  The DWI phantom physical characteristics and imaging protocol can be designed for similarity with the clinical study protocol, but range in all acquisition settings must be minimized.  A small parameter range for DWI phantom scanning may still be required for protocol compatibility across scanner platforms.
The following performance metrics should be measured via DWI phantom images acquired on each candidate MRI system.  Quantitative performance thresholds of these metrics must be established beforehand, and sites need to meet/exceed these thresholds as an essential step for qualification.  Assuming DWI phantom images are acquired across multiple platforms (i.e. manufacturers and software/hardware versions), the central analysis site must be able to derive performance measures regardless of imaging platform source.  While DICOM offers some uniformity in image format, the stored order of DW images is variable and complicates derivation of ADC values from subsets of images extracted from DWI series.  The phantom QC processing center must be able to import and fully process DWI series from all sources, regardless of image order.  One solution is to customize the image import software module for each platform-specific/order-specific condition for conversion to a common internal structure format.  Once converted, all subsequent analysis routines are independent of image source.
X.2.4.1
ADC bias error

In tissue the “apparent” diffusion coefficient (ADC) represents the distillation of complex biophysical processes so that the concept of a “true” ADC is overly simplistic.  In addition, the relative influence of various biophysical processes depends on data acquisition conditions.  An essential first step to assess ADC bias error of an MRI system is measurement of a medium of precisely known diffusion coefficient.  In addition, the functional dependence of mobility on DWI sequence b-value and diffusion time must be known.  In this regard, simple self-diffusion media having no b-value or diffusion time dependence are preferred.  For such media, the standard formula, ADC0,b = { [ln(DWI0/DWIb)] / b } can be used to generate ADC maps over the b-value range 0 to b.  It is appropriate to first apply a noise threshold filter to mask low SNR pixels that otherwise lead to unreliable ADC results.  Phantom scan b-value(s) are set per protocol, but must at least encompass the range used in the associated clinical trial.  Mean and standard deviation from standard-shaped (round, square, rectangle), fixed-sized ROIs defined in test sample compartments are recorded for each ADC map.  Multiple ROIs over slices or regions on the maps for a given test compartment can be combined to create a volume of interest (VOI) to more fully sample the compartment.  ADC Bias Error is derived from the mean ADC measured over the VOI compared to the known diffusion coefficient (DCtrue) of the medium as,
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X.2.4.2
ADC random error

ADC Random Error is the standard deviation of ADC pixel values measured over each VOI expressed as a percentage of the VOI mean ADC.  A systematic difference between ADC measured in widely separated VOIs would inflate this metric, therefore ADC Random Error should only be derived from single-region VOIs as,
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X.2.4.3
ADC b-value dependence

If by first-principles, molecular mobility of the diffusing medium is known to not have b-value or diffusion time dependence, any significant difference in DWI phantom ADC value with b-value is artifactual.  Assuming the DWI phantom protocol is designed to measure ADC over multiple b-value intervals, say b=0(b1 and b=0(b2, the level of artifactual b-value dependence is quantified as,
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Where b2>b1 and the ADC values represent select VOI means.

X.2.4.4
ADC spatial dependence

MRI systems may have a spatial dependence in measured ADC due to systematic imperfections such as gradient nonlinearity.  These errors should be relatively small and nearly symmetric relative to distance from magnet isocenter.  Susceptibility of a study to error due to ADC spatial dependence varies with the expected range of locations for target tissues, as well as reliability in patient positioning.  It is therefore useful to sample the ADC spatial dependence of MRI systems over a relevant range for the clinical trial.  This can be expressed as the percent range in ADC values for widely separated VOIs, say VOI1 and VOI2, that are within the spatial range anticipated for the clinical study as,
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X.2.4.5
SNR of DWI

Lastly, overall signal-to-noise of the source DW images is an important performance parameter.  While “signal” is relatively straightforward to measure by the mean pixel intensity within an ROI or VOI, “noise” is more difficult.  Often the standard deviation of pixel intensity within an ROI or VOI drawn in the background (ie. air) is used as an estimate of noise.  Unfortunately, the image background regions are often heavily modulated by MRI reconstruction and filter routines, especially when parallel imaging and intensity normalization techniques are employed.  The nature and degree of background modulation is variable across MRI platforms and it is difficult to enforce standardization.  An alternative to deriving noise from background is to acquire immediately sequential serial images acquired under identical conditions then estimate noise of each pixel by the square root of temporal variance measured over the multiple serial passes.  Note, this measure of variance will also include short-term system instability.  Full 3D noise images are created for each b-value image set.  Identical VOIs are then applied to the signal and noise images to estimate SNR at each DWI b-value as,
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If only two serial passes are available, the noise image is derived from the pixel-by-pixel subtraction of the two passes, and the SNR statistic is defined as,
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For comparative purposes, noise can also be estimated by the pixel standard deviation in a large ROI defined in a ghost-free air background region; although as mentioned this metric is potentially compromised by image intensity modulation routines employed on some systems.
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X.2.4.6
Spatial distortions due to B0 inhomogeneity and eddy currents
X.2.4.7
Fat suppression effectiveness and uniformity

X.2.4.8
DWI phantom protocol compliance

The established DWI phantom protocol, including allowed parameter ranges, must be tabulated and compared to acquisition settings used for the MRI system being evaluated.  A DICOM parameter “compare” software module is preferred to automate compliance assessment. Protocol compliance or points of violation must be documented in a report.  A Sample QC report is provided in Figure XXX and YYY.

X.2.5
Ongoing MRI scanner quality control

The initial set of DWI phantom images from each site/system are used for certification that the system met or exceeded performance standards set for the clinical trial.  Sites that desire to use multiple MRI scanners for the study, must have each scanner certified.  Once certified, each MRI system must be re-evaluated by the same DWI phantom test procedure at established intervals.

X.3
Quality control of DWI studies

X.3.1
Determination of suitable tumor lesions

(Analogous to DCE profile)

X.3.2
Selection of target lesion


(Analogous to DCE profile)

X.3.3
Determination of subjects unsuitable for DWI analysis


(Analogous to DCE profile)

X.3.4
Determination of DWI exams unsuitable for DWI analysis


(Analogous to DCE profile)

X.3.5
DWI exam protocol compliance

The established clinical trial DWI protocol, including allowed parameter ranges, must be tabulated and compared to acquisition settings used for each trial DWI dataset submitted for evaluation.  A DICOM parameter “compare” software module is preferred to automate compliance assessment.  Protocol compliance or points of violation must be documented in a report.  A Sample QC report is provided in Figure XXX and YYY.

X.3.6
Editing DWI exams prior to DWI analysis


(Analogous to DCE profile)
Material below are sample tables only …………..
Target performance levels for site certification are summarized as follows:
Sample Table 1: DWI Phantom Target Performance Standards §
	ADC Bias

Error
(ADC vs True Value)
	ADC b-value Dependence
(ADC0-600 vs ADC0-800)
	ADC Spatial Dependence

(Right- vs Left- VOIs)
	ADC Random

Error
(single-side VOI)
	SNR of

High b-value DWI

	< 10%
	< 2%
	< 5%
	< 5%
	> 75:1


§ See section X for metric definitions  
I. Test Procedure – DWI Acquisition

The core DWI test sequence was designed for commonality with the ACRIN 6698 DWI sequence used on patients.  Greater details of the QC protocol are provided in Appendix I, although main acquisition elements of the DWI scan are summarized here.  

Sample Table 2: DWI QC test sequence:

	Sequence
	TR (ms)
	TE (ms)
	No. of Averages
	Parallel Imaging

	3-axes DW

Single-Shot EPI
	>8000
	80 ( 100
	2
	Factor 2 @ 1.5T
Factor 3 @ 3T

	
	
	
	
	

	FOV (mm)
	Matrix
	Slice Geometry
	Encoding
	b-values (s/mm2)

	320 x 320
	160 x 160 acq.

256 x 256 recon.
	Bilateral axial

30 slices,

4mm thick, 0 gap
	Freq axis = A/P
Phase axis = R/L
	0, 100, 600, 800


An important aspect of the QC protocol involves collection of four sequential DWI “passes”, where each pass is approximately 3minutes.  This design serves two purposes.  Multiple measurements spanning 12minutes are used to confirm the phantom was at thermal equilibrium.  A clear trend of decreasing ADC with each pass suggests the phantom was not at thermal equilibrium.  Secondly, repeated DWI scans provide an estimate of noise in each DWI pixel by the temporal variance of signal.
II. Submission of DWI Phantom Images

Do not de-identify DWI phantom images.  Submit all DWI phantom images, including non-DWI scans and screen-shots to the ACRIN Imaging Core Laboratory via TRIAD.  It is important to note that all images must be in DICOM format.
QC Report Generation:

[image: image15.emf]Figure 1:  (a) Schematic of DWI phantom; (b) MRI through central plane of phantom; (c) ADC map on quantitative color scale.  Diffusion coefficient of water at 0oC ( 1.1 x10-3 mm2/s.
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Figure 2: Photographs of DWI phantoms (a) before filling with icewater; (b) insulating foam envelope; (c) positioned in bilateral breast coil.
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S6Random Exror and %Bias Error at Hghestb.
For VOIT: ADC random error = 1.919%; ADC bias error = 5.1538%
For VOR: ADC random error = 1.8679%; ADC bias error = 5.0982%
For VOIB: /ADC random error = 1.6033%; ADC bias error = 4.3093%
For VOM:  ADC random error = 2.1397%; ADC bias error = 6.2336%
For VOIS: ADC random error = 1.7029%; ADC bias error = 4.7878%

SNRo Highest b DWI = 143.0861

Analys’s Seript: run_acrinG698_ac
Analysis Date: 20-Jan-2012

VOITypes: 1=All ROIs: 2=All RT; 3=AIl LT, 4=Ctr RT; 5=Ctr LT

For Voltype =
b= 100: VOI ave ADC = 11865 </ 0.14081 x10:2 mm2/s
ADC random srmor = 11.8375%; ADC bis emor = 6.130%
SNR2pass: @DWIL0 = 164.0204 @DWinis = 148,702
SNRvsbkg: @DWILO = 461.4846; @DWIib = 4917004
b= 800: VOl ave ADC = 11501 /- 0.026776 x10-3 mm2
ADC random sror = 23104%: ADC biss ermor = 5.3703%
SNR2pass: @DWIB0 = 164.0204 @DWinib = 142081
SNRvSbkg: @DWILD = 401.4846; @DWIhn = 336.9121
b= 600: VOl ave ADC = 11867 +/- 0.022186 x10-3 mm2
ADC random eror = 1.910%; ADC bias eror = 5.1538%
SNR2psss: @DWIL0 = 164.0204; @DWinio = 143.0861
SNRvSbkg: @DWILO = 461.4846; @DWIhin = 225.8737
%DIF|: ADCIOD vs ADCEOD = 2.8361%; ADCS00 vs ADCED

0.20588%

For Volype.
b= 100, VOI ave ADC = 11762 +/- 0.14363 x10:2 mm2/s
ADC random sror = 12.1672%; ADC bias armor = 7.1685%
SNR2pass: @DWIB0 = 171.8814; @DWinia = 150.5005
SNRvsbkg: @DWILO = 533.5521; @DWIib = 54,2818
b= 800: VOl ave ADC = 1.1875 +/- 0.022608 x10-3 mm2s
ADC random smor = 22781%; ADC biss e
SNR2pass: @DWIBO = 171.8814; @OWInG
SNRYsbkg: @DWILO = 533.5821; @DWiNib
b= 800: VOl ave ADC = 1120 +- 0.02178 x10:3 mm2is
ADC random srmor = 1.6876%; ADC biss ero
SNR2pass: @DWILO = 171.8814; @OWInb
SNRvsbkg: @DWILY = 533 5521; @DWiNib
%DIF|: ADCIOD vs ADCEOD = 1.13245%; ADCSD0 vs ADCED

0120,

For Volype.
b= 100, VOl ave ADC = 11868 +1- 0.13604 x10:3 mm2ls
ADC random sror = 11.4138%; ADC biss ermor = .0725%
SNR2pass: @DWIbD = 155,665 @DWinib = 1407150
SNRvSbkg: @DWILO = 449.4371: @DWIhio = 443,110
b= 800: VOl ave ADC = 11508 +/- 0.024145 x10-3 mm2s
ADC random smor = 20884%; ADC biss eror = 4.6008%
SNR2pass: @DWIB0 = 155,665 @DWinib = 120.7053
SNRvSbkg: @DWILO = 440.4371; @DWIho = 209,551
b= 800: VOl ave ADC = 1.1474 /- 0.01E367 x10-2 mm2s
ADC random srmor = 1.6033%; ADC biss ero
SNR2pass: @OWIN0 =
SNRvsbkg: @DWILO = 449.4371; @DWiNib
SDIF|: ADGIOD vs ADCEOD = 4.88745%; ADCB0D vs ADCE0 = 0.27955%.

For Voltype =
b= 100, VOl ave ADC = 11875 +/- 0.18138 x10:2 mm2/s
ADC random srmor = 15.1451%; ADC biss ermor = 6.8037%
SNR2pass: @DWIB0 = 167.863%; @DWinib = 128.1317
SNRvabkg: @DWILO = 538.2136: @DWIio = 537,478
b= 800: VOl ave ADC = 1.1268 /- 0.032611 x10-3 mm2s
ADC random srmor = 27704%; ADC biss emor = 6.3547%
SNR2psss: @DWIS0 = 167.863% @DWinib = 128.3585
SNRvsbkg: @DWILO = 538.2136; @DWib = 306.3085
b= 600: VOI ave ADC = 1.1268 +/- 0.025003 x10-2 mm2s
ADC random srmor = 2.13675: ADC biss eror = 6.2330%
SNR2pass: @DWIB0 = 167.863% @DWinib = 1262113
SNRvSbkg: @DWILO = 538.2136: @DWIhin = 310.265

SDIfF|: ADCI0D v ADCEOD = 2.4767%; ADCE00 vs ADCADD = 0.11383%,
For Volype.
b= 100, VOI ave ADC = 1.2207 +/- 0.14868 x10:2 mm2/s

ADC random smor = 12.0763%; ADC biss srror = 11.8504%

SNR2pass: @DWIBO = 137.1671; @OWING
SNRYsbkg: @DWILO = 422 3043; @DWINib
b= 800: VOl ave ADC = 1.1569 +i- 0.028184 x10-2 mm2s
ADC random eror = 2432%; ADC bias eror = 5.3628%
SNR2pass: @DWIB0 = 137.167%; @DWinib = 145.0047
SNRvsbkg: @DWILO = 422.3043; @DWIib = 298.3645
b= 800: VOl ave ADC = 1.1527 +1- 0.016626 x10-3 mm2s
ADC random srmor = 1.7026%: ADC biss ermor = 4.7678%
SNR2psss: @DWIBD = 137.1671; @DWinib = 125.0830
SNRvSbkg: @DWIBO = 422.3043; @DWIib = 240.6024
| %DIff]: ADC100 v= ADCEOD = 8.7685%: ADCED0 vs ADCEX

os10%




Figure XXX: Example of QC Report generated by UM Core Lab scripts.
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Figure YYY:  Example of QC protocol conformance check.  Dicom headers with values outside of allowed range per protocol are flagged as noncompliant. 
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