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1. Executive Summary 
This Profile has been developed to provide a systematic approach for optimizing Blood Oxygen Level Dependent (BOLD) fMRI brain mapping for treatment planning prior to surgery or invasive treatment intervention. Whereas the primary purpose of this Profile development is for individual patient care, application of the best practice guidelines it creates has application to clinical trials as well.  

Task-induced BOLD fMRI can be used clinically as a biomarker for functionally eloquent brain tissue that might be at risk of damage from invasive procedures used to treat brain cancer or other focal pathologies (ref).  The clinical utility and professional acceptance of BOLD as a biomarker is dependent on the reproducibility and validity of task-induced BOLD response patterns - the primary measure produced by BOLD exams and from which secondary quantitative measures are derived (ref). Current methodology is quite variable at all stages from exam administration, data acquisition, analysis and report of results, and can best be described by a model of integration across multiple data acquisition systems, MR and data analysis platforms.  To address reproducibility we take into account the degree to which variability in methodological approach (e.g., patient training, data acquisition methods, data analysis approaches and devices employed) impact the accuracy and specificity of readout measures derived. The current priority of the QIBA BOLD fMRI Technical Committee is to characterize the current state of the art and to identify sources of variability in methodology which contribute significantly to variance and negatively affect quantitative measures derived. If we can reduce the variability associated with the methodological approach we can improve reproducibility and the quantitative value of fMRI as a biomarker.

Our initial studies provide quantitative measures of BOLD signal reproducibility that will be used in the statement of claims included as part of QIBA BOLD fMRI Profile 1.0. The same results will be provided to the scientific community at large in order to fill a critical gap in existing knowledge about BOLD fMRI reproducibility as assessed using quantitative measures that are particularly relevant for clinical use in pre-surgical planning.
This QIBA BOLD Profile 1.0 is expected to provide specifications that may be adopted by users as well as equipment developers (hardware and software devices) to meet targeted levels of clinical performance in identified settings. This profile makes claims about the precision with which hemodynamic response in eloquent cortex can be measured and displayed under a set of defined image acquisition, processing, and analysis conditions.

The intended audience of this document is: 

· Technical staff of vendors planning to participate in the QIBA initiative 

· Practicing clinicians at healthcare institutions considering appropriate specifications for acquiring equipment

· Experts involved in quantitative medical image analysis 

· Anyone interested in the technical and clinical aspects of medical imaging 

2. Clinical Context and Claims
BOLD fMRI is used as a tool for pre-treatment planning in individual patients with brain lesions, including tumors, vascular malformations and epileptogenic foci. For such patients, fMRI can identify and spatially map healthy brain tissue that is potentially at risk of damage from surgical or radiation treatment of a neighboring pathology site. The presenting symptoms and location of the pathology determine the particular region or regions of the brain to be mapped and the behavioral paradigm(s) selected (e.g. motor task, language task) to evoke a change in BOLD response. The change in BOLD signal (relative to a control condition) provides information about the brain region(s) involved in task performance and about the proximity of this eloquent cortex to the brain site(s) to be treated. Endpoints that will influence treatment planning include risk assessment (impact of treatment on functioning cortex, e.g. surgical or radiation induced damage) and predictive value estimation (will damage to eloquent tissue result in a deficit). The goal of this profile is to specify the procedures and quantitative parameters under which BOLD fMRI is an accurate and reliable predictor of brain function, that is, as a valid imaging biomarker for medically meaningful changes in brain activity elicited by a particular task.

The clinical context sets out the utilities and endpoints for presurgical mapping cases and then proceeds to identify targeted levels of quality for named measurement read-outs that may be used in the relevant clinical indications. A brief description of the technique and assumptions is provided below:

Assumpton 1 – Neuro-vascular-fMRI coupling: A BOLD fMRI signal that is temporally synchronized with the onset/offset of a sensory stimulus or behavioral task is a valid indicator (biomarker) of the local hemodynamic response to that stimulus/task.  Furthermore, the hemodynamic response is assumed to be an indicator of the local neuronal response.

Assumption 2 – Functional specificity: Increased BOLD signal within brain area X produced by paradigm Y is a valid indicator of the function of area X (which can be extended to imply that excision or damage of  area X could produce a functionally related neurological deficit.)  

Repeated clinical experience, though anecdotal, is that these assumptions are valid.* Provide brief summary of evidence and provide appendix of extensive review of literature in support of assumptions.

Claims characterizing reproducibility of BOLD response

A. Biomarker measurand: Local T2* MRI contrast change (reflecting a hemodynamic response to change in brain activity) – commonly referred to as the BOLD fMRI signal (the biomarker is a measurable physical property)
a. Context of use: Preoperative fMRI mapping of eloquent cortex for treatment planning/guidance
i. Cross-sectional measurement: Localization of BOLD signal as index of eloquent cortex (motor, language, and/or visual cortical areas)
1. Index: the center of mass of activation of a focus of interest
· Bias Profile:

· Precision profile:

· On a test-retest basis, the center of mass of activation of a focus of interest can be determined with a 5mm repeatability coefficient
2. Index: the spatial extent half-maximum border of activation clusters
· Bias Profile:

· Precision profile:

· On a test-retest basis the spatial location of the half-maximum border of an activation cluster can be determined with a 10mm repeatability coefficient
3. Index: the relative magnitude of activation in homologous 
regions across hemispheres
· Bias Profile:

· Precision profile:

· On a test-retest basis, the relative magnitude of activation in homologous regions across hemispheres can be determined with a 10% repeatability coefficient

· For each index, should also indicate Reproducibility (Intra-class Correlation Coefficient [ICC]; Concordance Correlation Coefficient [CCC], Reproducibility Coefficient [RDC]):

· Specify conditions, e.g.,
· Measuring System variability (hardware and software)
· Site variability
· Operator variability (Intra- or Inter-reader)
· Time interval (across days/weeks etc)

ii. Longitudinal change measurement (if specified)

1. List Indices: (as above, including sub-parts)

(Define reproducibility/repeatiblity terms) as part of an appendix – Erich to add language

Utilities and Endpoints for Clinical Trials
**Describe one or more utilities or endpoints this Imaging Protocol could serve in a Clinical Trial. (e.g. to determine eligibility of potential subjects in the clinical trial; to triage eligible subjects into cohorts based on stage or severity of disease; to assess response to treatment; to establish the presence of progression for determining TTP, PFS, etc.; to monitor for adverse events; to establish a database for the development, optimization, and validation of imaging biomarkers, etc.) 
 
3. Profile Details

The Profile is documented in terms of “Actors” performing “Activities”.

Equipment, software, staff or sites may claim conformance to this Profile as one or more of the “Actors” in the following table.  Compliant Actors shall support the listed Activities by meeting all requirements in the referenced Section.  Failing to comply with a “shall” is a protocol deviation.  Although deviations invalidate the Profile Claim, such deviations may be reasonable and unavoidable as discussed below.

Table 1: Actors and Required Activities

	Actor
	Activity

	Section

	Acquisition Device and its providers
	Subject Handling
	3.1.

	
	Image Data Acquisition
	3.2.

	Technologist
	Subject Handling
	3.1.

	
	Image Data Acquisition
	3.2.

	
	Image Data Reconstruction
	3.3.

	Physician or Scientist 
	Subject Handling
	3.1.

	
	Image Analysis
	3.4.

	Reconstruction Software
	Image Data Reconstruction
	3.3.

	Image Analysis Tool
	Image Analysis
	3.4.


The sequencing of Activities specified in this Profile are shown in Figure 1: Feroze new illustration

[image: image2]
The requirements in this Profile do not codify a Standard of Care; they only provide guidance intended to achieve the stated Claims.  Although deviating from the specifications in this Profile may invalidate the Profile Claims, the radiologist or supervising physician is expected to do so when required by the best interest of the patient or research subject.  How study sponsors and others decide to handle deviations for their own purposes is entirely up to them. 

The requirements included herein are intended to establish a baseline level of capabilities. Providing higher performance or advanced capabilities is both allowed and encouraged and the profile is not intended to be limiting in any way with respect to capabilities. The intention is not to dictate implementation details.
It is assumed that the patient’s referring physician(s) will determine the appropriateness and utility of an fMRI exam based on the patient’s medical history, symptoms, treatment options, prognosis and other relevant information. It is further assumed that the physicians will anticipate the likelihood that an fMRI exam will provide information that will be useful to the assessment, diagnosis, treatment of the patient’s medical condition*. (In other words, the following procedures are not intended to specify the medical rationale for conducting an fMRI exam of a particular patient.)
3.1. Subject Handling

3.1.1 Timing Relative to Treatment
BOLD imaging exams are typically performed prior to interventional procedures such a surgery or radiation treatment though re-imaging during or after treatment may also be used to guide and/or verify treatment. 
3.1.2. Subject Selection Criteria related to Imaging
Local policies for contraindications for absolute MRI safety should be followed; definitions of relative and/or absolute contraindications to MRI are not within the scope of this document.

The QIBA fMRI committee acknowledges that there are potential and relative contraindications to MRI in patients suffering from claustrophobia. Methods for minimizing anxiety and/or discomfort are at the discretion of the physician caring for the patient.

3.1.3 Preparation Prior to fMRI exam

3.1.3.1 Discussion

Task-fMRI signals arise from the patient’s performance of a sensory, motor or cognitive task during the fMRI scan.  A patient’s pathology and associated deficits may affect their ability to perform the task, so, can significantly affect the measured signal specificity, sensitivity and reproducibility. Consequently, the patient’s skills and abilities, as well as associated pathology, should be taken into account when selecting a task paradigm and establishing performance expectations. For this reason, consistent use of criteria for patient skill assessment and task selection are required to meet the claims of this Profile. 
The task paradigm should be simple yet sufficiently challenging to adequately engage the patient in performance of the task. Radiologists and supervising physicians may modify tasks or relax performance criteria when required to accommodate a patient’s abilities, but in such cases the fMRI data may not be compliant with the Profile claims. The task should be functionally specific, which means that the paradigm has been shown to reliably activate those brain areas that are necessary for the performance of the task (add footnote of caveats about this statement?). The task should produce BOLD signals of sufficient amplitude to meet the specifications below
. If fMRI data will be acquired and compared over multiple imaging sessions (i.e. pre- and post-surgery), then identical task paradigms should be used in each session to enhance reproducibility of results. A more complete discussion of paradigm design with descriptions of example paradigms used to map sensorimotor, language, vision and auditory brain regions can be found in Appendix ?. 


Following selection of task paradigms, the patient should be trained to perform the tasks prior to entering the MRI scanner. After training, they should be familiar with the task and comfortable with performance expectations. 
Recording/documentation of paradigm type, any modifications, and patient performance is essential for proper interpretation of the fMRI scan results. Automated recording is recommended to ensure accuracy and completeness but manual recording can be acceptable. In either case, the recorded information should be included with the image data as part of the scan record. 

The following specifications are minimum requirements to meet Profile claims.
3.1.3.2 Specification

	Parameter
	Specification

	Task paradigm selection
	The Physician/Scientist shall select a task paradigm that is appropriate for the subject’s performance abilities and functionally specific for the brain areas of interest.


(Multiple paradigms specific to pathology)  - Will this be in the Appendix? This must include the paradigms for which the profile claims are valid, but how do we go beyond that without testing a lot of paradigms?
3.1.4 Subject Ability Assessment and Training 
3.1.4.1 Discussion

Consistent training and assessment avoids performance anxiety and/or poor performance which negatively affect exam results. It is important to provide information to the patient regarding the flow of the exam (e.g. order of the tasks, what can be expected in terms of time for each paradigm administered). If the patient has never been in an MR scanner, the technologist should review what is to be expected in terms of noise, discomfort, etc.


3.1.4.2 Specification

	Parameter
	Specification

	Subject Training
	The Technologist shall train the subject on all task paradigms that they are expected to perform during the exam and observe/record performance. If the patient is unable to perform the task within an accuracy of 75%-95% correct, a task that is more appropriately matched to patient ability should be selected and practiced.


3.1.5 Subject Positioning

3.1.5.1 Discussion

Consistent positioning avoids unnecessary changes in attenuation
, changes in gravity induced shape and fluid distribution, or changes in anatomical shape due to posture, contortion, etc. Appropriate positioning that is comfortable and requires no overt muscle tension to maintain helps minimize patient movement during the scan. Head motion can significantly degrade or even destroy fMRI data quality. Hence it is important to use restrainers such as foam pads to minimize head movements. Significant details of subject positioning include the position of the arms, the anterior-to-posterior curvature of the spine as determined by pillows under the back or knees, the lateral straightness of the spine. When the patient is supine, the use of positioning wedges under the knees and head is recommended so that the lumbar lordosis is straightened and the scapulae are in contact with the table. However, the exact size, shape, etc. of pillows is not expected to significantly impact the Profile Claim. It is expected that clinical trial documentation or local clinical practice will specify the preferred patient positioning.

Recording the Subject Positioning and Table Heights in the image header is helpful for auditing and repeating baseline characteristics.

3.1.5.2 Specification

	Parameter
	Specification

	Subject Positioning
	The Technologist shall position the subject consistent with baseline.  If baseline positioning is unknown, position the subject supine if possible, with devices such as positioning wedges placed as described above.

	Table Height & Centering
	The Technologist shall adjust the table height for the mid-axillary plane to pass through the isocenter.  
The Technologist shall position the patient such that the “sagittal laser line” lies along the sternum (e.g. from the suprasternal notch to the xiphoid process).


3.1.6 Subject Positioning w/respect to Peripheral Stimulus Delivery Equipment

3.1.6.1 Discussion

Comfortable positioning reduces unnecessary movement, fluctuations in comfort, attention and/or performance.  Significant details of subject positioning include visual acuity correction to assure clarity of visual stimuli, as well as adjustment of the volume of auditory stimulus delivery systems.  It is expected that clinical trial documentation or local clinical practice will outline the method for determining if stimulus delivery equipment has been positioned properly according to manufacturer/vendor guidelines.
It is critical to properly adjust the fMRI stimulus presentation devices (e.g., goggle device or mirror on or above the head coil) to correctly adjust for visual acuity and ensure that the entire visual display is visible to the patient. This minimizes squinting and movement of the eyes/head during scanning. Occlusion of portions of the visual display by glasses frames or improper positioning can degrade fMRI visual field mapping results. It is strongly recommended that the scanner technologist or an assistant view test stimuli from the position of a patient within the scanner since mis-adjustment can be difficult to assess from outside the bore. If stimuli are presented aurally, placement and adjustment of headphones is important for establishing appropriate volume control. For monitoring motor responses MR compatible button boxes, grip devices or trackballs should be positioned such that the patient is able to operate the device easily, without hindrance or inadvertent movement of the head. It is advisable to use foam padding to reduce head motion, and use foam ear plugs to reduce interference from scanner noise when a proper audio presentation system is not used. Details regarding types of peripheral equipment alternatives are described in section 3.2.
Once positioned in the MR scanner, a quick review of the task is recommended to be sure that the patient is still familiar with what they will see or hear, and what they are asked to do during the task.
3.1.6.2 Specification

	Parameter
	Specification

	Peripheral Equipment Adjustment
	The Technologist shall adjust the peripheral equipment such that the patient is able to see stimuli clearly and easily through the visual stimulus delivery equipment and to hear stimuli via audio system device. Response devices should be placed appropriately before the beginning of the exam.


3.2 Data Acquisition
During fMRI data acquisition, brain image volumes are acquired repeatedly (e.g. every 2 sec.) during the MR scan, which typically lasts several minutes. During the scan, the patient performs a behavioral task. Data documenting the patient’s performance must be obtained. The complete data record will include the brain images, a description of the fMRI imaging pulse sequence and parameter settings, a record of synchronization trigger signals, a description of the task paradigm with actual performance data as well as any incidental observations of the MRI technologist. It is essential that all of these data are included in the clinical record and are passed on to post-processing, archiving, and to the physician for clinical interpretation. 
MRI scans for fMRI analysis will be performed on qualified equipment. It is recommended to use a field strength of 1.5 Tesla or higher with fMRI capabilities. It is also important to have appropriate personnel present during the scan to meet CPT code requirements. MRI scan acquisition typically starts with a shim scan and localizer scan to correct magnetic field inhomogeneities and to prescribe slice positioning respectively. This is typically followed by T1 or T2 anatomical scans to cover the whole brain. One or more fMRI BOLD scans are then obtained. The fMRI scan duration is determined by the duration of the behavioral paradigm, typically allowing a short initial period of 6-8 seconds at the start for the scanner to reach dynamic equilibrium. It can be helpful to identify fMRI data files with names that are unique to the task paradigm to avoid later confusion during post processing.

Precise synchronization of stimulus presentation and image acquisition (to within +/- 100 msec.) is highly recommended. The hardware and software to control stimulI and task presentation can be a standalone computer or integrated into the MR scanner console. As previously mentioned, the visual presentation of the stimulus can be displayed via MR compatible equipment such as binocular goggles or projector-based systems (LCD Monitor, or Projector). The audio stimulus can be presented using audio delivery systems provided with the MR scanner or via a third party system designed for presenting stimuli in the MR environment. Monitoring task performance (direct observation of eye movement, finger/hand/foot movement etc) as well as recording patient responses (button box or other devices to monitor patient performance) is highly recommended. Frequent communication between the patient and technician between scan series to assess comfort and attention, and to provide intermittent instruction is required. It is also helpful to provide frequent reminders to the patient to avoid head movements once scanning has begun, stressing that movements between scans are also to be avoided in order to maintain head alignment across scans. 
It is highly recommended that the sites perform quality assurance tests on their devices for improved and consistent data quality. These tests should include daily?? SNR and fSNR measurements to test for scanner signal and image quality and operational tests of the fMRI specific equipment such as response buttons, video projector, goggles, audio etc prior to placing the patient in the scanner.  

3.2.1 Scan Synchronization/Triggering requirements
3.2.1.1 Discussion
It is recommended to perform BOLD fMRI imaging with precise synchronization at the start of the scan and the start of the stimulus presentation using trigger pulses.

3.2.1.2 Specification
	Parameter
	Compliance Levels

	Synchronization timing
	Acceptable
 MR technologist starts scan and task presentation by manually pressing start buttons at same time.
Ideal
Synchronization of scan and task presentation via electronic trigger signals accurate to within +/- 100 msec or better.





Online recording of actual timing and trigger signals during acquisition is highly recommended and such records shall be included as part of the permanent data record.
3.2.2 Stimulus specifications

3.2.2.1 Discussion
The visual stimulus should be clearly seen and stable and should be of a specific size, ideally specified in units of visual angle. For visual field mapping a display size of at least 15o radius is desirable in order to activate a large portion of visual cortex. If the display is only used for prompting or presenting words, shapes etc., then the display can be smaller though should still be easily visible to the patient.
3.2.2.2 Specification
	Parameter
	Compliance Levels

	Specs
	Acceptable
Minimum Display size that is easily seen/read by the patient
Ideal
Minimum Display size of at least 15o radius from fixation point.



3.2.3 Monitoring of Task performance (SOV; Compliance Item)
3.2.3.1 Discussion
Monitoring the patient’s performance of the task during scan acquisition is essential. Performance failure / inconsistency can degrade the fMRI data or even render it unusable. This may be particularly true for certain types of fMRI tasks such as motor tasks. It is also recommended to record an assessment of task performance after each scan. Some recommended methods to monitor performance are described below.

3.2.3.2 Specification

	Parameter
	Compliance Levels

	Specs
	Acceptable
Technologist manually observes and evaluates response adequacy/consistency
Ideal
Automated hardware recording of responses via manipulandum.



3.2.4 Monitor Respiration (Decided to have a different category but don’ know where for the moment.

This is a huge source of variability, 3% on 3T.
	
	

	
	


3.2.5 Anatomical/Structural Images  (SOV; Compliance Item, Standardization needed)
3.2.5.1 Discussion
The BOLD T2* images are reconstructed on the scanner as individual images or as mosaics.  An fMRI series will typically consist of several measurement periods. Each individual measurement period will have a set of images corresponding to the anatomical coverage specified by the user (typically whole brain).  The total imaging time to acquire an fMRI series will depend on the repetition time (TR) and the number of measurement periods acquired throughout the series. 

3.2.5.1 Specifications
The following parameters describe what the acquired images shall contain/cover.  
	Parameter
	Compliance Levels

	Anatomic Coverage 
	Acceptable
Coverage of Area of interest


	Field of View
	Acceptable
Coverage of Area of interest 

Ideal
Whole brain


	Scan Duration

Motor Task;

Language Task;
	Acceptable
2 min

Ideal
3 min



	Scan Plane (Image Orientation)
	Acceptable
Transverse or Axial
Ideal
Transverse or Axial



The following recording requirements are noted:

	Parameter
	Compliance Levels

	Image Header
	Acceptable
Number of Measurement Periods; Actual Anatomic Coverage, Field of View, Scan Duration, and Scan Plane shall be recorded.



3.2.6 Data Qualification
3.2.6.1 Discussion
fMRI data can be degraded or rendered unusable due to the presence of several types of artifacts/defects that should be evaluated prior to or during post-processing. Such artifacts include head movement, neurovascular uncoupling, task performance failure or various electronic sources of noise.
Breath hold scans (NVU)
3.2.6.2 Specifications
	Parameter
	Compliance Levels

	Overall data quality
	Acceptable



Data Quality Requirements
3.2.7 MRI Signal specifications (SNR, fSNR) (SOV; Compliance Item) (Leave it in the profile) ((Justification Required)
3.2.7.1 Discussion

3.2.7.2 Specifications
	Parameter
	
	Compliance Levels

	1.Spatial SNR
	
	Acceptable
Minimal artifact (Potentially corrected prospectively)
Ideal
No artifact 


	
	
	

	2. Temporal SNR
	
	Acceptable
Ideal


	3. Subject Motion
	
	Acceptable: Should be done immediately after data acquisition 

Ideal: To monitor in real time. 

	5. Task dependant SNR
	
	% Signal change measured is greater than _________ (It encompasses a number of items listed above) 

	4. Task performance
	
	


Spatial SNR measurement: 

SNR: Mean signal of the Tissue 1/ Spatial Stdev of noise (air) (measured where?)
CNR: (Mean signal of Tissue 1 – Mean signal of Tissue 2) / Spatial Stdev of noise (air).
Coil Characteristics affect the BOLD signal. (field homogeneity/image bias fields)
Include in the DRO various pulse sequence parameters that might affect the SNR.

(Bandwidth, FOV, slice thickness, number of averages, flip angle)
spatial resolution (spatial frequency specification)

N/2 ghosting in EPI images (to follow ACR definitions and guidelines)
SAR measurements (to follow ACR definitions and guidelines)

geometrical distortions (EPI versus T1) (Susceptibility effects)
phantom – signal in sample/noise (acquire 2 images and calculate difference to get noise)

T1, T2, T2* weighted images

Human –

anatomical (T1, T2) 

T2* - Measured on phantom (scanner manufacturers), measured on subject
Temporal SNR measurement:


Mean signal / Temporal Stdev after removing the drift (averaged over non-task regions?) (reference from Dominco) expected value = 70-100.
Measured on phantom (to measure temporal stability on a standard ACR phantom), measured on subject (It can task based data or resting state data, if task based data is used then signal regressed from the task based regions). The data should be motion corrected (rigid body alignment between various time points) and linear detrended before the TSNR measurements.
Subject motion measurement: 

Translation, rotation of each image/volume as functions of time (threshold of what is good data or not?) (Another paper on quantitative measurement on motion limits acceptance, Dominoco).

Levels: mean motion, maximum motion, cumulative motion, percent of scan without motion
Task performance measurement:


Performance (graded or binary evaluation) as function of time


Levels: mean performance, percent of scan with acceptable performance (same as mean if binary)
Task-dependent SNR measurement:


Net task-correlated signal change/Temporal Stdev [t-value?] (in putative active regions?)


Temporal contrast to noise (peak to peak task-based signal/signal without task)


In Fourier domain: power at fundamental task freq/power in adjacent 2-3 freq bands


Levels: 
3.2.8 Post/During Scan Requirements

3.2.8.1 Patient assessment (Compliance Issue)
	Parameter
	Compliance Levels

	Subject Interview (Post)
	Acceptable
Please check with the subject if they performed the task

Ideal


	Parameter
	Compliance Levels

	Technologist Evaluation
	Acceptable
Technologist’s evaluation of the subjects performance

Ideal



Real-time results evaluation
	Parameter
	Compliance Levels

	Specs
	Acceptable
Its is acceptable to evaluate the results offline
Ideal
Online real-time



3.3 fMRI Data Post-Processing
FMRI post-acquisition processing and statistical analysis can be performed with software provided by the scanner manufacturer or by 3rd party vendors.  A variety of software and algorithms are available for this purpose (See Appendix). This section provides guidelines and recommendations for obtaining high quality, reliable brain maps of fMRI activation patterns. Post-processing computations and displays can vary considerably, so the following description is only intended to be generally representative. Raw fMRI acquisition data are typically converted to DICOM compliant image-based data consisting of image volumes acquired repeatedly (every TR period) during an fMRI scan. Thus, the fMRI signal for each brain voxel is represented as a temporal waveform varying in magnitude over time. Each voxel’s waveform is typically smoothed in 3-dimensions using a gaussian kernel with full width at half maximum equal to 1.5 x the intervoxel spacing to improve SNR. The resulting signals are then typically de-trended which includes removal of any DC, linear and possibly additional low order trends. Artifacts identified manually or automatically may be removed, and slice timing differences corrected. Head motion during the scan is typically identified, measured and corrected through image coregistration within the BOLD scan as well as registration with T1 or T2 structural images. The registration transform is typically saved for later Q/A check to access the patient’s motion. A variety of statistical tools (GLM, correlation, etc) methods can be used to perform statistical analysis to create color functional brain maps. These maps are typically viewed superimposed on structural data or as 3D maps created for better visualization by the end users. Individual maps pertaining to different behavioral tasks are created. These maps can be saved in DICOM, generic formats on the scanner or PAC and archival systems. 

Generation of a technical report that documents all relevant aspects of each scan and the post-processing procedures is highly recommended. This report should include a summary of the imaging procedure, patient task performance, qualitative and quantitative summary of head motion, subjective assessments of artifacts and outliers, assessment of the data alignment (functional vs structural), pre-, during- and post- scan evaluation of the patient, and any potential neurovascular uncoupling.

The items listed below describe many of the most common fMRI post-processing steps, but other steps may be used routinely or sporadically by different sites:
3.3.1 Anatomical Image Quality (SOV)
	Parameter
	Compliance Levels

	Specs
	Acceptable
The scanner functions within its specification and gives good data. 

Draft some kind of specifications for this item.
Ideal
High resolution being able to identify gyri and sufficient to segment gray/whitee matter.



3.3.1.1
Segmentation of Anatomical data

(Keep it in here but less importance at this point)
3.3.1.2 Intensity  nonuniformity correction of Anatomical data

(Keep it in here but less importance at this point)
3.3.5
Field Inhomogeneity Correction/Compensation (SOV) (Actors: Scanner/Software Manufacturer
	Parameter
	Compliance Levels

	Drift Specs
	Acceptable
Manual check for geometric distortion and minimize distortion using manual functions such as nudge and informing clinicians about the distortion.
Ideal
Obtain B-field map and use to  correction distortion with appropriate software 



3.3.2
Patient Motion (SOV) 
Patient head motion is one of the largest and most prevalent sources of variance in the fMRI signal. In the extreme, it can render that fMRI data useless. More moderate levels may prevent profile compliance  or limit accuracy and sensitivity. Consequently, quantitative measurement of head motion for each fMRI scan is highly recommended. This typically can be computed from the fMRI image data themselves using scanner or 3rd party software. 

3.3.3
Motion Correction (SOV)
Potential correction of head motion by co-registering fMRI image volumes obtained throughout the scan is controversial.  Although, correction often can improve valid signal detection, it has also been found to occassionally degrade signal detection in some subjects/scans. Consequently, the ideal strategy for dealing with head motion is to try to eliminate such motion during acquisition (see above). However, when working with patients some head motion may be unavoidable, in which case use of motion correction may make a marginal dataset usable. 
3.3.4
Coregistration (SOV)

	Parameter
	Compliance Levels

	Specs
	Acceptable
Gyri line up, anatomy between EPI and or T1/T2.
Ideal
Field map corrections needed, 



Cox paper.
3.3.5
3D spatial smoothing
  Smoothing of time course data using a spherical gaussian kernel with FWHM = 1.5X?? voxel spacing (along smallest dimension).
3.3.5
Low Frequency drift correction (SOV; Compliance)

  Low freq is less than ~0.016 Hz – need to identify acceptable scanner signal change at low freqs

3.3.5
High Frequency noise (SOV; Compliance)

   High freq is greater than ~0.24 Hz – need to identify acceptable scanner signal change at low freqs

1.3.6 Slice timing correction – need to be aware
3.3.7.1
Spatial signal non-independence  (SOV, Compliance)

    Non-independence of signals in neighboring voxels – how much MR signal spread is a problem?

    Some PSD’s result in more spread (e.g. spiral); some scanners do more spatial smoothing
3.3.7.2   Spatial variability in BOLD HRF  (SOV, Compliance)
     HRF’s can vary by region (e.g. due to vascular differences, pathology)

     Variability can affect timing of HRF (faster/slower) or could affect shape

     Could affect sign of HRF (ref Ted)
3.3.8. Statistical Model Specification (GLM/Correlation/tTest/??) (SOV; Compliance)

        Big topic – includes all signal sources presumed to contribute to observed response, and how to extract brain activation signal of interest

        To be pursued

3.3.9 Statistical map generation (SOV ??; Compliance, Standardization needed)

        This is presumably the step of applying the above model to make a map.

        Variability here may be mostly standardization.

3.3.10 Statistical map threshold (SOV ??; Compliance, Standardization needed)

        Variability here may be mostly standardization

3.3.11
Overlay fMRI data onto Anatomical data (SOV ??)
        Variability here may be mostly standardization

3.3.12
Functional map generation (Compliance)

3.3.13 Color Map Specifications (SOV; Compliance ??)

        Variability here may be mostly standardization

3.3.14 Registration parameters

3.4 Parametric Image formation

3.5 Parametric Image Analysis

Color overlay characterization

- Review of color overlays

- Gyral/Sulcal location

- Gyral/Sulcal distance

- Lesion/Cluster margin characterization

- Characterization of Artifacts

- Confidence Index

- Documentation for CPT requirements
Technical Report Specifications

Color Images

Imaging procedure summary

Patient motion summary

Artifact summary

Patient evaluation summary

NVU summary

Clinical Report Structure

-Demographic information

- Indications

- Techniques

- Structural imaging findings

- Functional imaging findings

- Annotated images

- Clinical Impression

5. Storage and Distribution

5.1
Data Storage specification

5.2 Data sharing specification
4. Compliance
4.1 Acquisition - Scanner

Compliance to specifications as set out in the Image Acquisition section above.  Additionally, compliant Acquisition Devices shall provide means to record the information identified in the Subject Handling section as means to document compliance of the Performing Site to the specifications noted there.

4.2 Acquisition - Peripheral Equipment

Compliance to specifications as set out in the Image Reconstruction section above.  Additionally, compliant Reconstruction Software shall propagate the information collected at the prior Subject Handling and Imaging Acquisition stages and extend it with those items noted in the Reconstruction section.  See the compliance procedure notes associated with Acquisition Devices above for procedural assistance to identify Model Specific Parameters for Reconstruction Software.
4.3 Software Analysis 

Compliance to specifications as set out in the Image Analysis section above.  Additionally, compliant Software Analysis Tools shall propagate the information collected at the prior Subject Handling, Imaging Acquisition, and Imaging Reconstruction stages and extend it with those items noted in the Analysis section.

4.2 Image processing software specifications (Compliance)
	Parameter
	Compliance Levels

	Specs
	Acceptable
Ideal



4.4 Performing Site

Typically clinical sites are selected due to their competence in oncology and access to a sufficiently large patient population under consideration.  For imaging it is important to consider the availability of:

· appropriate imaging equipment and quality control processes, 

· appropriate peripheral equipment and contrast media,

· experienced MR technologists for the imaging procedure, and

· processes that assure imaging protocol compliant image generation.

A protocol specific calibration and QA program shall be designed consistent with the goals of the clinical trial. This program shall include (a) elements to verify that sites are performing the specified protocol correctly, and (b) elements to verify that sites’ CT scanner(s) is (are) performing within specified calibration values. These may involve additional phantom testing that address issues relating to both radiation dose and image quality (which may include issues relating to water calibration, uniformity, noise, spatial resolution -in the axial plane-, reconstructed slice thickness z-axis resolution, contrast scale, CT number calibration and others). This phantom testing may be done in additional to the QA program defined by the device manufacturer as it evaluates performance that is specific to the goals of the clinical trial. 
Staff requirements for fMRI 
	Parameter
	Compliance Levels

	Specs
	Acceptable
MRI technologist trained in performing fMRI behavior protocols
Ideal
Please follow the description in the CPT code described below



Description of currently approved CPT codes.

70554
Magnetic resonance imaging, brain, functional MRI; including test selection and administration of repetitive body part movement and/or visual stimulation, not requiring physician or psychologist administration   (Approved at 2.11 RVUs for physician work and a total of 2.81 RVUs for professional payment, 13.71 RVUs for technical payment adding up to 16.52 RVUs when billed globally)  70554 is not to be reported in conjunction with 96020 or 70555

70555 
Magnetic resonance imaging, brain, functional MRI; requiring physician or psychologist administration of entire neurofunctional testing   (Approved at 2.54 RVUs for physician work for a total of 3.37 RVUs)  70555 can only be reported when 96020 is performed.

96020 
Neurofunctional testing selection and administration during noninvasive imaging functional brain mapping, with test administered entirely by a physician or psychologist, with review of test results and report.  (Approved at 3.43 RVUs for physician work for a total of 4.46 RVUs.)  Do not report 70554 & 70555 in conjunction with 70551-53 unless a separate diagnostic MRI is performed.
5. References (from this section on left in as placeholder – all to be updated with specific fMRI TC information)
6. Appendices
Appendix A: Acknowledgements and Attributions
This imaging protocol is proffered by the Radiological Society of North America (RSNA) Quantitative Imaging Biomarker Alliance (QIBA) Functional MRI (fMRI) Technical Committee. The fMRI technical committee is composed of scientists representing the imaging device manufacturers, image analysis software developers, image analysis laboratories, biopharmaceutical industry, academia, government research organizations, professional societies, and regulatory agencies, among others. All work is classified as pre-competitive. A more detailed description of the fMRI group and its work can be found at the following web link: http://qibawiki.rsna.org/index.php?title=Volumetric_CT.  
The Volumetric CT Technical Committee (in alphabetical order):



The fMRI Technical Committee is deeply grateful for the support and technical assistance provided by the staff of the Radiological Society of North America.  
Appendix B: Conventions and Definitions
Acquisition vs. Analysis vs. Interpretation: This document organizes acquisition, reconstruction, post-processing, analysis and interpretation as steps in a pipeline that transforms data to information to knowledge. Acquisition, reconstruction and post-processing are considered to address the collection and structuring of new data from the subject. Analysis is primarily considered to be computational steps that transform the data into information, extracting important values. Interpretation is primarily considered to be judgment that transforms the information into knowledge. (The transformation of knowledge into wisdom is beyond the scope of this document.)  
Bulls-eye Compliance Levels Acquisition parameter values and some other requirements in this protocol are specified using a “bulls-eye” approach. Three rings are considered from widest to narrowest with the following semantics:  
ACCEPTABLE: failing to meet this specification will result in data that is likely unacceptable for the intended use of this protocol.  
TARGET: meeting this specification is considered to be achievable with reasonable effort and equipment and is expected to provide better results than meeting the ACCEPTABLE specification.  
IDEAL: meeting this specification may require unusual effort or equipment, but is expected to provide better results than meeting the TARGET.  
An ACCEPTABLE value will always be provided for each parameter. When there is no reason to expect better results (e.g. in terms of higher image quality, greater consistency, lower dose, etc.), TARGET and IDEAL values are not provided.  
Some protocols may need sites that perform at higher compliance levels do so consistently, so sites may be requested to declare their “level of compliance”. If a site declares they will operate at the TARGET level, they must achieve the TARGET specification whenever it is provided and the ACCEPTABLE specification when a TARGET specification is not provided. Similarly, if they declare IDEAL, they must achieve the IDEAL specification whenever it is provided, the TARGET specification where no IDEAL level is specified, and the ACCEPTABLE level for the rest.  
Other Definitions: 
Image Analysis, Image Review, and/or Read: Procedures and processes that culminate in the generation of imaging outcome measures, such tumor response criteria. Reviews can be performed for eligibility, safety or efficacy. The review paradigm may be context specific and dependent on the specific aims of a trial, the imaging technologies in play, and the stage of drug development, among other parameters.  
Image Header: The Image Header is that part of the file or dataset containing the image other than the pixel data itself  
Imaging Phantoms: Devices used for periodic testing and standardization of image acquisition. This testing must be site specific and equipment specific and conducted prior to the beginning of a trial (baseline), periodically during the trial and at the end of the trial.
Intra-Rater Variability is the variability in the interpretation of a set of images by the same reader after an adequate period of time inserted to reduce recall bias.  
Inter-Rater Variability is the variability in the interpretation of a set of images by the different readers.  
A Time Point is a discrete period during the course of a clinical trial when groups of imaging exams or clinical exams are scheduled as defined in the study protocol.  
Appendix C: Task Paradigm Specifications
Appendix D: 
Table G.1: Acquisition Device Model-specific Parameters Demonstrated to Achieve Compliance 

IMPORTANT NOTE with respect to this example table: The presence of specific product models/versions in the following tables shall not be taken to imply that those products are fully compliant with the QIBA Profile.  These settings were determined by the team in the 1C study as an example of how it could be done but more strict attention to all parameters identified in the Profile are necessary in order for a company to claim any particular model is compliant.  That said, we appreciate the good will and help that the vendors represented here have provided in this early phase of QIBA.
	Acquisition Device
	Product Setting to Achieve Compliance Levels

	GE Discovery HD750 sct3
	kVp

120

Number of Data Channels (N)

64

Width of Each Data Channel (T, in mm)

0.625

Gantry Rotation Time in seconds

1

mA

120

Pitch

0.984

Scan FoV

Large Body (500mm)



	Philips Brilliance 16 IDT mx8000
	kVp

120

Number of Data Channels (N)

16

Width of Each Data Channel (T, in mm)

0.75

Gantry Rotation Time in seconds

0.75

Effective mAs

50

Pitch

1.0

Scan FoV

500



	Philips  Brilliance 64
	kVp

120

Number of Data Channels (N)

64

Width of Each Data Channel (T, in mm)

0.625

Gantry Rotation Time in seconds

0.5

Effective mAs

70

Pitch

0.798

Scan FoV

500



	Siemens Sensation 64
	kVp

120

Collimation (on Operator Console)

64 x 0.6 (Z-flying focal spot)

Gantry Rotation Time in seconds

0.5

Effective mAs

100

Pitch

1.0

Scan FoV

500



	Toshiba Aquilion 64
	kVp

120

Number of Data Channels (N)

64

Width of Each Data Channel (T, in mm)

0.5

Gantry Rotation Time in seconds

0.5

mA

TBD

Pitch

.828

Scan FoV

Medium and Large




Table G.2: Reconstruction Software Model-specific Parameters Demonstrated to Achieve Compliance 
IMPORTANT NOTE: The presence of specific product models/versions in the following tables shall not be taken to imply that those products are fully compliant with the QIBA Profile.  These settings were determined by the team in the 1C study as an example of how it could be done but more strict attention to all parameters identified in the Profile are necessary in order for a company to claim any particular model is compliant.  That said, we appreciate the good will and help that the vendors represented here have provided in this early phase of QIBA.
	Reconstruction Software
	Product Setting to Achieve Compliance Levels

	GE Discovery HD750 sct3
	Reconstructed Slice Width, mm

1.25

Reconstruction Interval

1.0mm

Display FOV, mm

350

Recon kernel

STD



	Philips Brilliance 16 IDT mx8000
	Reconstructed Slice Width, mm

1.00

Reconstruction Interval

1.0mm (contiguous)

Display FOV, mm

350

Recon kernel

B



	Philips  Brilliance 64
	Reconstructed Slice Width, mm

1.00

Reconstruction Interval

1.0mm (contiguous)

Display FOV, mm

350

Recon kernel

B



	Siemens Sensation 64
	Reconstructed Slice Width, mm

1.00

Reconstruction Interval

1.0mm

Display FOV, mm

350

Recon kernel

B30



	Toshiba Aquilion 64
	Reconstructed Slice Width, mm

1.00

Reconstruction Interval

1.0mm

Display FOV, mm

TBD

Recon kernel

FC12




Table G.3: Image Analysis Software Model-specific Parameters Demonstrated to Achieve Compliance 

IMPORTANT NOTE: The presence of specific product models/versions in the following tables shall not be taken to imply that those products are fully compliant with the QIBA Profile.  In particular, the following example table only has placeholders for these example products which need to be replaced with product model-specific settings in order to claim compliance.
	Image Analysis Software
	Product Setting to Achieve Compliance Levels

	Siemens LunCARE
	a

<settings to achieve…>

b

<settings to achieve…>

c

<settings to achieve…>

d

<settings to achieve…>



	GE Lung VCAR
	e

<settings to achieve…>

f

<settings to achieve…>

g

<settings to achieve…>

h

<settings to achieve…>



	R2 ImageChecker CT Lung System
	i

<settings to achieve…>

j

<settings to achieve…>

k

<settings to achieve…>

l

<settings to achieve…>



	Definiens (name specific product)
	m

<settings to achieve…>

n

<settings to achieve…>

o

<settings to achieve…>

p

<settings to achieve…>



	Median (name specific product)
	q

<settings to achieve…>

r

<settings to achieve…>

s

<settings to achieve…>

t

<settings to achieve…>



	Intio (name specific product)
	u

<settings to achieve…>

v

<settings to achieve…>

w

<settings to achieve…>

x

<settings to achieve…>




�What is this adjective trying to convey? Is it needed? It appears to make all measurements valid only if referenced to the activation in another region…


�Is this relevant for us? Leave in.


�I assume these will be modified to be appropriate for each “actor”?


�Or in the appendix?


�I removed the comments about specific methods to do this since this could vary considerably. Instead, I tried to capture the essential requirement that needs to be met. 





Although it is helpful to document the training, the recording and reporting of performance is most essential DURING acquisition. So, should this section be moved to section 3.2?


�I modified this to avoid confusing task SELECTION vs task DESIGN. The criteria for selection should be to achieve adequate task performance. Criteria for task design would be as described here. I suggest we create a separate section about task design. This might also require creating an additional workflow step prior to interaction with the patient… or this could be handled in a separate appendix on task design. In such case, task design is treated similar to a hardware specification but is not part of the clinical workflow itself.


�What is this referring to?


�Should we have a separate section on report generation?
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