DeYoe – fMRI workflow

Workflow (with details for visual system mapping)

Ultimately, fMRI paradigms and behavioral tasks are only components of a complete workflow that should be optimized to achieve accurate, reliable results in as short a time as possible with minimum physician involvement and in compliance with the American Medical Association’s current procedural terminology (CPT) codes for fMRI. This overall workflow is not unique to vision mapping and, at the time of this writing, has not been standardized. Key components of the workflow are outlined in Figure??. Commercial vendors provide software tools that can aid the setup up and routine use of this or a similar workflow{??}. Once in place and optimized for a particular institution, a good workflow should help ensure that the imaging data are acquired in the same way with every patient and that all steps needed for quality assurance are performed each time. If a consistent workflow is not established and used daily, the physician is likely to be faced with imaging results whose validity is suspect or that are difficult to interpret with confidence (e.g. if the patient’s ability to maintain gaze with eyes open during vision mapping fMRI is not verified and documented in the imaging record.)
1. Patient interview, assessment, requesting imaging data
The patient’s initial entry into the workflow is typically through conventional methods established at each institution. At some point during the workup, it may become evident that the patient has or may develop a pathology-related vision deficit or that potential treatments (eg surgery) might impact visual system function through damage to central visual system components. In such case, ordering fMRI visual system mapping may be indicated either to assist diagnosis or to guide treatment planning and delivery. 
Typically, fMRI vision mapping is ordered as part of a more comprehensive suite of brain imaging data, so it may add relatively little in terms of imaging time or expense. Selection of fMRI tests for vision mapping will typically include a general purpose paradigm such as visual field mapping and possibly additional functionally specific tests (faces vs places, word form, or visual movement mapping), though the clinical utility and interpretation of such additional tests is not well established at the present time.
One important consideration is whether the patient has difficulty maintaining stable gaze for a period of 3-4 minutes (the typical duration of an fMRI vision test). Serious gaze instability can be detected during routine neurological testing and should be noted if present. fMRI vision mapping is typically contraindicated if gaze instability is too severe (greater than 1-2 degrees variation). 
If fMRI vision mapping is ordered, it is important to determine if the patient has any existing vision abnormalities, especially visual field deficits. To reliably screen for existing scotomata, a visual field perimetry test can be obtained (automated Humphrey perimetry or manual Goldmann perimetry, tested monocularly for each eye). It is particularly important to determine if the patient has any monocular or incongruous binocular scotomata. In such case, fMRI vision mapping should be obtained with the patient viewing the test patterns binocularly (as is typical) so that eloquent portions of visual cortex driven by either eye alone are identified as functional. 
As for any fMRI workup, an overall assessment should be made of the patient’s alertness, cognitive ability, and behavioral capabilities in order to flag any factors that could compromise the patient’s ability to perform the requisite behavioral tasks for fMRI (see below for vision mapping). For vision testing, it is important to determine if the patient suffers from photically induced epilepsy, since this can be a risk due to the high contrast, flickering stimuli used for vision mapping. This may not preclude vision mapping but should be considered and discussed with the patient. 
2. Conventional MRI

FMRI and DTI are rarely used alone but are typically combined with other types of convention imaging, particularly, T1-weighted anatomy (eg SPGR) with or without use of an injectable contrast agent to help delineate tumors and T2-weighted images of various types (eg FLAIR) to highlight edema and other pathological factors. These and other types of images (regional cerebral blood volume - rCBV, diffusion or perfusion weighted images, etc.) typically highlight anatomical structure or pathophysiological factors that help identify and localize the pathology to be treated/assessed. It is not uncommon, to order an initial imaging screen for diagnosis followed by more specific imaging tests for treatment planning and guidance.
For visual system mapping, conventional anatomical images can permit identification of key structures such as the occipital lobe, calcarine fissure (approximate location of V1) and parieto-occipital sulcus (usual anterior extent of occipital visual areas). Other useful landmarks in this respect are the posterior horns of the lateral ventricles, which at their most posterior extent typically cradle the more medial primary visual cortex within the calcarine fissure (figure ??). High resolution anatomical images also can reveal gross physical distortions of visual system structures due to tumor mass effects, congenital malformations, previous surgery or other CNS damage that can make it difficult or impossible to determine the location and integrity of cortical visual areas and pathways. In such cases, fMRI and DTI mapping may provide the only method for reliably identifying and localizing key vision-related structures.
3. Prescan training, setup and equipment Q/A. 
An important part of the workflow involves a series of steps to prepare the patient and equipment for scanning. MRI scanner operation and quality assurance should be conducted regularly (at least weekly). Besides procedures recommended by the scanner manufacturer, additional procedures to ensure high quality fMRI should be considered and have been described elsewhere (eg fBIRN recommendations?). Though regular Q/A testing of the MRI scanner is desirable, it has been argued that, barring serious malfunction, factors other than scanner hardware typically limit the reliability and reproducibility of fMRI data{fBIRN??}. Testing/calibration of peripheral equipment such as response buttons, video projectors and sound systems should be performed before each scan in order to document their functionality for later reference by the physician during interpretation.  

For vision testing it is particularly important to test, align, “zoom” and focus the video presentation system using a calibration test pattern that extends to the maximum extent of the display screen and contains a focusing pattern (eg Figure ??, note fine tilted lines within yellow fixation marker to aid focusing). It is recommended that the MRI technician or other staff member conduct an initial adjustment of the display system to achieve optimum setup, since patients often have difficulty conveying problems to the MRI technician. Common mistakes with back projection systems are using the incorrect screen (typically smaller than optimal) and failing to “zoom” the image to the maximum extent allowed by the screen. The latter typically requires the projector to be placed at a pre-arranged distance from the screen and the “zoom” control be adjusted precisely. Fixing all components of the projector system in place so they can’t be moved easily is recommended since errors in the size and focus of the stimuli will directly contribute to variability in the fMRI activation patterns. Use of a binocular optical system can avoid some of the above issues but commercially available systems typically have a significantly reduced field of view (leading to incomplete mapping of visual cortex). They also require proper adjustment of focus and eye spacing/centering by the patient to ensure that occlusions of the test pattern do not occur if the patient’s head position shifts. Such occlusions can block fMRI responses from portions of the test pattern that are not visible thereby potentially compromising the exam.  
Another essential step in pre-scan preparation is describing the behavioral task to the patient (e.g. fixation point dimming task) and having them practice it while being observed. This is best accomplished using a system (eg laptop computer) that can present the identical stimuli used during scanning and that can record behavioral responses (eg button presses) during the practice session for comparison with response records obtained later during the scan. Any indication of poor performance during training, including poor gaze control, should be recorded and passed on to the physician. 

Once the patient is placed into the scanner and the video display adjusted, it is important to verify that the entire test pattern is visible and reasonably well focused. This can be accomplished quickly using a test pattern such as that shown in Figure 1 and asking the patient which letters/colors they can or can’t see while maintaining gaze on the marker at the center of the display (this test also should be covered in the practice session). Any occlusions or difficulties must be corrected and/or recorded to permit accurate interpretation by the physician. 
Finally, just before running the fMRI scan, the technician should briefly repeat a description of the test and the instructions for the behavioral task, preferably using a short written statement that is read verbatim each time to ensure consistency. For patients who are cognitively challenged, sleepy, or distracted this can be essential since they may readily forget the earlier instructions.

4. Scan acquisition. Most modern high field MRI scanners have, or can be equipped to perform, conventional BOLD fMRI and reliable results usually can be obtained using the pulse sequence provided by the manufacturer. Typical scan parameters for a General Electric Signa?? 3T scanner using the ?? pulse sequence are: 
Field of view: 24 cm x 24 cm

Voxel grid: 96 x 96

Slice thickness: 2.5 mm,  Number: ??

Slice orientation: coronal or axial

Echo time (TE): ??

Flip angle: ??

Repetition time (TR): 2.0 sec.

Frequency/Phase encode directions: selected after short test scan to minimize warping    and dropout in the occipital lobe.

NEX:

Bandwidth:

Scan duration: 168 sec.

Users should be aware that to comply with CPT code requirements for fMRI, the presence of a physician or licensed psychologist during scan acquisition may be required to ensure proper evaluation of patient compliance and performance. This is required under codes 96020 and 70555 for paradigms involving cognitively complex tests not for “simple” motor and vision fMRI exams covered by code 70554. Nevertheless in all cases, best practice is to document behavioral compliance/performance objectively to permit valid interpretation by the physician at a later time. 
5. Post scan Q/A. Upon completion of each individual fMRI scan, the patient is asked to rate their alertness on a scale of 1 to 5 and this is recorded. Five indicates completely alert with no drowsiness; 4 indicates generally awake but not always alert, 3 indicates the patient was not sure if they were awake for the whole scan; and 2 indicates that they definitely fell asleep for a short period and 1 indicates they were asleep for the majority of the scan. The MRI technician also rates their assessment of the patient’s behavior and rates the overall quality of the scan, noting any problems.
Either during pre-scan training or during the post-scan Q/A it may become clear that the patient is having difficulty performing the fixation task adequately or that imaging time is limited or that fMRI signal quality is poor. In such case, useful data sometimes can be obtained by simply running the checkered annuli with passive fixation while the MRI technician verbally prompts the patient throughout the scan to keep watching the fixation marker in the center of the screen. In such case the technician should record a description of the problems encountered and any observations concerning patient performance and data quality.  

6. Post-processing and post-scan Q/A

Raw fMRI data need to be computationally processed to yield a time series of brain images acquired every TR period (e.g. 2 sec) during the scan. Typically, this time series is further processed to reveal changes in brain activation produced by the visual stimulus/task and to compute various statistical measures that can be used to help identify statistically reliable activation foci. For the visual field mapping stimuli described above, the data are also processed to identify the stimulus locations (eccentricity and angle) that maximally activate each voxel and to compute functional field maps. 
MRI scanner vendors provide software that can produce basic volumetric (slice-oriented) fMRI brain maps but more sophisticated analysis packages that streamline and automate post-processing and provide helpful tools for clinical use are available from other software vendors{??}. A variety of fMRI analysis packages are also available as “freeware”. Though powerful, “research oriented” packages are not optimized for routine clinical use and can require considerable effort and dedicated expertise to produce reports in a timely fashion.  
The following list highlights several of the more common computational steps involved a typical post-processing sequence for clinical use.
1) Reconstruction of raw MRI data to produce a time series of 3-dimensional volumes of slice images (typically provided by scanner manufacturer). Ideally yielding DICOM compatible images{??}. 

2) Combine fMRI images with anatomical and other image data including potential correction for warping and misalignment. This can be critical for accurate spatial localization of BOLD foci and should be checked for each patient.
3) Examination of timecourse data for artifacts, potential rejection thereof, and computation of overall data quality measures.

4) Clustering, region of interest definition (optional).

5) Computation of amplitude/variability metrics and statistical measures such as student’s T, Fisher’s F, Cross correlation r.
6) Spatial smoothing, normalization (AMPLE).
7) Test-specific measures/analyses (eg functional field maps)

7. Display / Report / Interpretation / Treatment guidance / Archiving
Once the initial post-processing has been completed, the data are typically imported into a software viewing system that may itself perform some of the foregoing post-processing computations as well as others designed to enhance the display of data for interpretation. Typically, multiple types of conventional MRI, fMRI, DTI and other imaging data will be combined in the viewer to provide an integrated picture of the patient’s condition. Ideally, virtually an unlimited number of data sets can be overlaid and should be co-registered to ensure proper alignment. Display packages vary widely in the features they provide,  relevance for clinical use and ease of use. In a clinical setting, an in-house, post-processing technician or commercial post-processing service typically will prepare the data for physician viewing and generate a technical report summarizing overall data quality and any issues that arose during data acquisition. In this respect, the technical report should include all procedural and Q/A information needed by the physician to perform medical interpretation of the data.

Typically, viewer features are adjusted by the physician to yield an optimum display for medical interpretation and medical report generation. Typical parameters that are manipulated include selection of data sets to overlay, statistical measures, significance thresholding to identify reliable activation foci, degree of smoothing or clustering, pseudocolor scale selection, transparency, and outlining. Since these adjustments are typically customized to help reveal features of interest to the physician, their settings must all be recordable and capable of being “frozen” to ensure that the same images and display settings used to make the medical interpretation can be archived as a permanent record and can be recovered at a later time for re-examination if needed. Not all software packages, especially those intended primarily for research, have this capability. 
Besides handling image viewing, the software should also permit recording and perusal of other essential information needed to interpret the data. Ideally, all behavioral performance measures, calibration measures, technician evaluations and comments obtained during patient training and data acquisition should appear in the viewer. Also included should be a complete description of the stimuli/tasks for each fMRI paradigm and the scanner parameter settings (typically included in the DICOM headers of the image data themselves). A good rule of thumb is that all information needed to virtually recreate the imaging session should be available (though not necessarily displayed by default).  This information, and especially the behavioral performance data, is required in the final medical report to be compliant with the CPT-compliant billing.  
Procedures for use of the imaging data for medical diagnosis and treatment guidance typically depend on the preferences and practice of physicians at a given institution. Often this may involve a conference among the relevant healthcare professionals including neurologists, radiologists, neurosurgeons, neurooncologists and psychological testing professionals and, if available, may involve interactive use of the display software to explore issues that arise during the conference.    
For archiving and treatment guidance it is desirable that the viewing software is capable of exporting the relevant information to other systems such as a picture archiving and communication system (PACS) or intraoperative guidance system. At present, universal compatibility between such systems is lacking though efforts are underway to establish standards and thereby enhance portability.

8. Follow-up and Outcomes Assessment
Depending upon the patient’s pathology, prognosis and treatment, additional followup imaging may be required such as monitoring for tumor progression or re-occurrence, though fMRI is not generally used for this purpose. However, there is an important need for further validation of fMRI imaging in terms of its ability to accurately reflect the functional status of brain tissue under a wide variety of clinical conditions and in terms of its ability to affect treatment outcomes. For such purposes, followup imaging including fMRI after treatment combined with careful outcomes assessment could be invaluable if the opportunity should arise. 
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