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A. Patient evaluation and fMRI paradigm selection

Patient training on behavioral task and quantitative assessment of performance

Approximately 15 minutes (30 minutes for children under 8yo) are spent talking to the patient to explain the tasks and assess whether the patient understands and will be able to perform the tasks in the scanner.  The referring physician will usually have specified whether language or motor assessment is the primary concern, but the exam usually assesses both functions.  

For language mapping, we check whether the patient is able to see the stimuli, read the words presented, and comprehend the instructions. If English is not the primary or only language, we train on the appropriate language (we have used Spanish, Japanese, Hebrew, Turkish, and German thus far).
For motor mapping, we always train the patient to perform a hand movement task. Depending on the location of the lesion we will also train on a foot movement task, and/or a mouth movement task.  For patients who cannot move their hands or feet we may demonstrate how we will have them do a passive movement task, in which they attempt to move the limb but will have the movement aided by someone else (usually a family member if available and capable.)
B. Paradigm design

For language mapping we usually use a single sentence completion task. The patient reads a short visually presented sentence ending in a blank, for which the missing word is fairly obvious. The patient is told to read the entire sentence silently, sounding out each word in his/her head and adding an appropriate word at the end, but not moving the mouth or making any sound. Sentences should be read repeatedly as long as they are on the screen.  The rest condition is visually similar consonant-only pseudo words with ending blanks; the patient is instructed to simply scan across the letters but without trying to sound them out or look for any meaning – just let their mind go blank.  The task involves alternating 24s blocks of speech and rest and lasts 6m24s.

Alternative versions of language paradigms include:

  - auditory presentation of stimuli (pre-recorded sentence fragments and scrambled control sounds)

  - combined visual and auditory presentation of stimuli

  - a Cat in the Hat read-along story, presented with combined pictures, text, and prerecorded sound. The patient repeats the story as it is read, line-by-line.

  - a picture naming task, where simple objects are presented visually and the patient is asked to silently or quietly name them.

For motion mapping we usually use an alternating hand (or foot) paradigm presented visually using a rest-state crosshair and flashing arrows on the left or right to indicate and pace movement on that side.  The task involves 9s blocks in the sequence: <rest> <left side motion> <rest> <right side motion>, The entire task runs for 6m24s but is usually terminated after about 3m once the activation map stabilizes, as determined by real-time fMRI analysis.
In some cases the actual task used must be adapted to the patient’s needs and abilities.

D. Equipment Q/A checks and calibrations

Our MRI scanners undergo a daily QA scan to assess SNR, FSNR, signal stability, and image quality. Significant deviations from the norm result in service calls.
E. Patient preparation, instructions, behavioral check, adjustment of peripheral equipment

Patients lie supine in the magnet with their heads inside a standard 8-channel head coil. They use foam ear plugs and have auditory head-phones to present sound stimuli, reduce scanner noise, and reduce head motion. Foam pads are inserted between the headphones and coil to prevent motion. They view visual stimuli via a mirror mounted on the coil, which allows them to see a screen ~30cm behind their head, upon which video stimuli are projected from the rear of the magnet.

We routinely monitor respiration and eye movement during fMRI scanning so the patients are also fitted with an elastic respiration belt and an eye camera is mounted on the head coil. Fitting and adjusting both the belt and camera takes under a minute total set-up time.
F. Pre-scan setup, shimming, selection of slices and other imaging parameters

The scan session starts with ~10 minutes of structural imaging:

- 3-plane localizer scan (30s)

- calibration scan for parallel imaging (6s)

- whole brain high-resolution axial T1 scan (3m30s) ~1x1x1mm voxels

- T2 FLAIR scan (2m18s) 24 oblique axial slices parallel to AC-PC, ~1x1x5mm voxels

- High order shim scan (~1m)

The functional mapping scans are prescribed using the same slices as the T2 images.

After the fMRI, an axial 15 direction DTI scan is usually performed (~5m) ~2x2x2mm voxels. The DTI volume is centered to approximately match the center of the fMRI volume in order to avoid re-shimming.
G. Performance of fMRI scans including patient task instructions, performance monitoring

Immediately before each fMRI scan the short training practice task is presented again and the instructions are repeated via the scanner intercom. Task performance is monitored (eye-movement and hand/foot movement) and we verify that the patient understands the task, knows to stay still, and is ready.

During the scan task performance is monitored in real-time by direct observation of eye movement for language scans and hand or foot movement for motor scans. Our paradigm software also provides real-time oscilloscope-like display of respiratory and eye-movement signals, which can be used to monitor alertness, compliance, and task-related physiological response changes.
During fMRI scans we routinely perform real-time fMRI image analysis to display head motion plots (intensity stability and image center of mass) and brain activation maps. If head motion is excessive or task-related activation signals are not seen, the task is stopped and the problem is evaluated. This usually involves making sure the patient is awake and can see or hear the stimuli, reminding him/her to stay still, and/or adjusting padding within the head coil.

Our real-time fMRI activation analysis allows us to monitor the stability of the brain activation map over time.  Once the activation pattern stabilizes we typically terminate the task and scan, as our experience (and published reports) have shown that continued scanning is unnecessary.  Stable maps are generally obtained within ~3m for hand motion tasks, and ~5m for language tasks.  For activations that are close to brain lesion sites the tasks are usually allowed to run to completion.

For tasks that do not produce clear brain activation patterns or do not appear to stabilize over time we will usually talk to the patient after the scan and then either repeat the same type of task or use a complementary task to map that function. 
H. Post-scan evaluations of alertness, performance

These are evaluated in real-time, not post-scan.
I.  Post processing, artifact detection etc.

Following each fMRI scan, we perform a standardized post-processing procedure to remove low-frequency drift signals, perform spatial smoothing, and generate task activation t-maps. This processing takes ~10s and is usually performed on the scanner console as soon as the subsequent scan series has been started.
Head movement during fMRI scans is post-processed when necessary by removing individual images that were acquired while the head was moving. We do not routinely perform image motion correction per se because such algorithms can introduce new activation artifacts and in our experience do not outperform motion censoring. 
At the beginning of the first fMRI scan we process the whole-brain T1 images to generate a 3-D brain surface reconstruction. This is performed on the scanner console as an interactive procedure that takes ~20s.

Once all fMRI scan series have been completed, remaining post-processing steps are usually carried out on the scanner console during the 5 minute DTI scan series. For this, the anatomical, functional, and activation map images are displayed along with the 3-D brain surface reconstruction. Image registration of functional and anatomical images is checked by overlaying high contrast EPI images (initial image prior to T1 saturation) onto 3-plane views of the T1 anatomical images. The registration of brain surface and gyral patterns is aligned automatically and then inspected visually, particularly in the vicinity of brain lesions. Head motion between scan series or image misregistration due to geometrical distortions is adjusted manually if necessary. Registration parameters obtained are copied from the EPI series to the computed activation maps. A color image showing red EPI images overlaid onto green T2-weighted coplanar anatomical images is saved as a JPEG file in order to demonstrate registration and susceptibility distortions of EPI relative to conventional anatomical images.
Color-coded brain activation images are then generated by superimposing each functional statistical map onto coplanar T2 images and saved as JPEG files. Statistical activation threshold is usually set at a t-value of 4.0 but may be decreased (e.g. to 3) or increased depending on whether the overall BOLD activation signal was weak or strong.  Threshold adjustments are carried out by an experienced operator in consultation with the neuroradiologist; actual threshold levels are displayed on each JPEG image saved.
To compensate for variability in BOLD signal to noise levels and resulting threshold variability of apparent brain activations, we also generate normalized brain activation maps using our published AMPLE algorithm. These AMPLE maps normalize the spatial extent of activation based on the peak statistical values within local active regions. Only active regions with statistically significant (p < .005) peaks are normalized. The resultant normalized maps have been shown to be highly reproducible with respect to location and extent of activation, across repeated task runs and independent of scan duration. Generating such normalized maps currently takes ~1m at the scanner console. We then use the AMPLE results to generate normalized brain activation maps. We typically color code hand motor maps in green, foot motor in blue, mouth motor in red, and language activation in orange/yellow. These maps are overlaid together onto coplanar T2 images, and onto separate axial, coronal, and sagittal T1 views (with 5mm slice spacing). JPEG images of all overlaid activation maps are generated with patient IDs and color code labels. 

Finally, we perform image segmentation processing of the T2 images to extract the approximate extent of lesion hyperintensity, color code that as purple, and then generate a composite brain surface summary map in which the lesion and all color-coded activation areas are overlaid in 3-D on the patient’s brain surface reconstruction. One or more orientation views are saved in JPEG images.
All the above fMRI processing is typically performed at the scanner during the last DTI scan series.
For quality assurance, fMRI activation images generated using our standard customized processing software described above are routinely compared with activation maps generated using the scanner’s own real-time fMRI analysis software (Brainwave) for orientation, alignment, and approximate location of activation areas. 

J. Report generation and content, including technical Q/A and evaluation

All JPEG images generated at the scanner are transferred to a secure web-site and are also embedded into a template report Word document. Patient identifiers are added along with a summary of the imaging procedure and any unusual aspects of the scan session. Patient’s task performance is indicated for each task as well as a summary of head motion measurements. The report template is sent to the interpreting neuoradiolgists by e-mail.
K. Clinical interpretation
Any available clinical history is reviewed via the hospital information system. Pertinent prior imaging studies available in the PACS system are reviewed for the purpose of localizing the lesion(s) of interest. Color overlay images are then viewed for interpretation of regions of eloquent cortex, ie. essential for a particular motor, perceptual or higher cognitive function. All regions of activation identified on the supra-thresholded color overlay images are not necessarily considered eloquent, rather prior information based on expected location of eloquent cortex for a given task is taken into account. For each region of activation considered eloquent, three characteristics are identified and reported:

1. Gyral/sulcal location of the region of activation
2. Relationship to the lesion given in qualitative terms of distance and direction

a. Distance (abutting, within 1 cm, 1 to 2 cm, greater than 2cm, remote)

b. Direction (of the activation focus with respect to the lesion with up to three axes of displacement – eg. Medial-lateral, superior-inferior, anterior-posterior)

3. Degree of confidence in the location (consistent with, may represent, likely artifactual)

Color arrow annotation supplements the above text descriptions for each focus interpreted as eloquent. Any possible confounds, including susceptibility artifacts, vasogenic edema, tumor infiltration, that might limit the sensitivity of the exam are identified and an assessment of their effect on diagnostic confidence is given. 
The report consist of the following sections: 

1. Demographic information

2. Indication

3. Technique

4. Structural imaging findings

5. Functional imaging findings for each paradigm

6. Impression (Conclusions are summed up in an impression that addresses the clinically relevant question as well as any clinically significant unexpected findings or limitations.)

7. Annotated images
L. Archiving and export to treatment systems

All anatomical images and DTI maps (ADC, FA, and color-coded directional maps) are archived on the hospital PACS. Although we have the technical ability to upload fMRI activation maps to PACS and/or surgical neuronavigation systems (i.e., BrainLab and Stealth) we do not typically do so. Importation into the navigation system requires a knowledgeable operator and there has not yet been sufficient demand.
M. Follow-up
We keep track of treatment decisions made for fMRI patients via feedback from neurosurgery and the patient’s hospital record. Almost all patients undergoing clinical fMRI also provide signed informed consent for their images and associated treatment information to be collected and used for research aimed at validating and improving clinical fMRI procedures. Their deidentified data are collected and organized into a patient fMRI database. We have approximately 400 such patients and continue to add ~80 patients per year. 
Use of fMRI by referring physicians

fMRI is ordered by the neurosurgery, neurointerventional radiology or neurology (epilepsy service) services for evaluation of treatment risk for tumors, vascular malformations or epilepsy surgery. The most common indications are expressive and receptive language lateralization and localization, and hemispheric localization of hand motor cortex in patients with lesions in close proximity to the expected locations of these eloquent cortical areas (i.e., often frontal and temporal lobe lesions). This information may alter the decision to go to surgery, any further diagnostic procedures, whether an attempt is made to biopsy, partially or fully resect the lesion(s), as well as the surgical approach, craniotomy size and/or whether or not, and the manner in which awake craniotomy with intraoperative cortical mapping is employed.
