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Introduction

Motivation

Task Group Charge
Background

Accuracy of US localization

Ultrasound target localization is an inexpensive in-room image guidance technique that can easily be added to existing treatment machines.  Its advantages over the imaging of implanted fiducials using 2D MV or KV portal imaging, KV or MV cone beam CT, or helical MV CT are that it is non-invasive, relatively fast, inexpensive, and that no additional imaging dose is delivered to the patient.  However, several recent studies have called the ability of ultrasound alignment systems to improve localization for external beam prostate treatments into question
 
 
., 
  
  
 
   
  
  
  
       The concerns raised by these studies can be classified into the following four categories: 4
(i) Accuracy of localization:  comparison of US localization to portal imaging of implanted radio-opaque markers shows that under some conditions US localization does not improve patient positioning. 4,5,6,7 
(ii) Intrafraction motion:  depending on clinical setup, prostate motion may be significant over the duration of a treatment. 1,2,3,4, 
 , 8,9,10
(iii) Interuser variation:  differences in localization performed by different users may be significant in some clinical situations  4, 6  
, 

(iv) Abdominal pressure:  the US probe itself may move the prostate significantly, especially if excessive pressure is used 4, 11   

It is likely that the significance of each of these factors is dependent upon the clinical setup and the localization system used.  These concerns arose from studies that aligned the prostate on two orthogonal 2-D US images based on the position of implanted gold fiducial markers, without the use of a rectal balloon. On the other hand Orton and coworkers14 have compared the pretreatment prostate localizations obtained from helical MVCT and 3D Ultrasound prostate localization for 8 patients whose prostate had been immobilized using a rectal balloon. It is important to note that Orton and coworkers14 also showed that the rectal balloon allows one to effectively immobilize the prostate over the course of a typical treatment fraction, hence their data does not suffer from possible prostate motion that could have taken place between the two imaging events. They found that 3D Ultrasound localization would have improved positioning for six of the eight patients, when compared to alignment to the skin marks. The two patients for whom no improvement was found had been judged unsuitable for 3D Ultrasound target localization since they imaged poorly due to being obese but were kept in the study. Hence, not all patients are suitable for Ultrasound target localization and for these patients prostate localization using implanted fiducial makers maybe advantageous.  

Physics of Ultrasound
Recall that diagnostic ultrasound is simply the compression and rarefaction of a medium at a frequency in the 3-10 MHz range, which is also typical of most radiation therapy guidance systems. The velocity of sound (c) in soft tissue is approximately 1540 m/s. The acoustic impedance (Z) of a material is defined as
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where ( is the density of the material. Some typical impedance values are presented in Table 1.

Table 1

	
	Density (kg/m3)
	Sound Speed (m/s)
	Acoustic Impedance (kg/m2s)

	Water
	1000
	1480
	1.48

	Muscle
	1070
	1542-1626
	1.65-1.74

	Liver
	1060
	1566
	1.66

	Lung
	400
	650
	0.26

	Kidney
	1040
	1567
	1.62

	Fat
	920
	1446
	1.33

	Brain
	1030
	1505-1612
	1.55-1.66

	Bone
	1380-1810
	2070-5350
	3.75-7.38

	Blood
	1060
	1566
	1.66

	Air
	1.2
	333
	0.0004


When an ultrasound pulse is transmitted into a material, it is reflected off the interface between two areas of differing impedance. The magnitude of the reflection depends upon the magnitude of the impedance mismatch according, under simplifying assumptions, to
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where (t is the sound power reflection coefficient of a plane wave at normal incidence to a planar interface between two media, and Z1 and Z2 are the acoustic impedances of the two materials, respectively  
. If two different tissues have the same acoustic impedance, no signal will be reflected. Referring to Table 1, it can be seen that the reflected wave will be very small for many tissues in the body.

The pressure amplitude P(Z,f) of an ultrasound beam is attenuated according to 
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where f is the ultrasound frequency and ((f) is here the attenuation coefficient. Typical clinical values of Z and f yield ((f) ( 0.5 dBcm-1MHz -1      
.  Therefore higher frequency beams are more highly attenuated than lower frequency beams, decreasing the effective depth of penetration (visibility of structures at depth).

The wavelength of the ultrasound is given by 
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The physics of detection mandate that the wavelength must be smaller than the object to be detected for that detection to occur. A 6 MHz beam in water has a wavelength of 0.25 mm and is attenuated by 3 dB/cm. It can be seen that ultrasound imaging seeks to optimize a trade off between axial resolution and depth of penetration. The dynamic range of a detected echo can exceed 150 dB.
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If the ultrasound beam impinges upon reflectors of dimension d for which d<<λ, the waves are scattered rather than undergoing a specular-type reflection. Most tissues are comprised of small scatterers, causing a superposition of scattered waves arriving at the transducer, producing the typical speckled pattern seen in medical ultrasound.

The ultrasound transducer acts as both the transmitter and receiver of the ultrasound pulses. It is an array of small transducer elements, typically up to 196 individual elements, that may be addressed individually or in groups. This addressability enables the system to steer and focus the beam.

The ultrasound pulse is emitted normal to the excited elements and centered over the selected element subset. Successive beams are obtained by shifting the subset of excited elements across the face of the transducer, as shown in Figure 1. The time for sweeping the subsets across the face of the transducer is on the order of 100 ms.

[image: image7.emf]
Figure 2 provides a typical geometry for an ultrasound beam. The lateral beam width is controlled as described above. The elevational beam width is controlled by the long dimension of the transducer element. All ultrasound beams have  widths that vary with distance from the transducer. The region closest to the transducer is called the Fresnel zone, which covers the region from the element face to the point of focus. Beyond the focus is called the Fraunhofer zone. The length of the Fresnel zone and the width at the focus are determined by the dimension of the transducer element in that plane.

A simplified description of the ultrasound imaging process is as follows: The transducer transmits ultrasound pulses that are then reflected and scattered within the tissue. The transducer listens for reflected pulses and the two dimensional image is built up by equating the depth of the reflection, r, to the time (, it took to receive the reflected pulse according to the range equation
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Further information regarding beam and image formation is given in other works 
 , 

Quality Assurance Recommendations
Clinical Process
The basic clinical process of ultrasound IGRT for prostate involves the following steps —  1) Patient selection, 2) CT simulation (with or without ultrasound), 3) Set patient positioning plan, 4) Patient positioning and treatment  
Patient Selection

In patient selection, it is important to realize that not every prostate cancer patient is a good candidate for ultrasound.  Ultrasound imaging of patients who are very large may result in poor quality images.  Patients who cannot hold their bladder may result in inconsistent images. 
CT Simulation

 In CT simulation, patients undergo CT imaging and simulation for the purpose of planning and positioning.  Of the four commercially available ultrasound devices, only Resonant's Clarity has the option of ultrasound simulation (U/S Sim).  The ultrasound simulation is performed either immediately prior to or after CT in the same coordinate system.  The ultrasound and CT images are then co-registered.  
Treatment Planning

In setting the patient positioning plan, target and/or surrounding structures are drawn on CT (or ultrasound in the case of Clarity).  The plan is then exported to the ultrasound unit at the treatment machine, and is used as reference for comparison with subsequent ultrasound for patient alignment.  

Patient Positioning and Treatment

Immediately before treatment, patient is ultrasound scanned, and the image set is registered to the reference set either manually or automatically.  This is typically done by matching the reference contours to the image set, or to the contours generated on the image set.  The goodness of the match is then verified by the staff.  The deviation between the two image sets is automatically calculated, and the patient is then repositioned by the calculated deviation by moving the tabletop.  Typically, a device is attached to the tabletop to monitor the shift.  Finally, the ultrasound image set, and the shift parameters are recorded in the system to be reviewed or approved later.  

Technical Issues
The use of ultrasound in image guidance has certain technical issues of which the user should be made aware.  These include, but not limited to, 1) tissue heterogeneity  2) probe pressure on the abdomen during scanning, 3) user experience and interuser variability, 4) inter-imaging modality dependence (i.e., CT v. US), 5) intra-fraction motion, 6) organ deformation, 7) calibration phantom integrity and 8) repositioning accuracy   

Tissue heterogeneity:  In ultrasound imaging, the distance between the transducer and any point on the image is determined by the speed of sound in the medium and the time it takes for the sound wave to travel this distance.  However, the speed of sound varies in the human body.  It ranges from 330 m/s in air to 3360 m/s in skull bone.  For body scanning, it is typically assumed that the speed of sound is 1540 m/s, which is the speed of sound of soft tissues.  In other words, the body is assumed to be homogeneous, and made of soft tissues.  For prostate scanning, the sound waves travel from the skin to the prostate through layers of fat, muscle, and urine which have different speed of sound (see Table 1).  Heavily calcified prostate can also affect the speed of sound significantly.  This difference in sound speed translates to a deviation in actual distance, and thus the location on the ultrasound image.  Szpala et al.
 estimated that the distance deviation for a typical prostate patient with full bladder undergoing ultrasound scan was -2.7 mm.  In addition, if the tissue interface is not normal to the direction of the propagation of sound waves, refraction at the interface can occur.  Refraction occurs if the ultrasound probe is directed at an oblique angle to the abdomen, especially when a fanning scan is performed to obtain a 3D view of the target.  The amount of refraction depends on the speed of sound in the two media at the interface and the incident angle of the sound waves, and can be calculated by Snell’s law.  For a typical patient with a full bladder undergoing ultrasound 3D scan, the amount of refraction has been estimated to be about 2 mm (Szpala et al. 2006).  It should be noted that the deviation due to the variation of speed of sound and the refraction can be neglected if the ultrasound image is registered to a reference ultrasound image and acquired in the same fashion, unless there has been a substantial change in the anatomy since the initial ultrasound scan is taken, such as bladder volume change, or in the method of scanning, such as the placement of the probe.  If the bladder is filled with CT contrast agent during the simulation, and the ultrasound scan of the prostate is to be designated as the reference image set, the user should determine if the contrast agent affects the speed of sound through the bladder significantly.   This can be done experimentally by measuring the depth of a container filled with various concentration of the contrast agent.  

Probe pressure:  In order to obtain good ultrasound scan of the prostate, user may need to exert some pressure on the abdomen from the ultrasound probe.  This pressure may displace the prostate significantly 15 
  
 
   In one study 22 , 10 healthy young volunteers underwent an ultrasound imaging procedure that simulates localization of prostate during online ultrasound guidance.  An ultrasound probe was initially placed transaxially on the abdomen angled toward the prostate with as little pressure as possible until the prostate and seminal vesicles could be identified.  The pressure on the abdomen was increased by moving the probe toward the prostate in fixed step increments.  It was observed that the absolute prostate displacement was less than 5 mm in 100% of the subjects after 1 cm of probe displacement, in 80% after 1.5 cm, in 40% after 2 cm, in 10% after 2.5 cm, and 0% after 3 cm.  Typically, a probe displacement of about 1.2 cm was required to achieve good-quality ultrasound images, and this corresponded to an average of 3.1 mm displacement of the prostate, with the largest displacement in the posterior direction.  Although this displacement may not be eliminated, performing an ultrasound to reference ultrasound registration may reduce this displacement error significant since the error occurs in both image sets, provided that the prostate returns to its normal position after the probe is removed.  However, different users may exert different amount of pressure.  If the reference ultrasound scan is performed by a different user than the ultrasound scan before treatment, the difference in abdominal pressure may still contribute to a significant displacement of the prostate.  Therefore, it is important that all users in the clinic are all trained consistently, and the treatment planning margin should be adjusted to include this uncertainty.  

Experience and inter-user variability:  One important, but often overlooked, issue of ultrasound scanning is user experience and inter-user variability.  Most staff in a radiation oncology department has no or little experience in ultrasound imaging.  Studies (need refs here) have shown that experienced ultrasound users tend to image with better reproducibility than inexperienced users.  Experienced users also tend to recognize structures on an ultrasound image better.  The result is that the precision and quite possibly the accuracy of the target alignment are a function of the user experience in ultrasound imaging.  Thus, when a new user is introduced to ultrasound, such as when a therapist is rotated to a new machine, it is important to pair him/her with an experienced user until he/she is judged to be competent.  

Inter-imaging modality dependence:  If an ultrasound image set is registered to a CT set, one has to realize that the target may be displayed differently depending on the imaging modality.  Delineation of prostate done on CT has been shown to be consistently larger than that on ultrasound

   Molloy et al 2004 found that for 8 patients, the prostate volume derived from CT was larger than that from ultrasound on average by 9 mm in the lateral dimension, and 3 mm in the anterior-posterior direction.  If a landmark such as the prostate-rectal interface is used for alignment on the ultrasound image based on the CT derived contours, a systematic error could be introduced.  [Janelle, would you like to expand on this section?]

Intra-fraction motion: As with many other image-guided radiation therapy devices, ultrasound imaging only captures a snapshot of the target before treatment delivery.  But during treatment, the prostate can move even when the patient lies perfectly still.  Real-time prostate tracking studies (need ref here?) have shown that the prostate can move gradually or very suddenly, especially if the patient coughs, or passes gas.  In one study 
  of 17 patients using electromagnetic tracking of the prostate implanted with transponders, it was observed that on average, the prostate was displaced greater than 3 and 5 mm for approximately 14% and 3% of the total treatment time.  In fact, the likelihood of prostate displacement was found to increase with time, in about one-quarter of the observations where the prostate was displaced by more than 3 mm after 10 minutes.  Therefore, it is important to minimize the time between ultrasound guidance and treatment delivery, minimize the total delivery time, and realize that the use of ultrasound in image guidance is only limited to reducing systematic error between fractions, but not during treatment.  

Organ deformation:  Organs can deform during inter-fraction or intra-fraction.  The prostate is surrounded by the bladder and the rectum.  Both can change their size significantly between fractions or during treatment.  This can cause a deformation of the prostate shape.  Although vendor may have software developed to model the deformation and produce a patient shift based on the difference of the center of mass, currently, the treatment plan would not be able to be modified immediately to reflect the deformation.  Therefore, to achieve consistent result, patient should be advised to have comfortably full bladder and empty rectum before simulation and before each fraction.  Extra caution must be exercised if the prostate is not visible on the ultrasound, and the bladder or rectum is used as a surrogate for target positioning.  

Calibration phantom integrity:  If the device allows user to perform calibration of the image position displayed on the ultrasound on a vendor-supplied calibration phantom, one has to first verify the positional accuracy of the phantom internal landmarks.  This is because the content of the phantom may shift over time due to desiccation or improper handling.  The positional verification should be done regularly by imaging the phantom with a CT (if possible).  Since the speed of sound of a medium depends on the temperature, it is advisable to store the phantom at the temperature it is designed to be operated.  When scanning a patient, the conducting medium of choice is ultrasonic gel.  However, when performing calibration on a phantom, water is often used.  In a study comparing the use of gel vs. water as the conducting medium 
(ref: Chan 2007), it was found that there was no significant difference between them in the localization of a spherical target approximately 25 mm deep inside a Zerdine phantom if the scan is performed by having the ultrasound probe positioned on top of the phantom directly above the target and then fanned from superior to inferior direction or vice versa.  This is the scanning method one vendor recommends.  However, if the probe is positioned about 5 cm superior to the target and then fanned in the same direction, but at an oblique angle, similar to the way a real prostate is scanned, significant deviation of about 2.6 mm between the two conducting media was observed in the superior-inferior direction, with the use of gel closer to the true position of the target.  This is likely due to the difference in the speed of sound between water and the phantom, causing significant refraction.  If the water is replaced by saline, which has closer sound speed to the phantom, the amount of deviation is reduced (ref:  private communication with Resonant).  This revelation demonstrates that improvement in the image calibration may be possible by replacing water with a conducting medium having similar acoustic impedance with the phantom material.  In addition, it is important to perform additional relevant QA tests, not just follow the vendor’s recommended QA method.  

Repositioning accuracy:  When performing volume registration between the ultrasound image set and the reference set, the deviation between the two image sets is automatically calculated.  Currently, the transformation between the two image sets is restricted only to 3D translation, ignoring rotation.  This means that the transformation would be sufficient if the prostate or the surrogate is very spherical.  However, since the target is not always spherical, it is probably a good idea to re-check the registration after the patient has been shifted.  

Clinical Suggestions to Improve Image Quality

With ultrasound positing image quality is the key to accurate patient positioning.  Many factors come into play with daily imaging.  These would include equipment functionality, user competence, and patient anatomy.

For prostate imagining, the signal most important factor is proper patient bladder filling.  The bladder provides an acoustic window into the prostate.  Without proper filling, the ultrasound prostate image is obtained through soft tissue providing little contrast variation between the soft tissue and prostate.  A patient with an over extended bladder is also not desired.  Patients will be uncomfortable during treatment increasing the potential for movement or voiding during treatment.  A team effort of therapist and physician should be used to coach the patient to establish desirable bladder filling for treatment.  Ideally, a patient’s liquid intake quantity and timing can be determined after a few days of treatment.  

When acquiring images for prostate alignment, the user typically places the probe just superior to the patient’s pubic symphysis on the abdomen performs a scan.  Often times this scan is performed too close to the symphysis.  This results in a portion if the ultrasound energy being blocked by the bone in the symphysis, degrading the image quality.  Often, moving the probe just a few centimeters superior on the patient’s abdomen will allow more of the ultrasound energy to reach the prostate and significantly improve the image quality.

Another frequent issue in patient imaging is patient specific anatomy.  Many patients have abdominal scars or other anatomical variations that result in poor image quality.  Therapist are accustom to placing the ultrasound probe midline on the patient to acquire images.  If the patient has midline scars or other anatomical variances the image quality is often degraded.  The user should consider moving the ultrasound probe laterally on the patient’s abdomen in an effort to obtain higher quality images. 

Clinical Decisions During Treatment

There are times during patient treatment where usable ultrasound images are not obtainable.  There are also patients where usable quality images for anatomical positioning are not obtainable.  The facility needs to determine a procedure to deal with these instances and patients.  Making patient alignment decisions on inadequate images should never be performed.  Having policies in place before these instances arise will streamline the alignment process.

On a daily basis, patient ultrasound images may not be usable for positioning due to voiding or other patient issues.  Another condition that presents itself on a daily basis is that image quality is adequate in only one or two of the three dimensions.  It is highly recommended that patient shifts be performed using images that are clearly understood by the user.  If the daily images are not useable it is suggested that the patient be positioned in their original simulation location for treatment.  If poor image quality is due to insufficient bladder filling, the patient may be asked to drink more fluid and the procedure repeated.

If a patient is suspected of not being an ultrasound candidate, the patient may be imaged prior to planning to determine ultrasound feasibility.

Table 1

	Materials
	Velocity (m/s)

	Water (50°) 
	1540

	Fat
	1475

	Brain
	1560

	Muscle
	1580

	Soft tissue
	1540

	Skull bone
	3360

	Air 
	331


Training

Ultrasound-based IGRT is a relatively complex modality which requires specific task-oriented training directed to the different staff members who will be using it. Training should be given a high level of priority since improper implementation of IGRT it may adversely affect the outcome of patients’ treatments.

General training involves an overview of the system and a discussion of the roles of each staff member group that will be involved with the system. The primary groups of staff members that will be interacting with the system are physicists, dosimetrists, therapists and physicians. General training should be given during clinical time so therapists, physicists and physicians can interact and understand each others’ roles. 

Staff-specific learning objectives should be clearly defined by the manufacturer and should focus on each staff group individually. Training should preferably be given to staff members by their colleagues. For example, physicists should train other physicists.

Several copies of training manuals should be supplied by the manufacturer and should be easily accessible to all staff members.

Initial Training - Manufacturer

General training will be given to all staff members that will be involved with the U/S IGRT system. This will include at least the physicists, dosimetrists, therapists and physicians. Training should be given during a time where the clinic is not busy so that the different staff members can have an opportunity to learn together and understand what each others’ roles are. The duration of this part of the course does not need to be extensive since the staff-specific training will cover the bulk of the material.

The trainer should preferably be a person who has used the system clinically for some time. This person will be better suited to address questions and concerns pertaining to the clinical setting. 

The trainer should have a document that clearly describes the learning objectives of the general part of the course which will help the staff understand what they need to know. Examples of learning objectives could be: 

After the course has been given, the staff member will be able to:

a. Describe the purpose of IGRT

b. Describe the steps involved in the IGRT process

c. Explain the different hardware components of the IGRT system

d. Explain each staff members’ role in the process

e. Explain U/S  IGRT to a patient

f. Describe the limitations of the system

Staff-Specific

Physicians:  The role of the physician will be to interpret the U/S images and make decisions on patient couch shifts. U/S images are not employed as much as other imaging modalities in radiation oncology, which may influence how comfortable a radiation oncologist will be interpreting these images.  Physician training should include a review of U/S image interpretation as it pertains to the imaging prostate. This is best done by a radiologist or a sharp U/S tech. Examples of learning objectives here would include:

a. Explain how depth dependent gain can be used to improve the image

b. Explain the sources of image artifacts

c. Show where the prostate, rectum, bladder and seminal vesicles are in the axial, sagittal and coronal images

d. Describe appropriate table shift magnitudes

Physicists:  The physicist will need to have a good working knowledge of the hardware, software and connectivity pathways between the U/S IGRT system and other devices. The physicist should also be involved with acceptance, QA procedures and first-line troubleshooting. Training should cover:

a. U/S transducer and the hardware that digitizes the images and stores them on the IGRT system.

b. The hardware employed to localize the transducer in space. This could be stationary infrared cameras (Restitu, Zmed), optical cameras (IBeam) or potentiometers (BAT). Localizing accuracy should also be discussed here. Accuracy may degrade depending on where the transducer is relative to the localizing reference, so transducer travel limits should also be discussed.

c. IGRT Software: since the physicist will be the first-line for troubleshooting, the software should be discussed in detail. 

i. Operating system: e.g. Unix, Linux, Windows XP/2000.

ii. Specify which version and service pack

iii. Location of patient files, DICOM images

iv. Discuss DICOM servers if necessary, and how they can be restarted if they are interrupted

d. Connectivity with the treatment planning computer: Discuss files that are required by the IGRT system and how they are transferred, e.g.  hospital network, hardwire or manual file copy. Discuss pitfalls that may arise due to using different vendorsbetween IGRT and treatment planning systems. Examples of this would include but not limited to: distinguishing between multiple isocenters, structures that have the same name, handling structures that bifurcate, and maximum number of structures transferred.

e. Data backup solutions

f. QA procedures (discussed in another section within this protocol)

Dosimetrists:  Dosimetrists may get involved with the transfer of patient images, isocenters and contours as well as the verification of the transfer on the IGRT system. The data transfer to the IGRT system is well suited to the dosimetrist since they are typically the ones who finalize the treatment plan and can perform the transfer immediately thereafter. Their training would therefore include learning how the treatment planning computer exports its plans to outside devices. They should also have knowledge on how to verify that the data has been transferred correctly and that is ready for use on the patient. 

Therapists:  Therapists should go through the same training as the physicians as it pertains to organ recognition on U/S images. They will most likely be the ones interpreting images from day to day due to the inability of the physician to be present every day. Their training on the system should include:

a. Role of hardware components and how they connect to the system.

b. Any safety issues such as electrical hazards.

c. Performing daily QA, tolerances, action levels.

d. Understanding couch shifts, magnitudes and direction

e. Techniques for acquiring better images such as transducer sweep speed and angle or patient education about full bladder. Discuss U/S gain controls.

Maintenance of Training and record keeping

Training should be reviewed yearly to ensure that new staff members and physicians are fully trained as well as to ensure that the entire staff is kept current on any upgrades to equipment and software. Maintenance of training should be performed by either the chief therapist or chief physicist, or both, depending on the structure of the department. 

A record of initial training as well as retraining should be kept in each of the staff’s employee file. Training is an important part of JCAHO compliance.

Recommended Quality Assurance Procedures:

The recommendations contained in this document are intended to supplement vendor-recommended QA procedures, local regulations and institutional procedures.  Periodic electrical and safety inspections must be performed in accordance with local and regional requirements.  

The integrity of electronic data transfer is intrinsically tested as part of the recommended monthly, annual and patient specific quality assurance procedures and as such, is not addressed separately.
	Test
	Tolerance
	Comments
	Frequency
	Typically performed by

	Positioning constancy
	2 mm
	Treatment room and simulator if applicable
	Daily, before pt treatment
	Therapist

	US unit depth, gain controls
	Functional
	
	Daily
	Therapist

	Camera verification
	Functional
	
	Daily
	Therapist

	Phantom Stability
	<1 mm
	
	Quarterly
	Physicist

	Positioning constancy
	
	Same as daily
	Monthly
	Physicist

	Phantom Offset test
	
	Tx room
	Monthly
	Physicist

	Laser offset
	
	Sim room (If applicable) Alternate between CT zero and offset position every other month.
	Monthly
	Physicist

	Image quality constancy
	
	
	Semi annually
	Physicist

	
	
	
	
	

	Perform entire clinical process
	
	
	Annually
	

	
	
	
	
	


Daily QA:
Positioning constancy(Daily, therapist):  

This common daily procedure is a composite test that verifies the constancy of several parameters.  These include phantom geometric integrity, in-plane image reconstruction, probe position/orientation and room laser alignment.  In general the procedures are conducted by aligning a phantom that contains test objects whose locations are known relative to external set up marks on the phantom surface.  The “ground truth” for the locations of these objects can either be obtained via CT imaging of the phantom, or by fabrication design (as is the case for the Sonarray phantom).  The phantom is imaged using the US system and the locations of the test objects are identified and compared to the known locations.  

The locations of multiple test objects should be assessed.  The locations of these objects should span the range of anatomy anticipated to be imaged in all three dimensions.  For example, for practices that use the US system exclusively for prostate localization, test objects should span approximately +/- 5 cm in each dimension.  
Basic US unit controls
The purpose of this test is to provide advanced notice to the user of binary malfunctions of the US operations.  
Camera Verification


The stability of camera-based systems and their associated spatial accuracy is known to depend on transient electronics warm up. Tome et al
 showed that the majority of the instability is resolved after a 20 minute warm-up period, and that in this time period the measured marker positions can vary by 3 mm.  Any residual instability after this time period produces errors of less than or equal to 1 mm.  While the specifics of the transient spatial instability may be dependent on the make and model of the camera system, both existing commercial systems to date use the same model.  Specific manufacturer recommendations should be adhered to and a warm up period of at least 20-60 minutes should be allowed before use.  

In addition to electronic stability, the mechanical stability of the camera system requires verification.  Possible causes of mechanical instability include being bumped directly, room vibrations from construction work or poor support hardware.  
Phantom Stability:


Ultrasound phantoms used for calibration or periodic quality assurance can loose their geometric integrity as a result of desiccation or mechanical trauma.  Although desiccation can be assessed with better than 1% precision by monitoring the phantom weight, this figure of merit does not directly assess the geometric integrity of the test objects.  It is also unable to discern changes in phantom geometry due to mechanical trauma.  Therefore, this Task Group recommends that phantoms used for spatial calibration and quality assurance be re-imaged on the departmental CT scanner at least monthly or whenever physical trauma is suspected.  In addition, such phantoms must be stored in a manner that will reduce the rate of desiccation and help to guard against mechanical trauma.  For example, the phantom can be placed in an air tight plastic bag, with a few drops of water or Superflab placed over the surface.  This can then be stored in a foam insulated case.  Phantom stability should be tested by acquiring a CT scan and fusing or making direct measurements using CT measuring tools.

Positioning constancy (Monthly, physicist):

Same as for daily except performed by physicist.  The motivation supporting this recommendation is so that gradual shifts in alignment or phantom stability that may go unnoticed on a daily basis can be picked up by the physicist, so as to ensure that the physicist retains appropriate skill in the procedures, and so that an appropriate level of expertise and discernment are routinely applied to (re)assessing procedures.
Phantom Offset test:

This test verifies the spatial accuracy of the system over the expected range of patient repositioning distances.  Successful completion of the test will require that table repositioning components (hardware and software) are working properly.  The methods suggested for this test are to offset the phantom from its calibration (or isocenter) position by several (e.g., 2-3 cm) in three dimensions, and verify that use of the US system indicates the correct shift parameters to return the phantom to its calibration position.
Laser Offset Test:


This test effectively verifies proper transfer and application of the treatment isocenter location for systems that are installed in the simulation suite and for which simulation reference images are acquired.  In this test the simulation lasers should be offset from the CT zero position by a clinically appropriate amount.  The phantom should be placed at this “isocenter” location and scanned using the US and CT systems.  The Task Group deemed that it was important to perform this test with the phantom placed at the CT zero position, as well as with the lasers offset.  We therefore recommend that this test be performed on a monthly basis with the phantom position altered between CT zero and clinically offset, every other month.
Image quality constancy:

The high and low contrast resolution, …Doug?
Perform entire clinical process:


Absolute and Relative


This is a composite procedure, whose final accuracy depends on the absolute spatial accuracy (in room coordinates), the relative accuracy of the CT and ultrasound image reconstruction algorithms, laser alignment and phantom integrity.  In this test, a geometric test phantom should be subject to the department’s clinical patient procedures.  That is…

Acquire a reference CT (and US, if applicable) image set

Segment structure contours (Contour multiple structures spanning a geometric range that will be encountered clinically.  For example, for prostate applications, test objects should span approximately +/- 5 cm.)


Align the phantom using external markers and in-room lasers.


Acquire US images and perform alignment verification, assessing the locations of objects that are near isocenter and those that are displaced from isocenter by at least several centimeters.

TABLE:  Patient Specific QA
	
	
	

	Verify that images/structures transferred are for correct patient
	
	

	Isocenter xfer ct and us
	
	

	Assess effects of probe pressure
	
	

	Assess US image quality (i.e., some patients just image better than others)
	
	

	Assess ability to hold bladder, weight
	
	


TABLE:


Acceptance and Commissioning


Assess range and angle for optical and mechanical systems


Assess camera stability/warm up
TABLE: When to recalibrate

Software upgrades 

If probe dropped or probe/positioner integrity compromised
Image quality

Almost by definition, image quality is a vital aspect of any imaging task. Ultrasonic imaging of the prostate for localization of the prostate and treatment field alignment is certainly no exception to this. If the image quality of the ultrasound system suffers, it may become impossible to properly identify the boundaries of the prostate, which is fundamental to the purpose of these systems.

Degradation of the image may stem from a number of sources. Perhaps the most common of these is physical damage to the ultrasound transducer. This, however, tends to be a catastrophic failure and is easily recognized. Other more subtle sources also may occur. A subset of the individual transducer elements may fail. In this case, shadowing occurs behind the failed elements, which may be exhibited as a distinct dark streak or just a drop of signal to noise ratio behind the elements. Similar behavior may be observed if the probe surface begins to delaminate, leading to poor contact.

Wires within the probe cable can begin to fail, which can lead to suboptimal capacitance and sensitivity of individual elements. If enough elements become degraded, a visible impact on image quality becomes readily identified. Image formation and processing boards can fail within the ultrasound system, which can lead to varied impacts on image quality.

Due to the nature of ultrasound images, it is often difficult to quantify image quality. The easiest to quantify is spatial resolution. This may be measured in two ways. First, one may determine the minimum distance at which two reflective wires can be distinguished in both the axial and lateral directions, relative to the ultrasound beam direction. Equivalently, one may measure the spatial extent of a reflective wire in the axial and lateral directions.

Low contrast performance is more difficult to quantify. Measurement may use voids of various sizes at various depths within the phantom for a contrast-detail analysis. Some phantoms also incorporate targets with known contrast (stated in decibels) from the background. In either case, the observer determines the number of targets visible. If at least one target of sufficient size is provided and ROI measurements are available, the observer may also measure the signal to noise ratio of the target.

If distance measurement capability is provided by the ultrasound system, spatial accuracy may be determined by measuring the distance between targets of known separation.

A measure of sensitivity is the maximum depth of penetration. This is determined by observing the depth within the image that the static speckle pattern becomes overwhelmed by the electronic noise. This distance should stay constant over time.

Artifacts, such as those caused by dead or weak elements, are identified by scrutinizing the phantom for streaks or the disappearance of objects behind the elements.

Based upon the above considerations, a phantom should contain the following components:

1) Highly reflective wires for spatial resolution determination

2) Low contrast targets for contrast performance determination

3) A uniform area, or an area with low contrast targets at depth, for sensitivity determination and artifact analysis.

If distance measurement capability is to be tested, highly reflective targets separated by a known distance in both the axial and lateral
Table x.  Image quality QA
	Test
	Tolerance
	Comments
	Frequency
	Performed by

	Spatial resolution
	Compared to baseline
	
	
	

	Low contrast resolution
	Compared to baseline
	
	
	

	Sensitivity
	Compared to baseline
	
	
	

	Hardware degredation
	Streaks/artifacts
	
	
	


Conclusions

Future directions
Conclusions 
Figure 1: A phased transducer array





Figure 2: Ultrasound beam geometry
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