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1. Executive Summary
X-ray computed tomography provides an effective means of detecting and monitoring pulmonary nodules, and can lead to a reduction in mortality in individuals at high risk for lung cancer. Size quantification on serial imaging is helpful in evaluating whether a pulmonary nodule is benign or malignant. Currently, pulmonary nodules most commonly are measured in two dimensions on axial slices. Investigators have suggested that quantifying whole nodule volume could solve some of the limitations of diameter measures [1-2] and many studies have explored the value of volumetry [3-12].  This document proposes standardized methods for performing repeatable volume measurements on CT images of pulmonary nodules in the setting of lung cancer screening and post-screening surveillance.  
Lung cancer CT screening presents an additional challenge in developing an optimized protocol that balances the benefit of detecting and accurately characterizing lung nodules against the potential risk of radiation exposure in this asymptomatic population who may undergo annual screening for several decades. Our understanding of the extent to which performing scans at the lowest dose possible with the associated increase in noise impacts our ability to accurately measure these small nodules, is rapidly evolving. Therefore, any protocol will represent a compromise between these competing needs
This QIBA Profile makes claims about the confidence with which changes in pulmonary nodule volume can be measured under a set of defined image acquisition, processing, and analysis conditions, and provides specifications that may be adopted by users and equipment developers to meet targeted levels of clinical performance in identified settings. While this Profile focuses on the lung cancer screening setting and the low radiation doses used therein, it also may be applied to nodules detected incidentally on CT examinations performed for other clinical indications, and nodules evaluated in the course of staging other cancers.

The intended audiences of this document includes healthcare professionals and all other stakeholders invested in lung cancer screening, including but not limited to radiologists, technologists, and physicists designing CT acquisition protocols

· Radiologists, technologists, and administrators at healthcare institutions considering specifications for procuring new CT equipment

· Technical staff of software and device manufacturers who create products for this purpose 

· Biopharmaceutical companies
· Oncologists

· Clinicians engaged in screening process

· Clinical trialists

· Radiologists and other health care providers making quantitative measurements on CT images
· Regulators, oncologists, and others making decisions based on quantitative image measurements
Note that specifications stated as “requirements” in this document are only requirements to achieve the claim, not “requirements on standard of care.”   Specifically, meeting the goals of this Profile is secondary to properly caring for the patient.

2. Clinical Context and Claims
These specifications are appropriate for performing low-dose CT screening with a view towards balancing the need of the radiologist to detect small nodules using low-dose technique and understanding the extent that these techniques influence our ability to measure small nodules.  The primary objective is to evaluate their change in volume over time with serially acquired CT scans and image processing techniques. Compliance with this Profile by relevant staff and equipment supports the following claim(s):
Claim:  Measure Change in Nodule Volume
Suggest that first set of claims relates to being able to visualize nodules >= to 3mm and slice thickness necessary.  
My concern (JLM) is that the lower we go the more variance. Why would we go below 5mm as this would not effect clinical management and it gives us better variance management?
Claim 2 relates to additional reconstruction series that should be made.  This includes a series for improved radiologist visualization, and perhaps an additional series to allow optimized image processing
.
CLAIM 1:  Measure Volume Change in Small Nodules

The primary focus here is on small nodules which we define as having a diameter of < or = to 10 mm, and in the context of CT screening down to as small as 3(5) mm.  This is the domain where other types of evaluation become challenging, in particular PET scan evaluation or semi-invasive procedures such as navigational bronchoscopy of fine needle aspiration.  In addition, as there is an inverse relationship between nodule diameter and proportional change in volume, the proportional change in measurement error will therefore also follow an inverse relationship with diameter.  In the lower size ranges, an increase in diameter of even 1 mm can result in the doubling and any error in measurement will therefore result in large proportional changes as well.  

Based on a review of the available literature, which is somewhat limited, as well as being informed by a modeling study based on a calibration device that has been tested within a clinical trial and through a series of simulations, the following change thresholds for volume are recommended.  

5 mm (100% change)

8 mm (30 – 35% change)

10 – 11 mm (20 – 23% change)

Any lesion change beyond these percentages would reflect true biological change

at a 95% confidence interval A measured volume change greater than those provided above implies at least a 95% probability that there is a true volume change;  P (true volume change > 0% | measured volume change >___%) > 95%.

This claim holds when the margins of the nodule are sufficiently distinct from surrounding structures and geometrically simple enough to be segmented using automated software without manual correction.  
For both claims, volume change refers to proportional change, where the percentage change is the difference in the two volume measurements divided by the average of the two measurements.  By using the average instead of one of the measurements as the denominator, asymmetries in percentage change values are avoided.—(Need to have a full discussion around this critical proposal—JLM)
Procedures for claiming compliance to the Image Data Acquisition and Image Data Reconstruction activities have been provided (See Section 4).  Procedures for claiming compliance to the Image Analysis activity are proposed in draft form and will be revised in the future.
For details on the derivation and implications of the Claim, refer to Appendix B.
While the claim has been informed by an extensive review of the literature as well as results from a modeling study, it is currently a proposed—or working claim that has not yet been fully substantiated by studies that strictly conform to the specifications given here.  A standard utilized by a sufficient number of studies does not exist to date.  The expectation is that during field test, data on the actual field performance will be collected and changes made to the claim or the details accordingly.  At that point, this caveat may be removed or re-stated.

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
	Subject Handling
	3.1.

	
	Image Data Acquisition
	3.2.

	Technologist
	Subject Handling
	3.1.

	
	Image Data Acquisition
	3.2.

	
	Image Data Reconstruction
	3.3.

	Radiologist
	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 the Activities specified in this Profile is shown in Figure 1:
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Figure 1: CT Tumor Volumetry - Activity Sequence

The method for measuring change in tumor volume may be described as a pipeline.  Subjects are prepared for scanning, raw image data is acquired, images are reconstructed and possibly post-processed.  Such images are obtained at two (or more) time points.  Image analysis assesses the degree of change between two time points for each evaluable target nodule by calculating absolute volume at each time point and subtracting.  Volume change is expressed as a percentage (volume difference between the two time points divided by the volume at the earlier time point). 
The change may be interpreted according to a variety of different response criteria.  These response criteria are beyond the scope of this document.  Detection and classification of nodules are also beyond the scope of this document.  
This initial Profile, is expect to need revision as further innovation and validation data emerge.  The above pipeline provides a reference model.  Algorithms which achieve the same or a better result compared to the reference model but use different methods are expected. The profile specifications included herein are intended to establish a baseline level of capabilities. Providing higher performance or advanced capabilities is both allowed and encouraged.  The Profile does not intend to limit how equipment suppliers meet these requirements.
This Profile is “nodule-oriented”.  The Profile requires that images of a given nodule be acquired and processed the same way each time and all efforts should be made to achieve this goal. The requirements in this Profile do not codify a Standard of Care; they provide guidance intended to achieve the stated volumetric CT Claim. 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. 
Since much of this Profile emphasizes performing subsequent scans consistent with the baseline scan of the subject, the parameter values chosen for the baseline scan are particularly important. In some scenarios, the “baseline” might be defined as a reference point that is not necessarily the first scan of the patient.
3.1. Subject Handling
This Profile will refer to asymptomatic persons participating in a CT screening and surveillance program for lung cancer. In theory, this Profile also may be applied to patients with known or incidentally-detected pulmonary nodules in whom quantitative volumetric assessment is used to determine volume change. 
Subject handling guidelines are intended to reduce the likelihood that lung nodules will be obscured by surrounding disease or image artifacts, which could alter quantitative measurements, and to promote consistency of image quality on serial scans. 
3.1.1 Timing of Scan 
3.1.1.1 Timing Relative to Acute Cardiopulmonary Symptoms  
Profile claims require the absence of acute or subacute abnormalities in the lungs that could interfere with or alter pulmonary nodule volume measurements, and the ability to cooperate fully with breath-holding instructions for scanning. Therefore, for initial screening, subjects should be asymptomatic, or at baseline if symptomatic, with respect to cardiac and pulmonary symptoms. If they are not asymptomatic or at baseline, postponement of initial screening until the subject returns to clinical baseline is recommended.  These conditions also apply to the time of CT follow-up for a previous screen-detected abnormality. If these clinical status conditions cannot be met, such as due to the time-dependent nature of follow-up, the Profile claims may not be valid. Chronic abnormalities such as pulmonary fibrosis also may invalidate Profile claims if they affect nodule volume measurement accuracy.
3.1.1.2 Timing of Scan Relative to Other Procedures
Recent diagnostic or therapeutic procedures may result in parenchymal lung abnormalities that invalidate the claims of this Profile. Examples include bronchoscopy, thoracic or abdominal surgery, and radiation therapy. To meet Profile claims, scans should be performed prior to or at an appropriate time following such procedures.

Oral contrast administered for unrelated gastrointestinal imaging studies or abdominal CT that remains in the esophagus, stomach, or bowel may cause artifacts in certain areas of the lungs that interfere with quantitative nodule assessment. If oral contrast is present in the same transverse plane as a quantififiable lung nodule, the Profile claims may not be valid. 

3.1.1.3 Specification

	Parameter
	Specification

	Pulmonary Symptoms 
	If acute pulmonary symptoms are present, scanning shall be delayed for a time period that allows resolution of potential reversible CT abnormalities. If scanning is necessary to avoid an excessive delay in follow-up of a known nodule or to evaluate new symptoms,measurements will not be subject to the Profile claims.



	Medical Procedures
	Scanning shall be performed prior to or at an appropriate time following procedures that could alter the attenuation of the lung nodule or surrounding lung tissue. If this specification is not met, and the attenuation of the lung or nodule is altered, Profile claims will not be valid.


3.1.2 Use of Intravenous Contrast
3.1.2.1 Discussion  
Intravenous contrast should not be used for CT screening. Because of the inherently high contrast between lung nodules and the surrounding parenchyma, contrast is unnecessary for nodule detection and quantification. Its use incurs additional cost, the potential for renal toxicity, and may affect volumetric quantitation.  If contrast is administered, nodule measurements will not be subject to the Profile claims.
3.1.2.2 Specification
	Parameter
	Specification

	Use of intravenous or oral contrast 
	Intravenous contrast is not indicated for lung cancer screening or follow-up of screen-detected nodules. 

If contrast is administered, quantitative nodule measurements will not be subject to the Profile claims.


3.1.3 Subject Preparation
3.1.3.1 Discussion


Metallic objects on or within the thorax or upper abdomen may produce artifacts that reduce the conspicuity of pulmonary nodules or alter their attenuation, and should be removed prior to scanning. Examples include metal-containing shirts, bras, pants, belts, necklaces and other jewelry, pins, EKG leads, and any other removable metallic objects. The topogram should be inspected, and if any previously unidentified metallic objects are present, they should be removed. 

Internal metallic objects, such as pacemakers and spinal instrumentation, if in or near the scanned plane of a pulmonary nodule, also may produce artifacts that reduce the conspicuity of pulmonary nodules or alter their attenuation. If such artifacts occur, screening may still be performed, but the Claims of this Profile will not be met for nodules affected by metal artifacts, and the sensitivity for nodule detection may be reduced.

The effects of bismuth breast shields (used by some to reduce radiation exposure in the diagnostic CT setting but which increase image noise) on lung nodule quantification are unknown, but are likely to be magnified in the lung cancer screening setting due to the lower radiation dose used for screening. Their effects on image quality may vary depending on the model and their positioning on the chest. The American Association of Physicists in Medicine currently does not endorse the use of breast shields, recommending the use of other dose reduction methods instead (ref). Thus, the use of breast shields is not compatible with the Profile Claims and is not recommended for lung cancer screening. 


	
	

	
	

	
	




Consistent patient positioning is important, to reduce variation in x-ray beam hardening and scatter and in nodule orientation. Ensuring that the chest (excluding the breasts) is in the center of the gantry throughout its length improves the consistency of relative attenuation values in different regions of the lung, and avoids unnecessary scan-to-scan variation in the behavior of dose modulation algorithms. The subject should be made comfortable, to reduce the potential for motion artifacts and to facilitate compliance with breath holding instructions.
To achieve these goals, subjects should be positioned supine with arms overhead, in keeping with standard clinical practice. The chest, shoulders, and hips should be centered along the length of the table. The table height should be adjusted so that the midaxillary line is at the widest part of the gantry. The use of positioning wedges under the knees and head is recommended so that the lumbar lordosis is straightened and the scapulae are both in contact with the table. It is expected that local clinical practice and patient physical capabilities and limitations will influence patient positioning; an approach that promotes scan-to-scan consistency is essential.
3.1.3.2 Specification

	Parameter
	Specification

	Metallic Objects
	Metallic objects on or underneath the chest and abdomen shall be removed prior to scanning, and breast shields shall not be used. The technologist shall inspect the topogram and remove any metal objects forgotten by the subject. 

Scanning may be performed if internal metallic objects are present, but resulting artifacts may invalidate Profile measurement claims.

	Subject Positioning
	The Technologist shall position the subject supine with arms overhead, and the sternum centered along the length of the table. 

	Table Height & Centering
	The Technologist shall adjust the table height for the mid-axillary plane to pass through the isocenter of the gantry. 



3.1.4 Instructions to Subject During Acquisition 
 3.1.4.1 Discussion

Scans should be performed during breath holding at maximal inspiration, for several reasons. Breath holding greatly reduces motion artifacts, which impair the quantitative assessment of lung nodules. Incomplete lung expansion can artificially increase the measured nodule volume (refs). Maximizing inspiratory volume also separates structures, making nodules more conspicuous, and minimizes atelectasis in the dependent portions of the lungs which can obscure lung nodules. Scanning at maximal inspiration also provides CT image data suitable for quantitative assessment of emphysema (see COPD/Asthma Profile). 

To minimize measurement variability, efforts should be made to obtain consistent, reproducible, maximal inspiratory lung volume on all scans. To achieve this, the use of live breathing instructions given at a pace easily tolerated by the patient is strongly recommended. However, depending on local practice preference and expertise, the use of prerecorded breathing instructions may provide acceptable results. Regardless of whether live or recorded breathing instructions are used, compliance with breathing instructions should be monitored by carefully observing the movement of the chest wall and abdomen to insure that the breathing cycle stays in phase with the verbal instructions. The scan should not be initiated until maximal inspiratory volume is reached and all movement has ceased.  

To promote patient compliance, performing a practice round of the breathing instructions prior to moving the patient into the scanner also is strongly recommended. This will make the subject familiar with the procedure, make the technologist familiar with the subject’s breathing rate, and allow the technologist to address any subject difficulties in following the instructions. 

Sample breathing instructions:

1. “Take in a deep breath” (watch anterior chest rise)

2. “Breathe all the way out” (watch anterior chest fall)

3. “Now take a deep breath in…..in……in…..in all the way as far as you can”

4. When chest and abdomen stop rising, say “Now hold your breath”.  

5. Initiate the scan when the chest and abdomen stop moving, allowing for the moment it takes for the diaphragm to relax after the glottis is closed.

6. When scan is completed, say “You can breathe normally”






7. 
8. 
9. 
10. 
11. 
12. 
3.1.4.2 Specification

	Parameter
	Specification

	Breath hold
	The Technologist shall instruct the subject in proper breath-hold procedures to achieve maximal inspiration. Providing live voice breath-holding instructions is preferred, and close visual monitoring for compliance with instructions is strongly recommended. 


3.2. Image Data Acquisition
3.2.1 Discussion

CT scans for nodule volumetric analysis can be performed on any equipment that complies with the specifications set out in this Profile.  However, performing all CT scans for an individual subject on the same platform (manufacturer, model and version) is expected to further reduce variation and is strongly recommended. 
Many scan parameters can have direct or indirect effects on identifying, segmenting and measuring nodules.  To reduce variance, all efforts should be made to have as many of the scan parameters as possible consistent with the baseline.  

Parameter consistency when using the same scanner brand/model generally means using the same values.  Parameter consistency when the baseline was acquired on a different brand/model may require some “interpretation” to achieve consistent performance since the same values may produce different behavior on different models.  The parameter sets in Appendix D may be helpful in this task.
 

Anatomic coverage should include the entire volume of the lungs, minimizing the volume scanned above and below the lungs to avoid unnecessary radiation exposure.
Use of CT scanners with a minimum of 16 detectors
 is expected to allow the claims of this profile to be met consistently. The primary consideration leading to this requirement is the desire to scan the entire length of the lungs in a single breath-hold to minimize motion artifacts, at a pitch that provides adequate z-axis resolution. Published investigations have demonstrated accuracy levels of CT nodule volumetry meeting the claims of this Profile using 16-detector scanners with pitch up to  X. The limited data available indicate that z-axis resolution may be inadequate for nodule volumetry in some patients using scanners with <16 detectors and pitch high enough to allow the entire lung to be scanned in a single breath hold.
In CT screening, the choice of scan acquisition parameters is strongly influenced by the desire to minimize radiation dose. The radiation dose delivered by volumetric CT scanning is indicated by the volume CT dose index (CTDIvol), and  determined by the interaction of multiple parameters, including the tube voltage (kV), tube current (mA), tube rotation speed, pitch, and the image reconstruction method. The CTDIvol should be chosen to provide the lowest radiation dose that maintains acceptable image quality for detecting pulmonary nodules. Typical CT parameter settings used in lung cancer screening trials translate to CTDIvol in the range of __ to __. The use of iterative reconstruction techniques allows CTDIvol to be reduced even further. Settings for kV, mA, rotation time, and pitch may be varied as needed to achieve the desired CTDIvol.
Pitch is chosen so as to allow completion of the scan in a single breath hold with adequate spatial resolution along the subject z-axis. It is recommended that pitch does not exceed 2.0 for CT acquisitions obtained with a single x-ray tube, or the equivalent for acquisitions with dual-source technology.
Automatic exposure control aims to achieve consistent noise levels throughout the lungs by varying the tube current during scan acquisition. Use of automatic exposure control is expected to have little effect on Profile claims and is considered optional, though as with other acquisition parameters its use should be consistent with baseline. This scanner feature may be a useful tool for reducing unnecessary radiation exposure in certain patients, but it also can increase radiation exposure depending on the target noise level, patient size and anatomy, and the method employed by the vendor. These factors should be kept in mind when deciding whether to use automatic exposure control in an individual patient.



Nominal Tomographic Section Thickness (T), the term preferred by the International Electrotechnical Commission (IEC), is sometimes also called the Single Collimation Width.  Choices depend on the detector geometry which varies with different scanner models. The Nominal Tomographic Section Thickness affects the spatial resolution along the subject z-axis and the available options for reconstructed section thickness. 
Thinner sections with smaller voxels are preferable, to reduce partial volume effects and provide higher accuracy due to higher spatial resolution. The resolution/voxel size that reaches the analysis software is affected by both acquisition parameters and reconstruction parameters (discussed below).
Exposure to ionizing radiation from CT can pose risks; however, as the radiation dose is reduced, image quality can be degraded. The imaging in the NLST involved the exclusive use of lowered radiation doses that required on average 1.5 mSv per screening examination. It is expected that health care professionals will balance the need for good image quality with the risks of radiation exposure on a case-by-case basis.  It is not within the scope of this document to describe how these trade-offs should be resolved.  
3.2.2 Specification 

The Acquisition Device shall be capable of performing scans with all the parameters set as described in the following table.  The Technologist shall set up the scan to achieve the requirements in the following table.
	Parameter
	Specification
	DICOM Tag

	Scan Duration for Thorax
	Single breath hold 
	Table Speed
(0018,9309)

	Anatomic Coverage
	
Apex through base of lungs
	Anatomic Region Sequence
(0008,2218)

	Number of detectors
	16 or greater
	Gantry/Detector Tilt (0018,1120)

	
	
	


	CTDIvol
	
	

	IEC Pitch
	No greater than 2.0 for single source scanners, or the equivalent for dual source scanners.
	Spiral Pitch Factor
(0018,9311)

	Tube Potential (kVp)
	Adjust to achieve appropriate CTDIvol.
For scout view, use lowest needed to view anatomic landmarks.
	KVP 

(0018,0060)

	mAs
	Adjust to achieve appropriate CTDIvol.

For scout view, use lowest needed to view anatomic landmarks.

	

	Automatic exposure control
	Optional
	

	Rotation time
	May vary as needed to achieve other settings. Generally ≤0.5 sec.
	

	
	
	

	
	
	

	Nominal Tomographic Section Thickness (T)
	Adjust to achieve reconstructed slice thickness ≤1.25 mm
	Single Collimation Width
(0018,9306)

	
	
	

	
	
So we say nothing here?  JLM
	


3.3. Image Data Reconstruction
3.3.1 Discussion


Many reconstruction parameters can have direct or indirect effects on identifying, segmenting, and measuring nodules.  To reduce this potential source of variance, all efforts should be made to have as many of the parameters as possible consistent with the baseline.  




Reconstruction Field of View interacts with image matrix size (512x512 for most reconstruction algorithms) to determine the reconstructed pixel size. Pixel size directly affects voxel size in the x-y plane. Smaller voxels are preferable to reduce partial volume effects that can blur the edges of nodules and reduce measurement accuracy and precision. Pixel size in each dimension is not the same as spatial resolution in each dimension. The spatial resolution of the reconstructed image depends on a number of additional factors including the section thickness and reconstruction kernel. Targeted reconstructions with a small field of view minimize partial volume effects, but have limited effect on the accuracy of nodule volumetry compared to a standard field of view that encompasses all of the lungs. A reconstructed field of view set to the widest diameter of the lungs, and consistent with baseline, is sufficient to meet the claims of this Profile.     
The reconstructed slice thickness should be small relative to the size of the smallest nodules detected and followed by CT screening, to minimize partial volume averaging. A thickness of 1.25 mm or less is required to meet the Profile claims.
Images should be reconstructed either contiguously or in an overlapping manner (i.e. with an interval that is less than the reconstructed slice thickness). Either method will be consistent with the Profile claims, though overlap on the order of 33-50% may provide better accuracy and precision compared to contiguous slice reconstruction. 
Reconstructing datasets with overlap will increase the number of images and may slow down throughput, increase reading time, and increase storage requirements, but has NO effect on radiation exposure. A reconstruction Interval that results in gaps between slices is unacceptable as it may “truncate” the spatial extent of the nodule, degrade the identification of nodule boundaries, confound the precision of measurement for total nodule volumes, etc.  
The Reconstruction Algorithm Type most commonly used for CT has been filtered back projection, which meets the claims of this Profile. More recently introduced methods of iterative reconstruction can provide reduced image noise and/or radiation exposure. Studies to date have indicated that iterative methods are at least comparable to filtered back projection for CT volumetry, and are also acceptable.

Reconstruction Kernels influence the texture and the appearance of nodules in the reconstructed images, including the sharpness of the nodule edges.  In general, a softer, smoother kernel reduces noise at the expense of spatial resolution, while a sharper, higher-frequency kernel improves resolution at the expense of increased noise. Kernel types may interact differently with different software segmentation algorithms. The claims of this Profile are most applicable to reconstruction kernels in the medium-smooth to medium-sharp range of those available on clinical scanners. With increasing kernel smoothness overestimation of nodule volume becomes a potential concern, while with increasing kernel sharpness image noise and segmentation errors become potential concerns. Use of a reconstruction kernel consistent with baseline therefore is particularly important for relying on the Profile claims. 


3.3.2 Specification

The Reconstruction Software shall be capable of producing images that meet the following specifications. The Technologist shall set up or configure the reconstruction to achieve the requirements in the following table.
	Parameter
	Specification

	

	



	
	

	Reconstruction
Field of View
	Set to the widest diameter of the lungs.

	Reconstructed Slice Thickness
	Less than or equal to 1.25 mm and consistent with baseline.  

	Reconstruction Interval
	Less than or equal to slice thickness and consistent with baseline.

	
	

	Reconstruction Algorithm Type
	Filtered back-projection or iterative methods.

	Reconstruction Kernel 
	Consistent with baseline (i.e. the same kernel if available, otherwise the kernel most closely matching the kernel response of the baseline). Recommend a non enhancing, medium smooth to medium sharp kernel. 

	
	


3.4. Image Analysis
3.4.1 Discussion

Determining the volume change 
of a nodule is typically done by defining the nodule boundary (referred to as segmentation), computing the volume of the segmented nodule, and calculating the difference from baseline. The specifications also apply to determination of the baseline volume of a nodule, which may guide management in some screening protocols.


Segmentation typically is performed by an automated algorithm after the user identifies a starting seed point, stroke, or region. Segmentation boundaries should be closely inspected in three dimensions by the user for concordance with the visually-assessed nodule margins. For these tasks, the display window and level should be fixed and kept the same for all time points being compared. Use of standard window and level settings, or recording of settings used, will facilitate consistency over multiple time points. 

Nodules for which the segmentation tracks the margins most accurately, without manual editing, will most closely meet the claims of this Profile. If the segmentation does not track the nodule margins accurately, manual editing or segmentation boundaries may be performed but should be kept to a minimum. If in the radiologist’s opinion the segmentation is unacceptable, quantitative volumetry should not be used and volume change should be assessed using standard clinical methods. 


Nodule location and margin characteristics impact segmentation quality, which is more reliable for nodules that are isolated and well-separated from adjacent structures, and that have smooth borders. Consequently, variance in nodule measurement is more favorable for isolated nodules compared to nodules abutting pulmonary vessels or parietal pleura, and also for smooth compared to spiculated or irregularly shaped nodules. 


Methods that calculate volume changes directly
 without calculating volumes at individual time points are acceptable so long as the results are compliant with the specifications set out by this Profile.

When deriving the nodule volume difference between two time points, the user should directly compare the current and previous image data at the same time to reduce interobserver and intraobserver variation. Storing segmentations and measurement results for review at a later date is certainly a useful practice as it can save time and cost. However, segmentation results at both time points should be inspected visually in three dimensions to make sure that they are of sufficient and comparable accuracy in order to meet the claims of the Profile. If a previous segmentation is unavailable for viewing, or the previous segmentation is not of comparable accuracy to the current segmentation, segmentation at the comparison time point should be repeated. 


Medical Devices such as the Image Analysis Tool are typically made up of multiple components (the hardware, the operating system, the application software, and various function libraries within those).  Changes in any of the components can affect the behavior of the device.  In this specification, the “device version” should reflect the total set of components and any changes to components should result in a change in the recorded device version.  This device version may thus be different than the product release version that appears in vendor documentation. Is it true that the computer hardware and operating system affect the results of the application software or can this paragraph be deleted?
Image analysis should be performed using software programs that have received appropriate scientific validation. Because different programs use different segmentation algorithms that result in different volumetric measurements even for ideal nodules, and different versions of the same program or its components may change its performance, a nodule being evaluated for change should be analyzed at both time points on the same platform (manufacturer, model and version). 
These Image Analysis specifications are intended to apply to a 
typical user (i.e. without extraordinary training or ability).  This should be kept in mind by vendors measuring the performance of their tools and sites validating the performance of their installation.  Although the performance of some methods may depend on the judgment and skill of the user, it is beyond this Profile to specify the qualifications or experience of the operator.  

3.4.2 Specification

	Parameter
	Specification

	Image Analysis Platform
	The Image Analysis Platform shall have appropriate scientific validation. 

The same Image Analysis Platform (manufacturer, model, version) shall be used for measurements at all time points.

	Image Display Settings
	Image display setting (window and level) during the segmentation initiation and review process shall be the same at all time points.

	Nodule Analysis
	The user shall visually inspect segmentation results in three dimensions and exclude nodules with inadequate segmentations or nodules with noncomparable segmentations at both time points from quantitative volumetric assessment.

	
	



	
	

	
	

	
	


4. Compliance
To comply with this Profile, participating staff and equipment (“Actors”) shall support each of the activities assigned to them in Table 1.  
For each activity, the compliance requirements (sometimes referred to as the “shall language”) for each Actor are documented in Section 3.
Although most of the requirements described in Section 3 are feature-oriented and compliance can be assessed by direct observation, some of the requirements are performance-oriented.  The following sub-sections elaborate on the meaning of performance-oriented requirements and how they are intended to be correctly assessed. 

Formal claims of compliance by the organization responsible for an Actor shall be in the form of a published QIBA Conformance Statement.  Vendors publishing a QIBA Conformance Statement shall provide a set of “Model-specific Parameters” (as shown in Appendix D) describing how their product was configured to achieve compliance.  Vendors shall also provide access or describe the characteristics of the test set used for compliance testing. 

4.1. Performance Assessment: Nodule Volume Change Variability

Note: The procedure in this section is currently only a proposal.  
A more detailed procedure and pointers to valid test datasets will be provided in the future.  

Until then, there is no approved way to claim conformance to this performance requirement.
Nodule Volume Change Variability performance can be assessed with the following procedure:

· Obtain a designated test image set (see 4.1.1).  

· Determine the volume change for designated nodules (see 4.1.2). 
· Calculate descriptive statistics (see 4.1.3).

· Compare against the Nodule Volume Change Variability performance level specified in 3.4.2. 
This procedure can be used by a vendor or an imaging site to evaluate the performance of an Image Analysis Tool (in automatic mode, or with a typical operator), or the combined performance of an Image Analysis Tool together with a particular Radiologist to determine if they are in compliance with the Nodule Volume Change Variability performance requirement in Section 3.4.2.
4.1.1 Test Image Set
Discussion: 

We have many test image cases where the true change is known to be 0% (“Coffee break”).

We have many test image cases where the true change is unknown (although change is clearly present).

Are we missing data to show both sensitivity and specificity?

What exactly is our goal with this performance assessment?

Consider a multi- step assessment? 

1) Assess (change?) sensitivity (in terms of inherent measurement variation) using “No change” data


2) Assess (volume?) bias using data with a known volume (phantom?)


3) Assess change performance against consensus values (rather than measured/known truth?)

Nodule segmentation performance can be affected by the accuracy or variations in the seed point or axis provided.  Consider preparing the test set with test “inputs” (either with a “click here” dot on the image, or some method for feeding coordinates to the application).
Ideally we want fully realistic images (not phantom) but with known truth for nodule volume change.  Would it be possible to digitally insert nodules into real acquired human images?  

What is the best way to go about assembling and hosting these datasets?  Such a public dataset is not currently known to exist.  
4.1.2 Determine Volume Change
Determine the measured proportional percentage volume change for each designated nodule in each image multiple times by multiple readers.
 Discussion: 

Should the (minimum) number of readers and the (minimum) number of repeats for each reader (for each nodule?) be prescribed in the procedure?

Will those numbers be different for fully automated measurements (which are presumably more consistent among repeats on the same data but are generally cheap to run more repeats.)?

Consider whether the procedure should allow a small number of segmentation or volume change results to be set aside prior to calculation of the descriptive statistics to avoid a couple unusual cases from distorting the summary statistics.  Such “failures” could still be reported individually in the results.

Would such “blow ups” be easily distinguished by the algorithm or operator?  Dan Barboriak has done work on related issues.

4.1.3 Calculate Descriptive Statistics
Calculate descriptive statistics that represent the joint-distribution of true proportional percentage volume change and measured proportional percentage volume change.
Discussion: 

The performance score statistics should not be a simple total of all the nodule change vales, but rather we should quote performance on individual nodules over a specified number of repeats for a specified number of nodules.

Given the volume measure at Time1 and Time2, consider both the variance and the correlation between the two measurements (i.e. the variance of the individual measurements and also 

    (sigma of the delta)**2 = 2 (1-rho) sigma**2

It is expected that correlation across visits will be dominated by using a different device?

Consider calculating and expressing in terms of the confidence that a change of size X is really more than Y.  ie. in the P(A|B)>C can we fix or “vectorize” any of the three variables?  Note that the target zones for change confidence might be different for clinical trials vs patient management.  Does this point us toward two claims? Or maybe a claim in the form of a vector of values or a curve?
Alternatively, consider (as suggested by TSB in comment #164) evaluating performance relative to a specified (e.g. expert consensus derived) “truth” value.  

Keep in mind that we need to maintain consistency between our claim and our performance measures (e.g. focus on repeatability vs. accuracy).
It is important to characterize individual volume measurement performance since that value is an input to a variety of models (and would be useful for patient enrichment in trials).  So, for example:

   For each nodule(t)

        Average the (r) measurements of t

       Enumerate the number of measurements N(t) that are within 30% of the average

  N=Sum N(t) 

 If N >= 95% of t*r then the 95% confidence performance specification has been met.  
It might be useful to explore the Visual Analog Scale (VAS Score) as a categorization tool for the target nodules and set different variance or performance targets for each category, or consider weighting the errors based on the VAS Score.    

4.2. Performance Assessment: Image Acquisition Site 
Note: The procedure in this section is currently only a proposal.  

A more detailed procedure and pointers to valid test datasets will be provided in the future.  

Until then, there is no approved way to claim conformance to this performance requirement.

Site performance can be assessed with the following procedure:

· Validate image acquisition (see 4.2.1).  

· Generate a test image set (see 4.2.2).  

· Assess Nodule Volume Change Variability (see 4.1.2, 4.1.3 above). 

· Compare against the Nodule Volume Change Variability performance level specified in 3.4.2. 

This procedure can be used by an imaging site to evaluate the performance of each of the Actors and Activities in use.  In principle, the final result represents an assessment of the combined performance of all the Actors and Activities at the site. 
The procedure presumes that the Actors being used by the site are capable of meeting the requirements described in Section 3 of this document; however it is not a pre-requisite that those Actors have published QIBA Conformance Statements (although that would be both useful and encouraging).
Discussion:

Duke is working on a “platform” that includes a phantom and an analysis tool that may inform the future contents of this section.
Sites that carry out this procedure should really record the parameters they used and document them in something similar to a Conformance Statement.  This would be a useful QA record and could be submitted to clinical trials looking for QIBA compliant test sites.
Are there other criteria that should be worked into this procedure?

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 injector equipment and contrast media,

   - experienced CT Technologists for the imaging procedure, and
  - processes that assure imaging Profile compliant image generation at the correct point in time.
A clinical trial might specify “A 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 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.”  
4.2.1 Acquisition Validation
Review patient handling procedures for compliance with Section 3.1

Establish acquisition protocols and reconstruction settings on the Acquisition Device compliant with Section 3.2 and Section 3.3.  If a QIBA Conformance Statement is available from the Acquisition Device vendor, it may provide parameters useful for this step.

Acquire images of a 20cm water phantom, reconstruct and confirm performance requirements in Section 3.3.2 are met.

Discussion:

UCLA may have more detailed and more complete procedures to recommend for this section.

4.2.2 Test Image Set
Locally acquire a test image set using the protocols established and tested in Section 4.2.1.
The test image set should conform to the characteristics described in Section 4.1.1.

Discussion:

It is highly likely that due to practical constraints the test image set prepared at an individual site would be much less comprehensive than the test image sets prepared by QIBA. Further consideration of what a more limited but still useful test image set would look like.
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Appendix B: Background Information  Does this belong here?
B.1 QIBA

The Quantitative Imaging Biomarker Alliance (QIBA) is an initiative to promote the use of standards to reduce variability and improve performance of quantitative imaging in medicine. QIBA provides a forum for volunteer committees of care providers, medical physicists, imaging innovators in the device and software industry, pharmaceutical companies, and other stakeholders in several clinical and operational domains to reach consensus on standards-based solutions to critical quantification issues. QIBA publishes the specifications they produce (called QIBA Profiles), first to gather public comment and then for field test by vendors and users. 

QIBA envisions providing a process for developers to test their implementations of QIBA Profiles through a compliance mechanism. Purchasers can specify conformance with appropriate QIBA Profiles as a requirement in Requests For Proposals (RFPs). Vendors who have successfully implemented QIBA Profiles in their products can publish QIBA Conformance Statements.  The Conformance Statements are accompanied by “Model-specific Parameters” (as shown in Appendix D) describing how to configure their product for alignment with the Profile.  

General information about QIBA, including its governance structure, sponsorship, member organizations and work process, is available at http://qibawiki.rsna.org/index.php?title=Main_Page. 

QIBA has constructed a systematic approach for standardizing and qualifying volumetry as a biomarker of response to treatments for a variety of medical conditions, including cancers in the lung (either primary cancers or cancers that metastasize to the lung [18]).

B.2 CT Volumetry: Overview and Summary

Table B.1 Summarizing the precision/reproducibility of volumetric measurements from clinical studies reported in the literature

	Scan
	Reader
	# of Readers
	# of Patients
	# of Nodules
	Nodule Size, 

Mean (range)
	Organ System
	Volumetry,

95% CI of Measurement Difference
	Volumetry, Measurement Difference %
	1D Measurement, 95% CI of  Measurement Difference
	1D, Mean Measurement Difference %
	Slice Thickness /Recon Interval, mm
	Author, Year

	repeat scans 
	intra-reader
	1
	20
	218
	9.85 mm
	lung, mets
	 -21.2 to 23.8% 
	1.30%
	
	
	1.0/0.7
	Gietama et al. 2007 8[]


	repeat scans 
	intra-reader
	3
	32
	32
	38 mm (11–93 mm)
	lung, NSCLC
	 -12 to 13.4%
	0.70%
	 -7.3% to 6.2%
	-0.60%
	1.25/1.25
	Zhao et al. 2009 9[]


	same scan
	intra-reader
	1
	10
	50
	6.9 mm (2.2–20.5 mm)
	lung, mets
	 -3.9 to 5.7%
	0.90%
	not reported
	not reported
	1.25/0.8
	Wormanns et al. 2004 10[]


	same scan
	inter-reader
	2
	10
	50
	6.9 mm (2.2–20.5 mm)
	lung, mets
	 -5.5 to 6.6%
	0.50%
	not reported
	not reported
	1.25/0.8
	Wormanns et al. 2004 10[]


	repeat scans 
	not specified
	not specified
	10
	151
	7.4 (2.2–20.5 mm)
	lung, mets
	 -20.4 to 21.9%
	1.50%
	not reported
	not reported
	1.25/0.8
	Wormanns et al. 2004 10[]


	repeat scans 
	not specified
	not specified
	10
	105
	 <10 mm
	lung, mets
	 -19.3 to 20.4%
	1.70%
	not reported
	not reported
	1.25/0.8
	Wormanns et al. 2004 10[]


	same scan (5 sets, 1 set/phase) 
	intra-reader ? (consensus by 2 readers), 3 x reading
	2
	30
	73
	~1–9 mm [25.3 (0.2–399 mm3)]
	lung, noncalcified nodules
	coefficient of variance as large as 34.5% (95% CI not reported)
	not reported
	not reported
	not reported
	0.75/0.6
	Boll et al. 2004 11[]


	same scan 
	inter-reader
	2
	33
	229
	10.8 mm (2.8–43.6 mm), median 8.2 mm
	lung, primary or mets
	 -9.4 to 8.0%
	0.70%
	 -31.0 to 27%
	-2.00%
	1.0/0.8
	Hein et al. 2009 
 ADDIN EN.CITE 
[12]


	same scan
	inter-reader, inter-algorithms (6 readers x 3 algorithms)
	6
	16
	23
	not reported
	lung, nodules
	 55% (upper limit)
	not reported
	not reported
	not reported
	1.25/0.625
	Meyer et al. 2006 
 ADDIN EN.CITE 
[13]


	same scan
	intra-reader
	2
	50
	202
	3.16–5195 mm3, median 182.22 mm3
	lung, mets
	% not reported
	0.15 to 0.22%
	% not reported
	2.34–3.73% (p<0.05 1D vs 3D) 
	0.75/0.70
	Marten et al. 2006 14[]


	same scan
	inter-reader
	2
	50
	202
	3.16–5195 mm3, median 182.22 mm3
	lung, mets
	% not reported
	0.22 to 0.29%
	% not reported
	3.53–3.76% (p<0.05 1D vs 3D)
	0.75/0.70
	Marten et al. 2006 14[]


	same scan
	inter-reader
	2
	2239
	4225
	15–500 mm3 (effective diameter 3.1–9.8 mm)
	lung, nodules
	  -13.4 to 14.5%
	0.50%
	not reported
	not reported
	1.0/0.7
	Wang et al. 2008 15


[ ADDIN EN.CITE ]


	same scan
	intra-reader
	2
	24
	52
	8.5 mm (<5 to 18 mm)
	lung, noncalcified nodules
	8.9 % (upper limit)
	not reported
	not reported
	not reported
	1.25 or 2.5/not specified
	Revel et al. 16[]


	same scan
	inter-reader (3 readers x 3 measurements)
	3
	24
	52
	8.5 mm (< 18 mm)
	lung, noncalcified nodules
	6.38 % (upper limit)
	not reported
	not reported
	not reported
	1.25 or 2.5/not specified
	Revel et al. 16[]



Abbreviations: 1D = unidimensional; mets = metastasis; CI = confidence interval

The above table provides a basis for the 30% value in the Profile Claim.  The range between the minimum and maximum values in the 95% CI of the measurement difference column is mostly within +/- 15%. Considering a large study from Wang et al using 2239 patients 15


[ ADDIN EN.CITE ]
, the 95% confidence interval ranged [-13.4%,  14.5%]. Thus, 30% is a conservative threshold of measurement variation. For example, the 30% change in the claim is the outside of 95% confidence interval of 15% of measurement variability when sample size is 40 or more.

Appendix C: 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.)  
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: that part of the image 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.
Time Point: a discrete period during the course of a clinical trial when groups of imaging exams or clinical exams are scheduled.  
Tumor Definition Variability: the clarity of the tumor boundary in the images.  It originates from the biological characteristics of the tumor, technical characteristics of the imaging process, and perhaps on the perception, expertise and education of the operator.  

Technical Variability - originates only from the ability to drawing unequivocal objects. In other words, the perception of tumor definition is supposed absolutely clear and similar for any given operator when attempting to assess “Technical” variability.

Global Variability - partitioned as the variability in the tumor definition plus the “Technical” variability.

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.  
Repeatability – considers multiple measurements taken under the same conditions (same equipment, parameters, reader, algorithm, etc) but different subjects.

Reproducibility – considers multiple measurements taken where one or more conditions have changed.
Appendix D: Model-specific Instructions and Parameters 
For acquisition modalities, reconstruction software and software analysis tools, Profile compliance requires meeting the Activity specifications above; e.g. in Sections 3.2, 3.3 and 3.4.  

This Appendix provides, as an informative annex to the Profile, some specific acquisition parameters, reconstruction parameters and analysis software parameters that are expected to be compatible with meeting the Profile requirements.   Just using these parameters without meeting the requirements specified in the Profile is not sufficient to achieve compliance.  Conversely, it is possible to use different compatible parameters and still achieve compliance.  

Additional parameter sets may be found in QIBA Conformance Statements published by vendors and sites.  Vendors claiming product compliance with this QIBA Profile are required to provide such instructions and parameters describing the conditions under which their product achieved compliance.  
Sites using models listed here are encouraged to consider these parameters for both simplicity and consistency. Sites using models not listed here may be able to devise their own settings that result in data meeting the requirements.  Tables like the following may be used by sites that wish to publish their successful/best practices.

In any case, sites are responsible for adjusting the parameters as appropriate for individual subjects.

Discussion:

It would likely be useful to include a description of the imaging subject in the following tables.

In terms of standardization, it may make sense to ask vendors to publish parameters for a known reference phantom as a stable benchmark for sites to adjust for individual patient variations.

Table D.1 Model-specific Parameters for Acquisition Devices
	Acquisition Device
	Settings Compatible with Compliance

	<Vendor>

<Model>

<Version>
	Submitted by:

	
	kVp
Number of Data Channels (N)
Width of Each Data Channel (T, in mm)
Gantry Rotation Time in seconds
mA
Pitch

Scan FoV



Table D.2 Model-specific Parameters for Reconstruction Software

	Reconstruction Software
	Settings Compatible with Compliance

	<Vendor>

<Model>

<Version>
	Submitted by:

	
	Reconstructed Slice Width, mm
Reconstruction Interval
Display FOV, mm
Recon kernel



Table D.3 Model-specific Parameters for Image Analysis Software
	Image Analysis Software
	Settings Compatible with Compliance

	<Vendor>

<Model>

<Version>
	Submitted by:

	
	a

b

c

d




Note to users – when referencing this QIBA Profile document, please use the following format:





CT Volumetry Technical Committee.  Lung Nodule Assessment in CT Screening Profile, Quantitative Imaging Biomarkers Alliance.  Version 1.0.  Reviewed draft. QIBA.








�Concept of screening has been lost.  Reconsider??


�does QIBA want to get into this aspect of things.


�It is really about growth—change in volume over time (since growth can be confused with  measurement artifact)


�QIBA did not seem interested in this aspect of things


�Placeholder – for future discussion about Claim, after technical parameters are decided.


�Need to perform similar review in the various screening cohorts


�Imaging Agent should be removed from diagram





What is the (2) for?





Why are there multiple background boxes?


�Not my experience


�IS this within our scope?


�Reconsider this and allow 4 or higher if scan can be completed in a single breath hold with pitch<acceptable value?


�I don’t think this is really occurring any longer, depending on what we are allowing within the profile


�I believe that we can get substantially higher on the noise that will still be acceptable for screening.  Noise levels near 100 are tolerable and these come down to around 20 for model based recon methods.


�Was discussed and decided not to use automated, but I think there should be an option for it.  


�WE need to recommend one kernel which should be soft tissue one and not an edge enhancing one


�Deleted due to inability to give meaningful guidance regarding how spatial resolution and noise affect the claims


�Suggest medium-smooth to medium-sharp


�Include baseline volume for initial screening classification?


�Unsure what types of settings this is referring to


�Will need to revise this paragraph based on the final claim


�Only looks at interobserver variability


�Disagree with this.  I don’t think the Wang study is relevant here.  


�Is there a reference or example for programs that use these methods?


�For this profile, we should not allow for any manual editing.  What is the group’s consensus on this point????
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