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Abstract

Specific Aim: To review the evidence suggesting that volumetric image analysis of CT scans meets specifications for qualification as a biomarker in clinical trials or the management of individual patients with lung cancer.

Methods:  Claims of value were broken down into questions about technical feasibility, accuracy, the precision of measurement, sensitivity, the correlations with health outcomes, and the risks of producing misleading information.  For each claim, the pertinent literature was reviewed.   

Results:  Technical feasibility has now been shown, but only in limited contexts.  Accuracy has been demonstrated, but only for tumors with favorable anatomical features.  Measurement error still makes the assessment of change in small nodules precarious in diagnostic settings unless rigorous image acquisition and analysis procedures are followed.  Precision is sufficient in some larger masses to make volumetrics a sensitive biomarker.  In a few trials, correlations with clinical outcomes have been higher for volumetric-based measures than for uni-dimensional or bi-dimensional diameters.  Value in ordinary practice settings and clinical trials has been suggested, but not proven.  

Conclusion:  The weight of the evidence suggests there are circumstances in which volumetric image analysis adds value to clinical trial science and the practice of medicine.
Word count: 192
Introduction
Response Evaluation Criteria In Solid Tumors (RECIST) Version 1.1 is the latent standard for serially assessing the longitudinal course of illness in patients with solid tumors.
  Concerns have been raised about RECIST-based response assessments, in part because tumors do not always expand or contract uniformly, and changes in line-lengths represent only a small fraction of the information available in sets of images.
,
  Anecdotal reports and small case series have documented that focusing on a single line-length while ignoring the rest of the information in the whole image set can be misleading, and in some cases, contribute to erroneous treatment decisions.
  
Perhaps more importantly, the Stable Disease (SD) category is not very sensitive to changes in tumor mass.  In clinical trial settings, this lack of sensitivity often translates into a loss of statistical power per subject enrolled.  As a consequence, when all other things are equal, more subjects need to be enrolled in each arm of a trial, and each subject enrolled needs to remain on study longer.  Both effects decrease the number of new compounds that can be tested in clinical trials, increase the costs of drug development, and slow the delivery of new treatments to patients with unmet medical needs.  

Analogously, in clinical practice, more sensitive measures of response may be helpful.
  For each individual patient in an ordinary medical setting, being prescribed a new therapy is analogous to starting their own clinical trial.  Patients want to know as soon as possible if their new treatment is conveying them benefits.  If it is not, then they want to launch alternatives as soon as possible.  No one wants to take risks for nothing, or waste time, effort, and money on futile treatments.  All stakeholders, including third-party payers, view the problem similarly.  

Measuring changes in the volume of an entire tumor could solve some of these problems.  However, questions have been raised about whether volumetric image analysis will add value, or only increase the costs of patient care and the complexity of running clinical trials.  After all, visual inspections of serial CT scans can be sufficient to demonstrate new metastases that trigger an assessment of treatment failure.  Even without findings of new metastases, changes in tumor masses can be so conspicuous that quantification seems pointless.  The question, then, is whether there are particular scenarios in which volumetric image analysis conveys medically meaningful benefits to individual patients, or genuinely enhances the quality of clinical trials.
This review sought evidence that suggests volumetric image analysis is an accurate, precise, sensitive, and medically valuable biomarker of response in the assessment of lung tumors.  
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Methods

The Quantitative Imaging Biomarker Alliance (QIBA)
,
  constructed a systematic "process map"
 for eventually qualifying volumetric CT as a biomarker of response to treatments for a variety of medical conditions, including lung cancer.  As part of its due diligence, a QIBA taskforce reviewed the literature to find evidence supporting or refuting the following hypotheses:

· It is technically feasible to measure some lung tumor volumes with CT
· Measurements of these tumor volumes are accurate

· Most of the technical factors that influence the precision of volumetric measurements are known and can be controlled for
· The precision, and therefore the sensitivity, of volumetric image analysis for detecting responses is higher than the sensitivity of RECIST
· The risks of misleading results in clinical trials and the care of individual patients are known and within acceptable limits

· Thresholds for classifying changes in volume as biologically meaningful can be established with confidence
· Changes that are greater than these thresholds are medically meaningful, and have the potential to be qualified as surrogates for changes in health outcomes
The literature was reviewed by using PubMed and several internet search engines. Key words included the following:  lung cancer, volume, RECIST, image analysis, outcomes, clinical trials, and some of their synonyms.  
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Results

Technical Feasibility.  
The potential value of quantifying tumor volume before and after treatment to assess response was recognized before the introduction of CT.
  For more than 30 years now, investigators have argued that the serial quantification of lung masses with CT is feasible,
 and can have a positive impact on patient care.
,
  

Adoption has been delayed by the amount of effort required.  The early literature described drawing boundaries around regions of interest (ROIs) by hand.  Although there are still some time consuming exceptions,
 most modern tools use a variety of edge detection algorithms and semi-automated processes to compute volumes in less than a few minutes.  Now, all major CT device manufacturers offer software tools for quantifying volume.  While expert supervision is still required to prevent these algorithms from "getting lost", "running away", and returning erroneous results, doubts about technical feasibility per se have almost vanished, and given way to questions about accuracy, precision, and value in specific settings.
Accuracy: Phantom Studies.  For more than a quarter century, investigators have reported characterizing the accuracy of quantitative chest CT with phantoms.
,
  This review is limited to the consideration of a few, representative investigations that seem relevant to the question of whether changes in lung tumor volumes can be accurately measured with CT.

In 2000, Yankelevitz and colleagues
 studied the accuracy and precision of measurement with a chest phantom that contained both spherical and deformable silicone nodules. Phantom nodule volumes could be measured accurately to within ± 3% for solid, homogeneous, synthetic nodules with a mean attenuation of 175 HU, imaged with a standard-dose protocol (200 mAs) and a 0.5 mm reconstruction interval.

In 2003, Winer-Muram and colleagues
 used a chest phantom to show that accuracy was related to the reconstruction interval.  They found that simulated tumor volumes were overestimated 11%–278%; and that overestimation varied directly with section width and inversely with tumor diameter.  They concluded that thin-section CT images reduce the overestimation in nodule volume, and that it is best to compare tumor volumes on serial CT images with the same section width.

In 2008, Ravenel and colleagues
 reported a study that used a 16-detector CT scanner to image chest phantoms containing a variety of objects of known volume.  They found that precision and accuracy were highly influenced by object size and slice thickness, but relatively resistant to the reconstruction kernel.  They found that the volumes of small nodules were consistently overestimated.  All other things being equal, they observed that the larger the object, the higher the precision and accuracy.  

In 2009, a group of scientists at the US Food and Drug Administration began reporting systematic studies of anthropomorphic phantoms.
,
  Objects of various sizes and complexity were scanned repeatedly using a range of acquisition and reconstruction parameters.  They confirmed that performance is dependent on slice thickness and object size.  Their findings showed that adequately precise and accurate volume estimates are possible, at least when conducted by dedicated scientists working at a single center.  
In 2009, Gavrielides and colleagues
 reviewed the literature on the accuracy of measurement.  They pointed out that there is still a need for better understanding how to control volumetric accuracy as a function of many interrelated technical variables.  Like others, they concluded that appropriately selected acquisition and reconstruction parameters can lead to high levels of technical accuracy.  However, fundamental questions related to the medical meaning of change still remain to be answered.

Accuracy: Clinical Studies.  General proof-of-concept about the ability of CT to accurately quantify volumes in vivo seems best established in the field of liver transplantation, where relatively large numbers of CT based measurements of hepatic volumes have been compared with explanted organ weights.
  Agreement between in vivo and ex vivo measurements have also been consistently reported for CT scans of other solid organs.
  However, the confirmation of accuracy in the field of lung cancer remains problematic.  Ex vivo volume measurements would require careful dissection of all surrounding tissues.  Even if all the normal tissues could be dissected away from a neoplastic mass, maintaining the microcirculatory system, interstitial turgor pressure, intracellular fluid levels, and other physiological state characteristics that influence the true volume of masses in vivo seems as though it would be laborious at best.  As a consequence, there is only limited clinical data about the corroboration of accuracy in any type of cancer.
,
,
,
  It seems likely that accuracy will need to be inferred from images of phantoms, while most clinical imaging research in oncology will need to focus on precision and correlations with health status.  

Technical Factors Influencing the Precision of Clinical Volume Measurements.  There appears to be a consensus that image quality influences precision.  More specifically, precision is (1) inversely proportional to the reconstruction interval (RI), or slice thickness, (2) directly proportional to the size of the mass, (3) inversely proportional to the complexity of its shape, (4) directly proportional to its contrast with surrounding tissue, and (5) dependent on several other miscellaneous factors.  

(1)  Reconstruction Interval.  Zhao and colleagues
 examined the impact of the RI on uni-dimensional, bi-dimensional, and volume measurements of 42 lung tumors in 10 patients.  A comparison of 7.5, 5, and 3.75 mm slices suggested that variance generally decreases with slice thickness.  Volumetric measurements were more susceptible to changes in slice thickness than line-lengths in this range.  

Petrou and colleagues
 studied 75 lung nodules at 3 RIs ranging from 1.25 to 2.5 mm.  In small nodules, they found significant differences in measured volumes using two commercially available software packages when the analysis was performed at a total slice thickness of 5 mm with a reconstruction interval of 2.5 mm, so that the center between each tomographic image was 2.5 mm.  However, variations in measurements became no longer significant when the images were reconstructed in sections that were thinner.  In general, this team found that the variability of measurement increased as the size of the nodule decreased.  Spiculation was identified as a confounding variable in small nodules.  This is a potentially important observation, since spiculation tends to increase over time.
 
(2) Influence of tumor size. In 2006, Goodman and colleagues
 reported scanning 50 lung nodules in 29 patients.  They used 8- or 16-detector CT scanners.  Three image analysts measured the volume of each nodule during 3 different image analysis sessions with a semi-automated algorithm provided by the device manufacturer.  They found that the variance of the volume measurements among 3 independent analysts for any given image set in a single image analysis session was often less than 1%.  However, the variance for all 9 measurements of each nodule averaged about 13%, with an average 90% confidence interval of about +/- 25%.  The confidence interval varied inversely with the size of the nodules, which ranged from 49.3 to 1,434 mm3 ((0.05 to 1.4 mL). In a few of the smaller nodules, the confidence interval was more than 30%.  Their findings seem to confirm that the precision, and therefore the sensitivity, of volumetric image analysis is dependent on the size of a nodule.  Phantom studies have shown that this relationship holds for large objects, provided the shape of the mass does not become too complex.  Complexity may partly explain why a relationship with size has not yet been reported for large masses in patients with advanced stage disease.  
(3) Tumor Shape.  In 2007, Gietema and colleagues
 reported prospectively measuring the volumes of 218 tumors in 20 patients with metastatic lung cancer.  This single center, one camera study was limited to tumors with a longest diameter of less than 10 mm that did not abut a pleural surface or major blood vessel.  The investigators found that variability was related to the shape of a mass, but not size within this limited range.  This is consistent with the results of phantom studies which have shown variance increases as the complexity of the objects representing tumors increases, as well as the clinical findings by Petrou and colleagues above.
In 2008, Wang and colleagues
 used semi-automated software to retrospectively measure the volume of 4225 pulmonary nodules in 2239 subjects who participated in a multi-center lung cancer screening study.  They found high levels of agreement for measurements in 86% of the nodules. Disagreement was classified as small in about 4% of the nodules, moderate (between 5 and 15%) in 6%, and large in 4%.  In general, fewer problems with quantification were found in masses with relatively simple shapes surrounded by fully aerated lung when compared to complex masses with edges juxtaposed to edges of the lung.

(4) Contrast with surrounding tissues.  Both phantom and clinical studies have suggested that precision and accuracy are dependent on contrast.  However, we found no systematic clinical studies formally defining contrast or directly addressing the issue.  Instead, we found a consensus that contrast mattered based on personal experience and claims derived from subsets of data.  For example, Goodman and colleagues33 observed that segmentation failed in a small fraction of the nodules they studied, and measurement variation was high for nodules with ground glass appearances. As noted above, Wang and colleagues reported less disagreement when masses were surrounded by fully aerated lung. 
(5) Miscellaneous factors.  In 2007, Bolte and colleagues
 conducted a phantom study of small objects simulating pulmonary nodules ranging in size from about 20 to 245 mm3.  They found that volumetric measurements were less variable than longest diameter measurements in all groups of image analysts.  The variability of line length measurements was significantly higher in less experienced analysts than in experienced analysts.  However, we found no systematic studies of reader training on performance in clinical trials.
Sensitivity as a Function of Precision.  The sensitivity of serial measurements for detecting change is highly related to the precision of each measurement.  A number of investigators have claimed that line-length measurements cannot be made with satisfactory precision, and can lead to mis-classification of response.
,
,
  

In 2003, Revel and colleagues
 studied the intra- and inter-rater reliability of line-lengths in 54 pulmonary nodules that ranged in size from 3-to-18 mm.  Agreement was relatively low, leading this team of investigators to conclude that "two-dimensional CT measurements are not reliable in the evaluation of small noncalcified pulmonary nodules."  

In a 2004 follow up study,
 the same team had 3 raters quantify the volume of these nodules 3 times each.  They found that volume could be quantified in 52 of 54 (96%) of these nodules.  Of these 52, there was almost no variation among readers in 35 (67%), and the coefficient of variation for the remaining 17 (33%) averaged 2.26% (range: 2.4 to 3.1%).  Direct, nodule-by-nodule comparisons between the performance of RECIST and volumetric image analysis were not provided, but the investigators concluded volume measurements were more reliable than longest diameters in this setting.  This could be important, because if there is at least one known setting where volumetric image analysis performs well, then it might be that volumetrics also outperforms RECIST in other settings with similar features related to size, shape, contrast, etc.
Risks of Using Changes In Volume As Biomarkers.  Some concerns about using volumes as biomarkers are not related to the technical veracity of measurements, but rather to the ability of the changes to reflect changes in the state of the disease.  For example, in a 2007 review, Shankar and colleagues
 noted that RECIST line-lengths representing the longest diameter of a mass can (1) underestimate the benefits of targeted therapies that prolong survival despite no visual evidence of tumor shrinkage, (2) signal misleading indications of disease progression when tumors swell due to bleeding, edema, etc., and (3) fail to reflect the appearance of new neoplastic tissues within complex masses.  

These problems could also confound measurements of whole tumor volumes.  In fact, it is theoretically possible that volumetric image analysis could amplify some of these "errors".  In support of the caveat by Shankar and colleagues, a number of investigators have concluded that neither line-lengths
 nor volumes are adequately useful biomarkers of clinical outcome.  Some of these reports have been based on studies of heterogenous tumors in other types of cancer,
,
,
,
  but could apply to lung tumors as well, particularly if tissue segmentation algorithms are not used to limit the measurements to neoplastic tissues within complex masses. 
,
,

Establishing Thresholds For Classifying Response.  Several groups of investigators have reported that currently available image analysis software produces high levels of intra- and inter-rater reliability on "static" image sets.  However, inter-scan variability seems much higher when measured in "coffee break" designs.  In coffee break studies, patients are re-scanned after very short time-intervals that require subjects to get off the imaging table after the first scan, and then climb right back onto the table for the second scan.  The assumption is that fundamental tumor biology and scanner performance does not change between the first and second scans, even though some factors might, such as patient positioning, inspirational effort, etc. 

Consistent with this concept of biologically real changes in tumor volume despite no medically meaningful changes in the health status of the patients,  Boll and colleagues
 observed that hemodynamic factors can produce true nodule compression and expansion.  In 2004, they reported quantifying volumes in 73 small nodules in 30 patients on a 16-detector CT scanner.  They used cardiac gating to show that volume measurements of small nodules vary by as much as 34% during the cardiac cycle.  The nodules ranged in size from 0.2-to-399 mm3, corresponding to longest diameters ranging from less than 1 mm to a little more than 9 mm.  If response thresholds must be two-times larger than the variance of measurement, then volumetrics would not be any more sensitive than RECIST in this setting, which requires thresholds of -66% and +73%.  However, no one has ever reported biological changes of this magnitude in larger masses.
In 2004, Wormanns and colleagues
 published a coffee-break study in which they acquired 2 CT scans of the chest in 10 patients with 50 measurable lung nodules that ranged from 2-to-20 mm in longest diameter.  They found that both inter- and intra-rater variability in the measured volumes were less than 1% on any given image.  However, inter-scan variability averaged about  +/- 20%.  This would lead to thresholds for classifying response of about 40% for lung nodules that range from 2-to-20 mm in longest diameter, which would convey only a marginal advantage over RECIST.  
As noted above, Gietema and colleaguesx36x reported a coffee-break study of 218 lung tumors in 20 patients with metastatic lung cancer.  The analyses were limited to masses with a longest diameter of less than 10 mm.  The investigators found that the 90% confidence interval for differences in measured volumes was slightly more than +/- 20%, although the mean variability was only 3%.  They concluded that "variation of semiautomated volume measurements of pulmonary nodules can be substantial."  

In 2009, Zhao and colleagues
 reported smaller variances in lung tumor volumes during a coffee break study of 32 patients with advanced lung cancer than most previous studies of small lung nodules.  Images were acquired on 16- or 64-detector CT machines.  A manually supervised, semi-automated boundary finding algorithm was used to analyze thin slices with a reconstruction interval of 1.25 mm.  The 95% confidence interval in this study ranged from -12.1% to 13.4%.  One factor that might have contributed to the higher precision of measurement in this study was the tumor size, which averaged 3.8 cm in longest diameter.  This seems substantially more sensitive than RECIST, and in some settings, might be worth the extra effort required to conduct the analyses.
Value.  Jaffe pointed out that the value of elegant image analysis has not been proven yet in clinical trials.
  In this review, value is defined as the ability of imaging to have a meaningful impact on patient care by predicting the clinical course of illness, or the response to treatment sooner than alternative methods of assessment.  
Suggestions of value are mounting.  In 2006, Zhao and colleagues
 reported a study of 15 patients with lung cancer at a single center. They used multi-detector CT scans with a reconstruction interval of 1.75 mm to semi-automatically quantify uni-dimensional longest diameters, bi-dimensional cross products, and volumes before and after chemotherapy.  They found that 11/15 (73%) of the patients had changes in volume of 20% or more, while only one (7%) and 4 (27%) of the subjects in this sample had changes in uni- or bi-dimensional line-lenths of >20%.  There were 7 (47%) patients with changes in volume of 30% or more, while there were no patients with uni-dimensional line-length changes of 30% or more, and only 2 (13%) with changes in bi-dimensional cross products of 30% or more.  The investigators concluded that volumetric image analysis was substantially more sensitive to drug responses than uni- or bi-dimensional line-lengths.  However, this initial data set did not address clinical value in terms of health outcomes.

In a follow up analysis,
 the same group used volumetric analysis to predict the biologic activity of endothelial growth factor receptor (EGFR) modulation in NSCLC, with EGFR mutation status as a reference. In this population of 48 patients, changes in tumor volume at 3 weeks after the start of treatment were found to be more sensitive and equally specific when compared to early diameter changes at predicting EGFR mutation status.  The positive predictive value of early volume response for EGFR mutation status in their patient population was 86%.  The results were consistent with findings that showed volumetric image analysis can predict clinical response much sooner than RECIST in other cancers.
 The investigators concluded that early volume change has promise as an investigational method for detecting the biologic activity of systemic therapies in NSCLC.
In 2008, Altorki and colleagues
 reported that volumetric image analysis is substantially more sensitive than changes in uni-dimensional diameters.  In a sample of 35 patients with early stage lung cancer, they found that 30 of 35 (85.7%) subjects treated with pazopanib had a measurable decrease in tumor volume, while only 3 of these 35 subjects met RECIST criteria for a Partial Response.  However, this group did not report how they distinguished between a meaningful decrease in tumor volume and the noise associated with their measurements, nor did they provide any follow up data that could be used to assess how well decreases in tumor volume corresponded to clinical outcome.
In 2009, van Klaveren and colleagues
 used absolute volumes and doubling times to make diagnostic decisions in 7757 subjects at high risk for lung cancer who were enrolled in the experimental arm of a randomized clinical trial to evaluate the mortality reduction benefit of screening with CT.  Patients with lung nodules were followed for up to 4 years after enrollment. Harmonized image acquisition and analysis protocol were used to produce 1 mm thick slices at a reconstruction interval of 0.7 mm.  The overall sensitivity of case finding for nodules that met the protocol definition of suspicious was 94.6%, and the negative predictive value was 99.9%.  They concluded that serial measurements of volume could spare a substantial fraction of patients with suspicious nodules from invasive diagnostic procedures and their associated morbidity.  
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Discussion

There are now many reports describing the feasibility of quantifying lung tumor volumes with CT.  Volumetric measurements of solid tumors can be accurate in the proper setting.  The precision of measurement is continuously improving, and usually higher than for corresponding measurements of longest diameter.  The sensitivity of volumetrics for distinguishing between measurement error and medically meaningful changes in tumor biology is dependent on context.  The literature shows that the context is understandable, common, and relevant to areas where there are still intense needs for more sensitive biomarkers of response.  
The literature suggests that, all else being equal, the larger the tumor volume, the lower the variance.  This is because most of the measurement error comes from detecting the edges of a tumor on a stack of two dimensional images.  Together, the edges correspond to its surface in three dimensional space.  The smaller the mass, the higher its surface-to-volume ratio, and thus the higher the percent error of measurement.  Conversely, the larger the mass, the lower its surface-to-volume ratio, and the less susceptible its volume to measurement error.  This principle seems important.  In diagnostic settings, distinguishing benign lung nodules from early stages of cancer based on their rates of growth over relatively short intervals is feasible, and can spare patients from invasive procedures.  However, longitudinal measurements of small nodules require rather rigorous control over the image acquisition and analysis procedures.
  In contrast, when all other things are equal, larger masses in patients with established diagnoses of lung cancer seem more resistant to measurement error.  These claims seems supported by coffee break studies of patients with inoperable lung cancer who have target lesions averaging about 4 cm.  In this scenario, high resolution imaging can produce variances with 95% confidence intervals of less than 15%.  This makes volumetric image analysis substantially more sensitive than RECIST.
It seems hard to over emphasize that, whatever its problems, volumetric image analysis of lung tumors seems more informative than measurements of line-lengths placed on a single tomographic slice.  If nothing else, volume measurements obviate the problems that stem from the fact that lung cancers are rarely well modeled as uniformly contracting or expanding spheres.  While it seems likely that the whole thoracic tumor burden will not be quantifiable in every case, evidence is mounting that volumetric measurements will enhance assessments of response in many cases, and fail no more often than RECIST.  
It seems likely that volumetrics will also succeed in other types of extra-thoracic cancer when the tumors are the right size, shape, and density when compared to the surrounding tissue.  Although there is not yet enough evidence to claim that volumetric image analysis is qualified as a biomarker of response in patients with solid tumors, quantifying changes in tumor volume could constitute a major paradigm shift in clinical practice, as well as the conduct of some clinical trials.  
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