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Rationale and objectives: Tumor volume change has potential as a biomarker for diagnosis, therapy planning, and treatment response.
Precision was evaluated and compared among semiautomated lung tumor volume measurement algorithms from clinical thoracic

computed tomography data sets. The results inform approaches and testing requirements for establishing conformance with the Quan-

titative Imaging Biomarker Alliance (QIBA) Computed Tomography Volumetry Profile.

Materials andMethods: Industry and academic groups participated in a challenge study. Intra-algorithm repeatability and inter-al-

gorithm reproducibility were estimated. Relative magnitudes of various sources of variability were estimated using a linear mixed

effects model. Segmentation boundaries were compared to provide a basis on which to optimize algorithm performance for

developers.

Results: Intra-algorithm repeatability ranged from 13% (best performing) to 100% (least performing), with most algorithms demon-

strating improved repeatability as the tumor size increased. Inter-algorithm reproducibility was determined in three partitions and

was found to be 58% for the four best performing groups, 70% for the set of groups meeting repeatability requirements, and 84%
when all groups but the least performer were included. The best performing partition performed markedly better on tumors with equiv-

alent diameters greater than 40 mm. Larger tumors benefitted by human editing but smaller tumors did not. One-fifth to one-half of the

total variability came from sources independent of the algorithms. Segmentation boundaries differed substantially, not ony in overall
volume but also in detail.

Conclusions: Nine of the 12 participating algorithms pass precision requirements similar to what is indicated in the QIBA Profile, with the

caveat that the present study was not designed to explicitly evaluate algorithm profile conformance. Change in tumor volume can

be measured with confidence to within �14% using any of these nine algorithms on tumor sizes greater than 10 mm. No partition of
the algorithms was able to meet the QIBA requirements for interchangeability down to 10 mm, although the partition comprising best per-

forming algorithms did meet this requirement for a tumor size of greater than approximately 40 mm.
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L
ung tumor volume change assessed with computed to-

mography (CT) has potential as a quantitative imaging

biomarker to improve diagnosis, therapy planning, and

monitoring of treatment response (1,2). Tumor volume

change as a predictor of outcome has been of interest for

some time (3–5).

To establish confidence in algorithmic analysis for CT

volumetry as a rigorously defined assay useful for clinical

and research purposes, volume measurement algorithms

need to be characterized in terms of both bias and variability.

Measurement error on serial CT scans can be affected by a

number of interrelated factors, including imaging parame-

ters, tumor characteristics, and/or measurement procedures

(6–8). These effects must be understood and quantified. A

number of technical studies have been performed toward

this goal (9–32).

The Quantitative Imaging Biomarker Alliance (QIBA)

(33) has defined standard procedures for reliably measuring

lung tumor volume changes in a document called a profile.

The CT volumetry profile is based in part on the available

literature and on the ‘‘groundwork’’ studies conducted by

QIBA itself (34). Groundwork studies of algorithm perfor-

mance organized as public challenges have been conducted

under the moniker of ‘‘3A.’’ The first 3A study was conducted

to estimate intra-algorithm and inter-algorithm bias and vari-

ability using phantom data sets (Athelogou, PhD, manuscript

under review, 2015). Algorithms used by participating groups

were applied to CT scans of synthetic lung tumors in anthro-

pomorphic phantoms. Although such a study design was

effective for estimating bias because ground truth was known,

phantom studies are likely to underestimate the biological

variability typically seen in clinical data sets. More recently,

QIBA has undertaken studies on the analysis of clinical

data. The QIBA ‘‘1B’’ study was undertaken to compare

two reading paradigms, independent readings at both time

points versus locked sequential readings, using a test-retest

design (35). Readers in the QIBA 1B study used a single al-

gorithm. The present study, known as the ‘‘second’’ 3A, com-

bines the algorithm performance challenge approach

established by the first 3A study using the same clinical data

as were used in 1B. The goal of the present study was to quan-

tify the error when a tumor with no biological change in size

was imaged twice and each image was measured by the same

or multiple algorithms.

Intra-algorithm and inter-algorithm variability was

analyzed using data from 12 diverse tumor segmentation

algorithms from 12 academic and commercial participating

groups for measuring volume. The algorithms included

semiautomated algorithms with and without postsegmenta-

tion manual correction. The analysis of algorithm perfor-

mance conducted in this study complements the other

groundwork studies in establishing performance claims for

the QIBA Profile.

In the following section, we describe the statistical

methods and open-source informatics tool used to conduct

the study as a challenge problem. The estimated intra-

algorithm repeatability and inter-algorithm reproducibility

are presented in Results section, which also describes a

comparison of the segmentation boundaries themselves for

the subset of algorithms where tumor segmentations were

submitted.

MATERIALS AND METHODS

Data collection

Thirty-one subjects with non-small cell lung cancer were

evaluated in a test-retest design. The cases were contributed

to the Reference Image Database to Evaluate Therapy

Response (RIDER) database fromMemorial Sloan Kettering

Cancer Center, acquired in a previously conducted study (36).

Each patient was scanned twice within a short period of time

(<15 minutes) on the same scanner and the image data were

reconstructed with thin sections (<1.5 mm). Because the

time interval between repeat scans is small, the actual volume

of the tumor is the same in each scan (a zero-change scenario).

CT scans were obtained with a 16-detector row (Light-

Speed 16; GE Healthcare, Milwaukee, Wisconsin) or

64-detector row (VCT; GE Healthcare) scanner. Parameters

for the 16-detector row scanner were as follows: peak voltage

across the x-ray tube, 120 kVp; tube current, 299–441 mA;

detector configuration, 16 detectors � 1.25-mm section

gap; and pitch, 1.375. Parameters for the 64-detector row

scanner were as follows: tube voltage, 120 kVp; tube current,

298–351 mA; detector configuration, 64 detectors � 0.63-

mm section gap; and pitch, 0.984. The thoracic images

were obtained without intravenous contrast material during

a breath hold. Because the second scan was considered as a

separate scan, its field of view was set given the patient’s

second scout image. Adjustment was allowed owing to the

patient’s position in the scanner. Thin-section (1.25 mm)

images were reconstructed with no overlap by using filtered

back projection with the lung convolution kernel and trans-

ferred to the research picture archiving and communication

system server where digital imaging and communications in

medicine images were stored.

One tumor per subject was selected for measurement by

the clinical staff at Memorial Sloan Kettering. Among them,

most were primary lung cancers but three were metastatic

tumors (used because the primary tumors were nonmeasure-

able, as defined by the Response Evaluation Criteria in Solid

Tumors criteria). The data set includes tumors that are distinct

and solitary as well as others with attachment to various struc-

tures including bronchus, chest wall, and mediastinum. The

approximate tumor diameters ranged from 8 to 65 mm, as

calculated by the equivalent diameter were a sphere to include

the same volume.

The shapes of the selected tumors ranged from simple and

isolated to complex and cavitated. To facilitate comparison

of results to the prior QIBA 1B study, the tumors were

further subdivided according to whether they met the

following ‘‘measurability’’ criteria defined in the profile:
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