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1. Major conclusions:

Volume performs better for thin slice data and across different types of nodule shape. RECIST has least intra-reader variability among the three, and is not affected as much by slice thickness, but suffers from potential bias due to the way that aspherical nodules were measured. Area (WHO) has intra-reader variability in between those of RECIST and volume,  but suffers from the same drawback as RECIST in terms of measurement bias.  
More specifically, 

A. Volume measurements are not affected by the nodule shape, density. 
B. RECIST variance is not affected by the slice thickness, while volume has almost twice variability for thick slice (5mm) relative to thin slice (.8mm).  
C. Both RECIST and area measurement are affected by the nodule shape and density as there are clear bias in nodule 5 at density -10, and systematic bias in both nodule 3 and nodule 5 at density 100.
D. RECIST has the least intra-reader variability among the three: volume has around three times variability over RECIST, and area has twice variability over RECIST. 
E. In terms of individual reader difference, all six readers appear to perform well according to the natural variability due to data (intra-reader variability).   
Definition of Concepts:

Intra-reader variability:  defined as the standard deviation of readings by a single reader of data deemed homogenous or repeated measurements. This implies it includes both  natural measurement variability as well as repeated reader variance. For example, for RECIST, the intra-reader variance is defined for individual readers over data for two sessions, two scans, and two slice thickness, based on ANOVA results that these factors are not significant.
Individual reader bias: defined as the average of readings by a single reader over homogenous or repeated measurement data, subtracted by the ground truth by external measurement provided by FDA. 

Assessment of reader bias:  This is based on the 95% error bar provided by the average intra-reader variability centered at zero. If an individual reader bias falls within the bounds, it is deemed “without bias”, or there is not significant individual reader bias.  
Explanation on first three figures: Note all data are presented as fractional relative to ground truth.
Figure 1 and Figure 2: y-axis: individual reader bias (1,2,3,4,5,6) and error bar (95% confidence intervals based on average intra-reader variability); x-axis: nodule id. Because of volume measurement is affected by slice thickness, so the case of 0.8mm and 5mm are plotted separately for volume. Similarly, the image data at two density levels with different orientations have clear implications for RECIST measurement, so the two density levels are plotted separately. Figure 2 for area measurement is done similarly. 
In figure 3, the average intra-reader stds (CVs) for the three types of measurements are compared.     
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Figure 1. Plot of individual reader bias and intra-reader variability of volume and RECIST measurements.
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Figure 2. Plot of individual reader bias and intra-reader variability of area (WHO) measurements.
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Figure 3: Comparison of average intra-reader variability of three metrics: volume, area, RECIST.
Appendix: Design and Factors for Reading Data:

Table 1. Image data structure:
	Nodule
	Density
	Scan (repeats)
	Slice Thickness

	1: 10mm, sphere
	-10, 100
	1, 2
	5mm, .8mm

	2: 20mm, sphere
	-10, 100
	1, 2
	5mm, .8mm

	3: 30mm, elliptical
	-10, 100
	1, 2
	5mm, .8mm

	4: 10mm, lobulated
	-10, 100
	1, 2
	5mm, .8mm

	5: 20mm, spiculated
	-10, 100
	1, 2
	5mm, .8mm


In addition, ground truth data on each of the 10 phantoms at two densities are provided by ex vivo measurement method. 
There is another factor with orientation at different density. This has a significant effect on the RECIST and area measurement on nodule three, as pointed out by Nick Petrick. Refer to Rongbing Zeng’s January 22, 2010 email on the CT images.  

Table 2. Reading (measurement) parameters: each image is read by multiple radiologists according to specific protocol.

	Reader
	Session
	Measurement (semi-automated)

	1
	1, 2
	RECIST (1D), area (WHO), volume

	2
	1, 2
	RECIST (1D), area (WHO), volume

	3
	1, 2
	RECIST (1D), area (WHO), volume

	4
	1, 2
	RECIST (1D), area (WHO), volume

	5
	1, 2
	RECIST (1D), area (WHO), volume

	6
	1, 2
	RECIST (1D), area (WHO), volume


2. Summary of measurement data:

2.1 Summary of volume measurement data:

Volume: means for readings from each individual reader, separated by nodule

And slice thickness (0.8mm, 5mm). 

, , 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1    568.75    575.00    572.50    471.25    498.75    471.25

nodule 2   4392.50   4715.00   4605.00   4070.00   4126.25   4086.25

nodule 3   4310.00   4880.00   4300.00   4071.25   4073.75   4103.75

nodule 4    533.75    561.25    516.25    490.00    502.50    483.75

nodule 5    632.50    602.50    532.50    493.75    478.75    478.75

, , 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1    535.00    651.25    507.50    430.00    426.25    335.00

nodule 2   4050.00   5090.00   4466.25   3806.25   3712.50   3713.75

nodule 3   4390.00   4343.75   4337.50   4176.25   3690.00   3621.25

nodule 4    803.75    693.75    692.50    473.75    386.25    305.00

nodule 5    526.25    592.50    456.25    473.75    517.50    373.75

Relative bias for individual readers:

> round(volRelBias, 2)

, , 0.88mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.09      0.10      0.10     -0.10     -0.05     -0.10

nodule 2      0.03      0.11      0.08     -0.04     -0.03     -0.04

nodule 3      0.01      0.15      0.01     -0.04     -0.04     -0.04

nodule 4      0.01      0.06     -0.02     -0.07     -0.05     -0.08

nodule 5      0.20      0.14      0.01     -0.06     -0.09     -0.09

, , 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.02      0.25     -0.03     -0.18     -0.18     -0.36

nodule 2     -0.05      0.20      0.05     -0.11     -0.13     -0.13

nodule 3      0.03      0.02      0.02     -0.02     -0.13     -0.15

nodule 4      0.53      0.32      0.31     -0.10     -0.27     -0.42

nodule 5      0.00      0.12     -0.13     -0.10     -0.02     -0.29

Intra-reader variability (across density, scans, session) (shown as a percentage of true volume, or approximately CV):

round(volIntraCV, 2)

, , 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.14      0.09      0.12      0.12      0.10      0.16

nodule 2      0.07      0.10      0.08      0.05      0.04      0.05

nodule 3      0.10      0.14      0.09      0.01      0.01      0.01

nodule 4      0.17      0.09      0.10      0.20      0.08      0.15

nodule 5      0.22      0.18      0.09      0.07      0.12      0.10

, , 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.24      0.32      0.28      0.14      0.05      0.17

nodule 2      0.08      0.20      0.11      0.06      0.05      0.05

nodule 3      0.08      0.10      0.11      0.12      0.06      0.07

nodule 4      0.10      0.36      0.21      0.19      0.31      0.02

nodule 5      0.36      0.29      0.21      0.20      0.37      0.23

Summary of all 6 readers: consensus mean, absolute bias and relative bias(separated by image slice thickness, 1 for 0.8mm, 2 for 5mm): 
           mean1  mean 2   truth  Bias1   Bias2 RelBias1 RelBias2 

Nodule 1  526.25  480.83  522.41   3.84  -41.58     0.01    -0.08

Nodule 2 4332.50 4139.79 4259.41  73.09 -119.61     0.02    -0.03

Nodule 3 4289.79 4093.12 4261.84  27.96 -168.71     0.01    -0.04

Nodule 4  514.58  559.17  527.03 -12.45   32.14    -0.02     0.06

Nodule 5  536.46  490.00  526.67   9.79  -36.67     0.02    -0.07

Inter-reader variability (B-CV) and Intra-reader variability (W.CV)(relative to mean, or CV format, separated by slice thickness, 1 for 0.8mm, 2 for 5mm):

           mean1 B-std1 B-std2 B-CV1 B-CV2 W-CV1 W-CV2 

Nodule 1  526.25  51.24 109.10  0.10  0.23  0.12  0.20

Nodule 2 4332.50 281.51 546.42  0.06  0.13  0.06  0.09

Nodule 3 4289.79 309.16 347.20  0.07  0.08  0.06  0.09

Nodule 4  514.58  29.15 198.75  0.06  0.36  0.13  0.20

Nodule 5  536.46  66.46  74.15  0.12  0.15  0.13  0.28

Comment: 1. Volume measurements have smaller variability at thin slice thickness (at 0.8mm) than those at thick slice (at 5mm), and the ratio of standard deviation between the two settings is around half. 
2. The relative bias for volume measurements (against ground truth) is reasonably small across different nodule shape and size. The volume bias at the thick slice (5 mm) is nearly four times bigger than that at the thin slice (0.8mm). 
2.2 Summary of RECIST measurements:

Means of data, separated on basis of reader, nodule, and slice thickness (at 0.8mm and 5mm):
> round(RECISTM, 2)

, , 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1     10.50     10.12     11.00     10.38     10.12      9.50

nodule 2     20.25     20.25     21.00     20.12     20.00     19.75

nodule 3     23.62     23.00     24.50     23.62     23.38     22.50

nodule 4     12.12     11.62     11.88     12.12     11.62     11.50

nodule 5     15.00     14.75     14.50     16.12     15.25     13.50

, , 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1     10.00      9.75     10.88     10.12     10.00      9.38

nodule 2     20.12     20.12     20.62     20.12     19.75     19.50

nodule 3     23.50     22.62     24.38     23.75     23.00     21.88

nodule 4     12.12     11.62     11.62     12.50     12.62     11.25

nodule 5     12.62     11.50     12.38     13.88     12.12     10.88

Means of data, separated on basis of reader, nodule, and density (at -10 and 100 HU):
round(RECISTM, 2)

, , -10

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1     10.38     10.12     11.12     10.38     10.00      9.50

nodule 2     20.12     20.25     20.75     20.25     19.88     19.62

nodule 3     29.75     29.12     31.00     29.88     29.50     28.62

nodule 4     12.00     11.50     11.62     12.12     12.12     11.50

nodule 5     11.00     10.00     11.38     11.50     10.38      9.62

, , 100

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1     10.12      9.75     10.75     10.12     10.12      9.38

nodule 2     20.25     20.12     20.88     20.00     19.88     19.62

nodule 3     17.38     16.50     17.88     17.50     16.88     15.75

nodule 4     12.25     11.75     11.88     12.50     12.12     11.25

nodule 5     16.62     16.25     15.50     18.50     17.00     14.75

Relative bias by individual reader and nodule: 

round(RECISTrelBias, 2)

, , -10

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.03      0.00      0.10      0.05      0.01     -0.04

nodule 2      0.00      0.00      0.03      0.00     -0.01     -0.03

nodule 3     -0.06     -0.08     -0.02     -0.06     -0.07     -0.10

nodule 4     -0.07     -0.11     -0.10     -0.06     -0.06     -0.11

nodule 5     -0.52     -0.56     -0.50     -0.48     -0.53     -0.57

, , 100

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.00     -0.03      0.07      0.02      0.02     -0.05

nodule 2      0.00      0.00      0.04     -0.01     -0.01     -0.03

nodule 3     -0.45     -0.48     -0.43     -0.45     -0.47     -0.51

nodule 4     -0.05     -0.09     -0.08     -0.03     -0.06     -0.13

nodule 5     -0.27     -0.29     -0.32     -0.17     -0.24     -0.34

Intra-reader variability, separated by slice thickness (across scan, reading session and density):
round(RECISTIntraCV, 2)

, , 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.05      0.04      0.05      0.05      0.04      0.05

nodule 2      0.02      0.02      0.00      0.02      0.00      0.02

nodule 3      0.22      0.23      0.23      0.22      0.22      0.24

nodule 4      0.05      0.04      0.08      0.03      0.04      0.04

nodule 5      0.20      0.21      0.14      0.22      0.24      0.17

, , 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.00      0.05      0.04      0.04      0.00      0.05

nodule 2      0.02      0.02      0.04      0.02      0.02      0.03

nodule 3      0.20      0.20      0.22      0.19      0.20      0.20

nodule 4      0.05      0.06      0.06      0.04      0.04      0.04

nodule 5      0.07      0.09      0.07      0.13      0.08      0.08

Intra-reader measurement variability, separated by density (across scan, reading session and slice thickness):

round(RECISTIntraCV, 2)

, , -10

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.05      0.04      0.04      0.05      0.00      0.05

nodule 2      0.02      0.02      0.04      0.02      0.02      0.03

nodule 3      0.01      0.03      0.02      0.02      0.02      0.03

nodule 4      0.04      0.04      0.06      0.03      0.03      0.04

nodule 5      0.03      0.02      0.03      0.05      0.02      0.02

, , 100

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.04      0.05      0.05      0.04      0.04      0.05

nodule 2      0.02      0.02      0.02      0.00      0.02      0.03

nodule 3      0.02      0.02      0.02      0.02      0.01      0.03

nodule 4      0.05      0.05      0.08      0.04      0.08      0.04

nodule 5      0.13      0.15      0.10      0.13      0.16      0.11

Reader consensus mean, bias, and relative bias (1 stands for density -10HU, 2 for density 100 HU):

round(RECISTMa[, 1:7], 2)

          mean1 mean2 truth  Bias1  Bias2 RelBias1 RelBias2 

Nodule 1 10.25  10.04 10.01   0.24   0.04     0.02     0.00

Nodule 2 20.15  20.12 20.16  -0.01  -0.04     0.00     0.00

Nodule 3 29.65  16.98 31.74  -2.09 -14.76    -0.07    -0.46

Nodule 4 11.81  11.96 12.89  -1.08  -0.93    -0.08    -0.07

Nodule 5 10.65  16.44 22.58 -11.93  -6.14    -0.53    -0.27

Inter-reader variability (B-std, B-CV) and average intra-reader variability (W-CV):
round(RECISTMa[, c(1, 8:13)], 2)

         mean1 B-std1 B-std2 B-CV1 B-CV2 W-CV1 W-CV2 

Nodule 1 10.25   0.54   0.46  0.05  0.05  0.04  0.04

Nodule 2 20.15   0.38   0.43  0.02  0.02  0.02  0.02

Nodule 3 29.65   0.80   0.77  0.03  0.05  0.02  0.02

Nodule 4 11.81   0.30   0.44  0.03  0.04  0.04  0.06

Nodule 5 10.65   0.76   1.29  0.07  0.08  0.03  0.13

Comment: 1. As pointed out by Nick Petrick, because the orientation is different at the two densities -10HU, 100HU, the density has a strong effect on the resulting images and consequently on reader measurements. So the analysis is redone separately at the two densities. One can see that now the bias for nodule 3 is reduced greatly at density -10, and the large bias is at 100HU. Interestingly, nodule 5 has significant bias at both densities (but smaller bias at 100 HU). 2.The intra and inter-reader variabilities at both densities are reasonably small (except that nodule 5 has the largest intra-reader variability at 100HU).  So, for example, thin slice does not appear to improve the precision of RECIST measurement.  
2.3 Summary of area measurements:
Means: separated by nodule, reader, and two experimental factors: slice thickness and material density (at -10 and 100).
round(areaM, 2)

, , -10, 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1    118.25    100.00    121.00    107.75     102.5     90.50

nodule 2    446.50    410.25    441.00    435.75     400.0    390.25

nodule 3    499.25    521.75    547.00    484.00     472.5    449.75

nodule 4    150.25    132.50    150.75    159.50     141.0    121.50

nodule 5    113.00     92.50    117.75    110.25      95.0     72.50

, , 100, 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1    105.25    100.00    121.00    105.25    102.50     90.50

nodule 2    425.75    420.50    441.00    420.50    395.00    385.25

nodule 3    289.50    285.25    311.00    293.25    276.25    228.75

nodule 4    120.50    106.50    122.75    114.50    100.50     87.25

nodule 5    182.75    168.50    186.25    182.25    183.00    123.00

, , -10, 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1    105.25    110.50    115.75    110.50     95.00     78.75

nodule 2    430.75    410.25    430.75    415.25    390.25    380.50

nodule 3    478.75    470.50    526.00    483.50    471.25    412.50

nodule 4    153.25    141.50    132.50    150.00    150.00    110.50

nodule 5    123.25    100.50    118.25    104.50     97.50     78.75

, , 100, 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1    102.50    100.00    107.75    102.50    100.00     72.50

nodule 2    410.25    400.00    451.75    400.00    400.00    390.25

nodule 3    315.00    272.50    319.75    301.75    280.25    264.00

nodule 4    149.75    138.00    135.50    156.00    149.50    112.25

nodule 5    129.50    116.75    106.75    157.50    130.50     69.00

Note that the ground truth for area:

True area values for the five nodules from ex vivo measurement:
      1       2       3      4       5 

 100.11 406.425 506.815 148.49 340.865
Individual reader bias (relative to ground truth) by nodule, density and slice thickness.

round(areaRelBias, 2)

, , -10, .8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.18      0.00      0.21      0.08      0.02     -0.10

nodule 2      0.10      0.01      0.09      0.07     -0.02     -0.04

nodule 3     -0.01      0.03      0.08     -0.05     -0.07     -0.11

nodule 4      0.01     -0.11      0.02      0.07     -0.05     -0.18

nodule 5     -0.67     -0.73     -0.65     -0.68     -0.72     -0.79

, , 100, .8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.05      0.00      0.21      0.05      0.02     -0.10

nodule 2      0.05      0.03      0.09      0.03     -0.03     -0.05

nodule 3     -0.43     -0.44     -0.39     -0.42     -0.45     -0.55

nodule 4     -0.19     -0.28     -0.17     -0.23     -0.32     -0.41

nodule 5     -0.46     -0.51     -0.45     -0.47     -0.46     -0.64

, , -10, 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.05      0.10      0.16      0.10     -0.05     -0.21

nodule 2      0.06      0.01      0.06      0.02     -0.04     -0.06

nodule 3     -0.06     -0.07      0.04     -0.05     -0.07     -0.19

nodule 4      0.03     -0.05     -0.11      0.01      0.01     -0.26

nodule 5     -0.64     -0.71     -0.65     -0.69     -0.71     -0.77

, , 100, 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.02      0.00      0.08      0.02      0.00     -0.28

nodule 2      0.01     -0.02      0.11     -0.02     -0.02     -0.04

nodule 3     -0.38     -0.46     -0.37     -0.40     -0.45     -0.48

nodule 4      0.01     -0.07     -0.09      0.05      0.01     -0.24

nodule 5     -0.62     -0.66     -0.69     -0.54     -0.62     -0.80

Inter-reader means variability (CV):  

> round(areaMCV, 2)

, , 0.8mm

          -10  100 

nodule 1 0.11 0.10

nodule 2 0.06 0.05

nodule 3 0.07 0.10

nodule 4 0.10 0.12

nodule 5 0.17 0.14

, , 5mm

          -10  100 

nodule 1 0.13 0.13

nodule 2 0.05 0.05

nodule 3 0.08 0.08

nodule 4 0.12 0.11

nodule 5 0.15 0.25

Reader consensus (mean) bias (as a fraction of ground truth):

round(areaMrelBias, 2)

, , 0.8mm

           -10   100 

nodule 1  0.07  0.04

nodule 2  0.03  0.02

nodule 3 -0.02 -0.45

nodule 4 -0.04 -0.27

nodule 5 -0.71 -0.50

, , 5mm

           -10   100 

nodule 1  0.03 -0.03

nodule 2  0.01  0.01

nodule 3 -0.07 -0.42

nodule 4 -0.06 -0.06

nodule 5 -0.70 -0.65

Intra-reader variability (across scans, session, and density):
round(areaIntraCV, 2)

, , 0.8mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.10      0.00      0.00      0.10      0.05      0.10

nodule 2      0.07      0.05      0.00      0.05      0.02      0.04

nodule 3      0.23      0.25      0.25      0.20      0.21      0.24

nodule 4      0.13      0.12      0.18      0.17      0.15      0.15

nodule 5      0.11      0.12      0.11      0.12      0.14      0.08

, , 5mm

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.08      0.10      0.10      0.10      0.05      0.08

nodule 2      0.05      0.04      0.06      0.04      0.03      0.05

nodule 3      0.18      0.21      0.22      0.19      0.20      0.16

nodule 4      0.08      0.10      0.11      0.06      0.05      0.06

nodule 5      0.04      0.04      0.03      0.09      0.06      0.03

Intra-reader variability across scans, session, and slice thickness:

round(areaIntraCV, 2)

, , -10

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.10      0.10      0.07      0.10      0.06      0.10

nodule 2      0.06      0.05      0.04      0.04      0.03      0.05

nodule 3      0.05      0.07      0.04      0.03      0.03      0.05

nodule 4      0.08      0.11      0.14      0.07      0.05      0.10

nodule 5      0.04      0.04      0.03      0.04      0.03      0.02

, , 100

         Reader  1 Reader  2 Reader  3 Reader  4 Reader  5 Reader  6 

nodule 1      0.08      0.00      0.10      0.08      0.04      0.14

nodule 2      0.06      0.05      0.04      0.05      0.02      0.04

nodule 3      0.05      0.05      0.05      0.02      0.02      0.04

nodule 4      0.12      0.13      0.14      0.16      0.18      0.10

nodule 5      0.09      0.09      0.13      0.05      0.09      0.09

Comments: 1. The relative bias of area measurement is reasonably small at density -10HU, except for nodule 5.  At density 100, both nodule 3 and nodule 5 have large bias. The bias for nodule 3 is due to different orientation. The bias for nodule 5 is quite large (between 50% to 70%)  for all settings (different slice thickness and density).

2. The inter-reader variability is larger than intra-reader variability, as expected, and this ranges from 10%-20%.  Interestingly, neither type of variability show any appreciable changes across different settings (slice thickness or density), and so, thin slice does not appear to improve area measurement.  
3. Graphical display of reading bias data and data summary (similar to G. Kim and N. Petrick’s approach):
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Display of measurement bias, slice thickness  0.8mm
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Figure 4. Boxplot display of volume measurement bias (measurement minus truth divided by the true volume)  for image data collected at slice thickness 0.8mm.  
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Figure 5. Boxplot display of volume measurement bias (measurement minus truth divided by the true volume)  for image data collected at slice thickness 5 mm.  

Mean fractional bias:

round(volBiasm, 2)

, , .8mm

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.09     0.10     0.10    -0.10    -0.05    -0.10

Nodule  2     0.03     0.11     0.08    -0.04    -0.03    -0.04

Nodule  3     0.01     0.14     0.01    -0.04    -0.04    -0.04

Nodule  4     0.01     0.06    -0.02    -0.07    -0.05    -0.08

Nodule  5     0.20     0.14     0.01    -0.06    -0.09    -0.09

, , 5mm

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.02     0.25    -0.03    -0.18    -0.18    -0.36

Nodule  2    -0.05     0.19     0.05    -0.11    -0.13    -0.13

Nodule  3     0.03     0.02     0.02    -0.02    -0.13    -0.15

Nodule  4     0.53     0.32     0.31    -0.10    -0.27    -0.42

Nodule  5     0.00     0.12    -0.13    -0.10    -0.02    -0.29

CV for the fractional bias data:

round(volBiasstd, 2)

, , .8mm

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.14     0.10     0.12     0.10     0.09     0.15

Nodule  2     0.06     0.10     0.08     0.06     0.04     0.06

Nodule  3     0.10     0.13     0.08     0.02     0.01     0.02

Nodule  4     0.17     0.09     0.10     0.20     0.08     0.15

Nodule  5     0.22     0.17     0.10     0.06     0.11     0.10

, , 5mm

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.23     0.34     0.28     0.13     0.04     0.18

Nodule  2     0.08     0.20     0.10     0.06     0.05     0.05

Nodule  3     0.09     0.10     0.11     0.13     0.07     0.08

Nodule  4     0.10     0.36     0.21     0.19     0.31     0.02

Nodule  5     0.36     0.29     0.21     0.20     0.37     0.23

 Comment: Compare to Section 2.1.
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Figure 6. Boxplot display of measurement bias of RECIST (measurement minus truth divided by the  RECIST ground truth data) for data collected at slice thickness 0.8 mm. 
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Figure 7. Boxplot display of measurement bias of RECIST (measurement minus truth divided by the  RECIST ground truth data) for data collected at slice thickness 5 mm. 
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Figure 8. Boxplot display of measurement bias of RECIST (measurement minus truth divided by the  RECIST ground truth data) for data collected at density -10. 
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Figure 9. Boxplot display of measurement bias of RECIST (measurement minus truth divided by the  RECIST ground truth data) for data collected at density 100. 

Means of normalized RECIST readings (minus true, and divided by true RECIST) 
round(RECISTBiasm, 2)

, , -10

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.03     0.00     0.10     0.03    -0.01    -0.06

Nodule  2     0.00     0.00     0.03     0.00    -0.01    -0.03

Nodule  3    -0.06    -0.08    -0.02    -0.05    -0.07    -0.09

Nodule  4    -0.07    -0.11    -0.10    -0.06    -0.06    -0.11

Nodule  5    -0.52    -0.56    -0.50    -0.50    -0.55    -0.58

, , 100

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.02    -0.02     0.08     0.02     0.02    -0.05

Nodule  2     0.00     0.00     0.03    -0.01    -0.01    -0.03

Nodule  3    -0.45    -0.48    -0.44    -0.45    -0.47    -0.51

Nodule  4    -0.05    -0.09    -0.08    -0.03    -0.06    -0.13

Nodule  5    -0.25    -0.27    -0.30    -0.17    -0.24    -0.34

CV: round(RECISTBiasstd, 2)

, , -10

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.05     0.04     0.04     0.05     0.00     0.05

Nodule  2     0.02     0.02     0.04     0.02     0.02     0.03

Nodule  3     0.01     0.03     0.02     0.02     0.02     0.03

Nodule  4     0.04     0.04     0.06     0.03     0.03     0.04

Nodule  5     0.03     0.02     0.03     0.05     0.02     0.02

, , 100

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.04     0.05     0.05     0.04     0.04     0.05

Nodule  2     0.02     0.02     0.02     0.00     0.02     0.03

Nodule  3     0.02     0.02     0.02     0.02     0.01     0.03

Nodule  4     0.05     0.05     0.08     0.04     0.08     0.04

Nodule  5     0.13     0.15     0.10     0.13     0.16     0.11
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Figure 10. Boxplot display of measurement bias of area (measurement minus truth divided by the true area)  for data collected at slice thickness 0.8 mm.
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Figure 11. Boxplot display of measurement bias of area (measurement minus truth divided by the true area)  for data collected at slice thickness 5 mm.
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Figure 12. Boxplot display of measurement bias of area (measurement minus truth divided by the true area)  for data collected at density -10.
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Figure 13.  Boxplot display of measurement bias of area (measurement minus truth divided by the true area)  for data collected at density 100.

Means of normalized areas:

round(areaBiasm, 2)

, , -10

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.10     0.03     0.16     0.07    -0.03    -0.17

Nodule  2     0.08     0.01     0.07     0.05    -0.03    -0.05

Nodule  3    -0.03    -0.01     0.07    -0.04    -0.06    -0.14

Nodule  4     0.02    -0.08    -0.05     0.04    -0.02    -0.22

Nodule  5    -0.65    -0.72    -0.65    -0.68    -0.72    -0.78

, , 100

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.06     0.02     0.16     0.06     0.03    -0.17

Nodule  2     0.03     0.01     0.10     0.01    -0.02    -0.05

Nodule  3    -0.41    -0.45    -0.38    -0.42    -0.46    -0.52

Nodule  4    -0.09    -0.17    -0.13    -0.09    -0.16    -0.33

Nodule  5    -0.54    -0.58    -0.57    -0.50    -0.54    -0.72

CV: round(areaBiasstd, 2)

, , -10

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.10     0.10     0.07     0.10     0.06     0.10

Nodule  2     0.06     0.05     0.04     0.04     0.03     0.05

Nodule  3     0.05     0.07     0.04     0.03     0.03     0.05

Nodule  4     0.08     0.11     0.14     0.07     0.05     0.10

Nodule  5     0.04     0.04     0.03     0.04     0.03     0.02

, , 100

          Reader 1 Reader 2 Reader 3 Reader 4 Reader 5 Reader 6 

Nodule  1     0.08     0.00     0.10     0.08     0.04     0.14

Nodule  2     0.06     0.05     0.04     0.05     0.02     0.04

Nodule  3     0.05     0.05     0.05     0.02     0.02     0.04

Nodule  4     0.12     0.13     0.14     0.16     0.18     0.10

Nodule  5     0.09     0.09     0.13     0.05     0.09     0.09

###COMPARE BETWEEN VOLUME, RECIST, and AREA
4. Analysis of variance on the measurement data (without using the ground truth data)

Volume

for(i in (1:5)) {


#hist(Volume.df$vol)


volume.aov <- aov(vol ~ reader/session + density + scan + thickness, data = Volume.df[Volume.df$nodule == i,  ])


print(paste("Nodule=", i, "Volume"))


print(summary(volume.aov))

}

[1] "Nodule= 1 Volume" Analysis of Variance Table
                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  483870.8 96774.17 10.11283 0.0000002

            density  1     416.7   416.67  0.04354 0.8352331

               scan  1   26004.2 26004.17  2.71742 0.1031322

          thickness  1   49504.2 49504.17  5.17315 0.0255832

session %in% reader  6   22475.0  3745.83  0.39144 0.8825318

          Residuals 81  775125.0  9569.44                   

[1] "Nodule= 2 Volume"

                    Df Sum of Sq Mean Sq  F Value     Pr(F) 

             reader  5  13377468 2675494 20.58596 0.0000000

            density  1    280584  280584  2.15889 0.1456203

               scan  1    740259  740259  5.69575 0.0193375

          thickness  1    891276  891276  6.85772 0.0105322

session %in% reader  6   2129769  354961  2.73117 0.0181619

          Residuals 81  10527318  129967                   

[1] "Nodule= 3 Volume"

                    Df Sum of Sq Mean Sq  F Value     Pr(F) 

             reader  5   6827658 1365532 9.394134 0.0000004

            density  1    611204  611204 4.204761 0.0435444

               scan  1    212817  212817 1.464066 0.2298037

          thickness  1    928267  928267 6.385983 0.0134483

session %in% reader  6    433487   72248 0.497027 0.8088355

          Residuals 81  11774163  145360                   

[1] "Nodule= 4 Volume"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5    992762 198552.5 11.75350 0.0000000

            density  1      6017   6016.7  0.35616 0.5523099

               scan  1       817    816.7  0.04834 0.8265247

  thickness  1     47704  47704.2  2.82389 0.0967238

session %in% reader  6     86225  14370.8  0.85069 0.5348141

          Residuals 81   1368337  16893.1                   

[1] "Nodule= 5 Volume"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5    327918 65583.54 4.464774 0.0012114

            density  1      1584  1584.37 0.107861 0.7434407

               scan  1      4959  4959.37 0.337623 0.5628181

          thickness  1     51801 51801.04 3.526493 0.0639942

session %in% reader  6     52419  8736.46 0.594758 0.7336456

          Residuals 81   1189818 14689.11                   

Log volume

for(i in (1:5)) {


Logvolume.aov <- aov(log(vol) ~ reader/session + density + scan + thickness, data = Volume.df[Volume.df$nodule == i,



])


print(paste("Nodule=", i, "Log-volume"))


print(summary(Logvolume.aov))

}

[1] "Nodule= 1 Log-volume"

                    Df Sum of Sq   Mean Sq  F Value     Pr(F) 

             reader  5  2.028515 0.4057030 10.41785 0.0000001

            density  1  0.004079 0.0040793  0.10475 0.7470350

               scan  1  0.109067 0.1090666  2.80067 0.0980828

          thickness  1  0.363941 0.3639407  9.34546 0.0030279

session %in% reader  6  0.089605 0.0149342  0.38349 0.8875905

          Residuals 81  3.154387 0.0389431                   

[1] "Nodule= 2 Log-volume"

                    Df Sum of Sq   Mean Sq  F Value      Pr(F) 

             reader  5 0.6681674 0.1336335 19.93525 0.00000000

            density  1 0.0214792 0.0214792  3.20424 0.07718469

               scan  1 0.0344881 0.0344881  5.14489 0.02597684

          thickness  1 0.0680654 0.0680654 10.15390 0.00204597

session %in% reader  6 0.1005772 0.0167629  2.50066 0.02856569

          Residuals 81 0.5429735 0.0067034                    

[1] "Nodule= 3 Log-volume"

                    Df Sum of Sq    Mean Sq  F Value     Pr(F) 

             reader  5 0.3730893 0.07461785 9.325963 0.0000005

            density  1 0.0432782 0.04327818 5.409037 0.0225344

               scan  1 0.0098964 0.00989638 1.236879 0.2693633

          thickness  1 0.0600391 0.06003912 7.503870 0.0075698

session %in% reader  6 0.0197398 0.00328997 0.411190 0.8696198

          Residuals 81 0.6480881 0.00800109                   

[1] "Nodule= 4 Log-volume"

                    Df Sum of Sq   Mean Sq  F Value     Pr(F) 

             reader  5  3.751089 0.7502178 12.52506 0.0000000

            density  1  0.016683 0.0166833  0.27853 0.5991079

               scan  1  0.009250 0.0092503  0.15444 0.6953645

          thickness  1  0.004113 0.0041128  0.06866 0.7939577

session %in% reader  6  0.354506 0.0590843  0.98643 0.4400413

          Residuals 81  4.851686 0.0598974                   

[1] "Nodule= 5 Log-volume"

                    Df Sum of Sq   Mean Sq  F Value     Pr(F) 

             reader  5  1.223854 0.2447708 4.269395 0.0016978

            density  1  0.012806 0.0128059 0.223365 0.6377585

               scan  1  0.022082 0.0220817 0.385158 0.5365979

          thickness  1  0.383252 0.3832523 6.684847 0.0115152

session %in% reader  6  0.218526 0.0364210 0.635270 0.7016236

          Residuals 81  4.643851 0.0573315                   

RECIST
for(i in (1:5)) {


recist.aov <- aov(RECIST ~ reader/session + density + scan + thickness, data = RECIST.df[RECIST.df$nodule == i,  ])


print(paste("Nodule=", i, "RECIST"))


print(summary(recist.aov))

}

[1] "Nodule= 1 RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  19.20833 3.841667 25.57603 0.0000000

            density  1   1.04167 1.041667  6.93493 0.0101219

               scan  1   1.04167 1.041667  6.93493 0.0101219

          thickness  1   1.50000 1.500000  9.98630 0.0022181

session %in% reader  6   1.00000 0.166667  1.10959 0.3640939

          Residuals 81  12.16667 0.150206                   

[1] "Nodule= 2 RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  12.67708 2.535417 16.75055 0.0000000

            density  1   0.01042 0.010417  0.06882 0.7937301

               scan  1   1.26042 1.260417  8.32710 0.0050041

          thickness  1   0.84375 0.843750  5.57434 0.0206285

session %in% reader  6   2.18750 0.364583  2.40867 0.0341898

          Residuals 81  12.26042 0.151363                   

[1] "Nodule= 3 RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5    48.000    9.600   19.583 0.0000000

            density  1  3850.667 3850.667 7854.875 0.0000000

               scan  1     0.375    0.375    0.765 0.3843689

          thickness  1     1.500    1.500    3.060 0.0840388

session %in% reader  6     2.375    0.396    0.807 0.5670940

          Residuals 81    39.708    0.490                   

[1] "Nodule= 4 RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  10.30208 2.060417 5.296463 0.0002926

            density  1   0.51042 0.510417 1.312066 0.2553940

               scan  1   0.09375 0.093750 0.240992 0.6248181

          thickness  1   0.51042 0.510417 1.312066 0.2553940

session %in% reader  6   4.81250 0.802083 2.061818 0.0667924

          Residuals 81  31.51042 0.389017                   

[1] "Nodule= 5 RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5   67.8333  13.5667   5.0777 0.0004240

            density  1  805.0417 805.0417 301.3094 0.0000000

               scan  1    0.6667   0.6667   0.2495 0.6187684

          thickness  1  165.3750 165.3750  61.8962 0.0000000

session %in% reader  6    8.5000   1.4167   0.5302 0.7837901

          Residuals 81  216.4167   2.6718                   

> ###log-scale RECIST 

for(i in (1:5)) {


recist.aov <- aov(log(RECIST) ~ reader/session + density + scan + thickness, data = RECIST.df[RECIST.df$nodule == i,



])


print(paste("Nodule=", i, "Log RECIST"))


print(summary(recist.aov))

}

[1] "Nodule= 1 Log RECIST"

                    Df Sum of Sq    Mean Sq  F Value     Pr(F) 

             reader  5 0.1866420 0.03732839 25.52905 0.0000000

            density  1 0.0099014 0.00990141  6.77162 0.0110103

               scan  1 0.0099014 0.00990141  6.77162 0.0110103

          thickness  1 0.0141517 0.01415170  9.67841 0.0025747

session %in% reader  6 0.0098592 0.00164320  1.12379 0.3559909

          Residuals 81 0.1184376 0.00146219                   

[1] "Nodule= 2 Log RECIST"

                    Df  Sum of Sq     Mean Sq  F Value     Pr(F) 

             reader  5 0.03089818 0.006179637 16.43596 0.0000000

            density  1 0.00002232 0.000022318  0.05936 0.8081295

               scan  1 0.00308495 0.003084947  8.20503 0.0053185

          thickness  1 0.00212466 0.002124657  5.65094 0.0198037

session %in% reader  6 0.00556664 0.000927774  2.46760 0.0304742

          Residuals 81 0.03045460 0.000375983                   

[1] "Nodule= 3 Log RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  0.104113 0.020823   17.048 0.0000000

            density  1  7.481400 7.481400 6125.252 0.0000000

               scan  1  0.000575 0.000575    0.470 0.4947616

          thickness  1  0.000212 0.000212    0.174 0.6777702

session %in% reader  6  0.005076 0.000846    0.693 0.6561323

          Residuals 81  0.098934 0.001221                   

[1] "Nodule= 4 Log RECIST"

                    Df Sum of Sq    Mean Sq  F Value     Pr(F) 

             reader  5 0.0738343 0.01476686 5.386372 0.0002514

            density  1 0.0029529 0.00295287 1.077091 0.3024374

               scan  1 0.0006724 0.00067239 0.245261 0.6217729

          thickness  1 0.0032702 0.00327016 1.192824 0.2779985

session %in% reader  6 0.0337008 0.00561679 2.048786 0.0684729

          Residuals 81 0.2220634 0.00274152                   

[1] "Nodule= 5 Log RECIST"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  0.356584 0.071317   6.5322 0.0000376

            density  1  4.278979 4.278979 391.9266 0.0000000

               scan  1  0.002587 0.002587   0.2369 0.6277600

          thickness  1  0.663050 0.663050  60.7311 0.0000000

session %in% reader  6  0.048849 0.008141   0.7457 0.6145164

          Residuals 81  0.884342 0.010918                   

Area

for(i in (1:5)) {


area.aov <- aov(Area ~ reader/session + density + scan + thickness, data = area2D.df[area2D.df$nodule == i,  ])


print(paste("Nodule=", i, "Area"))


print(summary(area.aov))

}

[1] "Nodule= 1 Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  9928.083 1985.617 28.62575 0.0000000

            density  1   352.667  352.667  5.08424 0.0268433

               scan  1    96.000   96.000  1.38399 0.2428686

          thickness  1   672.042  672.042  9.68852 0.0025621

session %in% reader  6   285.625   47.604  0.68629 0.6611920

          Residuals 81  5618.542   69.365                   

[1] "Nodule= 2 Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  32531.84 6506.369 19.58747 0.0000000

            density  1    283.59  283.594  0.85376 0.3582349

               scan  1    858.01  858.010  2.58305 0.1119050

          thickness  1   1725.51 1725.510  5.19466 0.0252879

session %in% reader  6   1552.44  258.740  0.77894 0.5888216

          Residuals 81  26905.76  332.170                   

[1] "Nodule= 3 Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5   64999.0  12999.8   24.513 0.0000000

            density  1  943670.0 943670.0 1779.401 0.0000000

               scan  1      28.2     28.2    0.053 0.8183158

          thickness  1     651.0    651.0    1.228 0.2711505

session %in% reader  6    1108.4    184.7    0.348 0.9089311

          Residuals 81   42956.7    530.3                   

[1] "Nodule= 4 Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  14495.30 2899.060 13.15281 0.0000000

            density  1   6683.34 6683.344 30.32182 0.0000004

               scan  1     36.26   36.260  0.16451 0.6861065

          thickness  1   4887.76 4887.760 22.17539 0.0000102

session %in% reader  6   4497.31  749.552  3.40066 0.0048266

          Residuals 81  17853.51  220.414                   

[1] "Nodule= 5 Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  30969.75  6193.95 13.33406 0.0000000

            density  1  43690.67 43690.67 94.05529 0.0000000

               scan  1      9.38     9.38  0.02018 0.8873825

          thickness  1  14406.00 14406.00 31.01259 0.0000003

session %in% reader  6   1388.63   231.44  0.49823 0.8079416

          Residuals 81  37626.21   464.52                   

###log-scale area 

[1] "Nodule= 1 Log Area"

                    Df Sum of Sq   Mean Sq  F Value     Pr(F) 

             reader  5  1.079008 0.2158015 30.67807 0.0000000

            density  1  0.032373 0.0323731  4.60212 0.0349275

               scan  1  0.011075 0.0110754  1.57446 0.2131692

          thickness  1  0.075428 0.0754283 10.72279 0.0015580

session %in% reader  6  0.028810 0.0048017  0.68261 0.6641049

          Residuals 81  0.569786 0.0070344                   

[1] "Nodule= 2 Log Area"

                    Df Sum of Sq    Mean Sq  F Value     Pr(F) 

             reader  5 0.1901907 0.03803813 19.56729 0.0000000

            density  1 0.0015667 0.00156670  0.80593 0.3719874

               scan  1 0.0048958 0.00489583  2.51848 0.1164155

          thickness  1 0.0099696 0.00996962  5.12850 0.0262080

session %in% reader  6 0.0085876 0.00143126  0.73626 0.6218859

          Residuals 81 0.1574612 0.00194397                   

[1] "Nodule= 3 Log Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  0.478837 0.095767   24.483 0.0000000

            density  1  6.691164 6.691164 1710.623 0.0000000

               scan  1  0.000337 0.000337    0.086 0.7699772

          thickness  1  0.000044 0.000044    0.011 0.9160396

session %in% reader  6  0.008576 0.001429    0.365 0.8987813

          Residuals 81  0.316834 0.003912                   

[1] "Nodule= 4 Log Area"

                    Df Sum of Sq   Mean Sq  F Value     Pr(F) 

             reader  5  0.943321 0.1886642 14.11473 0.0000000

            density  1  0.431889 0.4318888 32.31135 0.0000002

               scan  1  0.001942 0.0019421  0.14530 0.7040683

          thickness  1  0.332760 0.3327596 24.89509 0.0000034

session %in% reader  6  0.247553 0.0412588  3.08674 0.0089920

          Residuals 81  1.082684 0.0133665                   

[1] "Nodule= 5 Log Area"

                    Df Sum of Sq  Mean Sq  F Value     Pr(F) 

             reader  5  2.640766 0.528153 17.04487 0.0000000

            density  1  2.565652 2.565652 82.80022 0.0000000

               scan  1  0.000245 0.000245  0.00790 0.9293991

          thickness  1  0.736436 0.736436 23.76668 0.0000053

session %in% reader  6  0.101152 0.016859  0.54408 0.7731657

          Residuals 81  2.509870 0.030986                   
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