10

11

12

13
14
15
16
17
18

19

20

21
22
23
24
25
26
27
28

29

30

31
32
33
34
35
36

Tumor volume measurement errors RECIST
studied with realistic tumor models

Zachary H. Levine,"” Benjamin R. Galloway,*? Adele P. Peskin®

! Optical Technology Division, National Institute of Standards and Technology,
Gaithersburg, MD 20899-8441, USA

2 Department of Engineering Physics, Colorado School of Mines, Golden, CO 80401-
1887, USA

® Applied and Computational Mathematics Division, National Institute of Standards and
Technology, Boulder, CO 80305-3328, USA

“Zlevine@nist.gov
Keywords: X-ray imaging ; RECIST ; tumor size ; volumetric measurement

Abstract: RECIST (Response Evaluation Criteria in Solid Tumors) is a linear
measure intended to predict tumor volume in medical computed tomography
(CT). In this work, using purely geometrical considerations, we estimate how
well RECIST can predict the volume of randomly-oriented tumor models, each
composed of the union of ellipsoids. The principal conclusion is that RECIST is
likely to work less well for realistic tumors than for ellipsoids.

Introduction

The Response Evaluation Criteria in Solid Tumours (RECIST) [1] is used to
determine whether medically significant changes have taken place in potentially
cancerous lesions as imaged using computed tomography (CT). The main feature of
RECIST is that the size of lesions is based on a one-dimensional measurement within
planes transverse to the axis of data acquisition. The system harkens back to the display
of CT images on film which was used in the late twentieth century. The lesions are three
dimensional objects and ideally would be sized as such. Here, we explore
computationally the measurement errors that are induced by RECIST.

RECIST with Tumor Models Based On Ellipsoids

In a previous studies, we considered the measurement errors in RECIST based on
measurements of physical ellipsoids [2] and randomly-oriented single ellipsoids treated
theoretically. [3] Here, we study 16 model tumors which were constructed to simulate
lung tumors to provide reference data as part of a larger test of volumetric measurement
methods [4]. Each of the tumors was modeled with a set of 4 to 13 ellipsoids. Of these,
two were nearly convex, one model was a pair of nearby tumors, and the balance showed
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substantial deviation from being convex. We rotate these tumors into a uniformly chosen
random orientation and then we find the largest diameters in the cut plane.

The operation is somewhat more time-consuming than for the general ellipsoids, [2] in
that it is necessary to scan in a direction normal to the measurement plane to obtain a
maximum, whereas for the ellipsoids the plane containing the origin would contain the
RECIST diameter. An additional complication occurs because the tumor models are not
necessarily convex. Hence, the possibility of having more than one isolated two-
dimensional region in the cut plane appears. We decided to keep the largest two such
values, which is in keeping with the rule of RECIST 1.1 that up to two tumors per organ
may be studied [1].

We normalize the volumes to #/6 so that the RECIST diameter d = 1 would be
produced for spherical objects. We present the distributions of RECIST values for four
model tumors in Fig. 1 which represent the extremes of the 16 distributions. The model
with the smallest ratio of o4/ , which is approximately ellipsoidal, has peaks at the
extremes of Fig. 1a which resemble peaks predicted for the uniaxial distribution in Fig. 1
of Ref. [3]. A tumor which is roughly spherical gives the distribution shown in Fig. 1a
which is relatively narrow but highly structured. The distribution in Fig. 8b is notable for
a long, low tail which arises when the object appears in two parts in a cut plane. A
similar figure is shown in Fig. 1d. These figures are remarkable for their structure:
individual tumor models give rise to highly structured RECIST value distributions, but
these distributions do not resemble each other. The distribution with the largest value
is shown in Fig. 8c; this model was the pair of closely positioned tumors.

In Fig. 2, we present the standard deviation of the RECIST value as a function of the
mean RECIST value. (Recall all volumes are normalized to z/6 which yields d = 1 for a
sphere.) The uniaxial ellipsoid limit is shown in the figure. Six of sixteen model tumors
exceed this value. The standard deviations are correlated with the mean diameter value.
That is, tumors with irregular shapes produce large values, but they do so in a way which
is hard to predict in individual cases.
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Fig. 1. Probability densities of four sampled tumor models with random orientations and normalized volume V
= /6. The tumors chosen had probability densities with (a) the smallest o4/ , (b) the largest a4/ , (C) the largest
, and (d) the largest values for both skewness and kurtosis.
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Fig. 2. Standard deviation of the RECIST diameter distributions for each of the 16 tumor models as a function
of their average diameters. The vertical line shows the maximum RECIST diameter for uniaxial ellipsoids
according to Fig. 2a of Ref. [3].
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Finally, in Fig. 3, we compare the mean RECIST values and standard deviations of the
16 realistic tumors to those of particular, randomly oriented, general ellipsoids. The three
parameters a, b, and c for each of the ellipsoids were chosen to match the eigenvalues of
the second moment tensors of the tumor models. All 16 model tumor values lie above
the 1:1 lines, indicating that the ellipsoid model probably overestimates the ability of
RECIST to predict tumor volumes.
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Fig. 3. (a) Mean RECIST diameters for each of the 16 tumor models compared to the mean RECIST diameters
for ellipsoids with equal second moments. (b) Same comparison for standard deviations. The 1:1 lines are
shown.

Discussion and Conclusions

Our studies of more realistic tumor models suggest that the randomly-oriented
ellipsoid model underestimates the uncertainty of RECIST in predicting tumor volumes.
Werner-Wasik et al. [5] and Rossi et al. [6] describe tumor volumes as irregular. Li et al.
[7] find that among nodules in the lung, malignant ones tend to have a round or complex
shape, whereas benign lesions have these shapes as well as oval and polygonal shapes.
Takashima et al. [8] report that malignancies are more spherical than benign lesions for
solitary pulmonary nodules no larger than 1 cm. If the tumors have a complex shape, our
results on the more realistic tumor models show that additional uncertainty is very likely.
More subtly, if the malignancies are more spherical than benign lesions, RECIST will
preferentially select benign lesions for study.

The general conclusion of this work is that the measurement errors induced by
RECIST compared to volume measurements for single ellipsoids studied previously [3] is
very likely to be a lower bound on the measurement errors in real tumors.

Acknowledgements

BRG was supported by a Summer Undergraduate Research Fellowship at the
National Institute of Standards and Technology. Discussions with Joseph J. Chen and
Claus P. HeuRel are gratefully acknowledged.



104

105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

References

1.

E. A. Eisenhauer, P. Therasse, J. Bogaerts, L. H. Schwartz, D. Sargent, R. Ford,
J. Dancey, S. Arbuck, S. Gwyther, M. Mooney, L. Rubinstein, L. Shankar, L.
Dodd, R. Kaplan, D. Lacombe, and J. Verweij, “New response evaluation
criteria in solid tumours: revised RECIST guideline (version 1.1),” Eur. J.
Cancer 45(2), 228-247 (2009).

Z. H. Levine, B. R. Borchardt, N. J. Brandenburg, C. W. Clark, B.
Muralikrishnan, C. M. Shakariji, J. J. Chen, and E. L. Siegel, "RECIST versus
volume measurement in medical CT using ellipsoids of known size," Opt. Expr.
18(8) 8151-8159 (2010).

Z. H. Levine, B. R. Galloway, A. P. Peskin, C. P. Heussel, and J. J. Chen,
“Tumor volume measurement errors of RECIST studied with ellipsoids,” Med.
Phys., submitted.

A. P. Peskin, K. Kafadar, A. Dima, J. Bernal, D. Gilsinn, “Synthetic Lung
Tumor Data Sets for Comparison of Volumetric Algorithms,” in Proceeding of
the 2009 International Conference on Image Processing, Computer Vision, and
Pattern Recognition, (July 2009), pp. 43-47.

M. Werner-Wasik, Y. Xiao, E. Pequignot, W. J. Curran, and W. Hauck,
"Assessment of Lung Cancer Response After Nonoperative Therapy: Tumor
Diameter, Bidimensional Product, and VVolume. A Serial CT Scan-Based Study,"
Int. J. Radiation Oncology Biol. Phys. 51 (1) 56-61 (2001).

M. Rossi, P. Dastidar, H. Pertovaara, R. Jarvenpad, T. Luukkaala, P.-L.
Kellkumpu-Lehtienen, S. Rautakunnas, T. Heinonen, S. Soimkallio, and H.
Eskola, "Response analysis of Non-Hodgkin Lymphoma Using Magnetic
Resonance Imaging-Based Volumes,” J. Comput. Assis. Tomogr. 33(3) 466-474
(2009).

F. Li, S. Sone, H. Abe, H. MacMahon, K. Doi, "Malignant versus Benign
Nodules at CT Screening for Lung Cancer: Comparison of Thin-Section CT
Findings," Radiol. 233, 793-798 (2004).

S. Takashima, S. Sone, F. Li, Y. Maruyama, M. Hasegawa, T. Matsushita, F.
Takayama, and M. Kadoya, "Small Solitary Pulmonary Nodules (< 1 cm)
Detected at Population-Based CT Screening for Lung Cancer: Reliable High-
Resolution CT Features of Benign Lesions," Am. J. Radiol. 180, 955-964
(2003).



