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16 Abstract:
17 1) Background: Ultrasound-based strain imaging is now available in several ultrasound (US)
18 scanners. Strain ratio (SR) can be used to quantify strain recorded simultaneously in two different
19 user-selected areas, ideally exposed to the same amount of stress. The aim of this study was to
20 evaluate SR variability when assessed in an in-vitro setup with a tissue-mimicking phantom, on
21 resected tissue samples and in live tissue scanning with endoscopic applications. 2) Material and
22 methods: Retrospective analysis of SR for quantification of elastic contrasts in a tissue-mimicking
23 phantom containing four homogenous inclusions, in 38 resected bowel wall lesions and in 48 focal
24 pancreatic lesions examined in vivo. Median SR and the inter-quartile range (IQR) was calculated
25 on all external and endoscopic US-applications. The IQR/median provides a measure of the SR
26 variability focusing on the two percentiles of the data closest to the median value. 3) Results: The
27 overall variability of SR was lowest in a tissue-mimicking phantom (mean QR/median SR: 0.07). In
28 resected bowel wall lesions representing adenomas, adenocarcinomas or Crohn lesions, the
29 variability increased (mean IQR/Median: 0.62). During an endoscopic examination of focal
30 pancreatic lesions in vivo, the variability increased further (mean IQR/Median: 2.04). 4) Conclusion:
31 SR variability increased when assessed on different targets with growing heterogeneity and
32 biological variability as one moved from homogeneous media to live tissues and endoscopic
33 application. This may indicate a limitation for the accuracy SR evaluation in clinical applications.
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41 1. Introduction

42 Soft tissue elastic properties change in various pathological tissues such as malignant tumors
43  and inflammatory processes. Strain elastography can be used to quantify this physical feature based
44 on ultrasound imaging [1]. Tissue hardness can be assessed across tissue images describing the
45  FElastic modulus (E), defined as the relationship between the application of local stress and the
46  resulting strain. This can be expressed as:

47
Astrain
= @)
Astress
48
49 Since the stress is not recorded as it travels from the stress source through the tissue and

50  gradually attenuates, it is not possible to calculate the Elastic modulus from strain data alone. This
51  phenomenon is sometimes referred to as the “inverse problem” of strain elastography [2]. Under
52 similar stress, strain in harder tissue is lower than strain in softer tissue. Thus, a comparison between
53 strain in reference tissue and in the lesion, produces a ratio that increases when the focal lesion is
54 harder. SR represents the relative difference in tissue hardness and was originally introduced as
55  the “Fat lesion ratio” [3]. The definition of SR is:

56
) ) Mean strain B (reference area)
Strain Ratio (SR) = - - (2)
Mean strain A (lesion area)
57
58
59 Hooke’s law states that for small deformations in elastic media the strain is linearly

60  proportional with the force (stress) applied to it. However, this is true for isotropic, homogeneous
61 media with near infinite or free border conditions [4]. These conditions are rarely present in
62  biological tissues, which exhibit non-linear elastic properties of different magnitude due to
63  differences in tissue structure and function [5, 6,7]. This may be of importance for the accuracy of
64  strain elastography. By keeping the pre-compression and range of compressions (A Stress) to a
65  limited interval, the stress-strain relation of the tissues involved may for practical purposes be
66  regarded as linear.

67

68 Vital tissue contains ducts and veins acting as dampers of stress as well as connective tissue and
69  sliding anatomical surfaces that limit and enhance tissue movement, respectively. Unintended
70  movements may cause strain concentration and reduce accuracy in SR evaluation. Hence, in-vivo
71 conditions often do not meet the preconditions of Hooke's law for elasticity calculation, and may
72 therefore represent limitations and cause strain-imaging artefacts that increases variability and
73 probably reduce the reproducibility of SR measurements.

74 SR expresses a momentarily and relative difference in compressibility in two user selected areas
75  within selected regions of interest in a strain elastogram. SR depends on similar stress application to
76  the two areas compared and similar stress attenuation in the tissue between the stress source (probe)
77  and the area of interest [8]. The SR measurement method was first introduced as the
78  ”Fat-lesion-ratio” in breast imaging, where an area of subcutaneous fat was used as reference to
79  mean strain in the lesion under investigation [3]. Using the subcutaneous fat as reference was
80  perhaps as close to a standardized reference tissue one can get. However, the same preconditions
81  apply as the position and probe distance to a hard or soft lesion may influence the strain distribution
82  inreference area fat tissue [8].

83

84 The variations in elasticity of biological tissues is not linear with varying pre-compression or
85  stretch of the tissue [9]. For breast and pancreatic tissues this has been evaluated by force
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86  indentation and deformation studies under increasing strengths [5, 6]. This implies that the amount
87  of pre-compression and the range of the stress applied influences the strain result, and thereby the
88  elastogram. In one study, the authors recommend a pre-compression level less than 0.2-0.4 kPa in
89  breastimaging [6].
90
91 Another physical condition that complicates reproducibility of strain ratios is the temporal
92  variability of a live strain cine-loop [10]. The best phases for acquiring strain data is during the
93  compression and decompression phase, since there is no strain signal when the stress is stable
94  between these two phases. Compression and decompression of vital tissue may be caused by
95  applied pressure from the probe or by natural internal movements from arterial pulsation, heart
96 movements or even breathing. Some strain elastography platforms provide feedback to the
97  examiner about the phase of compression or decompression on which the image is acquired,
98  enabling the use of SR from similar phases of tissue straining.
99
100 The aim of this study was to retrospectively compare SR variability as expressed by the median
101  value and interquartile range (IQR) recorded in homogeneous tissue-mimicking media, in resected
102  tissue from bowel lesions and during endosonography of focal pancreatic lesions.

103

104 2. Materials and Methods

105 The SR data in this study were recorded on different versions of the Hitachi Medical
106  Corporations Real-Time Elastography (RTE) operated on HV-900 and Ascendus platforms. US data
107  were acquired using external linear probes (L54, 9-13 MHz) as well as Pentax echo endoscope
108  EG-3870 UTK (Pentax Medical, Hamburg, Germany). The phantom used is a standard model made
109  of Zerdine® embedded in a firm box including eight spherical inclusions with elasticity 8 kPa, 14
110  KPa, 45 kPa and 80 kPa in a background of 25 kPa (CIRS, model 49, NC, USA).

111
112  Statistical Methods
113 We used the mean of median SR values for each class of lesion, the range of values (max-min)

114  and the interquartile range (IQR) for different objects or lesions. The IQR is a measure of the
115  variability based on the two central quartiles from 25-75 percentile. The remaining 50% in the
116  eccentric quartiles, are not part of the IQR, but are encountered for by the range, representing the
117  gap between the highest and lowest measured value. Kolmogorov-Smirnov’s test was used to
118  determine the distribution of data, and one way ANOVA or non-parametric tests were used
119  accordingly. We then used the Kruskal- Wallis test for individual samples to compare the Median
120 SR, the IQR and the IQR/Median for the three applications of Real-Time elastography with SR. We
121 also analyzed the difference for Median SR, IQR and IQR/Median between observer A and B in the
122  phantom and for benign or malignant pancreatic lesions by EUS elastography using one way
123 ANOVA and T-test. A difference with p-value <0.05 was considered statistically significant.

124 All patients had signed a consent form to participate in the two studies that provided SR data
125  for comparison of variability. For statistical analysis, we used SPSS, version 24 (SPSS, IBM, NY,
126  USA). Study protocols as well as patient information & consent forms were approved by the
127  institutional committee for Research in Medicine and Biology. The studies were conducted

128  according to the Helsinki Declaration for Research in Medicine and Biology.
129

130  3.Results

131  Inahomogeneous, tissue-mimicking phantom, four spherical inclusions with elasticity different
132 from the background were examined by two different observers. Observer A had little experience
133 with US scanning and observer B had long experience with both phantom and clinical application of
134  US strain imaging methods. An image of inclusion 4 (80 kPa +/-12 kPa) is shown in Fig 1.
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136  Fig 1: Elastogram from a tissue-mimicking phantom displaying a spherical inclusion (80kPa) with a
137 diameter of 2 cm in a background of 25 kPa. Right side: B-mode image with area markings; A (lesion)
138  and B (reference). Left side: elastogram in color coding. The stress source was working from above in
139  the axial direction. The lesion is speckled, green-blue while the background material is mostly

140  homogeneously green. Between the lesion and the probe the red color indicates strain concentration
141 between the stress source and the harder lesion. The Strain ratio is Mean strain in B / Mean strain in
142 A=1.80.

143 InTable 1 the median values of ten repeated SR measurements are reported for observer A and B,
144 their range and interquartile range (IQR) and the IQR/median. The last measure represents the

145  variability of 50% of the central observations divided by the median value. The common mean value
146  for observer A and B was 0.07. IQR for all median SR values for all inclusions was < 0.17.

147
148
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150
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123 Table 1. Elastography strain ratio in four inclusions in a tissue-mimicking phantom

160
Lesion 1 2 3 4
Background 25 kPa | 8 kPa 14 kPa 45 kPa 80 kPa
Observer A B A B A B A B
Median SR 0.52 0.68 0.96 0.82 1.91 1.35 2.50 2.82
Range 0.09 0.08 1.04 0.10 0.18 0.11 0.91 0.24
IQR! 25-75 0.06 0.03 0.15 0.06 0.12 0.04 0.17 0.07
IQR/Median 0.118 |0.044 |0.156 |0.073 |0.063 | 0.030 0.068 | 0.025

161  UQR: Inter Quartile Range. Mean IQR/median for phantom lesions: 0.07

162
163  Interobserver variability
164 The interobserver variability in the phantom lesions expressed by the mean of SR medians

165  showed no significant difference for the two observers (p=0.937 ANOVA). The IQR/Median SR
166  ranged from 0.063-0.156 (Mean: 0.101) for observer A with least experience, and 0.025-0.073 (Mean
167  0.043) for observer B with more experience, but the difference was not significant (p=0.055 ANOVA).
168 The distributions of Median SR and IQR/median were not significantly different between
169  observer A and B. The mean IQR alone was significantly different between observer A: 0.125
170  (SD:0.050) and observer B 0.050 (SD:0.018) (p=0.027 ANOVA). Range was not significantly different
171  between the observers.

172
173  Strain ratio in surgical specimens
174 One observer scanned surgically removed bowel specimens including tumors or resected

175  Crohn lesions. The image of a scanned bowel wall with an adenocarcinoma is shown in Fig 2. SR was
176 recorded between normal bowel wall and peri-colic fat/ connective tissue and the lesion of interest.
177 SR results including range, IQR and IQR/median for the entities adenoma, Crohn lesions and
178  adenocarcinomas are reported in Table 2. Crohn lesions had a very wide range in measurements
179  (21.44), but this entity had the lowest IQR/Median: 0.31. For adenocarcinomas, the IQR/Median was
180  0.66 and for adenomas, represented by a very limited number (4), the IQR/Median was 0.88. For all
181 SR measurement in resected bowel tissue the variability expressed by IQR was < 0.88. The mean
182  IQR/Mean in all resected tissue was 0.62.

183
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185  Fig 2: Elastogram of a newly resected bowel lesion from the colon containing a malignant tumor
186  (adenocarcinoma). The hypoechoic tumor mass (right) is imaged with a blue-green color indicating harder
187  tissue (left). A strain ratio measured between pericolic fat and connective tissue as well as part of the proper
188  muscle and the tumor tissue yields SR=1.56. The lesion and reference are positioned at similar depth and
189  distance from the stress source and the bottom.

190
191  Table 2. Elastography Strain ratio in resected surgical bowel specimens
192
Adenoma Crohn Adenocarcinoma
Number 4 16 18
Median SR 1.25 2.09 2.18
Range 1.38 21.44 4.53
IQR?! (25-75) 1.10 0.64 1.44
IQR/Median 0.88 0.31 0.66

193  UQR: Inter Quartile Range. Mean IQR/Median for ex vivo tissue: 0.62

194

195  Strain ratios in live tissue using endosonography

196  The data on pancreatic lesions representing various focal entities is reported in Table 3. The mean and range of
197  these data has previously been published [11]. The mean of Median SR of malignant pancreatic lesions was
198 7.05 (SD 1.85) and for the benign lesions it was 2.15 (SD 1.22), (p=0.035 T-test). For all entities, the IQR was
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199 higher than the median value of SR, indicating substantial variability. For the malignant lesions the mean
200  1QR/Median SR was 1.79 (SD 0.69). For the benign lesions the mean IQR/Median SR was 2.21 (SD 1.29). The
201  difference was not significant (p=0.713, T-test). The mean IQR/Median SR for all pancreatic focal lesions were
202 2.04. The IQR/Median SR value for lesions in focal pancreatitis was the highest value for all lesions, reflecting
203 the large variability observed in focal pancreatitis as well as a relatively low Median SR for this entity (0.91).

204
205  Table 3. Elastography strain ratio of focal pancreatic lesions by Endoscopic Ultrasound
206
NET NET Adenocarcin | Focal Other benign
Entity
undetermined | malignant oma pancreatitis lesion
or benign
Number 11 7 11 8 11
Median SR 2.19 5.74 8.36 0.91 3.34
Range 7.93 17.5 24.5 8.33 35.3
IQR! (25-75) 2.80 13.1 10.9 3.55 5.53
IQR/Median | 1.28 2.28 1.30 3.68 1.66

207  1IQR: Inter Quartile Range. Mean IQR/Median for pancreatic lesions: 2.04

208

209  IQR/Median SR for three applications of strain elastography

210 For the three applications reported here the IQR/median SR increased from scanning a tissue
211  mimicking phantom to ex-vivo surgical specimens of bowel pathology and further when the strain
212  imaging was performed endoscopically focusing on focal pancreatic lesions. The difference between
213  the IQR/Median SR was significant (p=0.002, Kruskal-Wallis) Fig. 3.

214
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226 Fig. 3: Box plots of the IQR/Median SR for the different applications of strain based elastography (Real-Time
227  Elastography) reported here. There is significant difference between this quality parameter for the three
228  applications (p=0.002). In liver elastography using Transient Elastography, the suggested maximum
229  IQR/Median for good quality assessment in 10 repeated measurements in the same liver is 0.30, which is
230 marked with the dotted horizontal line.

231
232  Reference area variability
233 Fig. 4 demonstrates three different frames (A-C) of strain images by EUS elastography

234  including SR measurements of the same pancreatic tumor using slightly different, but relevant
235  reference areas. The three SRs obtained range from 8.43 — 16.36 — 25.70. All the variation is caused by
236  variability in the reference tissue, in which strain varies between 0.08% - 0.16% - 0.27%. The lesion
237  strain was 0.01% in all images.
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248  Fig. 4: Three images of the same pancreatic tumor visualized by EUS elastography. Tumor tissue is blue in the
249  elastograms with a predominantly green reference tissue. The position and size of the reference tissue vary
250  slightly between the three different images, and exhibit different strains in all three images, A: 0.16% B: 0.08%
251  and C: 0.27%, while the strain in the lesion remains 0.01%. This causes the SR values to vary from 8.43-26.7.

252 4. Discussion

253 In this paper, we have presented SR measurement in a tissue-mimicking phantom and in
254  resected tissue where the stress is applied by pushing gently with the probe itself focusing on the
255  measurement variability. We have also presented data from endosonography of focal pancreatic
256  lesions where arterial pulsations, particularly from the aorta, acts as an internal stress source. We
257  have shown that the IQR increases with complexity and anisotropy in the tissues to a level that
258  surpasses the median value of SR. The mean value in of the IQR/Median increases 8,6 times from
259  phantom (0.07) to resected tissue (0.62) and 28,3 times to endosonographic application (2.04).

260

261 Selection of the reference area for comparison with a focal lesion also introduce variability
262  which may influence the equation and the resulting SR more than the strain variability of the lesion
263  itself. (Fig 4). Some researchers have only recorded the strain value in the lesion of interest, and
264  found that it performs equally well as the strain ratio in some applications [12, 13]. This however, is
265  dependent on a near standardized application of stress to the lesions of interest. But usually the
266  amount of stress cannot be sufficiently standardized, and depends on type of application, lesion and
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267  patient related factors such a depth of lesion and elasticity of surrounding tissue. For the endoscopic
268  application, also the pulse pressure, the aortic compliance and the presence of peri-pancreatic soft
269  tissue would be different from patient to patient. Therefore, a standardization of the stress applied to
270  the lesion of interest in endoscopic strain elastography is almost impossible to establish. Moreover,
271  further differences may be caused by variable levels of pre-compression and applied stress. Since
272  soft tissues have non-linear elastic properties, the tissue will appear harder with more applied stress
273 or increased pre-compression [5] [6]. On the other hand, this strain-stress profile under different
274 levels of stress may be a valuable signature of the different soft tissue, including pathological lesions,
275  and may be used for tissue characterization if a series of graded stress pulses may be applied to the
276  ROL

277 Another way to quantify a strain image is by making a strain histogram [14]. This shows the
278  distribution of the different colors representing different strain intervals in a 256 scale, from no strain
279  (0) to max strain as set by the scanner software (256). From a histogram it is also possible to quantify
280  the distribution of recorded strains to evaluate if the lesion and reference tissue is homogeneous or
281  heterogeneous by using kurtosis and range. The median value of the histogram represents the
282  median hardness of the lesion. Some researchers have suggested to use median histogram value of
283  reference tissue divided by the median value of the lesion histogram to create a “histogram ratio”. In
284  a study of pancreatic lesions, this did not perform better than SR with a ROC-AUC of 0.843 and a
285  cut-off selection yielding a specificity of 98%, and a sensitivity of only 50%. (accuracy of 69%) [15].
286 Visual evaluation of the elastogram is direct and intuitive and requires no post-processing.
287  Several scoring systems for categorical scoring of strain images have been proposed. For breast
288  imaging the 5-point Tsukuba scale was proposed by Itoh et al. in 2006 [16] . Amended versions of
289  this visual score have been proposed for other organs, e.g. the pancreas and lymph nodes by EUS
290  elastography [17]. Both continuous VAS score and categorical visual scores for endoscopic
291 assessment of rectal tumors has shown comparable results with SR measurements [18]. In a
292  comparative study of SR and the 5-point visual elastography breast scale, SR came out with better
293  accuracy [19]. The direct visual impression the experienced examiner gets by elastography imaging,
294  however, may contain more information than a 5-step visual score can comprehend, and is useful in
295  many cases for lesions in doubt. With training, different aspects of the elastogram such as strain
296  concentration and artefacts caused by veins and natural sliding surfaces can be recognized. These
297  findings can hardly be recognized by SR, histograms or other formal quantification methods. One
298  group has investigated the use of automated pattern- and color recognition of elastography of focal
299  pancreatic lesions in 258 patients. They used an artificial neural network image- analysis and
300  information about the histological diagnosis from endoscopic elastography as input. This improved
301  the accuracy by ROC-AUC to 0.94, significantly better compared to using only lesion strain
302  histograms that had a ROC-AUC of 0.85. This evaluation was done from material in a multicenter
303  study [20] but required substantial post-processing.

304 Using an endoscopic application in live tissue, the stress is mainly caused by arterial pulsations,
305  heartbeat or breathing. An endoscopic application is also challenging because the probe is inserted
306 into the gastrointestinal cavity, and cannot be controlled directly by the observer’s hands, in the
307  same manner as in external strain imaging ultrasonography. Lu and Chen et al. performed a
308  meta-analysis of EUS elastography in pancreatic lesions evaluated qualitatively by a visual score, by
309  strain histograms, SR, contrast enhanced EUS and EUS FNA [21]. They identified a large range in
310 SR cut-off values based on previous published cut-off values or the ROC curves (3.05 to 24.82). This
311  wasreason to large heterogeneity for the specificity, and 3/8 studies were identified as outliers. After
312  removing the outliers, the evaluation for identification of malignant lesions based on qualitative
313  visual scores and strain histograms outperformed the SR based evaluation (sens: 0.94, spes: 0.54,
314  Diagnostic OR: 29.42, Q: 0.812). On the other hand, strain elastography and SR based assessment of
315  rectal tumors using a dedicated radial rectal probe has been used to improve selection of patients for
316  organ-sparing treatment compared to standard multidisciplinary assessment [22].

317
318


http://dx.doi.org/10.20944/preprints201804.0199.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 April 2018 d0i:10.20944/preprints201804.0199.v1

319 Limitations:

320 This study is based on previously recorded strain ratios from a tissue mimicking phantom and
321  real tissues both in-vitro and in-vivo. The data is based on different numbers of lesions for each
322  application. For the resected tissue and the EUS-elastography of pancreatic focal lesions, all
323  recordings are done by the same observer, while the phantom inclusions are done by two observers.
324 The fact that the data on surgical specimens and pancreatic lesions in this study are collected from
325  individual lesions and patients while the phantom inclusions represent only four different “cases”
326  also serves to limit the variability in the phantom SR measurements. The same strain elastography
327  system was used for all scans (Real-Time elastography, RTE), but both scanners and software were
328  upgraded between the first and the last recording.

329

330 Recommendations for measuring SR in soft tissues

331 Based on our experience with strain elastography in-vitro and in-vivo we propose the following
332 advice to obtain relevant and reproducible elastograms:

333

334 +  Select a US-plane where the lesion can be compared with relevant reference tissue, where
335 both may be exposed to similar stress.

336 »  Reference area should be applied to relevant tissue and be of similar size if possible. A too
337 small reference area may cause sampling error.

338 +  Select lesion and reference tissue at approximately same distance from the stress source if
339 possible. In external imaging, the stress source is most often equivalent with the probe.

340 » Avoid sliding anatomical surfaces and visible vessels or ducts as part of the reference area.
341 * Measure SR in the same phase of compression or decompression when several
342 measurements are being recorded.

343 *  Maeasure at least three repeated SR — use the median

344

345 5. Conclusions

346 SR measurements are useful for quantifying local differences in tissue strain. We have shown
347  that SR as a semi-quantitative method, has increased variability when targeted on a tissue
348  mimicking phantom, resected biological tissue and vital tissue examined by endoscopic
349  ultrasonography, respectively. Target area characteristics may limit the method’s accuracy in clinical
350  applications. SR also depends on similar stress application in reference and lesion areas.
351  Homogeneous tissue facilitates SR measurements. Soft lesions have low SR values and relatively low
352  variability, while harder lesions have higher SR measurement and variability. Attenuation of stress
353  with depth and tissue inhomogeneity and anisotropy increase strain variability.

354
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