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Abstract 1 

Objectives This research aimed to identify biological and technical confounders in the non-2 

pregnant cervix when applying shear wave elastography with an endovaginal transducer.  3 

Methods Cervical speed measurements were obtained at the internal and external os, anterior 4 

and posterior portions of the cervix using a transvaginal approach in 69 non-gravid patients.   5 

Results Reliable measurements were obtained at the external os and internal os, anteriorly 6 

and posteriorly, in 63, 55, 55 and 26 patients respectively.  The mean speed obtained at the 7 

external os, anteriorly and posteriorly, was 2.52 ± 0.49m/s and 2.87 ± 0.63m/s respectively, 8 

and at the internal os anteriorly and posteriorly, 3.29 ± 0.79m/s and 4.10 ± 1.11m/s 9 

respectively.  The difference in speed between all regions was statistically significant 10 

(p<0.05).     11 

Conclusion Ultrasound -induced artifacts appear to affect the transmission of the 12 

elastographic main pulse, with cervical position contributing to suboptimal shear wave 13 

production in the posterior cervix. Reliable shear wave propagation can be achieved in the 14 

anterior cervix in most patients. 15 

 16 
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Introduction  21 

Retention of a pregnancy requires the cervix to maintain strength to withstand multiple forces 22 

from the uterus, from the weight of the growing fetus and amniotic sac, and also passive 23 

pressure from the uterine wall. The cervix softens and shortens throughout pregnancy and 24 

finally dilates for the fetus to be delivered vaginally.  Premature softening of the cervix is 25 

associated with early shortening of cervical length and subsequent spontaneous preterm birth 26 

(SPTB).1  The cervix can be described as soft, firm or medium based on a digital 27 

examination, but this method is subjective to the clinician, and creates difficulties due to the 28 

expectation that the cervix will soften initially at the proximal portion.1 29 

Currently, the length of the cervix assessed with transvaginal ultrasound (TVU) is the feature 30 

that is assessed to indicate cervical strength and premature softening.2 A short cervix has 31 

been shown to be a significant risk factor for subsequent SPTB.3 In women with a high risk 32 

of SPTB due to medical history, a shortened cervical length on TVU has a sensitivity of over 33 

50% for subsequent SPTB. However, in low risk women the sensitivity is reduced to 37%,4,5 34 

and the appropriate method for screening for SPTB in these women is yet to be established.  35 

With preterm birth affecting 13 million babies every year and the implications for neonatal 36 

mortality and morbity,6 there is a need for a non-invasive technique to assess cervical 37 

strength with greater sensitivity than length alone. 38 

Ultrasound elastography assesses mechanical properties of tissues in the region being 39 

examined. The basis for this technique is that soft tissue deforms differently from firm tissue 40 

and the elastographic images reflect this difference.7  Utilizing strain elastography, it has 41 

been proposed it may be possible to identify women in the historically low risk who are at an 42 

increased risk of SPTB due to softening of the cervical tissues which precedes a reduction in 43 
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cervical length.8  A more successful induction of labor has also been observed in patients 44 

with a softer internal os.9  45 

When applied to the cervix, elastography techniques based on strain imaging have difficulties 46 

due to the lack of surrounding reference tissue and the inability to reliably quantify, and 47 

hence reproduce, transducer pressure applied to the cervix.10  Shear wave elastography 48 

(SWE) produces an acoustic radiation force impluse (ARFI) excitation to produce shear 49 

waves.11  By quantifying parameters related to the propagation of the shear wave, such as 50 

shear wave speed, one can infer an estimate of tissue stiffnes.6  It is expected that this 51 

technique will produce a more objective and reproducible mechanical evaluation of the cervix 52 

than strain elastography.12,13 53 

There is promise for the use of SWE on the maternal cervix during pregnancy to assess 54 

cervical strength.  It has been shown that it is feasible to examine the external os anteriorly 55 

with TVU SWE and that a reduction in speed in this region is evident in women who deliver 56 

preterm.14  It has also been shown with SWE that the cervix softens as gestational age 57 

advances,15 and in women who have cervical ripening following induction of labor.16  The 58 

cervix has been shown to be softer during pregnancy than the non-gravid state.1 An increase 59 

in stiffness in the cervix has been shown in the region of cervical carcinoma with the use of 60 

strain elastography.17 This study investigates the use of shear wave elastography with an 61 

endovaginal ultrasound technique applied to the non-pregnant human uterine cervix.    62 

Experimentation and technique development was performed on a low risk non-gravid 63 

population. The goal being to identify biological and experimental variables that affect the 64 

interpretation of shear wave speed (SWS) estimates in the non-gravid population to 65 

contribute to the standardization of the technique for application in the non-gravid 66 

population, and in the main part to the pregnant cervix.  With the consideration that there may 67 
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be some differences observed in the technique applied in the obstetric popluation due to 68 

extrinsic pressure from fetal parts at the internal os. 69 

Material and Methods 70 

This pilot study was conducted at branches of SKG Radiology in Perth, Western Australia.  A 71 

convenience sample was utilized from women presenting for a routine gynecological 72 

ultrasound.  All participants were between 18 and 49 years of age, menstruating regularly 73 

with varying pregnancy history and ethnicity.  All patients were required to read a patient 74 

information form and give informed consent before being enrolled in the study.  Ethics 75 

approval was granted from the clinical site and the Curtin University Human Research Ethics 76 

Committee. 77 

Data collection occurred over a 13 month period commencing in July 2016.  Estimation of 78 

sample size was performed with consultation from a statistician.  The research by Carlson et 79 

al 16 identified a statistically significant difference between the stiffness of cervical tissue in 80 

ripened and unripened hysterectomy specimens of the cervix utilizing SWE.  The difference 81 

between the mean values and the standard deviations of the values were utilized to formulate 82 

a sample size using the equation for Samples Sizes for Comparative Research Studies by 83 

Eng. 18 A level of significance of p<0.05 was utilized.  This calculation resulted in a 84 

minimum of 50 normal (stiff/non-pregnant) cervix needed to formulate a baseline cervical 85 

stiffness for non-pregnant patients.  86 

Imaging protocol 87 

All imaging was performed on the Toshiba Aplio 500 versions 6 and 6.5 ultrasound machines 88 

(Otawara-shi, Tochigi, Japan).  Cervical stiffness measurements were acquired using the 89 

11C3 PVT-781VTE intra-cavity transducer.  The machine setting of a shear wave frequency 90 

of 4MHz, tracking of 0 was employed.  This setting utilizes a 4MHz push pulse and 4MHz 91 
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tracking pulse.  SWS measurements were obtained using continuous mode and the lowest 92 

frame rate setting of 1, equating to 0.4 frames per second.  The elastogram map was stable for 93 

at least 3 seconds before speed measurements were obtained.19 94 

Measurements were registered in the mid-sagittal plane of the uterine cervix, midway 95 

between the canal and serosa at the internal and external os, anterior and posterior. This plane 96 

was used as it allows operators to identify the required anatomical landmarks. Once in 97 

contact with the cervix, the transducer was withdrawn to minimize transducer pressure on the 98 

cervix whilst not compromising the B-mode image. 99 

 100 

Inter-operator testing was performed on 15 participants.  The primary SWE operator had over 101 

20 years of experience in the field of sonography with two secondary operators having less 102 

than and more than 5 years of experience, respectively.  Both secondary operators underwent 103 

training in the technique before commencement of data collection.  The primary and senior 104 

secondary operators are both skilled in liver shear wave elastography and all operators have 105 

experience in gynecological and obstetric applications of ultrasound.   106 

Imaging methodology 107 

Elastogram Map Placement 108 

The elastogram map opacity was set to 0.3 to allow for visualization of the cervical anatomy 109 

through the elastogram.  Similar to other authors,10,15 initially (the first eight participants) the 110 

elastogram map was placed over the entire length of both anterior and posterior portions of 111 

the cervix, with placement of all four regions of interest simultaneously to obtain speed 112 

measurements (Figure 1).  Utilizing a large elastogram box resulted in difficulties in focusing 113 

the region of greatest sensitivity of the main pulse to the region of interest (ROI). The recent 114 

EFSUMB update on the use of liver ultrasound elastography recommends that the main pulse 115 

focus should be placed at the level of the ROI.20 116 
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 117 

To improve shear wave propagation and repeatability, the authors reduced the elastogram box 118 

size to an anterior-posterior (AP) dimension of 15mm and the bottom width of the box was 119 

set to 20mm.  The focus was set to the center of the elastogram box at the level of intended 120 

ROI placement.  Each part of the cervix was interrogated separately so that the region of 121 

greatest sensitivity could be positioned more effectively to the anterior and posterior uterine 122 

cervix for both internal and external os (Figure 2). 123 

Shear wave region of interest placement 124 

In the non-gravid state, the uterine cervix measures approximately 25mm in length and 20 to 125 

25mm in total width, equating to an approximately 10mm width of collagenous and smooth 126 

muscle tissue around the central canal.21 Histological evidence shows that the cervical canal 127 

is surrounded by a layer of longitudinal smooth muscle fibers adjacent to the canal. Wrapping 128 

circumferentially around the longitudinal layer is a layer of smooth muscle and collagenous 129 

cells (Figure 3).  At the internal os there is a 50-60% concentration of smooth muscle cells in 130 

the circumferential layer, reducing to 40% at the mid cervix, and to 10% at the external os,22    131 

with no appreciable difference in this structure between nulliparous and multiparous 132 

specimens.22 The longitudinal fibers are thought to be responsible for the action of cervical 133 

effacement and the circumferential layer to prevent cervical dilatation.21 It has been 134 

hypothesized that the circumferential layer may be acting as a ‘sphincter’ to retain pregnancy. 135 

21,22  A 5mm ROI (Figure 2) has been utilized for this study to facilitate ROI placement in the 136 

circumferential layer of collagen and smooth muscles thought responsible for pregnancy 137 

retention. 138 

Shear wave precision  139 

Utilizing Toshiba technology, the precision of the shear wave propagation can be assessed in 140 

a number of ways.  This elastogram speed map was set to a scale of 0.5 to 8.5cm/s with blue 141 
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being indicative of softer tissues.  Regions of heterogeneous color or loss of color indicate a 142 

loss of precise shear wave propagation.  A red band of color in the near field and extending 143 

into the elastogram map is indicative of increased transducer pressure on the skin or organ 144 

and vertical artifacts through the elastogram are indicative of transducer movement. As with 145 

B-mode ultrasound imaging, shear waves are also prone to scattering, reflection or refraction 146 

and these artifacts further affect the precision of shear wave speeds. 24  Planar wave 147 

propagation is an assumption in the estimation of SWS.  The validity for this assumption can 148 

be tested using the waveform propagation maps provided by the scanner.  The wave front 149 

propagation map is unique to Canon technology and indicates shear wave arrival time as 150 

represented by contour lines.  The shear wave arrival time is inversely related to the material 151 

stiffness, and thus wider spacing indicates a faster shear wave, and therefore, a stiffer 152 

material.  The wave front map also indicates precision of shear wave propagation.  Regions 153 

of highest precision are those where the contour lines are shown to be parallel and 154 

equidistant, with a loss of parallel lines being indicative of non-planar shear wave 155 

propagation.  Due to the curvature of the intra-cavity transducer face, there is some 156 

divergence of these parallel lines.  This effect would be more apparent in the far field of the 157 

elastogram box.   158 

 159 

The ROI also gives indications of the precision of the shear wave propagation.  Many 160 

hundreds of values are obtained from the 5mm ROI and the mean speed and one standard 161 

deviation (SD) of these values is displayed. The regions within the elastogram with the most 162 

homogenous color and straightest, most parallel and equidistant propagation lines will also 163 

correlate with the lowest SD of the mean.  Regions of heterogeneous or loss of color and 164 

distortion of propagation lines are indicative of non-planar shear wave propagation; these 165 

regions also exhibit a higher SD of the mean and a higher mean speed.  Figure 4 demonstrates 166 
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a range SD’s obtained: ranging from an SD of 2.1% through to an SD of 38%, with examples 167 

of the elastogram and propagation maps and mean speeds obtained. 168 

 169 

The aforementioned factors should be considered when ascertaining the precision of the 170 

SWS. The authors considered regions of the elastogram with loss of color fill and concordant 171 

distorted propagation maps and an elevated SD to have non-planar shear wave propagation. 172 

These qualitative factors and an SD of greater than 20%  of the mean speed (quantified 173 

mathematically) was used as a cut off above which mean SWS was considered artifactually 174 

increased and not reliable.  Unreliable measurements were excluded during statistical 175 

analysis. 176 

Transducer pressure  177 

As mentioned previously the transmission of the main pulse and resultant shear waves can be 178 

affected by numerous ultrasound induced artifacts. 24 It is ideal to optimize the b-mode image 179 

and obtain an optimal ultrasound window before the application of SWE. 20  Care should be 180 

taken to minimize probe pressure on the tissue of interest, whilst maintaining a good b-mode 181 

window.12 A localized pre-stress can result in apparent high SWS values due to non-linear 182 

tissue responses.24 183 

 184 

To assess the magnitude of this effect, we studied if a change in transducer pressure on the 185 

cervix alters the resultant shear wave speeds.  To this end, ten participants were examined 186 

with increased and reduced transducer pressure.  All regions of the cervix were interrogated 187 

as previously described.  The change in distance to the ROI between increased and reduced 188 

pressure was as follows: external os anterior 4.3mm (2-10mm), external os posterior 4.2mm 189 

(1-9mm), internal os anterior 4.2mm (2-7mm), internal os posterior 4.2mm (1-8mm). 190 

Inter-operator testing 191 
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Inter-operator testing was performed on 15 participants.  For each participant the first 192 

operator obtained shear wave readings at all 4 regions of interrogation.  The secondary 193 

operator then performed the same set of readings at each of the 4 regions.  The mean speed 194 

obtained by each operator was tested for concordance. 195 

 196 

Statistical analysis  197 

Data analysis was performed using SPSS version 26.0 (SPSS V26.0, Chicago, USA). 198 

Descriptive data were presented as mean ± standard deviation (SD). The variables were  199 

input to assess normality using a Kolmogorov-Smirnov Test.  The data did not differ 200 

significantly (p>0.05) from normality.  A paired samples t-test was used to compare the speed 201 

measurements obtained from each region of the cervix. The null hypothesis, speed 202 

measurements from region 1 = speed measurements from region 2, which is operationalized 203 

as the paired differences in speed with a posited mean of zero, was tested against a two-sided 204 

alternative, at the 5% level of statistical significance, (p<0.05). 205 

Inter-operator agreement compares the speed obtained from each operator using an Intra-206 

class Correlation Coefficient (ICC).  A low level of agreement being close to 0 and a high 207 

level of agreement 1.  ICC estimates and their 95% confidence intervals were calculated 208 

based on a mean rating (k = 3), absolute agreement, 2-way mixed effects model.25,26 209 

Results 210 

Seventy three women were considered eligible for this study.  Four did not give consent to 211 

having the elastography imaging performed due to the extra time required.  Sixty nine 212 

participants had a mean age of 34 years (range: 18-49 years), with a mean gestation of 1 213 

delivery (range: 0-8 gestations).  All measurements returning a SD of greater than 20% of the 214 

mean speed were removed. Participants with two or more reliable measurements obtained in 215 

:0H
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each region of the cervix were included in the statistical data set to facilitate a mean speed 216 

obtained over more than one measurement.  Of the 69 participants 3 were unsuccessful in 217 

obtaining any reliable shear wave measurements in all regions due to the cervix being in the 218 

vertical position relative to the transducer face. 219 

The number of reliable measurements obtained in each region for the remaining 66 220 

participants, and the mean cervical speed and standard deviation for each region can be seen 221 

in Table 1.  Stiffness results for each region were assessed for differences in concordant pairs 222 

as shown in Table 2.  The number of reliable measurements obtained was assessed dependent 223 

on cervical canal position.  The number of measurements obtained with differing positions of 224 

the uterine cervix, are presented in Table 3, with a diagrammatic representation of the 225 

positions presented in Figure 5.  SWS values for different age ranges, stage of menstrual 226 

cycle medical history and ethnicity are presented in Table 4. The mean speed measurements 227 

obtained with normal and reduced probe pressure are shown in Table 5. 228 

Inter-operator testing was performed on 15 participants.  The external os anterior and 229 

posterior were comparable for 15 participants; the internal os anterior was comparable for 14 230 

participants, with measurements unobtainable in 1 participant for both operators.  The 231 

internal os posterior was comparable for only 6 participants, with shear wave propagation in 232 

the remaining 9 participants unobtainable for both operators.  The ICC obtained at the regions 233 

of the cervix was as follows - external os anterior 0.83 (CI 0.45 – 0.95), external os posterior 234 

0.69 (CI 0.07-0.90), internal os anterior 0.92 (CI 0.76 – 0.97), internal os posterior 0.90 (CI 235 

0.37-0.98) 236 

Discussion 237 

The cervix creates a challenge in the accurate use of SWE to assess its stiffness.  Spatial 238 

variations of cervical tissue composition and structure can complicate shear wave 239 
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propagation.  Transducer positioning is limited to the anterior fornix adjacent to the external 240 

os with transducer angulation required to interrogate the internal os.  As our results show, 241 

reliable shear wave production is more likely to be produced anteriorly in the cervix, with a 242 

greater number of reliable speeds obtained at the external os than the internal os.  The internal 243 

os posterior is most likely to produce inaccurate or a loss of shear wave propagation in all 244 

anatomical positions, with depth of interrogation appearing to be problematic in some 245 

patients. 246 

The research by Peralta et al15 used SWE to measure elasticity of the external os and mid 247 

cervix.  This research used 6mm ROIs at the external os, with the mid cervix measurements 248 

placed at a close distance from these.  In this study of 40 participants mid cervix anterior and 249 

posterior measurements were not obtainable in one and two participants, respectively.15 Our 250 

results showed a greater proportion of unsuccessful SWE measurements at the internal os.  251 

Depending on cervical position the posterior portion of the internal os in particular can reach 252 

a depth greater than 3cm from the transducer face (Figure 6).  A recommendation from 253 

Canon Medical (Otawara-shi, Tochigi, Japan) is that utilizing the endocavity transducer as 254 

described previously; the main push pulses can be expected to produce shear waves to a 255 

depth of 3cm using an ultrasound phantom with an acoustic attenuation of 0.5 dB cm-1 MHz-256 

1.  The cervix has a high acoustic attenuation of over double that of the liver, at 1.3 to 2.0 dB 257 

cm-1MHz-1. 6 This increased attenuation decreases the penetration depth of the main push 258 

pulse, and reduces its ability to generate measurable tissue displacements.6 The challenges for 259 

SWS estimates of the cervix with an endovaginal transducer may relate to its depth-260 

dependent signal-to-noise ratio. In tissues this is relative to the focal depth of the transducer, 261 

and thus the regions that are deep and proximal in the cervix can be difficult to access with 262 

the main pulse.6 263 
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Too much transducer pressure can produce a pre-stress load,24 that can falsely elevate shear 264 

wave speeds.  As shown in Table 5, increased probe pressure caused an increase in resultant 265 

shear wave speeds both anteriorly and posteriorly in the cervix.  It was noted that on two 266 

participants the increase in pressure resulted in an improvement in shear wave propagation 267 

posterior to the cervical canal, but in most participants the pre-stress was transferred to both 268 

the anterior and posterior cervical tissues.  Of note was that when the increased transducer 269 

pressure was applied the SD of the mean speed also increased.  Figure 7 is an example of the 270 

change in SWE speed obtained with gentle and then increased probe pressure.  The 271 

transvaginal approach can be problematic as a small amount of transducer pressure is 272 

required to make contact with the anterior fornix to acquire a good B-mode window prior to 273 

the application of the SWE.  The transducer can be withdrawn to release this pressure but a 274 

level of contact is still required.  We conclude that pre-compression can alter the SWS 275 

estimation in the cervix and that non-linear tissue responses or mechanical compression of 276 

the collagen layers by the transducer may be possible causes. 277 

As shown in Table 4 there appears to be minimal difference in SWS between nulliparous and 278 

parous patients.  There were similar speeds obtained for women with vaginal deliveries and 279 

c-sections and also similar speeds between ethnicities.  It also appears that mostly there is an 280 

overall increase in cervical stiffness with age, and that SWE speed at the internal and external 281 

os may alter at different stages of the menstrual cycle.  The cervix has been shown to alter its 282 

width and length throughout the menstrual cycle.  The sphincter-like effect of the collagenous 283 

and muscular fibers at the internal os has its greatest strength during the luteal phase of 284 

ovulation and relaxes up to two days prior to menstruation.21   Our results showed the greatest 285 

speeds at the internal os were obtained during the secretory phase of the endometrium, 286 

corresponding to the luteal ovarian phase.  Further research could incorporate shear wave 287 
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speeds obtained during the first few days of menstruation when the internal os should be at its 288 

softest.  Larger numbers from each group would be needed to draw robust conclusions. 289 

The internal os showed a significant increase in speed compared to external os both anteriorly 290 

and posteriorly. The research by Carslon et al23 also demonstrated this phenomenon with 291 

greater differences in shear wave speed between the external and internal os on the unripen 292 

cervix specimens versus the specimens that had been chemically ripened. 293 

Research on the use of strain elastography on the maternal cervix for the prediction of 294 

preterm birth documented no appreciable difference in cervical stiffness between the anterior 295 

and posterior cervix,27 with the study by Molina et al10 showed a reduced stiffness in strain 296 

values in the posterior cervix.  As reported by Hernandez et al13 and Peralta et al15, our results 297 

also show that the posterior part of the cervix appears to register a higher speed than the 298 

anterior part in this cohort, with greater differences registered at the internal than the external 299 

os.  As can be seen in Figure 2, when obtainable, the arrival time of the shear wave appears to 300 

be faster in the posterior cervix with widening of the propagation lines posteriorly compared 301 

to anteriorly. There was also a greater divergence from parallel of the propagation lines deep 302 

to the endocervical mucosa and canal in the posterior cervix, with less measurements being 303 

obtainable in this region.  Carlson et al23 utilized hysterectomy specimens of the cervix to 304 

obtain shear wave speeds.  The specimen was dissected and a 9MHz linear array transducer 305 

was used to take measurements from the canal surface of the specimen.  This research found 306 

a small difference between anterior and posterior shear wave speeds in the unripen cervix, 307 

with average speeds formulated of 3.45±0.97m/s and 3.56±0.92m/s respectively.  Larger 308 

differences were observed in ripened specimens.  Our results show a larger difference in 309 

speeds obtained between the anterior and posterior cervix at the internal os with a similar 310 

difference as Carlson et al23 at the external os. 311 
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The cervical canal could be considered a shear wave boundary, surrounded by aligned 312 

collagen fiber bundles as previously described.23 The appendix to the EFSUMB Guidelines 313 

and Recommendations12 states that boundaries between tissues may reduce or prevent shear 314 

wave penetration across the boundary.  Shear wave scattering, reflection and refraction 315 

artifacts can also be caused by variations in tissue density which may result in errors in shear 316 

wave estimation.12 Material anisotropy can alter resultant shear wave speed.12   In patients 317 

with an axial position ranging from mild to fully axial, the main pulse may be approaching 318 

the collagen fibers at an angle that may cause anisotropy of the muscular collagen layer.  319 

Reducing the elastogram box size improved the interrogation of the axial cervix, however in 320 

the axial position the internal os is difficult to interrogate in most cases. We hypothesize that 321 

this anisotropy may be causing artifactual increases in shear wave speed deep to the cervical 322 

canal or a loss of effective shear wave propagation. 323 

The internal os anterior showed a good level of agreement between operators, as did the 324 

internal os posterior and external os anterior, though these regions had a broader confidence 325 

interval reducing the reliability of the result.  The external os posterior showed poor to 326 

moderate agreement with a wide confidence interval obtained for the ICC in this region. 327 

We can conclude from this study that the attenuation properties of the cervix and shear wave 328 

artifacts are reducing the production of, and precision of, shear wave measurements obtained 329 

deep to the cervical canal.  It is important to reduce transducer pressure to the anterior fornix 330 

to minimize the pre-stress that may cause an increase in shear wave speeds in both the 331 

anterior and posterior cervix. The anterior cervix is more likely to produce more precise shear 332 

wave values than the posterior cervix, with the anatomical position of the cervix appearing to 333 

affect the success of resultant shear wave measurements, with the ideal position being a canal 334 

that is horizontal in position.    335 
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Table 1.  Summary of shear wave measurements obtained for the uterine cervix 428 

Participants 
in total-66 

Successful 
measurements 

obtained 
(participants) 

Mean 
speed 
(m/s) 

Standard 
Deviation 

(SD) 

Total number of successful 
measurements for all 
participants out of a 

possible 198 
External os 

Anterior 63 2.52 0.49 184 

 
External os 
Posterior 

55 2.87 0.63 158 

 
Internal os 
Anterior 

55 3.29 0.79 157 

 
Internal os 
Posterior 

26 4.10 1.11 78 

 429 
 430 
 431 
 432 
Table 2. Summary of statistical differences in stiffness between regions of the cervix for all 433 
participants 434 

Comparisons 
Number 
of cases 
compared 

Mean 
difference 
in speed 
(m/s) &  

SD 

SE of 
mean 

Significance 
(p=0.05) 

 
External os 
anterior vs 
posterior 

52 -0.44 
(0.69) 0.09 p<0.001 

 
Internal os 
anterior vs 
posterior 

22 -1.13 
(1.11) 0.24 p<0.001 

 
Anterior 

internal os vs 
external os 

55 0.79 
(0.70) 0.09 p<0.001 

 
Posterior 

internal os vs 
external os 

21 1.42 
(0.88) 0.19 p<0.001 

 435 
 436 
 437 
 438 
 439 
 440 
 441 



21 
 

 442 
 443 
 444 
Table 3.  Summary of number of reliable interrogations registered in each region of the cervix 445 
with varying anatomical position 446 

 Number of accurate interrogations in each region 
 

Cervical 
Canal 

Orientation 

Total 
External 

Os 
Anterior 

External 
Os 

Posterior 

Internal  
Os 

Anterior 

Internal  
Os 

Posterior 

 
Horizontal 

 
21 

 
21 

 
17 

 
20 

 
10 

 
Angled  

 
33 

 
33 

 
30 

 
31 

 
11 

 
Vertical 

 
7 

 
7 

 
5 

 
3 

 
3 

 
Posterior 

angulation 

 
2 

 
1 

 
2 

 
1 

 
1 

 447 

  448 
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Table 4.  Summary of mean speed obtained in each region dependent on patient 449 
characteristics 450 

 Mean speed in m/s and SD for regions of the 
uterine cervix 

Participant 
characteristics 

Number of 
participants 

External 
Os 

Anterior 

External 
Os 

Posterior 

Internal 
Os 

Anterior 

Internal 
Os 

Posterior 

Age range 
18-25 

13 2.27 
(SD 0.33) 

2.61 
(SD 0.63) 

3.19 
(SD 0.77) 

3.67 
(SD 0.15) 

 
Age range 

26-33 
16 2.47 

(SD 0.42) 
2.86 

(SD 0.59) 
3.02 

(SD 0.49) 
4.15 

(SD 0.98) 

 
Age range 

34-41 
19 2.49 

(SD 0.46) 
2.96 

(SD 0.61) 
3.17 

(SD 0.37) 
4.10 

(SD 1.37) 

 
Age range 

42-49 
18 2.77 

(SD 0.58) 
2.95 

(SD 0.72) 
3.66 

(SD 1.11) 
4.22 

(SD 1.34) 

 
Early 

Proliferative 
 

 
 

15 

 
2.60 

(SD 0.52) 

 
3.04 

(SD 0.37) 

 
3.29 

(SD 1.23) 

 
4.87 

(SD 1.37) 

 
Late Proliferative 
 

 
24 

2.39 
(SD 0.48) 

2.88 
(SD 0.72) 

3.22 
(SD 0.61) 

4.03 
(SD 1.40) 

 
Early Secretory 

 

 
23 

2.57 
(SD 0.47) 

2.84 
(SD 0.66) 

3.31 
(SD 0.61) 

3.69 
( SD 0.49) 

 
Late Secretory 

 

 
4 

2.85 
(SD 0.62) 

2.46 
(SD 0.51) 

4.48 4.61 

Nulliparous 22 2.39  
(SD 0.47) 

2.71 
(SD 0.52) 

3.20 
(SD 0.59) 

3.90 
(SD 0.47) 

 
Primiparous 

 
16 

 
2.63 

(SD 0.41) 

 
2.82 

(SD 0.56) 

 
3.13  

(SD 0.58) 

 
4.26 

(SD 0.88) 

 
Multiparous 

 
28 

 
2.56 

(SD 0.53) 

 
3.00 

(SD 0.73) 

 
3.45 

(SD 1.01) 

 
4.13  

(SD 1.50) 
 

Vaginal 
deliveries 

 
27 

 
2.64  

(SD 0.477) 

 
2.82  

(SD 0.66) 

 
3.56  

(SD 0.95) 

 
4.46 

(SD 1.24) 
 

C-section 
 

13 
 

2.45 
 

3.03  
 

2.89 
 

3.90  
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(SD 0.54) (SD 0.53) (SD 0.43) (SD 1.51) 

 
European 

 
46 

 
2.54 

(SD 0.51) 

 
2.94 

(SD 0.66) 

 
3.41 

(SD 0.82) 

 
4.07  

(SD 1.10) 

 
Asian 

 
15 

 
2.51 

(SD 0.39) 

 
2.74 

 (SD 0.59) 

 
3.09 

(SD 0.53) 

 
4.47 

(SD 0.71) 
 

Middle Eastern, 
Indian & African 

 
5 

 
2.39  

(SD 0.50) 

 
2.92  

(SD 0.64) 

 
2.39  

(SD 0.87) 

 
4.04  

(SD 1.10) 
  451 
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Table 5.  Comparison of shear wave speeds obtained with reduced probe pressure and 452 
pressure on anterior fornix increased to a level appropriate for B-mode imaging 453 

 External Os 
Anterior 

External Os 
Posterior 

Internal Os 
Anterior 

Internal Os 
Posterior 

 
Reduced probe 

pressure  

 
2.42 

(SD 0.52) 

 
2.64 

(SD 0.57) 

 
3.36 

(SD 0.51) 

 
4.62 

(SD 1.18) 
 

Increased probe 
pressure 

 
4.89 

(SD 1.79) 

 
5.13 

(SD 1.91) 

 
5.23 

(SD 2.04) 

 
5.26 

(SD 0.65) 
 454 

  455 
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Figure Legends 456 

 457 

Figure 1. Large elastogram displaying placement of four ROI’s in the different regions of the 458 

cervix being interrogated and the arrow highlighting the region of greatest sensitivity of the 459 

SWE main pulse. 460 
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 461 

Figure 2. Cervical SWE with reduced elastogram size and a 5mm ROI, showing separate 462 

interrogations at each region of the cervix, with mean speeds for the internal os anterior and 463 

posterior of 3.35m/s and 6.08m/s, and for the external os anterior and posterior of 2.57m/s 464 

and 3.02m/s respectively.  465 
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 466 

Figure 3.  Ultrasound image of the uterine cervix demonstrating the central layer if smooth 467 

muscle fibers running parallel to the cervical canal and the circumferential layer of smooth 468 

muscle and collagenous fibers where the ROI is placed for SWE sampling. 469 

 470 

Figure 4.  Example of changes in distortion of propagation lines and loss of elastogram color 471 

with increasing % of SD of the mean speed:  472 

A- Mean speed 2.45m/s (SD 0.07): 2.8% 473 
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B- Mean speed 3.31m/s (SD 0.07): 2.1% 474 

C- Mean speed 1.88m/s (SD 0.19): 10% 475 

D- Mean speed 2.57m/s (SD 0.52): 20% 476 

E- Mean speed 6.55m/s (SD 1.96): 30% 477 

F- Mean speed 5.62m/s (SD 2.16): 38% 478 

 479 

Figure 5.  Example of anatomical positions of the uterine cervix that correlate to the results in 480 

Table 3.  Horizontal Canal – cervical canal is approximately 90° to the transducer face.  481 

Angled canal – cervical canal increases the angle with the transducer face with the external os 482 

being closer to the transducer, and internal os moving superiorly and a great distance from the 483 

transducer face. Vertical canal – cervical canal is vertical to the transducer face.  Posterior 484 

angled canal – cervical canal is at an angle to the transducer face with external os being close 485 

to the transducer and the internal os moving posteriorly and a greater distance from the 486 

transducer face. 487 



29 
 

 488 

Figure 6. SWE of the internal os posterior with a ROI placed at a depth of 3cm, resulting in a 489 

non-registration of SWE measurements. The red arrow is pointing to the external os, yellow 490 

to internal os and the endocervical mucosa and posterior margin of the cervix has been 491 

outlined in yellow and red respectively. 492 
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 493 

Figure 7. SWE elastography demonstrating changes in shear wave speeds obtained with 494 

gentle and increased probe pressure in the internal os anterior and posterior and external os 495 

anterior. 496 

 497 

 498 

 499 

 500 

 501 

 502 
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