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Abstract

The cervix has two biomechanical functions: to remain closed while the fetus develops throughout 

pregnancy, then open for delivery of the fetus at full-term. This dual function is principally 

attributed to collagen within the extracellular matrix (ECM). However, recent evidence suggests 

that other ECM, and non-ECM, components play a role as well. One component is smooth muscle 

cells (SMC) arranged circumferentially near the internal os. In this study, we investigate 

correlations between cervical SMC force generation and the effective scatterer diameter (ESD), a 

quantitative ultrasound parameter directly related to the acoustic impedance distribution, and 

therefore a potential biomarker of muscle contractility. Using whole cervical slices (N=5), we 

determined significant positive correlations (quantified with Pearson’s r) between muscle force 

generation and ESD immediately after administration of oxytocin (median r=0.90). In summary, 

the ESD may prove a useful biomarker for studying structure and function of cervical smooth 

muscle in vivo.
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Introduction

Birth is a universal occurrence, yet surprisingly little is understood about the tissue 

remodeling processes that facilitate mammalian parturition. Pregnancy tissues must undergo 

dramatic and precisely timed change during pregnancy; the uterus must first remain quiet 

and then contract, the membranes strong and then rupture, and the cervix closed and stiff 
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and then soften and open. To optimize outcomes for mothers and newborns, this must all 

happen at the right time for delivery to occur at term (37 to 40 weeks of gestation), instead 

of too early or too late. The cervix is a logical target for investigation of parturition for two 

reasons: it is the final obvious gateway to delivery since it must open for the fetus to deliver 

vaginally, and it is easily accessible. Todays dogma is that changes in extracellular matrix 

(ECM) collagen are primarily responsible for the remarkable biomechanical plasticity of the 

cervix, with only minor contributions from other ECM, or non-ECM, components 

(Danforth, 1947; Vink and Feltovich, 2016). One such component, smooth muscle cells 

(SMC), is considered sparse, randomly disseminated, and nonfunctional (Hughesdon, 1952; 

Danforth, 1983) and for this reason SMC have been largely overlooked in study of cervical 

structure and function.

Recent findings, however, suggest a more active role for cervical SMC. Vink et al. (2016) 

found a gradient of SMC along the cervix using immunohistochemistry techniques, with 

most SMC arranged circumferentially near the area of the internal cervical os, where the 

cervix opens into the uterus. A magnetic resonance imaging study by Nott et al. 

corroborated this finding; they identified a circumferential “occlusive structures” in the area 

of the internal os (Nott et al., 2017). These studies suggest that SMC are not sparse or 

randomly disseminated. Further, they appear to be functional; when whole transverse slices 

of cervical tissue were exposed to oxytocin (a contractile agent) in functional organ baths, 

the area of the internal os demonstrated a twofold greater integrated force than the external 

os (the opening of the cervix into the vagina) (Vink et al., 2016). Taken together, these 

findings suggest that cervical SMC may function as a sphincter at the internal os.

These findings are interesting because this area of the internal os, where the uterus, 

membranes, and cervix meet, is where cervical change during pregnancy initiates. When 

transvaginal ultrasound became widely used in the 1990s, a phenomenon called “funneling” 

in this area was noted; it described the process of the cervix shortening and dilating, as the 

membranes protrude into the cervical canal, in preparation for delivery (Zilianti et al., 1995). 

It is therefore not unexpected that a sphincter might be found at this intersection. Although 

the IHC, imaging and functional studies described above are recent, the concept of a 

functional cervical sphincter is more than a century old; in 1872 Lott described a “sphincter 

isthmii interni based on cadaver studies, and in 1924 Oertel suggested that it was functional, 

as reported in Youssef (1958). Studies from the 1930s through 1990s reported that the cervix 

and uterus of pregnant and nonpregnant women contract independently in response to 

hormones or oxytocin in vivo and that cervical tissue contracts when exposed to 

adrenoreceptor agonists or oxytocin in organ baths (Karlson, 1949; Schild et al., 1951; 

Youssef, 1958; Mackenzie, 1976; Bryman et al., 1984; Olah, 1993).

Until recently, a noninvasive means of evaluating potential SMC function in the cervix did 

not exist but fortunately, quantitative ultrasound (QUS) approaches to assess both tissue 

structure and function are emerging. Parameters derived from the acoustic backscatter 

coefficient (BSC) have been shown to be directly related to the underlying specific acoustic 

impedance (the product of mass density and sound speed) (Insana et al., 1990). Such 

parameters have been used to identify geometric changes, for example, due to muscle 

contraction/relaxation throughout the cardiac cycle in canine myocardium (Madaras et al., 
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1983; Wear et al., 1989). The BSC frequency-dependence can be parameterized via the 

effective scatterer diameter (ESD), which estimates effective sizes of structures interacting 

with ultrasound waves along the direction of propagation (Insana et al., 1990). Therefore, it 

seems reasonable that if the putative sphincter at the internal os is functional, i.e. contracts, 

the ESD could detect that activity and serve as a biomarker of cervical muscle activity. If so, 

further development of the approach proposed here could lead to a non-invasive, ultrasound-

based method to observe cervical function in vivo, which could in turn lead to an improved 

understanding of parturition and novel therapeutic approaches to dysfunctional parturition 

such as pre-term or post-dates birth.

The goal of this study was to take the first step along that investigative pathway, specifically, 

to determine whether the ESD correlates with force generation at the internal os of the 

cervix in vitro.

Materials and Methods

Tissue acquisition

Cervical specimens were obtained from nonpregnant, premenopausal women undergoing 

hysterectomy for benign indications under an IRB-approved protocol (#IRB-AAAI0337) at 

Columbia University Medical Center, New York, NY, USA. Written informed consent was 

obtained from all women. Whole transverse slices of 6.0 to 10.0 mm thickness (N=5) were 

obtained from the region of the internal os, and immediately placed in ice-cold SmBM2 

media with recommended additives (Lonza, Walkersville, MD, USA).

Data acquisition

Each slice of cervical tissue was suspended via sutures in a 300 mL water-jacketed organ 

bath (Radnoti Glass Technology, Monrovia, CA) with one end of the tissue attached to the 

bottom of the bath and the other end attached to a Grass FT03 force transducer (Grass-

Telefactor, West Warwick, RI, USA; see Figure 1). The baths were filled with a modified 

Krebs-Henseleit buffer (Quan et al., 2003; Vink et al., 2016) continuously bubbled with 95% 

oxygen/5% carbon dioxide, and kept at 37°C. Specimens were allowed to equilibrate to 

isometric tension for 1 hour. Muscle force generation data were digitized from the force 

transducer with BIOPAC hardware (MP150, 16-bit A/D resolution) and using 

AcqKnowledge software (BIOPAC Systems Inc, Goleta, CA, USA) at a sampling rate of 1 

Hz.

Radiofrequency (RF) echo data were collected with a Siemens Acuson S3000 system 

(Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA) and a 14L5SP 

linear array transducer operated at a center frequency of 10 MHz using the Axius Direct 

ultrasound research interface (Brunke et al., 2007). A transducer cover filled with coupling 

gel was used as a protective barrier between the linear array and the organ bath solution. 

Sound absorbing rubber was placed in the organ bath to minimize reverberation signal from 

the glass. The transducer was fixed to a 5-axis mechanical stage with the imaging plane 

roughly parallel to the endocervical canal. RF echo signal frames were acquired before and 

after administration of 1.0 μM of oxytocin (Sigma-Aldrich, St. Louis, MO, USA) (Bryman 
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et al., 1990) at a sampling rate of 1 RF echo signal frame every 2 seconds from 5 minutes 

before, and up to 5 hours after, oxytocin administration. The experimental setup and a 

representative B-mode image are shown in Figure 1.

Immediately after RF data acquisition for each sample, 20 independent planes of reference 

phantom data were collected with the same system settings and transducer. This reference 

phantom was composed of water-based gel (4.5 g/L; BD Bacto Dehydrated Agar, Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA) containing graphite powder (50 g/L; 

Superior Graphite, Chicago, IL, USA) and glass beads (4 g/L, 3000E beads; ~5–20 μm, 

Potters Industries, Malvern, PA, USA). Acoustic properties of the reference phantom were 

independently measured, as reported by Hall et al. (1996). The average sound speed 

measured over the bandwidth was 1567 m·s−1. The attenuation coefficient fit to a power law 

yielded attenuation of 0.5 dB·cm−1·MHz−1.1.

Data processing

Specimen BSCs for every time point were estimated using the Reference Phantom Method 

(Yao et al., 1990). Assuming scattering is sufficiently weak to ignore multiple scattering 

(Born approximation) and the distance to the region of interest (ROI) is larger than the 

maximum dimension of the two-dimensional transducer aperture, the power spectrum S of 

the backscattered RF echo signals is given by:

S f , z = G f D f , z A f , z BSC f (1)

where f is the temporal frequency and z is the depth to the center of the ROI. G(f) represents 

the combined transducer effects from transmitting and receiving the RF signal, D(f) 
represents diffraction effects, and A(f,z) is the total attenuation from intervening media 

between the transducer and the center of the ROI.

Data processing was performed off-line using MATLAB (MathWorks, Natick, MA, USA). 

Using the methods described by Thijssen (2003), axial and lateral RF echo signal correlation 

lengths were estimated to be 191 μm and 281 μm, respectively, in the reference phantom. 

Samples were manually segmented (in ImageJ; open source software available at imagej.net) 

from the buffer background and stationary 5×5 mm2 ROIs (see Figure 1) were used to 

estimate power spectra over the duration of data acquisition. This ROI size was determined 

following the recommendations of Rosado-Mendez et al. (2013) to obtain optimal 

backscatter parameter estimates. The center of mass (CoM) of the B-mode image area 

showing cervix tissue was estimated and deviations in the location of the CoM were 

estimated to ensure use of a stationary ROI was appropriate (Schneider et al., 2012). Sample 

power spectra were divided by the reference phantom power spectra for ROIs at the same 

spatial location to remove system effects. Power spectra were estimated using a multitaper 

method (Thomson, 1982) with 5 tapers. Attenuation compensation in the samples was 

accomplished by using published median attenuation coefficient values from our previous 

study of the ex vivo human cervix (see Guerrero et al. (2018)).
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BSC parameterization: Frequency dependence of backscatter

We studied the effective scatterer diameter (ESD), a BSC parameter that quantifies the 

spatial correlation length of the acoustic impedance distribution (Insana et al., 1990). 

Parameterization was performed over a 4–9 MHz bandwidth and done for every time point, 

allowing for a direct comparison between force generation and backscatter parameter time 

series.

It has been extensively shown that Gaussian correlation functions are well-suited to describe 

scattering sources with continuously varying fluctuations in acoustic impedance or in the 

presence of narrow diameter distributions of discrete scatterers (Gerig et al., 2003; Nordberg 

and Hall, 2015; Zagzebski et al., 2016). Acoustic form factors, functions proportional to the 

Fourier transform of the correlation function, may be estimated from BSCs directly (Insana 

and Hall, 1990), whereby deviation from f4 Rayleigh scattering can be, in special cases (e.g., 

Bowman’s capsule in the renal cortex), attributed to the finite size of the scatterer. ESDs 

were estimated using a Gaussian form factor model and a modified least squares estimator 

for the cervix specimens providing information regarding subresolution scattering sources 

(Gerig et al., 2003).

Time series analysis

Comparison between the force generation and ESD time series was accomplished via 

calculation of the Pearson correlation coefficient r. This was done using non-overlapping 

moving time windows in 5 minute increments over the first 30 minutes after oxytocin 

administration (i.e., six temporally independent time windows). Prior to calculation of r, 
force generation data were downsampled to match ESD sampling and a 30-second moving 

average filter was applied to both parameters to reduce high frequency estimate variance.

Results

B-mode videos of a cervix specimen before and after administration of oxytocin are 

provided in Videos 1 and 2, respectively. Figure 2 provides an example of a CoM deviation 

curve. While it should be noted that bulk motion was visually appreciable in Video 2, CoM 

deviations in all specimens were smaller than 1.0 mm. This provides confidence that 

changes in ESD are due to changes in cervical microstructure rather than bulk motion.

Representative time series curves are provided in Figure 3, highlighting differences before 

and after applying the moving average filter. Results of the Pearson correlation between 

force generation and ESD before and after applying the moving average filter are provided 

in Figure 4. For the filtered data, the median r was positive and maximal in the early time 

window (r=0.90, 0–5 minutes), primarily decreasing as time increased, while maintaining 

positive median correlations throughout the duration of measurements, and reaching a stable 

value (r=0.30) at the 20–25 minute time window.

Discussion

Understanding the function of biological tissues is facilitated by biomarkers that can detect 

and quantify microstructural changes within that tissue. Currently, to our knowledge, there 
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are no biomarkers that can assess cervical tissue function in vivo; medical imaging tools 

such as optical microscopy and magnetic resonance imaging have been used to describe in 
vitro and ex vivo cervical microstructure, but they cannot assess in vivo function (Vink et al., 

2016; Nott et al., 2017). The purpose of this study was to explore whether a QUS parameter, 

the ESD, could detect force generation (presumably due to muscle fiber contraction/

relaxation cycles) in SMC near the internal os of the cervix in vitro. In brief, we found that 

the ESD strongly correlates with force generation in excised cervical tissue, particularly 

within the first five-minute time window after administration of oxytocin.

The ESD parameter is a direct measure of the acoustic impedance distribution, based on the 

underlying theory that an acoustic impedance mismatch between intracellular and 

extracellular matrix components leads to ultrasonic scattering (Wickline et al., 1985). As 

such, it can provide information about muscle contraction and relaxation. Indeed, changes in 

scattering have been shown to correlate with contraction/relaxation cycles in canine 

myocardium (Madaras et al., 1983; Wear et al., 1989). Similarly, in our study we found that 

variability in the ESD correlated strongly with force generation in excised cervical tissue, 

particularly at the internal os where a ring of SMC has been identified. The purpose of this 

study was simply to determine whether ESD is measurable in cervical tissue, but, excitingly, 

it is reasonable to assume that the cyclic changes in ESD are due to muscle contraction/

relaxation cycles. Confirming this will be the subject of future study.

The primary limitation of this study is that the tissue was obtained from nonpregnant 

women. We chose this approach because obtaining tissue from pregnant women is 

impractical and we were not overly concerned about using tissue from nonpregnant women 

because Bryman et al. (1990) demonstrated equal sensitivity to oxytocin in cervical tissue 

from women who were pregnant or not pregnant. Another potential limitation of this 

approach is the relatively large range in correlations between muscle force generation and 

ESD across specimens. This is likely explained by biological variability, however, which 

will be thoroughly investigated in future studies.

Interestingly, we observed asynchrony at two time points: immediately after oxytocin 

administration and 15 minutes after the experiment started. Specifically, there was a strong 

correlation prior to oxytocin administration, as well as at the 5–10 minute post-oxytocin 

time window, after which force generation and ESD correlations were reduced, reaching a 

stable r by the 20–25 minute time window. Further study is necessary to confirm our 

suspicions, but we can reasonably assume that these observations are explained by our 

experimental setup. Specifically, for valid backscatter measurements, the ESD must be 

estimated away from tissue boundaries (i.e. in the center rather than the periphery of the 

tissue), and the tissue thickness must be at least 5 mm (as opposed to 3 mm used in our 

initial study of force generation in cervical tissue) (Liu et al., 2010; Vink et al., 2016). 

Because the experiment relied upon diffusion for oxytocin delivery, it is logical that it would 

take more time for the drug to reach the center of the tissue than its periphery, and therefore 

the latter would exhibit contractile force before the center, creating dyssynchrony. Regarding 

the irregularity of both curves after the 10–15 minute time window, it is reasonable to 

assume that the effects of oxytocin diminish over time, and/or that the muscle reached its 

maximum ability to contract and started to fail. This speculation is interesting, and will be 
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explored in future studies of both ex vivo tissue, and in vivo. However, the simple objective 

of this study was to evaluate the potential of ESD as a biomarker of muscle activity in the 

cervix, and the strong correlation between ESD and force generation suggest that the 

parameter certainly has potential.

Conclusions

This study demonstrated that the ESD, a quantitative ultrasound parameter, correlates with 

cervical SMC force contractility in tissue in organ baths. Future studies will address whether 

SMC contractility can be identified in pregnant women. If so, we will explore the relevance 

of the ESD biomarker to specific applications, for example, whether there is a “normal” 

level of SMC force contractility, and whether abnormal contractility is associated with 

parturition complications such as pre-term or post-dates labor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
(a) A representative photograph of the experimental setup for measuring muscle force 

generation and RF data acquisition. The cervix specimen, the 14L5SP ultrasound transducer, 

and the force transducer are labeled with arrows. Two sutures are shown that are inserted 

through the endocervical canal. One of those sutures attaches the cervix to the bottom of the 

organ bath. The other suture extends up to the force transducer. Orange inserts in the organ 

bath are sound absorbing rubber, helping to minimize clutter in the (b) B-mode image. The 

semitransparent, yellow square represents where in the sample backscatter parameters are 

estimated.
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Figure 2: 
A center of mass (CoM) deviation curve for specimen number 3. These estimates were 

obtained from the B-mode images. Time = 0 represents when oxytocin was delivered to the 

sample.
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Figure 3: 
Parameter time series for force generation and ESD for specimen number 3 for (a) unfiltered 

and (b) filtered data. The gray box represents the time over which oxytocin was added to the 

organ bath (and ultrasound data was not acquired).
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Figure 4: 
Box plots of Pearson r between unfiltered force and unfiltered ESD data (a) and between 

filtered force and filtered ESD data (b) over six-time windows for the five specimens. Bars 

represent maxima and minima within 1.5×IQR.
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