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Abstract

:

Current therapies for treating cervical dysplasia are often inaccessible in low and middle-income countries (LMICs), highlighting the need for novel low-cost therapies that can be delivered at the point of care. Ethanol ablation is a low-cost therapy designed to treat locoregional cancers, which we augmented into an ethyl cellulose (EC)-ethanol gel formulation to enhance its efficacy. Here, we evaluated whether EC-ethanol ablation is able to safely achieve an ablation zone comparable to thermocoagulation, a commonly used therapy for cervical dysplasia. The study was performed in 20 female Yorkshire pigs treated with either a single 500 µL injection of EC-ethanol into the 12 o’clock position of the cervix or a single application of thermocoagulation at 100 °C for 20 s. The average temperature, heart rate, respiratory rate, and blood oxygen remained within normal ranges throughout the EC-ethanol procedure and were similar to the thermocoagulation group. No major side effects were observed. The reproductive tracts were excised after 24 h to examine ablation zones. Comparable depths of necrosis were seen for EC-ethanol (18.6 ± 1.6 mm) and thermocoagulation (19.7 ± 4.1 mm). The volumes of necrosis induced by a single injection of EC-ethanol (626.2 ± 122.8 µL) were comparable to the necrotic volumes induced by thermocoagulation in the top half of the cervices (664.6 ± 168.5 µL). This suggests that two EC-ethanol injections could be performed (e.g., at the 12 and 6 o’clock positions) to achieve comparable total necrotic volumes to thermocoagulation and safely and effectively treat women with cervical dysplasia in LMICs. This is the first study to systematically evaluate EC-ethanol ablation in a large animal model and compare its safety and efficacy to thermocoagulation, a commonly used ablative therapy for cervical dysplasia.
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1. Introduction


Cervical cancer is a substantial global burden, with an estimate of 604,127 new cases and 341,831 deaths worldwide in 2020, of which 532,239 new cases (~88.1%) and 312,373 deaths (~91.4%) occurred in low- and middle-income countries (LMICs) [1]. Early-diagnosed lesions, such as cervical dysplasia, can be surgically excised by loop electro-excision procedure (LEEP) or cold knife conization, or they can be locally destroyed by laser vaporization or ablative therapies such as cryotherapy and thermocoagulation [2]. LEEP, cold knife conization, and laser vaporization are usually limited to referral centers in LMICs due to the requirement of specialized equipment and medical expertise [3]. Cryotherapy and thermocoagulation have been endorsed by the World Health Organization to treat cervical dysplasia in LMICs and have become the preferred methods due to their lower risk of periprocedural infection, simplicity, and affordability [4,5]. Cryotherapy is more affordable than excisional procedures; however, it uses high-quality gas tanks connected to a metal probe to freeze lesions. Consequently, cryotherapy can be logistically and economically difficult to implement in population-based programs in LMICs [5,6,7,8,9,10]. Thermocoagulation, in which heat is used to ablate dysplasia, has obtained similar efficacy to cryotherapy, with the added benefits of lower total cost, shorter treatment duration, fewer side effects, and improved patient satisfaction and experience [5,6,7,8,9,10]. However, protocols for temperature, duration, and cycle times are not standardized [10,11]. For example, one study found that the average depth of necrosis after one cycle of thermocoagulation ranged from 2.6 mm (100 °C for 20 s) to 3.5 mm (120 °C for 30 s) [10,11]. Longer heating times at higher temperatures or multiple cycles increase necrotic depth; however, this may increase patient pain and discomfort [12]. High-grade dysplasia can vary in depth from 1.4 to 4.8 mm, and early cancers (i.e., Stage 1A) can extend 3–5 mm deeper into the stroma. Taken together, there is an opportunity to develop alternative efficacious, accessible ablative therapies to treat high-grade cervical dysplasia and early cancers in LMICs.



Ethanol ablation, which involves injecting ethanol into lesions to cause necrosis, is an alternative, low-cost, accessible therapy that only requires medical-grade ethanol, a syringe, and a needle and can be delivered at a variety of depths by changing the depth of needle insertion. Percutaneous ethanol injection (PEI) is a well-established chemical ablative therapy for hepatocellular carcinoma [13,14] and has also been applied for the treatment of pancreatic tumors [15], gastrointestinal stromal tumors [16], and thyroid and parathyroid tumors [17,18]. PEI is typically used to treat tumors adjacent to large blood vessels or critical organs in which thermal ablation is infeasible or unavailable. However, injected ethanol has the propensity to leak away from the injection site into adjacent tissues, particularly in non-encapsulated tumors. Ethanol leakage reduces efficacy at the injection site, consequently requiring additional sessions or injection of larger volumes of ethanol; it also impacts safety as leakage can cause collateral damage and complications due to accumulated ethanol in adjacent structures and other organs [19,20].



To address these challenges, we developed a novel ethyl cellulose (EC)-ethanol formulation that forms a gel-like material upon injection into tissue, sequestering ethanol at the injection location and thereby reducing leakage [19]. We conducted an initial in vivo study in a hamster cheek pouch model of oral squamous cell carcinoma and found that tumor volume was significantly lower for injections of 3% EC-ethanol vs. ethanol alone 7 days after ablation. Reducing the injection rate from 100 mL/h to 10 mL/h further reduced leakage from the tumor [19]. In a second in vivo study in a murine breast cancer model, we found that injection of 6% EC-ethanol significantly increased tumor necrotic volume by 5× and overall survival compared to ethanol alone [21]. In our most recent in vivo application in a rat liver model, we found that 12% EC-ethanol yielded the largest ablation zone compared to other EC concentrations, which was 6× greater than that for pure ethanol [22,23].



In the present study, we scaled up to swine cervices, which are comparable in size to human cervices [24]. We demonstrated that EC-ethanol ablation was able to safely achieve an ablation zone comparable to thermocoagulation in swine cervices (n = 10 per treatment arm). To enable this comparison, we selected a shallow needle insertion depth for EC-ethanol; however, in the future, EC-ethanol could be delivered at deeper depths to treat early cancers. To inject the cervix, we used a custom hand-held injector, which was previously developed and validated in a series of benchtop and preliminary ex vivo experiments [25]. The study here is the first to systematically evaluate EC-ethanol in a large animal model and to compare its performance to a clinically accepted therapy. This is a critical step in translating EC-ethanol ablative therapy to women with cervical dysplasia in LMICs.




2. Materials and Methods


2.1. Cohort of Swine


The animal study was approved by the University of Maryland Institutional Animal Care and Use Committee (protocol number R-AUG-20-47), and all procedures followed ethical guidelines. Female Yorkshire Cross pigs (n = 20: 10 for EC-ethanol ablation, 10 for thermocoagulation) weighing between 60 and 90 lbs were obtained from Archer Farms (Darlington, MD, USA) and housed for 1–2 weeks prior to the initiation of experimental procedures. Swine were randomly assigned to a treatment group. At the time of procedure, swine weight and age ranges were 71.6–91.2 lbs and 73–92 days old for the EC-ethanol ablation procedures and 69–90 lbs and 77–95 days old for thermocoagulation procedures.




2.2. Devices and Consumables


Mixtures of EC (Sigma Aldrich, St. Louis, MO, USA) and ethanol (200 proof—i.e., 100% ethanol, Koptec, King of Prussia, PA, USA) were prepared by mixing at room temperature until all EC was dissolved. Specifically, 12% EC-ethanol solutions (EC to ethanol, weight to weight, i.e., 12% EC to 88% pure ethanol) were prepared less than 24 h prior to EC-ethanol ablation procedures (Figure 1A). EC-ethanol solutions were then loaded into a 3 mL syringe (0.866 mm inner diameter), which was attached via a Luer Lock connection to a custom hand-held injector previously described in [25] (Figure 1B,C). Then, a single-end beveled 23G needle was attached to the tip of the injector. The injector enabled us to locate the cervix and administer the EC-ethanol solution into the swine cervix with controlled injection parameters, including insertion rate and depth, injection volume and rate, and retraction time, which could be controlled via a custom graphical user interface. A built-in camera and LED light source at the probe tip enabled intraprocedural visualization of the cervix injection (Figure 1D). The pressure during each injection was recorded via a built-in manometer.



A commercial thermocoagulator (Liger HTU-110C, Liger Medical LLC, Lehi, UT, USA) shown in Figure 1E–G was used to perform thermocoagulation on the swine cervix with controlled ablation temperature and duration. We selected 100 °C for 20 s because it was within the range of temperatures and heating times used in other studies and was the protocol least likely to cause pain or discomfort [12]. Prior to each use, the thermocoagulator probe was cleaned in two steps, as recommended by the manufacturer: (1) the probe was first soaked in Enzol for 1 min and rinsed with running water, and (2) the probe was subsequently submerged in Cidex (2% glutaraldehyde) for 20 min and then thoroughly rinsed 3 times with de-ionized water.




2.3. Protocol for EC-Ethanol Ablation and Thermocoagulation Procedures in Swine Cervix


An overview of the protocol for in vivo EC-ethanol ablation and thermocoagulation in the swine cervix is presented in Figure 1H. After overnight food withdrawal, each pig was sedated via intravenous administration of a Telazol-Ketamine-Xylazine (TKX) cocktail, transferred to the operating room, and secured in the prone position on a gurney with sandbags. Lubricant ophthalmic ointment was applied to prevent eye desiccation, and isoflurane was administered nasally to maintain sedation. Subsequently, either the injector was inserted to inject 500 µL of 12% EC-ethanol into the swine cervix or the thermoprobe was inserted to heat the ectocervix to 100 °C for 20 s to ablate cervical tissue. Vital signs, including body temperature, heart rate, respiratory rate, and blood oxygen (SpO2), were measured periodically until the procedure was completed. Once the swine were returned to their housing, post-procedure monitoring of body temperature, heart rate, respiratory rate, and recovery time was conducted. Side effects and adverse events were also documented.



The injection parameters for EC-ethanol were based upon the results of our prior ex vivo study [25]. They included a needle insertion rate of 10 mm/s, an infusion rate of 10 mL/h, a programmed needle insertion depth of 7.6 mm (which achieved a penetration depth of 4.8 mm in tissue [25]—the depth needed to treat high-grade dysplasia), and a retraction time of 300 s. A 23G needle was selected to minimize the pressure build-up within the injector and to stay below the 520 kPa threshold at which the injector would end an injection (pressures higher than 520 kPa could blow apart internal tubing within the injector). The bevel was pointed away from the cervical os to minimize leakage into the endocervical canal. Injections, which were guided by the real-time video, were performed at the 12 o’clock position of the cervix to help maintain consistency across experiments. The injector was tilted upwards at an angle between 10 and 15 degrees relative to the horizon to ensure the needle was adequately inserted into the tissue rather than into the endocervical canal. The built-in camera and manometer in the hand-held injector were used to monitor EC-ethanol injections throughout the procedure. Specifically, the video feed from the camera (illustrated in Figure 2A) was used: (1) to guide needle placement directly above the os, and (2) to monitor for the visual presence of backflow to the tissue surface during the injection. The manometer was used to monitor the pressure during the injection. If the needle was properly inserted into the cervix, the pressure increased and reached an average peak around 330 kPa at 59 s, then stabilized until injections were completed (Figure 2B). Low pressures (<300 kPa) indicated the needle was improperly inserted—either into the endocervical canal or through the cervix into surrounding tissue. High pressures indicated there was a clog in the tubing or needle. The pressure threshold of 520 kPa was set to prevent device damage and leakage away from the injection site.




2.4. Processing for Histopathological Assessment


At 24 h post-procedure, swine were euthanized. In n = 1 swine, two EC-ethanol injections were performed 7 days and then 48 h prior to euthanasia in order to initially evaluate the degradation of EC and healing response. All cervices containing the ablation zone were excised, embedded in an optimal cutting temperature (OCT) compound, and flash-frozen in cold 2-methylbutane. Supplementary Figure S1A shows the swine reproductive tracts treated with EC-ethanol ablation (left) and thermocoagulation (right) and the cervical sections excised 24 h post-ablation. The entire necrotic regions caused by EC-ethanol ablation (Supplementary Figure S1B) and thermocoagulation (Supplementary Figure S1C) were identified through palpitation and visual inspection (Section 2). The necrotic tissue has dark/red and white colors. The white and stiff cervical necrosis in Supplementary Figure S1B contained EC deposits. Flash freezing of the cervical sections embedded in OCT with 2-methylbutane is illustrated in Supplementary Figure S1D. After flash freezing, blocks were sectioned at 20 µm thickness with 500 µm spacing between slices and stained with nicotinamide adenine dinucleotide (NADH) diaphorase, which stains viable tissue blue and does not stain necrotic regions. Each section was then imaged using an inverted bright-field microscope (DMi8, Leica Microsystems, Buffalo Grove, IL, USA) at 2.5× magnification.




2.5. Semi-Automated Image Processing Algorithms


A MATLAB script was developed for semi-automated image processing and analysis of necrosis in cervical sections, as presented in Figure 3. First, the image of each cervical section was loaded into the program, and auto-segmentation of the cervical tissue was performed with initial thresholds. After the background was removed, holes and noise within the segmented regions were selected manually for filling and removal, respectively. Then, necrotic and viable regions were separated for subsequent analysis using color information in each image. If necrosis remained in the viable image or viable tissue remained in the necrosis image, they were manually removed. Subsequently, the viable and necrotic areas in each slice were calculated. Then, the volume of necrosis was calculated as       ∑  i = 1   N − 1        A   i   × 0.52       +     A   N   × 0.02     and the depth of necrosis as N × 0.02 + (N − 1) × 0.5, where Ai and N are the necrotic area in cervical section i and the total number of sections containing cervical necrosis, respectively. Because only the 12 o’clock position in the cervix was injected with EC-ethanol, we also quantified the necrotic volume and depth in the top half of cervices ablated with thermocoagulation; this enabled us to make a more realistic comparison between the two therapies. Specifically, we found the centroid of the cervix and then drew a horizontal line through the centroid and calculated the necrotic area above the line. Then the volume and depth of necrosis were calculated from the necrotic areas in the same way as described above.




2.6. Image Alignment and Volume Reconstruction


Cervical sections were not always registered the same on the microscope slides, and thus did not appear over the same ranges of coordinates when imaged under the microscope. We applied rigid transformations (translation and rotation) to align the microscope images. The aligned cervical sections were then loaded into MicroView 3D Image Viewer software version 2.5.0 (Parallax Innovations Inc., Ilderton, ON, Canada) to extract a 3D surface of the necrosis. The necrotic volume was visualized and manipulated in MeshLab (Visual Computing Lab, Pisa, Italy).




2.7. Statistical Analysis


All statistical analyses were performed using GraphPad Prism software version 10.0.0 (GraphPad Software, San Diego, CA, USA). Parametric t-tests (unpaired, two-tailed) were performed to compare vital signs, necrotic volumes, and necrotic depths achieved with each treatment. A significance level of p = 0.05 was considered to reject the null hypothesis for all analyses.




2.8. Data Availability


The data generated in this study are available upon request from the corresponding authors.





3. Results


3.1. EC-Ethanol Ablation Achieved Comparable Acute Safety Endpoints to That of Thermocoagulation


The vital sign evaluations taken during both procedures were stable. There were no significant differences between EC-ethanol and thermocoagulation with respect to temperature (101.3 °F vs. 101.3 °F), respiratory rate (65.11 bpm vs. 62.8 bpm), and oxygen saturation (SpO2, 94.94% vs. 96.1%) (Figure 4). The pulse (heart rate) varied slightly more in the EC-ethanol ablation procedure, but the average (125.41 ± 20.74 bpm) was not significantly different from that of thermocoagulation (126.55 ± 11.6 bpm). All vital signs were within the normal range, as confirmed by a veterinarian. The side effect of vaginal bleeding was observed in 3 pigs treated with thermocoagulation and in 2 pigs treated with EC-ethanol. No adverse events were observed for either treatment group.




3.2. EC-Ethanol Ablation Achieved Comparable Depth and Volume of Necrosis in the Upper Half of the Cervix as Compared to That of Thermocoagulation


The segmentation process used to determine the area of cervical necrosis in each section is illustrated in Figure 5A,B for EC-ethanol ablation and thermocoagulation, respectively. The digital images taken throughout the cryo-sectioning process (in which the necrotic tissue appears dark and the remaining EC deposits appear white) served as references for locating cervical necrosis. In microscopy images, the viable cervical tissues stained with NADH-diaphorase turned blue, while the areas of necrosis and EC deposits were unstained and seen as white or gray [26]. The white background, artifacts, holes, and non-cervical tissue in the original microscopy image were removed to obtain the segmented cervical section displayed on the black background. The necrotic tissue shown in the last row of Figure 5A,B was digitally extracted from the overall ecto-cervix via our semi-automated algorithm. The highlighted cervical sections showed maximum necrotic areas of 77.0 mm2 for EC-ethanol ablation, 115.1 mm2 for thermocoagulation (whole cervix), and 57.4 mm2 for thermocoagulation (top half of cervix) in the representative data shown in Figure 5. The depths and total volumes of the cervical necroses for the representative examples in Figure 5 were 17.2 mm and 842.6 µL for EC-ethanol ablation, 25.5 mm and 1720.4 µL for thermocoagulation (whole cervix), and 25.5 mm and 635.6 µL for thermocoagulation (top half of cervix). The spread of the necrosis induced by EC-ethanol ablation was concentrated around the 12 o’clock position where the ablation was performed and spanned a majority of the upper half of the cervix (i.e., from the endocervical canal to the outer periphery). Conversely, thermocoagulation induced necrosis on both sides of the cervix but primarily treated only the region adjacent to the endocervical canal and not at the periphery.



Cervical sections were digitally reconstructed to provide 3D images of the necrotic volumes from EC-ethanol ablation and thermocoagulation (Figure 6). Since the cervical sections (i.e., Sections 1 and 2 in Figure 6A,C) mounted on the microscope slides were not at the same coordinates, 3D rendering of the necroses before image alignment (1 + 2) led to incorrect reconstructions. After Section 2 was transformed to the same coordinates as Section 1, the necrotic volume could be accurately reconstructed. Reconstruction enabled 3D visualization of the shape of the necrosis from the ectocervix, endocervix, side view (3 to 9 o’clock slice), and top viewpoint (12 to 6 o’clock slice) (Figure 6B,D). As seen, EC-ethanol led to a more uniform spread of necrosis (i.e., the ectocervix vs. endocervix and side vs. top views look very similar in their size and shape, Figure 6B). Conversely, thermocoagulation led to more irregular, less predictable spreads of necrosis (i.e., the ectocervix vs. endocervix and side and top views do not look as similar in their size and shape).



The depth and volume of necrosis observed across all pigs are shown in Figure 7. Comparable depths of necrosis were seen for EC-ethanol (18.6 ± 1.6 mm, with the needle insertion depth set to 7.6 mm) and thermocoagulation (19.7 ± 4.1 mm) (p > 0.05). Thermocoagulation produced a significantly larger total necrotic volume of 1292.9 ± 242.3 µL, about twice that of a single 500 µL injection of EC-ethanol at the 12 o’clock position, which produced a necrotic volume of 626.2 ± 122.8 µL (p < 0.0001). To enable a more accurate comparison between the two therapies, we also calculated the necrotic volume induced by thermocoagulation in the top half of the cervix (664.6 ± 168.5 µL), which was statistically similar to that of a single EC-ethanol injection (p > 0.05). This suggests that two EC-ethanol injections could be performed (e.g., at the 12 and 6 o’clock positions) to achieve comparable volumes to thermocoagulation. Notably, EC-ethanol ablation led to smaller variabilities in necrotic depth and volume compared to thermocoagulation (standard deviations for EC-ethanol are about half that of thermocoagulation), suggesting EC-ethanol ablation may be more precise in inducing repeatable, predictable necrotic zones.




3.3. EC Deposits Remain in Cervix for at Least 7 Days and Multiple EC-Ethanol Injections Can Induce Necrosis at Different Positions in the Cervix


To initially evaluate how long EC-ethanol remains in the cervix, we performed two 500 µL ablations in n = 1 cervix—one ablation was performed 7 days prior to excision (seen at the 12 o’clock position in Figure 8), and the other was performed 48 h prior to excision (seen at the 9 o’clock position in Figure 8). After 7 days, the EC deposit can still be seen, but the healing process has begun, particularly around the edges of the depot, suggesting EC remains in the cervix for at least 7 days after ablation. This pilot experiment also demonstrated that multiple doses of EC-ethanol can induce necrosis at different positions in the cervix (here 12 o’clock and 9 o’clock). Interestingly, the total necrotic depth (12.5 mm) and volume (585.5 µL) from the two injections excised at 7 days and 48 h after ablation were less than that of a single injection of EC-ethanol (18.6 mm and 626.2 µL) excised 24 h after ablation. This further suggests that there is a healing response occurring in the first 7 days after ablation that is leading to smaller EC deposits over time.





4. Discussion


Standard-of-care treatments for cervical dysplasia require specialized equipment and expertise to operate, which limits their implementation in LMICs [3]. EC-ethanol is a potential low-cost treatment option with the potential to overcome limitations associated with current therapies. Specifically, standard injection protocols that achieve predictable zones of necrosis are being developed [25], and treatment depth can be adjusted based on the severity of lesions. Here, for the first time, we thoroughly evaluated if EC-ethanol ablation was able to safely achieve an ablation zone comparable to a clinically accepted therapy for cervical dysplasia, thermocoagulation, in a large animal model. This is a critical step in translating EC-ethanol ablative therapy to women with cervical dysplasia in LMICs.



Vital signs and side effects following EC-ethanol ablation were comparable to those of thermocoagulation, indicating a robust safety profile. All swine undergoing EC-ethanol or thermocoagulation maintained vital signs within normal ranges throughout the procedures (Figure 4). No adverse events were observed for either group. If pure ethanol is injected directly into a small vessel, vascular injury can occur, as documented previously in a case of hepatocellular carcinoma [27]. However, EC likely slows leakage into the vasculature. EC-ethanol has previously been used to treat venous malformations (which are highly vascularized) and was shown to induce sustained local ablation without systemic side effects [28]. Similarly, no systemic side effects were observed in our study. Injection pressure was also monitored with the custom hand-held injector during EC-ethanol ablation since high pressures can: (1) lead to fluid leakage away from the injection site, causing off-target side effects; or (2) destroy tubing within the injector. A consistent pressure profile was maintained during EC-ethanol injections, with average pressure peaks around 330 kPa (Figure 2B), far below the allowed threshold of 520 kPa (beyond which internal tubing within the injector could come apart). In the unlikely event that the pressure reached the maximum allowed value, the probe automatically stopped the injection to prevent any damage to either the instrumentation or the swine.



EC-ethanol and thermocoagulation achieved statistically similar depths of necrosis in our swine study (Figure 7). However, swine anatomy does not contain a true ectocervix, as in humans [24]. In the swine, there is not a significant change in the diameter between the vaginal canal and the endocervical canal. Thus, swine have a much larger diameter endocervical canal that likely propagated heat much further into the swine cervix than it would be in the human cervix; this likely increased the thermocoagulation treatment depth in our study. In this regard, the mean depth of necrosis typically achieved in a single application of thermocoagulation in the human cervix ranges between 2.6 and 3.5 mm [29], vs. 19.7 mm in the swine (Figure 7). While these depths adequately treat low-grade dysplasia, they are not capable of treating all high-grade dysplasia (which can vary in depth from 1.4 to 4.8 mm) or early cancers (i.e., Stage 1A, which can extend 3–5 mm deeper into the stroma) [10,11]. On the other hand, EC-ethanol ablation is likely not impacted by this difference in anatomy, as its induced depth of necrosis is a function of needle depth in the tissue [25]. Here, we selected a shallow needle insertion depth for EC-ethanol to enable comparison to thermocoagulation. Specifically, we programmed the needle insertion depth to 7.6 mm, which, based on previous studies, achieved a penetration depth of 4.8 mm in tissue—the depth needed to treat high-grade dysplasia (the penetration depth is shallower than the programmed needle insertion depth due to tissue deformation or dimpling at the needle tip) [25]. In the future, the needle insertion depth for EC-ethanol ablation will be adjusted depending on the severity of the lesion. This capability could enable EC-ethanol to ablate further than thermocoagulation into the endocervical canal to treat micro-invasive disease or early-stage carcinomas (stage 1A).



Thermocoagulation produced a significantly larger total necrotic volume—about twice that of a single 500 µL injection of EC-ethanol (Figure 7); however, when only the necrosis in the top half of cervices ablated with thermocoagulation was analyzed, EC-ethanol and thermocoagulation achieved statistically similar necrotic volumes. This indicates that two EC-ethanol injections could induce an equal volume of necrosis. EC-ethanol led to a repeatable, predicable necrotic volume (both in shape and spread) that was targeted to one side of the cervix in our experiment (Figure 5, Figure 6 and Figure 7). Such minimizing of collateral damage onto nearby normal cervical tissues while maintaining maximizing local volume distribution around the needle tip is a strength of the gelation process of EC. Additionally, the ability to induce repeatable ablation zones lends itself to multiple injections of EC-ethanol on the same cervix (as demonstrated in Figure 8), which could be guided by low-cost colposcopy previously developed by our group [30,31]. The versatility of EC-ethanol injections to freely and safely select specific regions to ablate has the potential to enable improved cervical dysplasia treatment and management. For example, the different necrotic regions observed from multiple injections, as shown in Figure 8, could help inform needle spacing in the future, leading to standardized protocols for lesion extent and location.



A challenge during our study was determining how to best position the hand-held injector with respect to the cervix prior to performing EC-ethanol ablations. This was further challenged by the biological variability of the swine obtained throughout the study. Due to animal facility constraints, only adolescent pigs under 90 lbs could be housed, resulting in a cohort of swine in different stages of reproductive development. This increased the risk of deploying the EC-ethanol to the wrong location (e.g., beyond the cervix, through the os, into the rectum or urethra), particularly in prepubescent swine, which had smaller, thinner cervices. To mitigate this risk, the pressure was closely monitored during the first minute of the injection to determine if the needle was properly positioned within the cervix, based on the trends observed in previous procedures (Figure 2B). A significantly lower pressure (<300 kPa) than the average indicated improper needle insertion and injection. Specifically, if the pressure did not rise to 300 kPa within the first minute, we observed that the needle had been inserted into the endocervical canal, pierced beyond the cervix, or into the rectum, prompting repositioning of the needle. Another indicator used to identify proper needle placement was the video of the injection, which enabled real-time visualization of EC-ethanol backflow to the tissue surface. If backflow was observed, it indicated a failure to puncture the wall and properly deploy the injectate; this also prompted needle repositioning. Altogether, these correction procedures enabled the identification of robust controls to ensure optimal injector performance and depot formation within the cervix, regardless of the variability of swine development. While these challenges required optimization in swine, the same challenges would likely not be encountered in humans because: (1) speculums are commonly used to gain line of sight to the human cervix (whereas in swine, a camera within the custom injector was required to visualize the cervix); and (2) swine anatomy does not contain a true ectocervix as in the human; thus, the angling of the injector to ensure the needle pierces the cervix would not be required in humans. Rather, a robust, simplified injector that can be used with a standard speculum is being designed by our group for future clinical studies. The injector maintains line of sight through the speculum, thus eliminating the need for a camera and light source and allowing for integration into cervical exam workflows with relative ease.



Our study had several limitations. A majority of swine were euthanized 24 h post-treatment to study the short-term depot formation in the cervical tissue (with the exception of n = 1 swine in Figure 8). Additionally, a single pilot experiment with multiple injections of EC-ethanol was conducted to assess the feasibility and healing response over 7 days. Thus, targets for longitudinal studies in the cervix include assessing long-term safety endpoints, investigating the degradation of the injected EC gel beyond 7 days, evaluating long-term tissue healing of the ablation zone, and determining the ideal spacing of multiple injections. This study used a non-diseased swine cervix to perform injections and evaluate the resulting ablation zones. To the best of our knowledge, no swine models of cervical dysplasia currently exist. To test EC-ethanol in a human-sized diseased model of cervical dysplasia, three-dimensional organotypic culture models could also be used to assess the necrotizing action and degradation of the gel in future studies.



Here, for the first time, we systematically evaluated the safety and efficacy of EC-ethanol injection-induced ablation in a swine cervix model. We found that EC-ethanol ablation had a strong safety profile with no deviations from normal vital signs, limited side effects, and no adverse events within 24 h of ablation. A single 500 µL injection of EC-ethanol ablation induced ablation zones with similar depths and approximately half the total volume compared to thermocoagulation, with the added benefit of enhanced control in selecting needle depth and location(s) within the cervix. This study represents a crucial step towards the translation of EC-ethanol injections for localized tissue ablation, which has the potential to increase women’s access to cervical cancer prevention services in LMICs.
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Author Contributions


T.T.Q.: Conceptualization, software, data curation, formal analysis, investigation, visualization, methodology, writing—original draft, project administration, writing—review and editing. J.Y.: Conceptualization, data curation, formal analysis, investigation, visualization, methodology, writing—original draft, writing—review and editing. M.L.K.: Formal analysis, investigation, visualization, writing—original draft, writing—review and editing. A.P.: software, formal analysis, writing—review and editing. A.F.: Investigation, visualization, writing—review and editing. D.K.: conceptualization, funding acquisition, writing—review and editing. B.C.: conceptualization, funding acquisition, writing–review and editing. N.R.: conceptualization, funding acquisition, writing—review and editing. J.L.M.: Conceptualization, supervision, funding acquisition, data curation, formal analysis, investigation, visualization, methodology, writing—original draft, project administration, writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the National Institutes of Health (R00CA234455, R43CA257303, and R01CA239268). This research was also made possible by the NCI/UMD Partnership for Integrative Cancer Research.




Institutional Review Board Statement


The animal study protocol was approved by the University of Maryland, College Park Institutional Animal Care and Use (protocol # R-AUG-20-47, approved on 31 August 2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors thank Michael DeSoto for providing the prototype injector, William Herbst for his contribution to the semi-automated algorithm, and the University of Maryland Department of Laboratory Animal Research for their support and assistance in the in vivo swine study.




Conflicts of Interest


Drs. Mueller, Crouch, and Ramanujam work with the Calla Health Foundation, from which they may benefit financially. The other authors declare no conflict of interest.




References


	



Ferlay, J.; Ervik, M.; Lam, F.; Colombet, M.; Mery, L.; Piñeros, M.; Znaor, A.; Soerjomataram, I.; Bray, F. Global Cancer Observatory: Cancer Today. 2020. Available online: https://gco.iarc.fr/today (accessed on 1 May 2023).

	



Lee, F.; Desravines, N.; Recknagel, J.; Singleton, M.; Muñoz, R.; Rahangdale, L. History of Surgical Treatment for Cervical Intraepithelial Neoplasia. J. Gynecol. Surg. 2022, 38, 17–23. [Google Scholar] [CrossRef]

	



Smith, J.S.; Sanusi, B.; Swarts, A.; Faesen, M.; Levin, S.; Goeieman, B.; Ramotshela, S.; Rakhombe, N.; Williamson, A.L.; Michelow, P. A randomized clinical trial comparing cervical dysplasia treatment with cryotherapy vs loop electrosurgical excision procedure in HIV-seropositive women from Johannesburg, South Africa. Am. J. Obstet. Gynecol. 2017, 217, 183.e1–183.e11. [Google Scholar] [CrossRef] [PubMed]

	



Cubie, H.A.; Campbell, C. Cervical cancer screening—The challenges of complete pathways of care in low-income countries: Focus on Malawi. Women’s Health 2020, 16, 1745506520914804. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. WHO Guidelines for the Use of Thermal Ablation for Cervical Pre-Cancer Lesions; World Health Organization: Geneva, Switzerland, 2019. [Google Scholar]

	



de Fouw, M.; Oosting, R.M.; Rutgrink, A.; Dekkers, O.M.; Peters, A.A.W.; Beltman, J.J. A systematic review and meta-analysis of thermal coagulation compared with cryotherapy to treat precancerous cervical lesions in low-and middle-income countries. Int. J. Gynecol. Obstet. 2019, 147, 4–18. [Google Scholar] [CrossRef] [PubMed]

	



Chigbu, C.O.; Onwudiwe, E.N.; Onyebuchi, A.K. Thermo-coagulation versus cryotherapy for treatment of cervical precancers: A prospective analytical study in a low-resource African setting. J. Obstet. Gynaecol. Res. 2020, 46, 147–152. [Google Scholar] [CrossRef] [PubMed]

	



Pinder, L.F.; Parham, G.P.; Basu, P.; Muwonge, R.; Lucas, E.; Nyambe, N.; Sauvaget, C.; Mwanahamuntu, M.H.; Sankaranarayanan, R.; Prendiville, W. Thermal ablation versus cryotherapy or loop excision to treat women positive for cervical precancer on visual inspection with acetic acid test: Pilot phase of a randomised controlled trial. Lancet Oncol. 2020, 21, 175–184. [Google Scholar] [CrossRef]

	



Banerjee, D.; Mandal, R.; Mandal, A.; Ghosh, I.; Mittal, S.; Muwonge, R.; Lucas, E.; Basu, P. A Prospective Randomized Trial to Compare Safety, Acceptability and Efficacy of Thermal Ablation and Cryotherapy in a Screen and Treat Setting. Asian Pac. J. Cancer Prev. APJCP 2020, 21, 1391. [Google Scholar] [CrossRef]

	



Maza, M.; Schocken, C.M.; Bergman, K.L.; Randall, T.C.; Cremer, M.L. Cervical Precancer Treatment in Low- and Middle-Income Countries: A Technology Overview. J. Glob. Oncol. 2017, 3, 400–408. [Google Scholar] [CrossRef]

	



de Fouw, M.; Oosting, R.; Eijkel, B.; van Altena, P.; Peters, A.; Dankelman, J.; Beltman, J. Comparison of the tissue interaction between thermal ablation and cryotherapy as treatment for cervical precancerous lesions in an ex-vivo model. Health Technol. 2020, 10, 1275–1281. [Google Scholar] [CrossRef]

	



Sandoval, M.; Slavkovsky, R.; Bansil, P.; Jeronimo, J.; Lim, J.; Figueroa, J.; de Sanjose, S. Acceptability and safety of thermal ablation for the treatment of precancerous cervical lesions in Honduras. Trop. Med. Int. Health 2019, 24, 1391–1399. [Google Scholar] [CrossRef]

	



Yang, J.D.; Hainaut, P.; Gores, G.J.; Amadou, A.; Plymoth, A.; Roberts, L.R. A global view of hepatocellular carcinoma: Trends, risk, prevention and management. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 589–604. [Google Scholar] [CrossRef] [PubMed]

	



Gill, G.; Bagherpour, A.; Irfan, M. 99—Nonthermal Ablation of Liver Lesions. In Image-Guided Interventions, 3rd ed.; Mauro, M.A., Murphy, K.P.J., Venbrux, A.C., Morgan, R.A., Eds.; Elsevier: Boston, MA, USA, 2020; pp. 802–810.e2. [Google Scholar] [CrossRef]

	



Mosquera-Klinger, G.; Gutierrez, J.J.C. Endoscopic ultrasound-guided ethanol ablation for the management of a symptomatic pancreatic insulinoma. Rev. Esp. Enfermadades Dig. (REED) 2021, 113, 48–52. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Ludena, L.; Consiglieri, C.-F.; Gornals, J.-B. EUS-guided ethanol ablation therapy for gastric stromal tumors. Rev. Española Enfermedades Dig. 2018, 110, 69–70. [Google Scholar] [CrossRef] [PubMed]

	



Randolph, G.W. Surgery of the Thyroid and Parathyroid Glands E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2020. [Google Scholar]

	



Cesareo, R.; Tabacco, G.; Naciu, A.M.; Crescenzi, A.; Bernardi, S.; Romanelli, F.; Deandrea, M.; Trimboli, P.; Palermo, A.; Castellana, M. Long-term efficacy and safety of percutaneous ethanol injection (PEI) in cystic thyroid nodules. A systematic review and meta-analysis. Clin. Endocrinol. 2021, 96, 97–106. [Google Scholar] [CrossRef]

	



Morhard, R.; Nief, C.; Barrero Castedo, C.; Hu, F.; Madonna, M.; Mueller, J.L.; Dewhirst, M.W.; Katz, D.F.; Ramanujam, N. Development of enhanced ethanol ablation as an alternative to surgery in treatment of superficial solid tumors. Sci. Rep. 2017, 7, 8750. [Google Scholar] [CrossRef]

	



Shiina, S.; Tagawa, K.; Niwa, Y.; Unuma, T.; Komatsu, Y.; Yoshiura, K.; Hamada, E.; Takahashi, M.; Shiratori, Y.; Terano, A. Percutaneous ethanol injection therapy for hepatocellular carcinoma: Results in 146 patients. AJR Am. J. Roentgenol. 1993, 160, 1023–1028. [Google Scholar] [CrossRef]

	



Nief, C.; Morhard, R.; Chelales, E.; Alvarez, D.; Bourla, I.; Lam, C.; Crouch, B.; Sag, A.; Mueller, J.; Katz, D.; et al. Polymer-assisted intratumoral delivery of ethanol: Preclinical investigation of safety and efficacy in a murine breast cancer model. PLoS ONE, 2021; in press. [Google Scholar] [CrossRef]

	



Morhard, R.; Mueller, J.L.; Tang, Q.; Nief, C.; Chelales, E.; Lam, C.T.; Alvarez, D.A.; Rubinstein, M.; Katz, D.F.; Ramanujam, N. Understanding factors governing distribution volume of ethyl cellulose-ethanol to optimize ablative therapy in the liver. IEEE Trans. Biomed. Eng. 2019, 67, 2337–2348. [Google Scholar] [CrossRef]

	



Chelales, E.; Morhard, R.; Nief, C.; Crouch, B.; Sag, A.; Ramanujam, N. Radiologic-Pathologic Analysis of Increased Ethanol Localization and Ablative Extent Achieved by Ethyl Cellulose. Sci. Rep. 2021, 11, 20700. [Google Scholar] [CrossRef]

	



Lorenzen, E.; Follmann, F.; Jungersen, G.; Agerholm, J.S. A review of the human vs. porcine female genital tract and associated immune system in the perspective of using minipigs as a model of human genital Chlamydia infection. Vet. Res. 2015, 46, 116. [Google Scholar] [CrossRef]

	



Mueller, J.L.; Morhard, R.; DeSoto, M.; Chelales, E.; Yang, J.; Nief, C.; Crouch, B.; Everitt, J.; Previs, R.; Katz, D. Optimizing ethyl cellulose-ethanol delivery towards enabling ablation of cervical dysplasia. Sci. Rep. 2021, 11, 16869. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.K.; Baker, M.; Jaffers, O.; Pearle, M.S.; Lindberg, G.L.; Cadeddu, J.A. Time course of nicotinamide adenine dinucleotide diaphorase staining after renal radiofrequency ablation influences viability assessment. J. Endourol. 2007, 21, 223–227. [Google Scholar] [CrossRef] [PubMed]

	



Koda, M.; Okamoto, K.; Miyoshi, Y.; Kawasaki, H. Hepatic vascular and bile duct injury after ethanol injection therapy for hepatocellular carcinoma. Gastrointest. Radiol. 1992, 17, 167–169. [Google Scholar] [CrossRef] [PubMed]

	



Dompmartin, A.; Blaizot, X.; Théron, J.; Hammer, F.; Chene, Y.; Labbé, D.; Barrellier, M.T.; Gaillard, C.; Leroyer, R.; Chedru, V.; et al. Radio-opaque ethylcellulose-ethanol is a safe and efficient sclerosing agent for venous malformations. Eur. Radiol. 2011, 21, 2647–2656. [Google Scholar] [CrossRef] [PubMed]

	



Cremer, M.L.; Conzuelo-Rodriguez, G.; Cherniak, W.; Randall, T. Ablative therapies for cervical intraepithelial neoplasia in low-resource settings: Findings and key questions. J. Glob. Oncol. 2018, 4, 1–10. [Google Scholar] [CrossRef]

	



Mueller, J.L.; Asma, E.; Lam, C.T.; Krieger, M.S.; Gallagher, J.E.; Erkanli, A.; Hariprasad, R.; Malliga, J.; Muasher, L.C.; Mchome, B. International image concordance study to compare a point of care tampon colposcope to a standard-of-care colposcope. J. Low. Genit. Tract Dis. 2017, 21, 112. [Google Scholar] [CrossRef]

	



Mueller, J.L.; Lam, C.T.; Dahl, D.; Asiedu, M.N.; Krieger, M.S.; Bellido-Fuentes, Y.; Kellish, M.; Peters, J.; Erkanli, A.; Ortiz, E.J. Portable Pocket colposcopy performs comparably to standard-of-care clinical colposcopy using acetic acid and Lugol’s iodine as contrast mediators: An investigational study in Peru. BJOG Int. J. Obstet. Gynaecol. 2018, 125, 1321–1329. [Google Scholar] [CrossRef]








[image: Bioengineering 10 01246 g001] 





Figure 1. In vivo swine tissue ablation equipment and procedures. Supplies and equipment included: (A) a 12% EC-ethanol solution; (B) a 23-gauge needle and 3 mL syringe; (C) a custom hand-held injector; (D) a laptop with a custom interface for controlling injections; (E) a Liger Medical thermocoagulator and charger; (F) a thermoprobe; and (G) a thermooperator. (H) Orientation of an injector and thermoprobe within the vaginal canal. (I) Overview of study protocol for EC-ethanol ablation and thermocoagulation procedures. 
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Figure 2. Intraprocedural data during swine cervical ablation procedures. (A) Real-time display during EC-ethanol injection. (B) Pressure profile during delivery of EC-ethanol into the swine cervix (7.6 mm insertion depth, 10 mm/s insertion rate, 12% EC-ethanol, 10 mL/h infusion rate, 500 μL infusion volume, n = 10 swine). Each colored line denotes one procedure. The red line denotes the average across procedures. 
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Figure 3. Flowchart depicting semi-automated algorithms for image processing and analysis. (*) denotes that the necrotic regions that remained in the extracted visible cervical tissue were manually segmented and added to the extracted necrosis. 
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Figure 4. Acute safety data. There were no significant differences between EC-ethanol and thermocoagulation with respect to temperature (temp, 101.3 ± 0.7 °F vs. 101.3 ± 1.4 °F), pulse (125.41 ± 20.74 bpm vs. 126.55 ± 11.6 bpm), respiratory rate (resp, 65.11 ± 7.94 bpm vs. 62.8 ± 11.78 bpm), and oxygen saturation (SpO2, 94.94 ± 3.13% vs. 96.1 ± 2.6%), respectively. n.s. = not significant. Error bars = standard deviation. 
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Figure 5. Histological characterization of the ablation zone. Sections of swine cervix treated with (A) EC-ethanol ablation (7.6 mm insertion depth, 10 mm/s insertion rate, 12% EC-ethanol, 10 mL/h infusion rate, 500 μL infusion volume, n = 10 swine) and (B) thermocoagulation (100 °C for 20 s, n = 10 swine). Necrosis (unstained gray regions) could be clearly seen in the excised cervices. The sections with the maximum necrotic area are outlined in yellow. The dotted yellow line in (B) demarcates the top half of the cervix. (C) The maximum necrotic area, depth, and volume are 77.0 mm2, 17.2 mm, and 842.6 µL for a single injection of EC-ethanol ablation; 115.1 mm2, 25.5 mm, and 1720.4 µL for thermocoagulation (whole cervix); and 57.4 mm2, 25.5 mm, and 635.6 µL for thermocoagulation (top half of cervix). 
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Figure 6. (A,C) Alignment of cervical sections and (B,D) 3D rendering of reconstructed necrotic volume for (A,B) EC-ethanol ablation and (C,D) thermocoagulation. The 3D reconstructions provide images of the 3D surface of the necrotic volume from various viewpoints, including the ectocervix, endocervix, side view (3 to 9 o’clock slice), and top viewpoint (12 to 6 o’clock slice). Sections 1 and 2 are indicated in pink and green in (A,C), respectively. The needle location and probe location are indicated in pink in (B,D), respectively. 
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Figure 7. Efficacy measures of a single EC-ethanol injection at the 12 o’clock position (7.6 mm insertion depth, 10 mm/s insertion rate, 12% EC-ethanol, 10 mL/h infusion rate, 500 μL infusion volume, n = 10 swine) compared to thermocoagulation (100 °C for 20 s, n = 10 swine) in the swine cervix model. Average necrotic depth and volume are 18.6 ± 1.6 mm and 626.2 ± 122.8 µL for EC-ethanol ablation, 19.7 ± 4.1 mm and 1292.9 ± 242.3 µL for thermocoagulation (whole cervix), and 19.5 ± 3.7 mm and 664.6 ± 168.5 µL for thermocoagulation (top half of cervix), respectively. **** = p < 0.0001. Error bars = standard deviation. 
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Figure 8. (A) Initial time course results with cervix ablated twice: 48 h (9 o’clock position) and 7 days (12 o’clock position) prior to excision (7.6 mm insertion depth, 10 mm/s insertion rate, 12% EC-ethanol, 10 mL/h infusion rate, 500 μL infusion volume for the first and second injections). After 7 days, the EC deposit can still be seen, but the healing process has begun, suggesting EC remains in the cervix for at least 7 days after ablation. The area of necrotic regions from multi-injection of EC-ethanol in the highlighted section is 77.2 mm2. The section with the maximum necrotic area is outlined in yellow. (B) Total necrotic depth and volume are 12.5 mm and 585.5 µL, respectively. 






Figure 8. (A) Initial time course results with cervix ablated twice: 48 h (9 o’clock position) and 7 days (12 o’clock position) prior to excision (7.6 mm insertion depth, 10 mm/s insertion rate, 12% EC-ethanol, 10 mL/h infusion rate, 500 μL infusion volume for the first and second injections). After 7 days, the EC deposit can still be seen, but the healing process has begun, suggesting EC remains in the cervix for at least 7 days after ablation. The area of necrotic regions from multi-injection of EC-ethanol in the highlighted section is 77.2 mm2. The section with the maximum necrotic area is outlined in yellow. (B) Total necrotic depth and volume are 12.5 mm and 585.5 µL, respectively.



[image: Bioengineering 10 01246 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 b