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Anastomotic leaks (AL) and staple line leaks are a serious post-operative complication that can develop following bariatric surgery. The delay in the onset of symptoms following a leak usually results in reactive diagnostics and treatment, leading to increased patient morbidity and mortality, and a clinical and economic burden on both the patient and the hospital. Despite support in literature for pH as a biomarker for early detection of AL, the current methods of pH detection require significant clinician involvement and resources. Presented here is a polyaniline (PANI)-based pH sensor that can be connected inline to surgical drains to continuously monitor peritoneal secretion in real time for homeostatic changes in pH. During this study, the baseline peritoneal fluid pH was measured in two pigs using the PANI sensor and verified using a benchtop pH probe. The PANI sensor was then utilized to continuously monitor the changes in the pH of peritoneal effluent, as a gastric leak was simulated. The inline sensors were able to detect the resulting local changes in drainage pH within 10 min of leak induction. The successful implementation of this sensor in clinical practice can both enable high efficiency continuous monitoring of patient status and drastically decrease the time required to detect AL, thus potentially decreasing the clinical and economic burden incurred by gastric leaks.
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1. Introduction

Anastomotic leaks and staple line disruptions are considered the bane of postoperative complications following gastric and bariatric surgery (1). The reported incidence rate for postoperative leaks at gastrojejunostomies, enteroenterostomies, or at the gastroesophageal junction ranges from 1% to 5.6% (2, 3) depending on the type of bariatric surgery and is associated with up to 30% morbidity and mortality (4). In addition, AL can extend the patient length of stay to about 17 days, which is 15 days longer than the average length of stay for a non-leak patient (5) lowering patient quality of life. The development of AL incurs a clear clinical and economic burden on the patient and hospital. The current standard of care incites a diagnosis of AL upon symptom onset, which can range from 2 to 7 days postoperatively (6).

Since the clinical presentation of leaks may be subtle, delayed, or non-specific; the diagnosis of AL requires high levels of suspicion and careful monitoring of patients during their postoperative course (5). Symptoms indicative of AL include tachycardia, tachypnea, possible hypotension, persistent hiccup, fevers, chills, food intolerance, discomfort, nausea, vomiting, shoulder pain, abdominal pain, and hemodynamic instability (5–7). Leukocytosis and elevated C-reactive protein level are often noted as well. Imaging studies are usually conducted selectively based upon the patient's clinical progress. Contrast computed tomography (CT) scans with oral/IV contrast and/or an upper gastrointestinal (UGI) study with soluble contrast can be used to evaluate the integrity of anastomoses and detect leakage after bariatric surgery.

Despite being used frequently for definitive leak diagnosis, such studies have limitations and can delay the accurate diagnosis and management of leakage. It is reported that combined CT scans and diagnostic UGI studies carry a false-negative rate of 30% in AL patients (5, 8). Moreover, the time of diagnosis can vary between 0 and 28 days postoperatively (9). Delayed diagnosis contributes to increased hospital readmission rates, emergent procedures, and an increase in patient mortality (9). Currently, no optimal guideline exists for the proper management of AL after bariatric surgery. Therefore, management can vary and is highly dependent on the patient's overall hemodynamic status, size and location of the anastomotic insufficiency, and the extent of peritonitis/abdominal infection (10, 11). Management techniques include parenteral nutrition, antibiotic administration, CT-guided percutaneous drainage, endoscopic management (via clips, stenting, and fibrin glue), or surgical revision (10, 11). Therefore, there is an urgent need for technologies and techniques that can help clinicians detect and diagnose AL early (5).

Various postoperative clinical biomarkers have been identified in serum and peritoneal drain fluid to help with advanced detection of AL (12). Such biomarkers can minimize the sequelae associated with AL (including systemic inflammatory response syndrome, sepsis, and multiple organ failure) through early management. Some biomarkers outlined in research on gastrointestinal AL include pH, lactate, interleukin 6 (IL-6), interleukin 10 (IL-10), and tumor necrosis factor alpha (TNFα) (8, 11). Among these biomarkers, pH of peritoneal drain fluid was determined to be valuable as it is easy, quick and inexpensive to measure (12). It has been shown that a decrease in pH drainage fluid as early as postoperative day (POD) 1–3 can be used as an indicator of AL after gastrointestinal surgery (12–15).

Currently, many methods are employed in clinical settings to measure the pH of bodily fluids. The simple laboratory method includes collection of a sample, such as a urine sample, and conducting a laboratory test using a dipstick test, pH probe, or urine analyzers. A blood gas analyzer (BGA) can be utilized to obtain the pH of blood, in addition to various other biochemical properties. When conducting an assessment for gastroesophageal reflux disease (GERD), a Digitrapper™ pH-Z Testing System can be used. This involves passing a catheter into the esophagus through the nose. The measurements are recorded on a data logger which can be downloaded after the monitoring period and analyzed (16). To eliminate the presence of a catheter during monitoring, the Bravo® test was developed. This procedure requires temporary endoscopic placement of a small wireless pH capsule in the distal esophagus, which relays pH measurements to a recording device for 48 h (16, 17). The measurements can be visualized by a physician after completion of the monitoring period. Conventional gastric tonometry has been used for determining pH of gastric mucosa, through insertion of a modified nasogastric tube into the stomach, carrying a saline filled, gas permeable balloon at the tip. The tube is left inside to allow sufficient time for achieving equilibrium between the intraluminal fluid and saline, with regards to the pCO2, followed by collection of the saline and pCO2 assessment using BGA. The pH is then calculated using the Henderson-Hasselbalch equation (18).

Previous feasibility studies have presented evidence in favor of the implementation of a continuous patient monitoring system for AL detection in medical-surgical units (19) as it can decrease patient length of stay (20), allow for earlier administration of antibiotics, and lower the likelihood of readmission within 30 days of discharge (21). Data can also be streamed continuously to provide healthcare providers with a real-time postoperative state of the patient, potentially allowing for faster diagnosis of AL. Herein, a proof-of-concept continuous, inline monitoring system that is able to detect gastric leaks at their onset in porcine models is shown. The inline monitoring system uses a novel solid-state, potentiometric pH sensor system comprising of polyaniline (PANI), a pH-sensitive polymer, and a solid-state Ag/AgCl reference. The inline system attaches directly to prophylactic surgical drains (i.e., between the catheter and evacuator) such that all effluent comes in contact with the pH sensor prior to being collected in the evacuator.

Here, we demonstrate the utility of the PANI sensor in continuous bedside monitoring, through detection of pH changes in peritoneal effluent caused by simulated gastric leaks in a porcine model. This study also serves as a proof-of-concept for the integration of a pH sensor into prophylactic drains, which carries the potential to revolutionize postoperative patient monitoring.



2. Materials and methods


2.1. Materials

Jackson-Pratt (JP) flat silicon drains and 100 cc reservoirs (Cardinal Health, Ohio, USA) were used as a closed drainage system to suction fluid from the peritoneal cavity in porcine models. Flexible tubing (obtained by cutting the fenestrated end of the JP flat silicon drain) was used to connect the pumps and inline sensors. 5 cc syringes without needles were purchased from Terumo for peritoneal and gastric fluid aspiration (Terumo, Vaughan, Canada). Silicon wafers for the sensor dies were purchased from University Wafers (University Wafers, Boston, USA). The pH and temperature sensors were assembled in-house and sensor housings were 3D printed in-house using a Formlabs 3B SLA printer with Rigid resin (FluidAI Medical, Kitchener, Canada). A USB oscilloscope (Digilent Analog Discovery 2) and a custom-made data Acquisition (DAQ) board was used to interface with and log data from the pH sensor (Digilent Inc., Washington, USA). All pH measurements were also verified using a benchtop HANNA Instruments EDGE pH meter (HANNA Instruments, Quebec, Canada). A peristaltic pump was used in one of the experimental models to control flow from the peritoneum to the sensor (Cole-Parmer, Montreal, Canada). All electrochemical processes were done using an electrochemical workstation (Biologic SP-50, Tennessee, USA). Glass Ag/AgCl reference electrodes and Pt wire counter electrodes were purchased from CH Instruments (CH Instruments, Texas, USA). Thermistors and 10-position connectors were purchased from Digikey (Digikey Electronics, Minnesota, USA). A pure silver electrode (99.9%), hydrochloric acid (0.1 M), aniline (0.1 M), sulfuric acid (0.5 M), sodium phosphate monobasic (0.1 M) were purchased from Sigma-Aldrich and used as-is (Sigma-Aldrich, Missouri, USA). Potassium argentocyanide was purchased from Technic and used as-is (Technic Inc., Rhode Island, USA). Five-minute epoxy was purchased from a local retailer.



2.2. Sensor die patterning

The sensor dies were fabricated in the University of Waterloo's Quantum-Nano Fabrication and Characterization Facility (QNFCF) using standard photolithographic and deposition techniques (University of Waterloo, Waterloo, Canada). Multiple sensor dies were obtained from a single wafer. All traces and electrode pads were coated with high-purity gold and the rest of the wafer was insulated with silicon nitride. The surface area of the working and reference electrodes of the pH microsensors were measured at 0.85 mm2 and 1.7 mm2, respectively.



2.3. Solid state pseudo-reference electrode preparation

The wafers were first cleaned using DI water and isopropanol to remove any contamination from previous processes. Silver was electroplated onto the reference electrode with a constant current using a three electrode setup with the wafer as the working electrode, silver (99.9% purity) as the counter electrode, and a glass Ag/AgCl as reference electrode in a KAg(CN)2 solution. Similarly, chlorination of the electroplated silver was done using a constant current with platinum wire as the counter electrode and glass Ag/AgCl as a reference electrode in a 0.1 M HCl solution.



2.4. Electropolymerization of PANI

The wafers were first cleaned using DI water and isopropanol to remove any contamination from previous processes. PANI was electropolymerized onto the sensor die via cyclic voltammetry in a three-electrode setup with a platinum counter electrode and Ag/AgCl glass reference electrode in a solution of 0.1 M aniline and 0.5 M sulfuric acid. The potential was cycled between −0.15 V and 0.85 V vs. Ag/AgCl at a scan rate of 20 mV s–1 until the desired PANI thickness was reached.



2.5. Inline sensor assembly

After functionalization, the wafer was diced into individual dies. The temperature sensor (NTC thermistor) and 10-position FFC connector was then soldered onto the dies. The completed sensor was attached to the housing and encapsulated using a 5-minute epoxy (Figure 1).


[image: Figure 1]
FIGURE 1
Fully fabricated inline sensor assembly.




2.6. Sensor calibration

Linear calibration curves for sensor output vs. pH were obtained using pH 6, 7, 8 buffers. The pH buffers were prepared in-house by dissolving 0.1M NaH2PO4 in DI water and titrating with KOH until the desired pH was reached. The calibration models can be found in Supplementary Materials (Supplementary Figure A1).



2.7. Surgical procedure and experimental protocol

Two Yorkshire pigs, designated as P-1 and P-2, were used in this prospective, acute animal study due to the anatomical and functional similarities between the GI tract of pigs and that of humans (22). The protocol for this study followed the guidelines of the Animal Welfare Act and was approved by the Institutional Animal Care Committee at the Li Ka Shing Knowledge Institute of St. Michael's Hospital.

On the day of surgery, both pigs were anesthetized through an intramuscular mix of ketamine at 20 mg/kg (6–7 ml) (Dechra Pharmaceuticals, Northwich, UK), xylazine at 2 mg/kg (3–3.5 ml) (Bayer, Mississauga, Canada), and atropine sulphate at 1 mg/25 kg (1–2 ml) (McKesson Corporation, Texas, USA). General anesthesia was maintained with 5% isoflurane (Fresenius Medical Care, Bad Homburg, Germany) delivered in oxygen for the duration of the procedure. The animals were monitored using jaw tone, pulse oximetry, body temperature, ETCO2 and ECG to ensure adequate anesthesia level and cardiopulmonary function. The skin on the anterior abdominal wall was prepared with a povidone-iodine solution (Rougier, Toronto, Canada) and draped in a sterile fashion. A 20 cm midline incision was then performed using the Bovie AARON 1,250 electrocautery generator (Bovie medical, Florida, USA), and a 5–10 ml peritoneal fluid sample was aspirated using an injection syringe from the right and left paracolic gutter of the peritoneal cavity. The pH of the peritoneal sample was measured using the inline sensor (see Supplementary Table A1 in Supplementary Materials) and verified with the HANNA benchtop meter. The benchtop meter was calibrated with a set of standard HANNA buffers (pH 4.0, 7.0, and 10.0) provided by the manufacturer before the surgical procedure (HANNA Instruments, Quebec, Canada).

For P-1 and P-2, the JP drain was positioned within the dorsal abdomen and brought out through the subcutaneous tissue exiting the abdominal wall at a point lateral to the midline incision. In P-1, the exteriorized tubing was connected to a peristaltic pump to facilitate constant drainage from the peritoneum. The sensor assembly (S-1) was setup such that the inlet and outlet of S-1 were connected to the peristaltic flow pump, and a 100cc bulb, respectively. To better simulate clinical application, P-2's sensor assembly (S-2) did not utilize a peristaltic pump. S-2 was positioned inline between the drainage end of the JP drain and the 100cc bulb. The applied negative pressure from the reservoir was used to facilitate drainage of peritoneal fluid through the sensor channel. In P-2, an additional catheter was positioned within the ventral abdomen and brought out through the subcutaneous tissue exiting the abdominal wall opposite to the JP drain to which S-2 was attached. The exteriorized catheter was occluded using a hemostat clamp and served as the designated point-of-entry for a 5cc syringe of gastric fluid used to simulate the closed-abdomen gastric leak. The set-up of S-1 and S-2 are depicted in Figure 2. S-1 and S-2 were then connected to a computer for data logging using the analogue discovery 2 (AD2) and DAQ board. For both P-1 and P-2, pre-leak baseline homeostatic measurements of the peritoneal fluid were collected using the PANI sensor to determine the normal physiological pH of peritoneal fluid in swine, prior to simulation of leaks.


[image: Figure 2]
FIGURE 2
Schematic showing pH measurement set up for P1 and P2. The P1-S1 set up had a peristaltic pump attached proximal to the pH sensor. The P2-S2 set up had an additional externalized catheter to stimulate closed abdomen leaks.


Prior to leak induction 10 ml of gastric fluid was extracted for benchtop testing. This was done in both P-1 and P-2. Two techniques were utilized to simulate a gastric leak in this study: an open-abdominal and a closed-abdomen leak. An open-abdomen leak was performed whereby a 5 mm gastrotomy was created using a scalpel to represent the site of anastomotic leak. This was performed in P-1. A closed-abdomen leak was performed prior to the open-abdomen leak in P-2 by which a 10cc syringe with a 22-gauge needle was used to aspirate gastric fluid from the fundus. The midline incision was closed using running USP 1-0 Vicryl sutures after the administration of 5 mg/mL bupivacaine hydrochloride (Sterimax Inc., Oakville, Canada) though the abdominal incision to the subcutaneous tissue. Following closure, the gastric fluid was injected into the peritoneal cavity using the exteriorized catheter previously described. After approximately 15 min, following the passage of the gastric fluid through S-2, the stitches of midline incision were removed, and an open-abdomen leak was induced. The process of leak induction is summarized in Supplementary Figure A2. The pH of the peritoneal drainage fluid collected from P-1 and P-2 was measured using the inline sensor (see Supplementary Table A1 in Supplementary Materials) and verified with the HANNA benchtop meter.

Upon completion of data collection, P-1 and P-2 were administered a 200 mg/kg dose of pentobarbital sodium (Covetrus, Maine, USA) intravenously in the ear for euthanasia while under anesthesia.



2.8. Statistical analysis

pH data from both pigs were filtered with a first-order low pass filter on the DAQ board to reduce noise in sensor readings. All pH measurements obtained throughout the duration of this study were temperature-corrected based on the temperature readings measured by the on-chip thermistor. Numerous libraries on Python were used to analyze the data to assess the pH change upon leak induction. To characterize the baseline pH for both S-1 and S-2 descriptive statistics (mean ± standard deviation) were used. Leak detection by the sensors is defined as the point at which a peak pH change was observed in the oscilloscope timeseries. Time between leak detection by the sensors and the leak induction events was also calculated to evaluate the capacity of the sensor at detecting AL at onset.




3. Results

The baseline peritoneal drainage pH for S-1 and S-2 were 7.80 (s = 0.016) and 7.76 (s = 0.032), respectively. Leaks were characterized by a sharp increase or decrease in the real-time pH data measured by the inline sensors. Table 1 reports the point pH measurements surrounding each leak, the absolute change in pH between these points, and the sensor detection time. The baseline peritoneal and gastric fluid pH measurements obtained using the PANI sensor are reported in Supplementary Table A1.


TABLE 1 Extent of acute leak detection for all leak detection events observed in P-1 and P-2 models. The change in pH is reported for each leak event, as well as the detection time. .

[image: Table 1]

S-1 was connected inline to a peristaltic pump setup and was able to successfully detect the induction of a gastric leak within 4.93 min. S-2, which was connected inline to a drain with a terminal reservoir to reflect the sensor implementation in clinical settings, was able to detect the onset of a closed-abdomen leak in 3.73 min, and onset of an open abdominal gastric leak in 8.27 min. Gastric leak simulation detected by the sensors manifested as a decrease in pH sensor output due to the acidity of gastric fluid.

Figure 3 shows the continuous pH data gathered by S-2. The acute sensor responses for each leak event are indicated by the pre-trough and trough pH labels. The time of closed-abdomen leak induction was marked by the time at which 5 cc of gastric fluid was injected into the drain catheter. The open-abdomen leak label corresponds to the time at which the gastrotomy was created. Extremities of acute sensor response are also highlighted to indicate leak detection. The steep changes in pH following leak induction events are clearly visible in the real-time pH data.


[image: Figure 3]
FIGURE 3
Temporal pH sensor output with indicated leak induction events. The green region represents the closed-abdomen gastric leak event pH in which gastric fluid was injected into the drain catheter; the magenta region represents the pH change observed after the open-abdomen gastric leak event. The time of leak induction is depicted by the dotted lines.




4. Discussion

Anastomotic leaks and staple line disruptions are major postoperative complications that occur following gastric and bariatric surgery (1). The onset of an anastomotic leak can be devastating for patients leading to significant morbidity and mortality, need for additional diagnostic studies, potential reoperation, and extended length-of-stay (5). These outcomes amount to an average increase of $30,885 in hospital expenses for the patient, and an increase of $28.6 million per 1,000 AL patients for the involved hospitals (5, 23). The present study reports the use of real-time PANI-based inline sensors (S-1 and S-2) with existing surgical drains in two porcine models to demonstrate the successful detection of homeostatic imbalances in peritoneal drainage fluid pH following gastric leak simulation.

PANI is a desirable candidate for use in biosensors due to its linear potentiometric response to pH, stability over time, low synthesis cost (24, 25) and biocompatibility (26). The inline pH sensor reported here is non-invasive, can be readily incorporated into the current standard-of-care, and can be utilized to diagnose AL in real-time, significantly improving upon the current standard-of-care. In this study, sensors S-1 and S-2 detected the open-abdomen leak, and S-2 detected the closed-abdomen leak within minutes of leak simulation. The absolute change in pH following all leak induction events ranged from 0.48 to 1.72, showing clear responses to local changes in pH. This clearly highlights the value of using the PANI sensor for developing tools that target early detection of anastomotic leakage.

It is important to note that literature reports the pH of gastric fluid of pigs at 1.15 to 4.0 (27). This varies greatly from the measured values of peritoneal effluent pH in this study. The higher pH can be explained by the mixing of gastric fluid with peritoneal fluid prior to getting drained via the JP drain. Peritoneal fluid carries significant buffering capacity and has a pH in the range of 7.5 to 8.0 in humans (28). A study measuring the impact of various gases on peritoneal pH in pigs reported a baseline peritoneal pH of roughly 7.4 (29). Therefore, the PANI sensor measured a combination of peritoneal and gastric fluid, as opposed to only gastric fluid, which led to the high pH measurements observed. The baseline pH of gastric fluid was reported as 2.78 in P1 and 6.0 in P2 (Supplementary Table A1). Baseline pH for P1 falls within the expected range, while the higher baseline gastric fluid in P2 could be explained by the location of fluid extraction. The fluid was extracted from the base of the pylorus of the stomach, and the pH of the proximal small intestine is reported to be about 6.1 (30)

While these results are a powerful demonstration of the ability of the PANI sensor to rapidly detect changes in local pH caused by gastric leaks, limitations of the study should be noted. One limitation is that the study is restricted by its small sample size.

While the use of pH to detect AL has been reported previously in literature, to date the pH data in literature has been collected by manually taking samples of drainage fluid intermittently and analyzing it in the lab or by using gastric tonometry (13–15). These methods rely heavily on clinician involvement and the intervals between two measurements can be large. Intermittent testing limits the capacity of pH utility in future prognostic models for AL due to delays in data availability and added burden to the workflow of the care providers. The existing methods of continuous pH monitoring require invasive techniques for implanting sensors. Additionally, these methods have been developed to measure gastric and esophageal pH. Currently, there are no systems for use in continuous monitoring of pH obtained from abdominal drains. The inline PANI pH sensor mitigates these issues, as it can be readily attached to prophylactic drainage to provide a continuous stream of pH measurements, thereby conducting measurements in a non-invasive manner, with minimal input from medical personnel.

The utility of pH in this study is linked to the role of ischemia in development of AL, which refers to the inadequate supply of oxygen at the site of the anastomosis. Poor tissue perfusion leads to increased anaerobic metabolism, which produces lactate and carbon dioxide (both acidic in nature) as the byproducts, thereby decreasing pH (31). The onset of AL also triggers the infiltration and activation of immune cells in the tissue which manifests as inflammation. The increased cell activity results in greater oxygen demand, hence reducing local pH (31, 32). These principles have been utilized to assess pH as a biomarker for detection of colonic anastomotic leakage with great success (12–15). Given the widespread use of surgical drains across gastrointestinal surgeries—and the potential for anastomotic leaks in various part of the GI system—this technology may be applied in numerous contexts (e.g., colorectal, hepatobiliary, esophageal). It should be noted that processes that reduce the local acidity, such as proton pump inhibitors (PPI), would reduce the absolute changes noted in pH measurements. PPIs are weak bases used for suppression of gastric acid secretion (33). While their use would increase the pH of gastric acid, a drop in overall pH of peritoneal effluent is still expected due to the underlying ischemic and inflammatory processes, even though the absolute change may be lower.

In conclusion, the PANI-based pH sensor provides a strong candidate for use in tools designed for the early detection of anastomotic leakage. The sensor described here complements current standards of care, by harnessing widely used post-operative prophylactic drains for early detection of postoperative complications, including AL. Continuous patient monitoring of local pH can provide healthcare providers with quantitative measurements to assist clinical decision-making, as opposed to non-specific postoperative symptoms. Moreover, by providing a means of detecting and diagnosing leaks at earlier stage, patient outcomes can be significantly improved.

Further, the concept of integrating sensors for relevant biomarkers (such as pH) with surgical drains can be expanded to various other postoperative complications, beyond AL. Together, this data highlights the potential for use of inline sensors across surgical disciplines and contexts to develop tools that reduce the patient, healthcare, and economic burden of postoperative gastrointestinal complications.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Institutional Animal Care Committee at the Li Ka Shing Knowledge Institute of St. Michael's Hospital.



Author contributions

MH wrote this manuscript with support from RT and NH. RT and MO prepared the sensors for PANI deposition, including all electrochemical work and sensor assembly. RT, MO, and YH collaborated to develop the study design. The study protocol was further developed by MO, and YH. AE created the custom data acquisition (DAQ) board, and contributed heavily to data analysis, collaborating with MH, RT, and NH All the authors have read and approved the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

We sincerely thank Dr. Joao Rezende-Neto (Trauma and Acute Care, General Surgery, St. Michael's Hospital) for performing the surgical procedures, his assistance with study design, and manuscript review. We also appreciate the significant contributions of Danielle Bince and all the vivarium staff at the Research Vivarium, St. Michael's Hospital to animal preparation and care. Finally, we would like to acknowledge the contributions of Manaswi Sharma (FluidAI Medical) for creating the process schematics and preparation of the manuscript for submission.



Conflict of interest

All authors listed are current or former employees of FluidAI Medical. This study received funding from FluidAI Medical. The funder was involved with study design, data collection and analysis, decision to publish, and preparation of the manuscript. All authors declare no other competing interests.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmedt.2023.1128460/full#supplementary-material.



References

1. Silecchia G, Iossa A. Complications of staple line and anastomoses following laparoscopic bariatric surgery. Ann Gastroenterol. (2018) 31(1):56–64. doi: 10.20524/aog.2017.0201

2. Afaneh C, Dakin GF. Enteric leaks after gastric bypass: prevention and management. In: Herron D, editors. Bariatric surgery complications and emergencies. New York, NY: Springer, Cham (2016). p. 81–90. doi: 10.1007/978-3-319-27114-9_6.

3. Csendes A, Burgos AM, Braghetto I. Classification and management of leaks after gastric bypass for patients with morbid obesity: a prospective study of 60 patients. Obes Surg. (2012) 22(6):855–62. doi: 10.1007/s11695-011-0519-6

4. Brethauer SA, Chand B, Schauer PR. Risks and benefits of bariatric surgery: current evidence. Cleve Clin J Med. (2006) 73(11):993–1007. doi: 10.3949/ccjm.73.11.993

5. Lee SW, Gregory D, Cool CL. Clinical and economic burden of colorectal and bariatric anastomotic leaks. Surg Endosc. (2020) 34(10):4374–81. doi: 10.1007/s00464-019-07210-1

6. Marshall JS, Srivastava A, Gupta SK, Rossi TR, DeBord JR. Roux-en-Y gastric bypass leak complications. Arch Surg. (2003) 138(5):520–4. doi: 10.1001/archsurg.138.5.520

7. Docimo S. Acute leak following bariatric surgery: endoscopic stent management. In: Docimo S, Pauli E, editors. Clinical algorithms in general surgery. New York, NY: Springer, Cham (2019). p. 835–8. doi: 10.1007/978-3-319-98497-1_202.

8. Gonzalez R, Sarr MG, Smith CD, Baghai M, Kendrick M, Szomstein S, et al. Diagnosis and contemporary management of anastomotic leaks after gastric bypass for obesity. J Am Coll Surg. (2007) 204(1):47–55. doi: 10.1016/j.jamcollsurg.2006.09.023

9. Lim R, Beekley A, Johnson DC, Davis KA. Early and late complications of bariatric operation. Trauma Surg Acute Care Open. (2018) 3(1):e000219. doi: 10.1136/tsaco-2018-000219

10. Jacobsen HJ, Nergård BJ, Leifsson BG, Frederiksen SG, Agajahni E, Ekelund M, et al. Management of suspected anastomotic leak after bariatric laparoscopic roux-en-y gastric bypass. Br J Surg. (2014) 101:417–23. doi: 10.1002/bjs.9388

11. Li B, Siddiqui UD. Stenting for leaks after sleeve gastrectomy. In: Alverdy J, Vigneswaran Y, editors. Difficult decisions in bariatric surgery. New York, NY: Springer, Cham (2021). p. 257–71. doi: 10.1007/978-3-030-55329-6_24.

12. Gray M, Marland JRK, Murray AF, Argyle DJ, Potter MA. Predictive and diagnostic biomarkers of anastomotic leakage: a precision medicine approach for colorectal cancer patients. J Pers Med. (2021) 11(6):471. doi: 10.3390/jpm11060471

13. Molinari E, Giuliani T, Andrianello S, Talamini A, Tollini F, Tedesco P. Drain fluid's pH predicts anastomotic leak in colorectal surgery: results of a prospective analysis of 173 patients. Minerva Chir. (2019) 75(1):30–6. doi: 10.23736/S0026-4733.19.08018-0

14. Millan M, García-Granero E, Flor B, García-Botello S, Lledo S. Early prediction of anastomotic leak in colorectal cancer surgery by intramucosal pH. Dis Colon Rectum. (2006) 49(5):595–601. doi: 10.1007/s10350-006-0504-7

15. Yang L, Huang XE, Xu L, Zhou X, Zhou J, Yu D, et al. Acidic pelvic drainage as a predictive factor for anastomotic leakage after surgery for patients with rectal cancer. Asian Pac J Cancer Prev. (2013) 14(9):5441–7. doi: 10.7314/apjcp.2013.14.9.5441

16. Shi G, Bruley des Varannes S, Scarpignato C, Run ML, Galmiche JP. Reflux-related symptoms in patients with normal oesophageal acid exposure to acid. Gut. (1995) 37:457–64. doi: 10.1136/gut.37.4.457

17. Lawenko RM, Lee YY. Evaluation of gastroesophageal reflux disease using the bravo capsule pH system. J Neurogastroenterol Motil. (2016) 22(1):25–30. doi: 10.5056/jnm15151

18. Baigorri F, Calvet X, Joseph D. Gastric intramucosal pH measurement. Crit Care. (1997) 1(2):61–4. doi: 10.1186/cc104

19. Slight SP, Franz C, Olugbile M, Brown HV, Bates DW, Zimlichman E. The return on investment of implementing a continuous monitoring system in general medical-surgical units. Crit Care Med. (2014) 42(8):1862–8. doi: 10.1097/ccm.0000000000000340

20. Brown H, Terrence J, Vasquez P, Bates DW, Zimlichman E. Continuous monitoring in an inpatient medical-surgical unit: a controlled clinical trial. Am J Med. (2014) 127(3):226–32. doi: 10.1016/j.amjmed.2013.12.004ch

21. Downey C, Randell R, Brown J, Jayne DG. Continuous versus intermittent vital signs monitoring using a wearable, wireless patch in patients admitted to surgical wards: pilot cluster randomized controlled trial. J Med Internet Res. (2018) 20(12):e10802. doi: 10.2196/10802

22. Yin L, Yang H, Li J, Li Y, Ding X, Wu G, et al. Pig models on intestinal development and therapeutics. Amino Acids. (2017) 49(12):2099–106. doi: 10.1007/s00726-017-2497-z

23. Hammond J, Lim S, Wan Y, Gao X, Patkar A. The burden of gastrointestinal anastomotic leaks: an evaluation of clinical and economic outcomes. J Gastrointest Surg. (2014) 18(6):1176–85. doi: 10.1007/s11605-014-2506-4

24. Lindfors T, Ivaska A. Ph sensitivity of polyaniline and its substituted derivatives. J Electroanal Chem. (2002) 531(1):43–52. doi: 10.1016/S0022-0728(02)01005-7

25. Lakard B, Herlem G, Lakard S, Guyetant R, Fahys B. Potentiometric pH sensors based on electrodeposited polymers. Polymer. (2005) 46(26):12233–9. doi: 10.1016/j.polymer.2005.10.095

26. Humpolicek P, Kasparkova V, Saha P, Stejskal J. Biocompatibility of polyaniline. Synth Met. (2012) 162(7–8):722–7. doi: 10.1016/j.synthmet.2012.02.024

27. Henze LJ, Koehl NJ, O'Shea JP, Kostewicz ES, Holm R, Griffin BT. The pig as a preclinical model for predicting oral bioavailability and in vivo performance of pharmaceutical oral dosage forms: a PEARRL review. J Pharm Phamacol. (2018) 71(4):581–602. doi: 10.1111/jphp.12912

28. DiZerega GS, Rodgers KE. Peritoneal fluid. The peritoneum. New York, NY: Springer (2011). p. 22–56. doi: 10.1007/978-1-4613-9235-4_2. Accessed online at: https://link.springer.com/chapter/10.1007/978-1-4613-9235-4_1#author-information

29. Bergström M, Falk P, Park P-O, Holmdahl L. Peritoneal and systemic pH during pneumoperitoneum with CO2 and helium in a pig model. Surg Endosc. (2007) 22(2):359–64. doi: 10.1007/s00464-007-9409-3

30. Merchant HA, McConnell EL, Liu F, Ramaswamy C, Kulkarni RP, Basit AW, et al. Assessment of gastrointestinal pH, fluid and lymphoid tissue in the Guinea pig, rabbit and pig, and implications for their use in drug development. Eur J Pharm Sci. (2011) 42(1-2):3–10. doi: 10.1016/j.ejps.2010.09.01

31. Wright EC, Connolly P, Vella M, Moug S. Peritoneal fluid biomarkers in the detection of colorectal anastomotic leaks: a systematic review. Int J Colorectal Dis. (2017) 32(7):935–45. doi: 10.1007/s00384-017-2799-3

32. Rajamäki K, Nordström T, Nurmi K, Åkerman KEO, Kovanen PT, Öörni K, et al. Extracellular acidosis is a novel danger signal alerting innate immunity via the NLRP3 inflammasome. J Biol Chem. (2013) 288(19):13410–9. doi: 10.1074/jbc.M112.426254

33. Shin JM, Sachs G. Pharmacology of proton pump inhibitors. Curr Gastroenterol Rep. (2008) 10(6):528–34. doi: 10.1007/s11894-008-0098-4



OPS/images/fmedt-05-1128460-g002.jpg
JP drain placed
in dorsal

abdomen

P1

Chani

Peristaltic
Pump

Inlet
nel

Outlet
Channel

PANI
Sensor

Externalized
catheter placed in
ventral abdomen

JP drain placed
orsal
abdomen

Outlet
Channel
xtractec Inlet
Gastric Fluid ! channel |z.)
Bub
PANI
Syringe i 8ulb





OPS/images/fmedt-05-1128460-g001.jpg
Inlet Outlet
Channel  Channel





OPS/images/fmedt-05-1128460-g003.jpg
Closed - Abdomen Gastric
Leak Event

‘Open-Abdomen Gastric
Leak Event

7.75

Sensor pH
o
n
=]

N
N
]

7.00

—— Closed-Abdomen Leak Region
Trough

= Open-Abdomen Leak Region

PH 6.56
5 10 15 25 30
Time Relative to First Simulated Gastric Leak Event (min)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Continuous pH monitoring using a sensor for the early detection of anastomotic leaks

		1. Introduction



		2. Materials and methods



		2.1. Materials



		2.2. Sensor die patterning



		2.3. Solid state pseudo-reference electrode preparation



		2.4. Electropolymerization of PANI



		2.5. Inline sensor assembly



		2.6. Sensor calibration



		2.7. Surgical procedure and experimental protocol



		2.8. Statistical analysis











		3. Results



		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Medical Technology

Continuous pH monitoring using a
sensor for the early detection of
anastomotic leaks







OPS/images/fmedt-05-1128460-t001.jpg
Leak event Baseline pH Peak pH Absolute change in pH Detection time (min)
Open-abdomen gastric
| Closed abdomen gastric (Injection) |

Open-abdomen gastric |







OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Medical Technology





