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Abstract

:

A thorough biomechanical understanding of human organs is of increasing importance for designing and improving a wide range of medical technologies from simulators to medical devices. Despite the crucial need for data, little procedure-specific biomechanical testing on human tissue has been published. Specifically, pancreatic duct anastomosis, which has high rates of complications related to pancreatic duct leakage and patency, could benefit from improved assistive technologies. This study aims to help characterize the biomechanics of this critical step of the procedure by measuring the suture pullout force (SPOF) of the pancreatic duct and capsule. 216 tests were performed on 33 fresh, unfixed donated human pancreases. A previously reported uniaxial testing frame, was used to measure the SPOF of the pancreases. The mean pancreatic duct SPOF was 2.62 ± 1.11 N and the mean pancreatic capsule SPOF was 1.99 ± 1.33 N. To our knowledge, this is the first reported human pancreatic duct and capsule suture pullout measurement. These data can be used to inform a wide variety of biomedical technologies with primary interest in high-fidelity training simulators.






Keywords:


suture pullout; pancreas; pancreaticoduodenectomy












1. Introduction


The pancreas is a soft, relatively flat retroperitoneal organ consisting of three main regions; the head, body, and tail, surrounded by a thin, mostly fibrous network of loose connective tissue called the pancreatic capsule. Within the head, body, and tail, the main pancreatic duct joins the common bile duct with the duodenum [1]. The primary function of the pancreas is to facilitate the storage of food by releasing insulin. Secondarily, it enables movement of food by releasing glucagon, a glucose controlling hormone, in response to lack of food [2].



The pancreaticoduodenectomy (Whipple) procedure is an exceedingly delicate and complex surgical procedure in which the head of the pancreas, gallbladder, duodenum, distal bile duct, and sometimes the distal portion of the stomach are removed. A Whipple procedure can be used to treat a variety of pancreatic, intestinal, and biliary disorders, most commonly to remove tumors in the head of the pancreas [3]. The Whipple procedure has a postoperative morbidity rate of up to 50%. Many of these postoperative issues arise from the pancreatic duct-to-jejunum anastomosis (pancreaticojejunostomy) [4]. These complications from the pancreaticojejunostomy might be life-threatening. For example, tearing of the sutures in the pancreas capsule or pancreatic duct can lead to capsule or duct disruption and the consequent pancreatic leak (up to 28% incidence [4]), fistula (12% incidence [5]), and biliary obstruction (<3% incidence [6]).



Considering these complications, one important biomechanical parameter of interest is the suture pullout force (SPOF) taken as the maximum safe force that can be applied to a suture before tearing the tissue. SPOF is also referred to as suture retention strength, suture holding capacity, and anastomotic strength [7,8]. SPOFs of the pancreatic duct and capsule are most relevant for the pancreaticojejunostomy step of the procedure, which is considered to be the “Achilles heel of pancreatic surgery” due to high rates of complications [9]. Low SPOFs are believed to be directly related to pancreatic leakage [7,9]. There has been some work analyzing the suture holding capacity in the pancreatic duct using a Newton dynamometer [7], however, much like most soft tissues, the pancreas is viscoelastic [10]. Therefore, tissue failure is rate-dependent and a suture pullout force is more accurately derived using a constant slow strain rate [10].



The aim of this study is to conduct a biomechanical characterization of the human pancreas through the analysis of pancreatic duct and pancreatic capsule SPOF. There are several potential applications of these data. One is to inform the development of a high-fidelity pancreas simulation for training and assessment of the psychomotor skills necessary to successfully and safely perform a pancreatic anastomosis. When combined with an analysis of demographic data, including the effects of age, sex, and BMI on the SPOF, these data could be invaluable for improving personalized and realistic simulations. Improvements in simulation fidelity and implementation will improve medical education for the goal of reducing patient morbidity and mortality caused by medical error. A potential clinical application is the development of smart surgical tools end-effectors that could gauge, inform and assist surgeons by calculating and interpreting intraoperative forces in real time.




2. Materials and Methods


2.1. Tissue Preparation


Pancreases were recovered from fresh, unfixed organ donors. Samples were tested within 72 h of death and were stored in University of Wisconsin (UW)® solution at 4 °C. Prior to testing, samples were removed from refrigeration and brought to room temperature. Samples were hydrated regularly with Wisconsin solution throughout experimentation. Thirty-three total unique donors were included in this study. Further breakdown of donor demographics is shown in Table 1.




2.2. Suture Pullout Force Characterization


A previously reported modular laboratory-developed load frame known as DEXTER was used for all tests [11]. In short, DEXTER consists of a screw-driven load frame with various fixtures that can be attached to a load cell (REB7, Loadstar® Sensors, Fremont, CA, USA) to measure uniaxial compressive and tensile forces. The load cell is fixed to a stepping motor (E25 XSLIDE, Velmex, Bloomfield, NY, USA) that can be rotated. Before testing, the load cell was calibrated with 10–100 g weights to validate accuracy of force measurement in the appropriate range for our measurements.



The pancreas was divided at the neck in order to expose the pancreatic duct and provide access to the capsule for SPOF experiments. Two hundred sixteen pancreatic duct SPOF tests were performed on 33 pancreases. Cross sections of the pancreas were prepared using a No. 10 blade scalpel. 4-0 Covidien Sofsilk® (Minneapolis, MN, USA) sutures were chosen to be consistent with standard Whipple procedure protocol [9]. These sutures were looped through one side of the pancreatic duct wall (Figure 1a). The length of tissue between the loop (bite size) was measured with calipers. The suture strings were tied to the DEXTER attachment using a square knot, as it’s the gold standard for surgical procedures, as shown in Figure 1b [12]. The pancreas was placed on Siafast 80-grit sandpaper and firmly, manually held in place to prevent slippage. The suture was pulled in tension at 1.58 mm/s and the tensile force was measured continuously. The peak force before specimen failure was taken as the SPOF. Similarly, for the capsule, suture pullout, 4-0 Covidien Sofsilk® sutures were looped through the capsule and the capsule of the pancreas, attached to DEXTER, and pulled in tension until tissue failure occurred. Seventy-nine capsule SPOF tests were performed on 16 pancreases. After each test, the area of test was removed from the pancreas to expose a new, undeformed region.




2.3. Statistical Analysis


To examine the statistical relationship between various donor characteristics and SPOF values, we conducted a sequential multiple linear regression using IBM® SPSS® version 26.0 (IBM®, New York, NY, USA) [13]. The SPOF was used as the dependent variable. Age, body mass index (BMI), and sex were the independent variables. For the sequential multiple linear regression, the order of inputs were driven by previously reported data [7,14]. Sex was input first, followed by age, and finally BMI. Sex was coded as a binary variable with female being 0 and male being 1. The change in the correlation coefficient (R2) was reported for each variable in addition to the overall correlation with multiple factors. The slope coefficient calculated for these factors was also reported.





3. Results


3.1. Suture Pullout Force


One pancreatic duct donor was excluded from the results as it was determined to be an outlier with a mean SPOF greater than three standard deviations above the mean. The average SPOF for each donor was reported, with the bite sizes ranging from 0.73 to 5 mm for the capsule and 0.48 to 5 mm for the pancreatic duct. The average pancreatic duct SPOF was 2.62 ± 1.11 N from thirty-two donors. The average capsule SPOF was 1.99 ± 1.33 N from 16 donors. These results are summarized in Table 2, below.




3.2. The Effect of Age, Sex, and BMI on Suture Pullout Force


The suture pullout forces with respect to donor age, sex, and BMI of the pancreatic bile duct and capsule were analyzed using sequential multiple linear regression. For the pancreatic duct suture pullout forces, the R2 change for each variable was 0.351 for sex, 0.004 for age, and 0.026 for BMI. Overall, the R2 of the multiple linear regression was 0.381. This can be interpreted to mean that sex was predicted to be responsible for 35.1% of the variation in duct suture pullout force while age accounted for 0.4% and BMI accounted for 2.6%. All together, these three variables accounted for 38.1% of the variation in duct suture pullout force. Looking at the calculated slope coefficients when all variables were considered, males were predicted to have a 1.144 N higher duct suture pullout force on average than females. Someone who is obese with a BMI of 30 was predicted to have a 0.31 N lower suture pullout force than someone who is a healthy weight with a BMI of 20. Large changes in age were predicted to have negligible differences in SPOF. Of these predictive coefficients, only sex was statistically significant (sex: p = 0.004, age: p = 0.982, BMI: p = 0.289).



Looking at graphical representations of these relationships, the linear regression for age vs. SPOF exhibited a slightly negative slope with respect to both males (R2 = 0.003) and females (R2 = 0.020) (Figure 2a). This behavior was similar when comparing BMI with SPOF, where female donors exhibited a slightly negative slope with an R2 = 0.00, but males resulted in a mildly negative slope with an R2 = 0.144 (Figure 2c). Male donor pancreatic ducts exhibited a higher median SPOF than female donors at 3.45 N vs. 1.84 N, respectively and this difference appears to be significant (Figure 2b).



For the multiple linear regression model for the capsule suture pullout forces, the R2 change for each variable was 0.032 for sex, 0.269 for age, and 0.001 for BMI. Overall, the R2 of the multiple linear regression was 0.302. This can be interpreted to mean that sex was predicted to be responsible for 3.2% of the variation in capsule suture pullout force while age accounted for 26.9% and BMI accounted for 0.1%. All together, these three variables accounted for 30.2% of the variation in capsule suture pullout force. Looking at the calculated slope coefficients when all variables were considered, someone who is 60 years old was predicted to have a 1.47 N lower capsule suture pullout force on average than someone who is 30 years old and males were predicted to have a 0.14 N higher capsule suture pullout force than females. The predicted difference in SPOF due to BMI was negligible. None of these predictive coefficients were statistically significant, although age is quite close (sex: p = 0.850, age: p = 0.054, BMI: p = 0.884).



The linear regression for age vs. capsule SPOF exhibited a negative slope for both males (R2 = 0.698) and females (R2 = 0.046) (Figure 2d). The linear regression for BMI vs. SPOF exhibited a steep negative slope for males (R2 = 0.664) and mildly positive slope for females (R2 = 0.255) (Figure 2f). When comparing sex and SPOF (Figure 2e), the median is slightly higher between males and females at 2.07 N and 1.22 N, respectively, but this is not a significant difference.





4. Discussion


Medical error is estimated to be a leading cause of death in the United States [15]. This alarming fact of modern medicine calls for improved medical education. Simulation technologies are a burgeoning surgical education tool. Simulation based medical education has been shown to improve practitioner training [16,17,18]. The most effective anatomical simulators for surgical training are high-fidelity, meaning they look and feel like real human tissue [19]. In order to inform optimized design and manufacturing of high-fidelity medical simulations, thorough biomechanical characterization is necessary.



To optimize surgical simulators, a primary surgically relevant biomechanical parameter of interest is SPOF. When analyzing SPOF experimentally, an important consideration is the depth of suture placement known as bite size. Clinically, if the suture’s bite size is too small, the suture will easily tear which can lead to myriad surgical complications such as anastomosis leakage [7]. If the bite size is too large, the tension on the involved and surrounding tissue may cause necrosis or stenosis [20]. Experimentally, there is no standard bite size for characterizing the suture pullout force of tissues resulting in ranges from 1–5 mm [7,21,22,23,24]; however, Pensalfini et al. evaluated the role of suture bite size on breaking starting strength (BSS) and suture retention strength (reported here as SPOF). It was reported that the BSS and SPOF influence by the bite size was bounded; with clear independence on bite size and thickness of the samples ≥ 2,10 mm, respectively. Our results are similar to previously reported values of the pancreas itself. Belyaev et. al. reported the suture holding capacity of the pancreas of 4.4 ± 1.7 N for patients at risk for postoperative pancreatic fistula and 2.8 ± 0.4 for patients who developed a grade B or C fistula using a 5-0 PDS II suture and a bite size of 5 mm.



The results from this analysis provide an understanding of the suture pullout force of the pancreatic duct and capsule. The order of sequential multiple linear regression was decided based on previously reported results. BMI was entered last as Belyaev et. al. reported a patient with high BMI would exhibit a fatty soft pancreas resulting in decreased SPOF [7]. Age was input second as Chantarojanasiri et al. reported increased hardness of the pancreas with age, specifically at ages > 40 [14]. This increase in hardness is expected to increase the SPOF as reported by Belyaev. Sex was input first as Belyaev et. al. reported SPOF of the pancreas exhibited no significant relationship. With the present data, we found sex to be the only significant demographic effect, with the predictive coefficient having a p-value of 0.004 and accounting for 35% of the variation in pancreatic duct SPOF. For the capsule, age was close to having a significant effect with it accounting for 27% of the variation. More donors over the age of 50 could provide more data into the effects of age on SPOF of the pancreatic duct and capsule; however, the present study utilized a sample of convenience due to donor availability. Few published studies discuss demographic effects on the SPOF of the pancreas. Belyaev et al. reported BMI, and not age or sex, influences the SPOF of the pancreas; however, they targeted the pancreas itself and the pancreatic duct with the pancreas. The presented approach targeted specifically the suture-tissue interactions during the anastomosis which may have resulted in the lower influence.



As is expected in human tissue research, there is substantial variability in the results. Future work will include more donors with health conditions, such as diabetes and fatty infiltration of the pancreas to understand the effect on pancreas biomechanics. This knowledge could be used for individualized, patient specific predictive biomechanical modeling.



Experimental parameters are another likely cause of variation in the results. The reported suture pullout forces were based on peak forces, although more work needs to be done to understand the precise compounding relationships between bite size, exposed surface area/geometry, securement to the test apparatus, and pullout force for the pancreatic duct and capsule. The motivation behind not using a standardized geometry is two-fold. Firstly, to mimic the in-vivo boundary conditions of the pancreatic duct and capsule as much as possible, the surrounding tissue was left intact. Secondly, the pancreas varies in size widely between available donors, making a consistent size difficult. This is a limitation to our findings due to the inability to control for a consistent shape, area, and exposed region of the pancreatic duct and capsule. Due to the large variation in size, the samples were secured with a hand. Future work should utilize a standard geometry with a tighter inclusion criteria and custom designed clamps to control for size and area exposed for testing. The rate of the experiment may also affect the SPOF. The velocity was chosen to be 1.58 mm/s or 94.8 mm/min for two reasons. The primary reason was to reduce the duration the pancreas was exposed to room conditions. Although the sample hydration was maintained by periodically applying solution between experiments, a longer duration test would cause reduced hydration, potentially deteriorating the organ. Additionally, previous work reported on suture retention tests of scaffolds in ophthalmology found a pull rate between 10–100 mm/min leads to negligible difference [21].



These additional data would be essential prior to applying the data towards the future development of smart tools to augment safe performance of this delicate operation. For example, a robot assisted Whipple procedure could employ a device that measures tension in sutures and ensure the expected suture pullout force is never exceeded. Similarly, without haptic sensation, measurement of forces associated with laparoscopic surgical techniques could be a primary source of feedback. The data could also be used to inform computational models of the pancreas that may be integrated with augmented reality assisted simulation training.



In the present study, suture pullout force is reported as the peak force prior to tearing through the pancreatic duct and capsule. Pensalfini et al. reported the observation of mode I crack formation/propagation prior to the peak force on silicone elastomer and porcine pericardium using optical tracking, noting the breaking starting strength (BSS) vs. the suture retention strength (suture pullout force) [8]. Mine et al. reported breakage pattern will depend on material and thereby advocated the use of peak strength and a standard wire guide [25]. The existence of optical tracking to identify crack formation prior to ultimate failure in conjunction with the suture pullout force are both invaluable to understanding the mechanics of the pancreatic duct and capsule, but further studies will have to explore which is more relevant to surgical and simulation needs, as the amount of failure recorded at the BBS may not be enough to cause complications for the patients whereas catastrophic failure of the suture as measured by suture pullout force is surely enough.



As it relates to informing materials development for educational simulators, however, the data has immediate utility. High-fidelity synthetic models of organs and tissues are an increasingly utilized surgical training tool [19]. These simulators have been shown to be an effective mode of education while offering an ethical alternative to practicing on animals or human patients [16,17,18]. Therefore, the first step in developing a useful simulator is to record surgically relevant biomechanical forces, such as suture pullout force. From this, materials can be chosen or developed to match real tissue data. These data provide a range of properties, for which synthetic or virtual training materials/models can be produced. Such data and subsequently, training models other than cadaveric or animal specimens previously did not exist.




5. Conclusions


This paper reports a biomechanical analysis of the fresh, unfixed human pancreas. The mean pancreatic duct SPOF was 2.62 ± 1.11 N and the mean pancreatic capsule SPOF was 1.99 ± 1.33 N. More data and multi-factorial analyses will elucidate demographic, lifestyle, and health factors influencing variability in these measurements which could expand applications of the data into robotic and laparoscopic surgery tool development and computational modeling.
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Figure 1. Pancreas suture pullout test setup. (a) The schematic shows a suture placed through the pancreatic duct with bite size being between the end of the duct and the suture site. (b) The suture is placed through the pancreatic duct before being secured to the (c) rotatable DEXTER uniaxial force measurement load frame. Sandpaper, preload, and manual stabilization of SPOF tests are used to prevent slip. 






Figure 1. Pancreas suture pullout test setup. (a) The schematic shows a suture placed through the pancreatic duct with bite size being between the end of the duct and the suture site. (b) The suture is placed through the pancreatic duct before being secured to the (c) rotatable DEXTER uniaxial force measurement load frame. Sandpaper, preload, and manual stabilization of SPOF tests are used to prevent slip.



[image: Biomechanics 02 00023 g001]







[image: Biomechanics 02 00023 g002 550] 





Figure 2. Demographic analysis of the SPOF of the pancreatic duct and capsule. Each point represents one donor’s average SPOF. Multiple linear regression of the SPOF of the pancreatic duct with respect to (a) age, (b) sex, (c) BMI and the capsule with respect to (d) age, (e) sex, and (f) BMI. 
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Table 1. Donor demographics by test performed.
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	Pancreatic Duct

Suture Pullout
	Capsule

Suture Pullout





	Total Number
	33
	16



	Male
	20 (61%)
	9 (56%)



	Female
	13 (39%)
	7 (44%)



	Age a (min–max)
	36.2 ± 14.7 (11–76)
	36.4 ± 14.3 (19–76)



	BMI a (min–max)
	29.6 ± 6.9 (19.0–45.9)
	30.5 ± 7.0 (19.3–45.9)







a Given as the mean ± standard deviation.
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Table 2. Summary suture pullout force results.
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	Pancreatic Duct SPOF

(N)
	Capsule SPOF

(N)





	Result a
	2.62 ± 1.11
	1.99 ± 1.33



	(min-max)
	1.01–4.82
	0.47–4.40







a Given as the mean ± standard deviation.
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