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Brief Background:

The use of sutures is one of the most common practices in the medical field and thus has direct effect on a great majority of the world's population.
  In the US, over 250 million sutures are used each year
.  From Syneture™ to Johnson & Johnson 
, many companies that manufacture sutures perform clinical studies to evaluate suture usefulness and attempt to validate claims that their sutures are the best. 

The type of material that the suture is manufactured out of plays a large role in the effectiveness of the suture.  The ideal suture would be totally biologically inert and cause no tissue reaction. It would be very strong but simply dissolve in body fluids and lose strength at the same rate that the tissue gains strength. It would be easy for the surgeon to handle and knot reliably. It would neither cause nor promote complications. While great improvements in suture materials have been made in the recent past and modern sutures are very close to the above ideal, no single suture is ideal in all circumstances.

Different tissues have differing requirements for suture support, some needing only a few days (muscle, subcutaneous tissue, skin); whilst others require weeks or even months (fascia and tendon). Vascular prostheses require longer term, even permanent support.
 The surgeon must be aware of the differences in the healing rates of various tissues when choosing a suture material. The surgeon wants to ensure that a suture will retain its strength until the tissue regains enough strength to prevent separation. Some tissues heal slowly and may never regain preoperative strength. Some may be placed under natural tension such as a tendon repair so the surgeon will want suture material that retains strength for a long time. In rapidly healing tissue, the surgeon may use a suture that will lose its tensile strength at about the same rate as the tissue gains strength and that will be absorbed by the tissue so that no foreign material remains in the wound. Excess tissue reaction to the suture encourages infection and slows healing. When taking all these factors into account, the surgeon has several choices of suture material available. Subjective preferences such as familiarity with the material and availability need also to be taken into account.

The other factor that ensures good results in dermatologic surgery is proper suturing technique. The postoperative appearance of a beautifully designed closure or flap can be compromised if an incorrect suture technique is chosen or if the execution is poor. Conversely, meticulous suturing technique cannot fully compensate for improper surgical technique. Poor incision placement with respect to relaxed skin-tension lines, excessive removal of tissue, or inadequate undermining may limit the surgeon's options in wound closure and suture placement. Below are a few examples of simple sutures used in the medical profession.
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Fig 2 a) shows an image prior to being threshold filtered; the arrows point out the locations 

at which measurements were taken, b) shows an image after being threshold filtered, note 

the larger degree of separation at the top and bottom when compared to the middle.  

a)  b) 
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The "Running" stitch is made with one continuous length of suture material. This stitch is used to close tissue layers which require close approximation, such as the peritoneum. It may also be used in skin or blood vessels. The advantages of the running stitch are speed of execution and accommodation of edema during the wound healing process. However, there is a greater potential for mal-approximation of wound edges with the running stitch than with the interrupted stitch.

In the Interrupted stitch, each stitch is tied separately. This stitch may be used in skin or underlying tissue layers. A more exact approximation of wound edges can be achieved with this technique than with the running stitch.
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Figure 3

 


The Continuous locking/Blanket Stitch is a self-locking running stitch used primarily for approximating skin edges.

Although suture materials and aspects of the technique have changed substantially over time, the goals remain the same: closing dead space, supporting and strengthening wounds until healing increases their tensile strength, approximating skin edges for an aesthetically pleasing and functional result, and minimizing the risks of bleeding and infection. This experiment will attempt to provide some fundamental understanding of sutures by examining the effects of basic suture materials and suturing techniques. 

Hypothesis/Objectives/Aims:

The goal of this experiment was to determine the best suture material and technique. The best will be defined as the material or stitching technique that allows the smallest amount of separation in the simulated wound.

It is hypothesized that the suture material with the highest modulus of elasticity will yield the smallest distance of separation in the gap. This is because the material with the greatest modulus of elasticity in the best stitch will be able to bear the most load and separate the smallest amount. Bearing in mind the potential of the knot(s) slipping, the interrupted method will allow for bearing of load even if one knot fails because there will be five knots per construct.  

Protocol:

1. Obtain and cut a rigid plastic surrogate material into 60 pieces; each piece should be 5 openings wide with one opening for each stitch.

2. Stitch surrogate materials together in pairs to obtain 30 sample constructs, ensuring there is no slack or tension in the stitch holding two pieces together.

3. Align surrogate construct in front of camera so that the gap spans the width of the picture, maximizing the camera’s resolution.
4. Load 2 kg mass onto bottom of surrogate with clips, ensuring even distribution of force along the length of the surrogate; take picture.

5. Load 3 kg mass onto bottom of surrogate with clips, ensuring even distribution of force along the length of the surrogate; take picture.

6. Repeat for each stitch, and then repeat for each suture material.

7. Change grayscale threshold of each picture to 110 to provide a consistent basis on which to determine separation distance.
8. Measure, in pixels and centimeters, the distance each suture surrogate separated.
9. Analyze appropriately.

Methods:

Nylon and Silk thread were obtained for testing along with a rigid plastic material that served as the surrogate for skin. The surrogate was cut in such a way as to have 30 pairs of approximately 2.5cm long sections, each with five holes across their width. This was done to ensure uniformity of distance between stitches made on each construct.
Each pair was sewn together using the three stitching techniques being investigated namely, the running, continuous locking and interrupted stitches. Any tension or slack in the sutures was minimized by pulling the edges of the surrogate all the way together and tying the knots as firmly as possible. Factory cut edges of the surrogate were always butted against each other to ensure uniformity. Nylon was used to stitch five of the constructs for each stitching technique while the other five were sewn using the cotton thread. Each member of the group who took part in stitching was restricted to using only one technique with both types of suture materials, and the stitching was all done in one day. This was also to ensure that all conditions that may affect the results mounted of loading the surrogate remained the same.
The suturing construct was then suspended in the air, with one end clamped in an unmoving position while the other end was allowed to hang freely with a clamp attached to it. A digital picture of this construct was then taken and defined as a picture of the unloaded state.
 Next, the surrogate-suture construct was loaded with a 2 kg mass and another picture was taken. Finally, the 2 kg mass was replaced with a 3 kg mass and a third picture was taken.
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The next step was to analyze the pictures taken of the construct. In order to do so, it was determined that the images should be threshold filtered at a set grayscale level to ensure uniformity in measuring the separation between the two sides of the surrogate. Out of a total of 256 possible shades, the threshold level was picked to be 110. This specific value was chosen because, on average, it was the inflection point on the graph of grayscale values (Figure 1), meaning that it gives the largest amount of contrast in the image. Fig 2 shows an image before (a) and after (b) filtering. A large amount of contrast, which was constant from image to image, made it possible to measure the gap separation without concerns about variance in finding the edge of the surrogate.
When measuring the amount of separation between the surrogates, 5 measurements were taken, each of which was immediately adjacent to the sutures (Figure 2). This was done to ensure that the separation measured was a function of just the sutures and not a function of stretching in the surrogate. Out of these 5 measurements, it was determined that it would be best to use the middle 3 measurements when computing the average because the two outside locations showed a disproportionate amount of separation when compared to the gap as a whole (Figure 2).
One part of this experiment was to develop a criteria for measuring how well a given suture material or technique performed; this was actually completed prior to the beginning of the tests. The criterion selected was the amount of separation that occurred in the gap between the two pieces of surrogate, bridged by the sutures, when a load was placed on the system. With this in mind, it was determined that the best would be defined as the material/technique which resulted in the smallest amount of separation in this gap.

To determine which material/technique was the best by the given definition, a statistical analysis was performed. Since there were two variables in this experiment (material and technique), a two-factor ANOVA test with replication was performed. This allowed us to determine if there were differences between techniques as well as between materials. It also allowed us to determine if the material used had any affect on how well the stitch performed.
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Results:

Table 1: Average Gap Separation in Pixels
	 
	Running
	Interrupted
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Locking

	 
	3.34
	7.34
	Failed ‡-2

	 
	3
	2
	2.34

	Cotton
	12.4*
	8.67
	2

	 
	Failed†-2
	7
	1

	 
	6.67
	10
	1

	 
	11
	11
	11

	 
	11.34
	Failed †-2
	7.67

	Nylon
	Failed †-0
	11.67
	Failed †-3

	 
	14.34
	4.67
	Failed †-3

	 
	Failed †-2
	15.34
	9.34


*-unloaded Separation

†-knot slipped-->catastrophic failure, number denotes mass, in kg,  at failure

‡-knot slipped-->sub-catastrophic failure, number denotes mass, in kg, at failure
Table 1 shows the amount of gap separation that occurred when the samples were loaded with 3 kg. In several trials, the knots slipped resulting in an inability to measure the amount of “stretch” that occurred in the sutures themselves. The third cotton, running sample showed separation in the unloaded state making the separation measured under loading un-includible. The first locking, cotton sample’s knot failed, but this did not result in complete failure. It must be excluded from our analysis, however, because some slipping did occur.

One test that arose from the data above was a comparison of the absolute failure rate (samples in Table 1 listed as “Failed”) of the suture techniques and materials. As can be seen in Table 1, cotton failed in 2 out of 15 tests while nylon failed in 5 out of 15 tests. In addition, both the running and locking stitches failed in 3 out of 12 tests, while the interrupted stitch only failed in 1 out of 12 tests. This failure rate in the interrupted stitch does not include one nylon sample in which one of the stitches slipped but the four remaining stitches held the load without failing. In terms of absolute failure rate, cotton is the best material and the interrupted stitch is the best technique.

Table 2: Statistical Data for 2 kg vs 3 kg loads
	Source of Variation
	2 kg P-Value
	3 kg P-Value

	Nylon/Cotton
	0.013112
	0.000605

	Running/Interrupted/Locking
	0.109973
	0.194819

	Interaction
	0.456235
	0.510768


As can be seen in Table 2, there is a difference (p<0.05) between nylon and cotton regardless of whether the 2 kg or 3 kg values are used. In addition, there is not a difference between stitch techniques, nor is there any interaction between technique and material regardless of the mass used to load the sutures. Thus the 3 kg samples were used in determining the best suture material and technique.
As can be seen in Figure 3, there is a large difference (p<0.001) between cotton and nylon regardless of the stitch technique used. Although it may at first appear that there is a difference between stitching techniques for a given material, according to the ANOVA analysis, there is not (p=0.195 for null hypothesis). It should be noted that in order to perform the ANOVA analysis, a subset of the data had to be chosen so that there was an equal number of samples in each group; the data used in this analysis is given in the appendix.
In summary, based purely on absolute failure rate, cotton is the best suture material. In addition, the interrupted stitch appears to be the best stitch based solely on the rate of absolute failure. Also, the original criteria derived for determining the best suture was the amount of separation in the simulated wound. With this definition in mind, cotton is the best suture material. This definition also yields the result that there is no difference between suturing techniques.
Discussion:

During the experiment, each combination was repeated 5 times. When analyzing the data, great amounts of variability were found even before statistical analysis. Some stitches performed well, while others slipped during loading due to loosely tied knots.  One stitch even showed significant separation prior to loading. This complete failure of several constructs decreased the number of samples that were available for determining the best material/technique as previously defined. This discrepancy required that a method be devised for eliminating data from samples that performed well to maintain a constant number of samples for each combination (Nylon, Cotton x Running, Interrupted, Locking).
The samples whose knots slipped or had large pre-loaded separation were discarded and analyzed non-quantitatively. This yielded at least 3 viable samples for each combination. Those combinations whose 5 samples had all performed well were subjected to a procedure whereby 2 were thrown out as decided by Excel’s random number generator (between 1 and 5, computed twice). This procedure yielded data suitable for analysis. The data set after striking out some samples yielded results averages for each combination that were no different than the original’s averages.
Complete failure under loading cannot be quantified in terms of gap separation because in such instances, gap separation is not measurable. The total failure of a suture, however, is important regardless of whether or not it can be quantified in terms of gap separation. Since it cannot, failure rates must be compared. As seen in Table 1, 6 out of 15 nylon samples failed completely by the time they were loaded with <3 kg. In stark contrast to this, only 2 samples failed when loaded with <3 kg. Each time that this complete failure occurred, it occurred because the knot(s) in the suture slipped. The nylon material was much slipperier than the cotton; this slipperiness most likely accounted for the higher failure rate of the nylon sutures. Continued testing should be done in order to determine the coefficient of static friction for both the nylon and cotton suture materials to see if there is a direct correlation between the coefficient of friction of the material and its failure rate.

The fact that the interrupted suturing technique failed much less often than either the running or interrupted technique (1/12 vs. 3/12, 3/12 respectively) deserves consideration. The low occurrence of absolute failure in the interrupted stitch is most likely due to its very redundant nature. Even if one stitch were to fail, the other stitches are independent of it and thus will only fail if the additional load imposed on them by the failure of one stitch is higher than their maximum supportable load. In the running and locking techniques, however, the failure of one of the knots will lead to failure of the entire row of stitches because each one is dependent on the knots at the ends of the row. This was the most likely source of the higher failure rate seen in the running and locking stitch techniques when compared to the interrupted technique.
As noted in the results section, a statistical difference was found between the suture materials used (p<0.05), but none was found between the suturing techniques (p=0.19). Several explanations can be provided to account for the differences in statistical significance in suture materials but not suture techniques. The number of samples was larger for the comparisons between suture materials. As such, variance in each sample was “smoothed out” by the greater number of samples. The number of samples between stitches, however, was smaller; with additional data points, error and variability could have been smoothed out and a p-value less than 0.19 might have been obtained.

The cotton sutures yielded less separation than those made of nylon. This can be explained by the fact that cotton has a higher modulus of elasticity (3.49 GPa) nylon (2.16 GPa). This means that in response to the same force per unit area, cotton will strain less, and thus separate by a smaller distance than nylon
. This difference in elastic modulus is exemplified in our data by the smaller separation of the simulated wound with cotton sutures when compared to nylon sutures loaded with the same force.
It was suggested to quantify the separation of the surrogates in centimeters as well as pixels. Since the objective of the experiment was to determine which combination of material and technique performed the best, relative to the others, it was determined the conversion was unnecessary. Although, it could prove necessary were the camera to become misaligned during the experiment. To ensure this error would not pervade the experiment, markings were established on the experimental surface to provide an alignment benchmark. After the loading of every sample, the apparati were realigned according to the benchmark. This realignment ensured the distance from the camera to the surrogate-suture complex remained constant for each trial; variations in the scale of each picture, therefore, were small.
If the experiment were to be performed again, one person would be assigned to sew all the samples.  In fact, one surrogate broke under no load at all.  It, however, proved impractical and inequitable to have one person sew all 30 surrogates in the amount of time and group environment given for the experiment.  By allowing one person to sew all of them, a greater amount of consistency could have been allowed for by ensuring consistent knot tightness and unloaded tension, for example.  In addition, it is hypothesized that there is a difference between the different stitches, even though statistical analysis on this experiment tells us otherwise.  This can be seen by figure 3’s interaction plot.  There is a difference in distances between the means, but statistically, p > 0.05. To reduce variation, with more time, more samples could have be made and tested. It is believed that with more samples, there would be a statistical difference, but with n = 3, statistical significance could not be proven.
The initial goal of this experiment was to determine the best suture technique/material. According to the definition of best developed for this experiment, that being a minimum amount of wound separation, the cotton material tested in this experiment makes a better suture material than the nylon tested herein. In addition to the definition of best come up with for this experiment, the absolute failure rate must be taken into consideration. If a lower failure rate is desired, then cotton seems to be the better material. The results of this experiment make it much more difficult to say which of the three suture techniques tested is the best. No statistical difference was found between the three; non-statistically, however, the locking stitch performed the best. In terms of absolute failure, however, the interrupted stitch clearly out performed the locking stitch. Therefore, more test are needed to determine which of the three suturing techniques tested in this experiment is the best. 

Appendix
Table 3: Average Gap Separation in Pixels
	 
	Running
	Interrupted
	Locking

	
	3.34
	2
	2.34

	Cotton
	3
	7
	1

	
	6.67
	10
	1

	
	11
	11
	11

	Nylon
	11.34
	4.67
	7.67

	
	14.34
	15.34
	9.34


Table 3 shows the data used to perform the ANOVA analysis. Some of the data was thrown out because the ANOVA test requires an equal number of samples in each group. The data to be thrown out was selected randomly; a random number generator gave the numbers 1 and 3. In groups where there were 4 good samples, the first sample was thrown out. In groups where there were 5 good samples, both the first and third were discarded for the analysis.
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•Samples in which knots slipped out:

•Running: 2 Cotton and 2 Nylon

•Interrupted: 1 Nylon

•Locking: 1 Cotton (sample still held due to 

locking mechanism) and 2 Nylon

•The cotton suture material tested allowed less 

separation than the nylon suture material 

(4.53+3.19 vs. 10.74+3.05 pixels).

•No difference was found between suturing 

techniques when using nylon.

•No difference was found between suturing 

techniques when using cotton.

•Main Findings:

•Cotton holds wounds together better, which 

validates hypothesis that material with 

higher modulus of elasticity would result in 

least gap separation.

•Stitch Technique Does not Matter, which 

refutes hypothesis that technique with least 

knots would result in least gap separation.
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Cotton was found to yield less separation than nylon.

Can be attributed to:

Its higher modulus of elasticity (3.49  GPacompared to Nylon’s 

2.76 GPa).

1

Its higher coefficient of friction

Its reinforced structure (strings wrapped around strings)

There is no statistical difference between the different stitche s.

Can be attributed to :

Variability in surrogate tightened distance

Inconsistency in knot tightening

Simply no difference

Cotton is the Superior Material:

1. http://www.mat.usp.ac.jp/polymer-composite/253.PDF


Side Note: As a side note, you asked us to include suggestions for this experiment for next year. In our opinion it would be useful, if multiple groups are allowed to perform the same experiment, to have at least one of the groups do a study on the slipperiness of the suture materials and then have them compare their data with groups that test the suture as a whole. This would allow for some interesting correlations; it would have been helpful to us to have had some sort of quantifiable data regarding how slippery the suture materials were.









Fig 1-Example of the threshold filter tool in Adobe Photoshop used to increase contrast in images prior to analysis.





Table 2 shows the similarities between the ANOVA analysis ofor the 2 kg and 3 kg load levels.





Fig 2





Fig 3 shows the average separation for each material and technique when loaded to 3 kg.
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� http://www.bae.ncsu.edu/courses/bae465/1995_projects/bake/fowler/project1.html


� http://www.cases.bham.ac.uk/bio/suture.htm


� � HYPERLINK "http://sutures.ussurg.com/education/index.shtml" ��http://sutures.ussurg.com/education/index.shtml�; � HYPERLINK "http://www.jnjgateway.com/home.jhtml?loc=USENG&page=viewContent&contentId=edea000100002067&parentId=fc0de00100000348" ��http://www.jnjgateway.com/home.jhtml?loc=USENG&page=viewContent&contentId=edea000100002067&parentId=fc0de00100000348� 


� http://www.edu.rcsed.ac.uk/lectures/lt5.htm


� http://www.residentnet.com/private/clframe.htm


� It should be noted that the clamp hanging from the end of construct added a weight of 27.86g, in addition, all masses listed in kg do not include the weight of this clamp.


� http://www.mat.usp.ac.jp/polymer-composite/253.PDF








