	[image: image1.emf]0

0.5

1

1.5

2

2.5

3

3.5

no stitchessimplelockedsquaresurgeon's

Suture Type

Average Normalized Gap Distance/kg

Maximum

Minimum

                        TITLE
	Examination of Suture Mechanical Properties

	GROUP #
	W8

	MEMBERS
	Chintan Desai, Raymond Hsu, Ross Leimberg, Jeffrey Seguritan, Stephen Waid


[image: image2.emf]2.80

1.07

0.43

0.28

0.19

0.62

0.15

0

0.5

1

1.5

2

2.5

3

3.5

no stitches246

Suture Density (# stitches)

Avg Normalized Gap Distance/kg

Maximum 

Minimum


Background

Most recent biomedical advancements in sutures have focused on developing suture materials with enhanced mechanical and chemical properties to better suit specific environments or conditions.   Given this research focus, surgeons should give equal importance towards determining the optimal suture type and suture density (number of stitches per unit length) because the performance of a suture material often depends on the technique by which sutures are implemented.  A comprehensive study conducted by Thacker et al demonstrates that 25% of surgeons do not use the suture type (knot construction) that is experimentally determined to have the best mechanical properties.
  The decision to use a suture type that does not have optimal mechanical performance increases the risk of knot slippage, suture rupture and wound reopening.  Consequences can often be severe, as massive bleeding may occur when the suture loop surrounding a vessel becomes untied or ruptured.  Knot disruption can lead to wound dehiscence or incisional hernia
.
There exist several types of suturing techniques ranging from continuous running stitches to disconstinuous individually knotted stitches.  Primary examples of discontinuous stitches utilize either the square knot or the surgeon’s knot square on the basis of reliability and versatility.  A 1990 study conducted by van Rijssel et al concluded that the mechanical performance of surgeon’s knots was not better than that of square knots
.  Advantages of discontinuous sutures over continuous sutures include greater tensile strength and decreased risk of suture failure.  The main mechanical disadvantage is that if all the stitches are not constructed with equal tension, the stress will not be equally distributed.  The surgeon’s knot square, also called a friction knot, has the added advantage of allowing the surgeon to control the tension of the suture.  Continuous running sutures include the simple continuous suture and locked continuous suture (which is knotted across each stitch).  The advantages of the simple suture include uniform distribution of tension across the suture, while potential disadvantages include decreased tensile strength and susceptibility to failure.  However, the locked suture has greater tensile strength compared to the simple suture.  
Aside from suturing technique, important considerations in the mechanical performance of sutures include the degree of vascularization, the tendency to cause crosshatch scars, the relative speed of suturing, and the suture density.

Objective, Hypotheses and Aim
The objective of this experiment is to examine the mechanical performance of different suture types and different suture densities.  This objective falls in line with existing research efforts to quantify the properties of different suture techniques and apply this knowledge to clinical situations. 

The first hypothesis is that the mechanical performance (based on gap widths and strain measurements) of discontinuous sutures will not be statistically different from continuous sutures.  However, knotted sutures (square knot, surgeon’s knot square and continuous locked) will demonstrate greater mechanical performance than the continuous simple suture, because of the added stability that the knots provide each stitch.  

The second hypothesis is that mechanical performance improves with increasing suture density up until a maximum value, beyond which the sutured material will be weakened by numerous puctures.  

The aim is to produce some reliable data regarding how suture types and suture densities affect the mechanical performance of a suture, in the hope of identifying an optimal suture technique.  

General Protocol

This experiment involves examining the effect of different suture types and suture densities on the mechanical performance of a suture.  In order to prepare the samples, incised nitrile rubber specimens will be sutured using four different suture types (continuous simple, continuous locked, square knot and surgeon’s knot square) and three different suture densities (2,4,6 stitches).  While each sutured sample is subjected to a series of incremental loads, digital images of each sample will be taken as a means to identify and differentiate the mechanical reponses of each suture type and suture density.  Each image will be analyzed based on three measures of mechanical performance:
· average normalized incision gap distance per unit mass

· average max-min incision gap distance differential per unit mass

· average incision edge strain per unit mass

Specific Methods

I. Preparation of Sutured Rubber Samples

· Making standard and incised rubber samples

· Cut out rectangular rubber samples (5.0 x 2.0 cm) using a fine razor blade. 

· Make 1.5 cm horizontal (parallel to sample width) incisions at the center of each rubber sample using a fine razor blade.  

· Variation in suture type

· Create four experimental groups (N=5 for strain analysis) of rubber samples that utilize a specific suture type. 

· Perform the following suture type on each experimental group making sure to sew four stitches per centimeter as a control.

· Group A1—continuous simple

· Group A2—continuous but locked

· Group A3—discontinuous using square knot

· Group A4—discontinuous using surgeon’s knot square

· Variation in suture density (number of stitches across incision)

· Create two experimental group (N=5) of rubber samples that utilize a certain suture density.

· Perform the continuous simple suture (as a control) on each experimental group using the following suture densities:

· Group B1—2 stitches

· Group A1—4 stitches

· Group B2—6 stitches

· Strategic positioning of lines on the sutured rubber samples to visualize strain field 
· Draw a horizontal line 0.1 cm above the sutured incision across the width of the sample using fine point marker.

· Draw a horizontal line 0.1 cm below the sutured incision across the width of the sample using fine point marker.

II. Test Loading of Sutured Rubber Samples

· Incremental loading on sutured rubber samples to examine localized strain
· Clamp each sutured rubber samples (N=5) from both ends and vertically suspend one end from an iron rod support.  

· Record a digital image of each sutured rubber sample in its no load configuration.

· Load the sutured rubber samples using 500g increments and record a digital image after applying each load.

· Continue to load samples and record images with 2.5-3.5 kg as a final endpoint.

III. Preparation for Data Analysis

· Interpretation of Recorded Images

· Using cross bars on digital image software, 
· record minimum incision gap distance across stitches.

· record maximum incision gap distance across gaps.
Note: In order to be consistent, the maximum and minimum gap distance should be analyzed on the same region of each image and should be adjacent to each other.
· record the incision edge distances on both sides of the incision.
· Calculation of Reported Values
· Normalized Incision Gap Distance/kg
· In order to normalize the incision gap distances, divide them by the distance recorded under the no load configuration.

· Construct a plot of normalized incision gap distance vs. mass of the weight attachments (kg).  

· Because the slope of this plot is generally linear, record the slope value (normalized incision gap distance/kg) as a representatitve measure of a suture technique’s ability to close gap distance.  

· Max-min Incision Gap Distance Differential/kg
· Calculate the difference between the maximum and minimum normalized incision gap distance/kg.  This serves as a representative measure of a suture technique’s ability to minimize localized shear stresses across incision.
· Incision Edge Strain/kg
· In order to convert to strain, divide incision edge distances by the original distance recorded under the no load configuration.

· Construct a plot of incision edge strain vs. mass of weight attachments (kg).

· Because the slope of this plot is generally linear, record the slope value (incision edge strain/kg) as a representative measure of a suture technique’s ability to minimize lateral propagation of incisions.
Results 

[image: image3.emf]0.35

0.19

0.11

0.15

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

squarelockedsurgeon's continuous

Suture Type

Avg Max-min Gap Diff/kg

Normalized Incision Gap Distance/kg
[image: image4.emf]0.045112565

0.210959267

0.348327053

0.15040403

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

bulk246

Suture Density (# stitches)

Avg Incision Edge Strain/kg


[image: image5.emf]0.64

0.15

0.04

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

246

Suture Density (# stitches)

Max-min Gap Distance Diff/kg

[image: image6.emf]0.34

0.22

0.23

0.35

0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

bulksimplelockedsquaresurgeon's

Suture Type

Avg Incision Edge Strain/kg


When examining the average normalized incision gap distance per kg across various suture types, there is little statistical difference when comparing minimum gap distances (p=0.048) and maximum gap distances (p=0.039) as determined from ANOVA testing.  Nonetheless, it is evident that the suturing of an incision gap does significantly (p<0.05) reduce the gap width compared to absence of suturing.  Looking closer at maximum gap widths, the continuous locked suture (0.46/kg) was statistically more effective than the continuous simple suture (0.62/kg) at closing the incision gap.  With regards to the minimum gap widths, the two suture types were not statistically different.  In fact, the continous simple suture was statistically more effective (p<0.0125) than the discontinuous sutures (square knot and surgeon’s knot square) in reducing the minimum gap distance.
Varying suture densities (number of stitches) produces a more pronounced statistical trend in average normalized incision gap distance per kg when comapring minimum and maximum gap distance (max p=0.003 by ANOVA testing).  In fact, this correlation appears to be linear.  Based on linear regression analysis, the maximum gap distance per kg is being reduced by 0.22 per stitch (R2=1.00), while the minimum gap distance per kg is being reduced by 0.07 per stitch (R2=0.99).  By the time six stitches are sewn using the continuous simple suture, it is observed that the difference in minimum and maximum gap distance become statistically insignificant (p<0.05).   
Max-min Incision Gap Distance Differential/kg

When analyzing how the max-min gap distance differential various across different suture types, ANOVA testing shows significant variability among the different data sets (p<0.05).  It was previously determined that the continuous simple was statistically more effective in reducing minimum gap distance than the discontinuous sutures (square knot and surgeon’s knot square).  When examining the max-min gap distance differentials within these comparisons, it is observed that the continuous simple suture results in a statistically wider gap differential than the discontinuous sutures (max p = 0.01).  The continuous locked suture demonstrated the smallest incision gap distance differential.     



When varying suture density, it can be seen through ANOVA testing that the data sets exhibit significant variability among each other (p<0.05).  In fact, there appears to be a distinct negative correlation that demonstrates that increasing the number of stitches across the incision gap reduces the max-min gap distance differential.  The six stitch continuous simple suture exhibited a low gap differential/kg of 0.15.  
Incision Edge Strain/kg

When examining incision edge strain/kg across various suture types, there is significant variability between the data sets (p<0.05 by ANOVA testing).  Quite apparently, the strain experienced at the edge of the incision is significantly greater (p<0.05) than the strain experienced by the bulk material.  When identifying differences between suture types, the only significant difference is observed between the two discontinuous sutures.  The square knot stitch (0.22/kg) is seen to experience significantly less strain (p<0.0125) than the surgeon’s knot square stitch (0.34/kg).

Across various suture densities, there does not seem to be a monotonic correlation with the incision edge strain/kg that is experienced.  In fact, the incision edge strain experienced by the four stitch continuous simple suture is significantly significantly higher (p<0.0167) than the two stitch or the six stitch sutures.  In the end though, the incision edge strain experienced by the six stitch continuous simple suture is significantly lowest compared to the other two suture densities.  




Discussion

The first hypothesis was that the mechanical performance of discontinuous sutures will not be statistically different from continuous sutures.  However, in several cases, statistical differences were found.  When examining the normalized incision gap distance/kg, it was observed that the continuous simple suture was statistically more effective than the discontinuous sutures in reducing the minimum gap distance.  However, this greater effectiveness was not seen when examining maximum gap distances, which may be more relevant a measure of mechanical performance.  This is because the maximum gap distance will dictate complications such as stitch unwinding or wound reopening.  In this regard, the continuous simple suture might not exhibit different mechanical performance than the discontinuous sutures.  When trying to make the same comparison with average max-min incision gap differentials, it is observed that the continuous simple suture exhibited a significantly higher gap differential/kg than the discontinuous sutures.  The magnitude of this gap differential determines the local strain experienced by the material local to the incision.  Higher strains tend to rupture the material more easily than small strain values.  In this respect, the mechanical performance of the continuous simple suture might be compromised.  No significant comparisons could be identified with incision edge strain/kg, a measure of the suture’s capacity to reduce the lateral propagation of the incision.  
An addition to that hypothesis is that knotted sutures will demonstrate greater mechanical performance than the contunuous simple suture.  It was already cited that the max-min incision gap differential/kg of the continuous simple suture was significantly higher than that of the other sutures, indicating its susceptibility to material ruptures local to the incision.  In examining the average normalized gap distance, it was observed that the continuous locked suture was more effective than the continuous simple suture in minimizing the maximum gap distance.  This is quite indicative, given that maximum gap distance is seen to be the driver of complications associated with sutures.  The presence of a knot peformed at each stitch may confer an advantage in security and tightness of the stitch.  Continuous running stitches tend to loosen because each stitch is not secured by a knot.  Again, no significant comparisons could be identified with incision edge strain/kg.  
The second hypothesis tested states that mechanical performance improves with increasing suture density up until a maximum value, beyond which the suture material will be weakened by numerous puctures.  In terms of normalized gap distance/kg, it can be seen that increasing the number of sutures decreases both the maximum and minimum gap distances/kg at linear rates.  It also observed that even at suture densities of 6 stitches in this case (15 mm/6 stitches = 2.5 mm/stitch), the capacity to minimize the max-min gap distance differential/kg is optimized, given that there is no statistical difference between the minimum and maximum gap distance/kg.  In fact, when examining the trend in max-min gap distance differential/kg more closely, the drop off in the differential is already precipitous between two stitch sutures and four stitch sutures.  All in all, increasing the suture density of a suture enhances its ability to reduce gap width and max-min gap distance differential.  This performance enhancement is due to the fact that adding more stitches distributes the tensile stresses and shear strain across a greater number of stitches, thereby reducing the mechanical demands on each stitch.  When examining the strain experienced by the incision edge, it is observed that there is no clear correlation within the data.  Incision edge strain appears maximized in the four stitch continuous simple suture but nonetheless, the six stitch continuous simple suture resulted in minimum strain at the incision edges.  The experiment does not reveal whether mechanical performance reaches a maximum value before declining as the number of stitches increase but it can be inferred that introducing more and more punctures into a material will compromise its material properties.  What can be concluded from this experiment is that the maximum density is most likely more than 6 stitches (2.5 mm/stitch).    
Despite attempts to regulate anticipated pitfalls and complications in this experiment, there remained significant sources of variability.  Although the same individual performed all the sutures for a single data set, it was difficult to exactly locate the proper place of each puncture and the most suitable tension applied on each stitch.  This was particular more difficult when performing the locked and knotted sutures, where the reliability of the samples depended critically on perfoming the same knots along the incision.  In addition, the ability to maintain an equally distributed load on each sample was made difficult by the asymmetry of the clamp attachment.  Adjustments were consistently made to reduce this imbalance but later analysis of the data revealed unequal distributions of loads in some cases.  
Although the results of this experiment cannot be completely transferred to a clinical situation, significant findings were made regarding the mechanical performance of different suture types and suture densities.  Because mechanical performance does not seem to vary greatly between various suture types, it may be discovered that the selection of suture types should be judged on the experience of the surgeon and the ease of performing it.  Mechanical performance does seem to correlate well with the suture density so this fact should be taken into consideration up until the point that higher suture densities compromise the material properties of skin.  Certainly though, the selection of sutures is best made on a case-by-case basis where sutures are planned and chosen to optimally suit the mechanical and comfort needs of the situation.  This experiment offers a window into different suture techniques and how they perform under various criteria of mechanical performance.    
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Figure 1: Average normalized gap distance/kg is plotted across various suture types.  Five samples undergoing loads from 0-3.5 kg are tested for each type and the slopes are averaged.
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Figure 2: Average normalized gap distance/kg is plotted across various suture densities.  Five samples undergoing loads from 0-3.5 kg are tested for each type and the slopes are averaged.





Figure 3: Average max-min gap distance differential/kg is plotted across various suture types.  Five samples undergoing loads from 0-3.5 kg are tested for each type and the slopes are averaged.





Figure 4: Average max-min gap distance differential/kg is plotted across various suture densities.  Five samples undergoing loads from 0-3.5 kg are tested for each type and the slopes are averaged.





Figure 5: Average incision edge strain/kg is plotted across various suture types.  Five samples undergoing loads from 0-3.5 kg are tested for each type and the slopes are averaged.





Figure 6: Average incision edge strain/kg is plotted across various suture densities.  Five samples undergoing loads from 0-3.5 kg are tested for each type and the slopes are averaged.
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