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AAbbssttrraacctt  

BIOMECHANICAL INVESTIGATION OF SUTURE PATTERNS TO REPAIR THE INCISION OF 

THE DEEP GLUTEAL MUSCLE DURING TOTAL HIP REPLACEMENT IN DOGS 

 

Choice of the best technique to repair surgical transected deep gluteal muscles during total hip 

replacement in dogs is influenced by multiple factors: properties of the muscle, suture 

diameter and characteristics, suture pattern biomechanics, amount of foreign material and 

muscle healing. The best suturing technique has to resist the strength formed during early 

active exercise protocols while maintaining the margins of the incision in close proximity. 

In this study was tested the biomechanical properties of interrupted Horizontal Mattress 

pattern (HM), the best resistant to tension technique advocated to repair transected muscles, 

and Schiller Suture pattern (SS), a newly developed technique created by Dr. Teresa Schiller 

used to repair the incision of the deep gluteal muscle during total hip replacement in dogs. 

The mechanical properties of the patterns were assessed through vertical mechanical traction 

single pull-to-failure destructive tests on a custom-made tensiometer equipped with a WH-

A08 portable scale. Forty 6x10cm unidirectional soft polyethylene foam samples were used as 

a matrix for implantation of the suture patterns. All samples were preloaded with 9.8 N during 

one minute and strain was employed through application of force at a rate of 0.415±0.063 N/s. 

The recorded variables were suture pull-out value (SPOV), Mode of failure (MOF), Total 

amount of foreign material (TSM), gap at preload (GAP), dynamic displacement at 1, 2, 3 and 

4 Kgf, at 80% and 90% the SPOV and at SPOV. Stiffness was calculated at 2 Kgf. 

Results showed that no significant differences were found between SPOVs of both groups. 

According to MOF, all SS failed by cut-through, 35% of which failed in both margins. In HM 

85% failed by transection and approximately 72% of the stitches failed in the site of knot 

implantation. Differences in TSM were not considerable in normal sized deep gluteal 

muscles. Displacement at SPOV was higher in the HM group (32.9 x10-3±2.79 x10-3m) than 

in SS group (22.6 x10-3±2.2 x10-3m), F (1, 38) = 177.95, p<0.001. GAP and other dynamic 

displacements were also significantly higher in HM group (U= 0, p<0.001). Stiffness was 

significantly greater for SS (Mdn= 4903.25 N/m) than for HM group (Mdn= 1634.42 N/m), 

U= 0, p<0.001, r= 0.87. For these reasons, we concluded that SS represents the best option to 

repair the incision of the deep gluteal muscles in dogs. 

Keywords: Dog, deep gluteal, muscle, incision, suture pattern. 
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RReessuummoo  

INVESTIGAÇÃO BIOMECÂNICA DE PADRÕES DE SUTURA PARA REPARAR INCISÕES DO 

GLÚTEO PROFUNDO DURANTE ARTROPLASTIA TOTAL DA ANCA EM CÃES 

 

A escolha da melhor técnica para reparar incisões do glúteo profundo durante artroplastia total 

da anca em cães é influenciada por múltiplos fatores: propriedades do músculo, diâmetro e 

características da sutura, biomecânica do padrão de sutura, quantidade de sutura, e reparação 

celular dos músculos. A técnica de sutura tem que resistir às forças formadas durante os 

protocolos de atividade precoce enquanto mantém aproximadas as margens da incisão. 

Neste estudo testaram-se as propriedades biomecânicas do padrão de sutura em “U” 

horizontal (HM), o mais resistente à tensão utilizado na reparação de incisões de músculos, e 

do padrão de sutura de Schiller (SS), uma técnica recentemente desenvolvida pela Dra. Teresa 

Schiller utilizada na reparação do glúteo profundo durante artroplastia total da anca em cães. 

As propriedades mecânicas dos padrões de sutura foram obtidas através de testes de tração 

vertical destrutivos num tensiómetro baseado num projeto original equipado com uma balança 

portátil vertical WH-A08. Quarenta amostras de espuma de polietileno unidirecional com 

6x10cm foram usadas como matriz para implantação dos padrões de sutura. Todas as 

amostras sofreram uma pré-carga de 9.8 N durante 1 minuto e em seguida a força de distensão 

foi aplicada a um ritmo de 0.415±0.063 N/s. As variáveis registadas foram “valor de arranque 

de sutura” (SPOV), modo de falha (MOF), material de sutura total (TSM), deslocamento na 

pré-carga (GAP), deslocamento dinâmico em 1, 2, 3 e 4 Kgf, a 80% e 90% da SPOV, e no 

SPOV. A rigidez foi calculada aos 2 Kgf. 

Não foram encontradas diferenças significativas entre os SPOVs de ambos os grupos. De 

acordo com o MOF, todos os SS falharam através de corte longitudinal, dos quais 35% 

falharam em ambas as margens. No HM 85% falharam por transecção e 72% dos pontos 

falharam no local de implantação do nó. As diferenças encontradas no TSM não foram 

consideráveis para músculos de tamanho normal. O deslocamento no SPOV foi maior no 

grupo HM (32.9 x10-3±2.79 x10-3m) que no grupo SS (22.6 x10-3±2.2 x10-3m), F (1, 38) = 

177.95, p<0.001. O GAP e os restantes deslocamentos dinâmicos foram também superiores 

no grupo HM (U= 0, p<0.001). A rigidez foi maior no SS (Mdn= 4903.25 N/m) que no HM 

(Mdn= 1634.42 N/m), U= 0, p<0.001, r= 0.87. Por estas razões concluiu-se que o padrão SS 

representa a melhor opção para reparar a incisão do glúteo profundo em cães. 

Palavras-chave: Cão, glúteo profundo, músculo, incisão, padrão de sutura. 
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IINNTTRROODDUUCCTTIIOONN  

11..  AARRCCHHIITTEECCTTUURREE  OOFF  SSKKEELLEETTAALL  MMUUSSCCLLEESS  

Skeletal muscles constitute 40% to 45% of total body weight, representing the largest tissue 

mass in the body (Huard, Li & Fu, 2002). The functional unit responsible for producing 

motion at a joint is formed by the muscle belly and tendon that binds the muscle to the bone.  

Skeletal striated muscle is composed by muscle fibers that together arrange in fascicles 

(Figure 1). A skeletal muscle fiber (myofiber) is a cylindrical multinucleated cell filled with 

smaller filaments that are roughly aligned parallel to the muscle fiber. Myofibrils are the 

largest units of these filaments, which are composed by subunits called sarcomeres. Each of 

these subunits also contains filaments, known as myofilaments, which by the action of their 

two protein components (actin and myosin) are responsible for the basic mechanism of 

muscle contraction based on the sliding filament theory (Oatis, 2008). 

In addition to the muscle fibers, skeletal striated muscle is composed by a connective tissue 

system that binds the cells together through a large network that then is bound to the 

connective tissue of the tendons in both ends of the muscle belly (Figure 1). This connective 

tissue network is known as the skeletal muscle Extracellular Matrix (ECM). The geometry of 

muscle ECM is extremely complex when compared to other connective tissues, although an 

anatomical subdivision is advocated for a better understanding of this network.  

Figure 1. Schematic diagram of the gross organization of muscle tissue and muscle ECM. Left- 

transverse section of a skeletal muscle belly. Right- transverse and longitudinal section of a skeletal 

muscle belly (adapted from Gillies & Lieber, 2011). 
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The endomysium is the connective tissue that fills the space between the fibers in a fascicle 

which geometry allows the force to be transmitted by shear. The perimysium consists of a 

sheath of very strong connective tissue that surrounds each fascicle. Finally, the epimysium, 

also a very strong connective tissue that can be discretely isolated by dissection, forms the 

outer sheath of the muscle body.  

Due to the fact that the epimysium is the most resistant layer in the bellies of skeletal muscles, 

this structure is the one that most contribute to hold sutures in place (Kragh, Svoboda, Wenke, 

Ward. & Walters, 2005a), and therefore a brief description of the properties of this layer is 

considered to be important for the subject of this dissertation. 

Because of its location, thickness and influence in the biomechanical properties of skeletal 

muscles, the epimysium is the most studied ECM. The strong nature of the epimysium is 

mainly attributable to its deep and superficial surfaces that are primarily composed of very 

large nonlinear collagen bundles with a crimp pattern reminiscent of that seen in the tendon 

(Figure 2). The epimysium, as the endomysium, is molecularly composed of almost equal 

amounts of types I and III collagen and other proteoglycans. In total, collagen accounts up to 

10% of skeletal muscle mass dry weight (Gillies & Lieber, 2011). Although the ECM 

arrangement of tendons is similar to that in the epimysium, the molecular components of 

tendons are more comparable to the ones found in the perimysium, which supports the 

hypothesis that perimysium is continuous with tendon (Gillies & Lieber, 2011). 

Figure 2. Epimysial layer of a mouse Extensor Digitorum Longus muscle in cross-section. The ECM 

tissue sheath surrounding the muscle fibers correspond to the epimysium. A- an individual muscle 

fiber is outlined (dashed line); B- Close view of the epimysium reveals slight longitudinal periodicities 

(lines). (adapted from Gillies & Lieber, 2011) 
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As previously mentioned, all skeletal muscles are composed of muscle fibers, however, the 

arrangements of such fibers varies significantly and have marked effects on the ability of a 

muscle to produce movement and generate force (Oatis, 2008). Fiber arrangements fall into 

two main categories: parallel and pennate.  

Parallel muscles have their fibers parallel to the length of the whole muscle, and they can be 

classified as fusiform or strap muscles. The first type has tendons in both ends, while strap 

muscles have less prominent tendons and their fibers tapper less at the ends of the whole 

muscle. A pennate muscle has one or more tendons extended through most of the length of 

the whole muscle and fibers run obliquely to insert into these tendons. They can be 

unipennate, bipennate or multipennate according to the number of tendons penetrating the 

muscle. Because of their longer fibers, parallel muscles are able to shorten more than pennate 

muscles (Oatis, 2008). 

 

22..  IINNCCIISSIIOONN  OOFF  MMUUSSCCLLEESS  

In order to access bones and joints, a good exposure is normally achieved by the manipulation 

of muscles. Ideally, the surgeon should employ only separation and manipulation of the 

muscle tissues. Tenotomy should be held to a minimum and, if possible, incision of muscles 

should be avoided (Piermattei & Johnson, 2004). 

The deep fascia is a fibrous tissue that holds the muscles against the bones, surrounding the 

trunk and limbs. Whenever incised, muscles become free except at their insertions. The 

intermuscular septum, the space that is in between muscles, is filled by fascial tissue, which, 

because of its much looser nature, allows the separation of muscles by blunt dissection, 

accomplished by inserting initially closed blunt tipped blades between tissue layers and 

spreading them after. 

Once separated, muscles must be elevated and retracted, allowing the necessary exposure. 

Muscles, in some cases, can be easily elevated from underlying bone, as seen in the bellies of 

vastus lateralis and vastus intermedius, in which there are practically no periosteal 

attachments in the femur (Piermattei & Johnson, 2004) and blunt dissection can be applied. In 

cases where the muscles are more widely attached to the periosteum, subperiosteal elevation 

at the muscle origin or insertion is required. In this case, a curve and sharp periosteal elevator 

is useful to incise and undermine the periosteum. 
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Fleshy attachments, so called because the muscular fascia is attached to the periosteum over a 

large area, as in the origin of the middle gluteal muscle to the iliac wing and crest, are 

elevated by incising the fascial connection with the periosteum in a shaving action. This fascia 

cannot be reattached to the bone by surgical means, but if the tendinous origin or insertion of 

the muscle is intact, they will be put back together by fibrosis (Piermattei & Johnson, 2004). 

Whenever required, muscles should be incised in their tendons, aponeurosis of origin or bone 

insertion to allow the best anchoring strength to the tissues, either tendon or bone (Piermattei 

& Johnson, 2004). Because of the softer and more delicate nature of muscle tissues, incisions 

in their less fibrous portions, as muscle bellies, should be avoided. If such cannot be 

prevented and muscle incisions must be made, the surgeon has to be aware of the 

consequences of cutting through muscle tissue and the complications that may result in the 

attempt to repair these incisions.  

The safest and most common technique used to incise muscles with a scalpel is called “slide 

cutting”. The technique uses the pencil grip for short incisions and the fingertip grip for long 

incisions, especially in muscles that require greater incisional pressure. This allows the 

surgeons to control the depth and blade attitude while transecting muscles, assuring that a 

single pass transects the tissue, minimizing trauma and guarantying perpendicular wound 

edges. Failing to do so, may result in serrated wound edges, greater trauma and higher risk of 

hemorrhage (Toombs & Clarke, 2003). Perpendicular wound edges are ensured by 

perpendicular incisions. Doing so avoids beveled edges that at closure may lead to incorrect 

apposition, and therefore, complicated wound healing. 

High-energy cutting instruments, such as the electroscalpel, the plasma scalpel, lasers and 

low-temperature ultrasonic cutting device are also available. In the first three, the focally 

transmitted energy results in vaporization of cells along the incision, leading to a variable 

degree of thermal necrosis (Toombs & Clarke, 2003). The ultrasonic scalpel serves itself of 

high-frequency mechanical vibration to cut and coagulate at the same time, sealing vessels at 

lower temperatures than electrosurgery. The most used of all four in small animal surgery is 

the electrosurgical scalpel, which has the advantages of reducing blood loss and the need of 

using foreign material for ligation, while decreasing operating time. An advantage of great 

importance to the subject of this dissertation is related to the resistance of wound tissues to 

keep the sutures in place. Tissues incised by the electroscalpel have increased strength as a 

result of the loss of water among these tissues caused by vaporization. Because the amount of 

water in a living tissue is highly related to their softness and friability, maximal strength of 
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the wound is achieved after using the electroscalpel, allowing the sutures to remain in place 

two to three days longer (Toombs & Clarke, 2003). However, disadvantages as decreased 

resistance of wounds to infection and delayed healing are likely to be observed. Also, the 

surgeon should be careful not to transect more than one tissue plane at a time, which may 

occur since the electroscalpel depth control is less precise. So, it is recommended the use of 

the lowest energy setting capable of incising the tissue. This also reduces thermal necrosis 

around the edges and improves the wound healing capacities (Toombs & Clarke, 2003). 

Even though scalpel is the best for cutting dense and under tension tissues such as muscles, 

the surgeon can make use of Mayo scissors when cutting trough more flaccid muscle layers. 

When correctly used, scissors are able to stabilize flaccid muscles while cutting, allowing 

depth and direction control during the incision. This may be vital in the protection of other 

anatomical structures such as vessels and nerves that may be close to the incised muscle. The 

most suitable grip that allows control over the three forces that regulate scissors cutting 

efficiency (closing force, shearing force and torque), is the “wide-based tripod” (Toombs & 

Clarke, 2003). Other techniques for scissor dissection may be advisable in cases that the 

surgeon must cut toward his or her dominant side, or when a reverse cut across the table 

toward his or her body must be made. Respectively in each of the cases, a backhand thumb-

third finger grip and a backhand thumb-index finger grip are more efficient. Denser tissues 

such as muscles and tendons are less traumatically divided with scissor cut method, and in 

this cases, straight scissors provide a greater mechanical advantage over curve scissors 

(Toombs & Clarke, 2003) 

In every case, muscle incisions should be avoided at all cost. This becomes even more 

important when muscles are considered to be incised transversally to the direction of their 

fibers, because, as hence explained, the tendency to sutures to cut and pull through is greater 

in these cases. Although surgeons evade these situations, anatomical variations and lack of 

exposure to the underlying tissues make them consider a transverse incision as a last resource.  

Among all surgical approaches of veterinary orthopedic procedures described to the date 

(Piermattei & Johnson, 2004), there is one that can be highlighted as a perfect example of the 

impossibility to avoid this insecure method of incising muscles, which is the approach to the 

craniodorsal aspect of the hip joint through a craniolateral incision. A brief description of the 

anatomy of the hip musculature and more information about this approach will help 

understand the reason for making such high-risk decision. 
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2.1. ANATOMY OF THE MUSCLES OF THE CANINE HIP 

The mechanical properties of the canine hip joint and its ability to produce motion of the hind 

limbs is responsibility of the surrounding and supportive musculature. Figure 3 and 4 

illustrates the organization of the subcutaneous and deep musculature of the upper hind 

quarter of the dog, where the further described groups of muscles are represented. 

The Superficial fascia of the gluteal region is named gluteal fascia, which continues in the 

direction of the femur as a multilaminated structure known as the fascia lata, tensed by the 

tensor fasciae latae muscle. The cranial gluteal nerve is responsible for the nerve supply for 

the tensor fasciae latae, which works as a flexor of the hip joint and as a tensor of the fascia 

lata (Budras, 2007) 

The Hamstring muscles are the biceps femoris, semitendinosus and semimembranosus. They 

arise from the tuber ischium (or ischiatic tuberosity) and additionally, in the case of the biceps 

femoris, from nearby the sacrotuberous ligament. The function of this group of muscles is the 

extension of the hip joint, flexion of the stifle joint, extension of the hock joint (biceps 

femoris and semitendinosus) (Budras, 2007). The innervation of the hamstring muscles is by 

branches of the ischiatic nerve, specifically the tibial and common perineal (or fibular) nerve. 

Additionally, the caudal gluteal nerve innervates the biceps femoris. 

 

Figure 3. Left lateral view of the subcutaneous musculature of the upper canine hindquarter 

(cutaneous muscles have been removed) (adapted from Piermattei & Johnson, 2004) 
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The Croup muscles are a group of muscles that arise from the gluteal surface of the ilium, in 

case of the middle and deep gluteal, or from the sacrum and sacrotuberous ligament 

(piriformis and superficial gluteal), ending on the greater trochanter (or trochanter major) of 

the femur. The overall function of this group of muscles is the abduction of the hind limb, and 

along with the hamstring muscles, the extension of the hip joint.  

The superficial gluteal muscle is, of the group of the croup muscles, the one most caudally 

positioned and the one that terminates most distally, at the base of the greater trochanter, 

specifically on the gluteal tuberosity. The middle gluteal muscle originates dorsally between 

the ventral gluteal line and the iliac crest. The piriformis muscle, although ending jointly with 

the middle gluteal on the caudal aspect of the greater trochanter, runs deeper than it.  

The deep gluteal muscle is a bipennate muscle that originates extensively between the ventral 

and caudal gluteal lines, having its fibers converging to insert on the cranial aspect of the 

greater trochanter. The biomechanical importance of the deep gluteal muscle for the stability 

and dynamic function of the hip joint relies in the fact that it is the only muscle of the hip 

capable of turning the cranial face of the hind limb medially. This means that the deep gluteal 

muscle is a pronator of the limb (Budras, 2007). The inervation of the croup muscles is by the 

cranial and caudal gluteal nerves, both emerging at the ischiatic notch. 

 

Figure 4. Left lateral view of the deep musculature of the upper canine hindquarter (cutaneous and 

subcutaneous muscles have been removed; other anatomic structures with legends in grey) (adapted 

from Piermattei & Johnson, 2004) 
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The Deep hip joint muscles turn the cranial face of the hind limb laterally, which means they 

are supinators of the limb (Budras, 2007). In a craniocaudal sequence they are composed by 

the gemelli muscles, internal and external obturador, and quadratus femoris. The origin of the 

deep muscles of the hip joint is in the neighboring area of the obturador foramen and they 

insert in the trochanteric fossa of the femur or just distal to it (quadratus femoris). The 

inervation is supplied by branches of the ischiatic nerve (rotator nerve) and obturador nerve. 

 

2.2. APPROACH TO THE CRANIODORSAL ASPECT OF THE HIP JOINT 

The approach to the craniodorsal aspect of the hip joint through a craniolateral incision 

(Figure 5) is indicated in surgical protocols for the majority of hip joint procedures. Total hip 

replacement, femoral head and neck resection, open reduction of fractures of the femoral head 

and neck, and open reduction of coxofemoral luxations are examples of such procedures 

(Piermattei & Johnson, 2004). 

Piermattei & Johnson (2004) described this approach extensively and its most important 

aspects are here described. The approach starts with a craniolateral skin incision centered at 

the level of the greater trochanter and running over the cranial border of the shaft of the 

femur. An incision is then made in the gluteal fascia along the cranial border of the biceps 

femoris muscle, which is retracted to allow better exposure of the hip joint muscles. Next, an 

intermuscular incision is made between the cranial border of the superficial gluteal and the 

tensor fasciae latae muscle. The fascia lata and its attached tensor are retracted cranially and 

the biceps femoris caudally (Figure 5-A). At this point it is possible to visualize all of the 

croup muscles excepting the piriformis muscle, which is never exposed in this approach 

because of its more dorsocaudal orientation. Also, it is possible to identify the rectus femoris 

(medially) and the vastus lateralis muscle running laterally over it (Figure 5-A). An incision 

is then made in the joint capsule. This incision should be extended laterally through the origin 

of the vastus lateralis muscle on the femoral neck and lesser trochanter (Figure 5-B). To allow 

better exposure, a partial transverse tenotomy of the deep gluteal muscle close to the greater 

trochanter is then made (Figure 5-B), leaving enough tissue on the bone to allow placement of 

a safe holding suture. The deep gluteal is also incised longitudinally, parallel to its fibers, 

proximally from its last incision site, creating a retractable pedicle. The approach is complete 

with the elevation of the vastus lateralis from the femoral neck and its retraction distally. Two 

Hohmann retractors can then be placed intracapsularlly (caudally and ventrally to the femoral 

neck) to allow visualization of the femoral neck. 
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Figure 5. Scheme of the surgical approach to the craniodorsal aspect of the hip joint through a 

craniolateral incision. Cranial aspect of the animal is to the left. A- skin, fascia lata and superficial 

gluteal muscle were incised to allow visualization of the underlying tissues; B- middle gluteal is 

retracted to allow better visualization. Red dashed lines represent muscle incisions (adapted from 

Piermattei & Johnson, 2004) 
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However, according to the vast practical experience of CroftVets head surgeon Malcolm G. 

Ness in this type of procedures, a partial tenotomy of the deep gluteal muscle is most times 

not possible since the tendinous portion of the deep gluteal muscle in its insertion to the 

greater trochanter is often very small and not easily approachable due to the lack of exposure 

offered by the surrounding tissues (Figure 6). Additionally, due to the small nature of the deep 

gluteal muscle tendon, by considering a tenotomy there is a high risk of not leaving enough 

tissue on the bone to allow proper anchoring of the sutures, and therefore the risk of suture 

fail is higher and irreversible, when compared to possible muscle suture failure. 

 
Figure 6. In vivo surgical approach to the craniodorsal aspect of the hip joint through a craniolateral 

incision in a four-year-old Golden Retriever. Cranial aspect of the patient directed to the left. A- skin, 

gluteal fascia and superficial gluteal muscle were incised to allow visualization of the underlying 

tissues. B- vastus lateralis muscle and deep gluteal muscle were incised as according to the described 

technique (see Figure 4-B). Note the small exposure of the deep gluteal muscle and that although there 

is a thick epimysium layer in the site of incision of this muscle, this is distinctly composed by muscle 

fibers (Original illustration). 

  

According to him, these findings commonly end up involving the transection of the muscle in 

a more cranial aspect in which the muscle tissue is much softer, ending up doing a myotomy 

instead of a tenotomy, and due to the required exposure to access the hip joint, the incision is 

made transversally to the direction of the fibers of the muscle. This presents a challenge as it 

is impossible to incise this muscle in any other manner to get appropriate exposure, and the 

less correct method of incising muscles has to be adopted as a result of this.  
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Mr. Ness pointed out that veterinary orthopedists from around the world have been struggling 

with this situation in a daily basis. This is of great concern because the unique characteristics 

and biomechanical properties of the deep gluteal muscle (see 2.1. Anatomy of the muscles of 

the canine hip) make it inevitably endure a lot of tension during wound healing period. 

Therefore, by associating the fragile properties of muscle tissues, their low resistance to pull 

trough when they are transversely incised and the high forces along the tissues of the wound, 

complications during muscle healing period as aberrant tissue repair and suture failure may 

occur (personal communication, 21th of November, 2012). More details regarding deep 

gluteal suture failure and its consequences are ahead described in the Suture Repair chapter of 

this dissertation. 

Since muscle healing mechanisms after a surgical incision may be altered by many intrinsic 

and extrinsic factors, such as suture repair and duration of immobilization after repair, it 

seems to be important for the subject of this dissertation a better understanding of the normal 

and aberrant repair mechanisms of muscle tissues, and therefore, these are going to be briefly 

described in this next chapter. 

 

33..  MMUUSSCCLLEE  HHEEAALLIINNGG  

Muscle injuries occur through a variety of mechanisms such as direct trauma (e.g. lacerations, 

contusions) and indirect causes (e.g. ischemia). Although the different stages of healing 

occurring within the injured muscle are similar in injuries of different natures, the type of 

injury defines the functional recovery of the damaged muscle (Huard et al., 2002). According 

to the subject of this dissertation, only iatrogenic injury due to surgical incisions will be taken 

into account, considering an environment where wound contamination is reduced to a 

minimum. 

 

3.1. NORMAL REPAIR OF MUSCLE TISSUE 

In mechanical traumas caused by the incision of muscles, such as the deep gluteal muscle, 

rapid resolution of tissue injury is possible thanks to a sequential series of discrete healing 

phases: persistent degeneration of myofibers, inflammation, regeneration and finally fibrosis. 

Acute degeneration and inflammation occur in the first few days, while regeneration only 

takes place seven to ten days post-injury, having its peak at two weeks and decreasing at three 

to four weeks after injury. Fibrosis begins between the second and third week post-injury, 
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having the scar tissue increasing in size over time until it is remodeled into muscle tissue 

(Huard et al., 2002).  

The trauma of an incision destroys the integrity of the myofiber plasma membrane and basal 

lamina causing the ingress of extracellular calcium (Kasemkijwattana et al., 1998). Next, the 

injured myofibers suffer necrosis by autodigestion and the area is invaded by small blood 

vessels, mononuclear cells, macrophages and T-lymphocytes. In a short description, the 

injured blood vessels and mentioned infiltrating inflammatory cells secrete adhesion 

molecules and several cytokines that influence the local blood flow and vascular permeability 

while accelerating the inflammatory response. Also, the release of growth factors at the 

injured site regulates myoblast proliferation and differentiation, promoting muscle 

regeneration and repair (Huard et al., 2002).  

After the removal of damaged or dead fibers by inflammatory cells, these fibers are repaired 

or replaced by tissue-resident muscle stem cells called satellite cells. These cells, which 

normally lie in a quiescent state underneath the basal lamina of the fibers, are activated and 

proliferate across the wound edges. When differentiated into myoblasts, they fuse either to 

themselves or to the damaged myofibers to replace the lost muscle (Mann et al., 2011). 

Efficient muscle healing also involve the migration and proliferation of fibroblasts, producing 

temporary ECM components (e.g. collagen type I and II, fibronectin, elastin) that stabilize the 

tissue while acting as a scaffold for the new fibers. Also, satellite cells use the basement 

membranes of former necrotic fibers in order to maintain a similar position and direction for 

the new myofibers. In the end, the ECM of the newly formed muscle tissue is remodeled, with 

generation of protein fragments that mediate biological activities, facilitating normal tissue 

repair. Finally, angiogenesis facilitates the development of a new vascular network helping 

the new fibers to grow and maturate (Mann et al., 2011).  

In the overall, and if the best conditions for healing to take place are available, muscle 

regeneration occurs at a rate of 1.5 mm a day (Denny & Butterworth, 2000), despite the fact 

that vascular ingrowth is only of 0.5 to 1 mm per day (Palmisano, 2006). Therefore, large 

areas that cannot revascularize quickly heal with scar tissue.  Even though muscle tissue is 

formed, in the beginning of the muscle healing process muscle fibers have a complex 

orientation and are not parallel with the uninjured muscle fibers. (Järvinen & Lehto, 1993)  
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3.2. ABERRANT REPAIR OF MUSCLE TISSUE 

The nature, duration and intensity of the inflammatory process after muscle injury and healing 

highly influence the outcome of muscle repair, or alternatively fibrosis. The phagocytosis of 

dead and damaged fibers may be negatively affected by interfering with the transitory 

inflammatory response, impending the formation of new tissue. In contrast, by modulating 

chronic levels of inflammation is possible to reduce muscle degeneration and fibrosis while 

promoting regeneration (Mann et al., 2011). This means that some form of inflammation is 

essential to repair damaged tissues but chronic inflammation should be restricted in order to 

control unrestrained wound healing and fibrosis. 

The development of pathophysiologic fibrotic tissue, particularly collagen, seems to be the 

final product of the muscle healing process. However, a dense fibrous scar prevents 

regeneration of muscle fibers across the wound (Palmisano, 2006). Factors that might cause 

excessive fibrous tissue formation include large gapping and inappropriate stress or motion 

across the wound during the healing process (Palmisano, 2006).  Also, when regeneration 

fails, the fibrotic scar may be invaded with adipocytes, in a process that is known by fatty 

degeneration (Natarajan, Lemos & Rossi, 2010).  

Although controversial, investigators in recent publications identified a novel type of resident 

muscle cell, that alike the satellite cells, respond to damage in skeletal muscles. This type of 

cells was named fibro/adipogenic progenitor (FAP) and they are not myogenic either in vitro 

or in vivo. Although they exert a positive influence in the healing process following acute 

damage by invading the space between regenerating myofibers before satellite cells are 

activated and by producing trophic factors that lead the myoblasts to differentiate, they will 

persist in the tissue if myogenic regeneration fails, and potentially differentiate into 

adipocytes (Natarajan et al., 2010). Figure 7 represents the key stages of cellular muscle 

healing and the various roles of FAP cells during regeneration and repair.  

This process is more likely to occur in aged muscles than in young muscles, because the 

microenvironment in which regeneration occurs will lead the repair process to result in 

reduced size of newly formed myofibers and enhanced deposition of ECM components, 

which is ascribed to the increased presence and activity of resident fibroblasts. Since the 

appearance of differentiating adipocytes is inhibited by the direct contact with regenerating 

myofibers (Natarajan et al., 2010), in the absence of such cells in newly formed fibrotic tissue, 

the number of adipocytes can increase indefinitely (Figure 7). 
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A muscle with fatty degeneration will have its function highly impaired, more than just with a 

fibrotic scar, and its resistance to tension is decreased due to the softer nature of fatty tissue. 

This means that even if a suturing technique is applied to repair an incised muscle, if 

regeneration fails and fatty degeneration occurs, the risk of failing to repair a wound is 

elevated, mostly due to wound instability. Also, modulation of fatty tissue into healthy muscle 

tissue is virtually none, which may be decisive in the complete repair of the muscle. 

Figure 7. Schematic representation of muscle healing process and multiple roles of FAPs during 

muscle regeneration and repair. (adapted from Natarajan et al., 2010) 
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degeneration. However, it is possible to positively influence the course of the healing process 

through surgical methods by incising muscles through the most correct method (see 2. 

Incision of muscles), by approximating the wound edges in an aseptic environment choosing a 

suturing technique that is most suited for the challenge and by managing the duration of 

immobilization during the critical phase of regeneration of muscles. 

 

3.3. EFFECTS OF MOBILIZATION AFTER SURGERY ON THE HEALING 

PROCESS OF MUSCLES 

When started immediately after surgery, mobilization will lead the tissues to regenerate in an 

aberrant manner, forming a dense scar in the injured area due to wound instability, that 

prohibits complete and proper muscle regeneration (Järvinen & Lehto, 1993). 

Mild immobilization during the first week following surgical repair of incised muscles limits 

the size of the fibrotic tissue area formed within the wound, because although the penetration 

of muscle fibers through the ECM components is prominent in the beginning of the healing 

period, their orientation is complex and not parallel with the intact muscle fibers (Järvinen & 

Lehto, 1993), and so, the newly formed muscle tissue is not totally functional. Immobilization 

for a short period will allow a better penetration of muscle fibers across the connective tissue 

and proper alignment of the regenerated muscle fibers with the uninjured fibers. However, 

immobilization for longer than one week will cause marked atrophy of muscles. 

Even though is possible to observe a morphological delay in muscle regeneration in muscles 

mobilized after a short period of immobilization, the overall gain of strength and energy 

absorption capacity is similar to muscles that are mobilized from the very beginning of the 

healing process (Järvinen & Lehto, 1993), which means that there is no advantages on starting 

mobilization right after a surgical procedure that includes incision of muscles. 

In addition, early motion after brief mobilization seems to speed muscle fiber regeneration, 

increase the quantity of regenerative tissue and also resolve hematoma and inflammation 

sooner (Chance, Kragh, Agrawal & Basamania, 2005). 

Although suture repair of muscles, and in specific of the deep gluteal muscle, is advised in the 

available literature with description of the most suitable repair technique (Denny & 

Butterworth, 2002; Piermattei & Johnson, 2004; Tobias & Johnston, 2012), several authors 

consider that the best method to achieve proper tissue healing and holding strength in the 
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repair of muscles through sutures is yet to be determined (Chance et al., 2005; Kragh, 

Svoboda, Walters, Ward, & Wenke, 2005b).  

Herewith, and because several suturing techniques and materials have been developed in the 

past few years, a revision concerning common suture properties and the use of these materials 

in the repair of surgical incised muscles is considered to be important for the subject of this 

dissertation. 

 

44..  SSUUTTUURREE  RREEPPAAIIRR  

A suture is a strand of material, either natural or synthetic, used in the approximation of 

tissues, permitting primary wound healing while carrying all physiological forces until 

healing is enough to maintain the tissues in place without mechanical support. 

An ideal wound closure biomaterial should be handled comfortably and naturally, cause 

minimum tissue reaction, offer adequate tensile strength and knot security, be inauspicious for 

the growth of microorganism, be easily sterilized, nonelectrolytic, noncapillary, nonallergic 

and noncarcinogenic (Chu, Von Fraunhofer & Greisler, 1996). 

Four thousand years ago, civilizations used linen to close wounds in procedures that resemble 

our modern surgery techniques. Numerous natural materials such as horsehair, iron wire, silk, 

strips of hide, tendon and catgut were then widely used until 1930. Until there, the non-

absorbable suture material market was dominated by silk, while the most used absorbable 

material was catgut. The World War II increased the need to search for new materials, and the 

first synthetic suture materials were introduced.  

Nonabsorbable sutures as nylon, polyester and polypropylene opened the market for synthetic 

materials. Only in the early 1970’s, polyglactin 910 (VicrylTM) and polyglycolic acid 

(DexonTM) were introduced as the first absorbable synthetic suture materials (Pillai & Sharma, 

2010). This discovery allowed great progress in surgical tissue repair, since one of the most 

important advantage of synthetic absorbable fibers over natural fibers, is that their 

degradability is reproducible in living tissues, which allows the sutures to minimize chronic 

tissue reactions after losing their function (Chu et al., 1996). More recently, a new concept of 

synthetic monofilament absorbable sutures has emerged, being at the time represented by 

materials such as Polydioxanone (PDS IITM), Polyglyconate (MaxonTM), Glycomer 631 

(ByosinTM), Poliglecaprone 25 (MonocrylTM) and Polyglytone 6211 (CaprosynTM). 
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4.1 SUTURE CLASSIFICATION 

4.1.1. Morphological classification 

Morphologically, sutures are classified as monofilament or multifilament.  

Monofilament sutures are made of a single strand of material. For this reason, they experience 

less resistance to passage, and therefore less tissue trauma, as their surface is smoother 

(Figure 8) when compared to multifilament sutures (Figure 9). Other advantage of this type of 

suture is that capillarity level is practically none and they do not have interstices, which 

means that there is a lower tendency to microorganism colonization and growth (Tobias & 

Johnston, 2012). On the other hand, great care must be taken in handling and tying this class 

of suture because they have less pliability, which means they require more effort to handle 

and they have a lower ability to change their shape, and so, damage from crushing or 

crimping can nick or weaken the suture, causing early and unwanted failure (Lai, Becker & 

Edlich, 2011).  

Current commercial monofilament sutures include nylon, polypropylene, polyester, steel, 

polyglytone, poliglecaprone 25, glycomer 631, polydioxanone, polyglyconate and 

polyglytone 6211. 

 

Figure 8. Scanning electron micrograph (x100) showing the gross appearance of monofilament nylon. 

Note the smooth surface of monofilament sutures (adapted from Katz., Izhar & Mirelman, 1981). 

 

 

 

 

 

 

 

Multifilament sutures are composed of several small filaments that are braided or twisted 

together. Usually multifilament synthetic sutures (e.g. vicryl, polysorb, dexon, polyester) 

(Chu et al, 1996) share the braided configuration, while natural (e.g. catgut) are available as 

twisted (Figure 9). 
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When compared with monofilament sutures of the same size and constituting materials, 

multifilament sutures have greater tensile strength and pliability, which means they handle 

and tie better (Tobias & Johnston, 2012). Despite this, tissue interaction disadvantages are 

greater than in monofilament suture materials. The multifilament composition is responsible 

for an increased coefficient of friction as the material is pulled through tissue, which results in 

increased trauma and bunching of tissue across the suture trail. This may present a significant 

problem when considering that muscle tissue is delicate and softer than other tissues. In 

modern multifilament materials, this traumatic effect is usually reduced by treating the strands 

with special coatings that allow a much more easy and harmless passage through tissues.  

 

Figure 9. Scanning electron micrograph (x100) showing the gross appearance of Multifilament 

braided silk (A), Multifilament braided dexon (B), Multifilament twisted chromic catgut (C) (adapted 

from Katz et al., 1981). 

 

 

 

 

 

 

 

 

 

 

Furthermore, the existence of interstices between the filaments is responsible for a high level 

of capillarity. Therefore, increased absorption of fluid to these interstices allows 

microorganisms to be allocated to the inside of the braided materials, which may act against 

normal tissue healing by increasing the risk of wound infection and dehiscence (Lai et al., 

2011). For this reason, whenever possible, multifilament sutures should be avoided in 

contaminated wounds or in cases where wicking of microorganisms is undesirable (Tobias & 

Johnston, 2012). 
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4.1.2. Behavior in tissue 

According to their behavior in tissues, sutures can be classified as absorbable or 

nonabsorbable.  

Absorbable sutures provide temporary wound support until there is enough healing to 

withstand normal stress. These materials lose most of their tensile strength within 60 to 90 

days in living tissues with a rate of absorption that varies according to the material, coating, 

size, environment, species and testing method (if applicable) (Chu et al., 1996). Firstly the 

absorption occurs in a linear rate for days to weeks, followed by a second stage with loss of 

suture mass. 

There are two major methods of suture absorption: enzymatic absorption and hydrolytic 

absorption. Materials of natural origin are absorbed by cellular proteases and collagenases, 

mainly acid phosphatase and leucine aminopeptidase, in a process denominated enzymatic 

absorption. Synthetic materials are hydrolyzed by main-chain scission of ester linkages (Lee 

& Chu, 2000). It is reported that enzymatic degradation causes more tissue reaction than 

hydrolysis (Lai et al., 2011). 

Changes in the environment as bacterial contamination, contact to body fluids such as 

pancreatic secretions, bile, gastric secretions and blood (Freudenberg, Rewerk, Kaess, 

Weiss, Dorn-Beinecke & Post, 2004), urine (El-Mahrouky, McElhaney, Bartone & King, 

1987), temperature, rate of application, strain level (Hayes & Laura, 1994) and pH variations 

(Tomihata, Suzuki & Ikada, 2001) are known to influence the rate of absorption and 

degradation of absorbable sutures. As a general rule, accelerated material absorption occurs in 

patients with fever, infection, protein deficiency or in cases that sutures become moist or wet 

before or after implantation (e.g. body cavities with fluid), which may lead to excessively 

rapid decline in tensile strength and loss of function before proper tissue healing occurs (Lai 

et al., 2011). Also, external factors such as irradiation, type of sterilization and suture surface 

modifications can influence the time of absorption (Tobias & Johnston, 2012).  

Nonabsorbable sutures, despite their classification, are susceptible to degradation, but the loss 

of most of their tensile strength widely surpasses the 90 days. In such materials, encapsulation 

by fibroblasts is observed around the implanted strands of suture material (Lai et al., 2011). 

Classification of sutures by origin as natural or synthetic is also available, but this will not be 

described since it is considered to be beyond the scope of this dissertation, although synthetic 

materials are found to be superior to natural (Boothe, 2003).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Freudenberg%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15591748
http://www.ncbi.nlm.nih.gov/pubmed?term=Rewerk%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15591748
http://www.ncbi.nlm.nih.gov/pubmed?term=Kaess%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15591748
http://www.ncbi.nlm.nih.gov/pubmed?term=Weiss%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15591748
http://www.ncbi.nlm.nih.gov/pubmed?term=Dorn-Beinecke%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15591748
http://www.ncbi.nlm.nih.gov/pubmed?term=Post%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15591748
http://www.ncbi.nlm.nih.gov/pubmed?term=el-Mahrouky%20A%5BAuthor%5D&cauthor=true&cauthor_uid=2821292
http://www.ncbi.nlm.nih.gov/pubmed?term=el-Mahrouky%20A%5BAuthor%5D&cauthor=true&cauthor_uid=2821292
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartone%20FF%5BAuthor%5D&cauthor=true&cauthor_uid=2821292
http://www.ncbi.nlm.nih.gov/pubmed?term=King%20L%5BAuthor%5D&cauthor=true&cauthor_uid=2821292
http://www.ncbi.nlm.nih.gov/pubmed?term=Tomihata%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11505425
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11505425
http://www.ncbi.nlm.nih.gov/pubmed?term=Ikada%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=11505425
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4.2. SELECTION OF SUTURE MATERIAL 

Selection of the most appropriate suture material should be based on the capacity of the 

material to provide secure wound closure while minimizing patient morbidity (Boothe, 2003). 

These materials should be chosen having into consideration basic suture characteristics, such 

as initial tensile strength, handling and knot security, as well as tissue interaction (e.g. 

reactivity, degradation mechanism, rate of loss of tensile strength) (Boothe, 1998), and not 

just on personal preferences or cost. 

4.2.1. Suture Characteristics 

a) Tensile Strength  

Tensile strength measures the ability of a material or tissue to resist deformation and 

breakage. Elasticity of a suture material is related to the deformation level that a suture under 

stress can sustain without becoming totally deformed, being able to return to its primary form 

when that stress is removed, and memory describes the affinity for a suture to restore its 

original shape after deformation. Plasticity is the level of deformation a suture can sustain 

without breaking and still be able to maintain its original form when stress is removed. 

Accordingly, creep describes the tendency of a suture to deform under constant stress 

permanently (Tobias & Johnston, 2012). 

As a rule, surgeons select the smallest suture size that satisfactorily holds the tissues together, 

although aware that it should have no less strength than those tissues. If wound tension is 

high, sutures with a smaller diameter may easily injure tissues by “cut through”, a suture 

failure effect that may occur in the repair of the deep gluteal muscle (see 2. Incision of 

muscles). So, even though the smallest size suture is advisable, considerations about the 

tensile strength of the material and the tissue nature should be made (Lai et al., 2011). 

A study by Van Rijssel, Brand, Admiraal, Smit & Trimbos (1989) concluded that although 

properties of suture materials and knot security improve as diameter increases, sutures with 

larger diameters cause greater tissue reaction. The experiment compared 2-0 and 4-0 (United 

States Pharmacopeia [USP]) braided multifilament sutures (coated polyglycolic acid and 

coated polyglactin-910) and concluded that the increase of suture size produced an augment 

of two to three times in tissue reaction sheath and four to six times in knot volume. In 

addition, extra throws to the knot have shown to create an increment of only 1.0 to 1.9 times 

of tissue reaction and 1.5 of knot volume. This proved that tissue reaction due to the amount 

http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Rijssel%20EJ%5BAuthor%5D&cauthor=true&cauthor_uid=2543937
http://www.ncbi.nlm.nih.gov/pubmed?term=Brand%20R%5BAuthor%5D&cauthor=true&cauthor_uid=2543937
http://www.ncbi.nlm.nih.gov/pubmed?term=Admiraal%20C%5BAuthor%5D&cauthor=true&cauthor_uid=2543937
http://www.ncbi.nlm.nih.gov/pubmed?term=Admiraal%20C%5BAuthor%5D&cauthor=true&cauthor_uid=2543937
http://www.ncbi.nlm.nih.gov/pubmed?term=Trimbos%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=2543937
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of foreign body in a wound is highly more influenced by the material diameter than by the 

addition of foreign material in the extra throws.  

In sum, a compromise between maximal mechanical support and minimal tissue reaction, 

avoiding alteration of its architecture, has to be considered when choosing the size of 

material. Table 1 shows the guidelines for selecting appropriate size materials for suturing 

tissues with different properties and other uses in small animal surgery. 

Table 1. Guide for selecting suture size (USP) for small animal surgery (adapted from Boothe, 1998). 

SUTURE SIZE 

Tissue or use Recommended Size 

Skin 4-0 to 2-0 

Subcutaneous tissue 4-0 to 3-0 

Muscle 3-0 to 2-0 

Fascia 3-0 to 0 

Viscera 5-0 to 3-0 

Ligation of small vessels 4-0 to 3-0 

Ligation of large vessels 2-0 to 1 

Tension sutures 2-0 to 1 

 

According to table 1, the smallest diameter of suture to be employed in muscle tissues should 

be 3-0 USP, although 2-0 USP can also be safely employed considering that it will have a 

bigger tensile strength and therefore grant higher mechanical support to the wound, even if 

higher tissue reaction is expected. 

 

b) Knot security  

Tying surgical knots is a vital part of all procedures. As physical properties of suture 

materials, the reliability of knots also improves as the material diameter increases (Boothe, 

1998). 

Knot slippage is an important cause of knot failure and loss of approximation, with 

consequent failure to repair an incision, and is positively correlated with the number of throws 

in a knot (Tidwell, Kish, Samora & Prud’Homme, 2012). A throw is one of the steps to create 

a knot, being that a knot is composed by at least two throws in succession. Flat square knots 

are the most widely used type of knots in small animal surgery because previous studies have 

shown they have superior knot characteristics. Flat square knots are nonidentical, nonloose 

single turn throws in alternating directions (Lee, Fahmy & Hanna, 2008). 
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The amount of throws required to tie a secure knot depends on the suture material and suture 

pattern. In a study of 2012, Tidwell and colleagues reviewed the work of several previous 

investigators (Brown, 1992; Rosin & Robinson, 1989; Van Rijssel, Trimbos & Booster, 1990; 

Trimbos, 1984; Trail, Powel & Noble, 1989; and Annuziata et al, 1997) and tried to create a 

consensus to what may be the minimum number of throws needed for knot security for square 

knots using five common suture materials used in veterinary practice (Fiberwire, Surgipro 

(polypropylene), Monosof (Nylon), Maxon (polyglyconate) and braided Polysorb 

(glycolide/lactide) with three common sizes (4-0, 2-0, 0 USP) by in vitro single load to failure 

biomechanical testing, confronting their results with the previous studies. Results showed that 

for all suture combinations (except fiberwire), a minimum of four throws should be employed 

to produce secure square knots. In addition, no significant differences were detected between 

absorbable and nonabsorbable sutures or between braided and monofilament (except the 

requirements of fiberwire). Also, they documented that knot-holding capacity does not 

increase significantly with additional throws added to knots that were already secure. 

Knot security also depends on the suture pattern. For interrupted patterns using four-throws 

square knots will be sufficient to ensure knot security according to the studies of Tidwell et al 

(2012). Though, extra requirements may be necessary for the start and end knot of continuous 

patterns.  

Studies for the knot security of interrupted versus continuous patterns are limited to 

Polydioxanone, Polyglactin 910, Polyglycolic acid, Chromic gut, Nylon and Polypropylene 

materials.  According to Boothe (1998), when starting a continuous pattern, the surgeon 

should add one throw more if using polydioxanone, chromic gut or nylon, and since the 

ending knots of a continuous pattern are usually the least secure, it is required at least five 

throws or more to finish a continuous suture in all of the tested materials. 

In general, all sutures lose strength when knotted, and many lose at least a third of their initial 

tensile strength when the knot is placed (Boothe, 1998). Table 2 shows relative characteristics 

of commonly used suture material in veterinary small animal surgery. According to it, initial 

tensile strength is highest in natural fibers as chromic gut and silk. Relative knot security is 

expressed as the holding capacity of the knot as a percentage of the initial tensile strength of 

the suture material, showing that most of the tested materials lose more than 34% of their 

initial tensile strength when knotted. 
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Table 2. Ranking of the physical characteristics of some commonly used suture materials (adapted 

from Boothe, 1998). 

 

Other factors that are not related with the properties of different suture materials may also 

affect knot security. It is known that knot security increases with the grade of experience of 

the operator, since correctly placed knots will have fewer tendencies to slip. Also, knot-tying 

speed and force can affect knot security. By increasing the tying speed and tying force it is 

proven that the surgeon is able to enhance the knot security of sutures (Im, Kim, Kim, Lee & 

Park, 2008). However, in 1994, Hayes and Laura while testing the chemical stress relaxation 

of polyglycolic acid suture, discovered that the slower and tighter a knot is tied, the greater is 

its ability to endure tensile loads throughout hydrolysis, which can be generalized to all 

absorbable synthetic materials since they share the same absorption behavior. These results 

contradict the findings of Im and colleagues since their study was not conducted in live 

tissues, and therefore the effects of degradation over suture materials was not taken into 

consideration.  

In addition to the factors related with the operator, patient factors may also affect knot 

security, such as tissue conditions (e.g. inflammation, ischemia) and general health of the 

patient as this is associated with wound healing rate (Tidwell et al, 2011). 

 

 

PHYSICAL CHARACTERISTICS OF SUTURE MATERIALS 

Suture material Initial tensile Relative Knot Security Stiffness 
 Strength Ranking Effective Strength (%)  

Absorbable     

Poliglecaprone 25 6 2 N/A 1 

Polydioxanone 4 5 N/A 3 

Polyglactin 910 3 3 N/A 6 

Polyglycolic acid 2 4 66 2 

Polyglyconate 5 6 N/A 4 

Chromic gut 1 1 63 5 

Nonabsorbable     

Nylon 3 3 66 4 

Polyester 5 1 51 2 

Polypropylene 2 5 89 5 

Silk 1 2 57 1 

1= lowest;  6= highest 
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c) Handling characteristics 

In what concerns the handling of suture materials, the stiffer, and therefore less pliable, a 

suture material is, the more difficult it is to handle.  Also, knot security is in most cases 

negatively affected by increased suture material stiffness, and in these situations extra care 

must be taken to ensure knots are secure. In general, monofilament sutures are stiffer than 

multifilament sutures of the same material, and larger diameter sutures are stiffer than smaller 

diameter sutures (Boothe, 1998). In table 2 is possible to see the relative stiffness of different 

suture materials. Although Poliglecaprone 25 (MonocrylTM) is a monofilament suture, it has a 

excellent pliability (low stiffness), only matched by silk, due to material characteristics. 

However, a suture material should never be chosen solely based on its handling 

characteristics, even though it may be some times a decisive factor in the choice of a suture 

material for certain procedures.  

 

4.2.2. Suture-tissue interactions 

Suture materials increase patient morbidity mainly through their interaction with tissue. The 

total amount of material, according to the diameter and length, and the placement technique 

are some of the many factors that may influence this interaction. Suture-tissue interactions 

involve humoral and cellular factors, but although there is much research about the effect of 

foreign material in wounds, not much is known about the changes they produce on the wound 

microenvironment.  

Even though an ideal suture for every possible indication is not available, certain materials are 

more indicated than others in different environments. The fact that a suture may alter the 

healing process of a wound should be always taken into consideration. This is particularly 

important when suturing contaminated or infected tissues, where placement of any foreign 

material should be avoided unless it is essential for positioning tissue, and by the previously 

stated reasons, the smallest inert monofilament material should be employed (Tobias & 

Johnston, 2012). 

 

a) Tissue reactivity  

Tissue reactivity is undesirable, mostly when suturing tissues near the body surface. In 

addition, it leads to increased morbidity, by intensifying or extending the inflammatory phase 
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of wound healing, and to self-mutilation by augmenting the patient awareness of the wound 

(Boothe, 1998).  

According to the nature of the chosen suture material, sutures of natural origin are more 

reactive than those of synthetic origin because enzymatic degradation causes more tissue 

reaction than hydrolysis (Lai et al, 2011).  

Also, foreign body reaction in response to the implantation of suture material is directly 

proportional to the volume (V) of the implanted strand as according to equation 1. 

Equation 1. Calculation of the total volume (V) of a suture according the length (L) and radius (r) of 

the implanted material (adapted from Srivastava et al., 2010) 

V = πr2L. 

The volume, and therefore the amount of tissue reactivity, varies as the first power of length 

(L) but second power of radius (r) of the suture material. For this reason, and in order to 

minimize tissue reaction, the thinnest and shortest possible suture material should be used. 

However, according to the laws of vectors applied to suturing techniques (Srivastava et al., 

2010), thin threads may be harmful in the form of increased “cut-through” force by the first 

power of radius and length, causing more “cheese-wire effect”. Consequently, larger the 

tissue bite and ticker the suture, the less would be the cut-through. However, this should be 

carefully balanced according to the expected increment on tissue reactivity. 

Inflammatory responses to sutures are markedly higher near knots (Van Rijssel et al., 1989) 

because they have the highest density of foreign material and cause the greatest mechanical 

trauma in tissues. As previously mentioned, knots of bigger size and volume, mostly 

influenced by suture diameter, enhance tissue reactivity.  

Another factor that can be controlled by the surgeon is how tightly the suture is tied. It is 

obvious that not only between surgeons is practically impossible to homogenize suture 

tension since even the same surgeon may produce sutures with great variability. Nevertheless, 

this should be controlled as possible by the surgeon, because excessively tight sutures 

increase patient morbidity and reduce short and long-term strength in wounds. A study 

conducted by Stone, Von Fraunhofer and Masterson in 1986 in a rodent model shows that 

wounds loosely approximated, just tight enough to provide tissue contact without 

strangulation, have appropriate alignment of the edges of the wound and display greater 

proliferative activity in the space between them. 
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b) Loss of tensile strength 

The amount of strength loss in nonabsorbable suture materials is usually clinically 

insignificant, yet, absorbable materials lose strength while they suffer absorption. As a rule, 

suture loss of strength should be slower than the gain of tissue tensile strength, which means 

that the healing rate of wounds is decisive in the selection of suture materials according to 

their behavior in tissues. Mucosal wounds, such as visceral, heal faster than fascia and skin, 

therefore, absorbable sutures may be used. Fascia still heals faster than skin, so, even though 

nonabsorbable sutures are advisable for fascia repair, slow absorbing synthetic suture 

materials are appropriate choices. In case of skin wounds, nonabsorbable materials are the 

most suitable because skin regains its tensile strength at a very slow rate (Boothe, 2003).  

Also, changes in the microenvironment of the wound (e.g. bacterial contamination), contact to 

body fluids, suturing mode and external factors may affect the rate of tensile strength loss in 

sutures, in which absorbable materials are the most affected (see 1.2 Behavior in tissue). 

 

4.3. SELECTION OF SUTURE PATTERNS 

An ideal wound closure technique must be technically simple, of quick performance, allow 

precise wound edge approximation and maintain uniform tensile strength along the wound 

edges throughout the healing process. The healing process can be affected not only by the 

amount of suture tension (see 4.2.2. Suture-tissue interactions) but also by the suturing 

technique (Moy, Waldman & Hein, 1992; Khan, Bann, Darzi & Buttler, 2002), since with 

poor technique and increased suture tension there is poor wound adhesion and early 

dehiscence as well as increased scarring. In addition, wound closure tension has also a high 

effect over the blood supply in the wound edges, being inversely proportional to it (Khan et 

al., 2002). In sum, choice of suture patterns to achieve appropriate closure and healing of 

tissues is most times influenced by the configuration and biomechanical properties of the 

tissues to be sutured (Moy et al., 1992). 

Suture patterns are classified by their method of placement as interrupted or continuous, and 

by effects on the wound margin as appositional, inverting or everting. 

Interrupted patterns have a knot associated to every suture, which may be cause of greater 

reactivity. However, they allow the surgeon to approximate the margins in a more precise way 

resulting in better apposition, as more adjustments can be made for each of the stitches. Also, 

closure security is higher than with continuous patterns since the failure of a single stitch may 
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not result in total suture failure. However, more time is usually spent during closure mostly 

because of the amount of knots required per pattern. The most common interrupted patterns 

used in small animal surgery are simple interrupted, modified Gambee, and four mattress 

patterns: horizontal, vertical, cruciate and Lembert (Tobias & Johnston, 2012). 

The simple interrupted pattern is used in various tissues as viscera, body wall and 

subcutaneous. One of the most common errors with the simple interrupted pattern is tying the 

stitches too tightly (Moy et al.,1992) with compromise of the blood supply to tissues. The 

modified Gambee is used on intestine, particularly in intestinal anastomosis, and it requires 

more tissue manipulation than simple interrupted suture (Tobias & Johnston, 2012). In 

mattress patterns there are multiple penetration points, providing increased strength across the 

wound (Moy et al., 1992). Characteristics of the most important interrupted mattress patterns 

in the repair of transected muscles (horizontal and cruciate pattern) will be further described 

in “4.4. Suture patterns used to repair surgical incised skeletal muscles”. 

Continuous patterns are usually quicker to insert and easier to distribute tension evenly along 

the wound (Moy et al., 1992), being reserved to non-superficial locations in small animal 

surgery because of the risk of suture compromise by self-inflicted trauma (e.g. licking, 

scratching, biting). Advantages of continuous patterns over interrupted patterns include less 

time needed to perform the suture due to less amount of knots to be tied, less volume of 

foreign material left in the tissues when sutures are buried and finally better suture economy 

(Boothe, 2003). In sum, they use less suture material and knots, reducing both operative time 

and the amount of foreign body in the wound. Also, they form a more “airtight” and 

“watertight” seal, preventing the entrance/exit of air and fluid for/from the underlying tissues 

(Boothe, 2003). Disadvantages of continuous over interrupted patterns are the less precise 

control over suture tension and approximation, and the effects of potential suture breakage. 

The use of interrupted versus continuous patterns grows a lot of controversy among surgeons 

since arguments for and against each other are strong. However, the type of tissues, the 

amount of tension across the wound and the nature of the wound itself should be the main 

factors to decide which pattern is most suitable for each case in specific.  
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4.4. SUTURE REPAIR OF SURGICAL INCISED SKELETAL MUSCLES 

Although repair of surgical incised skeletal muscles with apposition of the edges is advocated 

to restore function, the best technique to achieve proper tissue healing is yet to be determined 

(Chance et al., 2005). Still, is widely spread that suture repair is so far the best method for 

such purposes. 

The main objective of muscle suture repair is to maximize the direct myofibril repair and at 

the same time avoid scar formation by eliminating any gaps and apposing the muscle ends 

(see 3. Muscle healing). In cases that healing is achieved with excessive scar formation, 

muscle function is compromised. A study on lacerated extensor digitorum longus muscle of 

rabbits conducted by Garrett, W.E.Jr., Seaber, A.V., Boswick J., Urbaniak J.R. and Goldner 

J.L. (1984) documents that after 12 weeks of healing period subsequent to muscle repair, in 

completely lacerated muscles, the ability to produce tension is reduced by 50% of its previous 

potential, even though they were able to shorten to 80% of normal. However, in partially 

lacerated muscles, only 40% of the original tension capacity was compromised and they had 

normal ability to shorten. Therefore, it is clear how important it is to avoid incising these 

tissues, as muscle function becomes seriously impaired even after suture repair. It is also to be 

noticed that serious advantages, related to the production of muscular tension and muscular 

contraction, are obtained by restraining the incision to its minimum and by keeping muscle 

fibers anchored and intact in partially transected muscles. 

As mentioned before, evolution of suture materials allowed the development of new and more 

controllable techniques to repair muscle incisions. Authors of the most recent small animal 

surgery literature advocate that the most appropriate suture materials to be used in the repair 

of muscle transections and lacerations are monofilament synthetic long-term absorbable 

materials (Tobias & Johnston, 2012), although previous studies also proved the efficacy of 

using monofilament nonabsorbable materials (Chu, 1981). 

 

4.4.1. Monofilament long-term absorbable suture materials 

The reason why monofilament long-term absorbable materials are the most appropriate to 

repair muscle incisions was already extensively explained in this chapter, but can be 

summarized in a few characteristics. Monofilament sutures cause lower tissue reactivity, have 

less risk of microorganisms colonization and growth, and cause less resistance to passage, 

with consequent less tissue trauma, which means the wound will heal better and faster, 

http://www.ncbi.nlm.nih.gov/pubmed?term=Garrett%20WE%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=6491212
http://www.ncbi.nlm.nih.gov/pubmed?term=Seaber%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=6491212
http://www.ncbi.nlm.nih.gov/pubmed?term=Boswick%20J%5BAuthor%5D&cauthor=true&cauthor_uid=6491212
http://www.ncbi.nlm.nih.gov/pubmed?term=Urbaniak%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=6491212
http://www.ncbi.nlm.nih.gov/pubmed?term=Goldner%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=6491212
http://www.ncbi.nlm.nih.gov/pubmed?term=Goldner%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=6491212
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lowering the risk of producing aberrant muscle repair. Also, by not having interstices, they are 

less affected by environmental factors such as contact with body fluids as blood, which 

presence is normal after incising muscles. For the purpose of muscle suture repair as in the 

deep gluteal muscle, absorbable sutures should be employed or otherwise a new surgical 

approach would have to be made after complete repair of the muscle tissue in order to remove 

the foreign material. The reason why the most advisable sutures should be absorbed in long-

term is because of the slow rate of healing of muscle tissue and the fact that loss of tensile 

strength before complete and correct muscle healing may cause wound instability that may 

lead to aberrant repair (e.g. fibrosis, fatty degeneration) and/or tissue rupture. 

The current common materials used in Veterinary small animal surgery that are known to 

fulfill the requirements above are Polidioxanone (PDS IITM), Polyglyconate (glycolic acid 

trimethylene carbonate; MaxonTM) and Glycomer 631 (ByosinTM). 

 

a) Polydioxanone (PDSTM II) 

Polydioxanone, commercialized by Ethicon® as PDSTM II, is a polymer of paradioxanone, 

available as a monofilament of various sizes. It has greater flexibility than other monofilament 

sutures as polyglactin 910 and polypropylene and exhibits less tissue drag than multifilament 

suture materials of the same material. Also, it shows good knot security amongst absorbable 

sutures (see 2.1.2 Knot Security). However, it has notable memory, decreasing its handling 

characteristics (Souza & Mann, 2011). It is degraded at a slow rate by hydrolysis, losing 20% 

of its tensile strength after 14 days (Kudur, Pai, Sripathi & Smitha, 2009), 42% after 28 days, 

and 86 after 56 days (Boothe, 2003), which makes this material a good option when long-term 

strength is needed, such as in the repair of muscles. Absorption is essentially completed at 6 

to 8 months after implanted in live tissues, eliciting in its course minimal foreign body 

reaction. 

 

b) Polyglyconate (MaxonTM) 

Polyglyconate, trademarked by Covidien® as MaxonTM, is a copolymer of glycolic acid and 

trimethylene carbonate. It can support wound healing for long periods since its tensile 

strength is similar to that of polydioxanone. It has some advantages over other materials as 

improved handling properties, low resistance to passage, lacks memory, shows less kinking 

(Souza & Mann, 2011) and has the best knot security level of all synthetic absorbable 

materials (see 2.1.2. Knot Security). It demonstrates superior strength with little or no 
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absorption during the critical wound healing period (Boothe, 2003). Similar to polydioxanone, 

it loses around 25% of its tensile strength in 14 days (Souza & Mann, 2011), but the half life 

of tensile strength is 3 weeks, compared to the 6 weeks of polydioxanone, being totally 

absorbed by the action of macrophages 6 to 7 months after implantation (Boothe, 2003). 

 

c) Glycomer 631 (ByosinTM) 

Glycomer 631, also produced by Covidien® with the commercial name ByosinTM, is 

composed of glycolide, dioxanone and trimethylene carbonate. Little research has been made 

to find out the relative properties of glycomer 631, but a few studies show that it displays very 

little tissue drag, high flexibility, low memory and minimal tissue reactivity (Souza & Mann, 

2011). Although it passes through tissues more easily than polydioxanone and polyglyconate, 

its knot security is inferior to those (Kudur et al., 2009). It loses 25% of its tensile strength in 

2 weeks and effective wound support is maintained for 3 weeks with complete absorption 

after 3 to 6 months (Souza & Mann, 2011).  

In Croft Veterinary Surgeons A&E Hospital, ByosinTM is the material of choice to repair the 

incision of the deep gluteal muscle and in general all surgical incised skeletal muscles. 

Table 3. Properties and relative classification of some common absorbable suture materials (adapted 

from Souza & Mann, 2011). 

 

 

ABSORBABLE SUTURE MATERIALS 

Suture material 

Loss of tensile 

strength at 14 

days (%) 

Complete 

absorption 

(days) 

Strengtha Handlinga 
Reactivity 

(rank)b 

Multifilament      

Chromic gut 50 90 + ++ 6 

Polyglactin 910 30 56-70 +++ +++ 5 

Polyglycolic acid 35 90 +++ +++ 3 

Glycolide/Lactide 

Monofilament 

20 56-70 N/A N/A N/A 

Monofilament      

Polyglecaprone 25 60-80 90-110 +++ ++++ 4 

Polyglytone 6211 * 56 N/A   

Polydioxanone 20 180-240 ++++ +++ 2 

Polyglyconate 25 180 ++++ ++++ 1 

Glycomer 631 25 90-180 N/A N/A 2 

a worst= +; best= ++++      blowest=1; highest= 6 

* 50 to 60% loss of tensile strength at 5 days (Kudur et al., 2009) 
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Table 3 compares some of the characteristics mentioned above, showing the differences 

between the three long-term absorbable monofilament suture materials, and between these 

and short-term absorbable monofilament and multifilament materials. According to the table 

is possible to observe there are two more monofilament absorbable suture materials available: 

polyglecaprone 25 and polyglytone 6211. Although they fulfill most of the standards to be 

used in the repair of surgical incised muscles, these are not recommended because they lose 

their tensile strength rapidly. In the case of polyglecaprone 25, fourteen days after 

implantation, up to 80% of its tensile strength is lost, and for polyglytone 6211, 50 to 60% of 

the tensile strength is lost in just 5 days.  

Since the deep gluteal muscle endures a lot of tension after its repair due to its unique function 

(see 2.1. Anatomy of the muscles of the canine hip) and because muscle heals at a slow rate, 

rapid loss of tensile strength due to higher rate of absorption and nature of the employed 

suture material will cause the suture to fail and consequent impairment of muscle tissue 

healing by separation of the wound edges. 

 

4.4.2. Suture patterns used to repair surgical incised skeletal muscles 

There are several described suture patterns used to repair surgical incised skeletal muscles, 

however, the best suturing technique to repair a transected muscle throughout its whole depth, 

as the incision of the deep gluteal muscle during the approach to the dorsocranial aspect of the 

hip joint, is yet to be determined. 

Since early motion after brief mobilization seems to improve regenerative tissue volume, 

reduce scar density and speed fiber regeneration, while resolving hematomas and 

inflammation sooner (see 3.3. Effects of mobilization after surgery on the healing process of 

muscles), it is important for a suturing technique used to repair muscles to allow early 

controlled motion, avoiding the cut through effect while maintaining the tissues in place and 

the edges of the wound in direct contact. 

Although a large number of patterns have been described for this purpose, only the more 

commonly used patterns that have shown some degree of success in the repair of transected 

skeletal muscles (Kragh et al., 2005b; Chance et al., 2005) are going to be presented. 
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a) Cruciate mattress 

The cruciate mattress pattern, also known as figure-of-eight pattern, is an interrupted mattress 

pattern composed by more than one cruciate stitch. The strand of suture material goes through 

the muscle in its whole thickness, displaying a longitudinal direction of the threads in one side 

and forming an “X” in the other side when tied (Figure 10). As one of the surfaces have 

obliquely placed threads of material, according to the Laws of vector in suturing techniques, 

the pattern will show less cut-through force and less tendency to fail after longitudinal strain 

than conventional longitudinal patterns as the simple interrupted pattern (Srivastava et al., 

2010). 

 
Figure 10. Representation of a cruciate mattress (figure-of-eight) pattern. Black lines represent threads 

of suture material in the outside of the muscle. Dotted lines represent threads of suture material inside 

the muscle. Separation of the wound edges is represented in order to facilitate the observation of the 

pattern (Original illustration). 

 

Not like other mattress patterns (e.g. vertical mattress, horizontal mattress), eversion of the 

wound edges are easily prevented and great apposition is achieved. Also, it has great easiness 

and quick execution, although some time is spent while tying all the knots because of its 

interrupted nature. 

 

b) Modified Kessler 

Modified Kessler pattern is a tension suture used in the repair of tendons that uses more than 

one Kessler stitch. However, several studies have proven its efficiency in the repair of 

transected muscles (Chien, Chen, Lin, Chen & Wu, 1991; Kragh et al., 2005b; Chance et al., 

2005) demonstrating to be superior than many other patterns. It provides great apposition and 
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holding strength, based on the double strangulation of the longitudinal muscle fibers in both 

extremities of each stitch. Most of the suture is transversely buried inside the muscle and the 

two fragments of the incised muscle are connected through longitudinally placed strands 

(Figure 11). 

 
Figure 11. Representation of two Kessler stitches. Black lines represent threads of suture material in 

the outside of the muscle. Dotted lines represent threads of suture material inside the muscle. 

Separation of the wound edges is represented in order to facilitate the observation of the pattern 

(Original illustration). 

 

However, since muscle fibers have a much softer nature than tendon fibers, the holding 

strength of the modified Kessler suture in the deep gluteal muscle will rely mostly on its 

epimysium, in which the direction of the fibers is less evident, not showing as many 

advantages as it would in the repair of tendons. Also, Kessler stitches are technically difficult 

to execute and there is a lot of variation between stitches since a great part of the suture is 

buried. 

  

c) Horizontal mattress 

Horizontal interrupted mattress pattern is a tension suture that can be appositional to everting 

based on how tight the suture is tied and whether the suture penetrates the tissue in full or split 

thickness (Boothe, 2003). As in the cruciate pattern, sutures go through the muscle in full 

thickness, and in one of the sides of the muscle, the threads of suture material have a 

longitudinal direction and are parallel to each other. The most superficial surface of the 

muscle has a transverse thread of suture material placed parallel to each wound edge, which 

makes the forces to be distributed over the surface and perpendicularly to the direction of the 

fibers, avoiding the cut through effect. Instead of failing along the fibers, they fail by 

transecting them, far from the edges of the wound. 
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Figure 12. Representation of a horizontal mattress pattern. Black lines represent threads of suture 

material in the outside of the muscle. Dotted lines represent threads of suture material inside the 

muscle. Separation of the wound edges is represented in order to facilitate the observation of the 

pattern (Original illustration). 

 

As the cruciate pattern, it is easy and fast to execute, although some time may be spent tying 

all the knots. The technique helps minimizing the wound tension and closing dead space, 

although strangulation of tissues leading to local ischemia, tissue hypoxia, necrosis and poor 

healing of muscles may result from an horizontal mattress pattern placed under a lot of 

tension (Kudur et al., 2009), which means great care must be taken while using this pattern. 

 

d) Combined modified Mason-Allen and perimeter 

The combined modified Mason-Allen and perimeter pattern is a complex suture that combines 

two distinct patterns, which are a running interlocked pattern around the perimeter of the 

muscle and modified Mason-Allen stitches. Both of them can also be used individually to 

successfully repair transected muscles (Chance et al., 2005), although major mechanical 

advantages exist when they are combined.  

The perimeter suture consists of an interlocking suture that goes around the muscle belly 

(Figure 13-A) in which the implanted threads are placed longitudinally along the fibers. 

Mason-Allen stitches are widely used to repair tendons and reconnect tendons to their bone 

insertions. However, a modified version of the stitch (Figure 13-B) seems to show some 

advantages in the repair of transected muscles (Chance et al., 2005). 

When combined, the Mason-Allen and perimeter stitches seem to be the strongest suture 

repair technique created to date that is destined to repair transected muscles, since the quantity 

of sutured epimysium and perimysium is much higher than in conventional methods. This was 

shown in 2005 by Chance and colleagues after mechanically testing muscles repaired with 
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this technique along with the other mentioned conventional suture techniques used to repair 

transected muscles. Results showed that Kessler, cruciate and horizontal mattress pattern have 

similar strength, with a slight advantage of horizontal mattress pattern over the other two, 

while combined Mason-Allen and perimeter load to failure was more than three times higher 

than conventional patterns. 

 
Figure 13. A- Representation of a perimeter running interlocked pattern. Black lines represent threads 

of suture material in the outside of the muscle. Threads of suture running inside the muscle are not 

represented; B- Combined Mason-Allen and perimeter pattern. Black lines represent threads of suture 

material in the outside of the muscle. Dotted lines represent threads of suture material inside the 

muscle. The arrows show the direction in which the suture threads are going to be tied to each other. 

White transparent lines represent the firstly placed perimeter suture of A). Separation of the wound 

edges is represented in order to facilitate the observation of the pattern (Original illustration). 

 

 

 

 

 

 

 

 

Because it is a combined pattern, its complexity is overwhelming and the time of execution is 

very long. As in the case of Kessler stitches, this technique is only justified for the repair of 

big bellied muscles such as the biceps brachii of humans (Kragh et al., 2005b), and until now 

there are no evidences of its use in veterinary medicine. When mechanically tested, stitches 

act as a unit, sutures hold together and ultimately they fail together cutting through the muscle 

both longitudinally and transversely (Chance et al., 2005).  
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4.4.3. Complications after suture repair of muscle incisions 

a) Effects of tissue trauma and foreign body reaction 

A major problem concerning all suture repairs is the level of tissue response to closure 

biomaterials, which may range from an inflammatory reaction, simply due to the trauma of 

insertion of the needle and suture material passage, to a foreign body reaction because of the 

chemical, physical and mechanical properties of the closure materials. These reactions 

influence possible complications, the rate of healing process and the process itself, therefore is 

crucial to reduce them to their minimum (see 4.2.2. Suture-tissue interactions). 

The level of tissue response is influenced by the chemical and physical nature of the 

biomaterials, type of tissue to be repaired, the mass of inserted biomaterials and the duration 

of their existence within the living tissues (Chu et al., 1996). 

Ideally, suture materials used in the repair of muscle discontinuities should serve their 

purpose satisfactory during the critical period of muscle healing and then disappear once they 

are needed no longer. The more time a foreign material stays within the body, even if it is a 

highly biodegradable material, the more likely it is to induce unwanted tissue reaction that can 

interfere with tissue healing, higher tendency to infection, trombogenecity tissue adhesion, 

anastomotic strictures, and formation of suture granulomas, sinus and calculi (Chu et al., 

1996). 

There are evidences that prove that the extension of inflammation elicited by a closure 

biomaterial is related to the amount of strength that a wound can stand, which is therefore 

related to the liability of a suture to pull out. This is typically due to exacerbated tissue 

oedema and disruption of collagen fibers around the suture sites that causes these tissues to 

become weak and finally fail to secure the sutures in place (Everett, 1970). This means that 

the most adequate suture material that causes the less foreign body reaction in skeletal 

muscles should always be employed to repair muscle incisions. 

 

b) Cut-through or “cheese-wire effect” 

Transverse muscle incisions are difficult to repair successfully due to the nature of the muscle 

tissue that causes the sutures to easily pull out after a certain amount of strain according to the 

longitudinal direction of the muscle fibers and soft nature of the tissue. The most common 

effect observed in sutured muscles is cut through, also called “cheese-wire effect”, because 

the strand of suture material cuts the muscle longitudinally while pulled. Although the muscle 
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fibers cut longitudinally, the epimysium tear is usually transverse (Chance et al., 2005), 

forming a V-shaped wake with the apex at the suture (Figure 14). This confirms that the outer 

sheet of ECM of muscles, known as epimysium, is the most mechanically resistant tissue in 

skeletal muscles, being responsible for most of the holding power of sutures in muscles 

(Kragh et al., 2005a). 

Figure 14. The picture shows a muscle specimen with a simple suture pulling out while the 

epimysium resists. Note the longitudinal tear of muscle fibers and the slight V-shaped wake that shows 

the tear of the epimysium (adapted from Chance et al., 2005) 

 

 

c) Suture failure 

Ultimately, sutures may fail. Three different modes of failure can occur. These are suture 

rupture, knot failure and tissue rupture or suture pull-out (Tidwell et al., 2012). 

Suture rupture occurs when a strained suture material finally breaks as result of application of 

a higher load than its tensile strength, which is described as the capacity of the suture to resist 

rupture and the load upon which breakage occurs. Some authors, when referring to this 

property, make use of similar terms such as “ultimate strength” or “breaking strength”. 

Knot failure can happen either by slippage or by breakage. Although underestimated, knot 

failure by slippage is a relevant cause of suture failure and the most controllable by surgeons 

(Tidwell et al., 2012). Minding this, knot strength is the force required to cause a knot to slip. 

Knot failure by breakage is a result of the deformation and consequent weakening that a 

suture material withstands while a knot is tied. Afterwards, because of the stress applied to 

this fragile site of the suture, the knot breaks and the suture finally fails. The impact of knot 

tying is of such magnitude that deformation caused by knot placement can reduce suture 

strength by 40% (Tobias & Johnston, 2012). Considering this, “knot pull-out strength” is the 

necessary load to break a suture deformed by a knot.  
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Both knot strength and knot pull-out strength are is influenced by the employed suture 

material, suture diameter and knot pattern (Tidwell, Kish, Samora, & Prud’homme, 2012) 

Tissue rupture or suture pull-out happens when the suture fails while maintaining the integrity 

of the suture loop and knot. This phenomenon occurs when the point of insertion of a suture 

thread in a tissue is less resistant to stress than the knot or the suture material itself. Tissue 

rupture is the less controllable failure mode of sutures since the surgeon cannot change the 

nature of the tissue he intends to repair.  

 

4.4.4. Deep gluteal muscle repair failure 

Due to the amount of tension and strain endured by the deep gluteal muscle after total hip 

replacement (THR) or any other technique that uses the same kind of approach, suture failure 

is expected to occur (see 2.2. Approach to the craniodorsal aspect of the hip joint).  

According to Malcolm G. Ness, clinical signs of deep gluteal suture repair failure after THR 

in dogs are speculative, as they have not yet been quantified and there are no studies to the 

date that refer to the prevalence of this type of postoperative complication. The reason why 

this happens is because the clinical signs of muscle rupture and repair failure are vague, and 

the standard imaging technique used postoperatively for detecting implant failure and possible 

fractures of the femur and hip following THR is radiography (Denny & Butherworth, 2000), 

which does not have enough sensitivity to detect suture failure, either of material origin (knot 

failure or suture rupture) or of tissue origin (tissue rupture). Therefore, in cases of acute 

lameness and pain where no apparent complications are detected on x-ray, they are classified 

as being idiopathic and the patient is treated conservatively with pain relief and anti-

inflammatory drugs. So, in the absence of surgical revision by using the same approach to the 

hip joint, it is not possible to evaluate the true cause of the lameness (personal 

communication, 7th of March, 2013). 

Nevertheless, due to the nature of the tissue, muscle biomechanical properties and its function 

in the hip, it is possible to predict which clinical signs may be caused by deep gluteal repair 

failure. Signs include hip acute lameness and pain due to the inflammatory reaction caused by 

the rupture of muscle tissue, formation of large hematomas and scar tissue associated with 

gapping (Chance et al., 2005), increased rate of postoperative THR complications such as hip 

joint instability, hip displacement and implant failure (Tobias & Johnston, 2012), and 

prolonged time of convalescence caused by inflammatory reaction and hip instability. 



 

39 

 

Management options after deep gluteal failure are limited. Surgical revision to reattach the 

muscle placing a new suture will probably not be of any use, since the mechanical forces 

applied to the muscle are going to be the same as previous. Also, exacerbated tissue oedema 

and disruption of the collagen fibers due to inflammatory response will cause the tissue to 

have a much softer nature than before, becoming weak in holding the sutures in place (see 

4.4.3. Complications after suture repair of muscle incisions) 

When considering surgical revision it is important to remember that less tissue is available to 

place the sutures because of the injured tissues damaged by the pull out of the threads of 

suture material, and therefore, in order to properly approximate the edges of the muscle, the 

suture will be in a much bigger tension than previous, failing by cut-through more easily than 

before. For that reason, management of deep gluteal muscle suture failure is usually 

conservative and based on the use of pain relief and anti-inflammatory drugs. 

 

4.4.5. Suture patterns used to repair the incision of the deep gluteal muscle 

Repair of gluteal muscles have been a challenge for surgeons for a long time, as presented in 

1902 by Dr. D.D. Crowley in the already extinct California State Journal of Medicine. 

As it happens for the generality of transected muscles, the best technique to repair the incision 

of the deep gluteal muscle during total hip replacement in dogs is yet to be determined. 

However, the existing small animal surgery and orthopedics literature that have available the 

description of hip procedures in dogs, such as the total hip replacement, describes some 

options to repair the incision of this muscle.  

Denny and Butterworth (2000) mention that gluteal muscles must be closed using either a 

horizontal mattress or cruciate sutures. Piermattei & Johnson (2004) established that one or 

two mattress sutures or a pulley should be placed in the deep gluteal incision. However, the 

tridimensional pattern of pulley suture makes it more suitable for the repair of tendons than of 

muscles, and most times the obvious tendon configuration in the incision of the deep gluteal 

muscle is not noticeable (see 2.2. Approach to the craniodorsal aspect of the hip joint). In 

2012, Tobias & Johnston describe that the deep gluteal muscle should be attached with a 

continuous mattress suture pattern, although it is not specified. 

Recently, Dr. Teresa Schiller (BSc, DVM, DipACVS), a veterinary surgeon author of several 

publications in the subject of orthopaedics with special interest in joint replacement, with over 
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24 years of total hip replacement experience in North America and Europe, developed a new 

suture pattern to repair the incision of the deep gluteal muscle.  

Since this dissertation represents the first record in which this new suture pattern is described, 

in tribute to its author will henceforth be known as Schiller Suture pattern or simply Schiller 

pattern. Schiller Suture pattern is a modification of a continuous cruciate suture, and is 

classified as a two-way single knot simple continuous suture pattern.  

Figure 15. Schematic representation of a Schiller Suture pattern. Black lines represent threads of 

suture material in the outside of the muscle. Dotted lines represent threads of suture material inside the 

muscle. Separation of the wound edges is represented in order to facilitate the observation of the 

pattern. A- pattern after left to right suturing; B- complete pattern after right to left suturing (Original 

illustration). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To perform this suturing technique, the needle penetrates the muscle perpendicularly in full 

thickness close to one of its edges. Next, the needle is directed obliquely and inserted through 

the muscle, again perpendicularly and in full thickness. The process is repeated in the other 
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surface of the muscle, always positioning the threads of suture material obliquely to the 

longitudinal plan of the muscle fibers. By repeating this pattern, the threads of suture material 

are placed parallel to each other when in the same surface and oblique to the ones in the 

opposite surface, until the end of the incision is reached (Figure 15-A). At this point, the 

needle is inserted longitudinally in the opposite edge of the muscle in full thickness, and then 

is time to proceed the same way as previous, placing the suture threads obliquely, but in the 

opposite direction. This will cause the strands of suture to overlap each other in each side of 

the muscle as in a cruciate pattern (Figure 15-B). 

When reaching the limit of the incision in the opposite margin from where the suture was 

started, is time to tie the single existing knot, making sure the tension is distributed evenly in 

every loop and along the two ways of the suture pattern. 

Since this suture pattern was never tested against any other techniques to repair the incision of 

the deep gluteal muscle, this dissertation is focused on this subject. As a result of this, and 

since there are no biomechanical studies regarding the repair of the deep gluteal muscle in 

dogs, a biomechanical investigation was designed in order to compare the mechanical 

properties of Schiller Suture pattern and Horizontal Mattress pattern, which according to 

according to Piermattei, Flo and DeCamp (2006), Denny and Butterworth (2000) and Chance 

et al. (2005) is the conventional suture pattern that is most resistant to pull through. 

For a better comprehension of what biomechanical testing implies and in order to improve the 

understanding of some of the mentioned concepts along this dissertation, the next chapter of 

this thesis will regard the essential notions of biomechanics. 

 

55..  BBIIOOMMEECCHHAANNIICCAALL  TTEESSTTSS  AANNDD  CCOONNCCEEPPTTSS  OOFF  BBIIOOMMEECCHHAANNIICCSS  

The most trustful way to determine mechanical properties in biological materials is by 

conducting consistent and standardized trials that provide comparable and reproducible 

results. These trials are called biomechanical tests.  

Due to ethical, reproducibility and availability conditions that are implied in animal and 

human testing, in vitro tests and models that recreate the functions of the body became very 

popular, and have been done for more than a century (Roesler, 1987). The main target of 

biomechanical in vitro testing is to produce important pre-clinical data to clinicians, allowing 

them to assess their clinical cases aware of the mechanical characteristics of joints, bones and 

soft tissues such as muscles. Furthermore, these tests also allow surgeons to predict the 
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outcome of the application of different surgical techniques, metallic implants and suture 

materials. They help investigators to make a decision in whether or not to conduct these 

experiments in live animals or human beings, according to the time, resources and funds they 

predict to expend and the amount of relevant advantages of performing such tests in vivo.  

While designing, and henceforth conducting, biomechanical experiments, the researcher 

should take several factors to consideration, such as testing conditions, sample factors, and 

measurement instruments (Holman, 2000).  

 

5.1. TESTING CONDITIONS 

To ensure the respect of good testing conditions, precedents in scientific literature or abide by 

established technical standards, like the ISO (International Standards Organization) or 

national standard organizations, should be reviewed. Additionally, all conformities regarding 

the use of human or animal specimens should be respected according to the ethical standards 

of institutional and organizational committees.  

Concerning the experiments, loading modes, levels and specimen fixation devices should 

resemble in vivo conditions whenever possible. In addition, test conditions should be identical 

from specimen to specimen, unless otherwise required (Zdero & Bougherara, 2010), making 

sure that every time the machine is set for each of the specimens, they endure the same rate of 

application of load, the same preload and time of accommodation (Shimano & Shimano, 

2000). 

 

5.2. SAMPLE FACTORS 

When making use of cadaveric human or animal samples, it must be assured that these 

specimens have similar properties when comparing to in vivo tissues. This is even more 

challenging when it is considered to use synthetic specimens, and whenever possible, baseline 

properties should be determined for control groups.  If the purpose of the test is to obtain 

statistical data from comparing different test groups, the sample size should be calculated in 

order to ensure that it is sufficient to detect significant differences among groups. These 

estimations can be achieved by making use of software or statistical formulas that get into 

consideration parameters like the standard deviation obtained from a previous pilot study, 

relevant clinical observed variation, and the required level of significance and test power 

(Bowers, 2003; Armitage & Berry, 1994). 
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5.3. MECHANICAL TESTERS AND MEASUREMENT INSTRUMENTS 

To obtain significant data, measurement instruments should be calibrated for accuracy and 

precision, and the range and resolution of such instruments should be determined. In addition, 

they must interfere as minimum as possible with the specimen and test conditions. 

Biomechanical experimentalists make use of several pieces of equipment. Instrom (Instrom 

Corporation, Norwood, MA, USA) or MTS (MTS Systems Corporation, Eden Prairie, MN, 

USA) are examples of mechanical testers that allow both axial and torsional loads. These 

testers are usually accompanied by data acquisition systems that transform the gathered 

information.  

Since muscles, tendons and ligaments are tissues with a single preferred direction of action 

(Ogden, 2003), biomechanical tests in these specimens only require uniaxial strain. The need 

of highly calibrated instruments, such as the Instrom or the MTS, in muscle strain trials is not 

absolute. Even though most recent biomechanical investigators make use of such machines as 

a way to prove the legitimacy of the results they get from their experiments, there are still 

numerous scientific papers being published in several reliable and acknowledge journals that 

rely on custom made mechanisms. Chance and colleagues (2005), present an example of such 

approach in a study regarding pullout forces of sutures in muscle lacerations, published in the 

volume 36 of the Orthopedics Journal. They used a simple tensiometer (Chatillon Itin Scale) 

with a described range of 25 kg and a resolution of 250 g, as a measurement instrument. The 

muscle samples were grasped between clamps and the pullout force was applied manually, 

respecting the longitudinal axis of the muscle. Since the method was correctly described and 

all variables were taken into consideration, the results of this study were acknowledged by the 

revisers of the scientific journal. All the concerned authors of the this paper have great 

experience in the field of biomechanics, having at this date several papers published involving 

biomechanical studies such as this, and in some of them making use of Instrom machines as a 

mechanical tester (Kragh et al., 2005b). Therefore, while designing a biomechanical protocol, 

investigators must take into account the resources they have available, and if all variables are 

considered, it is possible to conduct an experiment by using custom measurement instruments 

and data acquisition systems. To prove the precision and liability of the designed protocol, 

this should undergo pilot and accuracy studies, in which the repeatability of the outcomes is 

achieved by lowering or eliminating all the variables other than the functioning of the 

mechanical tester itself.  
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Since biologic materials are not homogeneous (Shimano & Shimano, 2000), the investigator 

can utilize synthetic materials, that will endure the same conditions as the biologic specimens, 

in order to eliminate the variability of the samples in the evaluation of the precision of the 

machine. Additionally, to reduce statistical errors (e.g. type-II error), the standard deviation 

assessed from the pilot study can be used to calculate the minimal sample size considering the 

mechanism accuracy, and to improve the confidence of the outcomes, higher than minimum 

sample size should be considered (Najibi, Banglemeir, Matta & Tannast, 2010). 

 

5.4. CONCEPTS OF BIOMECHANICS 

Muscles, ligaments and tendons are under traction efforts. Therefore, when testing the 

physiological function of these tissues, the biomechanical tests are called traction tests. This 

type of tests can be classified as destructive or non-destructive, considering if the tested 

materials are strained until complete and irreversible failure or not (Shimano & Shimano, 

2000). 

Mechanical properties to be assessed in the experiment should be chosen taking into 

consideration if they are clinically important, reproducible in the future, and most important, 

if it is possible to measure them. Although, the bigger the amount of measured mechanical 

properties of a certain material, the more conclusive is the study, since it will be more similar 

to its real function (Moraes, 2001). The property that is most commonly measured in 

biomechanical tests are the resistance of biological materials (e.g. bone, tendon, muscle) or 

the resistance of materials applied to them, such as surgical implants and suture materials. 

An overview of the following concepts will allow a better understanding of the events 

occurring in a biomechanical test. 

 

5.4.1. Stress, Strain and Stiffness 

Stress or load is the amount of local relative force expressed in units of force per unit of area. 

Strain or displacement is the deformation, expressed as units of length per length, and 

frequently as percentage, at a location of the tested specimen. 

Stiffness is a particular property of each material, and consists in the required force to produce 

a unit of displacement before any definitive damage is observed in a sample. That way, this 

parameter is numerically equal to the elasticity modulus (Moraes, Ferraro, Shimano, Bueno de 
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Camargo & Moraes, 2002) and can be represented by the slope of the ascending linear 

segment of a load/displacement curve, or stress/strain curve. Consequently, the steeper that 

slope is, the stiffer is the tested material (Tobias & Johnston, 2012).) 

 

5.4.2. Elastic and Plastic phases 

In trials of mechanical traction, deformable tissues such as muscles, tendons and ligaments, 

are submitted to two opposed forces. Even though at muscle fiber and myofilament level, 

muscles are known as being isovolumic as demonstrated by Elliot et al. (1963) and Huxley 

(1969) in x-ray diffraction experiments, muscle bundles decrease in volume with axial stretch 

because of ECM fibers, mostly from the endomysium, that apply transverse load to the 

muscle (Smith, Gerace-Fowler & Lieber, 2011). This effect causes the muscle to elongate 

longitudinally and shorten transversely as axial strain is applied.  

The load/displacement curve (LDC) obtained from biomechanical tests, illustrates the 

mentioned behavior of muscle bundles. When experiencing low traction loads, muscle 

deformation is proportional to the amount of force applied, which is traduced into a graphical 

straight line in the LDC. This stage is called elastic phase. The attributed designation relates 

to the fact that until reaching the limit of elasticity or yield point, when the curve becomes 

non-linear (Moraes et al., 2002), the tested material can return to its prestrained state, able to 

recover without any permanent deformation. In this phase, resilience corresponds to the 

capability of the material to absorb the deforming energy. This characteristic can be 

determined by calculating the area of the right triangle under the straight line that corresponds 

to the elastic phase (Figure 16). 

As loads increase, and the deformation becomes permanent from breaking of covalent bonds 

at a molecular level, the specimens enter the plastic phase. When the specimen withstands no 

more strain and finally fails, this point is called maximum load to failure (Figure 16), and by 

calculating the area under the LDC until maximum load to failure is achieved is possible to 

determine the specimen toughness, which is associated to the capability of a material to resist 

high loads while suffering deformation without failing, and it represents the total energy 

absorbed during loading (Tobias & Johnston, 2012) 
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Figure 16. Example of a load/displacement curve. The light pink right triangle represents the elastic 

phase of the specimen and its area corresponds to the resilience of the tested material. After the limit 

of elasticity, the curve becomes non-linear and the plastic phase begins (dark pink area) with increased 

displacement for smaller amounts of load, until catastrophic failure is achieved, to which there is a 

correspondent maximum load to failure (Original illustration). 

 
 

Since this dissertation is focused on suture repair of skeletal muscles, maximum load to 

failure is called suture pull-out value (SPOV). SPOV measures the strength of a particular 

tissue depending on anatomic site and histological composition. It corresponds to the required 

force to compel a suture loop to pull from a tissue, disrupting its continuity.  

Previous biomechanical studies assessed that muscle tissue has a SPOV of approximate 1.27 

kg. This means that the required weight to pull out a single suture loop from an average 

muscle is 1.27 kg. In comparison to adipose tissue, that records a SPOV of 0.2 kg, muscle is 

much stronger. Although, when comparing to skin and fascia, with a SPOV of 1.82 kg and 

3.77 kg respectively, it is obvious how delicate muscle tissue is (Tobias & Johnston, 2012). 

In cases that deformable materials are being tested in deformable specimens, the LDC is the 

result of the deformation of both. For example, if a suture material or pattern is put to test in a 

muscle sample, the LDC will reflect the deformation behavior of both the suture material, 

known as creep (see 4.2.1. Suture Characteristics) and the muscle specimen. Since these two 

material deformations occur simultaneously, is most times impossible to differentiate one 

from another. Therefore, if the aim of the investigation is to obtain only one of these 

variables, it is imperative that one of the materials does not endure deformation until 
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completion of the test is achieved. Using the same example as before, if the aim of the 

biomechanical test is singly to assess the resistance to pull-through of a suture pattern in a 

muscle sample, suture material deformation should be avoided, and a more resistant material 

that does not deform until suture pulls through the muscle should be employed. 

 

5.5. LIMITATIONS OF IN VITRO TESTING 

Limitations of in vitro over in vivo testing are predictable but most times impossible to avoid. 

Some of the challenges of in vitro testing in biological materials consist in the lack of 

homogeneity and anisotropy of such materials (Shimano & Shimano, 2000). Anisotropy is an 

important characteristic of soft tissues regarding their mechanical properties. It occurs as a 

consequence of tensile stress and is associated with the collagen fibers that are distributed 

through the tissues, endowing the material with directional properties. Macroscopically, in 

soft tissues such as muscles, ligaments and tendons, it leads the material to have a single 

preferred direction (Ogden, 2003). Therefore, it is very important to consider the direction of 

the applicable forces during the designing of the project, which should respect the preferred 

and physiological direction of the specimens. 

In the attempt to recreate conditions similar to physiological, a wise choice regarding the 

method of application of tension has to be made. For instance, various experiments made in 

skeletal muscle tissues and tendons use a cyclic load instead of a single load to failure. By 

making use of cyclic loading it is possible to observe the materials undergo dynamic creep, 

recreating a similar pattern of movement repetition that would be expected in living tissues 

(Najibi et al., 2010). On the other hand, the application of a single load to failure in 

biomechanical tests is also very common and useful because it provides results to be 

applicable in clinical worst-case scenarios. 

Living tissues react differently from non-living specimen tissues when undergoing tension 

and when in contact with other materials. As an example, when performing in vitro tests of 

suture materials in muscle repair, is impossible to take into account the amount of muscle 

regeneration due to cellular healing that would obviously occur in a living tissue (Mann et al., 

2011). Healing between adjoining muscle edges and muscular ongrowth around suture 

material would probably increase the resistance of the suture to pull-out through the muscle, 

and such cannot be considered in cadaveric specimens. In contrast, repair failure can also 

commonly occur after a certain amount of time in a living tissue, as it has been found for 
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tendon repairs, which becomes weakest twenty-one days after the procedure (Beredjiklian, 

2003). 

Data interpretation of results from these types of biomechanical trials does not provide or 

predict the absolute values of in vivo conditions. The conclusions taken from the analysis of 

such results only allow understanding of the relative performance of different test groups or 

specimens, although, for practical application, it is expected that such relative performance 

can be extended to in vivo physiological conditions. 
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MMAATTHHEERRIIAALLSS  &&  MMEETTHHOODDSS  

Between November 2012 and March 2013, an experiment was designed and conducted in 

order to investigate the biomechanical properties of two suture patterns used to repair the 

incision of the deep gluteal muscle during the approach to the craniodorsal aspect of the hip 

joint through a craniolateral incision, which is protocol in procedures as total hip replacement 

in dogs. The experiment took place in Croft Veterinary Surgeons A&E Hospital, located in 

Cramlington, United Kingdom. 

11..  DDEESSIIGGNN  OOFF  TTHHEE  SSTTUUDDYY  

1.1. SAMPLE SELECTION 

Samples of 8mm thickness unidirectional soft polyethylene foam (Karimat®) were used to 

assess the biomechanical properties of the tested suture patterns. They were selected from two 

rolls of the described material and collected via incisions by a number 10 surgical scalpel 

blade, attached to a Bard-Parker scalpel handler, using a slide cutting technique. All selected 

samples were 6 cm wide and had a total length of 10 cm, permitting the long axis of the 

sample to coincide with the directional organization of the foam. After, they were divided in 

half by an incision perpendicular to the long axis of the samples, simulating the transverse 

incision of the deep gluteal muscle, resulting in two 6cm wide and 5cm long parts.  

Using a custom marking guide, 1 cm above the incised edge of each of the two fragments, 6 

aligned black marks were placed with a distance of 1cm between two marks (Figure 17). This 

was made to allow a consistent distance between the sites of insertion of the needle and to 

increase the repeatability and similarity of the samples. 

Figure 17. Two fragments of soft polyethylene foam (blue) marked with black dots separated from 

each other and from the margins of the incision by 1cm (Original illustration). 

 

1 cm 
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The two parts were then placed jointly with the rest of the samples allowing a random 

selection of parts to be sutured together. 

A pilot study was conducted on a set of two selected suture types. This was done in order to 

provide data for test variability analysis and calculation of the sample size. To achieve it, ten 

samples sutured with Simple Interrupted pattern (SI) and other ten with Interrupted Horizontal 

Mattress pattern (HM) were tested prior to the comparative biomechanical test. SI pattern was 

selected because is recognized as the least resistant pattern to cut-through. HM pattern was 

selected because is the one advocated for the repair of the deep gluteal muscle and because it 

has a different failure mode.  

With a significance level (α) of 0.05 and a test power (1-β) of 80%, as established in previous 

similar studies (Najibi et al., 2010), and in accordance with Equation 1, which is a 

simplification of the sampling protocols for medical statistics (Bowers, 2003; Armitage & 

Berry, 1994), k was set as 7.8 (Bowers, 2003). 4.9 N (approximately 0.50 Kgf) was the 

minimum change in the mean considered interesting to be observed.  

Equation 2. Sample size (n) for the comparison of means from two groups (metric data). SD is the 

population standard deviation from previous data or a pilot study; E is the minimum change in the 

mean that would be clinically useful or interesting to observe; k is a variable that depends on the 

power and significance levels required (adapted from Bowers, 2003). 

n = 
2 × SD2

E2
 × k 

 

By solving the equation, the calculated sample size (n), as the minimum number of samples of 

each suture type to be tested based on the standard deviation of each set (SDSI = 3.58 N; SD HM 

= 4.80), was approximately 8 for the Simple Interrupted group and 15 for the Horizontal 

Mattress group (rounded to units). In order to minimize statistical alpha and beta errors, a 

sample size of 20 of each group (HM and SS) was chosen for the biomechanical comparative 

trials, adding five more samples than what was required by the group with the highest 

standard deviation. 
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Several days were spent practicing Horizontal Mattress and Schiller Suture patterns for 

consistency prior to suturing the samples to be tested. The chosen suture material was 2-0 

black monofilament nylon with 75cm of length, equipped with a reverse cutting point CE-15 

3/8 circle shape needle of 26 mm (Monosof TM). Each individual package of the mentioned 

suture material was used to perform one Horizontal Mattress and one Schiller Suture pattern 

in alternate order. 

All forty samples were sutured by the same operator in a custom made apparatus making use 

of a Mayo-Hegar scissor combination needle holder, and approximating the edges of the foam 

just enough to allow perfect apposition, avoiding excessively tight cutting sutures (Figure 18). 

Sutures were tied using four-throws square knots, as advocated to be the minimum number of 

throws to avoid knot failure in 2-0 Monosof® (Tidwell, Kish Samora & Prud’homme, 2012). 

Figure 18. Custom apparatus that allowed consistency in the placement of all sutures approximating 

the two foam fragments just enough to allow good apposition in order to avoid excessively tight 

sutures. In the picture there is a sample being sutured with s Schiller Suture pattern (Original 

illustration). 

 

Horizontal Mattress pattern (HM) consisted of three interrupted Horizontal Mattress stitches 

placed parallel to each other. Full thickness stitches were performed to benefit of the 

maximum holding power of the polyethylene foam. Eversion while suturing was avoided as 

all samples were juxtapost to allow a most accurate analysis of the suture properties (Figure 

19-A). Schiller Suture pattern (SS) consisted of a two-way single knot simple continuous 

pattern, as illustrated before. As in the HM samples, full thickness sutures were performed 

and correct juxtaposition was ensured (Figure 19-B). 
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Figure 19. Polyethylene foam samples sutured with Horizontal Mattress pattern (A) and Schiller 

pattern (B). Despite the HM samples are flexed because of the everting nature of the pattern, they 

showed perfect juxtaposition of margins when in a plane position (Original illustration). 

 

 

 

 

 

 

 

 

 

 

 

2.2. MECHANICAL TESTER AND MEASUREMENT INSTRUMENTS 

A vertical loading device was designed to allow a constant rate of straining of the samples. 

Two wooden clamps coated in the inside by coarse sandpaper held the samples in place in a 

vertical orientation. The upper clamp was firmly hooked to the roof by two nylon web straps. 

Attached to the lower clamp was a vertical portable electronic scale (WH-A08 Portable Scale; 

patent number 201030634194.3) with a weighing range of 0 to 50 Kgf, an accuracy of 0.005 

Kgf from 0 to 10Kgf and 0.010 Kgf from 10 to 50 Kgf.  

The escalating load on the mechanical traction device was obtained through a custom 

mechanism that delivered a constant amount of water from an upper positioned container, 

through a plastic hose controlled by a small valve, to another container attached to the scale 

(Figure 20). Load increment resulted from the addition of weight to the lower container by 

increasing the amount of water in it, making use of gravity force to strain the samples. 

Additionally, two 30 cm rulers were attached to the upper clamp to allow investigation of 

load/displacement during strain and determination of the suture patterns stiffness. 

In order to simplify the reading of this dissertation, the device composed by the clamps, scale 

and loading mechanism will henceforth be referred as “Tensiometer”. As presented, the 

Tensiometer allows in vitro mechanical traction single pull to failure tests. 

A B 
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Figure 20 (left). Tensiometer anchored to the top with loading device (Original illustration). 

Figure 21 (right). Frame retrieved from one of the HM biomechanical trials showing a detail of the 

Tensiometer (Original illustration). 

 

 

 

 

 

 

 

 

 

 

 

 

 

33..  TTEESSTTIINNGG  OOFF  TTHHEE  SSPPEECCIIMMEENNSS  

3.1. BIOMECHANICAL COMPARATIVE TEST 

Samples were loaded into the Tensiometer and this was hanged as both clamps grasped the 

polyethylene foam extremities firmly. The scale and lower container were subsequently added 

and the hose was put inside this last one.  

In a routine that lasted approximately one minute per sample, all samples endured a preload of 

0.98 Kgf before the beginning of the test. The preload corresponded, in a descending order, to 

the lower clamp (0.23 Kg), scale (0.16 Kg), hose (0.05 Kg) and lower container (0.54 Kg). 

Although circumstantial, the preload permitted to eliminate any existent slack in the samples 

and tensiometer prior to testing. After setting the Tensiometer, the valve was opened and 

water was delivered at a speed that allowed the load to be applied at a rate of 0.415±0.063 N/s 

(0.042±0.007 Kgf/s) 
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3.2. TOTAL AMOUNT OF SUTURE MATERIAL 

In order to compare the amount of foreign material present in each of the tested suture pattern 

types, six samples of HM and other six of SS were classified regarding the length of suture 

material used in each of them.  

Also, to permit a more dynamic evaluation of the amount of foreign material incorporated in 

different sizes of samples (e.g. smaller muscles), it was determined the amount of suture 

material present in each four-throws square knot. Five square knots were tied to a single 

strand of 2-0 MonosofTM, and the length of suture spent in each knot was quantified (figure 

22). The tails of each knot had the minimum size that ensured no knot slippage would occur. 

Figure 22. Suture strand of MonosofTM with 5 four-throws square knots tied around it in order to 

determine the amount of suture material spent per knot (Original illustration). 

 

 

All appraisals were made based in the amount of suture length left after completing each 

sample. As a start, and in order to have manufacture-independent data, the full thread of 2-0 

MonosofTM was measured. An adapted twenty centimeters ruler was used to measure the 

suture material. Elimination of 15 mm per knot per sample from the total measured amount of 

suture material was made to compensate the knot tails that allows the operator to tie the knot 

more easily and that would be trimmed in a in vivo environment. After trimmed, the excess 

was measured to ensure that no relevant inconsistencies were found. Measurements were 

made in millimeters (mm) and converted to meters (m) (SI) as presented in the results. 

 

33..  DDAATTAA  CCOOLLLLEECCTTIIOONN  

A Fujifilm Finepix S4500® camera recorded the load and displacement as the mechanical 

parameters of the performance of the suture patterns. Each sample is identified in the video by 

a set of two letters and one or two numbers. E.g. HD6 (Horizontal Mattress sample number 

6); SD17 (Schiller Suture sample number 17). 
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The variables to be recorded for each sample (n= 40) were:  

1. Suture pull-out value (SPOV); 

2. Gap at preload (GAP); 

3. Displacement at 1Kgf (DISPL_1Kgf); 

4. Displacement at 2Kgf (DISPL_2Kgf); 

5. Displacement at 3Kgf (DISPL_3Kgf); 

6. Displacement at 4Kgf of load (DISPL_3Kgf); 

7. Displacement at 80% of SPOV (DISPL_4Kgf); 

8. Displacement at 90% of SPOV (DISPL_0.80SPOV); 

9. Displacement at SPOV (DISPL_0.90SPOV); 

10. Stiffness; 

11. Mode of failure (MOF). 

Suture pull-out values were collected in Kilograms of force (Kgf) and presented in Newtons 

(N) (SI) rounded to the nearest second decimal, converted according to the following 

equation: F= Kgf x 9,80665 (conventional gravitational acceleration in m/s2).  

GAP and displacements were collected in millimeters (mm), converted to meters (m) (SI) and 

rounded to the nearest first decimal. 

Stiffness was calculated through division of the force applied to each sample (F) at 2 Kgf 

(19.61 N) by the displacement produced by that force (δ) during the elastic phase of 

deformation, as according to equation 2. Units of stiffness are presented in Newtons per meter 

(N/m) and rounded to the nearest second decimal. 

Equation 3. Calculation of stiffness. F is the force applied to an elastic body in Newtons and “δ” is 

the displacement produced by that force (m) along the same degree of freedom.  

Stiffness = 
F

δ
 

Mode of failure was registered for each sample as one the following:  

a) cut-through (CUT) - when the suture pulls through the samples leaving a perceptible 

longitudinal cleft; 

b) transection (TRS) - when the suture pulls trough the whole thickness of the samples in a 

transverse mode; 
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c) tissue rupture (RUP) – when failure results from at least one stitch or suture loop that 

ruptures a large amount of sample with no preference with the site of implantation of the 

suture thread; 

d) knot failure by slippage (KFS) – when the suture fails in the knot with no compromise 

of the integrity of the suture thread; 

e) knot failure by breakage (KFB) – when breakage of the suture material of the knot 

causes the suture to fail. 

All collected data was inserted in an Excel database (Microsoft Excel 2010, Microsoft® 

Corporation, USA) 

 

44..  SSTTAATTIISSTTIICCAALL  AANNAALLYYSSIISS  

Since the total sample size is bigger than 30 (N=40), Kolmogorov-Smirnov test of normality 

was used to assess if there was any significant difference between the observed distributions 

and a normal distribution (p> 0.05) for the first ten variables. The results were also confirmed 

by Shapiro-Wilk test of normality. 

One-way ANOVA (analysis of variance) was used to assess differences among the two suture 

patterns in variables following a normal distribution. Together with one-way ANOVA test, 

homogeneity of variances was determined by Levene test for equality of variances, as 

homogeneity is an ANOVA assumption. 

If not following a normal distribution, significance of differences among groups was 

evaluated by using the Mann-Whitney U non-parametric test. 

Pearson product-moment correlation coefficient analysis was chosen to detect any 

correlations among variables of each suture pattern. 

Results are reported according to what is described by Field and Hole (2003). All the mean 

values are reported in terms of mean±standard deviation (SD) unless otherwise stated.  

Statistical analysis between the two groups were performed using SPSS Statistics 20.0 (IBM 

Corp.©, USA). A level of significance of 0.05 was set for all variables. 
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RREESSUULLTTSS  

22..  BBIIOOMMEECCHHAANNIICCAALL  CCOOMMPPAARRAATTIIVVEE  SSTTUUDDYY  

2.1. TEST OF NORMALITY 

Kolmogorov-Smirnov test of normality showed that from the variables present in the 

comparative study of the forty polyethylene foam samples repaired with HM and SS patterns, 

only SPOV and Displacement at SPOV (DISPL_SPOV) revealed a p> 0.05 in both groups, 

which means that for these we have failed to disprove the null-hypothesis (H0) that states that 

data is normally distributed and therefore it is assumable that these two variables follow a 

normal distribution in both groups (Table 4). The same was confirmed with the Shapiro-Wilk 

test of normality. 

Table 4. Results of the Kolmogorov-Smirnov and Shapiro-Wilk test of normality. Highlighted in grey 

are the values for which p> 0.05 in both groups (HM and SS), which means the correspondent variable 

follows a normal distribution. 

TEST OF NORMALITY 

VARIABLE PATTERN 
Kolmogorov-Smirnov Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

SPOV 
Horizontal Mattress .16 20 .20 .92 20 .08 

Schiller Suture .17 20 .13 .92 20 .11 

GAPb Horizontal Mattress .18 20 .08 .92 20 .12 

DISPL_1Kgf 
Horizontal Mattress .18 20 .09 .93 20 .16 

Schiller Suture .44 20 .00 .61 20 .00 

DISPL_2Kgf 
Horizontal Mattress .26 20 .00 .88 20 .02 

Schiller Suture .25 20 .00 .80 20 .00 

DISPL_3Kgf 
Horizontal Mattress .14 20 .20* .96 20 .59 

Schiller Suture .30 20 .00 .79 20 .00 

DISPL_4Kgf 
Horizontal Mattress .26 20 .00 .91 20 .07 

Schiller Suture .29 20 .00 .86 20 .01 

DISPL_0.80SPOV 
Horizontal Mattress .15 20 .20* .96 20 .48 

Schiller Suture .21 20 .02 .93 20 .12 

DISPL_0.90SPOV 
Horizontal Mattress .16 20 .20 .97 20 .64 

Schiller Suture .24 20 .00 .90 20 .05 

DISPL_SPOV 
Horizontal Mattress .17 20 .16 .95 20 .38 

Schiller Suture .18 20 .08 .93 20 .18 

*. This is a lower bound of the true significance. 

b. GAP is constant when PATTERN = Schiller Suture. It has been omitted. 
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Although Gap at Preload (GAP), displacement at 1Kgf (DISPL_1Kgf), displacement at 3Kgf 

(DISPL_3Kgf), displacement at 80% of SPOV (DISPL_0.80SPOV) and at 90% of SPOV 

(DISPL_0.90SPOV) displayed a normal distribution in the Horizontal Mattress group, the fact 

that no normal distribution was demonstrated in the SS group impeded the use of parametric 

mean comparison tests to assess the significance of the results. 

 

2.2. SUTURE PULL-OUT VALUE AND DISPLACEMENT AT SPOV 

Results from the biomechanical study of the two suture patterns demonstrated that Schiller 

Suture pattern had the highest SPOV, recording 60.74±4.53 N at failure. The average SPOV 

for the Horizontal Mattress group was 58.62±5.56 N. Although a minor difference is detected, 

these results were not significantly different from each other: F (1, 38) = 1.752, p = 0.19 (p> 

0.05), as demonstrated by the one-way analysis of variance (Table 5), and therefore we have 

failed to disprove the null-hypothesis (H0) that stated that mean values of SPOV are equal 

across HM and SS patterns 

As for displacement at suture pull-out value (DISPL_SPOV), there was a significant 

difference between mean displacements for HM and SS (F (1, 38) = 177.95, p<0.001), and the 

highest amount of displacement in the moment of failure was registered by HM group with an 

average 32.9 x10-3±2.79 x10-3 m against 22.6 x10-3±2.2 x10-3m of the SS group. 

Results of the one-way ANOVA for the SPOV and DISPL_SPOV variables are shown in 

table 5. 

Table 5. Results for the one-way analysis of variance (ANOVA) for suture pull-out value and 

displacement at suture pull-out value.  

ONE-WAY ANOVA 

VARIABLE 
Sum of 

Squares 

df Mean 

Square 

F Sig. 

SPOV 

Between Groups .47 1 .47 1,752 ,19 

Within Groups 10.17 38 .27   

Total 10.64 39    

DISPL_SPOV 

Between Groups 1050.63 1 1050.63 
177.95

3 

,00 

Within Groups 224.35 38 5.90  

Total 1274.98 39   
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Graphic 1. Means (bars) and standard deviations (plots) for SPOV (blue) and DISPL_SPOV (red) in 

Horizontal Mattress and Schiller Suture patterns. Results of SPOV are presented in Newtons (N) and 

of DISPL_SPOV in 10-3 meters (10-3m). 

 

Graphic 1 is a representation of the descriptive statistics of SPOV and displacement at SPOV 

(DISPL_SPOV). By analyzing it is possible to observe that although SS pattern had the 

highest SPOV, even if statistically insignificant, it displayed the smallest DISPL_SPOV, 

resulting in a load/displacement ratio of 2695.82±225.46 N/m at the moment of failure, 

whereas the same ratio for HM was 1785.09±137.54. This means that at the moment of 

failure, SS presented the best results with a higher load in function of a smaller deformation. 

 

2.3. GAP AND DYNAMIC DISPLACEMENT 

In what concerns gap at preload (GAP), HM pattern showed an approximate mean of 

displacement of 3.9 x10-3±1.2 x10-3 m, while all SS pattern samples demonstrated no 

displacement after the application of the 0.98 Kgf correspondent to preload. 

Mann-Whitney U non-parametric test of significance used in the comparison of the groups for 

the variables that did not follow a normal distribution (GAP and all displacement variables 

except DISPL_SPOV) revealed that the differences found among HM and SS patterns were 

statistically significant in all of the tested variables: U= 0, p<0.001 (p<0.05). 

The U value of the Mann-Whitney U test was always found to be equal to 0 on every variable 

due to the fact that all values in one of the groups were systematically lower to the others. By 

observing the descriptive statistics present in Table 6 is possible to understand the results of 

the Mann-Whitney U test, since in all represented variables HM showed a much higher mean 
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of displacement than SS. Detailed results of the Mann-Whitney U test can be found in 

annexes 3 and 4 of this dissertation. 

Table 6. Descriptive statistics with means and standard deviations of displacement for HM and SS at 

preload (GAP), at 1, 2, 3 and 4 Kgf, at loads of 80% the SPOV and 90% the SPOV, and displacement 

at SPOV. 

DESCRIPTIVE ANALYSIS OF DISPLACEMENT VARIABLES 

VARIABLE HORIZONTAL MATTRESS* SCHILLER SUTURE* 

GAP 3.9±1.2 0.0±0.0 

DISPL_1Kgf 8.1±1.3 2.1±0.4 

DISPL_2Kgf 12.6±1.5 4.3±0.7 

DISPL_3Kgf 16.8±1.5 7.0±0.6 

DISPL_4Kgf 21.4±1.5 10.5±0.9 

DISPL_0.80SPOV 24.8±2.2 14.5± 1.5 

DISPL_0.90SPOV 28.1±2.2 17.3±1.7 

DISPL_SPOV 32.9±2.7 22.6±2.2 

  * 10-3m rounded to the nearest first decimal 

 

Since these results were found to be statistically significant, is possible to affirm that Schiller 

Suture pattern was much superior to Horizontal Mattress pattern in terms of displacement, 

since SS displayed a much smaller displacement in each moment of data collection.. More 

detailed descriptive statistics can be found on annex 1 of this dissertation. Complete gathered 

data from the HM and SS groups can be found respectively in annexes 7 and 8 

Making use of the data available in table 6 was possible to construct a load/displacement 

curve (LDC) based on the average results of load and displacement. Data from both the HM 

and SS group allowed the adaptation of a polynomial tendency regression curve (red for HM 

and blue for SS) with a coefficient of determination (R2) of 1. Since in both cases R2 equals to 

1, it means they represent a very accurate approximation of the distribution of the entries 

along the line. The regression was based on eight different entries per pattern, that 

corresponded to the mean displacements at preload (0 N), 1 Kgf (9.8 N), 2 Kgf (19.61 N), 3 

Kgf (29.42 N), 4 Kgf (39.23 N), 80% the SPOV (46,90 N for HM and 48,59 N for SS), 90% 

the SPOV (52,76 N for HM and 54,67 N for SS) and SPOV. Standard deviations are 

represented as plots (Graphic 2) 

 

 



 

61 

 

Graphic 2. Load/displacement curves of HM (red) and SS (blue) patterns calculated through a 

polynomial tendency regression based on eight entries correspondent to the mean displacements (HM- 

triangles; SS- circles) and standard deviations (plots) in accordance with the loads. The origin of the y-

axis (y=0) represents the preload. 

 

Since preload was applied with the purpose of eliminating any slack in the device and samples 

prior to testing, the 0.98 Kgf (9.61N) applied at preload were not included in the 

load/displacement curve. However, displacement at the moment of load activation (GAP) was 

considered because all samples demonstrated good apposition of the margins when sutured. 

Because when loads were activated HM was already displaying some degree of displacement 

due to preload, the first x-coordinate (when y=0) of Horizontal Mattress LDC is 3.9 x10-3 m. 

SS pattern did not show any displacement after preload, and therefore its LDC starts at the 

origin of the coordinates.  

Although the behavior of the LDCs are going to be further discussed, is at this point important 

to notice what was previously confirmed about the higher amount of displacement per load in 

the HM group according to the less prominent slope of the HM pattern. 

 

2.4. STIFFNESS 

Mann-Whitney U non-parametric test used for the comparison of the groups by rank indicated 

that stiffness was significantly greater for Schiller Suture pattern (Mdn= 4903.25 N/m; Min= 

R² = 0,9999R² = 1
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3922.60 N/m; Max= 6537.67 N/m) than for Horizontal Mattress pattern (Mdn= 1634.42 N/m; 

Min= 1225.81 N/m; Max= 2179.22 N/m), U= 0, p<0.001, r= 0.87 (p<0.05). 

Since the U value of the Mann-Whitney U test was equal to zero, it validates that all SS 

samples were superior in terms of stiffness to the HM samples. 

 

2.5. MODE OF FAILURE 

Regarding the mode of failure, 17 out of 20 samples of the Horizontal Mattress group (Figure 

23-A) failed by transection in all three sites of failure. The other 3 failed by “tissue rupture” in 

a random failure site and by transection in the other two sites (HD3, HD16, HD17). 43 out of 

the 60 suture stitches from all HM samples failed in the site of knot implantation. 

All Schiller Suture samples failed by cut-through (Figure 23-B). Seven out of 20 samples 

from this group failed in both margins of the polyethylene foam (SD6, SD11, SD12, SD15, 

SD17, SD18, SD20) and the other thirteen failed through a single margin. From these, 3 out 

of 13 failed in the upper margin (SD1, SD2, SD3), while the rest failed through the lower 

margin. No knot failure by breakage or slippage was detected in any of the groups. 

Figure 23. Horizontal Mattress samples (A) and Schiller suture samples (B) after catastrophic failure 

(Original illustration). 
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2.6. CORRELATION BETWEEN VARIABLES 

2.6.1. Gap at preload (GAP) and Suture pull-out value (SPOV) 

Regarding the HM group, GAP showed no correlation with SPOV, which means that higher 

SPOVs could not be related with higher displacements at the start of the traction trials,  

r (20)=.028, p= 0.91 (p> 0.05). 

Association between GAP and SPOV for the SS pattern was not possible to determine 

through Pearson coefficient because GAP was constant in this group. 

 

2.6.2. Dynamic displacement and Suture pull-out value (SPOV) 

A strong relationship between SPOV and displacement in the HM group was found to be 

significant at the 0.01 level for displacement at 80% of SPOV (r (20)=.59, p< 0.01), 90% of 

SPOV  (r (20)=.675, p< 0.001) and at SPOV (r (20)=.622, p< 0.01). This means that higher 

SPOVs are correlated with bigger displacements at the plastic phase of HM pattern. 

A less noteworthy correlation, only significant at the 0.05 level, was found between SPOV 

and displacement at 1Kgf (r (20)=-.481, p= 0.03), at 90% of SPOV (r (20)= .45, p< 0.048) 

and at SPOV (r (20)= .48, p= 0.031). Since r value is negative for the correlation between 

SPOV and DISPL_1Kgf, it means that smaller displacements at 1Kgf implied higher SPOVs. 

 

2.6.2. Stiffness and Suture pull-out value 

No statistically significant correlation was found between stiffness and SPOV in the HM 

group (r (20)= -.14, p= 0.57). 

Some degree of correlation, significant at the 0.05 level, was detected involving stiffness and 

SPOV in the SS group (r (20)= .47, p=0.036), which means that in general Schiller Suture 

patterns that demonstrated a higher degree of stiffness showed higher SPOVs at failure. 
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22..  TTOOTTAALL  AAMMOOUUNNTT  OOFF  SSUUTTUURREE  MMAATTEERRIIAALL  

As explained before, the total length of suture material (2-0 MonosofTM) used in six of each 

type of suture patterns was quantified.  

The results showed that Horizontal Mattress pattern, formed by three interrupted Horizontal 

Mattress stitches, used a total amount of 295.8 x10-3±12.1 x10-3 m of material in accordance 

to the size of the tested samples. Under the same conditions, and using the same measuring 

technique, Schiller Suture pattern showed to use a total amount of 360.0 x10-3±5.4 x10-3 m of 

2-0 monofilament nylon. 

Material included in four-throws square knots was also quantified. In five of these knots was 

observed that an approximate amount of 24.8 x10-3±1.5 x10-3 m of suture material was used. 

This data permitted a more dynamic analysis of the amount of foreign body incorporated in 

different sizes of samples. 
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DDIISSCCUUSSSSIIOONN  

 

The purpose of this study was to assess which repair technique would reveal the best 

mechanical advantages, have the less amount of implanted foreign material and at the same 

time be easy and simple to perform while being strong enough to resist the strength formed 

during early active exercise protocols. This data will assist the Veterinary orthopaedic 

surgeons in selection and application of the most appropriate suture pattern to repair the 

incision of the deep gluteal muscle in dogs.  

Interrupted Horizontal Mattress pattern, recognized as the best suture pattern to repair 

transected muscles under tension, was tested against Schiller Suture pattern, a recent 

technique developed by Dr. Teresa Schiller (BSc, DVM, DipACVS) who specifically created 

this pattern with the intend of repairing the incision of the deep gluteal muscle during total hip 

replacement in dogs. 

 

11..  SSUUTTUURREE  PPUULLLL--OOUUTT  VVAALLUUEE  

Although cut-through effect is the most common suture failure mode to occur in surgical 

transected muscles, it was expected that Schiller Suture pattern would have some degree of 

resistance according to its obliquely placed sutures and its continuous nature that would allow 

a more even distribution of tension along the margins of the incision. The results of suture 

pull-out value (SPOV) were slightly higher in Schiller Suture group, although the differences 

were found to be statistically non-significant. In order to obtain more significant data for the 

study of this variable, it would be recommended to increase the sample size and 

homogenization of the samples and testing conditions. For example, HM group displayed 

higher standard deviation than SS group. This was probably caused by the fact that knot tying 

is subject to a lot of variability even if done by the same operator, and since HM pattern had 

more knots than SS pattern, higher variation of results was found in this group. Even if we 

could control all aspects of variability, the risk of obtaining statistically non-significant data 

would still be high due to the fact that SPOVs for each of the groups were found to be very 

similar. Because the minimum change in the mean that would be clinically useful or 

interesting to be observed, determined in the beginning of the development of this 

investigation, was 4.9 N (or 0.50 Kgf), and since the difference between means was found to 

be only of approximately 2.12 N, is possible to conclude that no relevant advantages were 
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found regarding SPOV between groups. However, and since cut-through effect is a concern in 

every surgical repaired transected muscle, it is noticeable that Schiller Suture pattern, even if 

displaying this type of suture failure, was able to withstand the same degree of tension as 

Horizontal Mattress pattern, which properties are recognized to make it highly resistant to 

pull-through.  

Therefore, Schiller Suture pattern seems to display some advantage over other suture patterns 

that would also ultimately fail by cut-through. Because the mechanisms of operation of 

surgical techniques are guided by basics laws of physics, a mechanical evaluation of Schiller 

Suture pattern comparing it to a Simple Interrupted pattern (the least resistant to cut-through) 

is pertinent in order to understand its behavior in living tissues. 

 

1.1. Mechanical properties of Schiller pattern 

The two-way single knot simple continuous pattern named Schiller Suture has various 

mechanical advantages over other suture patterns that also display the cut-through mode of 

failure. Because it is a continuous pattern, tension is distributed along the whole incision line 

and as tension increases, it will be distributed along the single strand of material. In 

interrupted suture patterns is virtually impossible to ensure that tension is distributed the same 

way along every strand of material that makes part of the pattern, and this is highly influenced 

by the surgeon’s technique. This is why interrupted patterns usually fail primarily in a single 

stitch, failing subsequently in the rest of the stitches due to instability of the wound. 

Obliquely placed sutures produce less cut-through force than conventional transversely placed 

sutures (Srivastava et al, 2010). Also, the fact that two diverging forces are acting in the same 

pressure points makes the distribution of the tension over those points to be even more 

efficient and therefore reduce the risk of tissue rupture by cut-through. 

Figure 24 is a two-dimensional representation of the forces acting in a Schiller pattern, while 

Figure 25 represents the forces in conventional transversely placed sutures (e.g. Simple 

Interrupted pattern). Note that this is a rough representation of the mechanical properties of 

both patterns and serves only as an illustrative example, because no depth is considered, they 

do not represent all forces applied to the tissues, and only the top points of pressure are taken 

into account. Points of pressure in the extremities (1 and 6) were ignored in order to simplify 

the comparison of both patterns, since the resulting force in the extremities of Schiller Suture 
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pattern would not be parallel to the rest of the forces, and therefore a more complex analysis 

would be required.  

Figure 24 (left). Representation of the forces applied to a Schiller Suture pattern in the points of 

pressure 2 to 5 (red). Fx (black arrows) represent the threads of suture material (dashed lines in the 

back and filled lines in the front) and the diverging forces acting in the points of pressure. Fr (red 

arrows) represents the resultant of forces from Fx (Original illustration) 

Figure 25 (right). Representation of the forces applied to a Single Interrupted pattern in the points of 

pressure 2 to 5 (red). Fx (black arrows) represent the threads of suture material and the forces acting in 

the points of pressure. Fr (red arrows) represent the resultant of forces from Fx (Original illustration) 

 

  

 

 

 

 

 

 

 

 

 

Considering that both examples are enduring the same load, total resultant force (Frtotal) will 

be the same in both patterns, which means that FrtotalSS = FrtotalSI. Total resultant force 

consists of the sum of all resultant forces, so Frtotal= Fr1 + Fr2 + Fr3 + Fr4. In general, at the 

moment of catastrophic failure, the strands of suture material in Schiller Suture pattern 

formed an angle of approximately forty degrees (ϴ= 40º). Assuming all Fx display equal 

tension in Schiller Suture pattern, since this is a continuous pattern and therefore there is even 

distribution of forces along the suture, is possible to determine the resultant force based on a 

graphic representation of vectors as shown in Figure 26.  

 



 

68 

 

Figure 26. Graphic representation of vectors of the forces working over a pressure point (pressure 

point number 2 of figure 24) in a Schiller Suture pattern at SPOV. Fx1 and Fx2 represent the diverging 

forces working in the suture thread. Fr1 is the resultant of forces from Fx1 and Fx2 (Original 

illustration). 

 

 

 

 

 

 

 

 

 

According to this, if ϴ= 40º, then half this angle will be 20º. As the cosine of an angle in a 

right triangle equals the adjacent side divided by the hypotenuse: cos20º = ½Fr1 ÷ Fx2  

½Fr1 = 0.94Fx2, and therefore Fr1= 1.88Fx2. Since all resultant forces are equal, because loads 

are distributed along the suture material, this can be generalized as Fx= 0.53Fr. However, in a 

conventional transversely placed suture pattern, as Single Interrupted, the resultant force is the 

same as Fx (Fx = Fr) because Fx works in the same direction as the load (Figure 25).  

For that reason, given the same tissue under the same conditions, Schiller pattern will endure 

more load until tissue rupture occurs. This is because each strand of suture material only 

experiences 53% of the tension of the resultant force, while the strands of suture in a Simple 

Interrupted pattern endure the same tension as the one caused by the resultant force. 

Therefore, if suture failure by cut-through was only dependent on the amount of tension in the 

suture material (Fx), it would be expected for Simple Interrupted samples to fail at 53% of the 

load that Schiller Suture samples would fail. This 53% are only observed in Schiller Sutures 

that work on a 40º angle, and is expected that benefits get smaller as the angle gets narrower.  

Despite Schiller Suture has many advantages regarding the fact that is a continuous pattern, 

there are a disadvantages in this type of pattern. The two-way configuration of the pattern 

relies on a single knot to hold the tissues in place. Therefore, if the knot is not tied properly 

and knot failure occurs, wound repair failure is expected. Although, of all failure modes, knot 
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failure is the most controllable by surgeons (Tidwell et al., 2012), and as long as the surgeon 

respects the correct amount of throws for the employed material, no knot failure is predicted.  

 

22..  GGAAPP,,  DDYYNNAAMMIICC  DDIISSPPLLAACCEEMMEENNTT  AANNDD  SSTTIIFFFFNNEESSSS  

The results for gap at preload (GAP) was significantly higher in the HM group. Displacement 

at preload, registered as GAP, was taken into consideration in the biomechanical evaluation of 

both patterns because it might represent the difference found between an anaesthetized dog 

and a fully awake dog with muscle tone. Because good apposition of the incision margins 

with avoidance of tissue eversion offers the best conditions to allow good healing of muscles, 

such behaviour of the HM pattern would also be observable in an in vivo environment. 

Therefore, GAP demonstrated to be a major disadvantage of HM pattern because formation of 

large hematomas and scar tissue with prolonged time of convalescence caused by 

inflammatory reaction are caused by gapping (Chance et al., 2005). 

Figure 27. Gap at preload displayed by a Horizontal Mattress pattern (A) and by a Schiller pattern (B) 

(Original illustration) 

 

 

 

 

 

 

Dynamic displacement during strain was also significantly higher for HM group, which 

according to the same explanation as before, makes this pattern less reliable than SS pattern. 

Figure 27-A and 27-B are an example of the displacement shown at SPOV by each of the 

patterns. Notice that a higher degree of displacement is observed in the HM sample and that 

there is a big difference between the pull-out behaviour of each suture pattern. 
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Figure 28. Sample HD7 of Horizontal Mattress pattern (A) and sample SS14 of Schiller pattern (B) at 

Suture pull-out value (Original illustration). 

 

 

 

 

 

 

 

 

 

 

Since loads were similar and displacement was smaller for Schiller Suture, stiffness was 

found to be much higher in this group, which means that higher loads would have to be 

applied to this pattern to cause the same degree of displacement as found in the HM group, 

and therefore the margins of the incision will be in close proximity to each other for longer. 

The reason why 2 Kgf (19.61 N) was the tension to be selected for the calculation of stiffness 

was because at this point the LDC still follows a linear behavior in both groups, and therefore 

samples are still in the elastic phase, during which stiffness can be calculated. 

The mechanical behaviour of each pattern and the typical load/displacement phases were 

considerably different among the two groups. Although is not possible to precisely define the 

elastic and plastic phases, and the limit of elasticity for each LDC, is possible to observe the 

linear and non-linear (elastic and non-elastic) behavior of each curve by drawing a straight 

line from the origin of the curve passing through its first entries (Graphic 3).  
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Graphic 3. Load/displacement curves of HM (red) and SS (blue) patterns calculated through a 

polynomial tendency regression based on eight entries per group. The origin of the y-axis (y=0) 

represents the pre-load. 

 

By examining graphic 3 is possible to observe that HM pattern LDC follows a more linear 

behavior than SS pattern LDC. This reveals that the elastic phase of Horizontal Mattress 

pattern is longer than of Schiller Suture pattern.  

Permanent deformation by breaking of covalent bonds at a molecular level starts sooner in SS 

pattern, at approximately 23 N of force, when the LDC becomes non-linear. This is caused by 

the cut-through effect of sutures over the polyethylene foam after accommodation of the 

continuous pattern around it. HM enters the plastic phase much later. Until there, the strands 

of suture material accommodate around the points of insertion in the sample and elongate, 

because of the higher freedom of the suture threads in this pattern (Figure 27-A). 

Monofilament sutures are known to have good elastic properties, and therefore it is believed 

that a much higher load would have to be necessary to cause permanent deformation of the 

suture material, and that is why the elastic phase is so extended in this pattern. Only when the 

foam (“tissue”) starts to rupture by cutting transversely (Figure 28-A), the LDC becomes non-

linear, and since the support of sutures start to be less at a high load, catastrophic failure 

happens almost after the start of permanent deformation.  
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According to this, is possible to conclude that permanent deformation of tissues start in earlier 

stages of load application in muscles repaired with SS pattern due to cut-through, while 

permanent deformation of tissues in HM starts later, close to the point of catastrophic failure 

(SPOV). Since tissue rupture results in a higher degree of inflammation, dehiscence of sutures 

due to exacerbated oedema and disruption of the collagen fibers around the sites of 

implantation, this would cause the tissue to become weak and suture failure to occur more 

easily (Everett, 1970). 

In sum, although SS pattern displays best displacement properties than HM pattern because it 

allows the margins of the incision to be in closer proximity to each other until failure, tissue 

rupture starts at lower loads in muscles repaired with Schiller Suture pattern, which represents 

a disadvantage of this variety of suture. 

 

33..  MMOODDEE  OOFF  FFAAIILLUURREE  

Results of the mode of failure for Schiller pattern showed what was already expected. 

Although this pattern can sustain high loads, the samples ultimately failed by cut-through 

rupturing the tissues longitudinally. This causes great destruction of the muscle tissue and 

great inflammatory response in the sites of suture failure. The fact that some samples failed in 

both margins and others in just one is thought to be randomly attributed as there were no 

detected variations in the preparation of the samples or during the test that could be related 

with the described behaviors. 

The majority of samples (85%) of Horizontal Mattress group failed as expected by 

transection. The fact that the other 15% of samples were considered to have failed by tissue 

rupture instead of transection is because one of the three stitches in each of these samples 

caused the foam to be ripped longitudinal across the margin of the incision. However, we 

think this happened because the soft polyethylene foam has a more plastic nature than 

muscles, and therefore the effect of the suture pull-out caused the foam to break and be pulled 

together with the suture loop. Even if we think such behavior would not occur in a muscle 

sample, or at least in such a high grade, these results were not discarded as they make part of 

the observation of the biomechanical trials. Another curious fact to be observed in the 

Horizontal Mattress group is that approximately 72% of the 60 implanted stitches failed in the 

side of implantation of the knots. The cause of such findings may be that knots were tied too 

tightly causing some degree of mechanical trauma in the foam samples, and when strained 
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these failed in their weakest site. However, these findings are not considered to be 

reproducible in muscles, because the concentration of suture material in the knot could 

present itself a mechanical benefit avoiding the transection effect to occur so easily. 

Since knot security was not a problem in any of the tests, as no knot failure by breakage or 

slippage was detected at loads up to 71 N in the Horizontal Mattress group and 67.7 N in the 

Schiller pattern group, we can conclude that four-throws square knots are sufficient to tie 

these patterns. Also, monofilament nylon has a much smaller relative knot security than long-

term absorbable monofilament suture materials such as polyglyconate (see “4.2.1. Suture 

Characteristics” of the Introduction chapter). Since long-term absorbable monofilament suture 

materials are used in vivo to repair the incision of the deep gluteal muscle, extra knot security 

is expected in a real scenario. Further discussion about this subject can be found in “5. 

DESIGN AND LIMITATIONS OF THE STUDY”. 

 

44..  CCOORRRREELLAATTIIOONN  BBEETTWWEEEENN  VVAARRIIAABBLLEESS  

The positive correlation found between SPOV and displacement in the final stages prior to 

failure (DISPL_0.80SPOV, DISPL_0.90SPOV and DISPL_SPOV) in the HM group is 

thought to be simply due to the fact that in samples able to endure higher loads, the suture 

material suffers more deformation and therefore more displacement will be recorded. The 

same can be applied to the relationship found in the SS group between SPOV and 

displacement at 90 % of SPOV and at SPOV.  

The slight negative correlation between displacement at 1Kgf and SPOV might have been 

caused by excessively tight cutting sutures in some of the samples. In cases where sutures 

caused some degree of cutting effect when tied, displacement at 1 Kgf should have been 

higher because of the damage inflicted to the foam, and because of the weaker nature of the 

samples in these cases, they were not able to withstand as much load as samples with smaller 

displacements at 1 Kgf. This shows the importance of avoiding excessively tight sutures and 

how early suture cutting effect may negatively influence the outcome of muscle suture repair 

and the resistance of sutures to fail in tissues. 

In SS group was found a positive correlation between stiffness and SPOV. Higher stiffness 

results indicate that less deformation is caused by the application of loads. Since deformation 

level will be proportional to the amount of cut-through effect in this type of suture pattern, the 
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less the displacement, and therefore the cut-through, the higher will be the loads withstand by 

the samples.  

 

55..  TTOOTTAALL  AAMMOOUUNNTT  OOFF  SSUUTTUURREE  MMAATTEERRIIAALL  

It was hypothesized that Schiller pattern would display less amount of implanted foreign 

material than Horizontal Mattress because it only uses a single knot to tie the suture. Results 

show that for sizes of samples as the ones used in the polyethylene foam trials, Horizontal 

Mattress pattern shows a good advantage over Schiller Suture pattern, having approximately 

less 64.2 mm of total material used in the juxtaposition of the two foam fragments, despite the 

fact that HM has included three knots and SS has only one. The reason why a larger 

variability of results was observed for the HM group, that displayed a higher standard 

deviation, is because that most technique variations are due to knot tying. Therefore, since 

HM has more knots than SS, a higher variation is expected, as confirmed by the data. 

Although HM seems to use more suture material than SS in the given examples, this is not 

valid for all sizes of samples. Considering there is a positive proportional relation between the 

amount of foreign material implanted in the tissues and the size of these, the amount of 

material dispensed per knot is unaffected by such relation, and may only change in 

accordance to a different material or operator. Taking this into account, a dynamic evaluation 

of the total amount of suture material according to the size of the sutured sample is required. 

Considering that the Horizontal Mattress pattern was composed by three interrupted stitches, 

and therefore three 24.8 x10-3 m knots, 74.4 x10-3 m (24.8x 3) were taken from the 295.8 x10-

3 m that correspond to the total implanted length of material in the HM pattern. This results in 

a 221.4 x10-3 m of knotless suture material. However, Schiller Suture has only one knot, and 

therefore the total foreign material was only reduced by 24.8 x10-3 m. The amount of resulting 

incorporated material, after exclusion of the knot, was 335.2 x10-3 m for this pattern. 

Considering that smaller samples will proportionally use less suture material, after excluding 

the four-throw square knots, the amount of suture used in smaller samples can be deduced as 

in Table 7 for Horizontal Mattress and in Table 8 for Schiller pattern. 
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Table 7 (left). Prevision of the amount of suture material used in samples smaller than the original 

(100%) without knots (knotless) and after the addition of the 3 four-throws square knots (PLUS 4TSK) 

in Horizontal Mattress pattern. Units of length in x10-3 m. 

Table 8 (right). Prevision of the amount of suture material used in samples smaller than the original 

(100%) without knots (knotless) and after the addition of the single four-throws square knot (PLUS 

4TSK) in Schiller suture pattern. Units of length in x10-3 m. 

 

 

 

 

 

The first column of the tables represents the size of the sutured samples, considering that 

100% represents the ones that were tested and 0% the lack of suture. The second column 

corresponds to the amount of suture material present in the samples excluding the knots as the 

samples get smaller. The third column indicates the total amount of suture used per sample, 

considering the addition of the invariable four-throws square knots (4TSK).  Using the data 

available in the tables is possible to create a graphical representation of the values and 

compare the data from both types of patterns (Graphic 4). 

Graphic 4. Prevision of the total amount of suture material (TSM) used to repair the incision of 

different sized deep gluteal muscles (DGS) according to the size of the original polyethylene foam 

samples (100%). The marks represent the data from the PLUS 4TSK column from table 8 and 9. A linear 

regression line was drawn for each of the patterns and the equation for each of them is presented in 

front of the respective line. Intersection of the lines happens at 43.69% of DGS. 
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100% 221.4 295.8 
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% KNOTLESS PLUS 4TSK 

100% 335.2 360.0 

75% 251.4 276.2 

50% 167.6 192.4 

25% 83.8 108.6 

0% 0 24.8 
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As shown in Graphic 4, according to the total amount of incorporated suture material (TSM), 

Horizontal Mattress pattern offers relevant benefits over Schiller Suture pattern when is 

considered that the deep gluteal muscle has the same size as the selected samples. However, 

as the samples get smaller, the benefits are less obvious. As data from both patterns follow a 

linear regression function, is easy to determine the point of intersection of the respective lines, 

which represents the turning point of benefit. Total suture material of Horizontal Mattress 

(TSMHM) matches Schiller Suture pattern (TSMSS) when the deep gluteal size is 

approximately 43.69% of the size of the polyethylene foam samples. This means that as 

patients are smaller, they will have consequently smaller deep gluteal muscles, and therefore 

the amount of suture incorporated to repair its incision is also smaller. The polyethylene 

samples are bigger than most deep gluteal muscles in order to allow a better visualization of 

the pattern mechanical behavior. Therefore, in vivo incised deep gluteals are smaller, and for 

smaller muscles the total length of suture material is irrelevantly different between patterns. 

However, as muscles get smaller, the constant foreign material present in the knots will be 

increasingly more significant. Clinical relevance of such facts is evident. Tissue reactivity is 

undesirable and leads to increased morbidity. Factors as the placement technique and the 

amount of inserted foreign material, according to the diameter and length, highly influence the 

amount of tissue reactivity. Inflammatory reactions to sutures are definitely most pronounced 

near knots. This is because they have the highest density of foreign material along the whole 

suture and also because they cause the greatest mechanical trauma (Boothe, 1998). 

Accordingly, a deep gluteal muscle repaired with a Schiller Suture pattern will suffer less 

trauma and less tissue reactivity will be observed, with consequent less morbidity that might 

cause sutures to fail. This is a result of having a single knot when compared with interrupted 

Horizontal Mattress that contains a knot for each implanted stitch. Obviously the less are the 

amount of HM stitches the less disadvantages this pattern will show because of its fewer 

knots. 

 

66..  EEAASSIINNEESSSS  AANNDD  SSPPEEEEDD  

After spending several days practicing these suturing techniques is possible to affirm that both 

patterns are very easy to generate. Even though the Schiller pattern is a two-way suture, the 

time spent placing this pattern was found to be smaller than for Horizontal Mattress pattern. 

This is because HM is an interrupted pattern, and most of the time used to place a suture is 

spent tying its knots (Boothe, 2003). Therefore, the more knots a suture has, the more time is 
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going to take. Although a protocol was initially designed to test the speed and easiness of 

each of the patterns, this was discarded because these two variables are always going to be 

dependent of the experience and preferences of the operator, and they would not be relevant. 

 

77..  DDEESSIIGGNN  AANNDD  LLIIMMIITTAATTIIOONNSS  OOFF  TTHHEE  SSTTUUDDYY  

In order to get significant data from this study, several test designs were discarded after 

hypothesized or after experimented. The following content of this dissertation will regard 

some of the decisions made until the final design was achieved and the limitations that were 

associated with such decisions. 

 

5.1. In vitro test 

Although an in vivo investigation of the biomechanical properties of the suture patterns would 

be the best and most clinically relevant solution, because sutures would be implanted in living 

tissues enduring cyclic physiological loads and where muscle healing could be considered, for 

moral and ethical reasons this was not considered to be an option. For the reason that patients 

would have to be submitted to two different operations (implantation and post failure) strictly 

to assess the behavior of the suture pattern in surgical repaired deep gluteal muscles, made 

this approach unpractical and ethically reprehensible. However, in vitro tests such as this 

cannot consider the effect of cellular healing and loads are applied according to the worst-case 

scenario, because it is impossible to absolutely determine the amount of load endured by a 

muscle in an in vivo situation such as this. In addition, this investigation was designed under 

the assumption of existence of a post-operative complication from which there is no published 

data. In order to assess the authenticity of such assumption, a protocol based on post-operative 

diagnostic of idiopathic lameness after THR through ultrasound or magnetic resonance 

imaging (Palmisano, 2006) could have been designed to emphasize the clinical relevance of 

the results of this in vitro investigation. 

 

5.2. The Tensiometer 

The use of a highly calibrated tensiometer such as an Instrom machine (Instrom Corporation, 

Norwood, MA, USA) would probably make these results more trustful and significant. 

However, the unavailability of such measurement instrument and elevated costs that would be 
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implied in the use of this machine, made us create a custom device to recreate the same 

functions as an Instrom device. Research on the subjects of biomechanics and mechanical 

testers prior to the design of the study allowed us to develop a custom made Tensiometer. 

Although not perfectly calibrated as an Instrom device, the Tensiometer showed surprisingly 

good results from the very beginning of its creation. Several modifications were made in the 

machine in the first trials in order to perfect it: preload was lightened and approximated to 1 

Kg, as used in previous similar studies; the straining mechanism and its rate were adjusted to 

be homogenous among and between samples; clamps were modified to display the best 

grasping strength and highest speed when loading/unloading samples.  When the final design 

was ready, the ultimate pilot test used to determine the sample size showed that standard 

deviation was inferior to 9% for each of the groups, which is a very low level of variability 

among groups for this type of tests.  

The measurement component of the Tensiometer (WH-A08 Portable Scale) respected the 

basic requirements to be used in biomechanical tests: its weighing range was wide enough to 

measure all samples and its resolution was high in order to detect small differences between 

trials. In addition, its vertical design was the most suitable for our device. However, a small 

limitation was found in this instrument as the scale could only stay turned on for two minutes, 

after which it would automatically turn off. Since some of the tests had a duration superior to 

two minutes, it was sometimes impossible to directly observe the SPOV in the scale. In order 

to correct this situation, all SPOV values were determined after catastrophic failure by 

weighting the content of the lower container, in which the water inflow was stopped by the 

operator at the moment of SPOV. When compared to the directly observed SPOVs in samples 

that the scale did not turn off, no major discrepancies were detected between these results and 

the ones found in the posterior measurements. Even though, only post catastrophic failure 

measurements were entered in the database in order to standardize the measurement method. 

 

5.3. Sample material 

The choice of the material to be used as a matrix for the implantation of the suture patterns 

was a difficult process. Dog deep gluteal muscles have a high level of variability related to the 

size, age, breed, nutrition and level of exercise of each animal. Therefore, in order to get 

statistically significant data by using this matrix, many restrictions in sampling would have to 

be made and no sufficient amount of cadavers with such restrictive characteristics would be 

available for this study.  
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Next, it was hypothesized that another kind of muscle could be used to recreate the deep 

gluteal muscle. Since the incision of this muscle is made in a very fibrous portion with a thick 

epymysial layer, the first material to be tested was bovine diaphragm. However, highly 

variable results between samples due to the variation of fibrous tissue along the diaphragm 

made us discard such hypothesis. After that, 1 cm tick muscle samples cut from a single piece 

of bovine superficial pectorals, which displayed a very good direction of the muscle fibers and 

no evident epimysium, were tested. By eliminating the variability of the fibrous tissue of the 

samples, we expected to get better results. Although SPOV values were more homogeneous 

between samples when compared to the diaphragm trials, mode of failure was different from 

what would be expected in a normal deep gluteal muscle, as the majority of samples failed by 

tissue rupture above the place of implantation of sutures, probably due to the soft nature of the 

samples. It was obvious that a synthetic matrix able to provide the same material 

characteristics as muscles would have to be found. It had to be soft, display some degree of 

elasticity, deformable by the threads of suture material and have a longitudinal direction as 

muscles do. After experimenting materials such as felt, soft rubber and several types of fabric, 

an appropriate material was found: soft polyethylene foam (Karimat®). It allowed us to create 

homogenous samples with the above characteristics that made us believe this was the best 

material to be used. The unidirectional properties of the foam were not completely obvious at 

first sight, but a parallel investigation, straining the samples in a non-directional position 

made them fail in completely different modes: SS pattern failed by tissue rupture above the 

implantation of the suture and no cut-through effect was observed even at loads of 75 N; HM 

pattern SPOV was surprisingly low (around 40 N), as all suture loops were slipping through 

the foam. As such results were out of the scope of this dissertation, because we were trying to 

assess the biomechanical properties of transected muscles and not simply longitudinally 

incised muscles, they are not presented, although they played an important role in the 

determination of the sample material of this study. 

Although the chosen material displayed good properties to allow a comparative investigation 

of the suture patterns, the magnitude of the results found in this may not be identical to what 

would be observed in dog deep gluteal muscles. In order to assess the authenticity of the 

polyethylene foam results, mechanical traction tests in dog deep gluteal muscles were carried 

under the same conditions as previous (Figure 30). Two frozen racing Greyhound cadavers 

(eight and nine years old) were slowly defrosted under atmospheric room conditions. The 

deep gluteal muscles from both dogs were carefully removed from their insertions in the 

bones in a shaving action. These were then transected and repaired with HM and SS pattern 
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(Figure 29), testing both patterns in each of the dogs (left deep gluteal muscles with HM and 

right deep gluteal muscles with SS). The results showed that SPOV was much lower in both 

groups when compared with the foam trials. However, the poor conditions of the defrosted 

muscles, the variability of the results and the small number of samples did not allow us to take 

any conclusions, and that is why methods and results of this component of the investigation 

are not presented in this dissertation. Nevertheless, it was useful to assess that the mode of 

failure of the suture patterns and displacement behavior was roughly similar to what was 

found in the foam trial. Even though, we believe that further investigation using a larger 

amount of fresh deep gluteal muscles mechanically tested in highly calibrated measurement 

instruments such as an Instrom machine, would offer very significant data that would allow 

assessing the meaningfulness of ours results. 

Figure 29 (left). Nine-year-old racing Greyhound deep gluteal muscle repaired with a Schiller pattern 

(Original illustration). 

Figure 30 (right). Biomechanical traction test on a eight-year-old racing Greyhound deep gluteal 

muscle (Original illustration). 

 

 

An important factor that was not taken into consideration in this investigation, because of its 

interference with the results, was that the deep gluteal muscle is not transected in its whole 

width, but just partially transected in order to access the hip joint. Therefore, different results 

for each pattern could be observed if tests were made in partially transected instead of fully 

transected samples. However, this would complicate the investigation of the mechanical 

behavior of the suture patterns, and therefore totally transected samples were tested instead. 
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5.4. Suture material 

The reason why monofilament nylon (MonosofTM) was the elected suture material for the 

trials was because long-term absorbable monofilament materials are highly more expensive 

than this type of material. Although some minor differences would be found regarding the 

elasticity and knot security of absorbable monofilament sutures such as BiosynTM, these are 

not relevant in a dry synthetic environment, as the one where the suture material was 

implanted. In addition, the aim of this investigation was to determine the pull-through effect 

of sutures during early active exercise protocols in which material absorption would have very 

little effect in the results. For this reason, MonosofTM was selected simply because is an 

inexpensive monofilament material able to recreate most of the properties of absorbable 

monofilament materials during the first stages of implantation. Also, in what concerns the 

pull-through effect, the diameter of the suture material would play a more important role than 

the material itself. For this reason, 2-0 USP suture material was selected for this study, not 

only because is the one advocated to repair the deep gluteal muscle by Croftvets surgeons, but 

also because it represents the largest size of suture material recommended to be implanted in 

muscles, and the largest the diameter, the smaller the tendency of the suture to cut-through 

(Srivastava et al., 2010). 

 

5.5. Suture patterns 

Reasons for the selection of the suture patterns were already mentioned. It was hypothesized 

that Schiller Suture pattern, a recently developed technique used to repair the incision of the 

deep gluteal muscle during THR in dogs, had superior biomechanical characteristics than 

Horizontal Mattress, the present suture pattern advocated to repair the same incision (Denny 

& Butterworth, 2000; Piermattei & Johnson, 2004). The reason why interrupted Horizontal 

Mattress pattern was chosen over the continuous type was that some authors actually mention 

the placement of interrupted stitches (Piermattei & Johnson, 2004), because it has been the 

one advocated by many surgeons to repair the incision of the deep gluteal muscle, and also 

because another aim of this dissertation was to investigate differences between interrupted 

and continuous patterns. 

Although the combination of Mason-Allen stitches with perimeter suture displayed the best 

biomechanical properties in transected skeletal muscles in previous studies (Kragh et al., 

2005b; Chance et al., 2005), this suture pattern was not selected since it is too complex and 

uses a very large amount of suture material, which would not be of any advantage in small 
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muscles such as the deep gluteal muscle of dogs. The combination of interrupted cruciate 

sutures with interposed deeper horizontal mattress sutures described by Palmisano (2006) as a 

good technique to repair transected muscles, was also discarded because the subject of this 

dissertation was to assess the best simple suturing technique to repair the incision of the deep 

gluteal muscle, and therefore all combinations of various suturing techniques were rejected 

during the selection of the suture patterns.  

The amount of stitches per pattern, or loops in the case of the Schiller pattern, was determined 

following the advice of the mentor of this dissertation, Mr. Malcolm G. Ness, who stated that 

two to three HM stitches are employed in the repair of the deep gluteal muscle, according to 

the size of the muscle and the need of joint exposure. Since it was thought a higher amount of 

stitches would endure a higher degree of tension that would allow a better evaluation of the 

biomechanical properties of the suture pattern, three HM stitches were implanted in the HM 

group samples, as represented in figure 12. In order to respect the same amount of sites of 

implantation, the configuration of the SS pattern was determined after the HM pattern, being 

constituted by the amount of loops represented in figure 15. However, since this dissertation 

does not include an investigation of the biomechanical properties of the patterns with fewer 

stitches, we cannot be sure that results found for the tested configurations will be proportional 

to these, and further studies would be required to assess this relation. 

Four-throws square knots were selected to tie the Horizontal Mattress stitches as determined 

in previous studies in several suture materials, such as monofilament nylon and monofilament 

absorbable polyglyconate (Tidwell et al., 2012), which is a material of choice to repair 

incisions of muscles. However, there was some uncertainness about the knots of Schiller 

Suture pattern, because although SS is a continuous pattern, it only has one knot. This means 

that in total it behaves as a single stitch instead of a continuous suture, because it does not 

have a start and end knot, and therefore no extra throws were added to the knots of SS.  In the 

mechanical trials, all knots showed to be highly secure, as no knot failure was detected in any 

of the tests. In addition, long-term absorbable suture materials (e.g. polyglyconate) that would 

be used in a in vivo scenario, have a much superior knot security than monofilament nylon. 

Therefore, and because no knot failure was observed at very high loads in samples with 

MonosofTM, we can conclude that a four-throws square knot is sufficient to securely tie a 

Schiller pattern.  
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5.6. Data collection 

Another limitation of this study was the way that data was collected. Usually, highly 

calibrated machines such as Instrom (Instrom Corporation, Norwood, MA, USA) or MTS 

(MTS Systems Corporation, Eden Prairie, MN, USA) are accompanied by very accurate data 

acquisition systems that automatically transform the gathered information according to the 

tension and displacement of the samples sensed by the machine. In this case, these data 

acquisition systems were replaced by a recording system and all data was collected by an 

operator through visualization of the recorded videos. This means that the results of this 

investigation are subject to some degree of human error, which would not occur in automatic 

data acquisition systems. Also, data acquisition systems are able to get readings for load and 

displacement at real time, being able to gather information constantly during the test. In our 

case, we chose to make only 8 readings in each of the trials. The choice of these 8 entries was 

based on the research of many other biomechanical investigations and evaluation of the LDCs 

of other sutures patterns in different tissues, from which we concluded that the selected 

readings would be sufficient to provide a good mechanical characterization of the tested 

groups. However, we are aware that the more readings we could collect, the more accurate 

would be the results of this study. 
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CCOONNCCLLUUSSIIOONNSS  

Choice of the best technique to repair surgical transected muscles, and in specific incisions of 

the deep gluteal muscle during procedures such as total hip replacement in dogs, is influenced 

by multiple factors. These include the material properties of the specific muscles being 

repaired (e.g. size of the muscle, thickness of the epimysium), diameter of the implanted 

suture, suture material characteristics, rate and pattern of absorption of the biomaterials, 

suture pattern biomechanics, total amount of implanted foreign material, and both rate and 

quality of the muscle healing process. 

Although the best suture technique to repair surgical transected muscles is yet to be 

determined, because of the cut-through effect of sutures according to the direction of the 

forces working within the muscles, interrupted Horizontal Mattress pattern is described as the 

best suture pattern for this purpose. After comparing it with Schiller pattern, a newly 

developed suturing technique used to repair the incision of the deep gluteal muscle during 

total hip replacement in dogs, we concluded that no major differences according to pull-out 

resistance were found between the two patterns. Although Schiller pattern displays a high 

resistance to cut-through due to its obliquely placed threads of suture material, when 

compared with Horizontal Mattress pattern, which has a different mode of failure, the 

advantages are not significant.  

However, in what concerns the displacement and stiffness of both patterns, Schiller pattern 

displays the best mechanical advantages, because it showed to be the best in resisting the 

deformation force of strain, maintaining the margins of the incision in close proximity for 

longer. This is clinically relevant because it means that Schiller pattern is able to resist the 

strength formed during early active exercise protocols, as the one used after total hip 

replacement, allowing the muscle healing process to occur without complications, such as the 

formation of large hematomas and fibrotic scar caused by gapping, which would prolong the 

convalescence period of the patient and increase the probability of impairment of the muscle 

function. On the other hand, the fact that most displacement in Schiller pattern occurs due to 

cut-through by damaging the muscles, which is only observed in the final stages before failure 

in the Horizontal Mattress pattern, presents a major disadvantage of this new suturing 

technique, because muscle rupture will induce a higher inflammatory response among the 

tissues which makes them weaker and less resistant to suture failure. 

According to the amount of implanted suture, we concluded that the differences found 

between the patterns concerning the total length of material used to repair the incision of 
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common sized deep gluteal muscles is not considerable, and therefore they are similar 

between patterns. However, interrupted Horizontal Mattress pattern was tied with three knots, 

instead of just one as Schiller pattern, and a higher number of knots in a pattern is presented 

as a disadvantage since inflammatory reaction to sutures are most pronounced near knots due 

to mechanical trauma and because of the higher density of foreign material. For this reason, 

an incision repaired with Schiller pattern would suffer less trauma and less reactivity with 

consequent less morbidity. 

Although Schiller Suture did not display all the expected results, we can conclude that from 

the two tested suture patterns it represents the best option to be used in the repair of the 

incision of the deep gluteal muscle during total hip replacement in dogs. 

Although there were some evident limitations in the design of this study, we hope this data 

can be considered as a preliminary investigation of suturing techniques able to assist the 

Veterinary orthopaedic surgeons in selection and application of the most appropriate suture 

pattern to repair the incision of the deep gluteal muscle in dogs. We also think these results 

can be generalized to be applied in the repair of any other transected muscle, as the 

biomechanical tests were made in standard homogenous and non-specific samples. 

We expect to be able to stimulate the interest of further research about this subject, 

challenging the investigators to conduct new studies in fresh deep gluteal muscles using more 

accurate mechanical testers, testing more variables than the ones we were able to assess and 

maybe develop new repair techniques with better mechanical properties than the ones 

described. Also, we hope the results of this investigation may open the discussion about this 

topic among Veterinary society, all for the greater cause of perfecting surgical protocols and 

improve the welfare of the patients.  
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AAnnnneexxeess  

N.B.: Only the annexes regarding the statistical analysis are available in this printed version. 

The remaining annexes can be found in the CD-ROM available in annex 12.    

ANNEX 1: Descriptive statistics of Suture pull-out value (SPOV), Gap at preload (GAP), 

Displacement at 1Kgf (DISPL_1Kgf), Displacement at 2Kgf (DISPL_2Kgf), Displacement at 

3Kgf (DISPL_3Kgf), Displacement at 4Kgf of load (DISPL_3Kgf), Displacement at 80% of 

SPOV (DISPL_4Kgf), Displacement at 90% of SPOV (DISPL_0.80SPOV), Displacement at 

SPOV (DISPL_0.90SPOV) and Stiffness. 

 

DESCRIPTIVESa 

 PATTERN Statistic Std. Error 

SPOV 

Horizontal 

Mattress 

Mean 58.6193 1.24396 

95% Confidence Interval for 

Mean 

Lower Bound 56.0156 
 

Upper Bound 61.2229 
 

5% Trimmed Mean 58.3332 
 

Median 57.9573 
 

Variance 30.949 
 

Std. Deviation 5.56314 
 

Minimum 51.39 
 

Maximum 71.00 
 

Range 19.61 
 

Interquartile Range 6.96 
 

Skewness .861 .512 

Kurtosis .176 .992 

Schiller 

Suture 

Mean 60.7424 1.01289 

95% Confidence Interval for 

Mean 

Lower Bound 58.6224 
 

Upper Bound 62.8624 
 

5% Trimmed Mean 60.6378 
 

Median 59.4283 
 

Variance 20.519 
 

Std. Deviation 4.52980 
 

Minimum 54.13 
 

Maximum 69.23 
 

Range 15.10 
 

Interquartile Range 7.77 
 

Skewness .490 .512 

Kurtosis -1.051 .992 
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GAP 
Horizontal 

Mattress 

Mean 3.90 .270 

95% Confidence Interval for 

Mean 

Lower Bound 3.33 
 

Upper Bound 4.47 
 

5% Trimmed Mean 3.94 
 

Median 4.00 
 

Variance 1.463 
 

Std. Deviation 1.210 
 

Minimum 1 
 

Maximum 6 
 

Range 5 
 

Interquartile Range 2 
 

Skewness -.583 .512 

Kurtosis .351 .992 

DISPL_1Kgf 

Horizontal 

Mattress 

Mean 8.10 .289 

95% Confidence Interval for 

Mean 

Lower Bound 7.49 
 

Upper Bound 8.71 
 

5% Trimmed Mean 8.11 
 

Median 8.00 
 

Variance 1.674 
 

Std. Deviation 1.294 
 

Minimum 5 
 

Maximum 11 
 

Range 6 
 

Interquartile Range 2 
 

Skewness -.042 .512 

Kurtosis 1.276 .992 

Schiller 

Suture 

Mean 2.10 .100 

95% Confidence Interval for 

Mean 

Lower Bound 1.89 
 

Upper Bound 2.31 
 

5% Trimmed Mean 2.11 
 

Median 2.00 
 

Variance .200 
 

Std. Deviation .447 
 

Minimum 1 
 

Maximum 3 
 

Range 2 
 

Interquartile Range 0 
 

Skewness .549 .512 

Kurtosis 2.663 .992 

DISPL_2Kgf 
Horizontal 

Mattress 

Mean 12.60 .328 

95% Confidence Interval for 

Mean 

Lower Bound 11.91 
 

Upper Bound 13.29 
 

5% Trimmed Mean 12.61 
 

Median 12.00 
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Variance 2.147 
 

Std. Deviation 1.465 
 

Minimum 9 
 

Maximum 16 
 

Range 7 
 

Interquartile Range 2 
 

Skewness .004 .512 

Kurtosis 1.610 .992 

Schiller 

Suture 

Mean 4.25 .160 

95% Confidence Interval for 

Mean 

Lower Bound 3.91 
 

Upper Bound 4.59 
 

5% Trimmed Mean 4.28 
 

Median 4.00 
 

Variance .513 
 

Std. Deviation .716 
 

Minimum 3 
 

Maximum 5 
 

Range 2 
 

Interquartile Range 1 
 

Skewness -.418 .512 

Kurtosis -.826 .992 

DISPL_3Kgf 

Horizontal 

Mattress 

Mean 16.75 .331 

95% Confidence Interval for 

Mean 

Lower Bound 16.06 
 

Upper Bound 17.44 
 

5% Trimmed Mean 16.72 
 

Median 17.00 
 

Variance 2.197 
 

Std. Deviation 1.482 
 

Minimum 14 
 

Maximum 20 
 

Range 6 
 

Interquartile Range 2 
 

Skewness .263 .512 

Kurtosis -.040 .992 

Schiller 

Suture 

Mean 7.00 .145 

95% Confidence Interval for 

Mean 

Lower Bound 6.70 
 

Upper Bound 7.30 
 

5% Trimmed Mean 7.00 
 

Median 7.00 
 

Variance .421 
 

Std. Deviation .649 
 

Minimum 6 
 

Maximum 8 
 

Range 2 
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Interquartile Range 0 
 

Skewness .000 .512 

Kurtosis -.279 .992 

DISPL_4Kgf 

Horizontal 

Mattress 

Mean 21.40 .336 

95% Confidence Interval for 

Mean 

Lower Bound 20.70 
 

Upper Bound 22.10 
 

5% Trimmed Mean 21.39 
 

Median 21.00 
 

Variance 2.253 
 

Std. Deviation 1.501 
 

Minimum 18 
 

Maximum 25 
 

Range 7 
 

Interquartile Range 2 
 

Skewness .266 .512 

Kurtosis 1.299 .992 

Schiller 

Suture 

Mean 10.45 .198 

95% Confidence Interval for 

Mean 

Lower Bound 10.03 
 

Upper Bound 10.87 
 

5% Trimmed Mean 10.44 
 

Median 10.00 
 

Variance .787 
 

Std. Deviation .887 
 

Minimum 9 
 

Maximum 12 
 

Range 3 
 

Interquartile Range 1 
 

Skewness .419 .512 

Kurtosis -.386 .992 

DISPL_0.80

SPOV 

Horizontal 

Mattress 

Mean 24.75 .486 

95% Confidence Interval for 

Mean 

Lower Bound 23.73 
 

Upper Bound 25.77 
 

5% Trimmed Mean 24.72 
 

Median 25.00 
 

Variance 4.724 
 

Std. Deviation 2.173 
 

Minimum 21 
 

Maximum 29 
 

Range 8 
 

Interquartile Range 3 
 

Skewness .254 .512 

Kurtosis -.529 .992 

Schiller 

Suture 

Mean 14.45 .336 

95% Confidence Interval for Lower Bound 13.75 
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Mean Upper Bound 15.15 
 

5% Trimmed Mean 14.44 
 

Median 15.00 
 

Variance 2.261 
 

Std. Deviation 1.504 
 

Minimum 11 
 

Maximum 18 
 

Range 7 
 

Interquartile Range 1 
 

Skewness -.152 .512 

Kurtosis 1.520 .992 

DISPL_0.90

SPOV 

Horizontal 

Mattress 

Mean 28.05 .489 

95% Confidence Interval for 

Mean 

Lower Bound 27.03 
 

Upper Bound 29.07 
 

5% Trimmed Mean 28.06 
 

Median 28.00 
 

Variance 4.787 
 

Std. Deviation 2.188 
 

Minimum 24 
 

Maximum 32 
 

Range 8 
 

Interquartile Range 4 
 

Skewness .231 .512 

Kurtosis -.370 .992 

Schiller 

Suture 

Mean 17.25 .383 

95% Confidence Interval for 

Mean 

Lower Bound 16.45 
 

Upper Bound 18.05 
 

5% Trimmed Mean 17.28 
 

Median 17.00 
 

Variance 2.934 
 

Std. Deviation 1.713 
 

Minimum 13 
 

Maximum 21 
 

Range 8 
 

Interquartile Range 1 
 

Skewness -.572 .512 

Kurtosis 2.008 .992 

DISPL_SPO

V 

Horizontal 

Mattress 

Mean 32.90 .598 

95% Confidence Interval for 

Mean 

Lower Bound 31.65 
 

Upper Bound 34.15 
 

5% Trimmed Mean 32.89 
 

Median 33.50 
 

Variance 7.147 
 

Std. Deviation 2.673 
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Minimum 28 
 

Maximum 38 
 

Range 10 
 

Interquartile Range 3 
 

Skewness -.157 .512 

Kurtosis -.554 .992 

Schiller 

Suture 

Mean 22.65 .483 

95% Confidence Interval for 

Mean 

Lower Bound 21.64 
 

Upper Bound 23.66 
 

5% Trimmed Mean 22.61 
 

Median 23.00 
 

Variance 4.661 
 

Std. Deviation 2.159 
 

Minimum 18 
 

Maximum 28 
 

Range 10 
 

Interquartile Range 2 
 

Skewness .016 .512 

Kurtosis 1.668 .992 

STIFFNESS 

Horizontal 

Mattress 

Mean 1.57771 .043702 

95% Confidence Interval for 

Mean 

Lower Bound 1.48624 
 

Upper Bound 1.66918 
 

5% Trimmed Mean 1.56384 
 

Median 1.63442 
 

Variance .038 
 

Std. Deviation .195439 
 

Minimum 1.226 
 

Maximum 2.179 
 

Range .953 
 

Interquartile Range .233 
 

Skewness 1.224 .512 

Kurtosis 4.039 .992 

Schiller 

Suture 

Mean 4.75615 .200490 

95% Confidence Interval for 

Mean 

Lower Bound 4.33652 
 

Upper Bound 5.17578 
 

5% Trimmed Mean 4.70349 
 

Median 4.90325 
 

Variance .804 
 

Std. Deviation .896619 
 

Minimum 3.923 
 

Maximum 6.538 
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Range 2.615 
 

Interquartile Range .981 
 

Skewness 1.003 .512 

Kurtosis .271 .992 

a. GAP is constant when PATTERN = Schiller Suture. It has been omitted. 

 

ANNEX 2: One-way ANOVA for the comparison of means of SPOV and DISPL_SPOV 

  

TEST OF HOMOGENEITY OF VARIANCES 

 Levene Statistic df1 df2 Sig. 

SPOV .203 1 38 .655 

DISPL_SPOV 1.618 1 38 .211 

 

 

ROBUST TESTS OF EQUALITY OF MEANS 

 Statistica df1 df2 Sig. 

SPOV 
Welch 1.752 1 36.501 .194 

Brown-Forsythe 1.752 1 36.501 .194 

DISPL_SPOV 
Welch 177.953 1 36.386 .000 

Brown-Forsythe 177.953 1 36.386 .000 

a. Asymptotically F distributed. 

 

 

ANNEX 3: Mann-Whitney U test for the comparison of groups by rank of GAP, 

DISPL_1Kgf, DISPL_2Kgf and DISPL_3Kgf 

 

MANN-WHITNEY TEST 

 GAP DISPL_1Kgf DISPL_2Kgf DISPL_3Kgf 

Mann-Whitney U .000 .000 .000 .000 

Wilcoxon W 210.000 210.000 210.000 210.000 

Z -5.811 -5.620 -5.513 -5.504 

Asymp. Sig. (2-tailed) .000 .000 .000 .000 

Exact Sig. [2*(1-tailed Sig.)] .000b .000b .000b .000b 

Exact Sig. (2-tailed) .000 .000 .000 .000 

Exact Sig. (1-tailed) .000 .000 .000 .000 

Point Probability .000 .000 .000 .000 

a. Grouping Variable: PATTERN 

b. Not corrected for ties. 
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ANNEX 4: Mann-Whitney U test for the comparison of groups by rank DISPL_4Kgf, 

DISPL_0.80SPOV, DISPL_0.90SPOV and STIFFNESS 

MANN-WHITNEY TEST 

 DISPL_4Kgf DISPL_0.80SPOV DISPL_0.90SPOV STIFFNESS 

Mann-Whitney U .000 .000 .000 .000 

Wilcoxon W 210.000 210.000 210.000 210.000 

Z -5.494 -5.450 -5.442 -5.513 

Asymp. Sig. (2-tailed) .000 .000 .000 .000 

Exact Sig. [2*(1-tailed 

Sig.)] 
.000b .000b .000b .000b 

Exact Sig. (2-tailed) .000 .000 .000 .000 

Exact Sig. (1-tailed) .000 .000 .000 .000 

Point Probability .000 .000 .000 .000 

a. Grouping Variable: PATTERN 

b. Not corrected for ties. 

 

ANNEX 5. Pearson product-moment correlation coefficient analysis of all variables in HM 

group 

PEARSON CORRELATION 

 SPOV GAP DISPL_1Kg DISPL_2Kg DISPL_3Kg 

SPOV 
Pearson Correlation 1 .028 .142 .142 .062 
Sig. (2-tailed)  .907 .551 .551 .796 

N 20 20 20 20 20 

GAP 
Pearson Correlation .028 1 .867** .867** .866** 
Sig. (2-tailed) .907  .000 .000 .000 
N 20 20 20 20 20 

DISPL_1Kg 
Pearson Correlation -.028 .881** .911** .911** .865** 
Sig. (2-tailed) .908 .000 .000 .000 .000 
N 20 20 20 20 20 

DISPL_2Kg 
Pearson Correlation .142 .867** 1 1 .896** 
Sig. (2-tailed) .551 .000   .000 
N 20 20 20 20 20 

DISPL_3Kg 
Pearson Correlation .062 .866** .896** .896** 1 
Sig. (2-tailed) .796 .000 .000 .000  

N 20 20 20 20 20 

DISPL_4Kg 
Pearson Correlation .126 .806** .890** .890** .923** 
Sig. (2-tailed) .596 .000 .000 .000 .000 
N 20 20 20 20 20 

DISPL_0.80S
Pearson Correlation .592** .571** .744** .744** .747** 
Sig. (2-tailed) .006 .009 .000 .000 .000 
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POV N 20 20 20 20 20 

DISPL_0.90S

POV 

Pearson Correlation .675** .559* .712** .712** .686** 
Sig. (2-tailed) .001 .010 .000 .000 .001 
N 20 20 20 20 20 

DISPL_SPO

V 

Pearson Correlation .622** .355 .567** .567** .538* 
Sig. (2-tailed) .003 .125 .009 .009 .014 
N 20 20 20 20 20 

STIFNESS 
Pearson Correlation -.137 -.873** -.978** -.978** -.860** 

Sig. (2-tailed) .565 .000 .000 .000 .000 

N 20 20 20 20 20 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
 

PEARSON CORRELATION 

 DISPL

_4Kg 

DISPL_0.80

SPOV 

DISPL_0.90

SPOV 

DISPL

_SPOV 

STIFFNESS 

SPOV 

Pearson Correlation .126 .592** .675** .622** -.137 

Sig. (2-tailed) .596 .006 .001 .003 .565 

N 20 20 20 20 20 

GAP 

Pearson Correlation .806** .571** .559* .355 -.873** 

Sig. (2-tailed) .000 .009 .010 .125 .000 

N 20 20 20 20 20 

DISPL_1Kg 

Pearson Correlation .791** .590** .556* .353 -.894** 

Sig. (2-tailed) .000 .006 .011 .127 .000 

N 20 20 20 20 20 

DISPL_2Kg 

Pearson Correlation .890** .744** .712** .567** -.978** 

Sig. (2-tailed) .000 .000 .000 .009 .000 

N 20 20 20 20 20 

DISPL_3Kg 

Pearson Correlation .923** .747** .686** .538* -.860** 

Sig. (2-tailed) .000 .000 .001 .014 .000 

N 20 20 20 20 20 

DISPL_4Kg 

Pearson Correlation 1 .742** .715** .588** -.870** 

Sig. (2-tailed)  .000 .000 .006 .000 

N 20 20 20 20 20 

DISPL_0.80

SPOV 

Pearson Correlation .742** 1 .944** .856** -.723** 

Sig. (2-tailed) .000  .000 .000 .000 

N 20 20 20 20 20 

DISPL_0.90

SPOV 

Pearson Correlation .715** .944** 1 .919** -.707** 

Sig. (2-tailed) .000 .000  .000 .000 

N 20 20 20 20 20 

DISPL_SP

OV 

Pearson Correlation .588** .856** .919** 1 -.571** 

Sig. (2-tailed) .006 .000 .000  .009 

N 20 20 20 20 20 
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STIFNESS 

Pearson Correlation -.870** -.723** -.707** -.571** 1 

Sig. (2-tailed) .000 .000 .000 .009  

N 20 20 20 20 20 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

 

ANNEX 6. Pearson product-moment correlation coefficient analysis of all variables in SS 

group 

PEARSON CORRELATION 

 SPOV GAP DISPL_1Kg DISPL_2Kg DISPL_3Kg 

SPOV 
Pearson Correlation 1 .a -.481* -.426 -.263 
Sig. (2-tailed)  . .032 .061 .262 
N 20 20 20 20 20 

GAP 
Pearson Correlation .a .a .a .a .a 
Sig. (2-tailed) .  . . . 
N 20 20 20 20 20 

DISPL_1Kg 
Pearson Correlation -.481* .a 1 .575** .725** 
Sig. (2-tailed) .032 .  .008 .000 
N 20 20 20 20 20 

DISPL_2Kg 
Pearson Correlation -.426 .a .575** 1 .679** 
Sig. (2-tailed) .061 . .008  .001 
N 20 20 20 20 20 

DISPL_3Kg 
Pearson Correlation -.263 .a .725** .679** 1 
Sig. (2-tailed) .262 . .000 .001  

N 20 20 20 20 20 

DISPL_4Kg 
Pearson Correlation -.403 .a .677** .725** .732** 
Sig. (2-tailed) .078 . .001 .000 .000 
N 20 20 20 20 20 

DISPL_0.80S

POV 

Pearson Correlation .206 .a .243 .428 .432 
Sig. (2-tailed) .384 . .303 .060 .057 
N 20 20 20 20 20 

DISPL_0.90S

POV 

Pearson Correlation .447* .a -.034 .247 .237 
Sig. (2-tailed) .048 . .886 .295 .315 
N 20 20 20 20 20 

DISPL_SPO

V 

Pearson Correlation .482* .a .038 .298 .301 
Sig. (2-tailed) .031 . .873 .202 .198 
N 20 20 20 20 20 

STIFNESS 
Pearson Correlation .472* .a -.562** -.984** -.651** 

Sig. (2-tailed) .036 . .010 .000 .002 
N 20 20 20 20 20 

**. Correlation is significant at the 0.01 level (2-tailed). 
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*. Correlation is significant at the 0.05 level (2-tailed). 

 

PEARSON CORRELATION 

 DISPL

_4Kg 

DISPL_0.80

SPOV 

DISPL_0.90

SPOV 

DISPL

_SPOV 

STIFFNESS 

SPOV 

Pearson Correlation -.403 .206 .447* .482* .472* 

Sig. (2-tailed) .078 .384 .048 .031 .036 

N 20 20 20 20 20 

GAP 

Pearson Correlation .a .a .a .a .a 

Sig. (2-tailed) . . . . . 

N 20 20 20 20 20 

DISPL_1Kg 

Pearson Correlation .677** .243 -.034 .038 -.562** 

Sig. (2-tailed) .001 .303 .886 .873 .010 

N 20 20 20 20 20 

DISPL_2Kg 

Pearson Correlation .725** .428 .247 .298 -.984** 

Sig. (2-tailed) .000 .060 .295 .202 .000 

N 20 20 20 20 20 

DISPL_3Kg 

Pearson Correlation .732** .432 .237 .301 -.651** 

Sig. (2-tailed) .000 .057 .315 .198 .002 

N 20 20 20 20 20 

DISPL_4Kg 

Pearson Correlation 1 .590** .372 .416 -.713** 

Sig. (2-tailed)  .006 .106 .068 .000 

N 20 20 20 20 20 

DISPL_0.80

SPOV 

Pearson Correlation .590** 1 .874** .781** -.395 

Sig. (2-tailed) .006  .000 .000 .085 

N 20 20 20 20 20 

DISPL_0.90

SPOV 

Pearson Correlation .372 .874** 1 .879** -.188 

Sig. (2-tailed) .106 .000  .000 .428 

N 20 20 20 20 20 

DISPL_SP

OV 

Pearson Correlation .416 .781** .879** 1 -.232 

Sig. (2-tailed) .068 .000 .000  .324 

N 20 20 20 20 20 

STIFNESS 

Pearson Correlation -.713** -.395 -.188 -.232 1 

Sig. (2-tailed) .000 .085 .428 .324  

N 20 20 20 20 20 

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

a. Cannot be computed because at least one of the variables is constant. 
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