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ABSTRACT

Biomechanical Comparison of Wire Circlage and Rigid Plate Fixation for Median
Sternotomy Closure in Human Cadaver Specimens
By: Mark Steven Wong

Background:

Over 700,000 patients per year undergo open-heart surgery. Healingoebiompl
rates can be up to 5% of patients who undergo this procedure, with a tyordieiof
50% if mediastinitis supervenes. A secure and rigid fixatiorswfjically divided
sternum is critical to avoid healing complications. The purpostisfstudy was to
compare the yield load, construct stiffness, ultimate load, disptadeat ultimate load,
and post-yield behavior of three sternotomy closure methods (Peaisteires or
Sternalock titanium plates) when stressed in each of thredialr&clateral distraction,
rostro-caudal (longitudinal) shear distraction, and anterior-posigransverse) shear in
a cadaveric model.

Methods:

Forty-two fresh cadaver models were divided into three testpgr group A, B,
and C. A cardiothoracic surgeon divided each cadaveric sternuntuldingily and
repaired peristernal wires or one of two Sternalock configuratidests were performed
using a materials testing system that applied force at dardrdisplacement rate in a
uniaxial direction until the construct catastrophically failed. chaical behavior was
monitored using a 3D texture correlation system to createl-éimeathree-dimensional
representation of strain directions. The resulting displacemeetipa analogous to a
finite element contour plot of displacements, Lagrange Strain, locitye Statistical
analysis was used to show the different mechanical properties of eacle chehod.
Results:

When loaded in lateral distraction, both Sternalock configurationassed the
rigidity of peristernal wires by 600%. Some evidence wss flund linking Sternalock
with stiffer behavior in the rostro-caudal direction. Thoughstatistically significant, a
trend was observed showing that constructs using the Sternalockaaishigher yield
loads, as well as, less post-yield displacement when compared to peristezaal wir
Conclusions:

Data gathered showed the superior performance of the Sternalsigmsin
stiffness in both longitudinal distraction and rostro-caudal sheaplidations for use of
the Sternalock system are faster healing times, lomeptcation rates, and success of
the procedure.
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3. Background

3.1. The Sternum

Also known as the breastplate, the sternum is located in the mid-thoracic (eb&st)of

the human body. The sternum is an elongated flat bone that makes up the core of the
anterior thoracic wall. The clavicles, ribs, and muscle all make craitathments to the
sternum. The sternum provides a strong structural foundation for the entire thoracic
region for different components that provide protection for vital organs and a means for
skeletal movement. Thus, the sternum is the most critical component of structural

support to the entire thorax.

The sternum is made up of three regions: the manubrium, gladiolus, and xiphoid process.
The manubrium is thick, broad, and makes up the upper part of the sternum. The
manubrium supports the first two ribs, as well as, the clavicles and transitiotisant

main body of the sternum. The gladiolus or body of the sternum is a long flat bone
thinner than the manubrium that connects the second through sixth ribs via cartilage. The
xiphoid process makes up the bottom region of the sternum, articulating the seventh
costal cartilage. The xiphoid is the thinnest and inherently weakest compotteat of

sternum.

3.2. Open-Heart Surgery
Open-heart surgery is the often directly associated with a median steynohough not
a median sternotomy can technically be utilized in other operations. Still, opgn-he

surgery makes up the vast majority of operations requiring a median sternotomy.
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699,000 open-heart procedures were performed in United States in 2005[1]; this number
has grown from 666,000 in 2003. This number is projected to grow in the future due to
an aging population with increasing rates of obesity and cardiovasadasdi Of the
699,000 surgeries in 2005, this included 106,000 valve replacements, 469,000 bypass
surgeries, and 2,192 heart transplants. Healing complication rates are betweand.3%
5% of cases and mortality rates can be up to 47% if mediastinitis supervenesf@]toFr
these statistics, we find that up to 34,950 complications, and up to 16,427 mortalities are

associated with open-heart surgeries each year.

Open-heart surgery is defined as a procedure that involves sternal division and a
subsequent incision along the pericardium. However, a significant number of procedures
require division of the sternum without the need to access the pericardium (open-chest
surgery), for example, revision surgeries required by 5% of open-heartyspagients

who develop postoperative healing complications. Therefore, the actual geanititie
operations that require anterior access of the chest via sternal diviseatddike 699,000

open heart surgeries.

The most common procedure requiring a midline sternotomy is coronary artesgbypa
grafting (CABG). During this procedure a midline incision is used to ga®sado the
heart and aorta. In a traditional CABG, a heart-lung machine is used to bigued
blood vessels, as well as oxygenate and circulate blood during surgery whilebhsce

is stopped.
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The median sternotomy incision remains an extremely popular incision usedliag car
surgeons. The vast number of these surgeries performed each year outngloérs t
any other cardiac procedure. Although they have a low probability of occureelarge
amount of healing complications have been associated with surgeries reqerad) st
division; these complications have been directly linked to an uncomfortable rate of
mortality. A closer analysis should be done to understand the shortcomingsaif ster

closure techniques and how we can improve the postoperative healing process.

3.3. Median Sternotomy

A large proportion of surgical operations require access into vital organsthotheic
cage. The sternum is a commonly used access point to vital organs in surgical
procedures. The median sternotomy is a preferred option because of its excellent

exposure of vital organs and it is perceived to be well tolerated by most patients

iy ncision
arlcd to diminish
T highnack a:qr)L

Figure 3.1: A complete vertical incision along theternum using an oscillating power saw [3].

A complete vertical division was first used by Milton in 1897 to gain access to the

posterior mediastinum. This approach was used sporadically for various purpdses unti
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the complete vertical incision was popularized by Julian in 1957, which he favorea over
similar transverse bilateral thoracotomy. Since then the median sterniaésngyown to

be the most popular incision performed by cardiac surgeons.

3.3.1. Surgical Procedure

Figure 3.2: Separating the sternum.

During a median sternotomy, the patient is placed on his back and a vertical, midline
incision is made from above the sternal notch to well past the xiphoid region. To
minimize visible scars, a transverse skin incision can be made at the thiod&tal

space. An incision is made along the linea alba through the lower part of the incision,
and an oscillating saw is used to divide the sternum down its midline. The incision made
by the saw is carried upward into the deep cervical fascia and must inteesect
interclavicular ligament. The pericardium can then be opened between tred pleur

reflections[3].
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Figure 3.3: A clamp is used to hold open the stermu and expose the pericardium.

3.3.2. Sternal closure after a median sternotomy

After the particular cardiac surgery involving the median sternotononipleted, the

two halves of sternum need to be secured. This is called the closure technigque and its
purpose is to unify the divided sternum to allow for osseous healing. Various methods
are utilized to accomplish this, including different configurations of staistess$

sutures, steel coils, steel bands, reinforced wire configurations, nylon bandgjdnd r

fixation plates.

In his initial evaluation of the procedure in 1957, Julian immediately recagnize
“The solidity of the closure is important because it completely immobilizesiéisé fcom
abnormal movements and renders the postoperative period more comfortable. The

security of wire sutures is essential[3].”

In the four cases used in Julian’s evaluation, the second case resulted in the death of the

patient due to wound disruption. The sensitivity of the sternum in the postoperative
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healing phase has been a major problem since the early evaluation phasestothef
this procedure; the period of time immediately following a median sternotemgims to

be a prime concern when considering candidates for surgery.

A secure and rigid fixation of the sternum is critical to avoiding healing coatjans.
Without sufficient stability at the osteotomy site, patients can sufier frain,
respiratory problems, wound leakage, sternal non-union or malunion, osteomyelitis,
pseudoarthrosis, dehiscence, and mediastinitis. Patients often require costegivg
when sufficient a secure sternal union cannot be achieved several dagpaiigion. In
severe cases, patients require sternal debridement and recorssungery. Additional
procedures required in ensuring a stable fixation and correct healing of therster
introduces unnecessary risk to complications like infection, as well as addedatost a

lengthened time required in the hospital.

Alternative closure techniques continue to be explored due to the inadequate peréorma
of current devices. It has been shown that a fixation technique which is motwefi¢c
providing a rigid construct of sternum postoperatively will result in eaninion of the
sternal halves with typical cellular elements and stromal tissue at dwgarsy site [4].
Insufficient postoperative sternal rigidity or sternal instabihityhie early postoperative
period has been associated with a two to four times greater incidence of wound
complications, mediastinitis, and chronic sternal infections [5]. Separatésrbpoe

also claimed that this insufficient stability is one of the most importatdariac
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influencing the development of mediastinitis [6]. It is statistically shtvat in cases

where mediastinitis supervenes, 47% of patients die [2].

3.3.3. Osseous Healing Rates

Immediately after a fracture, blood vessels in the immediate area cottsprevent any
further bleeding. Soon after, a blood clot forms around the injury site and between bone
fragments as a result of hematoma. All cells inside and around the blood diotratete
leaving only inflammatory cells to populate the area. These inflammattsynatude
macrophages, monocytes, lymphocytes, and fibroblasts; they form a magtk call
granulation tissue.  Still not vascularized, oxygen is taken from exposed rmndcle

bone directly around the injury site. As leukocytes remove the blood clot, vascular

ingrowth advances and replaces collagen.

On average of six weeks after an injury, a fibrocartilage cadinde observed, formed
temporarily from fibroblasts and chondroblasts to cover the length of the bonedract
Introduced osteoids form woven bone, which consist of a large amount of osteocytes and
grows very quickly. However, woven bone is significantly weaker to the slow mggowi
lamellar bone because it only contains a smaller number of randomly orienéggicol

fibers where lamellar bone consists of highly organized sheets of fiberkighth

collagen content. Woven bone is eventually mineralized and is completely ceplace
lamellar bone. Three months after injury, mineralized bone can usually be observed.
Bone fracture healing is completed when bone remodeling restores the ohgimalasd

mechanical strength.
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The early postoperative phase is critical because any movement aroundttive frauld
result in severed blood vessels, or damaging the fragile granulation tissae. Al
extended amounts of time that bone is left unhealed increased the risk for infection.
Treatment of any bone damage is therefore aimed at stabilization ojuttye in
particularly in the early postoperative phase. This is achieved by completely
immobilizing the injury site and the surrounding area throughout the entire healing

process.

Bitkover conducted a study evaluating computed tomography images of mamsteesh
suture closure techniques. These images revealed that the bone callus involvign hea
was not found in images three months after operation. Cortical bone growth bridging the
length of the sternotomy was not visible until six months post-operation. Theredone, f
this study, no specific timeline was found determining when the callus, or woven bone
begins to form between three and six months after the sternotomy was performed [7]
This longer-than-average time observed in the formation of the fibrocarntddige and
mineralized bone suggests that the osteotomy site is not sufficiently stchlaihd

allowing disruption during the healing phase. The implication of this studstishiére is

a large amount of room to improve the efficiency of the closure technique usetkgstai

steel wire sutures).

In a study conducted by Sargent using baboons, the presence of woven bone was found

eight weeks after operation using popular wire closure techniques [4]. The interest
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finding from this study is that using an alternative, more stable rigiddixatiethod, the
presence of woven bone could be found only four weeks after operation. This reveals
how much the closure technique can effect osseous healing, and how crucial it is to
completely immobilize the osteotomy site. Some consideration should be made on the
implications of any physiological differences between baboons and human paitignts

the study does reveal the potential of a more efficient closure technique.

3.3.4. Advantages of the median sternotomy

Minimally invasive surgeries such as minimally invasive direct corobgpgass
(MIDCAB), off-pump coronary artery bypass (OPCAB), and robotic assistexhary
artery bypass (RACAB) have gained popularity because it can be pedavithout

while the heart is still beating and using a much smaller incision, which adtesidtes to
shorter hospital stays. However, a complete midline sternotomy remamstae

popular method because it can be performed quickly, is a familiar procedure tnsyrge
provides access and exposure to chest structures, and is well tolerated byisrdst[Bat
9]. Surgeons have clear access to observe vital organs and to perform angtiaterve
necessary. Also, many procedures may be more difficult to perform on a besdimg

than on a still heart. In most cases, the procedure is relatively painless landdtlea

Minimally invasive cardiac surgeries decrease visualization of the igesét, and are
technically more difficult. Postoperative pain is not always decreased whenrednpa
a median sternotomy. Multiple incisions may also be required with a less invasive

approach, decreasing the cosmetic appeal of minimally invasive techniques.
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3.4. Closure Techniques

Many different methods and approaches in ensuring a stable and reliable stesural cl

have been explored. These include nylon bands, stainless steel wires, reinémiced st
wires, steel bands, and rigid plate fixation. Different hospitals in diffeegmbns have

their own procedural guidelines, while some wait to choose their method after
observation of the sternum. Inside this, each surgeon has their own preferences to each
particular method. Concerns surrounding each method include stability, relizioiity,

ease of use, speed, complexity in removing the device in the event of a caom|ead

familiarity.

3.4.1. Stainless steel wire fixation

Stainless steel wires wrap around or thread through sternal halves to combabgitysiol
forces from transversely separating the surgically divided steriiemsion is applied by
twisting the two ends into a knot and the resulting compressive force prevents any
unwanted movement of the sternum during the healing phase. The tension of the knot is
estimated by the surgeon, determined by hand. This part of the procedurevislyelati

simple and can be completed quickly.

10
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Figure 3.4: Upper row: single transsternal, singlgeristernal, alternating trans and peristernal
Lower row: figure-eight peristernal, figure-eight pericostal, and Robicsek [10].

Previous studies have shown the efficacy of this closure technique, as ill as
superiority over other non-rigid closure methods [11, 12]. Stainless stealogtee
techniques are the most popular closure technique used by cardiac surgeons. eSteel wir
have been the primary closure method since Julian’s initial evaluation of the peomedur
1957. Because of this familiarity, cardiac surgeons have been extretuetameto

institute alternative techniques. In addition, steel wires are veryféedtive and simple

to manage in the event of revision surgery.

Wire failures are usually characterized with wire cutting through bdherrthan the

wire breaking or unraveling [13]. If the wire cuts into the bone, the wire is norlonge
tight and in contact at all pointed with bone. There are less compressive fiicgs a
against the bone and repetitive respiratory motion of the chest wall will fuotieen

wires and cut the sternum into segments [14]. However, this is not the only complicati

11
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that exists, during mechanical testing unwinding of the knot is a common issue, and in
canine studies, wire breakage is a fairly common occurrence [15]. Wire breakage,
however, is not a primary concern unless tightened to the point where thehisteri
compromised. Also, an underlying issue is that cadaver models are unable tg identif

pain associated with the wire knot under the skin [13].

Comparing stainless steel wire fixation with alternative techniques iocamade and
encompassing characterization is extremely difficult because caintieigurations

and combinations exist. Among steel wire techniques, every hospital and surgeon has
their own preferred method. Also, different configurations are more suitedferedt
applications, for example the Robicsek technique has been found to be particularly

effective in stabilizing cases where other methods have previously failed [16].

3.4.1.1. Transternal wires

The standard closure of the sternum after sternotomy utilizes surgelad digres passed
through the sternum approximately 1 cm on each side [17]. After passing through the
sternum, the loose suture wires are then crossed, pulled, and twisted sevetal times
apply a compressive force on the sternal halves. The wire sutures niaguakirough
the bone under simultaneous load from several directions [18]. Several modifications
have been explored to prevent penetration of the bone, including, combinations of
mattress and wires, figure-eight configurations, double-cross wires, anddking

multitwisted wires [18].

12
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Figure 3.5: lllustration of a transternal wire closure [18].

3.4.1.2. Peristernal wires

Peristernal sutures reinforce the lateral table of the sternum by wgegmmiund the

whole sternal body. This allows tighter closures with less likelihood of tles wiutting
through cortical bone [18]. Advantages for single sutures have been published [19] but
most surgeons have adopted figure-eight interlocking closures [20, 21]. Figate-ei

peristernal wires are faster, simpler, and more reliable than singtanfigured

transternal wires [18, 20, 21].

Figure 3.6: lllustration of a peristernal wire closure [18].

13
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3.4.1.3. Pericostal wires
Pericostal wire closure techniques rely upon the costal cartilages obtsiolgetrative

area by wrapping around a single rib [18].

i BRI
= 1
v
" %

Figure 3.7: lllustration E)f a pericostal figure-of-eight wire closure[18].

3.4.1.4.Figure-of-eight
A figure-of-eight closure is characterized by steel wire wrappaaharthe manubrium in
the shape of an 8. A series of figure-eight is the closure choice for the most human

cardiothoracic surgeons [15].

The configuration that is optimal for clinical use has been a disputed topic. @ne cla
asserts that figure-eight pericostal closure (Figure 3.7) has the thigghe® rate

compared to other popular steel wire methods [10], while others claim that fighte-ei
suturing is safer than simple wires [6] and have the least permanent displacedent

load [15]. Clinical observation suggests that figure-of-eight, results in unensarte

The advantage of this method is that the force that it applies on bone is distributed over a

larger surface area and reinforces sternal segments [15].

14
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3.4.2. Polymer sutures

Performed in the same manner as steel sutures, nylon bands have been ruled out as an
effective technique. The nominal gauge of steel wires and polyester bamEnécal

and therefore are characterized by the same surface area. The higmeldslus

allows it to stretch under load, and the actual diameter of the polyester sutoks.shri

This means that the force applied on the manubrium is distributed under a decreased
surface area and is more likely to cut through bone [8]. This also correlaliesctd ¢

data in which the good results of steel closures were not replicated with the ykmof n
bands and cuts through bone at over four times the rate of standard steel wies ¢&sur

8].

3.4.3. Steel sternal bands

Steel sternal bands are used to achieve a larger force distribution by wrappaeg a

steel band peristernally around the manubrium. In practice, more wires arg usuall
involved in a sternal closure than bands, but this can also be attributed to its larger size.
Because of the larger size of sternal bands, they risk traumatizing surrotissliegand

cannot be placed through the manubrium or around the rest of the sternum [22].

In applications that allow for this device to be used, sternal bands are particularly
effective. They cut through bone at a quarter of the rate of standard seeelosures
and are twice as rigid. The use of a more reliable, rigid closure caninedtreduction

in postoperative pain and postoperative hospital stay [8].

15



Biomechanical Comparison of Wire Circlage and Rigldte Fixation
for Median Sternotomy Closure in Human Cadaver Bpeats

3.4.4. Reinforced wire techniques

The exposed weakness of the stainless steel wire technique is the wiity $cabiit

through bone and its dependence on bone strength. To correct this, techniques have been
developed to allow for forces to be distributed over larger surface areasrethihing

the simplicity of standard steel wire closures and therefore alloe&sgdependence on

bone strength. Examples of this include coil jacketed wires and titanium sheets

strategically placed under the wire on either side of the sternum.

R e

Figure 3.9: Sternal reinforcement device DSS:

Figure 3.8: Coil-reinforced sternal wire [22]. Sternal Synthesis Device (Mikai SpA,
Vincenza, ltaly) [23].

3.4.5. Rigid-plate fixation
Craniomaxillofacial and orthopedic surgeons have historically used wires for bone
fixation, similar to cardiothoracic surgeons. Morbidity and complications agsdavith

wire fixation of these other two applications were also similar, includingtiofe
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separation, instability, motion, non-union, and delayed healing. Rigid fixation techniques
have been developed to provide superior stiffness at an injury site to aid in osseous
healing rates and reduced complication rates. The implementation ofxajidrf

techniques has significantly reduced bone healing complications in theoareas
craniomaxillofacial and orthopedic surgery [24-27]. This translates ta fewe
hospitalization days and an earlier return to normal function. The advantaged of rig
fixation have led to the near-complete replacement of wire fixation in orthopedic,

craniomaxillofacial, otolaryngologic, oral, and neurologic surgery [28].

3.4.5.1.H-shaped titanium plates

AR R S %
Figure 3.10: Photograph of a customized 2.3mm, founole titanium alloy H-plate (KLS-Martin L.P.,
Jacksonwville, FL) [28].

Ozakiet al.cited compelling advantages of rigid fixation over wire fixation in promoting
good bone healing. H-plates made from a titanium alloy were developed to esqgerim
on a rigid fixation technique to close a median sternotomy. The study obtained results
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showing that the H-plates developed had a statistically significant sséiffredss, less

sternal motion, and fewer failures when compared to sternum closed with wires [28]

The mechanical behavior of the device-cadaver construct is not entirely depamtiesnt

rigid plate on screws, but also largely dependent on the bone that they are sotewed |
Screws must be placed into the thickest and densest possible bone, properly drilled with
appropriately sized screws. Concerns with this new technology included the high cos

the plates and damage of underlying structures by the drill.

3.4.5.2. The Biomet Sternalock

Originally developed by Walter Lorenz Inc, the Sternalock system tiaraum plating
system, screwing directly into divided the manubrium to fasten itself. Thensysilizes
two X-plates at the mid-body and one L-plate as inferiorly on the sternpasaible, in
conjunction with wires at the manubrium and xiphoid for extra stability in
physiologically weaker areas. Implant time for this device has beiemecldo be shorter

than wire closure techniques [29].
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Figure 3.11: An artist's drawing of a sternum fixedwith wires and rigid plates[29].

3.4.6. Complications

Potential healing complications that can develop after a median sternotomy include
sternal mal-union and non-union, dehiscence, mediastinitis, and lingering incision pai
The presence of an individual complication is associated with the presence iohatidit
complications, as well as directly related to sternal instability, offiogent sternal
approximation [30]. The presence of healing complications may lead to hardinaee fa

and occasionally, death [5, 7, 12, 31-33].

A surgical debridement would be performed as soon as possible in the event of
dehiscence or mediastinitis [34]. In a procedure first described by Schuraadker
Mandelbaum in 1963, the infected area undergoes debridement, sternal reclosure and

mediastinal antibiotic irrigation [35]. The average additional hospitaltedstat post
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sternotomy mediastinitis is $500,000 [36]. The alternate cost of a better closure
technique is extremely cheap in comparison. Prevention of postoperative coommicati

is fiscally sound, and more importantly, it has the potential to save lives.

Increased motion at the sternotomy site can worsen a patient’s postopeeatisbpstin,
which may lead to atelectasis and pneumonia secondary to a decreased ingffoatory

[28].

3.4.6.1.Increased risk factors

A thorough understanding of risk factors can aid in predicting the incidencemfsser
complications. Postoperative healing complications can occur in up to 5% of p&jents
11, 18, 37], and historical data has revealed that the use of sternal wires ongreetect
of patients exhibiting “high risk factors” is insufficient as a closure teglen|38].
Univariate risk factors include: insulin-dependent diabetes, obesity, posteperati
bleeding, prolonged ventilation, surgical reexploration, use of one or two internal
mammary artery (IMA) grafts, number of diseased vessels, postopenttar@ortic
balloon pump (IABP) use, blood transfusions, and female gender [39]. Multivariate
analysis revealed five independent risk factors including obesity, insulin-deygend

diabetes, IMA grafting, blood transfusions, and surgical reexploration [39].

3.4.6.2. Sternal mal-union and non-union
When the rigidity of the closure technique is insufficient and a degree of m®tion i

allowed between the sternal halves, bone healing is interrupted. This interruptits resul
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in delayed healing, and in some cases the bone continues to heal as two individual pieces
rather than in union. This can occur in partial areas of the sternum, yieldingah par
joining of the separated sternum, or sternal mal-union. In more severe cagekethis

place along the entire incision line, resulting in a complete sternal non-unio

The sternum is relied upon for structural support by many major organs and usdergoe
repeated stress cycles from menial physical tasks. From respiaédne the sternum

goes under approximately 20 loading and unloading cycles, coughing caused by other
conditions can dramatically increase loading characteristics. Irdtayhsalividual,

external forces act upon the thorax and the structural support created bgaige ri
prevents the majority of the force to be transmitted to vital organs. Likewarsesf

produced from respiration are contained by the firm encapsulation of bone.

When the structural integrity of the thorax is incomplete or severely comprontised, t
patient experiences an incapacitating pain. Patients are overcomeiwittupag

everyday tasks and their lifestyles become increasingly limited.

3.4.6.3. Dehiscence

Dehiscence is defined as a reopening of a wound that was previously closed, as is the
case in postoperative sternotomy patients. The wound ruptures along the sutuced incis
line often with discharge. Dehiscence is a result of poor wound healing and often occur

within the first 2 weeks postoperatively before significant bone healing [30].
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“Dehiscence occurs when failure stress of the sternum is exceededeasstorh as those

produced by coughing are applied to the sternotomy [40].”

Dehiscence is the most commonly reference healing complication in nstdrantomy
related literature and the largest postoperative concern when a medmmaty is
performed. Dehiscence is directly related to a life-threatemngplication known as

mediastinitis; in all cases of mediastinitis developing in patients, deheseerscpresent.

3.4.6.4.Mediastinitis

Mediastinitis is an infection involving the mediastinum, or thorax. This condition is
characterized by a bacterial infection causing inflammation and a rugttive wound.

As infections can progress rapidly in this region, mediastinitis mustdtedre
immediately. Mediastinitis is the most serious postoperative healing icatign that

can occur. As previously stated, it has been shown that in a statistical samptd, 47%

patients who develop this serious complication die [2, 16, 31, 38, 41].

Figure 3.12: Tissue immediately surrounding the indcted area is removed [42].
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If not treated immediately, infection will rapidly spread and further compins, such

as, sepsis, respiratory insufficiency, or multi-organ failure can occur [#jtrient of
mediastinitis and dehiscence alike involves removal of compromised tissue and
prevention of any infection from progressing. Specifically, this entairay of
antibiotics and an immediate sternal debridement without the removal of bone, and in
advanced cases of mediastinitis a complete sternal debridement wed catri Even

with proper treatment, the likelihood of patient survival is limited.

Typically mediastinitis occurs in conjunction with dehiscence and rarelyapesve
independently. This has been observed in multiple studies. Such is the basis for
theorizing that eliminating sternal dehiscence, or preserving wound eliosegrity,

advances in mediastinitis prevention can be made.

3.4.7. Constriction of blood supply

The arterial blood supply of the adult human sternum is only significantly derived from
its periosteal plexus fed by segmental sternal branches of the internalanaartery.
When the periosteal arterial plexus is obliterated or isolated, no collatvdl spply is

available to the cortical sternal bone [43].
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Figure 3.13: Radiograph of whole njected sternochudral spcimen. IMA — internal mammary
artery, SEA — superior epigastric artery, MPA — Musulophrenic artery [43].

Internal mammary arteries (IMA) run along the length of the sternum sog@ieod to
the entire area and supply slender arteries which run between fascitiesndétcostal
muscles. A perforating branch is given off at almost all of the fustifitercostal spaces
and present as much smaller vessels below the fifth space. This branch passds for

through internal intercostal muscle and supply overlying subcutaneous fat and skin.

cranial

Figure 3.14: Simplified diagram of sternum, illustrating blood supply via Internal mammary
arteries. IMA — internal mammary artery, s — stermal branch, GS — Gigli saw, pd — Periosteal
diathermy [43].
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Sternal branches exist in each interchondral space and pass mediallytt@stetnum

from both sides. Each branch bifurcates into an upper and lower branch, running across
the sternum. The upper and lower branches anastomose, or rejoin with each other, then
again with their counterparts on the opposite side. Sternal branches run across the
sternum parallel to bone and taper off very rapidly, disappearing within the paliphe

marrow cavity.

TiE el }""' #, v A
_} ' pleura
Figure 3.15: Idealized drawing of cross-sectionaliew of a sternum and its blood supply.

IMA — internal mammary artery, P — Perforating bran ch, m — Medial, S — Sternum, PM — Pectoralis
major [43].

In a study conducted by Arnold, three peristernal tapes were secunatferentially at

the second, fourth, and sixth spaces. These peristernal tapes were found to interrupt the
IMA on either side of the sternum and reduce vessel density in the adjoiningegaeriost

[43]. Interruption of vasculature supplying the manubrium will undoubtedly decrease
bone healing rates and may give way to numerous other complications. Contact area
around the manubrium should be minimized to allow for optimal blood supply during
healing. Compounded with the main shortcoming of the median sternotomy, insufficient

rigidity of the construct, the result is an extremely difficult problemxto With current
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technology, more wires must be added to achieve a stiffer construct, however this

increased surface contact area around the manubrium will further intesrbfatad

supply.

3.5. Models

All bench-top and in-vitro testing do not have been proven to provide any direct clinical
correlation to how sternotomy closure devices will behave. These due diligetecthat
provide data before clinical trials can provide insights to strengths and weekés
particular closure methods. While different modeling techniques have ssergt
weaknesses, bench-top models are a necessary step in developing aerrattiensy

closure device.

3.5.1. Bone analogues

Cohen and Griffin conducted a study comparing three sternotomy closure techniques
with the use of a synthesized polyurethane foam model [31]. In an effort to thoroughly
evaluate the mechanical properties of the devices included in the study anizenangn
inconsistency in the model, they used a bone analogue. They cited the largetyanabili
bone density, sternal size, and sternal thickness when using cadaveric specsoen. Al
animal models possess size and shape differences that cannot be ignored. €dmpress

foam has been developed to simulate cancellous and cortical bone [44].
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3.5.2. Cadaveric models

Although supportive data from animal and bone analogues are beneficial in obtaining a
good understanding of how a closure technique will behave, nothing can replace data
from a human cadaveric study. Because of the unique shape of the human sternum, the
use of a cadaver is the best way to assess the sternal closure statdigonfiguration

that a wire assumes around the sternum influences the way in which tensioreid &ppli

the sternum and thus affects stability [11].

3.5.3. Mathematical models

The finite element method is widely used for structural analysis problemgimeering
research and practice. A numerical technique analyzing differentlstisiare
techniques was attempted by Brubiral.to investigate displacement and stress
distribution of the sternum embedded in the human chest. Acquiring an in depth
knowledge of the strain and stress distributions and force transfer was seen as an
opportunity to determine the optimal sternal closure technique. The advantage of a
numerical technique was that realistic conditions regarding tractiorsfat@y point of

the sternum could be mimicked quantitatively [45].
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Figure 3.16: Example analysis of the human sternurny a numerical method [45].

3.5.4. Digital image correlation

Figure 3.17: The digital image correlation systemracks the grey value pattern, or ‘speckle,’ in smal
subsets during deformation

Measuring deformation can be easily done by tracking the displacement ofsrarke
the surface of the sample. Each marker is treated as a node with an afindeiate
element. The difference in position for each marker defines a displacerotmt ve
Digital image correlation is a well developed technique widely used fer atieas of

engineering research[46-48]. To enhance the resolution of the technique, a "sptkle
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be applied to increase the amount of points identified by the computer. Limited
applications of biomechanics have been attempted, such as, the analysis lames surf

and soft tissue.
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4. Objectives

The objective of this study is to compare the performance of the BiomeifMation
(Jacksonwville, Florida) Sternalock plating system and an establishe@peistire

closure technique in a mechanical system. Results of this study will evahetteer
this rigid fixation technique is significantly superior to mainstream metandsvorth

further evaluation and implementation.

The prevalence of healing complications and the high rate of mortality assloei#t

these problems continue to harm up to 47% of patients undergoing median sternotomies
each year [2]. These healing complications are directly linked to clostn@daes that

do not meet necessary stiffness requirements. Therefore, the most apprapyritteixv

this problem is to do our best to prevent all complications as best as we can — affnore sti

closure technique.

Specific Aim: evaluate the relative mechanical performance of the Sternaloakgplati
system when compared with an established peristernal wire closuregteehnihen

applied to a median sternotomy.

Hypothesis: Biomet Microfixation’s Sternalock plating system will provide a maifé s

structure with more strength to separated sternal halves when comparestéonatr

wire closure techniques.
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5. Test Methods

Forty-two fresh human cadaveric sterna were obtained from Biomet Miatiofixin
Jacksonville, Florida. Each sternum sample was accompanied by CT scans;digieven
specimen number, and the age and sex of the donor. Each sternum was divided along the
midline and closed with peristernal wires or Sternalock plates, consistard wi

sternotomy procedure. Sterna were received surgically divided and closurguechni

applied and stored at -20° Celsius. Samples were separated into the three groups of

closure techniques and numbered from 1-42.

Figure 5.1 shows the servopneumatic materials testing syBse SmartTest SP, Eden
Prairie, MN) used for this study. A constant displacement ah2Bmin was applied by
using WinTest Digital Control Electronics and WinTest SoftwgBese Corporation,

Minnetonka, MN).

Figure 5.1: The test frame used in this study (BoseémartTest SP, Eden Prairie, MN).
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The study utilized a human cadaveric sternum to model the biomechanical behavior
under stress. Griffin studied the efficacy of the use of a polyurethane foam bone
analogue in modeling cancellous bone to provide reproducibility in testing [31].
However, a human cadaveric model is uniquely suited to provide a clinical reptiesenta
of biomechanical behavior, due to the overwhelming complexity of the biological
composite structure of the thorax. Variability in bone density, sternal sizieatbone
thickness, and sternal thickness experienced in clinical settings can be eddountith

the use of a human cadaveric model.

42 fresh cadaver models were divided into three test groups. Group A employed a
mainstream wire closure technique. Group B and group C utilized the Sternatowi pla
technique (Biomet Microfixation, Jacksonville Florida). Figure 5.2a shovexample

of a group A sternum, closed with three peristernal wires at the manubriunvand fi
trans-sternal wires along the body of the sterna. Group B was chaecttgyitwo “X”
plates on the sternum body and an “L” plate at the manubrium, as well as, 3twhes a
manubrium and two additional wires at the xiphoid process (Figure 5.2b). Group C
sterna were closed with a “Box” plate and 2 wires at the manubrium and two “X$ plate

at the sternum body with two wires at the xiphoid process, shown in Figure 5.2c.
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Figure 5.2: Pictures of the three closure technigueused in the study. a) peristernal wires, b)
Sternalock with L-plate, c) Sternalock with box-plae.

5.1. Sample Preparation

Samples were removed from the -20°C deep freeze a day before tedtjpig@at into a
standard freezer. The night prior to testing, the specimen were allowed to tedynple
thaw in a refrigerator. Then, several hours prior to testing, samples were iplace

room-temperature lab.

When the specimen reached room-temperature it was dried with a paper towebahd a

of white shoe polish (Meltonian Boot & Shoe Cream polish) was applied in a 3 inch area
on either side of the incision line. This coat was allowed to dry for 20minutes. A
“speckle” pattern was then applied over the white area-of-interest bylspyiblack ink
(Sanford: Higgins Black Magic) and allowed to dry for 30 minutes (Figure 518). T
desired size of black-ink “speckles” were 1 millimeter in diameter. Thbowtion of

the white polish and black waterproof ink was designed to provide added contrast to aid

in data collection to increase the resolution of the digital image cooreksystem.
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Figure 5.3: The cadaveric sternum must be coated thi a special high-contrast "speckle" to record
an acceptable amount of data.

A polish was chosen for this application because it demonstrated good adhesia@squalit
with the fresh cadaver model and did not crack during high mechanical loads,
characterized by large displacement values. The black waterproof graWiwas used

in combination with the shoe wax because it produced the most opacity after dnging, a

subsequently a higher contrast.

5.2. Test Set-up

To grip the sterna, a set of aluminum clamps were constructed. These clamps we
machined from aluminum blocks with tapped holes that held and array of 65mm length
cranial screws, designed to firmly hold tissue and bone to withstand appligtdakc

forces. Larger bolts were passed through a set of analogous clearascerheither
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sides of the clamp to hold the clamp in place over the sample. % inch bolts were used to
secure the clamps to the mechanical test frame. The sternotomy lingpaeihel to the
clamp plates was verified prior to each test, as well as top plate pardhel bottom

plate.

Three sets of test fixtures were used, each designed to apply load in a diffetemt loa
the construct. Figure 5.6a shows the intended configuration to apply lateratidisirac

Figure 5.6b — longitudinal shear, and Figure 5.5¢c — transverse shear.

Alignment of the cadaver model with the test fixture and subsequent applicatneof

is a highly emphasized parameter. The midline of the sternum must be parakel to t
spiked clamps to achieve uniform application of force along the entire length of the
osteotomy site. The midline and clamps must also be perpendicular to the displacement
of the test frame. The bulk head of the test frame should also intersectrinensieth

an approximately equal length on either side to minimize any rotationatsedigtng
testing. Therefore, an alignment tool was made to aid in loading the sternum katb spi
clamps that were designed to firmly hold ribs and flesh during mechanicagtestiis
alignment tool regulated the distance at which clamps gripped the sternuitihéom
midline. The tool also ensured that the clamps gripped the sample parallel tdlthe mi
in every case. This was further adjusted as needed to ensure that aligasianhieved

for every test.
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The alignment tool was placed on a table-top and one side of each of the spiked clamps
was positioned on top of the tool (Figure 5.4). A sternum was then placed —on top of the
open clamps with the posterior side of the sternum facing up. From this view, it could be
verified that the sternotomy line was parallel to the clamps. The matsogd side of

each spiked clamps where then positioned using the tool, and tightened around the
sternum. Each screw located on the clamps was then tightened by hand to enaure that

firm grip on the ribs was achieved.

Figure 5.4: Picture of the alignment tool designetbr this pfoject with one side of the spiked clamps
in position.
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Figure 5.5: A picture of the test set-up used. fokd frame transfers tension to the sternal construc
via a set of spiked clamps. An array of cameras cerd data throughout the test.

The specimen was properly loaded inside the clamps with appropriate aiesefssor
each differing test and attaching the clamps to the load frame, showgune Bi5. Data
was captured by Vic-3D (Correlated Solutions Inc, Columbia, SC), a digitgeima
correlation system. This system utilized two optical cameras aldh@vid correlation
algorithms to provide full-field 3-D shape, displacement and strain data thramieal

testing.

5.3.  Mechanical Loading

The cadaver model was stressed in three different modes to rigorougietes
biomechanical properties of the sternotomy closure technique: lateratiitistya
longitudinal shear, and transverse shear. In each of these directions, a monotonic
materials test was used in this application, pulling the construct at a ¢&&tam/min
until failure. Failure is defined as 2mm of displacement at the midline, fraafttire

sternum, fracture of ribs, or tearing of intercostals muscles resuitiogs of grip.
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Figure 5.6: Photographs of each direction tested ithe study. Starting from top left figure — a)
lateral distraction, b) rostro-caudal shear, c) anérior-posterior shear.

5.4. Digital Texture Correlation

-10.1

Figure 5.7: An example 3-dimensional shape constrted by Vic-3D using an array of optical
cameras.
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Vic-3D (Correlated Solutions Inc, Columbia, SC), a Digital Image Cdroalaystem

was used to capture images at 3 frames per second of the sternum during mechanical
loading. The system utilized two cameras placed at approximately 10 diegtieeseft

and right of the sample. The 3-D correlation algorithms processed thesiteegrovide
full-field 3-D shape, displacement and strain data of the cadaver corkstring

mechanical testing, shown by Figure 5.7. The resulting displacement pattern i

analogous to a finite element contour plot of displacements, Lagrange Straimottyvel

The “speckle” pattern that was previously applied consisted of a honstloeenvax and
small drops of waterproof black ink. This “speckle” pattern provides assistatioe t
digital image correlation software by providing the extra contrastate® track pixel

displacement during testing.

For group A, two “areas-of-interest” were established in Vic-3D, onedoh sternal half
around the speckled area and separated along the incision line. Figure 5.8 shows
examples of a sternum closed with peristernal wires stressed in bothdeieeation

and longitudinal shear with coloration for strain rates, red indicates high displatcem
For group B and group C, an “area-of-interest” was also drawn for each of thester
halves, but also around the titanium plates. This was done to instruct the texture

correlation software that there are two separate solid materials tre$st s
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Figure 5.8: Example colorations of stress concenttians in a) lateral distraction and b) longitudinal
shear.

The texture correlation system captured images at an interval of 0.3 seconds, or 3.33
frames per second. Average rate of vertical displacement between tlaélstbres was
found on either side of the midline incision. With this data, a force by displacement

graph was constructed for each area between titanium plates.

A rectangle was drawn that included the length of the sternal body, apprelyifat

millimeters away from the midline on either side, shown in Figure 5.9 a@yue5.10.
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Inside this rectangle, the vertical movement of each pixel inside thieedetctangle is
averaged at each point in time. The manubrium and xiphoid regions were ignored due to
issues of reproducibility. The behavior of the manubrium always showed zero
displacement at the midline, and therefore, an infinite stiffness, before faihs

observed in the construct. The xiphoid region universally showed displacement at the
midline first. However, the steel wire placed in this area to further igealile xiphoid

in sterna closed with Sternalock plates caused cutting of bone and subsequent erratic

behavior.

Figure 5.9: A rectangle is drawn on the top half ofhe sternum indicating the area that data was
extracted from.

Figure 5.10: A rectangle is drawn on the bottom hélof the sternum indicating the area that data was
extracted from.
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5.5. Data Extraction
Samples were stressed monotonically in one of three directions until they broke using
servopneumatic testing system. Data collected during this test cosistiftoice vs.

Displacement graph similar to Figure 5.11.

Maximum
Load

Y

Force

Slope = Stiffness

Displacement

Figure 5.11: Load—displacement curve and definitios of terms. Stiffness is
the slope of the linear portion of the curve. Theigld load is the
force applied that causes the curve to become noméiar. Above this
point of the curve, displacement is at least partidy irreversible after
removing the force. Maximum load is the force requied to cause
catastrophic failure of the system.

These unidirectional tests evaluated the biomechanical propertiegah dtaséraction,
longitudinal shear, or transverse shear. From the force vs. displacement graph

constructed by the data output, values for construct stiffness, yield loadtiarataiload
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could be calculated. With these values, the displacement at yield load and jbst-yiel

displacement could be found from the given data points.

Stiffness is the resistance to elastic deformation when force is appliedipwiaed linear
portion of the graph is characterized by elastic deformation, in other words, thticons
will return to its original state when the applied force is removed. The skais linear
portion is referred to as Young’'s Modulus or modulus of elasticity and is the me&sure o
stiffness of a material or construct, more specifically the ratio afsstoestrain during

elastic deformation. This equation is in the forny efmx+ b, with “m” representing

the slope and stiffness of the construct. An algorithm was developed to calculate the
modulus of elasticity. 60 consecutive data points were isolated within the upmesad li
section of the graph starting at point 1. If the linear trend fit to these points didveot ha
an R value over 0.96, the next set of 60 consecutive data points were taken with an
increment of 1 data point, in other words, points 2-62. A negative slope could not be
accepted, and a negative stiffness cannot exist. If a negative slope mémfauegion

of the sternum, the stiffness was taken to be infinite and quantified as zeroeaiisgha

at that region. This method ensured that the largest and most linear slope wasarhosen f

each region.

The yield load is the stress capacity of the construct before permanegedennflicted
to the sternum or device. This is also known as the stress limit associdtetastic
deformation, or the ability to return to the original state. Elastic defamis

characterized by the upward linear section of the force vs. displacement goafahd T
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the yield load, a secant slope method was used. An interval of 60 data points were used
to best represent linear portion to calculate the modulus of elasticity.pMinlgj this
previously found slope or stiffness by 0.95, a line was then extrapolated overcthedor
displacement graph. The point of intersection between the two lines definquhéaside

from linearity and taken to be the yield load for the construct of divided sternum and

closure technique.

The ultimate load is absolute maximum load that can be sustained without failuee of t
construct. In our model, the ultimate load refers to the load experienced by ttraatons
immediately before catastrophic failure. Failure can be charaaddviz breakage of the
ribs, tearing of intercostal muscles, wire fracture, plate fractutessiof screw fixation.
Also, failure can occur at the area the clamp gripped the sternum, in the ribs téhe

ribs meet the sternum body, and on the sternum body.

Post-yield displacement is evidence of wires cutting into the cadavemaist model, or

other damage to bone. This leads to sterna malunion and nonunion of the sternotomy and
is not a desirable outcome. Post-yield displacement was found by recording the
displacement at the midline when the yield and ultimate loads were metyéhess

were subtracted to quantify how much more the construct in-elasticallyatiddafore

catastrophic failure.
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5.6. Construct Analysis

As the sternum is pulled upward, the sternal halves displace at different rateslinigpe

on the construct stiffness. If the closure is not stiff enough, the upper half tértnens

will displace at a rate higher that the corresponding half and a gap at theostsrhioe

can be observed. With an exceptionally stiff construct, there will be no relative
displacement immediately surrounding the incision line and no gap can be observed. The
closure technique keeps the sternal halves together and moves in union. Overall, the
specimen is still displacing at the same rate, but that strain is traasfembs and

fascia. However, our concern is the device and its interaction with the specimen.

Relative displacement between the sternal halves is the desired output, ane whkat w
in our force vs. displacement graph. This is calculated by first analyzivgitineal
displacement or V (mm) of the top sternal half and subtracting that byrtieale
displacement of the lower sternal half. These vertical displacemens vedune analyzed

for every frame throughout the entirety of the test in real-time.

Instead of picking one point on the top half and one point on the bottom half and tracking
the vertical displacement of those points throughout the duration of the test, we took the
average vertical displacement inside a defined area on both sides of the sterterm. Af
capturing the images taken during the test, the digital texture correlativasoftas the
capability of defining these areas in the form of rectangles, and @xtydetta pertaining

to the vertical displacement within the defined area. The resulting .csvtfi¢hei
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extracted values contains the image-frame number and an associated vertical

displacement value.

For Group A, consisting of sternum closed by pericostal wires, two reetsawglre
drawn to include the immediate area around the entire length of the incision line. One
rectangle included the top half, and another incorporated the bottom half. The déferenc

in the two values resulted in the total vertical displacement around the steyriotem

Group B was characterized by sternum closed by Biomet SternalLock platzsis&ef

the size and complex geometry of the titanium plates, the texture comedaftware was
unable to gather data on the plates or the immediate area surrounding them. Small
rectangular areas were defined between each plate and on the ends for the topm@and bott
half of the sternum, totally four sections for each sternal half. Analysisrttal
displacement data extracted from these four rectangular aredsdesuklative vertical
displacement values for each of the four sections. Each of these verticaletispits

was graphed on a force vs. displacement graph.

5.7. Statistical Analysis

A total of 42 cadaveric models were tested, approximately 5 models per groaphor e
direction of force applied on the construct, shown in table 1. Each biomechanical
parameter (stiffness, yield load, and maximum load) were evaluated nsfdgGVA
model (Minitab, v15.2, State College, PA). Each of the biomechanical paramagers w

modeled as dependent variables, with fixation method, gender, and first ordetionierac
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as factors. Age was used as a covariate. Tukey post-hoc testing wasngeidod

strong statistical evidence was reported when p<0.05.
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Table 5.1: Test Design for the overall study.

Donor
# | Code Group | Age | Sex | Test Method
1| C080467 | B 84 | F Lateral Distraction
2 | C080516 | A 70 | M Lateral Distraction
3|5S080889 | C 61 | M Lateral Distraction
4 | S080883 | C 64 | F Lateral Distraction
515080811 | B 65 | F Lateral Distraction
6 | C080621 | B 63 | F Lateral Distraction
7 | S080849 | A 73 | M Lateral Distraction
8 | C080571 | B 59 | M Lateral Distraction
9 | S080874 | A 73 | F Lateral Distraction
10 | S080963 | B 65 | M Lateral Distraction
11 | C080547 | C 64 | F Lateral Distraction
12 | S080826 | A 82 | M Lateral Distraction
13 | C080684 | B 59 | F Lateral Distraction
14 | S082064 | C 68 | M Lateral Distraction
15 | C080542 | C 88 | F Lateral Distraction
16 | S080719 | A 69 | F Longitudinal Shear
17 | S080900 | B 65 | M Longitudinal Shear
18 | C080189 | B 65 | M Longitudinal Shear
19 | S080782 | A 8l | F Longitudinal Shear
20 | S080902 | A 79 | F Longitudinal Shear
21 | S080882 | B 82 | F Longitudinal Shear
22 | S080938 | C 67 | M Longitudinal Shear
23 | S080879 | C 70 | F Longitudinal Shear
24 | S081057 | C 72 | F Longitudinal Shear
25 | C080709 | A 70 | F Longitudinal Shear
26 | S080129 | B 62 | F Longitudinal Shear
27 | S080988 | A F Longitudinal Shear
28 | C080570 | B 70 | F Longitudinal Shear
29 | S080535 | C 8l | M Longitudinal Shear
30 | S080923 | C 84 | M Longitudinal Shear
31 | S080850 | A 76 | M Transverse Shear
32 | S080450 | A 65 | F Transverse Shear
33 | C080582 | B 80 | F Transverse Shear
34 | C080526 | A 82 | M Transverse Shear
35 | S081013 | B 68 | M Transverse Shear
36 | S081047 C 69 | M Transverse Shear
37 | S080029 B 50 | F Transverse Shear
38 | C060260 | B 77 | F Transverse Shear
39 | S081007 | A 89 | M Transverse Shear
40 | S080950 | A 79 | F Transverse Shear
41 | C080345 | B 85 | F Transverse Shear
42 | S060167 C 80 | M Transverse Shear
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Each of the desired biomechanical parameters will be evaluated sepfnagelgh of the

methods. Each of the main factor plots will include an asterisk if the differergces a

significant. Interaction plots will be shown to elucidate trends, even if thractiten is

not significant. In all of the models, age is not a significant factor. Thegevage of

cadaveric samples was calculated to be 72 years with a standard deviation of 9. 43% of

all the specimen tested are male.

6.1. Lateral Distraction

Table 6.1: Description of the sample group testedhilateral distraction with values for each
biomechanical property.

# IZ():(())r;oer Group | Age | Sex | Stiffness I:)e;j UIElOrT;(jte E?SS;_Yleld
1 | C080516 A 70| M 927.801 | 378.401 838.020 0.412
S080897 A 67 | M 255.660 | 262.000 309.000 1.957
7 | S080849 A 73 | M 612.116 | 493.012 691.694 0.868
12 | S080826 A 82 | M 453.284 | 333.094 435.287 0.741
9 | S080874 A 73 | F 532.608 | 207.072 606.784 1.341
8 | C080571 B 59 | M | 1515.230 | 1020.005 1082.848 0.099
10 | S080963 B 65 | M | 3671.435 | 638.667 736.665 0.099
5 | S080811 B 65 | F 3181.039 | 228.047 617.691 0.983
6 | C080621 B 63 | F 4609.300 | 526.070 612.825 0.005
13 | C080684 B 59 | F 2160.049 | 546.039 696.224 0.130
2 | S080889 C 61 | M | 3062.800 | 730.000 816.000 0.000
14 | S082064 C 68 | M | 4840.485 | 550.737 633.297 0.008
3 | S080883 C 64 | F 680.077 | 168.393 436.462 1.200
11 | C080547 C 64 | F 650.084 | 492.760 656.454 0.247
15 | C080542 C 88 | F 7200.000 | 510.000 553.000 0.000

Testing in lateral distraction, 5 samples were used from each sternakedeshnique.

The average age of this set of cadaveric sternum is 68 years, a total eE&ndhl

females were tested. 4 males and 1 female closed with peristernal2vimakes and 3
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females closed with Sternalock using an “L” plate at the manubrium, and 2 mel8s a
females closed with Sternalock using a box-plate to stabilize the manubrharusé of
only 1 female specimen closed with peristernal wires was identified asraipbt

statistical weakness of the model.

6.1.1. Stiffness

Table 6.2: Mean stiffness values for each sternalesure technique tested in lateral distraction,
separated by gender.

Stiffness
Averages Standard Dev
Group
M F M F
A 562.215 | 366.627 | 284.010 0.000
B 2593.332 | 3316.796 | 1524.668 | 1230.256
C 3951.642 | 2843.387 | 1257.013 | 3772.967

Lateral Distraction - Stiffness
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Figure 6.1: Rigidity (stiffness) of the various fixation methods tested in lateral distraction. Data
denoted by an asterisk are significant (p < 0.05)Columns denote mean values. Stiffness is measured
in newtons of force per millimeter displacement. Eor bars indicate one standard deviation.

Closure methods B and C were both found to be statistically significant when cdmpare

to group A (p=0.002 and p=0.004, respectively). Meaning that both plate configurations
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were significantly stiffer when compared to sterna closed by perikteines.
Sternalock systems using L-plates were found to have a 2471 N/mm higher mean
stiffness of over peristernal wires while plate systems using boxsgiate2730 N/mm

more than wires. Sternalock constructs were approximately six tirffes tstan wire

closures.
Lateral Distraction - Stiffness

with gender covariate
E
€
2
=M
f'é mF

A B C

Closure Method

Figure 6.2: Rigidity (stiffness) of the various fixation methods tested in lateral distraction separad
by gender. Columns denote mean values. Stiffnessmeasured in newtons of force per millimeter
displacement. Error bars indicate one standard deation. Columns denoted with letter ‘c’ are
statistically different (p < 0.05) than columns deated with the letter ‘a,’ likewise ‘b’ is different than
Ldll

When analyzed further with gender considered as a covariate, it was found &t mal
from group B (p=0.03), females from group B (p=0.008) and males from group C
(p=0.009) were statistically different when compared to female group A stenmales
from group C were found to be almost significant (p=0.12). When compared to male
group A sterna, females from group B, and males from group C were found to be
significantly different (p=0.04 in both examples); males from group B weresa

significant (p=0.11). No difference was found between any of the sterimgedalith

Sternalock devices when compared to each other. Females in group C had a very high
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amount of variability due to a combination of unusually high and low outliers. This

explains the higher variability seen in all group C sternum in Figure 6.2.

Main Effects Plot for Stiffness
Fitted Means
Fixation Method Gender
4000
3000
c
8 20001 -«
=
1000 1
0_
A B C F M

Figure 6.3: Side by side comparison plot of main &fcts with regards to construct stiffness tested in
lateral distraction.

Figure 6.3 illustrates that though gender had an effect on the data, fixatioydrhatd
bar far the most dramatic effect on stiffness. Both groups B and C sterna show
dramatically higher values of stiffness. Gender exhibited a limitegeinéle on the

constructs stiffness.
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Interaction Plot for Stiffness
Fitted Means
5000
.‘ - — —_—
40001 T -,
3000
c
3
s 2000
1000 1
0 4
— —e
T T
F M
Gender

Fixation

Method
—0— A
—m— B

C

Figure 6.4: Interaction plot describing the effectof gender on each construct in regards to stiffness
tested in lateral distraction.

Due to much smaller values, very little change in stiffness was observedxbig)

when comparing group A sternum. A substantially higher stiffness in group C males

versus females is found during this test and proves to be a trend among all bionaéchanic

characteristics. In an unusual case, group B sternum showed a slight blitaitgti

insignificant decrease in males versus females.

6.1.2. Yield Load

Table 6.3: Mean yield values for each sternal-close technique tested in lateral distraction,

separated by gender.

Yield Load
Averages Standard Dev
Group
M F M F
A 366.627 | 207.072 96.925 0.000
B 829.336 | 433.385 | 269.646 | 178.108
C 640.369 | 390.384 | 126.758 | 192.444
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Lateral Displacement - Yield Load
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Figure 6.5: Yield strength of the various fixationmethods tested in lateral distraction. Columns
denote mean values. Yield strength is measured mewtons of force. Error bars indicate one
standard deviation.

Closure methods B and C both consistently displayed higher yield loads than group A.
This trend did not prove to be statistically significant (p=0.10 and p=0.24, respectively)
when compared with group A, but it showed a trend towards higher yield strengths for
sternum closed with Sternalock devices. Group B showed 257 N higher mean yield
strength when compared to group A specimen, group C was observed to have a higher

mean of 156 N. More indicative results may be revealed from testing largelessres.

54



Biomechanical Comparison of Wire Circlage and Rigidte Fixation
for Median Sternotomy Closure in Human Cadaver Bpeats

Lateral Displacement - Yield Load
with gender covariate
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Figure 6.6: Yield strength of the various fixationmethods tested in lateral distraction separated by
gender. Columns denote mean values. Yield strefigis measured in newtons of force. Error bars
indicate one standard deviation.

No statistically significant differences were found between &guce methods. Group

B males were found to be almost statistically different (p=0.17 in both)cabken

compared to both males and females from group A. From this graph, we can begin to see
a trend in the model that male specimen exhibited larger yield strengthehales.

This may provide an underlying cause for lower yield strengths and a pdissible

between gender and yield strength.
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Main Effects Plot for Yield Load
Fitted Means

Fixation Method Gender

650

600

550+

500+

Mean

450

400

350+

300+

A B C F M

Figure 6.7: Side by side comparison plot of main &fcts with regards to yield strength tested in
lateral distraction.

Figure 6.7 illustrates the effect of fixation method and gender on the menasstitif the
sternal construct. Much like its effect on stiffness, fixation method cordgslauprimary
influence on construct yield strength. Gender has a more pronounced effedtlon yie
strength than it did on the stiffness of the model, showing higher strength values for
males than females. Although not found to be statistically significant, the figur

illustrates a possible trend in the data.
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Figure 6.8: Interaction plot describing the effectof gender on each construct in regards to yield

strength tested in lateral distraction.

Considerable effects of gender are found to influence yield strength of stensatucts.

Figure 6.8 breaks down how gender affects each sternal closure technique. fEoese af

are larger in sternum closed with Sternalock device than models closed witrpalis

wires, similar to effects on stiffness (Figure 6.4). In all closure metictmsires of male

cadavers exhibited a higher tolerance of load before plasticallyndiefpr

6.1.3. Maximum Load

Table 6.4: Mean maximum-load values for each sterralosure technique tested in lateral

distraction, separated by gender.

Ultimate Load

Averages Standard Dev
Group
M F M F
A 568.500 | 606.784 | 240.072 0.000
B 909.756 | 642.247 | 244.788 46.809
C 724.649 | 548.639 | 129.190 | 110.061
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Lateral Distraction - Maximum Load
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Figure 6.9: Maximum strength of the various fixatiom methods tested in lateral distraction. Columns
denote mean values. Maximum strength is measured newtons of force. Error bars indicate one
standard deviation.

No differences were statistically found between the maximum skreofthe different

closure methods tested. Very slight changes between the differegroigss can be

observed in Figure 6.9. Group C sterna had a mean maximum load only 43 N higher than
group A while group B showed a mean 173 N higher. Although differences were found

to be small and insignificant, this fits an overall model illustrating the advantdge

Sternalock plates over conventional peristernal wire closures.
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Lateral Distraction - Maximum Load
with gender covariate
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Figure 6.10: Maximum strength of the various fixaton methods tested in lateral distraction
separated by gender. Columns denote mean valuelaximum strength is measured in newtons of
force. Error bars indicate one standard deviation.

Implementing gender as a covariate, the same insignificant ressufownd for

maximum strength. There was virtually no difference found between maleraake fe
genders in group A samples, while it can be observed that female specimen irByroups
and C catastrophically fail at lower loads. Given the slight differemceslues,

variability, and overall statistical power when comparing this biomechlgmioperty,

very little can be concluded from Figure 6.9 and Figure 6.10.
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Main Effects Plot for Ultimate Load
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Figure 6.11: Side by side comparison plot of mainfiects with regards to maximum strength tested in
lateral distraction.

Figure 6.11 shows that the overall effect of different fixation methods and gemdirs
mean ultimate load is similar. Although as large changes on the plot, timg sealch

that the actual range is only 160 newtons. This small difference when cogilaager
numbers amplifies the changes seen in this model. Figure 6.11 shows the relative
influence found in the two primary factors in biomechanical behavior — fixation method

and gender.
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Figure 6.12: Interaction plot describing the effectof gender on each construct in regards to yield
strength tested in lateral distraction.

Gender has little, if any, effect on group A specimen (Figure 6.12), a seséd with
stiffness and yield strength in Figure 6.4 and Figure 6.8, respectivelyinfittence of
gender on ultimate strength has a much larger consequence in sternum closed with
Sternalock plates. Male specimens were found to withstand larger loads before

catastrophically failing.

6.1.4. Post-Yield Displacement

Table 6.5: Mean post-yield values for each sternallosure technique tested in lateral distraction,
separated by gender.

Post-Yield Displacement
Averages Standard Dev
Group
M F M F
A 0.994 1.341 0.670 0.000
B 0.099 0.373 0.000 0.532
C 0.004 0.482 0.006 0.633
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Figure 6.13: Post-yield behavior of the various fiation methods tested in lateral distraction.
Columns denote mean values. Post-yield displacentés measured in millimeters. Error bars
indicate one standard deviation.

Peristernal wire-sternum constructs exhibited higher displacemenyegiding (Figure
6.13). This translates to movement at the midline between point at which yield tvas me
and catastrophic failure occurred. High post-yield displacement valueadesirable in

a sternal construct because it is often symptomatic of physiologic daoageing

before complete failure takes place. Both Sternalock systems were founalitaolse
significantly different when compared to wire closures (p=0.06 for group B @h@p=

for group C).
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Figure 6.14: Post-yield behavior of the various fiation methods tested in lateral distraction
separated by gender. Columns denote mean valuessgield displacement is measured in
millimeters. Error bars indicate one standard devation.

No statistical evidence was found to support the differences seen due to smadl sampl
sizes associated with this study. Though hard to see in Figure 6.14, the 2 male group C

specimen had a mean post-yield displacement of 0.002 mm.
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Figure 6.15: Side by side comparison plot of mainfiects with regards to post-yield displacement
tested in lateral distraction.

63



Biomechanical Comparison of Wire Circlage and Rigidte Fixation
for Median Sternotomy Closure in Human Cadaver Bpeats

lllustrated by the comparison plot in Figure 6.15, fixation method has a dranfetic ef
on post-yield displacement. Figure 6.13 and Figure 6.14 show evidence for large but
statistically insignificant support of Sternalock systems providing advaniage
performance. Figure 6.15 also shows that gender has a smaller influencée yialgos
displacement when compared to the device used for closure. Overall, maleesigecim

were found to displace less after yielding and leading up to complete failure.
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Figure 6.16: Interaction plot describing the effectof gender on each construct in regards to post-ylak
displacement tested in lateral distraction.

Evidence shown in Figure 6.16 displays the effect of gender on post-yield displacement
for each fixation method. Males consistently had less post-yield displaceneetry

sternal closure technique.
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Rostro-Caudal Shear

Table 6.6: Description of the sample group testeahithe longitudinal distraction with values for each
biomechanical property.

Donor Yield Post-

# Code Group Age Sex | Stiffness Load Ultimate Yi.eld
Load Disp

16 | S080719 A 69 | F 129.790 85.581 328.731 | 328.155
19 | S080782 A 81| F 50.726 | 126.022 356.586 | 355.338
20 | S080902 A 79 | F 161.004 83.399 216.301 | 215.923
25 | C080709 A 70 | F 48.732 | 194.486 497.878 | 495.103
27 | S080988 A F 32.963 | 147.669 312.454 | 308.572
17 | S080900 B 65 | M | 1184.349 | 178.041 373.031 | 372.879
18 | C080189 B 65 | M | 1746.441 90.111 335.946 | 335.899
21 | S080882 B 82 | F 1740.698 60.578 216.637 | 216.600
26 | S080129 B 62 | F 2157.580 | 119.645 344.001 | 343.955
28 | C080570 B 70 | F 580.690 40.609 157.401 | 157.363
22 | S080938 C 67 | M 539.953 | 178.125 381.254 | 380.988
29 | S080535 C 81| M | 1946.021 | 348.448 745.895 | 745.588
30 | S080923 C 84 | M 776.952 | 133.237 285.269 | 284.901
23 | S080879 C 70 | F 687.114 | 171.581 379.576 | 379.372
24 | S081057 C 72 | F 248.068 | 127.700 171.833 | 171.372

The average age of specimen tested in the rostro-caudal direction is 7% yealss and

10 females were included in this group. A total of 15 specimen were used and deparate

into groups of 5 to represent each sternal-closure technique. 5 females closed with

peristernal wires, 2 males and 3 females closed with Sternalock using ate lafpthe

manubrium, and 3 males and 2 females closed with Sternalock using a box-plate to

stabilize the manubrium. No male specimen were available to use in group A, thi

weakens the comprehensive outlook on the study.
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6.2.1. Stiffness

Table 6.7: Mean stiffness values for each sternalesure technique tested in longitudinal shear,
separated by gender.

Stiffness
Averages Standard Dev
Group
M F M F
A - 84.643 - 56.965
B 1465.395 | 1492.989 | 397.459 | 817.108
C 1087.642 | 467.591 | 752.763 | 310.452
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Figure 6.17: Rigidity (stiffness) of the various ftation methods tested in longitudinal shear. Colums
denote mean values. Stiffness is measured in newsoof force per millimeter displacement. Error
bars indicate one standard deviation.

As shown by Figure 6.17, both Sternalock configurations exhibited higher stiffness
values. Though not statistically significant, these advantages in siffaase observed
from this graph. Sternum closed with peristernal wires was tested to haana m
stiffness of 84 N/mm with a standard deviation of 45 N/mm in the longitudinal direction
— virtually no resistance to displacement. Group B'’s test results show almost a 1400
N/mm increase in stiffness when compared to peristernal wires, group Csttewed a

755 N/mm gain in rigidity when compared to wires.
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Longitudinal Shear - Stiffness
with gender covariate
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Figure 6.18: Rigidity (stiffness) of the various fxation methods tested in longitudinal shear separat
by gender. Columns denote mean values. Stiffnessmeasured in newtons of force per millimeter
displacement. Error bars indicate one standard dewation.

No males in group A were tested in this direction. In the test group that was tested in
rostro-caudal shear, they were found to have a stiffness of 84 N/mm (Eig8)e

Group B females we found to be statistically different when compared to group A
females. Group B specimen had very similar mean stiffness values whparedno

each other, while female group C specimen had a mean stiffness much lower gwn mal

in that group.
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Main Effects Plot for Stiffness
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Figure 6.19: Side by side comparison plot of mainfiects with regards to stiffness tested in
longitudinal shear.

Fixation method was found to be the primary effect on stiffness when looking at mean

values (Figure 6.19). Group B had the largest mean stiffness out of the three closure

techniques, 1481 N/mm. Group C was found to have a lower than expected stiffness

value, 839 N/mm. Figure 6.18 cites the source of this low value from the 2 female

specimens tested in this group. Group C sterna tested still had over a 750 N/mm gain in

stiffness over sterna closed with wires. Gender also had an influence, Wathtesiing

655 N/mm stiffer than female counterparts.
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Figure 6.20: Interaction plot describing the effectof gender on each construct in regards stiffness
tested in longitudinal shear.

| n all examples, male specimen were found to exhibit higher stiffness viaiuetemale
(Figure 6.20). Similar to findings illustrated by Figure 6.18, gender hadianalieffect

on mean stiffness in group B. The interaction plot for gender in group A should be
disregarded as no male specimen was tested in this direction. A difference of over 600
N/mm was recorded in the mean stiffness of subjects closed with Sternaloghast

plates.

6.2.2. Yield Load

Table 6.8: Mean yield values for each sternal-close technique tested in longitudinal shear,
separated by gender.

Yield Load
Averages Standard Dev
Group
M F M F
A - 127.431 - 46.363
B 134.076 73.611 62.176 | 41.098
C 219.937 | 149.640 | 113.534 | 31.029
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Figure 6.21: Yield strength of the various fixationmethods tested in longitudinal shear. Columns
denote mean values. Yield strength is measured mewtons of force. Error bars indicate one
standard deviation.

Figure 6.21 reveals very little differences of mean yield strendtiesdetween the three
fixation methods. The range of mean yield strength is only 94 N, the rangehaf all t

individual specimen is approximately 300 N. No statistically significancefotand.
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Figure 6.22: Yield strength of the various fixationmethods tested in longitudinal shear separated by
gender. Columns denote mean values. Yield strergis measured in newtons of force. Error bars
indicate one standard deviation.
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No male specimen was tested in group A (Figure 6.22). Testing of femalmspeci
resulted in lower mean yield strength when compared to similar male goefim
groups B and C. Analogous to results found without consideration of gender, no

statistical significance was found when comparing this biomechanical fyroper

Main Effects Plot for Yield Load
Fitted Means
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Figure 6.23: Side by side comparison plot of mainfiects with regards to yield strength tested in
longitudinal shear.

Primary effect on mean yield strength was found to be a dependence on the fixation
method applied to the sternal construct. Gender was not found to have an influential

effect on the amount of load the construct can withstand before yielding (FigBye 6.2
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Figure 6.24: Interaction plot describing the effectof gender on each construct in regards yield
strength tested in longitudinal shear.

The plot for group A should be disregarded since there were no male specimen test
Sternal constructs in groups B and C showed larger capacities for load bestoalpfa
deforming for males (Figure 6.24). This difference was not large and was elyimat

found to be statistically insignificant.

6.2.3. Maximum Load

Table 6.9: Mean maximum-load values for each sterntalosure technique tested in longitudinal
shear, separated by gender.

Ultimate Load
Averages Standard Dev
Group
M F M F
A - 342.390 - 101.685
B 354.489 | 239.346 26.223 95.350
C 470.806 | 275.704 | 243.020 | 146.896
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Figure 6.25: Maximum strength of the various fixaton methods tested in longitudinal shear.
Columns denote mean values. Maximum strength is rasured in newtons of force. Error bars
indicate one standard deviation.

Much like results found for yield strength in longitudinal shear, differencesxinmum
strength for the three fixation methods were found to be minimal (Figure 6.25). The
range for mean ultimate strengths is 107 N. No statistical significaaeéownd, and
there did not seem to be any type of correlation between the fixation methdetand t

amount of force the construct was able to endure before completely failing.
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Figure 6.26: Maximum strength of the various fixaton methods tested in longitudinal shear
separated by gender. Columns denote mean valuelaximum strength is measured in newtons of
force. Error bars indicate one standard deviation.

No sterna closed with peristernal wires taken from male cadaversested.t Figure
6.26 shows that very little differences were observed in mean ultimate strendightA s
trend showing weakness in female specimen is observed again. Overall, tlity eapac
sternal construct is able to withstand before catastrophic failure os@pprioximately
300 N in the longitudinal direction. No correlation has been found that would show

evidence of a fixation method having an advantage over others.
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Figure 6.27: Side by side comparison plot of mainfiects with regards to maximum strength tested in
longitudinal shear.

Gender was shown to not have as much of an impact on mean ultimate load capacity

when compared to fixation method (Figure 6.27).
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Interaction Plot for Ultimate Load
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Figure 6.28: Interaction plot describing the effectof gender on each construct in regards maximum
strength tested in longitudinal shear.

The interaction plot for group A should be disregarded because no male specimen was
tested with that fixation method (Figure 6.28). Male specimens were foundet@ ha
larger capacity for stress in Sternalock constructs. However, this smaalleamount and

found to be statistically insignificant.

6.2.4. Post-Yield Displacement

Table 6.10: Mean post-yield values for each sternalosure technique tested in longitudinal shear,
separated by gender.

Post-Yield Displacement
Averages Standard Dev
Group
M F M F
A - 8.295 - 3.986
B 0.785 0.643 0.398 0.564
C 2.733 1.885 2.390 2.345
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Figure 6.29: Post-yield behavior of the various fiation methods tested in longitudinal shear.
Columns denote mean values. Post-yield displacentés measured in millimeters. Error bars
indicate one standard deviation.

A very clear trend links sternum closed with peristernal wires with high pelst-yi
displacement. This trend is not statistically significant, but a differean easily be
seen from Figure 6.29. Sternalock systems using L-plates were found to diggldce |
millimeter before failing. A similar system using box-plates wetmd to displace as
much as 5 millimeters. Sternum closed with peristernal wires were obsermisglace

as much as 15 millimeters before catastrophic failure was reached.
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Figure 6.30: Post-yield of the various fixation médtods tested in longitudinal shear separated by
gender. Columns denote mean values. Post-yieldsgdlacement is measured in millimeters. Error
bars indicate one standard deviation.

A gender comparison for group A sterna was unavailable. Negligible diféerenc
between male and female specimen were found in fixation methods that webledre a

make this comparison (Figure 6.30).
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Figure 6.31: Side by side comparison plot of mainfiects with regards to post-yield displacement
tested in longitudinal shear.

Fixation method had the larger effect on mean post-yield displacement; genddegrovi

a secondary influence on this biomechanical behavior (Figure 6.31).
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Figure 6.32: Interaction plot describing the effectof gender on each construct in regards post-yield
displacement tested in longitudinal shear.

The line depicting the interaction of gender in group A sternum should be disregarding
since no males were tested in this group (Figure 6.32). Gender had a minatiabeff

this biomechanical behavior.

6.3. Anterior-Posterior Shear

Table 6.11: Description of the sample group testeid the transverse distraction with values for each
biomechanical property.

# I%c())r:joer Group | Age | Sex | Stiffness I(I)ea:j
31 | S080850 A 76 | M | 110.823 48.999
34 | C080526 A 82 | M 66.350 -

39 | S081007 A 89 | M - -

32 | S080450 A 65 | F 34.507 23.493
40 | S080950 A 79 | F 46.401 22.989
35 | S081013 B 68 | M 32.570 -

33 | C080582 B 80 | F 113.650 -

37 | S080029 B 50 | F 8.857 | 129.042
38 | C060260 B 77 | F 117.158 51.684
41 | C080345 B 85 | F - -

36 | S081047 C 69 | M | 107.317 | 104.039
42 | S060167 C 80 | M | 132.657 55.879
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Of specimen tested in the anterior-posterior shear direction, the averagasage years
with 6 males and 6 females. 12 sternums were tested. 5 samples using periggsnal w
5 samples using Sternalock with L-plates, and 2 using Sternalock with box-plates. N

female specimen was tested with box-plates.

Table 12 shows several weaknesses in data collection. Calculating biomdchanica
behaviors of the cadaveric constructs was very difficult when stressingtianisgerse
direction. The cadaver-device constructs had a very large amount of complianae due
the length of the ribs and presence of intercostal muscles, this made ittdiéfiapply

force to the midline of the sternum.

6.3.1. Stiffness

Table 6.12: Mean stiffness values for each sternalesure technique tested in transverse shear,
separated by gender.

Stiffness
Averages Standard Dev
Group
M F M F
A 88.586 | 40.454 | 31.447 8.410
B 32.570 | 79.888 0.000 | 61.540
C 119.987 - 17.918 -
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Figure 6.33: Rigidity (stiffness) of the various fxation methods tested in transverse shear. Columns
denote mean values. Stiffness is measured in newsoof force per millimeter displacement. Error
bars indicate one standard deviation.

No fixation method was found to be statistically different than another (Figure 6.33).
Peristernal wires appeared to be almost identical in stiffness to Strmath L-plates,
only a 4 N/mm difference in mean stiffness. A moderate gain in stiffness can be
observed for Sternalock with box-plates in Figure 6.33, a 55 N/mm difference when

compared to peristernal wires.
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Figure 6.34: Rigidity (stiffness) of the various fxation methods tested in longitudinal shear separat
by gender. Columns denote mean values. Stiffnessmeasured in newtons of force per millimeter
displacement. Error bars indicate one standard dewation.

No female samples were tested in group C. No trends or correlations aelablaade

from the data recorded and shown in Figure 6.34.
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Figure 6.35: Side by side comparison plot of mainfiects with regards to stiffness tested in transvese
shear.

Fixation method is shown to be the primary influence on mean stiffness of the construct
Gender has a secondary effect on this biomechanical property. The overalf scale
Figure 6.35 allows us to analyze the source of different stiffness valuelse lmumall
difference of overall values does not provide enough statistical power to drawesty di

relationships between fixation method, gender, and mean stiffness.
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Figure 6.36: Interaction plot describing the effectof gender on each construct in regards stiffness
tested in transverse shear.

The interaction plot describing fixation method C should be disregarding because no
female samples were tested in this group. Figure 6.36 shows very littectftefferent
genders to both sternums closed with peristernal wires and SternalockssystegL-

plates.

6.3.2. Yield Load

Table 6.13: Mean yield values for each sternal-clase technique tested in transverse shear, separated

by gender.
Yield Load
Averages Standard Dev
Group
M F M F

A 48.999 | 23.241 0.000 0.356
B - 90.363 - 54.701
C 79.959 - 34.054 -

82



Biomechanical Comparison of Wire Circlage and Rigidte Fixation
for Median Sternotomy Closure in Human Cadaver Bpeats

Table 6.14: Mean yield values for each sternal-clage technique tested in transverse shear.

Yield Load
Group | Average | Std Dev
A 31.827 14.874
B 90.363 54.701
C 79.959 34.054

Table 15 was included because there are so many vacancies in table 14. Weaknesses

table 14 make it difficult to read no conclusions can be drawn from analyzingrgende
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Figure 6.37: Yield strength of the various fixationmethods tested in longitudinal shear. Columns
denote mean values. Yield strength is measured mewtons of force. Error bars indicate one
standard deviation.

No fixation method was found to have statistically different yield sthewgien
compared to each other. The constructs capacity for stress before pjagét@mining
did appear to be influence by different closure techniques in the anterior-posterior
direction. A trend of Sternalock systems having a higher yield strength candreeobs
from Figure 6.37, however, this trend was not found to be statistically significaat. T

largest change, the difference between group B and group A was only found to be 59 N.
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Figure 6.38: Yield strength of the various fixationmethods tested in longitudinal shear separated by
gender. Columns denote mean values. Yield strefigis measured in newtons of force. Error bars
indicate one standard deviation.

No data was recorded for males in group B and no females were testeddugnCgr
This shows weaknesses in the study for transverse shear. The one thing Figure 6.38

reveals is that females had a slightly lower stiffness when comparedes imgroup A.

6.3.3. Maximum Load

Data was unavailable for the maximum strength when tested in the antetenigvos
direction. The maximum displacement of the load frame was approximatelye®inAt
maximum displacement, failure was not achieved for the sternal consitexd. in
section 7.3, force was very inefficiently transferred to the sternum usartgdt fixtures
for the anterior-posterior direction. The high compliance of the sternum ribakes

extremely difficult to collect viable data in this direction.
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6.3.4. Post-Yield Displacement
Because catastrophic failure was never reached for this test group.yeefbst

displacement was unavailable for each construct.

6.4. Males versus Females

Male vs Female Comparison:
Stiffness
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Figure 6.39: Comparing stiffness between male anéiale specimen. Columns denote cumulative
values for all fixation methods.

Trends have been noted that link gender and mean stiffness for groups organized by
fixation method. Overall no statistical differences can be observed from Bi@%.eIn
Figure 6.39, all fixation methods were averaged to produce the graph. This may not be
the best way to analyze the gender relationship since plated fixation methods @éended t
exhibit higher stiffness values, skewing the averaged values in Figure 6&@sdave

behavior of groups B and C.
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Male vs Female Comparison:
Yield Strength
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Figure 6.40: Comparing yield strength between maland female specimen. Columns denote
cumulative values for all fixation methods. An agrisk indicates statistically significance between
male and female specimen.

A trend can be seen associating male specimen with a higher capaditgdshefore
plastically deforming (Figure 6.40). When tested in lateral distractiatesmere found
to be statistically different (p=0.03) when compared to similarly testedlés; males
had a mean stiffness of 550 N while females were tested to have 382 N. &tatistic
differences were not found in rostro-caudal shear and anterior-posteaoy lshwever, a
trend can be observed showing higher yield strengths for male specimenlatghis

suggests that males can be associated with larger yield-ssengt
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Male vs Female Comparison:
Maximum Strength
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Figure 6.41: Comparing maximum strength between ma&l and female specimen. Columns denote
cumulative values for all fixation methods.

No statistical differences were found when comparing similarlgdesiales and females
(Figure 6.41). Male specimens were consistently stronger, able toandHarger
amounts of stress before reaching catastrophic failure. However, tHesendés were
small, 95N and 126N for distraction and longitudinal shear, respectively. This data

suggests that males are associated with larger maximum-strengths

Male vs Female Comparison:
Post-Yield Displacement
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Figure 6.42; Comparing post-yield displacement beteen male and female specimen. Columns
denote cumulative values for all fixation methods.
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Difference in male versus female specimen when tested in lateractit was found to
be almost statistically significant (p=0.19). When tested in rostro-cabdat, females
displaced much more after yielding when compared to males. This differenoetdi

prove to be statistically different.

6.5. Additional Graphs
Figures 6.43-6.46 bring perspective to the findings of this study. The magnitude of the
differences found can be compared to other fixation methods, other directions el appli

stress, and the opposite gender.
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Figure 6.43: Rigidity (stiffness) of the various fxation methods tested in various directions and
separated by gender. Columns denote mean valueStiffness is measured in newtons of force per
millimeter displacement. Error bars indicate one sandard deviation.
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Figure 6.44: Yield strength of the various fixationmethods tested in various directions and separated
by gender. Columns denote mean values. Yield strgth is measured in newtons of force. Error
bars indicate one standard deviation.
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Figure 6.45: Maximum strength of the various fixaton methods tested in various directions and
separated by gender. Columns denote mean valuelslaximum strength is measured in newtons of
force. Error bars indicate one standard deviation.
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Post-Yield Displacement
with gender covariate
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Figure 6.46: Post-yield displacement of the variouxation methods tested in various directions and
separated by gender. Columns denote mean valueBost-yield displacement is measured
millimeters. Error bars indicate one standard devation.

7. Discussion

7.1. Lateral distraction

-

Figure 7.1: Picture taken at maximum displacementri the lateral distraction direction. Separation
can be observed at the midline and rib fractures aabe seen along the bottom clamp.

It was found that both Sternalock configurations were statistically diff¢pe0.05)
when comparing stiffness to sternum closed with peristernal wires. A leoskvwas

found for the same when analyzing yield strength (p<0.23). No conclusions could be
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drawn from each tested fixation method with regards to maximum strength. A loose
trend was also found when analyzing data for post-yield displacement, Stkernaloc

systems were found to be more superior to peristernal wires (p<0.07).

Substantial advantages in performance were observed from all the biomechanical
properties analyzed for Sternalock devices when compared to peristersalexaieiding
maximum strength. Overall, displacement at the midline for sternum involving
Sternalock devices was almost not detectable. When stressed in lateretialistra
Sternalock plates were very efficient at transferring load to the sterithouwvallowing
elastic or inelastic deformation at the osteotomy site. Figure 18a slemhmation map
of stress concentrations for a sternum closed with peristernal wires. Reddadates
high stress areas, these areas were seen to be more likely to displalceratleg. A
peristernal wire closure was not sufficient to stabilize the xiphoidmeghen increased

loads were applied to the construct.

Lateral distraction is the biomechanical property most commonly discusseulatute.

A very large amount of data has been compiled on stiffness — cadaver models[11], bone
analogues [49], porcine models [50], canine models [15]. No new information is being
reported in this study on the lateral distraction of cadaveric models exceplidiatioa

of the Sternalock device.
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7.2. Rostro-caudal shear

Longitudinal shear is not widely used in evaluating new median sternotomy closure
devices. However, this can be an important metric to further understand therithits a
failure modes in devices very commonly implanted in a very wide patient-group. An
older and more mature procedure, median sternotomy closures have become sufficient
capable of resisting motion during lateral distraction but little progresbden made to
resist load in directions that are physiologically known to occur. Thexast$ used to
apply stress in the rostro-caudal direction were very effective to trangfoad through

the midline of the construct. Minimal rotation was seen to occur and viable datsececord

during testing.

Peristernal wires are not well suited to resist motion in the longitudireatidin. Due to
the inherent nature of this fixation method, this wire configuration can only r@ssin
one direction. Wires are tightened to provide a compressive force around the cortica
bone of the sternal body; this provides the action in resisting forces in distrattion.
Resistance in the longitudinal or transverse direction is completely dependention f
between the sternal halves, as the halves are merely being comprestest.tdgven in
the one mode of resistance capable by peristernal wire closures, loadficieoitly
transferred to the construct. Multiple point loads are created around corticahbbne
tend to concentrate stress in small areas. This often leads to stainlesgesegutting

through the sternal body and is very commonly observed in clinical settings.
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Figure 7.2: Picture taken at maximum displacementn the longitudinal direction. Slanted wires
indicate plastic deformation at the midline.

Figure 7.2 shows a sternal construct closed with peristernal wiresestiag. Wires
wrapped around the sternal body are applied perpendicular to the midline of the
sternotomy. Figure 7.2 shows the peristernal wires slanted after maxiispiacement

was achieved by the load frame and catastrophic failure had occurred. Thetsthypfe
after the construct had gone through a phase of elastic deformation and began to yield,
the two sternal halves began sliding across each other. The sternum hasmérmane
displaced relative to each other. This is the mode for post-yield behavior inrpatiste

wires when subjected to load in the longitudinal direction.

Only one statistical difference was found when testing in the rostro-cauelciatir
When comparing females in groups A and B, the difference their stiffreessfownd to
be statistically significant. Noticeable trends that Sternalock depizesessed
advantageous properties were observed in the evaluation of stiffness andldost-yie

displacement (Figure 6.17 and Figure 6.29). Otherwise, no statistigaliffcant data
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was calculated. No separation in yield strength and maximum strengtmpente

could be drawn from the data.

7.3. Anterior-posterior shear
Anterior-posterior, or transverse shear is also an important metric in évaloegdian
sternotomy closure techniques. Forces identical to this are seen in a skticg when

a patient might roll on his or her back or bend in a particular direction.

Very little data was gathered from testing in this direction. Severalobstxisted that
prevented us from recording meaningful data. No female specimen wesbk/tihat
were closed with Sternalock devices using box-plates (group C). Severpbohsa

were omitted due to Vic-3d being unable to process information.

T
Figure 7.3: Picture taken at maximum displacementn the transverse direction. Failure did not
occur during this test.

A very large amount of physiological compliance was present. This was due to the
length of the ribs, presence of intercostal muscles, and cumbersome nater&est-t

fixtures used. Additional test fixtures were created and added to the systemishow
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Figure 7.3. This additional fixturing is difficult to see in the photograph, it involved bars
that would apply force on the sternum closer to the midline of the construct. Thiptatte

to avoid compliance was not sufficient to cause catastrophic failure in the device.

Due to the nature of the optical cameras, very little data was able to be dajuxing
the tests. The positioning required that would allow an unobstructed view of the midline
involved very close placement of the cameras to the sample, shown in Figure 7.4. This
provided difficulties for the correlation software, and was not always able axextr

meaningful data.

Figure 7.4: Picture taken from a camera used in théigital image correlation capture system.

You can also see issues in the camera’s perspective from Figure 7.4. Dieformat
occurring due to the displacement of the test frame is neither vertited trthime (y-
axis), nor towards the camera (z-axis). Analysis of motion in one of these conventional

directions is what Vic-3D is set up to do, one at a time.
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It may not be critical to evaluate this test mode in depth, as it is expecteuethagh
compliance seen in our test fixture will also be experienced to a larget iexéery
clinical setting. The combination of low expected forces with high compliante of t

system may prevent yield or maximum strength to be reached for the construct.

7.4. Texture correlation

The force versus displacement graph obtained by a load read-out given by the lead fram
is often the data gathered in similar studies. This references the suersdl

experienced by the load cell against the displacement measured by tharhoad Tihree
dimensional texture correlation (Correlated Solutions Inc, Columbia, SCeeasas an
opportunity to comprehensively analyze biomechanical properties. Overall load
experienced by the system could be referenced to the displacement at the afitlie

construct, more accurately characterizing the properties of the model.

A three-dimensional map was created using Vic-3D (Correlated SoliionSolumbia,
SC) that revealed high stress areas, rates of strain, and videos to analyadetad
failure. This system is capable of more analysis than what was utilizédsfetudy and

the use of it is recommended for future studies.

7.5. Increased healing rate
During the early post-operative phase after a median sternotomy, aagghy fr
fibrocartilage callus will form over the osteotomy site. This is the begirofibgne

healing and ultimately leads to woven bone and mineralized bone. Beginning several
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weeks after surgery until 3 months post-operation, the fibrocartilage callus and woven
bone provide the primary action for the healing process. This phase requiresgrptecti
as revascularization occurs. Complete immobilization of the area islctatiprevent
severed blood vessels or damaging the woven bone. Sufficient immobilizatioeaday |
to faster healing times when compared to the insufficient immobilizationvachisy

wire closure methods [6].

A high stiffness or rigidity of the device-thorax construct will preventrantion at the
osteotomy site. Since the devices tested possessed maximum strengthnvexoess of
what is typically experienced in-vivo, stiffness is seen as the most snmpartd most

practical factor in improving a sternal closure device.

7.6. Blood supply

As shown in Figure 3.14, internal mammary arteries run parallel to the sternarmbdy
lead to branches that run across the sternum. The existence of blood vesiethgiel
possibility of interrupting blood flow to the area with any device that will wrap around
the sternal body [28]. Any disruption of this blood flow may have the serious
consequences of sternal ischemia, delayed wound healing and an increased sternal
complication rate [28, 43, 51]. Ozaldi al. speculated that rigid plate fixation does not
circumferentially compress the sternum and will not likely damage locabstaood
supply and subsequently lower the risk of sternal complications [28]. This ishsagnet
that this study was not able to measure or evaluate, but is surely an advéattiage o

Sternalock device.
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7.7. Gender differences

The only statistically significance found showing the difference betwesen t
biomechanical properties of males and females was data for yield Btvemgn tested
under longitudinal distraction. Consistent trends were found for each prozntyeih
analyzed with the exception of stiffness data tested in distraction (eedifeeopposite of
the trend was found). Differences were repeatedly noted in all testsmiMaxstrength
and post-yield displacement both showed statistically insignificant trended®ivgher
performance for male specimen. However, this study lacked the sthpstiger to

prove this difference.

7.8. Nature of failure

An important note from this study is the location and nature of failures during testing
Failure modes for particular devices can give important insight to @knesses.
Classification of these failures can be put into two categories: devicgsiolulgic

failure.
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7.8.1. Type of failure

. = " “-'
Figure 7.5: Picture taken after failure of the devée occurred. A screw that fastened the plate to ¢h
sternum became dislodged.

Device failure was not often observed during this study. One case recorded was a
Sternalock device in which the first X-plate had a screw that became dislooigetthe
sternum. The screw popped out, losing traction from its threads during catastrophic

failure. This screw can be seen in Figure 7.5 in the middle of the photograph.

Examples of device failures that were seen in this study could be wingré&galate
fracture, or untwisting of wires. However, device failures were edhgrare in this

study and are not expected to be common in a clinical setting.

Physiologic failure was commonly noted in sternum closed by Sternalocledevic

Sternal union was so much stiffer than it would be normally in a healthy sternunt tha
fracture and intercostals muscle tearing was often seen. Examplesarktin Figure

7.1 and Figure 7.6. In Figure 7.1, light can be seen protruding through the cadaver in the

area of the lower clamp, this indicates rib fracture and separation. Phigsfalhge
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may suggest that the true biomechanical properties of yield and maxinangtistmay

be beyond what we were capable of measuring in this model.

7.8.2. Location of failure

L] |
Figure 7.6: Picture taken after clamps were removedrom the sternum. Obvious tearing of the

intercostal muscles had taken place, as well as fiture of associated ribs in the area.

Using wire circlage as a closure method, failures were observed wih began to cut
through cortical bone. This is consistent with results published by previous studies, and
have been seen to cause healing complications. The failure mode observed ioc&ternal
systems occurred away from the midline of the sternum. Rib fractures amcdstaés

muscle tear along the grip line of the clamps were often noted with minipeabsen at

the midline (Figure 7.6). Although we found significantly higher stiffnetsegaand

trends towards higher yield strengths for these Sternalock constructshé odarred

that the yield strengths and maximum strengths found are not completesergptee

of the device-sternum interface; the data found is a representation of the r&chani
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properties of the interaction between the clamps and cadaveric ribs. Béwadssure
at the midline was so rigid, stress fields were shifted further awayrfriolime and
resulted in catastrophic failure. This is more evidence supporting bettempante of

Sternalock devices.

7.9. Statistical power

42 cadaver models were used for this study. 3 fixation methods were tested to
catastrophic failure in 3 different directions. Gender was also found to mdgerate
influence biomechanical properties. The 42 specimen were divided into 9 groups,
leaving 4.6 specimens per group — approximately 5. Considering gender in eachk of thes
groups, statistical analysis was often only left with 2 or 3 specimen in eaqgh g

evaluated. In most cases, statistical power could not be achieved and sagsptedid

not provide statistically significant differences between the threedixenethods.

Trends were observed and interpreted in the data, but a future study with adargler s

size or more narrow focus could be done to verify these findings. Larger qsactitid

not be obtained for this study due to the large cost of cadavers.

A weakness in this study was the inability to test both male and femalengpeai each

group for every direction. Only 5 male specimens were available in grangd B

female specimens for group C. An attempt was made to include at least 2 sEfmples
each gender in each fixation method but this was not possible due to uneven proportions
of samples. To further analyze the role of gender on biomechanical properties, a

sufficient number of samples from each gender should be tested in each direction.
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7.10. Post-Yield Displacement

Post-yield displacement is an indicator of damage to the bone in a cadaver moslel. Thi
may translate into very undesirable outcomes in clinical settings. lasleeot sternum
closed with peristernal wires, this is usually characterized byawuiteng through bone.

This has been cited for the reason for sternal mal-union or non-union, dehiscence, and
mediastinitis. Therefore, wire cutting through bone, or any damage to bone should be
avoided at all costs. Due to the minimal displacement associated with steoseuoh cl

with Sternalock devices, very little post-yield displacement occurred. isTeisdence

for limited damage to the bone before catastrophic failure.

8. Conclusions

1) Overall, Sternalock is less likely to fail under both lateral distraction and
longitudinal shear. This rigid plate fixation device demonstrates supeiiity;ig
and shows promise for larger yield load and maximum load values. Rigid plate
fixation is more equipped to provide support in all directions that might occur in a
clinical setting, where peristernal wires only support a sternal cehgtrane
direction.

2) Post-sternotomy constructs require a high resistance to movement. A completel
immobilized union can allow for uninterrupted osseous healing and correlated

with decreased healing times.
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Directly linked to bone damage, post-yield displacement occurred in limited
amounts with Sternalock devices. This may prevent healing complications such
as sternal mal-union, non-union, dehiscence, or mediastinitis.

Evidence has been shown that revealed differences in mechanical behavior
between cadaveric models of male and female subjects.

Sternalock plates were found to be stiffer and stronger than the native physiology
of the thorax. Under high loads, sternum closed with Sternalock devices failed

due to weaknesses in native tissue rather than related to the device.
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Appendix A: Statistical Analysis — Lateral distraction

General Linear Model: Stiffness, Yield Load, ... versus Fixation Met, Gender

Fact or Type Level s Val ues
Fi xati on Method fi xed 3 A B C
Gender fixed 2 F, M

Anal ysis of Variance for Stiffness,

Sour ce DF Seq SS
Age 1 2879103
Fi xati on Met hod 2 39360861
Gender 1 1480229
Fi xati on Met hod* Gender 2 6886150
Error 8 9855121
Tot al 14 60461464

S =1109.91 R-Sq = 83.70% R-Sq(a

Term Coef SE Coef T
Constant -12108 3165 -3.83 O.
Age 212. 49 46. 44 4.58 0.

Unusual Observations for Stiffness

Cbs Stiffness Fit SE Fit Re
4 453.28 2474.62 694.75 -2
5 532.61 532.61 1109.91

using Adjusted SS for Tests

Adj SS  Adj MB
25789181 25789181
35164464 17582232

1429128 1429128
6886150 3443075
9855121 1231890

dj) = 71.48%

P
005
002

si dual
021. 34
0. 00

St Resid

-2.34 R

* X

F

20. 93
14. 27
1.16
2.79

R denotes an observation with a | arge standardi zed residual.

X denotes an observation whose X value gives it

Anal ysis of Variance for Yield Load,

Sour ce DF Seq SS
Age 1 80659

Fi xati on Met hod 2 92512
Gender 1 250129

Fi xati on Met hod* Gender 2 28319
Error 8 253984
Tot al 14 705604

S = 178.180 R-Sg = 64.00% R-Sg(a
Term Coef SE Coef T
Constant 415.1 508.1 0.82 0.43
Age 0. 926 7.456 0.12 0.90
Unusual Observations for Yield Load
Cbs Yield Load Fit SE Fit Res

usi ng Adjusted SS for Tests

Adj SS

489
176994
218428
28319
253984

dj) =

P
8
4

i dual

Adj M5
489
88497
218428
14160
31748

37.01%

St
Resi d

F
0.02
2.79
6. 88
0. 45

| arge | everage.

P
0.904
0.121
0.031
0. 655

P
0. 002
0. 002
0.313
0.120
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5 207.07 207.07 178.18

X denotes an observati on whose X value gives it

Anal ysis of Variance for
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0.00 * X

| arge | everage.

U ti mte Load,

using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 83731 9172 9172 0.27 0.616
Fi xati on Met hod 2 22323 36453 18227 0.54 0.601
Gender 1 64108 46216 46216 1.37 0.275
Fi xati on Met hod* Gender 2 44490 44490 22245 0.66 0.542
Error 8 268952 268952 33619
Tot al 14 483603
S = 183. 355 R-Sqg = 44.39% R-Sg(adj) = 2.68%
Term Coef SE Coef T P
Const ant 938.5 522.8 1.80 0.110
Age -4, 007 7.672 -0.52 0.616
Unusual Observations for Utinmte Load
Utimte St

bs Load Fit SE Fit Residual Resid

5 606. 78 606.78 183.35 -0.00 * X

X denotes an observation whose X value gives it large | everage.

Anal ysis of Variance for Post-Yield D sp, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 0.0794 0.4297 0.4297 1.51 0.255
Fi xati on Met hod 2 2.1831 2.4930 1.2465 4.37 0.052
Gender 1 0.5907 0.5700 0.5700 2.00 O0.195
Fi xati on Met hod* Gender 2 0.1009 0.1009 0.0505 0.18 0.841
Error 8 2.2839 2.2839 0.2855
Tot al 14 5.2380
S = 0.534307 R-Sqg = 56.40% R-Sg(adj) = 23.70%
Term Coef SE Coef T P
Const ant 2.409 1.524 1.58 0.153
Age -0.02743 0.02236 -1.23 0.255
Unusual Oobservations for Post-Yield Disp

Post-Yield St
os Di sp Fit SE Fit Residual Resid

5 1.34083 1.34083 0.53431 0.00000 * X

X denotes an observati on whose X value gives it large | everage.

Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variable Stiffness
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Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation
Met hod Lower Center Upper A oo +
B 2007 4710 7412 (---
C 1486 3859 6233 (-----
Femm ek Femm ek +
- 3000 0 3000

Fi xati on Method = B subtracted from

Fi xation
Met hod Lower Center Upper SRR S +
C -3050 -850.2 1350 (------ REEEEE )
Focmenannn R +
- 3000 0 3000

Tukey Sinultaneous Tests

Response Variable Stiffness

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 4710 945.9 4,979 0. 0027
C 3859 830. 8 4,645 0. 0042
Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C -850. 2 770.1 -1.104 0. 5382

Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variable Stiffness
Al'l Pairw se Conparisons anong Levels of Gender

Gender = F subtracted from
Gender Lower Center Upper -------- R tomme o
M -790.7 693.0 2177 (-------------- R
________ e
0 1000 2

Tukey Si nultaneous Tests
Response Variable Stiffness
Al'l Pairwi se Conparisons anong Level s of Gender

Gender = F subtracted from

Di fference SE of Adj ust ed
Cender of Means Difference T-Value P- Val ue
M 693.0 643. 4 1.077 0. 3129

Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variable Stiffness

Al'l Pairwi se Conpari sons anong Levels of Fixation
Fi xati on Method = A

Met hod*

CGender
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Gender

Fi xati on
Met hod

O0Omw>

Fi xati on
Met hod

W >

O0Ow

Fi xati on
CGender =
Fi xati on
Met hod

B

B

C

C

Fi xati on
Met hod

O0Om®

Fi xati on
Gender

Fi xati on
Met hod

B

C

C

Fi xati on
Gender

Fi xati on
Met hod
C

C

Biomechanical Comparison of Wire Circlage and Rigidte Fixation
for Median Sternotomy Closure in Human Cadaver Bpeats

F subtracted from

Gender Lower Center Upper
M - 4507 29.61 4566
F 28 5050.74 10074
M -911 4398.11 9707
F -2165 2523.27 7212
M 50 5225.19 10400
Gender e SRR SRR -
M R REASEEEEEED )
Fo (- R )
M (----mm--e- SRR )
F (-------- AREEEERE )
M (- R )
I [ [ [
-5000 0 5000 10000
Method = A
M subtracted from
Gender Lower Center Upper
F 1431.8 5021 8610
M 389.1 4369 8348
F -610.0 2494 5597
M 1396. 9 5196 8994
Gender e SRR SRR -
F (------ Heeo-e- )
M (------- IRREEEEE )
F (-----%-me0)
M (------ IREEEEE )
I [ [ [
-5000 0 5000 10000
Met hod = B
F subtracted from
Gender Lower Center Upper R R S +
M - 4357 - 653 3052 (------- S )
F -6225 - 2527 1170 (------ R )
M - 3548 174 3897 (------ REEEE )
cete e A +
-5000 0 5000
Met hod = B
M subtracted from
Gender Lower Center Upper R R S +
F -5949 -1875 2200 (------- MR )
M -3253 827 4907 (-------- W )
I pepp—— [ +
-5000 0 5000
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Fi xati on Met hod
subtracted from

CGender =

Fi xati on
Met hod
C

F

Gender

M
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C

Lower Center Upper
-1215 2702 6619

Tukey Si nmultaneous Tests
Response Variable Stiffness

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Met hod
subtracted from

Fi xati on
CGender =

Fi xati on
Met hod

O0OwWw >

Fi xati on
CGender =

Fi xati on
Met hod

OO

Fi xati on
Gender =

Fi xati on
Met hod

B

C

C

Fi xati on
Cender =

Fi xati on
Met hod

C

C

Fi xati on
CGender =

Fi xati on
Met hod
C

F

Gender

=S TL

Met hod

A

Di fference
of Means
29.61
5050. 74
4398. 11
2523. 27
5225.19

A

M subtracted from

Gender

=TT

Met hod
subtracted from

F

Gender

M
E
M

Met hod

Di fference
of Means
5021

4369

2494

5196

B

Di fference
of Means

- 653

- 2527

174

B

M subtracted from

Gender

E
M

Met hod
subtracted from

F

Cender

M

Di fference
of Means

- 1875

827

C

D fference
of Means
2702

SE of

D fference
1241

1374

1452

1282

1416

SE of

D fference
981. 8
1088. 5
849.0
1039.1

SE of

D fference
1013

1011

1018

SE of

D fference
1115

1116

SE of
Di fference
1071

T- Val ue
0. 02386
3.67590
3. 02864
1.96754
3.69139

T- Val ue
5.114
4,013
2.937
5. 000

T- Val ue
-0. 644
-2.499

0.171

T- Val ue
-1.682
0.741

T- Val ue
2.522

Adj ust ed
P- Val ue
1. 0000
0. 0486
0.1149
0. 4313
0.0476

Adj ust ed
P- Val ue
0. 0080
0. 0312
0. 1297
0. 0091

Adj ust ed
P- Val ue
0. 9837
0. 2293

1. 0000

Adj ust ed
P- Val ue
0.5758
0.9704

Adj ust ed
P- Val ue
0. 2228
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Tukey 95.0% Si nmul t aneous Confi dence Intervals

Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xati on
Met hod Lower Center Upper ----4--------- Fom e oo +-
B -79.3  354.5 788.3 T *_
C -148.1 232.9 613.9 (----mmm-- *_ .
B ppupup Fommmm e +-
- 350 0 350

Fi xati on Method = B subtracted from

Fi xation
Met hod Lower Center Upper ----+4--------- Fommme e +-
C -474.8 -121.6 231.6 (---------- L )
e Fomem e +-
- 350 0 350

Tukey Si nultaneous Tests

Response Variable Yield Load

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 354.5 151.9 2.335 0.1077
C 232.9 133. 4 1.746 0. 2473

Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C -121.6 123.6 -0.9837 0. 6067

Tukey 95.0% Si nmul t aneous Confi dence Intervals
Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Gender
Gender = F subtracted from

Gender Lower Center Upper -------- Fomme e m - Fom e e o +
M 32.74 270.9 509.1 (--------------- R
-------- e

150 300 450

Tukey Sinultaneous Tests

Response Variable Yield Load

Al'l Pairwi se Conparisons anong Level s of Gender
Gender = F subtracted from

Di fference SE of Adj ust ed
Cender of Means Difference T-Value P- Val ue
M 270.9 103. 3 2.623 0. 0305

Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variable Yield Load
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Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xati on Method = A
Gender = F subtracted from

Fi xation
Met hod Gender Lower Center Upper
A M -568.7 159. 6 887. 8
B F -570. 2 236.2 1042.6
B M -219.8 632.4 1484.7
C F -568. 4 184.2 936. 9
C M -389.6 441.2 1271.9
Fi xation
Met hod Gender ------ A A A +
A M (--------- R )
B F (---------- F oo )
B M (----------- R )
C F (---------- M )
C M (----------- M )
------ T T T Sy
-700 0 700 1400
Fi xati on Method = A
Gender = M subtracted from
Fi xation
Met hod Gender Lower Center Upper ------ R oo oo +
B F -499.6 76. 63 652. 8 (------- Fomeem )
B M -165.9 472.89 1111.7 (-------- oo )
C F -473.6 24. 68 522.9 (------ L )
C M -328.2 281.61 891. 4 (-------- oo )
------ e e e e e e ot
-700 0 700 1400
Fi xati on Method = B
Gender = F subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------ R R R +
B M -198.4 396.26 991.0 (-------- Foomee - )
C F -645.5 -51.95 541.6 (------- R )
C M -392.6 204.98 802.5 (-------- W )
------ T
-700 0 700 1400
Fi xati on Method = B
Gender = M subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------ Fome e Fomme e Fomme e +
C F -1102 -448.2 205.9 (--------- REEEEEE )
C M -846 -191.3 463.7 (-------- M )
------ T
-700 0 700 1400

Fi xation Method = C
Gender = F subtracted from

Fi xati on
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Met hod Cender Lower Center Upper ------ E S Fommmm e o . +
C M -371.9 256.9 885.7 (-------- [ )

------ T

-700 0 700 1400

Tukey Si nmultaneous Tests

Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A

Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
A M 159. 6 199. 2 0. 8009 0. 9594
B F 236.2 220.6 1.0708 0. 8801
B M 632. 4 233.1 2.7129 0.1742
C F 184.2 205.9 0. 8949 0.9374
C M 441. 2 227. 2 1.9414 0. 4437

Fi xati on Method = A
Cender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
B F 76. 63 157.6 0. 4862 0. 9954
B M 472. 89 174. 7 2.7061 0.1758
C F 24. 68 136. 3 0.1811 1. 0000
C M 281.61 166. 8 1.6882 0. 5726

Fi xati on Method = B
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
B M 396. 26 162. 7 2.4359 0. 2483
C F -51.95 162.4 -0.3200 0. 9994
C M 204. 98 163.5 1. 2540 0. 8007

Fi xati on Method = B
Cender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C F -448. 2 178.9 -2.505 0. 2276
C M -191.3 179. 2 -1.068 0. 8813

Fi xation Method = C
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
C M 256.9 172.0 1.494 0.6774

Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variable Utinate Load

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from
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Fi xation
Met hod Lower Center Upper ------ R e Fomeemaaas +
B -301.4 144.95 591.3 (-------------- e )
C -362.1 29.97 422.1 (------------ e )
------ T S
-300 0 300 600
Fi xation Method = B subtracted from
Fi xation
Met hod Lower Center Upper ------ R e Fomeemaaas +
C -478.4 -115.0 248.5 (----------- R )
------ T S
-300 0 300 600

Tukey Si nmultaneous Tests

Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 144. 95 156. 3 0.9276 0. 6393
C 29. 97 137.3 0. 2183 0.9741

Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C -115.0 127.2 -0.9038 0. 6532

Tukey 95.0% Si mul t aneous Confi dence Intervals
Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Gender
Gender = F subtracted from

Gender Lower Center Upper -------- R R e
M -120.5 124.6 369.7 (--------------- R )
-------- S T T ppepp—
0 150 300

Tukey Si nultaneous Tests

Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Gender
Gender = F subtracted from

Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M 124.6 106. 3 1.172 0. 2747

Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A

Gender = F subtracted from

Fi xati on
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Met hod Gender Lower Center Upper ------- e e e

A M -787.7 -38.28 711.1 [ L )

B F -837.1 -7.28 822.5 (------------- R )

B M -618.1 258.89 1135.9 [ B )

C F -836.7 -62.15 712.3 (------------ REEEEEE TR )

C M -771.1 83.80 938.7 (m-mmmmmaee - LTS )
------- T i I

- 600 0 600

Fi xati on Method = A
CGCender = M subtracted from

Fi xation

Met hod Gender Lower Center Upper ------- R o n RO —

B F -562.0 31.00 624.0 (--------- LT )

B M -360.2 297.18 954.6 (---------- LT epepp— )

C F -536.6 -23.87 488.8 (-------- *eeeeaas )

C M -505.5 122.09 749.6 (--------- L )
------- Ty

- 600 0 600

Fi xati on Method = B
Cender = F subtracted from

Fi xation
Met hod Gender Lower Center Upper ------- R oo oo
B M -345.8 266.17 878.1 (--------- H o )
C F -665.6 -54.87 555.9 (--------- M )
C M -523.8 91.08 706.0 (---------- L )
------- Ty
- 600 0 600
Fi xati on Method = B
Gender = M subtracted from
Fi xation
Met hod Gender Lower Center Upper ------- Fomme e S R S
C F -994.2 -321.0 352.1 (----------- M )
C M -849.0 -175.1 498.9 (---------- R )
------- Ty
- 600 0 600
Fi xation Method = C
Gender = F subtracted from
Fi xation
Met hod Gender Lower Center Upper ------- Fomme - Fome e Fome -
C M -501.1 146.0 793.0 (--------- R )
------- Ty
- 600 0 600

Tukey Si nmultaneous Tests

Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A

Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
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Met hod Gender of Means Difference T-Value P- Val ue

A M - 38. 28 205.0 -0.1868 1. 0000
B F -7.28 227.0 -0.0321 1. 0000
B M 258. 89 239.9 1. 0792 0. 8769
Cc F -62.15 211.9 -0.2934 0. 9996
C M 83. 80 233.8 0. 3584 0. 9989

Fi xati on Method = A
Cender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
B F 31.00 162. 2 0.1911 0. 9999
B M 297. 18 179. 8 1. 6526 0. 5916
C F -23.87 140.2 -0.1702 1. 0000
C M 122. 09 171.7 0.7112 0. 9751

Fi xati on Method = B
Cender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
B M 266. 17 167. 4 1.5901 0. 6253
C F -54. 87 167.1 -0.3284 0.9993
C M 91. 08 168. 2 0. 5415 0.9924

Fi xati on Method = B
Cender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C F -321.0 184. 1 -1.744 0. 5432
C M -175.1 184. 4 -0.950 0.9218

Fi xati on Method = C
Cender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C M 146.0 177.0 0. 8246 0. 9544

Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variabl e Post-Yield Disp

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation
Met hod Lower Center Upper RS oo oo +-----
B -2.530 -1.229 0.07185 (---------- R )
C -2.197 -1.055 0.08797 (-------- M )
e N S oo
-2.4 -1.2 0.0 1.2
Fi xation Method = B subtracted from
Fi xation
Met hod Lower Center Upper R R e R +o-- -
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C -0.8847 0.1744 1.233 (------- Koo -- )
e oo oo S
-2.4 -1.2 0.0 1.2

Tukey Sinultaneous Tests

Response Variabl e Post-Yield Disp

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B -1.229 0. 4554 -2.699 0. 0631
C -1.055 0. 4000 -2.637 0. 0692
Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C 0.1744 0. 3707 0. 4703 0. 8869

Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variabl e Post-Yield Disp

Al'l Pairw se Conparisons anong Levels of Gender
Cender = F subtracted from
Gender Lower Center Upper =--------- R o - o -
M -1.152 -0.4377 0.2766 (----------------- M )
--------- T L
-0.80 -0.40 -0.00

Tukey Sinultaneous Tests
Response Variabl e Post-Yield Disp

Al'l Pairwi se Conparisons anong Levels of Gender
Gender = F subtracted from

Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M -0.4377 0.3097  -1.413 0. 1954

Tukey 95.0% Si mul t aneous Confidence Intervals

Response Variabl e Post-Yield Disp

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A

Gender = F subtracted from

Fi xati on

Met hod Gender Lower Center Upper

A M -2.530 -0.346 1.8375

B F -3.679 -1.261 1.1573

B M -4.099 -1.544 1.0121

C F -3.143 -0.886 1.3711

C M -4.061 -1.570 0.9214

Fi xati on

Met hod Cender LR Fomem - Fomem - F------
A M (----m----- Fommmmmme )
B F (----------- R )

B M (----------- e )



Fi xati on
CGender =

Fi xati on
Met hod

B

B

C

C

Fi xati on
Met hod

OO

Fi xati on
CGender =

Fi xati on
Met hod

B

C

C

Fi xati on
Met hod

B

C

C

Fi xati on
CGender =

Fi xati on
Met hod

C

C

Fi xati on
Met hod

C

C

Fi xati on
CGender =
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Met hod = A
M subtracted from

Gender Lower Center Upper

F -2.642 -0.914 0.8135
M -3.113 -1.197 0.7185
F -2.034 -0.539 0.9546
M -3.052 -1.223 0.6054
Gender Rt e e Fo-----
F (------- oo )
M (----eeee IERRREEEEE )
F (------ IR )
M (---mm-ee e )
[ R [ R [ R L -
-4.0 -2.0 0.0 2.0
Met hod = B

F subtracted from

Gender Lower Center Upper

M -2.066 -0.2827 1.501

F -1.405 0.3750 2.155

M -2.101 -0.3089 1.483

Gender Fomeme - Fomeme - Fomeme - +o-----

M (-------- ARRREREEE )

F (-------- IR )

M (-------- IEREEEEEE )

Fomm e o Fomm e o [ Fom -
-4.0 -2.0 0.0 2.0
Method = B

M subtracted from

Gender Lower Center Upper
F -1.304 0. 65766 2.619
M -1.990 -0.02620 1.938
Gender R e i R
F (---mmee IREREEEEEE )
M (----eees oo )
E S E S B S oo - - - -
-4.0 -2.0 0.0 2.0
Method = C

F subtracted from

121



Fi xati on
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C

Fi xati on
Met hod
C
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Gender Lower Center Upper
M -2.569 -0.6839 1.202
Gender e e R e
M (CEEERREES Feeeeees )
- T - S
-4.0 -2.0 0.0 2.0

Tukey Sinultaneous Tests
Response Variabl e Post-Yield Disp
Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender

Fi xati on
Gender =

Fi xati on
Met hod

O0Omw>

Fi xati on
CGender =

Fi xati on
Met hod

O0Om®

Fi xati on
CGender =

Fi xati on
Met hod

B

C

C

Fi xati on
Gender =

Fi xati on
Met hod

C

C

Fi xati on
CGender =

Fi xati on
Met hod
C

Met hod = A
F subtracted from

Di fference SE of Adj ust ed
Cender of Means Difference T-Value P- Val ue
M -0. 346 0. 5974 -0.580 0. 9897
F -1.261 0. 6614 -1.906 0. 4607
M -1.544 0. 6991 -2.208 0. 3279
F -0. 886 0.6174 -1.435 0. 7089
M -1.570 0. 6814 -2.304 0. 2923
Met hod = A
M subtracted from
Di fference SE of Adj ust ed
Cender of Means Difference T-Value P- Val ue
F -0.914 0. 4727 -1.935 0. 4469
M -1.197 0. 5240 -2.285 0. 2992
F -0.539 0. 4087 -1.320 0. 7684
M -1.223 0. 5002 -2.446 0. 2453
Met hod = B
F subtracted from
Di fference SE of Adj ust ed
Cender of Means Difference T-Value P- Val ue
M -0. 2827 0.4878 -0.5795 0. 9897
F 0. 3750 0. 4869 0.7702 0. 9654
M -0. 3089 0.4902 -0.6302 0. 9852
Method = B
M subtracted from
Di fference SE of Adj ust ed
Cender of Means Difference T- Val ue P- Val ue
F 0. 65766 0. 5366 1.22572 0. 8141
M -0. 02620 0.5372 -0.04878 1. 0000
Method = C
F subtracted from
Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M -0.6839 0.5158 -1.326 0. 7654
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Appendix B: Statistical Analysis — Rostro-caudal shear

General Linear Model: Stiffness, Yield Load, ... versus Fixation Met, Gender

Fact or Type Level s Val ues
Fi xati on Method fi xed 3 A B C
Gender fixed 2 F, M

Anal ysis of Variance for Stiffness, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 389934 35630 35630 0.12 0.738
Fi xati on Met hod 2 5139054 2007460 1003730 3.35 0.082
Gender 1 264247 92938 92938 0.31 0.591
Fi xati on Met hod* Gender 2 199527 199527 99763 0.33 0.726
Error 9 2700341 2700341 300038

Tot al 15 8693104

S = 547.757 R-Sq = 68.94% R-Sg(adj) = 48.23%

Term Coef SE Coef T P
Const ant 262 1471 0.18 0.863
Age 8. 44 24.49 0.34 0.738

Unusual Observations for Stiffness

Cbs Stiffness Fit SE Fit Residual St Resid
6 0. 00 -0.00 547.76 0. 00 * X
11 580.69 1481.74 317.93 -901. 05 -2.02 R

R denotes an observation with a | arge standardi zed residual.
X denotes an observation whose X value gives it large | everage.

Anal ysis of Variance for Yield Load, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 18504 752 752 0.16 0.697
Fi xati on Met hod 2 19561 16928 8464 1.82 0.217
Cender 1 7642 552 552 0.12 0.738
Fi xati on Met hod* Gender 2 6586 6586 3293 0.71 0.518
Error 9 41833 41833 4648

Tot al 15 94126

S =68.1771 R-Sq = 55.56% R-Sg(adj) = 25.93%

Term Coef SE Coef T P
Const ant 190.7 183.1 1.04 0.325
Age -1.226 3.049 -0.40 0.697

Unusual Observations for Yield Load

(bs  Yield Load Fit SE Fit Residual St Resid
6 0. 000 0.000 68.177 -0. 000 * X
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13 348.448 215.441 40.919 133. 007 2.44 R

R denotes an observation with a | arge standardi zed residual.
X denotes an observation whose X value gives it large | everage.

Anal ysis of Variance for Utimte Load, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 100451 5025 5025 0.23 0.641
Fi xati on Met hod 2 17717 33976 16988 0.78 0.485
Gender 1 42944 5147 5147 0.24 0.638
Fi xati on Met hod* Gender 2 42847 42847 21423 0.99 0.409
Error 9 194901 194901 21656

Tot al 15 398860

S =147.159 R Sq = 51.14% R-Sq(adj) = 18.56%

Term Coef SE Coef T P
Const ant 469. 8 395. 3 1.19 0.265
Age -3.170 6.580 -0.48 0.641

Unusual Cbservations for Utimte Load

Utinmte
Cbs Load Fit SE Fit Residual St Resid
6 0. 000 0.000 147.159 -0. 000 * X
13 745. 895 459. 183 88. 322 286. 712 2.44 R

R denotes an observation with a | arge standardized residual.
X denotes an observation whose X value gives it large | everage.

Anal ysis of Variance for Post-Yield D sp, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 100059 4924 4924 0.23 0.645
Fi xati on Met hod 2 17776 33796 16898 0.78 0.486
Gender 1 43028 4989 4989 0.23 0.642
Fi xati on Met hod* Gender 2 42364 42364 21182 0.98 0.412
Error 9 194520 194520 21613

Tot al 15 397747

S = 147.015 R-Sq = 51.09% R-Sq(adj) = 18.49%

Term Coef SE Coef T P
Const ant 467.5 394.9 1.18 0. 267
Age -3.138 6.574 -0.48 0.645

Unusual Observations for Post-Yield Disp

Post-Yield
os Di sp Fit SE Fit Residual St Resid
6 0. 000 0. 000 147.015 -0. 000 * X
13 745.588 458.988  88.235 286. 601 2.44 R

R denotes an observation with a | arge standardi zed residual.
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X denotes an observation whose X value gives it large |ev

Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variable Stiffness

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation
Met hod Lower Center Upper R o n +
B -1228 1173.0 3574 (CET T —_— *ooo-
C -2352 420.7 3194 [ L
B I [ +
- 2000 0 2000

Fi xati on Method = B subtracted from

Fi xation
Met hod Lower Center Upper R R A +
C -1822 -752.2 317.3 (----*----- )
B I [ +
- 2000 0 2000

Tukey Si nmultaneous Tests

Response Variable Stiffness

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 1173.0 859.7 1. 3645 0. 3980
C 420.7 992. 8 0. 4238 0. 9067
Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C -752.2 382.9 -1.965 0.1768

Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variable Stiffness
Al'l Pairwi se Conparisons anong Levels of Gender

Gender = F subtracted from
Gender Lower Center Upper R R A +- -
M -1155 376.9 1909 (m-mmmmm e LR
I pepp—— [ +- -
- 1000 0 1000

Tukey Si nmultaneous Tests
Response Variable Stiffness
Al'l Pairw se Conparisons anong Levels of Gender

Cender = F subtracted from

Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M 376.9 677.2 0. 5566 0. 5914

er age.
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Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variable Stiffness

Al'l Pairwi se Conpari sons anmpbng Level s of Fixation Method*Gender
Fi xati on Method = A

Gender = F subtracted from

Fi xati on

Met hod Gender Lower Center Upper ------- E RS . +-

A M -6222 538.3 7299  (---e-eeee------- Koo

B F -7 1429.2 2865 (---%--)

B M -343 1455.0 3253 (----%---)

Cc F -1238 406. 6 2051 (---%---)

Cc M - 480 973.2 2426 (--*---)
------- R

- 4000 0 4000

Fi xation Method = A
Gender = M subtracted from

Fi xation
Met hod Gender Lower Center Upper ------- Fomemmaaa Fommmm e +-
B F -5705 890.9 7487 (------==------- * oo
B M -5216 916. 8 7049 (-----mmmmmm-- ¥
Cc F -6748 -131.7 6485 (---------------- * oo
C M - 6654 434.9 7523 (--------e-em-o--- oo
------- B eI g
- 4000 0 4000

Fi xati on Method = B
Cender = F subtracted from

Fi xati on
Met hod Gender Lower Center Upper ------- R oo +
B M -1833 26 1884.3 (----%----)
C F - 2798 -1023 752. 6 (---*----)
C M -2127 -456 1215.1 (---*---)
------- e
- 4000 0 4000
Fi xati on Method = B
Gender = M subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------- Fomme e S +
C F - 3062 -1048 964. 7 (----*----)
C M - 2556 -482 1591.9 (----%----)
------- B I g
- 4000 0 4000
Fi xati on Method = C
Cender = F subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------- e e +-
C M -1292 566. 6 2425 (---%----)
------- B eI g
- 4000 0 4000
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Tukey Sinultaneous Tests

Response Variable Stiffness

Al'l Pairwi se Conpari sons anmpbng Level s of Fixation Method*Gender
Fi xati on Method = A

Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
A M 538. 3 1904. 6 0. 2826 0. 9997
B F 1429. 2 404.6 3.5326 0.0514
B M 1455.0 506. 4 2.8730 0. 1315
C F 406. 6 463. 4 0.8774 0.9429
C M 973.2 409. 3 2.3778 0. 2575

Fi xati on Method = A
Gender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T- Val ue P- Val ue
B F 890. 9 1858 0. 47946 0. 9958
B M 916. 8 1728 0. 53065 0. 9933
C F -131.7 1864 -0.07064 1. 0000
C M 434.9 1997 0.21779 0. 9999

Fi xati on Method = B
Cender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
B M 26 523.5 0. 049 1. 0000
C F -1023 500.1 -2.045 0. 3890
C M - 456 470. 8 -0.969 0.9170

Fi xati on Method = B
CGCender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
C F -1048 567.1 -1.849 0. 4842
C M -482 584. 2 -0. 825 0. 9553

Fi xati on Method = C
Cender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C M 566. 6 523.5 1.082 0. 8769

Tukey 95.0% Si mul t aneous Confi dence Intervals

Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation

Met hod Lower Center Upper RS oo oo +-----
B -220.4 78.47 377.3 (-------------- R R )

C -178.4 166.77 511.9 (---------------- T R )
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-200 0 200 400

Fi xati on Method = B subtracted from

Fi xation
Met hod Lower Center Upper R Fomme e S R S R
C -44.81 88.30 221.4 (----- R )
ey R R S
-200 0 200 400

Tukey Si nmultaneous Tests

Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 78. 47 107.0 0. 7333 0. 7507
C 166. 77 123.6 1. 3496 0. 4052

Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C 88. 30 47. 66 1. 853 0. 2077

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Gender
Gender = F subtracted from

Gender Lower Center Upper -------- R o eaas Fommm e
M -219.7 -29.05 161.6 (--------------- R R T )
-------- R L T
-120 0 120

Tukey Si nmultaneous Tests

Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Gender
Gender = F subtracted from

Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M -29.05 84.29 -0.3447 0. 7383

Tukey 95.0% Si nmul t aneous Confi dence Intervals

Response Variable Yield Load

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A

Gender = F subtracted from

Fi xation

Met hod Gender Lower Center Upper ----- e Fomeemenas Fomena-
A M -1059 -217.9 623.6 (----------- e )

B F -236 -56.8 121.9 (-*--)

B M -228 -4.1 219.6 (--*--)
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C F -186 18.8 223.5 (--*--)
C M -84 96.8 277.7 (-*--)
[ [ [ +- -
-700 0 700
Fi xati on Method = A
Gender = M subtracted from
Fi xation
Met hod Gender Lower Center Upper ----- D D +
B F -659.9 161.1 982.0 (---------- REEEEEE
B M -549.5 213.8 977.1 (---------- MR
C F -586. 8 236.7 1060.2 (---------- MR
C M -567.5 314.8 1197.0 (----------- R
----- e
-700 0 700
Fi xati on Method = B
Gender = F subtracted from
Fi xati on
Met hod Gender Lower Center Upper ----- Fome - Fome - +-
B M -178.6 52.70 284.0 (---*--)
C F -145. 3 75.62 296.6 (--*--)
C M -54.3 153.68 361.7 (--*--)
----- B L T g S
-700 0 700
Fi xati on Method = B
Gender = M subtracted from
Fi xati on
Met hod Gender Lower Center Upper ----- oo oo +-
C F -227.6 22.92 273.5 (--*---
C M -157.1 100.98 359.1 (--*---)
----- T
-700 0 700
Fi xati on Method = C
CGender = F subtracted from
Fi xation
Met hod Gender Lower Center Upper ----- oo Foomo-- - +- -
C M -153.2 78.06 309.4 (--*--)
[—— [ [ +- -
-700 0 700
Tukey Si nmultaneous Tests
Response Variable Yield Load
Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xati on Method = A
Gender = F subtracted from
Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
A M -217.9 237.06 -0.919 0. 9318
B F -56.8 50. 35 -1.129 0. 8580
B M -4.1 63. 03 -0. 066 1. 0000
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F 18.8 57. 68 0. 326 0. 9993
C M 96. 8 50.94 1.901 0. 4577

Fi xati on Method = A
CGCender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
B F 161.1 231.3 0. 6965 0.9777
B M 213.8 215.0 0. 9942 0. 9087
C F 236.7 232.0 1.0203 0. 8998
C M 314.8 248. 6 1. 2664 0. 7954

Fi xati on Method = B
Cender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
B M 52.70 65. 16 0. 8087 0. 9587
C F 75. 62 62. 25 1.2149 0. 8199
C M 153. 68 58. 59 2.6228 0. 1858

Fi xati on Method = B
Cender = M subtracted from

Fi xation Difference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C F 22.92 70.59 0. 3247 0. 9993
C M 100. 98 72.71 1.3888 0. 7330

Fi xation Method = C
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod CGender of Means Difference T-Value P- Val ue
C M 78. 06 65. 16 1.198 0.8277

Tukey 95.0% Si nmul t aneous Confi dence Intervals

Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xati on
Met hod Lower Center Upper -------- oo A R
B -420.2 224.8 869.9 (----------- R )
C -424.8 320.2 1065.2 (------------- R )
-------- S
0 500 1000
Fi xati on Method = B subtracted from
Fi xati on
Met hod Lower Center Upper -------- e e e
C -192.0 95.36 382.7 (----- Feeom - )
-------- T T g
0 500 1000
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Tukey Sinultaneous Tests

Response Variable Utinmte Load

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 224.8 231.0 0.9735 0. 6106
C 320.2 266. 7 1.2004 0. 4821
Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C 95. 36 102.9 0.9270 0. 6379
Tukey 95.0% Si nmul t aneous Confi dence Intervals
Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Gender

Gender = F subtracted from
Gender Lower Center Upper SRR Fomme e S +---
M -500.3 -88.69 322.9 (R M R )
N N N +---
-500 - 250 0 250
Tukey Sinultaneous Tests
Response Variable Utinmte Load
Al'l Pairwi se Conparisons anong Levels of Gender
Gender = F subtracted from
Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M -88. 69 181.9 -0.4875 0. 6376
Tukey 95.0% Si nmul t aneous Confi dence Intervals
Response Variable Utimte Load
Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A
Gender = F subtracted from
Fi xation
Met hod Gender Lower Center Upper ------ L Fomeemaaas +
A M -2393 -576.3 1240.0 (----------- F oo )
B F -497 -110.9 274.9 (-*--)
B M -499 -15.8 467. 2 (--*--)
C F -517 -75.6 366. 3 (-*--)
C M -251 139. 6 529.9 (--*--)
------ S
-1500 0 1500
Fi xation Method = A
Gender = M subtracted from
Fi xation
Met hod Gender Lower Center Upper ------ R S +-
B F -1307 465.5 2237 (------=----- oo
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B M -1087 560.5 2208 (CE T oo )
C F -1277 500.8 2278 [T — L )
C M -1188  715.9 2620 [T —— L. )
------ S
- 1500 0 1500 3000

Fi xati on Method = B
Gender = F subtracted from

Fi xation
Met hod Gender Lower Center Upper ------ R R Fomeemeaas +
B M -404.2 95. 07 594.3 (---*--)
C F -441.6 35.30 512.2 (--*--)
C M -198.5 250.48 699.4 (--*--)
------ T
- 1500 0 1500 3000
Fi xation Method = B
Cender = M subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------ e e e +
C F -600.6 -59.77 481.1 (---*--)
C M -401.7 155.41 712.5 (---%---)
------ g
- 1500 0 1500 3000
Fi xation Method = C
Gender = F subtracted from
Fi xation
Met hod Gender Lower Center Upper ------ R L Fomeemaaas +
C M -284.1 215.2 714.4 (--*---)
------ g
- 1500 0 1500 3000

Tukey Si nmultaneous Tests

Response Variable Utimte Load

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A

Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod CGender of Means Difference T-Value P- Val ue
A M -576.3 511.7 -1.126 0. 8590
B F -110.9 108.7 -1.020 0. 8999
B M -15.8 136. 1 -0.116 1. 0000
C F -75.6 124.5 -0. 607 0.9877
C M 139.6 110.0 1.270 0. 7938

Fi xati on Method = A
Gender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
B F 465.5 499, 2 0.9324 0. 9280
B M 560. 5 464.1 1.2077 0. 8233
C F 500. 8 500. 8 1. 0000 0. 9068
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Cc M 715.9 536.5 1. 3345 0.7613

Fi xati on Method = B
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
B M 95. 07 140. 7 0. 6759 0. 9804
C F 35.30 134. 4 0. 2627 0. 9998
C M 250. 48 126.5 1.9805 0. 4189

Fi xati on Method = B
Cender = M subtracted from

Fi xation Difference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C F -59.77 152.4 -0.3923 0. 9984
C M 155. 41 156. 9 0. 9902 0.9101

Fi xation Method = C
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
C M 215.2 140. 7 1.530 0. 6565

Tukey 95.0% Si mul t aneous Confidence Intervals

Response Variabl e Post-Yield Disp

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation
Met hod Lower Center Upper -------- Fomme e S S
B -419.8 224.6 869.1 (----------- M )
C -424.7 319.6 1063.8 (------------- R )
-------- Sy
0 500 1000
Fi xation Method = B subtracted from
Fi xati on
Met hod Lower Center Upper -------- e D e
C -192.1 94.91 381.9 (----- oo )
-------- T T g
0 500 1000

Tukey Si nmultaneous Tests

Response Variabl e Post-Yield Disp

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
B 224.6 230.7 0.9736 0. 6105
C 319.6 266.5 1.1992 0. 4828
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Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed
Met hod of Means Difference T-Value P- Val ue
C 94. 91 102. 8 0.9235 0. 6399

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Variabl e Post-Yield Disp

Al'l Pairwi se Conparisons anong Levels of Gender
Gender = F subtracted from

Gender Lower Center Upper R Fommem- oo Fommem- oo +---
M -498.5 -87.32 323.8 (-------- - e )
S S S +- - -

-500 -250 0 250

Tukey Sinultaneous Tests

Response Variabl e Post-Yield Disp

Al'l Pairwi se Conparisons anong Levels of Gender
Gender = F subtracted from

Di fference SE of Adj ust ed
Cender of Means Difference T-Value P- Val ue
M -87.32 181.8 -0.4804 0. 6424

Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variabl e Post-Yield Disp

Al'l Pairwi se Conpari sons anmpong Level s of Fixation Method*Gender
Fi xati on Method = A

Gender = F subtracted from

Fi xati on
Met hod Gender Lower Center Upper ------ R R R +
A M -2387 -572.2 1242.3 (----------- R )
B F -494 -109.1 276. 4 (-*--)
B M - 496 -13.8 468. 7 (--*--)
C F -516 -74.0 367. 4 (--*-)
C M - 249 141.0 530.9 (--*--)
------ oo -+
- 1500 0 1500 3000
Fi xation Method = A
Gender = M subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------ Fome - R S R +
B F -1307 463.1 2233 (----------- e )
B M -1088 558. 3 2204 (---------- Ko ee e - )
C F -1278 498. 1 2274 (----------- e )
C M -1189 713.1 2616 (=== R )
------ T T Sy
- 1500 0 1500 3000
Fi xati on Method = B
Cender = F subtracted from
Fi xati on
Met hod Gender Lower Center Upper ------ e R R +



O0Ow

Fi xati on
Gender =

Fi xati on
Met hod
C

C

Fi xati on
Gender =

Fi xati on
Met hod
C
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=T

Method = B
M subtracted from

-403.6 95.21 594.0
-441. 4 35.02 511.5
-198.5 250.01 698.5

Gender Lower Center Upper
F -600.5 -60.19 480.1
M -401.8 154.80 711.4
Method = C

F subtracted from

Cender Lower

Center Upper

M -283.8 215.0 713.8

Tukey Sinultaneous Tests
Response Variabl e Post-Yield Disp
Al'l Pairwi se Conparisons anong Level s of

Fi xati on
CGender =

Fi xati on
Met hod

O0OwWw >

Fi xati on
Gender =

Fi xati on
Met hod

OO

Fi xati on
CGender =

Fi xati on
Met hod

B

C

C

Met hod = A
F subtracted from

Di fference
Gender of Means
M -572.2
F -109.1
M -13.8
F -74.0
M 141.0
Met hod = A
M subtracted from

D fference
CGender of Means
F 463.1
M 558. 3
F 498.1
M 713.1
Met hod = B
F subtracted from

Di fference

Gender of Means
M 95. 21
F 35.02
M 250. 01

SE of
D fference
511.2
108. 6
135.9
124. 4
109. 8

SE of
Di fference
498.7
463.7
500. 3
536.0

SE of
D fference
140.5
134. 2
126. 4

Fi xati on Met hod* Gender

T- Val ue
-1.119
-1.004
-0.102
-0.595

1.283

T- Val ue
0. 9286
1.2041
0. 9958
1. 3306

T- Val ue
0. 6776
0. 2609
1.9787

Adj ust ed
P- Val ue
0. 8620
0. 9053
1. 0000
0. 9888
0.7871

Adj ust ed
P- Val ue
0.9291
0. 8249
0. 9082
0. 7633

Adj ust ed
P- Val ue
0. 9802
0. 9998
0. 4197
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Fi xati on Method = B
Gender = M subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
C F -60. 19 152.2 -0.3954 0. 9983
C M 154. 80 156. 8 0.9873 0.9110

Fi xati on Method = C
Cender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
C M 215.0 140.5 1.530 0. 6564
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Appendix C: Statistical Analysis — Anterior-Posterior shear

General Linear Model: Stiffness versus Fixation Method, Gender

Fact or Type Level s Val ues
Fi xati on Method fi xed 3 A B C
Gender fixed 2 F, M

Anal ysis of Variance for Stiffness, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Age 1 10524.9 6152.4 6152.4 8.78 0.041
Fi xati on Met hod 2 5837.5 4659.0 2329.5 3.32 0.141
Cender 1 96.7 1017.0 1017.0 1.45 0.295
Fi xati on Met hod* Gender 2 3721.9 3721.9 1860.9 2.66 0.185
Error 4 2802.7 2802.7 700. 7

Tot al 10 22983.7

S =126.4701 R-Sq = 87.81% R-Sg(adj) = 69.51%

Term Coef SE Coef T P
Constant -116.06 60.12 -1.93 0.126
Age 2.9181 0. 9848 2.96 0.041

Unusual Observations for Stiffness

St

Gbs Stiffness Fit SE Fit Residual Resid
5 32.570 32.570 26.470 -0. 000 * X
11 0.000 -0.000 26.470 0. 000 * X

X denotes an observation whose X value gives it large | everage.

Tukey 95.0% Si nmul t aneous Confidence Intervals

Response Variable Stiffness

Al'l Pairw se Conparisons anong Levels of Fixation Method
Fi xation Method = A subtracted from

Fi xation
Met hod Lower Center Upper ------ A A A +
B -63.99 12.14 88.26 (------ oo )
C -46.47 107.09 260.66  (--------------- R )
------ e e S R
0 100 200 300
Fi xati on Method = B subtracted from
Fi xation
Met hod Lower Center Upper ------ e e e +
C -40.44 94.96 230.4 (------------ R e )
------ T S
0 100 200 300

Tukey Si nultaneous Tests
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Response Variable Stiffness

Al'l Pairwi se Conparisons anong Levels of Fixation Method
Fi xati on Method = A subtracted from

Fi xation Difference SE of Adj ust ed

Met hod of Means Difference T-Value P- Val ue

B 12. 14 21. 36 0. 5682 0. 8434

C 107. 09 43.09 2.4853 0.1381

Fi xati on Method = B subtracted from

Fi xation Difference SE of Adj ust ed

Met hod of Means Difference T-Value P- Val ue

C 94. 96 37.99 2.499 0.1362

Tukey 95.0% Si mul t aneous Confi dence Intervals
Response Variable Stiffness

Al'l Pairw se Conparisons anong Levels of Gender
Gender = F subtracted from
Gender Lower Center Upper ----- Fomme - Fomme e S R +-
M -125.7 -38.04 49.62 (---------------- R )
----- e
-100 -50 0 50
Tukey Sinultaneous Tests
Response Variable Stiffness
Al'l Pairwi se Conparisons anong Levels of Gender
Gender = F subtracted from
Di fference SE of Adj ust ed
Gender of Means Difference T-Value P- Val ue
M -38.04 31.57 -1.205 0. 2947
Tukey 95.0% Si nmul t aneous Confidence Intervals
Response Variable Stiffness
Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender
Fi xation Method = A
Gender = F subtracted from
Fi xation
Met hod Gender Lower Center Upper ------ Fomme e S R +
A M -102.1 27.706 157.5 (---*---)
B F -67.3 48.189 163.7 (---*--)
B M -151.2 3.789 158.7 (----*%----)
C F -200.3 169.651 539.6 (------------ R
C M -53.9 72.238 198.4 (---*----)
------ oot
- 300 0 300
Fi xation Method = A
Gender = M subtracted from
Fi xation
Met hod Gender Lower Center Upper ------ L Fomeemeaas +-
B F -103.3 20.48 144.3 (---*---)
B M -186.1 -23.92 138.3 (----%----- )
C F -257.9 141.95 541.8 (-------m---- R



Biomechanical Comparison of Wire Circlage and Rigidte Fixation
for Median Sternotomy Closure in Human Cadaver Bpeats

-82.8 44.53

Fi xati on Method = B

Gender = F subtracted from

Fi xati on

Met hod Cender Lower Center
B M -189.5 -44.40
C F -232.1 121.46
C M -93.4 24. 05

Fi xati on Method = B
Cender = M subtracted from

Fi xati on

Met hod Gender Lower Center
C F -198.1 165.86
C M -88.3 68. 45

Fi xation Method = C

Gender = F subtracted from

Fi xati on

Met hod Cender Lower Center
C M -478.0 -97.41

Tukey Sinultaneous Tests
Response Variable Stiffness

Al'l Pairw se Conparisons anong Levels of Fixation Method*Gender

Fi xation Method = A

171.9

Upper
100.7
475.0
141.5

Upper
529.9
225.2

Gender = F subtracted from

Fi xati on D fference SE of
Met hod Cender of Means Difference
A M 27.706 27.35
B F 48. 189 24. 34
B M 3.789 32. 66
C F 169. 651 77. 96
C M 72.238 26.58
Fi xati on Method = A

Gender = M subtracted from

Fi xati on D fference SE of
Met hod Cender of Means Difference
B F 20. 48 26. 09
B M -23.92 34.18
C F 141. 95 84. 28
C M 44.53 26. 84

T- Val ue
1.0129
1.9795
0. 1160
2.1760
2.7173

T- Val ue
0. 7850
-0. 6997
1.6842
1.6593

Adj ust ed
P- Val ue
0. 8926
0. 4729
1. 0000
0. 4004
0. 2497

Adj ust ed
P- Val ue
0. 9564
0.9722
0. 5986
0. 6099

----- oo
300 600
----- oo
----------- )
----- oo
300 600
----- oo
----------- )
)
----- oo
300 600
----- oo
----- oo
300 600
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Fi xati on Method = B
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
B M -44. 40 30.58 -1.452 0. 7063
C F 121. 46 74.51 1.630 0. 6232
C M 24. 05 24.76 0.971 0. 9065

Fi xati on Method = B
Gender = M subtracted from

Fi xation Difference SE of Adj ust ed
Met hod Gender of Means Difference T-Value P- Val ue
C F 165. 86 76.72 2.162 0. 4052
C M 68. 45 33.04 2.071 0. 4378

Fi xation Method = C
Gender = F subtracted from

Fi xation Di fference SE of Adj ust ed
Met hod Cender of Means Difference T-Value P- Val ue
C M -97. 41 80.21 -1.214 0.8138
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