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Abstract 

 
Mechanisms of Aseptic Loosening in Total Knee Arthroplasty 

 
Karen I. Cyndari (Howard), MS 

 
Sponsor:  Kenneth A. Mann, PhD 

 
Introduction: Cemented Total Knee Arthroplasty (TKA) is the gold standard of care 

for end-stage, multi-etiologic arthritis. While the longevity of these devices may now 
reach or even surpass 15 years in service, a minority (~10%) will fail prematurely due to 
a process called aseptic loosening. Historically, this process has been attributed to an 
inflammatory reaction against wear debris from the TKA polyethylene (PE) insert. 
However, we have previously estimated supraphysiologic fluid shear stress (FSS) 
(exceeding 900 Pa) at the cement-bone interface of cemented joint replacements, and 
examined this as a possible alternative cause of increased osteoclast activity. 

Methods: We analyzed the cement-bone interlock of tibial and femoral components 
from en-bloc, postmortem-retrieved, non-revised TKAs to explore the process of loss of 
fixation, prior to any clinical loosening. For the tibial components, we used a novel 
protocol wherein whole undecalcified bone+PMMA cement segments from the proximal 
tibia were embedded in Spurr’s resin and thinly sectioned. Polarized light microscopy 
was used to identify and quantify co-located PE debris. Using a novel bioreactor 
developed by our lab called the Multi-Well Fluid Loading (MFL) System, we examined 
static, subphysiologic, physiologic, and supraphysiologic FSS on RAW 264.7 osteoclast 
activity and morphology, with and without PE particle treatment.  

Results: We found no association been the amount or presence of PE debris and the 
amount or location of loss of interlock in retrieved TKAs. FSS up to 17 Pa increased the 
ability of osteoclasts to resorb mineral, and FSS up to 4.4 Pa induced the formation of 
larger osteoclasts. FSS and fluid shear rate interacted together to increase the area of actin 
rings, while PE treatment increased the number of actin rings and TRAP production. FSS 
up to 4.4 Pa decreased expression of Ctsk and Il1a, but PE co-treatment abolished this 
effect. 

Conclusions: These results indicate there may be alternative factors leading to 
aseptic loosening apart from PE debris. We demonstrated that osteoclasts are 
mechanosensitive and able to adjust activity, morphology, and gene expression based on 
FSS. Further, PE interferes with osteoclast gene downregulation in response to FSS, 
indicating PE could be a potentiator of osteoclast activity or differentiation.  
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Chapter 1: Introduction 

1.1 Cemented Total Knee Arthroplasty 

Contemporary Total Joint Arthroplasty (TJA) is a medical procedure that replaces 

a diseased, damaged, or malformed joint such as the hip or knee with an artificial 

construct that attempts to maintain the original biomechanics of the native joint [1]. For a 

Total Knee Arthroplasty (TKA), the focus of this dissertation, the procedure is usually 

described as “tricompartmental,” referring to the replacement of three anatomic locations 

within the joint: the distal femur, the proximal tibia, and the patella (Figure 1). While 

unicompartmental (often the medial compartment) and bicompartmental (medial 

compartment and patella) knee replacement may be performed in select patients, 

tricompartmental knee replacement is the most common, and customarily makes use of 

polymethylmethacrylate (PMMA) bone cement to improve immediate post-surgical 

fixation. In addition, an ultra-high molecular weight polyethylene (UHMWPE, hereafter 

referred to simply as PE) spacer is placed between the femur and the tibia. This insert 

results in a metal-on-polyethylene, low-friction construct, allowing the smooth 

articulation of the metal femoral component against the plastic. Together, this construct 

describes the current gold standard of care for tricompartmental disease [2]. However, 

variety exists in device design, device composition, and fixation method based on the 

patient and surgeon preference, and is discussed in following sections. The end goals for 

all TKA are to 1) relieve pain; 2) restore function; 3) satisfy the patient; and 4) last for 10 

or more years in ≥90% of patients [1]. 
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Figure 1: A simplified schematic of a Cemented Total Knee Arthroplasty.  
 
PE = polyethylene. 

 

1.2 A History of Total Joint Arthroplasty 

The monumental effort that went into turning 19th century ideas into 21st century 

gold standard of care should not be understated. Orthopedics is a unique specialty in that 

it has the potential to synthesize multiple fields of studies—engineering, cell biology, 

biomaterials, chemistry, and medicine, to name a few. While the field of orthopedics has 
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historically focused on mechanical and material studies with patient-centered outcomes, 

the past 50 years have also seen to incredible leaps in our collective understanding of the 

biology and responsiveness of a certain dynamic, load-bearing, organ—bone.  

The word “orthopaedics” was created by Nicholas Andry in 1741, meaning 

“straight child [3].” Originally a practice dedicated to correcting and preventing 

childhood deformity, the first orthopedic hospital did not even open until 1780 and 

focused almost entirely on prevalent congenital diseases such as clubfoot [4]. However, 

orthopedic practice as we know it today was largely an outgrowth of treatments and 

discoveries made by general surgeons during the late 1800’s war time in Europe [3]. The 

central theme of both Andry’s original vision and what was added from battlefield trauma 

was the desire to optimize musculoskeletal function, or conversely, minimize the pain 

and loss of function caused by injury or disease. 

Musculoskeletal disease is highly prevalent around the world, including the 

United States. Recent studies found that ailments such as lower back pain and arthritis 

represent the second most common cause of disability world-wide, and the fourth greatest 

impact on population health [5]. In the United States, it is estimated that 23% of the adult 

population suffers from some form of arthritis [6], equating to approximately 70 million 

people. For those with end-stage, multi-etiologic (i.e., osteo-, rheumatoid, or traumatic) 

knee arthritis, TKA is the current gold standard of care [7]. 

Due to the longevity and popularity of these devices, it follows that in 2014, 1.5% 

of the U.S. population was estimated to have a total knee replacement, a 120% increase 

since 2000 [8]. Among adults over 50 years of age, the prevalence of a TKA rose to 

nearly 5% [8]. With an anticipated 673% increase in TKA procedures expected by 2030 
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[9], improving the long-term success of these implants is imperative. But, in order to 

determine where to take the science of joint replacement next, it is necessary to examine 

the history of these devices. 

While the first contemporary total knee replacement was not implanted until 1971 

[10], the history of attempted joint replacement stretches back much further, and is 

greatly intertwined with advances and discoveries made with hip replacement as well 

(Figure 2).  The first recorded patient in modern history to undergo a procedure to restore 

limb alignment and relieve pain (two primary goals of joint replacement) was performed 

by John Rhea Barton in 1826 [11].  In seven minutes, without anesthesia, and prior to the 

development of aseptic surgery, Dr. Barton performed an intertrochanteric osteotomy: he 

excised a portion of the ankylosed proximal femur, realigned the limb, and 20 days later, 

gently began daily leg movement [4, 11].  The movement inhibited boney fusion, creating 

a pseudoarthrosis [4, 11]. Essentially, Dr. Barton created a false joint held together by 

fibrous tissue, but one that corrected severe deformity and greatly relieved pain, at least 

temporarily. The patient, John Coyle, received the first “excision arthroplasty” through 

corrective osteotomy, and was able to walk relatively well with cane for six years before 

losing mobility [11]. Compared to relatively commonplace amputation in the late 1700’s, 

joint excision became highly preferable at the time, even with around a 50% mortality 

rate [11].  

As science progressed, initial attempts at restoring joint function moved to 

“interpositional arthroplasty (Figure 2C),” which was the surgical replacement of the 

articulating surface with soft tissue [10, 11]. In 1840, New York physician John 

Carnochan was the first to trial replacement of part of a malfunctioning hip joint. He used 
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materials ranging from wood, skin, fascia, gold, and even pig bladder, but these materials 

all quickly failed in patients [11].  In 1860, French physician Aristide August Stanislas 

Verneuil attempted hip interpositions using soft tissue, and in 1885, Leopold Ollier, also 

French, attempted the same with adipose, but a lack of fixation lead to poor outcomes 

[11].  

Starting in the 1880’s, Vitezlav Chlumsky , a Czech surgeon, tested the ability of 

multiple materials to “consolidate” with bone and assist with fracture healing [11]. Dr. 

Chlumsky not only systematically tested organic materials such as muscle and celluloid, 

but also inorganic materials such as silver, decalcified bone, rubber, magnesium, zinc, 

glass and wax [11].  Importantly, arthroplasty advancement went hand-in-hand with 

biomaterial discovery, and simple joint resection was not effective in creating a stable, 

pain-free limb. 

These early studies seemed to coalesce into major shift in the field of joint 

replacement in the late 1880’s. The first known attempt at what today would be 

considered a true TKA was performed by the Moldavian surgeon Dr. Themistocles 

(sometimes erroneously reported as Theophilus or Thermistocles) Glück, who used a 

hinged, ivory prosthetic joint to attempt to repair the entire knee of a 17 year old female 

tuberculosis patient in 1890 (Figure 2D) [12].  While Glück’s reconstruction was of the 

knee joint, he attempted his first Total Hip Arthroplasty (THA) shortly thereafter, in 1891 

[13]. He also went on to attempt elbows and ankles, for a total of 14 attributable surgeries 

in the span of barely more than a year [13]. Importantly, Glück was the first to use a 

method of cementation for his device, which was a fast hardening plaster of Paris inside 

of the marrow cavity [11]. Glück’s work was so well received he was invited to speak at 
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the international Congress for the German Society for Surgery in 1890 [11, 12]. 

However, in 1891, only 5 of these 14 total joints were still functioning [11]. 

All of Glück’s early attempts ultimately failed due to chronic infection [11], and it 

was not until much later that he understood the importance of patient selection in his 

work; operating on patients suffering with bone and joint tuberculosis osteomyelitis 

presented unique difficulties still recognized today, and prior infection was a 

predisposition to later infection [12]. He eventually recanted his arthroplasty work at the 

demand of his medical superior, and later on, thoroughly displeased with the outcomes of 

his endoprosthetic devices, disavowed his work without outside encouragement [11, 12]. 

He died in relative obscurity in 1942, for the most part uncredited for his advancement of 

total joint arthroplasty [11, 12]. As Hernigou writes, “His total joint replacement 

operations were a splendid idea done on the wrong patients and at the wrong time.”  

Despite not being rediscovered until relatively recently as the “first arthroplasty 

surgeon,” Glück can be credited with major advancements in the field, discovering the 

effect of fixation on fracture pain relief, identifying and anticipating biologic reactions to 

his implants (including wear debris), the notion of biocompatibility, the importance of 

rigorous animal testing prior to human trials, and many other surgical procedures 

unrelated to arthroplasty [11, 12]. 
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Figure 2: Evolution of Total Hip and Total Knee Replacement: 100 years of 

development. Basic anatomy of the joints (A, B), in expanded view (without ligamental 

connections). Flaws in each design noted in red, and advances shown in green. 1 

 

1.2.1 Biomaterials  

Glück’s early, pioneering attempts at full restoration of joint function saw little to 

no advancement for many decades. Finally in 1925, American surgeon Marius Smith-

                                                 
1 Thank you to Fred Werner for a reference Walldius device. 
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Petersen attempted the first “mold arthroplasty,” which consisted of casting a shell of 

glass to fit around the head of the femur (Figure 2E). While the material was highly 

biocompatible, the glass was unable to withstand the forces transmitted through the joint, 

and ultimately shattered [13].  Interestingly, despite Glück’s early and quite successful 

work using stainless steel plates and screw fixation for battle trauma [11, 12], it wasn’t 

until the 1930’s that metal became preferable for interposition arthroplasty [10]. By 1948 

stainless steel became the material of choice for hip replacement; Smith-Peterson and 

Philip Wiles went on to trial the first stainless steel mold arthroplasty in the hip, including 

with additional screw fixation [10, 13].  

The English surgeon George McKee can be credited with the first regular use of 

metal-on-metal design for total hip replacement, beginning in 1953 (Figure 3A) [13]. In 

1951, the first metal-hinged, acrylic-cemented TKA became available (Figure 2F), 

designed by Dr. Walldius (sometimes erroneously spelled Waldius) [13]. An independent 

recreation of Gluck’s relatively unknown ivory work, the hinged design was considered 

simple to implant due to the complete excision of all knee ligaments, had ideal alignment 

due to the intramedullary stems, and compared to other implants of the time, had very 

satisfactory outcomes in select patients [13]. More specifically, due to the high constraint 

of hinged designs, there was a high failure rate from loosening and over-loading, and 

alternatives to hinges (i.e., less constraining) designs were developed [10, 14]. Then, in 

1958, knee implant design followed hip design, with both transitioning to a cobalt-

chrome alloy [14].  

Sir John Charnley, considered the father of THA, can be credited with some of the 

most important advancements in joint replacement, including TKA: 1) the low-friction 
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design using hard-soft bearing surfaces, essential to decreasing wear of conforming 

devices; 2) the relationship between host foreign body reaction and loss of bone stock; 3) 

proper use of bone cement as a pressurized grout, not an adhesive; and 4) similar to 

Glück, was a strong proponent of rigorous in vitro and animal testing before use in 

humans [15]. By partnering closely and responsibly with industry, Dr. Charnley 

pioneered advances in implant design, surgical technique, aseptic surgery, and implant 

composition [15, 16]. His designs are still used today in THA with some modifications, 

but holding true to most of his original principles.  

Dr. Charnley’s metal-on-polyethylene design (metal femoral stem, polyethylene 

acetabular component), with bone cement used to fix both femoral and acetabular 

components, was considered gold standard in hip replacement. There were, however, 

alternative, competing designs. Metal-on-metal designs went out of favor in the 1970’s 

when the properties of polyethylene were popularized, and also due to the metallosis 

identified during revision procedures [13].  

In order to properly discuss further advances in biomaterial science or implant 

decision, it is necessary to split the discussion by material type and anatomic location: 

 

 

 

1.2.2 Metal-on-Polyethylene (MOP) 

At the heart of Sir John Charnley’s success in hips was the “low-friction” design. 

This was accomplished using a small femoral head that articulated against a polyethylene 

component (Figure 3C). In later designs, the PE became a spacer anchored to a metal 
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acetabular component. The polyethylene material had both high wear resistance and low 

friction qualities that made it ideal, especially in comparison to other materials such as 

polytetrafluoroethylene (PTFE), which Charnley had first tried, resulting in universal 

failure [15]. Dr. Charnley also favored a small femoral head (22.2 mm), which had a 

decreased surface area compared to larger heads, decreasing overall wear [15]. 

Charnley’s MOP devices saw great long-term success, however, surgeons following in 

his footsteps continued to move toward a larger femoral head for multiple reasons, but 

mainly to reduce dislocation risk and facilitate an easier surgery [15]. As Charnley 

suspected, the larger femoral head devices failed early due to massive wear of the 

polyethylene component [15]. 

While Dr. Charnley focused his efforts on hips, the biomaterial advances he 

espoused were quickly translated to knee replacement as well. The polycentric knee, 

created by Gunston in 1971 (Figure 3B), was composed of separate tibial tracks of 

polyethylene, and an unattached (non-constrained), articulating, cobalt-chrome femoral 

component [10]. As opposed to the hinged designs, this design did not sacrifice the 

collateral and cruciate ligaments, but instead retained these ligaments to assist with stress 

absorption [10]. However, despite the use of dental (PMMA) cement to improve fixation 

of the components, the device still experienced high rates of loosening between the bone 

and implant due to small contact surfaces [10, 17, 18]. In addition, the surgical technique 

was described as “unforgiving” [17]. 

Large leaps in successful, durable design came about in the late 1960’s and early 

1970’s with the concurrent development of the Eftekhar Mark I and the Variable Axis 

Knee (the latter developed at Upstate Medical University [19]), both of which had a 
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metal-backed polyethylene tibial component, increased rotational freedom, used cement 

for surgical fixation, and included a tibial medullary stem for improved stability [17, 18] 

(Figure 3E). The Eftekhar knee especially is considered the precursor the modern 

modular TKA [18]. 

In comparison to these designs which so far all required excision of the anterior 

and posterior collateral ligaments (ACL and PCL, respectively), Coventry’s 1971 

Geomedic/Geometric I knee (Figure 3D) used a single polyethylene component that 

articulated against the femur, but spared the posterior cruciate ligament [10]. This was the 

first “cruciate-retaining” design [20]. The Geomedic Knee too suffered from high rates of 

loosening, and in addition, pathologic PCLs [10]. Survival of this implant at 13 years was 

less than 60% [21]. At about the same time, Freeman et al developed a “roller in trough” 

design that sacrificed both the anterior and posterior cruciate ligaments, but saved the 

collateral ligaments. Additionally, there was no tibial stem, with the goal of avoiding 

associated infection. Yet again, this model experienced excessive rates of loosening, 

especially of the tibial component [10].   
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Figure 3: Evolution of Total Joint Replacements Part II: 25 years of 

improvement. Flaws in each design noted in red, and advances shown in green.2  

 

 

 

                                                 
2 Thank you to Fred Werner for reference Gunston, Geomedic, and Variable Axis devices. 
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The problem of component loosening plagued total joint arthroplasty for many 

years, even as models improved with anatomic congruity. In 1976, the Duocondylar Knee 

had been transformed into the Total Condylar Knee prosthesis, developed and refined by 

Walker et al at the Hospital for Special Surgery [10, 22]. Composed of one piece of 

polyethylene, the tibial component had an amalgamation of old and new features: 1) a 

stem for improved fixation and asymmetric loading 2) a prominence in the middle of the 

tibial tray for mediolateral stability, and 3) anterior and posterior lips [10]. The ACL and 

PCL were removed [10]. The cobalt-chrome femoral component possessed a patellar 

groove as well as a symmetric condylar design which conformed well with the tibial 

component [10]. A polyethylene “half-ball” was fixed to the backside of the patella, also 

for improved conformity. The functional drawback for patients was reduced mobility in 

flexion and extension [10, 23]. However, the Total Condylar Knee took into account the 

true shape of the joint with anatomically correct components, and was the first to do so 

for the entire joint, including the femoral-patellar compartment with an anterior flange 

[24]. Patient dissatisfaction with the Total Condylar knee arose not from loosening, but 

from an average of only 90 degrees of flexion. Improvements in mobility were made by 

1978 through the use of a cam and post in the femoral and tibial components, 

respectively, by Insall et al (Figure 3F) [10, 13, 23]. This posterior-stabilized, cruciate-

sacrificing design was among the first to reach over 90% survivorship at 10 years [25].  
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1.2.3 Contemporary TKA Options 

From the 1970’s onward, Total Knee Arthroplasty—the biomaterials, the surgical 

technique, and the mechanics and the kinematics—has been evolving at a rapid rate. This 

progress was occasionally linear, but also often occurred in parallel between different 

medical facilities, research groups, and countries [20]. And, while the derivations of the 

Total Condylar Knee replacement have proven to be durable, safe, and effective, there is 

more to consider based on the extent of disease, patient and surgeon preference, and 

patient demographic. 

 

1.2.3a: The Unicompartmental and Bicompartmental Knee  

TKA is not a minor procedure, and involves the resection of large amounts of 

bone and cartilage to fit the prosthetic. For patients with disease in only a single 

compartment (medial, lateral, or patello-femoral), a tricompartmental device may be 

excessive. Therefore unicompartmental knee arthroplasty (UKA), first attempted in the 

1950’s, is still performed today even if results remain controversial [10]. There are 

multiple theoretical advantages, such as retaining all ligaments, maintaining a better 

range of motion, and presenting a relatively simple revision to a TKA if it becomes 

necessary. With modern surgical techniques, especially minimally-invasive approaches, 

UKA may be considered a good choice in select patient populations, and has success 

rates and longevity approaching conventional TKA [10, 26, 27]. Similarly, 

bicompartmental knee replacement is an option for patients with medial and patello-

femoral disease. 
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1.2.3b: Cruciate-Retaining versus Posterior-Stabilized 

Though many of the first anatomic knee replacement designs sought to save the 

ACL, all major contemporary designs remove this ligament. But some models, cruciate-

retaining (CR) retain the PCL. In patient populations without ligament contracture due to 

severe osteoarthritis, cruciate-retaining TKA may be preferable, but is usually at the 

discretion of the surgeon [10]. If soft tissue balance is not achieved, the unbalanced 

tension caused by the retained PCL may greatly increase the risk of overloading and 

subsequent loosening [10].  

The alternative to cruciate-retaining models is the cruciate-sacrificing or 

“posterior-stabilized” (PS) type, which replace the PCL with the cam and post design as 

mentioned previously. In this model, at around 70 degrees of flexion, the cam induces 

anatomical “femoral rollback” by allowing posterior femoral movement. This improves 

the amount of mobility, but the loss of bone stock caused by the cam placement in the 

femoral component can make revision procedures difficult [10].   

Together, the CR and PS devices comprise >70% of all implanted TKAs in the 

United States, with PS the most common at 40%, and CR at 31% [28]. Kolisek et al [29] 

explain that each design has specific advantages and disadvantages:  

• Cruciate-retaining devices require less bone removal than PS, and in 

retaining the PCL results in preservation of normal knee kinematics, as 

well as improved proprioception, natural stabilization of the prosthesis, 

and normal femoral roll-back during flexion. 

• Posterior-stabilized device implantation requires the excision of more 

bone, but the cam and post design also allows femoral roll-back, and is not 
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only a more stable device with greater range of motion, but also is a less 

technically-demanding surgery 

A recent meta-analysis examined 14 randomized control trials comparing CR and 

PS designs for patient-centered outcomes such as the Knee Society Knee Score and Pain 

Score, as well as kinematic and radiographic outcomes. They found that while range of 

motion was higher for PS TKA, this did not equate to any clinical difference in patient 

satisfaction or post-operative function [29, 30].   

 

1.2.3c: Mobile Bearing versus Fixed Bearing 

Two other major categories of TKA design are mobile-bearing and fixed-bearing. 

These devices may be either CR or PS. As the long term success of TKA is thought to 

hinge on the inflammatory reaction against polyethylene wear debris generated at the 

articulating surface (see 1.3, and Chapters 3 and 7), much effort has been made to 

decrease contract stresses, and therefore decrease wear [10]. For the mobile-bearing knee, 

this equated to a polyethylene component that rotates on a smooth, metal tibial baseplate 

[31]. Additionally, the natural knee boasts around 20 degrees of external rotation at the 

medial femoral condyle [31]. To this end, the mobile-bearing design was first described 

in the early 1980’s with clinical outcomes published by 1986, named the “Oxford 

Meniscal Knee [32].” While results for fixed bearing versus mobile bearing are very 

similar [31, 33], mobile bearing designs are preferred in Europe, and fixed bearing in the 

United States [10]. Only ~5% of all TKAs in the US utilize the mobile-bearing design 

[28]. 
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1.2.3d: Cemented versus Uncemented 

Concurrently with the advancements in TKA design, pioneering changes in 

implant fixation were also occurring in the 1980’s. Specifically, there was a change from 

using only acrylic bone cement to, in certain cases, cementless fixation [10]. The push for 

cementless designs arose from the concern of long-term host tolerance to bone cements 

[10]. In addition, unskilled application of cement during surgery led to poor outcomes 

such as mantle fracture and/or creation of potentially inflammatory acrylic debris [31, 34, 

35]. Cementless components are often coated in a biocompatible substance which is 

thought to facilitate boney ingrowth. However, because bone ingrowth is necessary to 

achieve fixation, these implants have a longer healing time, and may be stabilized during 

surgery with screws or pegs [10], and are known to drift in vivo for a period of months to 

years [36].  

Early experiments with cementless fixation resulted in extremely high rates of 

tibial component migration and need for revision surgery [37, 38]. The geometry of these 

early devices was flawed, and the coatings that were applied to induce boney ingrowth 

were a failure [37]. Consequently, cementless fixation was nearly abandoned in the knee. 

However, recently many advances have been made to improve the osteoconductive 

ability of these devices, for example, by coating in hydroxyapatite, and reducing torsional 

stress on the tibia with rotating platforms [37]. Osteoconductive trabecular metals such as 

porous titanium and tantalum have shown 5-year results equal to traditional cemented 

designs [39]. Interestingly both Pulido et al. [39] and Niemelainen et al.’s [40] study of 

uncemented porous metal tibial components both show a 0% aseptic loosening rate at 5 

and 7 years, respectively.  Currently, uncemented porous metal tibias may be preferred in 
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younger patients (<55 years old) with good bone stock and active bone metabolism [37]. 

While many groups are attempting to create the ideal press-fit, uncemented tibia, the 

most common use of an uncemented component is actually the femoral component. An 

uncemented press-fit femur with a cemented tibia (called a “hybrid TKA”), while 

uncommon in the US, represents a not unsubstantial minority of TKA, and has 

intermediate outcomes very similar to traditional fully cemented TKA [41].  

 

1.3 Revision Surgery and Aseptic Loosening 

Because cemented TKAs are the standard of care for intractable osteoarthritis, 

these implants have an exceptional utilization rate (>600,000 TKAs/year) in the US [42]. 

Unfortunately, around 10-15% of these devices will fail prematurely [43, 44], in large 

part due to a process known as aseptic loosening [43, 45-48]. Failure of these devices 

requires revision surgery, and the associated loss of bone, along with ligamental damage, 

results in poorer outcomes than primary surgery due to soft tissue imbalance or 

deficiency, loss of bone stock and/or use of a constrained device [10, 39]. Revision 

surgeries are often longer, more complex, and more expensive, with a higher risk of 

complications and decreased quality of life [49].   

By 2030 it is estimated that 3 million TKAs will be performed annually [9], 

mostly funded by Medicare at a cost of $9 billion per annum. This figure is expected to 

grow proportionally as the rate of TKA passes 3 million per year by 2030 [9]. With a 

growing portion of patients under 55 years of age opting for a surgery once mostly 

reserved for patients older than 70, a 15% revision rate over the lifetime of the patient is a 

large personal and economic risk [9, 50]. Therefore, much effort has been spent on 1) 
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determining the causes of aseptic loosening, and 2) decreasing the revision rate due to 

aseptic loosening. 

In order to understand the causes of aseptic loosening, it is necessary to also 

understand the process. Successful cemented TKAs begin with mechanical interlock 

between trabecular bone and cement at the time of surgery (Figure 4A), achieved by 

pressurizing bone cement into the trabecular bone bed to a preferred depth of 2-5 mm 

[51]. However, this interlock is lost over time as the trabeculae are resorbed (Figure 4B) 

[52, 53]. The more the trabeculae pull away from the cement, the more migration there is 

of the implant [54], and the weaker the interface will be [55]. Previous work in our lab 

has demonstrated that increasing patient age and time in service together result in 

decreased cement-bone interlock [56, 57], and that these knees are at increased risk for 

failure [55, 58]. As the cement-bone interface fails, increased micro-motion may result in 

the formation of a fibrous tissue interposition [59] (Figure 4D), and if the process 

continues, the bone bed may collapse entirely (Figure 4E). Clinical aseptic loosening is 

demonstrated using plain film radiography to observe progressive radiolucent lines at the 

cement-bone interface [60, 61] 
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Figure 4: The Process of Aseptic 

Loosening for Cemented TKA. During 

surgery, PMMA bone cement is 

pressurized into trabecular spaces to 

create cement-bone interlock (A). Over 

time, the interlocked trabeculae resorb, 

resulting in gaps in the cement, and a 

remodeled interface of thin trabeculae at 

the distal cement border (B). This 

resorption weakens the cement-bone 

interface, leaving it prone to fracture (C). 

The accumulation of damage and 

increased micromotion at the interface 

due to lack of fixation may result in the 

formation of a fibrous tissue layer 

between the bone and the cement (D). 

Eventually, the supporting bone may 

collapse entirely (E).  
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The above observations of the morphologies of the aseptic loosening process are 

indicative of potential causes. For example, the foremost cause of aseptic loosening is 

thought to be the accumulation of a high burden of polyethylene (PE) wear debris in peri-

prosthetic tissues [48, 62-65]. The phagocytosis of indigestible plastic particles by 

macrophages, osteoclasts, and foreign body giant cells around the implant may lead to a 

chronic inflammatory state through the secretion of cytokines such as Tumor Necrosis 

Factor Alpha (TNF-α) and Interleukin 1 Beta (IL-1β). These cytokines are capable of 

initiating and maintaining an environment conducive to bone resorption by increasing 

recruitment and differentiation of pre-osteoclasts (Figure 5) [66, 67].  In TKA revisions, 

granulomatous tissue is often found and removed during surgery [67, 68]. 

 

 

 

Figure 5: Biologic response of cells to debris. Starting with debris, the left side 

features the response of myeloid precursors to debris. To the right is the presumed 

osteolytic response initiated by frustrated phagocytosis, where osteoblast deposition of 

osteoid is decreased, osteoclast bone resorption is increased, and foreign bodies produce a 

granulomatous response. OB=osteoblast; OC=osteoclast; FBGC=Foreign Body Giant 

Cell; RANKL=Receptor/Activator of NF-κB Ligand.   
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The theory of PE-induced peri-prosthetic osteolysis arose from ground-breaking 

studies in the late 1970’s and early 1980’s using hip capsule tissues retrieved during 

revision surgery [69-71]. While acrylic material from PMMA and metal debris from the 

metal components was found in these failed implants, 80% of analyzed debris was of 

polyethylene origin [71]. Both the wear rate of the polyethylene insert as well as the 

overall debris burden had a clear relationship with osteolysis in revised joints [72, 73].  

Based on these and other studies, the wear resistance of polyethylene has been adjusted in 

order to decrease the generation of debris though improvement in sterilization technique, 

manufacturing processes, wear resistance, and material chemistry [74].  

While these improvements greatly decreased the rate of revision, it has since 

plateaued [50], and alternative causes of aseptic loosening are being considered with 

more interest. For example, Wolff’s Law dictates that bone adapts to the load, and since 

trabeculae interdigitated in cement or under the metal tibial tray are stress-shielded, this 

could result in resorption [58, 75, 76]. And indeed, it is known that bone mineral density 

decreases by 12-13% beneath the tibial tray after TKA [77, 78], and that this loss can be 

mitigated with the use of osteoclast-inhibiting bisphosphonates [79, 80].   

Another alternative cause is ischemic-reperfusion injury from both the chronic 

inflammatory environment induced by particulate debris, in addition to the placement of 

a large, avascular implant at time of surgery, both of which can indirectly and directly 

damage bone [63].  A third example is fluid flow through micro-gaps at the cement-bone 

interface, which may result in increased osteoclastic activity through 

mechanotransduction of supraphysiologic shear stress [81] and/or pressure [82, 83]. This 

latter example of fluid flow especially has become a major focus in orthopedics, as bone 
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is a mechanosensitive organ that may be modified over time based on dynamic load [84] 

—and load induces fluid flow through changes in pressure throughout the medullary 

canal [85].  

 

1.4 In vitro fluid flow experiments are used to examine cellular responses to 

mechanical loading 

 
In order to study the effect of fluid flow at the cellular level, bioreactors have 

been fashioned to exert known amounts of fluid shear stress in vitro, as specific 

mechanobiologic mechanisms are difficult to measure in vivo [86]. For example, one of 

the most established tools to study cellular mechanobiology is the parallel plate flow 

chamber. This device was developed in 1973 to examine the capability of blood cells to 

adhere to glass under flow conditions [87]. In bone biology, parallel plate flow chambers 

are still used to examine fluid flow effects on osteocytes and osteoblasts [86], but these 

chambers can be difficult to utilize for large scale experiments. However, the 

convenience of being able to accurately calculate the exact forces (i.e., fluid shear rate, 

fluid shear stress, pressure, etc) acting on cells with a closed form solution, in addition to 

the relative affordability and simple construction has led to the sustained use of the 

parallel plate flow chamber in the field. Importantly, this system is capable of multiple 

modes of flow such as steady, pulsatile, and oscillatory fluid flow [86], which are 

differentially relevant depending on the cell, organ, or system in question. In addition to 

the parallel plate flow chamber, more recently developed, high-throughput systems are 

available [81], as well as other bioreactor designs that may focus on, for example, strain 

instead of wall fluid shear stress [86]. This is discussed in further depth in Chapter 4.  
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While the parallel plate flow chamber has been widely utilized for important 

osteocyte and osteoblast studies, little is known about the direct effects of fluid flow on 

the final mediator of bone resorption—osteoclasts. Osteoclasts are multi-nucleated cells 

of the hematopoietic lineage, which have the unique capability of being able to resorb 

mineralized bone by the precisely-controlled secretion of acid and proteases. Despite this 

important function, osteoclasts are understudied, as osteocytes are considered the master 

regulator of bone remodeling [88]. For those few studies that do directly examine fluid-

loaded osteoclasts, outcome measures are usually short term (~6 hour). While these 

studies may rigorously examine mRNA changes, longer-term functional outcomes such 

as bone resorption are rare [89, 90]. For this reason, we chose to examine long term (48 

hour) functional osteoclast responses to fluid flow ranging from static to 

supraphysiologic (Chapters 5 and 7). 

What is known is that bone cells in general quickly produce Nitric Oxide (NO) 

[91] through the constitutively-expressed endothelial Nitric Oxide Synthase, (eNOS, for 

osteocytes, [92]) and iNOS (the inducible form) [93]. In addition, these cells produce and 

release Prostaglandin E2 (PGE2), which assists in in vivo osteoclastogenesis depending on 

the concentration and cell culture conditions [94]. Inhibition of cyclooxygenase 2 

(COX2), the enzyme responsible for PGE2 production, is capable of abolishing the 

anabolic response to fluid flow [92, 95]. As it is unknown if NO and PGE2 are capable of 

diffusing away from osteoblasts and osteocytes to effect osteoclasts, it has been 

demonstrated that these molecules may function in an autocrine manner on/by osteoclasts 

[91]. The mechanoreceptors and molecular pathways thought to be regulated by fluid 

flow in osteoclasts are discussed in depth in Chapter 4.  
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There are multitudes of possible cellular, biological, metabolic, biomaterial, 

surgical, genetic, etc. mechanisms that could be responsible in whole or in part for aseptic 

loosening in contemporary examples of TKA. This dissertation will focus on the 

identification of in-progress aseptic loosening in postmortem, clinically-successful TKA 

(Chapter 2); the spatial and quantitative relationship between PE debris and loss of 

interlock in tibial components of TKA (Chapter 3); the development of a novel in vitro 

bioreactor to test fluid flow as an osteoclastic stimulus (Chapter 4); the identification of 

the common media thickener Dextran as a confounding variable in fluid flow 

experiments, and strategy for mitigation (Chapter 5);  the refinement of the prototype 

bioreactor based on the effects of Dextran (Chapter 6); and the interaction between fluid 

flow and PE particles on osteoclast activity (Chapter 7). The goal of this dissertation is 

to provide new insight on mechanisms of loosening 

What seems clear is that due to the many potential causes of aseptic loosening, 

there is likely no “magic bullet” to bring the revision rate to 0% for all patients.  

However, the identification of cellular mechanisms responsible for increased bone 

resorption represents a very hopeful target for further decreasing aseptic loosening for 

TKA patients. 
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Chapter 2: 
Even Successful Cemented Total Knee Arthroplasties Lose Fixation1 

 
2.1 Introduction: 

Total Knee Arthroplasty (TKA) is an established and reliable procedure that seeks 

to restore joint mobility and relieve pain associated with rheumatoid or osteoarthritis [1]. 

A clinically successful TKA has a lifetime of nearly 20 years with in vivo use before 

revision surgery becomes a necessity due to wear, loosening, and/or migration of implant 

components [2-5]. However, failure of TKA occurs at rates approximating 10% at 15 

years depending on the implant design [2], most commonly caused by long term aseptic 

loosening of components [2,3,5,6]. Aseptic loosening results from the loss of fixation 

between the cement and bone in cemented fixation and metal and bone in press-fit 

fixation. Without bony fixation, the implant can become unstable and migrate. In general, 

the tibial component loosens 2-3 times more frequently than the femoral component, but 

femoral component loosening is still a clinical concern, especially in younger populations 

[7]. 

Following implantation, there is marked bone loss in the distal femur, adjacent to 

the proximal aspect of the femoral component [8,9]. Abu-Rajab et al [8] demonstrated at 

two-year follow up a 21% loss of bone mineral density (BMD) for peri-implant bone in 

                                                 
 
1 This chapter adapted (in part) from: Howard (Cyndari), Karen I., Mark A. Miller, Timothy A. 
Damron, and Kenneth A. Mann. “The Distribution of Implant Fixation for Femoral Components 
of TKA: A Postmortem Retrieval Study.” The Journal of Arthroplasty 29, no. 9 (September 2014): 
1863–70.  © The Journal of Arthroplasty. 

Contributions: 
Karen Cyndari, MS: study design, data analysis, and manuscript preparation. 
Experiments performed by KC unless otherwise stated. 
Mark Miller, MS: study design, preliminary data, and methodology 
Timothy Damron, MD: clinical expertise and radiographic analysis  
Kenneth Mann, PhD: study design, data analysis, and manuscript preparation 
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the femoral component, compared to only 3.3% loss of peri-implant BMD in the tibial 

component. It has been demonstrated in a finite element (FE) model [10] that the distal 

femur is highly stress-shielded post-implantation, especially in the distal condylar region 

associated with greatest clinical BMD loss [8]. The loss of peri-implant bone would also 

likely result in changes to fixation between the implant and trabecular bone due to 

alterations in load distribution, but this has not been explored.  

With the introduction of high-flexion knees, there is concern that stresses on the 

bone-implant interfaces could increase during high flexion activities [11].  A thirty-eight 

percent failure rate of a posterior stabilized high-flexion design was reported at less than 

three years follow-up [12]. In contrast, a Roentgen Stereophotogrammetric Analysis 

(RSA) study of LPS standard and high flexion knees did not show a difference in 

migration of the femoral components between types, and the overall femoral loosening 

rate was 0% at 5 years follow-up [13]. These disparate findings suggest that component 

design, initial fixation at the time of surgery, and loss of fixation with in vivo service may 

contribute to the range of loosening rates reported clinically.  

 Clinically, it is difficult to assess detailed changes in fixation at the bone-implant 

interface, as analysis is generally limited to assessment of radiographic changes based on 

planar x-rays. Enbloc postmortem retrievals, obtained from functioning TKAs, could be 

used to assess the fixation morphology and the changes that occur due to in vivo service. 

Our group recently assessed the fixation between trabecular bone and cement in tibial 

components with a range of time in service ranging from 0-20 years [14]. We quantified 

the amount of bone in contact with the cement layer, as well as the loss of interdigitation, 

due to in vivo service. The latter measure required quantifying the penetration of 
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trabecular bone into the cement layer at time of death, as well as extrapolating the initial 

penetration of bone into the cement at the time of surgery. It was possible to estimate the 

initial penetration of bone using a ‘trace fossil’ approach: similar to formation of trace 

fossils such a dinosaur footprint, an impression of the trabecular bone structure is 

preserved in the cured bone cement immediately after implantation. When bone resorbs 

from this interface, interconnected cavities remain in the cement. For cemented implants, 

this approach allows for the assessment of initial fixation at the time of surgery and the 

current fixation due to in vivo service. 

 The goal of the present study was to assess the morphology of the fixation 

interfaces for a series of postmortem retrieved femoral components from TKAs. We 

asked three research questions: 1) What is the amount of fixation between bone and 

cement, and bone and metal, in retrieved femoral components of TKA? 2) What is the 

regional distribution of fixation? 3) Do implants from donors with greater age and longer 

time in service have less fixation? In contrast to revision retrievals, which may be 

clinically loose and cannot be removed with the interface intact, the implants analyzed in 

this study were obtained postmortem, and would likely represent the fixation status of 

functioning total knee replacements.  

 

2.2 Methods 

2.2.1 Procurement and Radiographic Assessment of Loosening 

Nineteen fresh-frozen, postmortem retrievals with Total Knee Arthroplasties 

(TKAs) were obtained from the SUNY Upstate Anatomical Gift Program. There were 14 



36 
 

total donors and 5 had bilateral implants. Sixteen of the femoral components were 

cemented, two were cementless press-fits, and one was a partially-cemented press-fit. 

Donor age, weight, height, time in service and BMI were documented (Table 1). 

Plain radiographs of the TKA retrievals were reviewed and classified according to 

standard radiographic techniques of assessment for loosening2 [15,16]. Since no pre-

morbid radiographs were available for comparison, it was not possible to evaluate for 

progressive changes that are often indicative of loosening.  Hence, for the purposes of 

this study, radiolucency of less than 2 mm that appeared in a less than complete 

distribution on available radiographic views was not considered to be suggestive of 

loosening (classified as “no loosening”).  The term “possible loosening” was assigned 

when there was less than complete (some interface regions completely void of 

radiolucency) but focally >2 mm wide lucent zones at the cement-bone interface.  A 

classification of “probable loosening” would have been assigned to implants with cement 

fracture, circumferential radiolucency at all visible cement bone interfaces, radiolucency 

at the metal cement interface, or extensive radiolucency around the pegs or stem of a 

component, but none of the implants exhibited these features.  Similarly, a classification 

of “definite loosening”, as is usually reserved for the component that has shown a change 

in position over time, was not able to be determined on these single time point ex vivo 

specimen radiographs. 

                                                 
 
2 Radiographic analysis performed by Timothy Damron, MD. 
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3 Implant manufacturer and model determined by Mark Miller. 

Donor Years in 
Service Sex Age* weight (kg) height (cm) BMI 

(kg/m2) 
Implant 

Type 
Radiographic 

Score Manufacturer3 Model Cause of Death 

1A 10 M 54 98 185 28.6 PS Well-fixed Biomet Maxim infarct/gangrene 

1B 12.4 M 54 98 185 28.6 CR Well-fixed Biomet Maxim infarct/gangrene 

2 5 M 61 103 177 32.9 CR Well-fixed Stryker Triathlon cardiopulmonary arrest 

3A 6.5 M 72 100 186 28.9 PS Possibly loose Zimmer Nexgen LPS 
7º small cell lung cancer 

3B 4 M 72 100 186 28.9 CR Well-fixed Zimmer Nexgen LPS 
7º small cell lung cancer 

4 1 F 73 61 164 22.7 CR Well-fixed Biomet Vanguard cardiopulmonary arrest 

5A 17 M 78 65 188 18.4 CR/Press-
fit** Well-fixed Howmedica  PCA  Pick's Disease 

5B 10 M 78 65 188 18.4 PS Possibly loose Depuy AMK Pick's Disease 

6 2.5 F 82 108 172 36.5 PS Well-fixed Depuy PFC Sigma acute CHF 

7 22 F 85 85 153 36.3 CR/Press-
fit Well-fixed Richards RMC cardiopulmonary 

arrest/ARF 
8 11 M 85 98 174 32.4 CR Well-fixed Richards S&N Genesis 

II Gender 
pneumonia, septic 

shock 
9 18 F 86 78 166 28.3 PS Well-fixed Zimmer IB II COPD/pneumomia 

10A 3 F 87 67.5 168 23.9 PS Well-fixed Zimmer Nexgen 7º pulmonary infection 

10B 3 F 87 67.5 168 23.9 PS Well-fixed Zimmer Nexgen 7º pulmonary infection 

11A 5 F 87 75 160 29.3 CR Well-fixed Zimmer Nexgen 
Precoat 

 

metastatic ovarian 
cancer 

11B 13.5 F 87 75 160 29.3 CR/Press-
fit Well-fixed Zimmer Nexgen 

Porous 
 

metastatic ovarian 
cancer 

12 14.5 F 88 96 173 32.1 PS Well-fixed J&J PFC Modular cardiopulmonary arrest 

13 10 M 90 65.5 170 22.7 CR Well-fixed Zimmer Nexgen 
Precoat 

 

Parkinson's Disease 

14 11 F 91 58 162 22.1 CR Well-fixed Richards S&N Genesis 
II heart attack 



 38 

Table 1: Donor information in order of increasing age. *Age at death. **Donor 5A was a 

partially-cemented press-fit with cementation in the anterior regions (zones 1, 2, and C) 

only. All components were cemented with the excepion of Donor 7 and 11B. 

PS=posterior stabilizing. CR=cruciate retaining. CHF=congestive heart failure. 

ARF=acute renal failure.  
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2.2.2 Sectioning and Imaging 

The femoral component and distal femur were sectioned in the sagittal plane 

(Figure 1A) using a water-irrigated silicon carbide blade (IsoMet 2000; Buehler Inc, 

Lake Bluff, IL, USA). The initial cut bisected the intercondylar notch in the sagittal 

plane, and following cuts were made medial and lateral to the initial midline cut in 10mm 

intervals.  Pulsatile lavage was used to clean debris from the cutting operation out of the 

trabecular bone and interface after sectioning.  The surfaces of the midline-facing 

sections were then polished to 600-grit using a water-irrigated polisher (EcoMet 6; 

Buehler Inc). High resolution, white-light images (5.7um/pixel) of the entire implant 

section were obtained using a CCD camera with macro lens attached to a custom x-y 

stage, in order to document interface morphology between the metal implant and bone, 

and cement and bone. Final images had dimensions on the order of 100 megapixels 

(10,000 px by 10,000 px). 

 

2.2.3 Cement-Bone and Bone-Metal Contact Fraction 

For each implant section, five zones were established to document interface 

morphology of the femoral component, based on the Knee Society Scoring System 

(KSSS) [17]. Zone 1 was designated as the anterior cut, Zone 2 as the anterior chamfer 

cut, Zone 3 as the posterior chamfer cut, and Zone 4 as the posterior cut. The KSSS also 

included Zones 5-7 to describe the distal, center cut with pegs; these were grouped 

together as Zone C for this study (Figure 1B). 
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Figure 1: Schematic of sagittal section locations and distance in millimeters from the 

midline of the knee (A). A modified zone system (B) was used where Zone Central, or 

“C,” includes zones 5-7 as described by the Knee Society Scoring System [17].  
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Random line stereology was used to determine the contact fraction between bone 

and cement (cement-bone contact fraction, CFc-b) and bone and metal (bone-metal 

contact fraction, CFb-m) where there was no cement layer at the metal surface. The use of 

high-resolution images allowed for direct visual inspection of contact along the interface, 

while also allowing the survey and analysis of the entire interface of the implant section. 

One hundred lines were projected in random orientation over each zone using Image-Pro 

Plus software (Media Cybernetics, Rockville, MD, USA). The CFc-b was calculated as 

the number of points where there was cement in direct contact with bone divided by the 

total number of lines that crossed the cement interface (Figure 2A). Similarly, the CFb-m 

was calculated as the total number points where bone was in direct contact with metal 

divided by the total number of lines that crossed the metal interface. Overall, this 

procedure was performed for five possible zones for each sagittal section. The number of 

sagittal sections ranged from 5 to 7 depending on implant size, and the number of zones 

per section was between 2-5 depending on the implant design and mediolaterial location.  

To allow inter-specimen comparison, the CFc-b was normalized to the undulating 

length of the cement interface for each region of interest (ROI), and CFb-m was 

normalized to the flat length of any cementless, interior, bare metal for each ROI (Figure 

2B). Together, these measurements were normalized the entire length of cement+bare 

metal interface for each ROI, to give a measurement of Total Contact Fraction, or CFT. 

This was done to account for the fact that not all ROIs were the same length and had 

different local morphologies. See Appendix for more details.  

Cement coverage was defined as the fraction of the metal surface that was 

covered with cement for each implant. To determine the portion of CFT provided by 
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cement-bone fixation, we defined a term called the Fraction of Fixation (FFc-b), which 

was calculated as the length-weighted CFc-b divided by the total length of the cement-

bone and bone-metal interfaces (see appendix). The Fraction of Fixation provided by the 

bone-metal interface (FFb-m) was 1- FFc-b.   

 

2.2.4 Cement-Bone Interdigitation Depth 

A protocol for quantifying the depth of initial and current interlock of trabecular 

bone in the cement layer was recently developed [14]. An estimate of the initial interlock 

between trabecular bone and cement relies on a ‘trace fossil’ approach: similar to fossil 

creation, cement flows around the trabeculae at the time of surgery, cures in place, and 

the cement mold preserves the shape of the bone trabeculae interlocked inside. After bone 

resorption, if it should occur, the connected cavities left inside of the cement correspond 

to space where the trabeculae once existed.   
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Figure 2: Contact Fraction and Interdigitation Depth measurements. On the left half of 

each image is the cement-bone interface, where cement is present. On the right half of 

each image is the bone-metal interface, where there is no cement and bone may directly 

contact metal. Random line stereology is shown (A). Lines of random orientation overlay 

the image, and may contact cement only, cement in contact with bone, metal only, or 

metal in contact with bone. Lines may also cross circuitous borders of cement multiple 

times, and each intersection is recorded as a separate data point. 100 lines were counted 

for the cement-bone and bone-metal interfaces of each zone, separately (i.e., 200 lines 

total for each zone). The length of the cement-bone interface was measured as the 

circuitous length of the cement, and the length of bare metal in each zone (B). Initial 

(inID) and current interdigitation depth (curID) was determined using average distance 

between Line 1 and Line 2, and Line 2 and Line 3, respectively. 
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The initial interdigitation depth (inID) was used to estimate the initial extent of 

interlock between cement and bone at the completion of surgery. This was determined in 

Image-Pro Plus by drawing a segmented line at the furthest initial extent of bone into 

cement, as documented by the cement mold, established at the time of surgery (Line 1, 

Figure 2C). A second segmented line was drawn at the extent of cement that penetrated 

into trabecular bone (Line 2). The inID was calculated as the average distance between 

these lines using a local minimum point-to-point measurement algorithm (Image-Pro 

Plus). The current interdigitation depth (curID) was used to define the current amount of 

interlock between cement and bone at the time of death. A third line (Line 3) was drawn 

at the current extent of trabecular bone into the cement layer. The curID was calculated as 

the average distance between Line 2 and Line 3 along the interface (Figure 2C). The 

percent difference between inID and curID (inID-curID/inID) defined the loss of 

interdigitation depth (lossID) and represented an estimate of how much trabecular bone 

was resorbed during in vivo service. The estimated error in determining the inID has been 

reported to be 0.06 mm [14] using lab-prepared constructs where there was no bony 

resorption. 

 
2.2.5 Statistical Methods: 

For research question #1, descriptive statistics were used to characterize the 

quantity of fixation at the cement-bone and bone-metal interfaces for the nineteen 

postmortem retrieved TKA femoral components. For research question #2, one-way 

Analysis of Variance (ANOVA) was used with contact fraction and interdigitation depth 

as dependent variables and medial-lateral section and anterior-posterior zone as 

independent variables. Tukey-Kramer post hoc tests were used to compare means 
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between groups. For research question #3, a two-parameter linear regression model with 

total contact fraction as the dependent variable, and donor age and years in service as 

independent variables was used. Although not formal research questions, additional linear 

regression analyses were performed to explore the role of donor BMI and sex on the 

amount of fixation for the femoral components. All statistical analyses were conducted 

using JMP 9.0 (SAS Institute, Cary, NC, USA).       

 

2.3 Results 

2.3.1 Femoral Component Fixation with In vivo Service: Contact Fraction4 

The contact fraction between bone and cement (CFc-b) was used as one of the 

primary outcome measures of implant fixation for the cemented femoral components 

(n=16). We found that CFc-b averaged 9.5% (sd=4.1) and ranged from 1.8 to 17.1% 

(Table 2). All these implants showed evidence of resorption at the cement-bone 

interface; examples of high CFc-b and low CFc-b can be seen in Figure 3A and 3B, 

respectively. In Figure 3B, the bone resorption and remaining cavities (trace fossils) in 

the PMMA were particularly evident. The press-fit component that was cemented in 

place had a cement-bone contact fraction (12%) that was similar to the cemented 

implants. Since CFc-b required the presence of cement, the two cementless press-fits were 

not included.  

 

 

                                                 
 
4 Contact Fraction and Interdigitation measurements were performed with the help of Mark Miller. 
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Figure 3: Contact Fraction. Donor 3A shows well-interdigitated bone in contact with the 

cement (A). Donor 5A (B) shows evidence of trabecular resorption by the presence of 

empty spaces in the cement that were once filled with bone (white arrows), demonstrating 

the trace fossil concept.  Bone is in direct apposition with metal in (C), for Donor 10A. In 

this region for Donor 5A (D), there is no cement, and bone has either remodeled away 

from the implant or was never in contact with it. B=bone, C=cement, M=metal. Bars 

represent 2 mm. Total contact fraction (CFT) by zone (E) and by section (F) shows there 

was no significant pattern of the spatial distribution of contact fraction (n=19, p>0.05).  
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In multiple samples, we observed a paucity or even complete absence of cement 

at the implant surface in the far anterior and far posterior regions of Zone 1 and Zone 4, 

respectively. There was also limited cement coverage in the posterior-stabilized implants 

surrounding the central box. The total cement coverage of the femoral component 

implant surface was on average 88%, with a range of 68 to 98% (Table 2). The large 

range in cement coverage suggests that 1) the cement techniques used were not all 

successful in achieving ideal 100% cement coverage and 2) there is variability in the 

method of cementation between surgeons and/or institutions. 

Despite the lack of full cement coverage in many specimens, we observed that 

bone sometimes remodeled into direct apposition (Figure 3C) with the metal component. 

Regions of the implant surface lacking cement coverage could also have a gap between 

the implant and bone (Figure 3D) suggesting that the bone either 1) remodeled away 

from the metal surface, or 2) bone was never in apposition with the metal surface. The 

bone-metal contact fraction (CFb-m) was used to quantify the amount of the exposed 

metal surface was in contact with bone. The average CFb-m for the cemented implants was 

18% (range: 0-73%), which was comparable with the CFb-m for the cemented press-fit 

component (7.6%), and the two press-fit components (6.5%) (Table 2).  

In order to combine bony fixation for both cement-bone and metal-bone 

interfaces, a length-weighted approach was used to create a total contact fraction measure 

(CFT). The average CFT  for cemented components (n=16) was 10.3% (SD=4.6) with a 

range of 1.7 to 17.7%. The CFT for the single cemented press-fit (10.7%) and the two 

press-fit (2.2 to 10.9%) components fell within the range of the cemented components.  
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To determine the portion of CFT provided by either cement-bone or bone-metal 

fixation, a fraction of fixation outcome measure was used. For example, if the CFc-b was 

10% over a cement length of 50 mm, but the CFb-m was 50% across a length of 10 mm, 

the fraction of fixation (FF) provided by each is 0.5 (see Appendix). For the cemented 

specimens, the fraction of fixation provided by the cement-bone interface (FFc-b) was 

86% (SD=14%), ranging from 56 to 100%, while the fraction of fixation provided by 

bone-metal contact (FFb-m) was 14% (SD=14%), ranging from 0 to 44% (Table 2). 

Again, the cemented press-fit (n=1) was comparable to the cemented components (Table 

2). The press-fit components (n=2) by default could only have bone-metal fixation. These 

findings show that most of the cemented component fixation was provided by the 

cement-bone interface, but a sizeable fraction was provided by the bone-metal interface 

in some cases. 

 

2.3.2 Femoral Component Fixation with In Vivo Service: Interdigitation Depth 

The initial interdigitation depth (inID) of cement into the cut trabecular bone 

surface provides a direct measure of the PMMA cement infiltration achieved during 

surgical cementation. The current interdigitation depth (curID) is a measure of the current 

interlock between trabeculae and the cement layer after bony resorption that occurs with 

in vivo service. The average inID for the 16 cemented implants was 0.7 mm (SD=0.15 

mm), ranging from 0.4-0.92 mm, and the average current interdigitation depth (curID) 

was 0.13 mm (SD=0.08 mm), ranging from 0.03-0.31 mm (Table 2). The average loss of 

interdigitation depth (lossID) was 80.9%, ranging from 54.5-94.7% (SD=12.2%). The 

cemented press-fit component had inID (0.42 mm) and curID (0.06 mm) that were near 
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the lower range of the cemented components (Table 2). Because cement is a requirement 

to estimate initial interdigitation depth, cementless press-fits could not be analyzed using 

this method.  

 

2.3.3 Regional Distribution of Fixation 

The contact fraction and interdigitation depth measures described above were 

repeated following segmentation into regional zones and medial-lateral section. This was 

done to determine if there were patterns or distributions of fixation that were dependent 

on spatial location. We found no consistent trends relating pattern of fixation when all 

samples were considered as a single group, or when specimens were grouped according 

to type (i.e., cemented or press-fit; posterior-stabilized versus cruciate retaining). Each 

implant had a different, unique distribution of contact fraction. Because contact fraction 

magnitudes for the cemented and press-fit TKAs were in the same range, they were 

grouped together for analysis of CFT based on zone and section. Using one-way 

ANOVA, CFT did not depend on zone (p=0.10) (Figure 3E) or section (p=0.26) (Figure 

3F). 
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Table 2. Descriptive statistics for outcome measures of implant fixation for the femoral 

component of TKA. Mean, standard deviation (SD) and range are show for the cemented 

implants (n=16), the partially cemented-press fit component (n=1), and the press fit 

components without cement (n=2). 
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Cemented 

 (n=16) 

Cemented-
Press Fit 

(n=1) 

 
Press Fit 

(n=2) 

Outcome Measure Mean SD Range Mean Mean 
 

Range 

Cement-bone contact fraction, CFc-b (%) 9.5 4.1 1.8-17.9 
 

12.02 
  

Bone-metal contact fraction, CFb-m (%) 18.0 19.6 0-73 
 

7.56 
 

6.5 
 

2.2-10.9 

Total contact fraction, CFT (%) 10.3 4.6 1.7-17.7 
 

10.65 
 

6.5 
 

2.2-10.9 

Cement coverage (%) 87.6 6.69 68-96 
 

66.4 
  

Cement-Bone fixation fraction, FFc-b (%) 86 14 56-100 
 

78 
  

Bone-metal fixation fraction, FFb-m (%) 14 14 0-44 
 

22 
  

Initial interdigitation depth, inID (mm) 0.70 0.15 0.4-0.92 
 

0.42 
  

Current interdigitation depth, curID (mm) 0.13 0.08 0.03-0.31 
 

0.06 
  

Loss of interdigitation depth, lossID (%) 80.8 12.2 54.5-94.7 
 

85.7 
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Figure 4: Interdigitation Depth. Example of large initial interdigitation depth from Zone 

C (A) and limited initial interdigitation in Zone 4 (B) of the 20mm medial (20M) section 

for Donor 3A. A 2mm scale is shown. Initial Interdigitation Depth (inID) and current 

interdigitation depth (curID) are shown as a function of Zone (C) and Section (D). 

Significance levels indicated (*=p<0.005, **=p<0.05). 
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In contrast to CFT, the initial interdigitation depth (inID) was dependent on the 

zone and section. Within the same implant, there were some regions with more inID 

compared to other regions. For example, there was a thicker cement layer and more 

evidence of cement pressurization into trabecular bone in Zone C (Figure 4A) compared 

to Zone 4 (Figure 4B) in the same specimen. InID was significantly (p<0.05) different 

based on zone as tested using a one-way ANOVA (Figure 4C). The anterior and 

posterior zones of the implant, which were parallel to the longitudinal axis of the femur 

(Zones 1 and 4), had significantly (p<0.03) less inID compared to the central zones 

(Zones 2, C and 3).  

InID was also significantly (p<0.04) different based on section (Figure 4D).  

Overall, there was a trend for lower inID for sections near the mid-line (0 M/L). The most 

medial slices (20M and 30M) had greater inID compared to the central section. In 

contrast, curID was not different between zones (p=0.277) or sections (p=0.142). 

 

2.3.4 Age and Years in Service  

Since the process of aseptic loosening may progress with loss of bone mass with 

aging and longer time in service, we asked how increasing patient age and years in 

service was related to fixation. Grouping all 19 implants, we found that CFT decreased 

linearly with greater donor age (r2=0.30, p=0.016) (Figure 5A).  Relating CFT to years in 

service was more complex: CFT decreased with greater years in service (r2=0.20, 

p=0.053) (Figure 5B), but without accounting for donor age, this was not statistically 

significant.  Using a two-parameter regression model (r2=0.46, p=0.007) (Figure 5C), 

both age (p=0.0146) and years in service (p=0.044) were significant parameters in the 
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estimate of CFT. Younger donors and those with fewer years in service had the greatest 

amount of fixation as measured using contact fraction.  

 
Figure 5: Fixation as a function of age and years in service. Total Contact Fraction 

declines with increasing age (A), as well as with increasing years in service (B, log 

scale). When a two parameter linear regression in performed (C), the R2 value increases 

to 0.457, page=0.0146 and plog(years)=0.0444. 
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The loss of interdigitation depth (lossID) increased with greater years in service 

(r2=0.25, p=0.043), and had a power law response. The lossID mainly occurred in the 

short term and then leveled off after about five years at 80% (SD=12%) (Figure 6). 

 

 

2.4 Discussion 

The goal of this study was to examine the quantity and distribution of fixation 

between implant components and donor bone in a series of functioning TKA femoral 

components that had experienced in vivo service. While traditional TKAs rarely exhibit 

femoral component loosening, some groups have raised concerns about loosening with 

younger, more active patients undergoing this procedure [3,4,7], as well as with high-

 
Figure 6: Loss of Interdigitation Depth. ID is lost early after implantation. Both axes 

are presented on a log scale 
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flexion knees [11,12,18]. While this study does not examine fixation of high-flexion 

knees, ours is the first we know of to directly quantify the fixation status between implant 

and bone in femoral components using postmortem retrieved TKAs.   

This study had several limitations. First, we did not have access to medical 

records of the deceased. Knowledge of donor mobility and satisfaction with the TKA 

could add a functional meaning to our measurements of fixation. While data on time in 

service, donor age, weight, and sex were available, the mechanical loading of the joint 

over the time of implantation was not known. In addition, metabolic diseases such as 

osteoporosis and diabetes and any treatments, such as bisphosphonates, could affect the 

amount of bone in the distal femur, and the amount of fixation. How these patient factors 

might affect fixation status could best be answered in a prospective cohort study with 

patient-reported outcomes [19], followed by access to the joint replacement at the time of 

death. 

A second potential limitation in this study is that the 19 TKAs came from the 

SUNY Upstate Anatomical Gift Program, and this may not represent the entire 

population of TKA recipients. However, we found our 19 donors to be comparable to 

Kaiser Permanente Total Joint Replacement age demographics as reported by Paxton et al 

[6]. This shows that our sample population is very similar to the population of TKA 

recipients in the US. 

A third limitation in this study is that different implant designs were used, and 

that surgical and cementation techniques, and procedural/recovery procedures were not 

documented.  While we successfully ascribe the quantity of fixation as a function time in 

service or age, it is possible that the aforementioned factors may also impact the quantity 
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and distribution of fixation. However, we found that despite all the differences, the 

contact fractions and interdigitation depths were not very dissimilar across the series of 

specimens. 

 

2.4.1 Amount of Implant-Bone Contact 

Regarding our first research question, femoral components of TKA with in vivo 

service had limited fixation between implant and bone. Cement-bone contact fraction 

(CFc-b) averaged less than 10% for cemented components.  We also found that those 

radiographs rated as possibly loose did not coincide with very low contact fraction, 

though without post-operative or pre-mortem radiographs for comparison, progressive 

radiolucency was not possible to identify. 

 

Table 3. Descriptive statistics for outcome measures between the tibial study performed 

by Miller et al, and the present femoral study, comparing only cemented components. 

*called curCF in Miller et al 2014. 

 

 Miller et al (n=12) Howard et al (n=16) 
Parameter mean (sd) range mean (sd) range  

Time in service 
(years) 8.7 (6.5) 1-20 9.4 (5.9) 1-20 

Age (years) 76.8 (9.2) 61-90 70.2 (11.4) 54-91 
CFc-b (%) 10.2 (7.6) 4.2-32.2 9.5 (4.1) 1.8-17.9 
inID (mm) 1.45 (0.68) 0.63-3.0 0.70 (0.15) 0.4-0.92 

curID* (mm) 0.63 (0.54) 0.23-2.1 0.13 (0.08) 0.03-0.31 
lossID (%) 56.2 (22.9) 0.24-0.86 80.8 (12.2) 54.5-94.7 

 

There appears to be no comparable data in the literature for femoral component 

fixation, but the CFc-b for post-mortem retrieved cemented tibial components averaged 

10.2% [14] (Table 3). However, in the current study CFc-b was normalized according to 
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the undulating (longer) length of the cement interface (see Figure 2B), while in Miller et 

al, CFc-b was normalized to a segmented linear (shorter) length of the interface. If Miller 

et al had used a circuitous length scale, their CFc-b would be lower. One other difference 

in fixation between the tibial and femoral component was the amount of fibrous tissue 

found at the interface between cement and bone. Very little fibrous tissue was observed at 

the femoral component cement-bone interface. In contrast, there was often an organized 

fibrous tissue interposed between bone and cement beneath the tibial tray, especially at 

the periphery of the component [14]. Because fibrous tissue tends to form and organize in 

regions where there is substantial micro-motion, the lack of fibrous tissue for the femoral 

components suggests that they are well-fixed and not subject to substantial micro-motion. 

Regarding cement coverage of implant interior metal surfaces, coverage ranged 

from 68-96%, averaging at 87.6%. For regions where there was no cement coverage, 

there was often bone in contact with the metal femoral component. This bone-metal 

contact provided, on average, 14% of the total fixation (FFb-m) for cemented implants. 

The magnitude of the functional stability provided by the bone-metal contact was not 

addressed in this study. While there was a trend for specimens with less cement coverage 

to have more Total Contact Fraction (CFT), poor cement coverage has long been 

associated with loosening [20]. Radiolucency of the posterior region—the most difficult 

area to adequately cement [21,22]—is theorized to be the first indicator of progressive 

radiolucency [20], which is associated with aseptic loosening. 

The CFT also demonstrated that press-fit components were comparable in terms 

of the amount of fixation present in cemented components. It should be noted that only 

three components were press-fits, and one of these was a press-fit design, but applied 
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with cement.  Multiple studies have shown that successful press-fit implants have very 

similar in vivo survival compared to cemented implants [23], and this is coincides with 

our results. 

Regarding the amount of cement interdigitation created and maintained for 

femoral TKA with in vivo service, we found a stark difference in the initial interdigitation 

depth (inID) and current interdigitation depth (curID) compared to those reported for 

retrieval tibial components [14] (Table 3). These differences may be largely attributed to 

the shape and surgical approach used with the components; bone cement is more easily 

pressurized into trabecular bone of the flat and exposed tibial plateau compared to the 

multiple, more difficult to access, angled cuts of the distal femur. This can result in poor 

cement coverage of the posterior cuts and shallow cement interdigitation for both the 

anterior and posterior cuts. 

The internal geometry created by the angle (α) of the anterior flange (Zone 1) 

respective to the posterior flange (Zone 4) also had an impact on inID. Bollars et al [24] 

identified three groups: open (>3°), parallel (3°> α >-3°), and closed (<-3°). In our study, 

all but one donor (Donor 8, parallel geometry) had components with an open geometry, 

and α ranged from 2.4 to 9.6 degrees (n=19). A linear regression analysis of our implants 

showed that increasing α was correlated with greater initial interlock (inID) between 

cement and bone (r2=0.32, p=0.02), suggesting that the open geometry increased the 

amount of pressurization achieved during implantation. However, there was not a 

significant correlation between α and curID (r2=0.009, p=0.72), indicating that the 

interdigitation was still lost with in vivo service, to the same extent for all components. 

Bollars et al’s [24] experimental results would suggest that a closed or parallel geometry, 
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while likely to decrease inID, would decrease rates of failure based solely on the stable fit 

of the design.  

 

2.4.2 Pattern of Fixation 

Concerning our second research question, we found no discernable spatial pattern 

of contact fraction in these specimens. Each component seemed to have a unique 

distribution, perhaps due to the different implant designs, initial cement distribution and 

amount of interlock, as well as the surgical technique. The lack of spatial patterning was 

also seen for tibial components, excepting the periphery of the tray where there was often 

a layer of interposed fibrous tissue [14]. Of note, despite the relatively low total contact 

fractions reported, nearly every femoral zone and every section had some non-zero 

contact.  

Regarding interdigitation depths, the average inID of the femoral specimens in 

Zones 1 and 4 were similar to each other at only ~0.5 mm, and were significantly less 

than the inID of Zones 2, C and 3 (Figure 4C). This regional distribution is likely 

because, when the femoral component is applied, sliding displacements in Zones 1 and 4 

will not pressurize cement into bone, whereas compression in the distal aspect will force 

cement into the bone surface. 

Multiple laboratory studies have noted the lack of cement and cement penetration 

into Zones 1 and 4 as mentioned previously [21,22], though our study is the first we 

know of to quantify TKA femoral component cementation depth established in an 

operating room setting. A depth of penetration 2mm or greater is preferred for long-term 

fixation, as this depth is likely to interlock with at least one transverse trabeculae [24]. 
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Vaninbroukx et al [22] compared four cementation techniques and found application of 

cement to the anterior and distal surfaces of the bone, with additional application of 

cement on the posterior surfaces of the implant, to be the most successful in terms of 

cement penetration. The study by LaButti et al [21] showed the benefit of pressure-

injecting cement to achieve the goal of >1.5 mm of penetration in Zone 4. It was noted 

that without proper cementation, the normally compressive forces acting on the posterior 

condyles during flexion instead become shear forces, which could to contribute to 

loosening. For Zone 1 beneath the anterior flange, shear stresses are also a concern, 

particularly in high-flexion designs such as those modeled by Zelle et al [11]. Van de 

Groes et al [26] recommended removal of the anterior periosteum, roughening of the 

cortex and drilling of holes into the cortex prior to cementation in order to improve the 

mechanical strength of the cement-bone interface.  A follow up to this study by the same 

group showed this reduced interface failure from 31.3% to 2.6% in high flexion knees 

[18]. In a traditional (non high-flexion) implant design, Shi et al [10] demonstrated a 

stress concentration immediately adjacent and proximal to the anterior flange that could 

initiate fracture as loads rapidly transfer to the flange. Therefore it is likely that improved 

anterior and posterior fixation would reduce the risk of peri-implant fracture as well 

(regardless of traditional vs. high-flexion design), considering that improved fixation 

would result in more peripheral load transfer and retention of bone stock.  

 

2.4.3 Years in Service and Age 

Regarding our third research question, we found that increased donor age and a 

greater number of years in service were associated with reduced fixation of the femoral 
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components. There is a reduction in bone mineral density (BMD) with aging [27] and 

there is a loss of distal femoral BMD with in vivo service for patients with TKAs [8, 28]. 

Both of these factors likely reduce the amount of trabecular bone available for fixation at 

the interface. In addition, there is a loss of interdigitation depth (lossID) of trabecular 

bone in the cement layer for the femoral components (81% average) due to in vivo 

service.  This is similar to what has been reported for tibial components (~75% after 10 

years) of TKAs [14].  The loss of interdigitation depth appears to occur early, within the 

first several years of service. The loss of fixation may be of concern, but may also 

represent adaptation as load transfer is accomplished proximally through the stiff, metal 

implant instead of through the bone in the distal condylar regions (i.e., Zones 2 and C).  

It is also interesting to compare our results to a study by Van Lethe et al [29] in 

which they explored stress shielding in a finite element (FE) model of the distal femur as 

a cause of the BMD loss seen after implantation. They found that the addition of a well-

bonded femoral prosthesis resulted in over 50% loss of BMD in areas analogous to Zone 

2 and Zone C after less than two years post-implantation. More recently, Shi et al [10] 

offered a more complete picture of specific locations of excessive stress shielding, also 

using an FE model. The locations they report coincide with where we often observed 

extensive bone resorption, as evidenced by a lack of trabecular bone in Zones 2, C and 3, 

but with focal fixation proximally around the femoral pegs (data not shown). Overall, it 

would appear that greater age and more time in service would therefore seem to increase 

risk of loosening as the amount of fixation decreases, both by loss of contact between 

bone and the implant and loss of trabecular supporting bone likely due to stress shielding.   
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2.4.4 Conclusions 

In conclusion, our findings indicate the fixation of the femoral component of 

TKA with in vivo service is relatively scant, but is likely sufficient for long term stability 

and function in most patients. This is based on the observation that none of the implants 

studied here appeared radiographically loose and there was not extensive fibrous tissue 

between the implant and bone. There was limited initial interlock between cement and 

bone, particularly along the anterior and posterior flanges. With bone remodeling 

associated with in vivo service, there was loss of interlock and this was most evident in 

older donors with long times in service. Improving the interdigitation of cement in the 

anterior and posterior zones of the femoral component could improve load transfer along 

the anterior and posterior flanges which may help decrease the risk of peri-implant 

fracture of the distal femur and decrease the risk of loosening for more active/high-

flexion implant recipients. More work is needed to determine if the loss of fixation with 

in vivo service documented here results in increased risk of mechanical loosening of the 

TKA femoral component. 
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2.7 Appendix:  

To determine the cement-bone contact fraction for Zone 1 (  ) a length-weighted 

approach was used:  

 

CFc −b
Zone 1 =

CFc −b
Zone 1 • lc −b

Zone 1( )
sec tion=1

7

∑

lc −b
Zone 1

sec tion=1

7

∑
    (Eqn 1) 

where summation (Σ) would occur over seven sections and lc-b is the linear length over 

which contact fractuion is measured. This procedure was performed for all zones and all 

sections for the cement-bone interface and bone-metal interface.  

 

To determine the total contact fraction for the implant (CFT) which incorporated cement-

bone and bone-metal components, we used: 

  (Eqn 2) 

where S and Z represent the section and zone, respectively. The fixation fraction 

provided by the cement-bone interface (FFc-b) was used to describe the total amount of 

fixation provided by cement-bone contact and was calculated using:  

 

  (Eqn 3) 
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The remaining fixation fraction was provided by the bone-metal interface (FFb-m) and 

was calculated using: 

FFb-m = 1 - FFc-b                                                      (Eqn 4) 
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Chapter 3: Can Loss of Interlock in Successful TKAs 
be Explained by Co-located Polyethylene Debris?1 

 
 
 3.1 Introduction 
 
 As discussed previously, cemented Total Knee Arthroplasty (TKA) is a highly 

successful procedure that relieves pain and improves functionality for patients with multi-

etiologic arthritis. Recent arthroplasty registry data report that the 10 year revision rate is 

between 4.9 and 7.8% [1] with aseptic loosening reported as the most common reason for 

late revision [2, 3]. However, the lifetime risk of revision has been estimated to be 14.9% 

for males and 17.4% for females in the US [4]. This high lifetime risk of revision is 

particularly alarming given the current projections of 3 million primary knee 

arthroplasties in the US per year by 2030 [5]. The cause of aseptic loosening of cemented 

TKAs is multifactorial with component alignment, kinematic function, surgical approach 

to achieve good cement fixation, implant design, patient factors, and polyethylene (PE) 

wear debris considered to be important contributing factors. Of all of these factors, the 

lattermost has been considered the most relevant for the development of osteolytic 

lesions, subsequent aseptic loosening loosening, and need for revision surgery. 

                                                 
1 This chapter adapted (in part) from: Cyndari, Karen I., Jacklyn R. Goodheart, Mark A. Miller, Megan E. 
Oest, Timothy A. Damron, and Kenneth A. Mann. “Peri-Implant Distribution of Polyethylene Debris in 
Postmortem-Retrieved Knee Arthroplasties: Can Polyethylene Debris Explain Loss of Cement-Bone 
Interlock in Successful Total Knee Arthroplasties?” The Journal of Arthroplasty, February 3, 2017. © The 
Journal of Arthroplasty. Respective contributions: 

Karen Cyndari, MS: study design, data generation and analysis, and manuscript 
preparation. Experiments performed by KC unless otherwise stated. 
Jackyln Goodheart: Polyethylene wear measurements 
Mark Miller, MS: Macro-sectioning expertise 
Megan Oest, PhD: Microscopy and histology expertise. 
Timothy Damron, MD: clinical expertise and radiographic analysis  
Kenneth Mann, PhD: study design, data analysis, and manuscript preparation 
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In the clinic, progressive radiolucencies at the cement-bone interface observed on 

plain film over months to years have been associated with aseptic loosening [6]. 

Conversely, components with greater initial interlock between cement and bone have a 

lower incidence of radiolucency [6, 7]. Our recent work using en bloc postmortem 

retrievals that were not clinically loose demonstrated substantial loss of mechanical 

interlock between the cement layer and trabecular bone adjacent to the tibial tray [8].  

This loss of trabecular interlock with the cement was not visible on plain film X-

rays, but could represent an initial stage of the loosening process, eventually leading to 

clinical radiolucency. It is known that with trabecular resorption, these interfaces become 

mechanically weaker [9], suggesting that there is reduced fixation strength of the tibial 

component. However, the mechanism responsible for this loss of interlock is not known. 

Importantly, here we clearly delineate between 1) osteolytic lesions which may or may 

not be clearly observed on radiography and are usually peri-prosthetic, and 2) the loss of 

microinterlock between trabecular bone and polymethylmethacrylate (PMMA) cement on 

both the periphery and the interior of the component. Loss of cement-bone micointerlock 

has not been further explored in a clinical setting, but rather is a unique observation from 

postmortem-retrieval studies of clinically successful total joint replacements. 

Studies of failed (i.e., revised) total hip and knee arthroplasties have been used to 

definitively link polyethylene (PE) wear debris and osteolysis. Peri-implant fibrous tissue 

was found to contain a heavy burden of particles observable by polarized light [10]. In 

addition to PE debris, authors noted copious amounts of acrylic material and metal debris 

[11-14] in these failed implants, though PE represented 80% of all particulate debris [14]. 
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The wear particles were observed in both histiocytic and foreign body giant cell (FBGC) 

reactions; the former characteristic of the hip, and the latter of the knee [13, 15].  

The resultant pro-inflammatory cytokine release from these innate immune cells, 

in addition to positive feedback from fibroblasts, osteocytes, and T-cells, is thought to 

increase bone resorption through increased differentiation of osteoclasts and upregulation 

of bone resorption machinery [16]. Specifically, Receptor/Activator of NF-kB Ligand 

(RANKL), a key cytokine involved in osteoclast differentiation and member of the 

Tumor Necrosis Factor (TNF) superfamily, can be expressed not only by osteoblasts and 

osteocytes, but also by dendritic cells, foreign body giant cells, synovial fibroblasts, 

Natural Killer (NK) cells, T-cells, and NKT cells [17-21]. Disregulation of RANKL 

expression by immune cells has been implicated in both local and systemic bone loss in 

inflammatory diseases such as rheumatoid arthritis, osteoarthritis, and post-menopausal 

osteoporosis [22, 23]. Many studies have been performed to determine the effect of 

polyethylene debris on RANKL and TNF-α expression, and osteoclastic activity, in both 

in vitro and in vivo models, but there have been conflicting results [24-26]. 

Regardless, a chronic pro-inflammatory state has been strongly associated with 

progressive radiolucency in both TKA and total hip arthroplasty (THA) [16]. The breadth 

of data shows a clear relationship between polyethylene wear rate [27], debris burden 

[28], and likely debris size [29] and osteolysis in loosened prostheses. However, because 

nearly all of these studies were performed on failed joint replacements, the relationship 

between PE debris and the loss of mechanical interlock between cement and trabecular 

bone in functioning TKAs is uncertain. To date, the extent to which PE debris 
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accumulates in marrow spaces around well-fixed TKA components, particularly at the 

cement-bone interface, is not well understood.  

 In this study, we used postmortem–retrieved tibial components of TKA to 

examine the distribution of PE debris in the vicinity of the cement-bone interface and also 

measure the loss of cement-bone interlock at the cement-bone interface. We asked three 

research questions: 1) what is the particle number density (#PE debris/mm2) and 

anatomical (spatial) distribution of PE debris adjacent to the cement-bone interface and in 

the trabecular spaces distal to the cement? 2) does PE debris in the peri-implant bone 

accumulate proportionally with years in service and with the amount of articular surface 

wear? 3) are areas of high particle number density locally associated with trabecular 

resorption in regions that initially interlocked with PMMA cement?  

 

3.2 Methods 
 
3.2.1 TKA Procurement and Radiographic Assessment 

Eight fresh-frozen, en bloc postmortem retrievals with cemented Total Knee 

Arthroplasties (TKAs) were obtained from the SUNY Upstate Anatomical Gift Program. 

The TKAs were functioning for the donors at the time of death, but otherwise, patient 

history was not available. Donor age, weight, height, BMI, time in service, and implant 

specifics2 were recorded for all specimens (Table 1).  

Plain radiographs were used to determine the degree of radiographic loosening at 

time of death according to standard technique [30, 31] and were scored by a board 

certified orthopaedic surgeon with extensive experience performing TKAs3. Five 

                                                 
2 Implant manufacturer and model determined by Mark Miller. 
3 Radiographic analysis and scoring provided by Timothy Damron, MD. 
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components were rated “well-fixed” with incomplete radiolucency of <2 mm thickness 

around the implant at the cement-bone interface. Three were rated as “possibly loose,” 

with incomplete radiolucency of <2 mm thickness around the implant with focal lucency 

of >2 mm at the cement-bone interface.  Two of the possibly loose components were 

noted to have small/focal osteolytic lesions on the periphery of the device (Figure 1). 

“Probably loose,” would have been assigned after identification of 1) radiographic 

evidence of cement fracture; 2) complete circumferential radioluency at the cement-bone 

interface; 3) lucency at the cement-metal interface; and/or 4) extensive lucency around 

the keel or post of an implant. None of the donors were considered “probably loose”.  

 
 
Figure 1: PE inserts from donor TKAs (A and B) and associated osteolytic lesions at the 

cement-bone interface (C and D, arrows). Frank delamination, deformation, and pitting 

damage can be noted for Donor H (A). Burnishing and scratching was noted for Donor A 

by using graphite to identify damage (B, asterisk).
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Table 1: Postmortem retrieved TKAs for donor (A-H) and lab-prepared constructs (1, 2). PE = polyethylene; CR = cruciate retaining; 

PS = posterior stabilized; XR = X-Ray; inID = initial interdigitation depth; curID = current interdigitation depth; lossID = loss of 

Interdigitation Depth (inID-curID); UHMWPE = ultra high molecular weight polyethylene; HXLPE = highly cross-linked 

polyethylene; Total Hood Wear Score = frontside + backside wear; ρN =particle number density (#PE particles/mm2); ROI=Region of 

Interest; *=identification of osteolytic lesions on radiograph.  

 

Donor Sex Age Wt 
(kg) BMI 

Time in 
Service 
(years) 

Implant  PE type CR/
PS 

XR 
Score 

Total 
Hood 
Wear 
Score 

Median 
ρN 

Avg 
ρN  

Inter-
face 

Avg ρN 

Distal 
Avg ρN 

% 
PE+ 
ROIs 

Avg 
PE 
Size 

(um2) 

Avg 
Soft 

Tissue 
Height 
(mm) 

inID 
(mm) 

curID 
(mm) 

lossID 
(mm) 

1 M 64 56 23.9 0 N/A N/A N/A N/A N/A 0 0.19 0.0 0.4 27 100.6 N/A 1.54 1.43 0.11 
2 F 54 95 33.3 0 N/A N/A N/A N/A N/A 0 0.24 0.5 2.2 11 67.3 N/A 0.47 0.29 0.18 

A M 85 89 24.9 2.25 Stryker 
/Traithlon UHMWPE CR Possibly 

Loose* 46 0 13.4 11.1 15.6 44 122 0.28 0.61 0.23 0.38 

B M 67 69 23.1 3.5 Zimmer/ 
Nexgen UHMWPE PS Well Fixed 41 0 8.65 3.2 48.0 37 52.2 0.44 1.16 0.59 0.57 

C M 92 101 29.2 3.75 Stryker/ 
Traithlon HXLPE CR Well Fixed 35 0 13.5 8.3 18.6 39 61.9 1.14 1.06 0.4 0.66 

D F 91 87 33.2 4 Stryker/ 
Traithlon HXLPE CR Possibly 

Loose 31 0 24.9 13.4 35.2 39 67.3 0.17 1.36 0.4 0.96 

E F 85 77 25.1 4.4 Zimmer/ 
Nexgen UHMWPE PS Well Fixed 70 2 12.4 17.1 7.6 54 70.6 0.36 1.3 0.55 0.75 

F M 74 97 32.8 6.75 Zimmer/ 
Nexgen UHMWPE PS Well Fixed 32 1 8.8 12.9 40.1 56 79.7 0.09 0.96 0.57 0.39 

G F 88 42 18.2 14 Stryker/ 
Scorpio UHMWPE PS Well Fixed 47 1 22.7 23.5 21.7 54 87.0 0.26 2 0.76 1.24 

H F 91 55 20.4 20 Zimmer/ 
IB II UHMWPE PS Possibly 

Loose* 109 4 19.7 8.7 27.9 70 197.2 0.87 0.95 0.24 0.71 
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Two fresh tibiae from anatomical donors without previous history of total joint 

replacement were used to create lab-prepared (negative) controls for cement 

interdigitation without any bony remodeling or production of PE debris.4 For these two 

cases, the proximal tibiae were prepared for cementation using standard methods 

including transverse sectioning of bone, lavage to clean the bone bed, and application of 

PMMA cement (Simplex, Stryker Orthopaedics, Mahwah, NJ). A mock metal tray was 

used to pressurize the doughy PMMA cement into the bone bed. 

 

3.2.2 Polyethylene Tray Wear Score 

 The Hood Wear Score [32] was used to semi-quantitatively determine the amount 

of surface and backside wear for each PE insert. Briefly, the PE insert was examined for 

deformation, pitting, cement debris, scratching, burnishing, abrasion and delamination for 

10 regions of each insert (front and back, separately), graded on a scale of 0-3, and 

added.5  

 

3.2.3 Tibial Plateau Sectioning and Embedding 

An undecalcified sectioning procedure was developed6 to create resin embedded 

samples containing cement, the cement-bone interface, and trabeculae/marrow distal to 

the cement-bone interface. While this procedure necessitated use of water irrigation for 

the major cuts prior to embedding, care was taken to not disturb the interior contents, 

including any existing debris, of the specimens. The metal tibial tray component was 

                                                 
4 Lab-prepared tibial TKA performed by Mark Miller. 
5 Insert wear analysis performed by Jacklyn Goodheart. 
6 Embedding expertise provided by Megan Oest, PhD. 
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removed by heating the metal while applying slight tension7, preserving the cement-bone 

interface [33]. The proximal 15 cm of the tibiae were frozen at -80°C, and then sectioned 

every 10 mm from the sagittal midline using a water-irrigated diamond blade (IsoMet 

2000; Buehler Inc, Lake Bluff, IL, USA). An axial cut was made 20 mm below the 

plateau to separate the sagittal tissues containing the cement-bone interface from the 

distal bone. The sagittal sections were fixed in 10% neutral buffered formalin for 48 

hours, and then dehydrated in graded ethanol (70-100%) over a course of 6-8 weeks. 

Sagittal sections were cut into smaller segments and were embedded in Spurr’s Resin 

(SPI-chem, West Chester, PA, USA) under vacuum according to manufacturer’s 

protocol.  

The embedded sagittal tissues were sectioned in the coronal plane, using the same 

water-irrigated diamond blade saw. Between one and three coronal sections (Figure 2A) 

were taken for anterior periphery, interior, and posterior periphery regions for each 

sagittal section, depending on the medial-lateral position. The circumferential 10 mm of 

the tibiae was designated as “periphery” (associated with the cortex), while any interior 

area was designated as “interior” (associated with the post and/or keel). Coronal sections 

were ground and polished using a water-irrigated polisher (EcoMet 6; Buehler Inc) to a 

thickness of 0.1-0.5 mm.  The number of coronal sections obtained per donor bone 

ranged from 34 to 53, averaging 45.  

 

 

 

 
                                                 
7 Performed with much muscular assistance by Mark Miller and Kenneth Mann, PhD 
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Figure 2: Methods for analysis of PE wear debris and loss of fixation. Axial schematic of 

the tibial plateau, where the outer region within 10 mm of the cortex was designated 

“periphery” and the inner region as “interior” (A). Red lines indicate a representative 

collection of coronal sections for further analysis. Illustration of a coronal section of the 

cement-bone interface (B). The interfacial region was considered within 5 mm of the 

distal extent of the cement. Boxes represent ROIs. Polarized light microscopy analysis 

via image processing (C). Under light microscopy, PE debris is not visible. Under 

polarized light, the bone is birefringent on a black background. The inset demonstrates 

native PE particles, which are also birefringent. The final threshold image demonstrates 

what particles were counted.  Analysis of Interdigitation Depth and Contact Fraction (D). 

At time of surgery, bone is interdigitated with cement (inID). With in vivo service, bone 

resorbs (curID). LossID = inID-curID 
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3.2.4 Polarized Light Microscopy and Polyethylene Wear Determination 

Each coronal section was imaged under polarized light (Nikon Eclipse E800M, 

Tokyo, Japan) to identify PE wear particles at 100X magnification. Micrographs were 

taken of 6 Regions of Interest (ROI, 1 mm2 at 0.76 µm/pixel): 3 ROIs at the cement-bone 

interface, and 3 deep (~5 mm distal) to the interface, yielding an average of 270 discrete 

ROIs imaged per donor specimen (Figure 2B). Each micrograph was examined by KIH 

for quantification of birefringent polyethylene wear particles. The PE particles we 

included in the final analysis of PE particle number density (#PE particles/mm2 or ρN) 

were defined as those that met four conditions: 1) birefringent under polarized light, 2) 

not visible under standard transmitted white light microscopy, 3) in focal plane, and 4) 

area larger than 10 px2 (5.62 µm2). For images with PE ρN exceeding 20/mm2, the ImageJ 

(U. S. National Institutes of Health, Bethesda, Maryland, USA) particle count function 

was used automate the counting process. The micrograph image was converted to 8-bit 

format, inverted, a manual threshold was applied, and particles were counted using an 

overlay mask (Figure 2C). A comparative analysis of 10 representative ROIs was 

performed to determine potential differences in identification of particles between direct 

visual counting and image processing via ImageJ; the difference in particle counts 

obtained manually versus those using ImageJ was less than 5% (test fields for validation 

contained 10-39 particles). Particle size (area), major and minor axis, aspect ratio, and 

circularity were determined using ImageJ for micrographs containing the upper quartile 

count of particles per donor.  
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3.2.5 Cement-Bone Interdigitation Depth 

A protocol to quantify the depth of estimated initial and current (after in vivo use 

and possible trabecular resorption) interlock of trabecular bone in the cement layer was 

developed in our lab [8]. The initial interdigitation was deduced using a “trace fossil” 

methodology: the cured, pressurized cement preserved a mold of the original trabecular 

architecture even after bone resorbed, forming a negative space of where bone once 

existed (Figure 2D).  Using high-resolution micrographs (0.8 µm/px) of the cement-bone 

interface for each interface section, a segmented line was drawn at the most distal extent 

of the cement into the bone (Line 1). A second segmented line was drawn at the most 

proximal extent of trabecular structures into the cement (Line 3). Current interdigitation 

was defined as the extent of remaining bone interlock with cement at time of death, and 

another segmented line was drawn here (Line 2).  Initial Interdigitation Depth (inID) was 

calculated using a local minimum point-to-point measurement algorithm in Image Pro 

Plus (Media Cybernetics, Rockville, MD, USA) between Lines 1 and 3. Current 

Interdigitation Depth (curID) was calculated using the same algorithm, but between Lines 

1 and 2. The difference between inID and curID was defined as the Loss of 

Interdigitation Depth, or lossID. The estimated error in determining the inID was reported 

as 0.06 mm with lab-prepared constructs and the absence of in vivo resorption [8]. 

 

3.2.6 Soft Tissue Interposition 

Organized, fibrous tissue between the cement-bone interface was identified on 

coronal sections via light microscopy. An image mask was created of the area of the soft 

tissue (Photoshop CS5, Adobe, San Jose, CA). The area of the mask was divided by the 
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width of the coronal section in ImageJ. The amount of soft tissue interposition was 

reported as “average height (mm).”   

 

3.2.7 Peri-Implant Soft Tissue Histology8 

Soft tissue specimens from the synovial capsules of donors with the lowest PE ρN 

(Donor B), and longest time in service and most PE surface wear (Donor H) were 

embedded in paraffin and sectioned in 20µm sections using a microtome (Leica 2155, 

Leica Biosystems, Buffalo Grove, IL, USA). Sections were stained with Harris’s 

Hematoxylin and Eosin Y/Phloxine B, and then were imaged under transmitted white 

light for tissue architecture, and polarized light to identify of wear debris. Because tissue 

specimens had been frozen and thawed multiple times due to the nature of the 

Anatomical Gift Program, definitive identification of individual cell types (i.e., foreign 

body giant cells and macrophages) was not attempted. 

 

3.2.8 Statistical Methods: 

Descriptive PE ρN statistics including the average, median, % PE positive ROIs, 

and frequency distribution of the ~270 sample points was determined for each donor 

bone. One-way Analysis of Variance (ANOVA) was used to compare PE ρN based on 

location for anterior/central/posterior regions. Paired t-tests were used to compare lateral 

and medial compartments, and interfacial versus distal grouped ROIs. To correlate local 

trabecular resorption of each coronal section and local PE wear, the median PE ρN for the 

interfacial and distal ROIs was calculated per mm2 and compared to LossID in the same 

section. Linear regression was used to explore the relationship between the median PE ρN 
                                                 
8 Histology expertise provided Megan Oest, PhD. 
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(in total, or per compartment, i.e., interface, distal, etc) and loss of cement-bone 

interdigitation (lossID) and time in service. Linear regression was also used to evaluate 

the relationship between articular and backside surface wear (Hood Wear Score) and time 

in service and presence of PE debris (% PE positive ROIs). Finally, an Analysis of 

Covariance (ANCOVA) was used to determine if the presence or absence of PE debris at 

the interface of each section influenced the amount of bone resorption (lossID) that 

occurred at the cement-bone interface. Because the amount of initial interdigitation (inID) 

was not controlled, it was used as a covariate in the ANCOVA. All statistical analyses 

were conducted using JMP 9.0 (SAS Institute, Cary, NC, USA).       

 

3.3 Results 

3.3.1 Morphology, Count and Spatial Distribution of PE Debris 

 For our first research question, we determined the PE particle density (ρN) and 

spatial distribution of birefringent PE wear debris particles for each donor using polarized 

light microscopy. We examined regions at the interface between PMMA cement and 

bone, and distal (>5 mm) to the interface (Figure 3). As has been reported by other 

groups [10, 12, 14, 34], the morphology of these particles included filaments and 

lenticular shapes, which were visible as individual particles or in clumps (Figure 4A-C).  

Due to the thickness of the sections, particles that appeared smaller or rounder may have 

been oriented out of plane. Overall average particle size (area) was 29 µm2, with an 

aspect ratio of 2.11 (Table 2). The average equivalent circle diameter (ECD) was 4.55 

µm, and minimum ECD was 2.67 µm. Additionally, while it was common to visualize a 

small group of particles in isolation, often there were trabecular reservoirs of hundreds of 
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particles that were aggregated together. Importantly, PE debris was found in every donor 

specimen at both the cement-bone interface and in the trabecular spaces distal to the 

interface, despite no evidence of an incomplete cement mantle. 

Mean PE ρN ranged from 8.6 (Donor B, 3.5 years in service) to 24.9 

particles/mm2 (Donor D, 4 years in service), as seen in Table 1. The donors with the 

shortest and longest time in service possessed an average of 13.4 and 19.7 particles/mm2, 

respectively. The population of PE debris had a positive skew, with retrieval donor bones 

exhibiting few or no PE particles in the majority of sample locations, with a large number 

of particles in a few locations (Figure 4D). This is reflected in the median PE count, 

which ranged from 0 to 4 particles/mm2. Some false positives were found in the two 

control specimens. However, the mean PE particle density (0-2.2 particles/mm2) for the 

controls was at least an order of magnitude smaller than the retrievals. The spatial 

distribution of PE wear debris was not significantly different for medial versus lateral 

regions (p=0.44) or anterior, posterior, and interior regions (p=0.28) of the tibial 

components (Table 3). We found that 2.2 fold more debris accumulated distally (>5 mm) 

than at the interface (p<0.008) when mean PE ρN was compared per donor at those 

locations. 
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Figure 3: Polarized light microscopy examples of PE debris. Reflected white light 

microscopy (A) and polarized light microscopy (B) of the same cement-bone interface 

(Donor B). Zirconium dioxide particles are clearly visible in the cement, as noted by the 

opaque specks. Reflected white light (C) and polarized light microscopy (D) of a small 

cluster of shards or spindles of PE debris (circle), demonstrating the marrow cavities 

appear dark, while PE debris is birefringent/bright (Donor F). Representative image of PE 

particles present (E, inset, arrows) and absent (F) in the marrow space (Donor D). Scale 

bar = 100um. 

 

   
Table 2: Particle size analysis for all retrieved specimens. No significant differences were 

found between donors based on time in service or articular wear burden. As such, the 

data was pooled. ECD = equivalent circle diameter. 

 
  Mean Median  SD Min Max 

Area (µm2) 28.94 16.31 42.73 5.62 745.29 
ECD (µm) 6.06 4.55 2.81 2.67 30.8 

Major Axis (µm) 7.76 6.49 4.6 2.71 57.98 
Minor Axis (µm) 3.38 3.22 2.11 1.23 27.69 

Aspect Ratio 2.11 1.89 0.86 1 7.89 
Circularity 0.76 0.78 0.19 0.14 1 
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Table 3: The anatomical distribution of PE debris. L=lateral; M=medial. 
 

Compartments #PE/mm2 
M/L Ant/Int/Post Distal/Interface Mean Median SD 

L 

Anterior Distal 16.9 2 36.32 
Interface 14.68 0 38.46 

Interior Distal 19.17 0 39.03 
Interface 13.88 1 25.27 

Posterior Distal 12.62 1 35.27 
Interface 4.25 0 12.41 

M 

Anterior 
Distal 23.2 2 47.01 

Interface 10.27 0 27.36 

Interior 
Distal 22.64 1 45.82 

Interface 13.47 0 30.96 

Posterior 
Distal 20.5 1 44.02 

Interface 9.4 0 25.19 
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Figure 4: The morphology (A-C) and frequency (%) distribution of PE wear particles 

(D). PE debris appeared as larger filaments (A), as lenticular or lens shapes (B), and 

clumped as a mix of the two (C). Scale bar = 100 µm.  
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Figure 5: Wear debris accumulation with years in service. Median PE Particle Number 

Density per ROI  at the cement-bone interface (circles) and distal (~5 mm, squares) from 

the interface (A), average loss of interdigitation depth (LossID) (B), and total Hood Wear 

Score (C) as a function of years in service. Lab-prepared controls represent time 0. 

Donors are noted with letters corresponding to Table 1. TKAs rated “possible loose” are 

noted by darkened data points.  
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3.3.2 PE Debris Accumulation and Loss of Fixation with Years in Service 

We next examined the accumulation of PE debris in the bone compartment in 

relation to years in service. Median PE ρN of the 34-53 coronal sections per donor for 

both interfacial and distal regions were used for each donor instead of mean count, 

because of the general positive skew of the data. There was a positive correlation 

between median PE ρN and years in service for the distal location (r2=0.67, p=0.013) 

(Figure 5A). At the interface, there was a weaker correlation (r2=0.33, p=0.144).  The 

loss of interdigitation depth (lossID) also had a weak positive correlation with time in 

service (r2 = 0.30, p=0.10, Figure 5B). Consistent with other postmortem retrieval studies 

[8, 35] the increase in lossID appears to occur early (~5 years), prior to the generation of 

significant deposits of wear debris at the interface. Neither the quantity nor presence of 

PE (% PE positive ROIs) wear debris, nor increasing time service, corresponded to the 

presence of osteolytic lesions in this study. Additionally, we found no association 

between the amount of organized fibrous tissue at the cement-bone interface and any 

metric, including the amount of PE debris. PE debris was rarely present in this soft tissue 

lining using our methodology. 

 

3.3.3 PE Insert Surface Wear9 

The Hood Wear Scoring system [32] was used to semi-quantitatively rate the 

amount of surface wear on the articular and the back side of the PE inserts. Total wear 

increased (r2=0.64, p=0.006) with time in service (Figure 5C), ranging from a total score 

of 31 to 109 for those with in vivo service. The wear on Donor H was noted to be 

extensive, to the effect of the post having been ground nearly completely away (Figure 
                                                 
9 Performed by Jacklyn Goodheart 
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1A). Constructs with higher wear scores also had greater median PE ρN (r2=0.57, 

p=0.012). This suggests that there is a proportional relationship between PE burden 

produced at the articulating surface and the burden of debris present in the bone or at the 

interface.  

 
 
Figure 6: PE debris without resorption; resorption without PE debris. PE wear debris in 

close proximity to a trabeculum (A) without evidence of resorption (A, inset, arrows). A 

trabecular strut interdigitated with bone cement (B). In the absence of discernible PE 

debris, there is bone resorption evident by the cavity in cement that had formed around 

the shape of the original strut. The boundary of the PMMA (no radio-opacifier) cement is 

marked with a dashed line (B, inset). *= resorbed bone area. Scale bar = 100 µm. 
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3.3.4 PE Debris and Local Bone Resorption 

For our third major research question, we examined if the presence or absence of 

PE debris at the interface influenced the amount of bone resorption that occurred at the 

cement-bone interface. Via polarized light microscopy, we found evidence of particles in 

close proximity to trabecular bone that were not associated with any resorption pits along 

the trabecular surface, even with a relatively high PE ρN in the same ROI (Figure 6A). 

At the cement-bone interface, we found examples of resorbed or resorbing trabeculae 

without evidence of PE debris (Figure 6B). It was however, not uncommon to observe 

fields devoid of trabecular bone in both distal and interface regions, but full of 

polyethylene debris, and these fields often represented the upper limits of PE counts for 

each donor specimen.  

An ANCOVA with loss of interdigitation (lossID) as the dependent variable, 

presence/absence of debris at the interface as the independent variable, and initial 

interdigitation depth (inID) as a covariate was used (Figure 7). LossID was greater with 

larger inID (p<0.0001), which would be expected considering the greater the initial 

interdigitation depth, the greater the measurable potential of resorption. Importantly, 

there was no significant difference (p=0.4) between the lossID versus inID relationship 

(slope) for specimens with debris at the interface and those without debris.  
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Figure 7: ANCOVA comparing the effect of the presence of PE debris on the loss of 

fixation. The presence of PE debris at the interface did not alter the relationship (slope, 

p=0.4) between lossID and inID. inID= initial interdigitation depth; lossID = loss of 

interdigitation depth.  

 

3.3.5 Survey of Peri-Prosthetic Soft Tissue Histology 

Peri-prosthetic soft tissue is often taken at the time of revision as a material source 

to investigate PE particle count and size distribution. Soft tissue sections from the donor 

with the least average PE ρN  in the peri-implant bone (Donor B) had no visible PE 

particles (n=3 tissue samples, data not shown). In contrast, Donor H, with the longest 

time in service and highest Hood Wear Score, had substantial PE wear debris that was 

evident in multiple soft tissue sections (Figure 8A-D).  These findings suggest that high 
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PE burden in the peri-implant soft tissue may be indicative of high PE burden in the peri-

implant bone. Future work could focus on the correlation between PE ρN in peri-implant 

soft tissue and the peri-implant bone.  

 
 
Figure 8: Periprosthetic soft tissue histology. Donor H had copious amounts of PE wear 

debris in soft tissue as seen by comparison of light microscopy (A, C) and polarized light 

microscopy (B, D, arrows). Possible foreign body giant cells can be seen in C (horizontal 

arrows), coinciding in location with debris in D. Diffuse cytoplasmic birefringence 

indicative of submicron PE debris [10, 36, 37] was observed (B,D), however, large, 

shard-like particles encased in fibrous tissue measuring over 4mm in length were also 

seen. Scale bar = 200 µm.  
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3.4 Discussion 
 
 In this study, we documented the distribution of polyethylene (PE) wear debris in 

marrow spaces adjacent to the cement-bone interface in non-revised, cemented total knee 

arthroplasties (TKA) that were functional at time of death. The median and mean PE 

particle number density (ρN) increased with time in service, and there was more debris 

distal to the interface (>5 mm) compared to regions directly adjacent to the cement-bone 

interface. The debris was not evenly distributed, with many sample areas having no 

debris and other (few) areas with large particle counts. In addition to quantifying the 

distribution of PE debris, a primary goal of this study was to determine if there was a 

relationship between PE presence and the loss of interdigitation between cement and 

bone that has previously been observed in en bloc retrievals. Overall, donors with more 

time in service lost more interdigitation and had more debris.  However there was no 

difference in local resorption for sections with or without debris.  

Previous studies have identified PE wear debris in the knee or hip through various 

methods, whether through polarized light microscopy of intact tissue [12, 13, 36, 38] or 

through tissue digestion protocols [14, 28, 34, 39-42]. The approach taken in the current 

study was unique in that the goal was to examine native, unprocessed PE debris in close 

proximity to an intact cement-bone interface of non-revised knees. We chose a sectioning 

and light microscopy imaging procedure that allowed a precise mapping of the location 

of PE debris in relation to remaining trabecular bone fixation. Use of en bloc postmortem 

retrieval knees rather than intra-operative revision retrievals permitted the investigation 

of both interface morphology and PE distribution for intact interfaces, prior to any 

clinical loosening. Further, processing of undecalcified bone embedded in Spurr’s resin—
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which approximates the stiffness of PMMA cement and bone—maintained an intact 

cement-bone interface throughout all procedures. This facilitated quantification of initial 

and current trabecular interdigitation. To the authors’ knowledge, this is the first detailed 

attempt to examine the PE debris in TKA at the location where loss of interlock occurs, at 

the cement-bone interface (rather than synovial fluid or peri-implant soft tissue), while 

also comparing the extent of fixation in the same compartment.  

 

3.4.1 The Relevance of PE Particle Size, Quantity, and Presence in TKA  

Polarized light microscopy was used as our primary tool to identify PE debris. 

While the wavelength of visible light (0.4-0.7 µm) prohibits clear identification of 

submicron particles, it has been documented that TKAs generate larger particles than 

total hip arthroplasty (THA) [15, 39, 43]. The greater incidence of particles >1 µm in size 

from the knee may be due to the wear mechanisms of poorly conforming surfaces of the 

knee which generate larger particles due to fatigue failure, rather than abrasion and 

adhesive wear that produce submicron debris in THA [15, 39, 43]. In turn, the larger 

debris may be less effective at eliciting an inflammatory response, making the debris less 

biologically relevant [39, 43]. However, Hirakawa et al [39] demonstrated that the 

majority of PE debris for both THA and TKA remains <2 µm in diameter.  

While it was not possible to quantify submicron debris using our embedding and 

light microscopy approach, multiple authors have examined the size and shape 

distribution of submicron debris using SEM [14, 28, 34, 39-43]. SEM was not compatible 

with our embedding approach because it would not have been possible to differentiate 
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embedded PE debris from the epoxy resin, as both materials would appear identical under 

chemical analysis. 

Regarding the focal osteolysis as seen on plain X-ray for Donors A and H at the 

periphery of the implant, we found no association between the osteolytic defects and the 

PE ρN or presence of debris at the defect site. There are a few possible explanations. 

First, at the initiation of bone resorption, PE debris could have been co-located in high 

volume, and as the defect enlarged, fluid pumping from normal joint use could have 

removed the original deposit, leaving a defect without PE debris. Second, if the PE debris 

was retained in the defect, our generous dehydration steps prior to embedding may have 

rinsed away any loose debris, and our choice of methodology was not suitable to 

assessing the quantity of PE debris in a void. Third, the cause of the osteolysis in these 

clinically successful components may be something other than PE debris, as we never 

observed any fibrous tissue with encapsulated debris inside the defects. One possible 

alternative cause may include an incomplete cement mantle, which was clearly seen in 

the posterior region of Donor A. Poor cement coverage and/or fractures in the cement 

mantle are well associated with osteolytic defects [11, 44], potentially due to fluid 

pumping along the cement-bone interface facilitated by the interposition of soft tissue, 

especially in the chronic setting of aseptic loosening [45]. In the absence of debris, 

clinically relevant levels of fluid flow were demonstrated to cause peri-prosthetic 

osteolytic lesions when these forces were transmitted through fibrous tissue, which 

resulted in flow velocities ten times greater than physiologic levels [45]. Therefore, 

osteolytic defects may be driven by processes different from that causing trabecular 

resorption at the cement interface. Whereas osteolytic lesions are strongly associated with 
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PE debris, the mechanisms regulating resorption of interdigitated trabeculae have yet to 

be fully elucidated.  

 

3.4.2 The Relevance of Non-Polyethylene Particle Disease in the Knee 

While PE debris is considered the pre-eminent mediator of aseptic loosening in 

TKA, PMMA cement (acrylic) and metal debris have also been implicated in bone 

resorption and peri-prosthetic osteolysis [46-54]. The inflammation and sequelae caused 

by micron or submicron-sized particles of any composition is called “particle disease.” 

Many questions remain in the field whether the chemical composition, the particle size, 

the particle shape, or all of the aforementioned, is most important in the generation of 

symptoms [16, 55], as the heterogeneity of tissue samples and experimental design make 

direct comparisons difficult.  

In contrast to PE debris generated at the articulating surface (i.e., wear between 

the PE insert and the metal femoral component), cement debris likely arises from motion 

between the implant and the cement [56], or even the bone and cement, and is relevant to 

the TKA environment. However, cementless implants still experience loosening at 

similar rates, indicating that PMMA is not determining factor in the progression of 

aseptic loosening or osteolysis [57, 58], even if particles are capable of eliciting an 

inflammatory response [59].  

While metal-on-metal devices were originally constructed to bypass polyethylene 

particle disease, these devices came with the steep price of metallosis—inflammation due 

to the walling off of metal debris around the implant—as well as greatly increased levels 

of metals such as cobalt, chromium, or vanadium in the blood, and possible associated 
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neuropathy or myopathy [60-63]. Metal-on-metal devices compose only a minority of 

total joint replacement surgeries, and are almost exclusive to the hip.  

 

 3.4.3 Comparison to Similar Studies 

In comparison to our study, Massin et al. [12] examined postmortem retrieved 

THA femoral components, using polarized light microscopy to identify PE wear debris at 

both the metal-cement and cement-bone interfaces. They too found birefringent debris 

within marrow-filled trabecular structures adjacent to the implant, and additionally 

demonstrated a “reservoir” of debris distal to the component, but remarked on the lack of 

published material demonstrating distal osteolysis in THA. In the present study, more 

debris was found distal (>5 mm) to the cement-bone interface than at the interface. The 

more distal concentration of debris may be due to either: 1) the cement-bone interface 

creating a barrier to debris transport or 2) local fluid pumping from during knee loading 

[64] causing migration of particles between trabecular structures, where the debris then 

remains.  Libouban et al [65] found similar migration in their ex vivo study of the effect 

of trabecular architecture on PE migration. This phenomenon may be analogous to the 

deposition and accumulation of man-made debris on beaches and tide pools. Without 

adequate fluid pressure or flow to move the particles back into the effective joint space, 

they remain in the trabecular spaces. This also raises the possibility that PE wear debris 

may migrate much further down the tibial canal. It has been previously documented that 

PE debris may migrate to lymph nodes, liver, and spleen [66, 67], and in femurs, distal to 

the hip prosthesis [12]. Some authors expect submicron particles to migrate the slowest 

[65], however, if the trabecular structures act like a sieve, potentially the smallest 
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particles migrate the fastest and farthest [68].  Regardless, it seems likely based on our 

findings and others that PE debris migration would progress further distally in the 

marrow spaces.  

  

3.4.4 Limitations  

 There were several limitations to this study. Use of postmortem retrievals allowed 

us to examine clinically successful components, but in the absence of detailed pre-

mortem donor information such as activity level or functional outcome measurements 

with which to further contextualize our results. Additionally, postmortem retrievals of 

TKA are relatively rare, and this necessitated a small sample size, which precluded the 

ability to perform subgroup analyses. Expanding the donor population to include cases 

with larger osteolytic lesions would be helpful to relate PE burden magnitude with focal 

lysis.  

Next, our methodology, while designed to assess both local PE debris distribution 

and interfacial bone resorption, relied upon the use of polarized light microscopy that 

cannot resolve submicron particles due to the inherent physical limitation of the visible 

light wavelength. Polarized light microscopy has been used to document the presence of 

submicron debris through diffuse cytoplasmic birefringence in peri-prosthetic soft tissue 

specimens [36]. However, diffuse birefringence was not identified in our bone specimens, 

potentially because 1) submicron debris was not concentrated intracellularly, but rather 

was loose in the trabecular spaces, or 2) the freeze-thaw cycles caused cellular lysis and 

loss of intracellular PE deposits. To address this limitation, an SEM study of PE debris 

isolated from trabecular bone at the cement-bone interface and compared to peri-implant 
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debris would be useful in determining the potential resorptive effect of submicron debris 

in different compartments.   

Further, there was a possibility that our preparation and imaging methods could 

lead to false positive birefringence. Negative controls were prepared from lab-prepared 

specimens using postmortem retrieved tibiae without a history of total joint replacement. 

While the negative controls had the occasional false positive, these were at least an order 

of magnitude below the experimental group in debris count, demonstrating that the 

embedding and sectioning methodology were sound, and the polarized light microscopy 

analysis was capable of identifying PE debris. The false positives seen in the two control 

specimens were likely the result of 1) internal refraction due to incomplete permeation of 

the embedding medium, 2) fragmented birefringent particles of bone from the sagittal 

sectioning, or even 3) environmental exposure to PE through contaminated water supplies 

or common household products [69]. The high correlation between articular surface wear 

score and microscopic PE debris further supports the approach used to prepare and 

identify the PE debris in this study. Ideally, a clinical negative control using TKAs in 

which there is no PE debris would be informative to definitely rule out PE-induced 

resorption of the interlocked bone. 

 

3.4.5 Conclusions 

There is longstanding evidence that cementing techniques that result in 2-3 mm of 

cement-bone interdigitation results in improved clinical outcomes [70, 71]. In addition to 

providing a stable fixation environment, the cement layer is thought to serve as a seal 

against migration of articular debris along the peri-implant interface and trabecular bone 
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bed [72]. However, the results of the current study show that even with an intact cement 

layer, PE debris can and will migrate along the interface and also into the trabecular 

space. This is not particularly surprising given that there are small gaps (14 µm thick for 

lab prepared constructs, 40 µm for postmortem retrievals) along the cement-trabecular 

bone interface [64] that could serve as a conduit for debris migration. Further, loading of 

the joint results in micromotion along the trabeculae-cement interface, which could serve 

as an active mechanism to transport debris. 

The lack of any correlation between presence of PE debris at the interface and 

loss of interlock suggests that there may be other factors that contribute to the loss of 

mechanical interlock. Stress shielding of the interdigitated trabecular struts may result in 

bone resorption in accordance with Wolff’s Law [64, 73, 74]. Fluid flow through micro-

gaps at the cement-bone interface may result in increased osteoclastic activity through 

mechanotransduction of supraphysiologic shear stress [75] and/or pressure [76, 77]. 

Ischemic-reperfusion injury resulting from both the initial surgery, oxygen consumption 

during inflammatory responses to particle debris, and a large, avascular implant can 

directly and indirectly damage bone [16]. It may also be possible that none of the 

postmortem retrievals reached the minimum threshold of PE ρN necessary to initiate 

increased trabecular resorption despite the extensive wear recorded from some tibial 

inserts.  

The decreasing trend of revisions due to wear debris clearly indicates that 

improvements in PE manufacturing, sterilization, and design were key to increasing the 

device survival [78]. However, this study demonstrates that PE debris in and of itself may 

not be responsible for the loss of cement-bone interlock in functioning TKAs. 
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Considering the rates of revision are now at ~5% for 10 years post implantation for some 

devices [78], looking beyond PE debris to other potential causes of aseptic loosening may 

be necessary to further improve the longevity of TKA. Note that all of implants in this 

study were unrevised, clinically successful implants at time of death. Yet, the average 

loss of trabecular bone interlock with cement was over 70%, even for devices with less 

than 5 years in service.  Though neither quantity nor the simple presence of PE debris 

was associated with trabecular bone loss, the loss of interlocking bone may contribute to 

eventual clinical loosening in some patients.  
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Chapter 4:  
From Computer Simulation to Bench Top Experiments: 

Evidence and Effect of Fluid Flow at the Cement-Bone Interface 
 

4.1 Introduction 

It is well established that biomechanics is a fundamental discipline used in 

orthopedic medicine. In order to facilitate the repair of an injured joint, understanding 

how forces are transmitted through that joint is a necessary prerequisite. In the case of 

total joint replacement, the native biomechanics of the joint are disrupted, and the goal of 

the surgeon and the device is to approximate the original mechanics as much as possible.  

Recent advances in miniaturization of load-sensing technology have seen to the 

creation of total joint replacements capable of measuring the transmission of forces 

across the joint in real-time [1]. These instrumented joint replacements can resolve 

resultant force data for the whole device or large portions of the device in a global sense 

[1], but not the local distribution of load or resultant motion across the implant-bone 

interface. Using postmortem retrieved total knee replacements, it is currently possible to 

measure gaps and micromotion at the trabeculae-cement interface experimentally. 

However, it is very difficult to experimentally quantify fluid flow that might occur at the 

trabeculae-cement interface in response to joint loading due to the very small gaps that 

exist at the interface. For these very small length scale (i.e., micrometer) environments, it 

is possible to combine experimentally-derived geometry and micromotion data with 

computational models of the local fluid flow environment in order to estimate flow 

patterns acting on structures of interest. These models might be on the level of 

micrometers for trabecular structures, or even nanometers for the case cellular organelles 

such as the primary cilium [2]. 
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Mann and Miller [3] used computational fluid dynamics (CFD) to model the flow 

environment in the gaps between human trabeculum embedded within a PMMA cement 

layer caused by joint loading. Using experimental data obtained from postmortem-

retrieved, non-revised total hip replacements, they were able to create first an idealized 

parametric (i.e., a finite number of parameters) model of an interdigitated trabeculum to 

determine the sensitivity of fluid flow due to factors such as micromotion magnitude, gap 

thickness, and loading direction. They then developed a constitutive model of fluid-shear-

dependent-bone resorption to test the ability of the computational model to recapitulate 

the pattern of trabecular resorption found in postmortem retrievals. 

Because bone cells such as osteoclasts, osteoblasts, and osteocytes have 

previously been established as mechanosensitive, it would be reasonable to expect that 

the altered mechanical environment for trabeculae embedded in a cement layer might be 

responsible for the trabecular bone resorption found in retrievals. Mann and Miller [3] 

hypothesized that increased osteoclast activity could be responsible for the bone 

resorption due to the local supraphysiologic flow environment, but noted that the cellular 

response of bone cells (osteoblasts, osteoclasts, and osteocytes) to supraphysiologic loads 

remains unknown. The mechano-responsiveness of bone cells is discussed in Chapter 6. 

As mentioned previously in Chapters 1 and 2, progressive radiolucencies at the 

cement-bone interface are a common finding in clinically-loose total joint replacements. 

In these instances, the radiolucency is indicative of an interface that is no longer 

interlocked with bone, and often has a thin interposed fibrous tissue layer. The trabecular 

resorption found in postmortem-retrieved, non-revised components in service ≤5 years 

indicates that this bone loss begins early [4, 5]. Further, increased trabecular resorption 
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correlates to increased micromotion [6, 7] as well as decreased fixation strength [8]. It is 

likely that the progressive loss of interlock between trabeculae and cement found in 

postmortem retrievals is the precursor to progressive radiolucencies seen in loose 

implants. There are many potential causes of this bone resorption, such as an increased 

osteoclastic response to innate inflammation caused by polyethylene or metallic wear 

debris, hypoxia of bone post-surgery, and stress shielding, among others. Pertinent to this 

topic is the potential for increased fluid shear rate or stress along the synthetic cement-

bone interface (Figure 1). 

 
 

Figure 1: Microgaps at the Interface. After initial pressurization of PMMA cement into 

trabecular bone, micro-gaps are left at the cement-bone interface. It is possible for 

marrow or joint fluid through these gaps, potentially affecting the activity of 

mechanoreceptive cells on the bone surface. 

 

When PMMA cement is initially pressurized into bone and later cures, gaps at the 

interface with bone may be left due to 1) cement not making direct contact with 

trabecular structures due to residual marrow, blood, or soft tissue and 2) a 5-10% cement 
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volume decrease associated with PMMA polymerization [9]. During normal use of the 

limb, for example, walking or stair climbing, marrow fluid moves through the 

intramedullary canal with changes in intramedullary pressure [10]. There is also 

micromotion between trabeculae and cement; changes in relative position of these two 

elements during loading causes additional pumping and subsequent fluid flow [11]. The 

magnitude of these fluid flow forces in vivo is unknown, but work has been done to 

computationally estimate the pressure, fluid velocity, and fluid shear rate for this micro 

environment using fluid-structure modeling of the loaded cement-trabeculae structure [3]. 

Using the results from this model, Oest et al [12] then were able to fabricate a 

bioreactor capable of administering static, subphysiologic, physiologic, and 

supraphysiologic fluid shear stress loads on cultured bone cells in vitro. This new 

bioreactor, named the “Multi-Well Fluid Loading” (MFL) System, uses axially-loaded 

pistons with variably-angled heads to exert oscillatory fluid flow (OFF) shear stress on 

cell monocultures in a standard 24-well plate. OFF simulates the fluid flow seen in the 

marrow spaces from loading and unloading of bone, and has the potential to act on 

mechanoreceptive cells such as osteoclasts and osteoblasts.  

 

4.1.1 Evidence of Fluid Flow at the Interface of Postmortem Retrievals 

In order to create a computational model of fluid flow at the cement-bone 

interface, first it was necessary demonstrate the feasibility/presence of fluid flow in 

human joint replacements. Using a non-revised, postmortem-retrieved tibial component 

of a total knee replacement, Mann and Miller [3] removed the metal tibial tray and 

carefully sectioned the bone in 10 mm increments. This silicon carbide sectioning method 
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preserved the cement-bone interface with minimal damage or shearing artifact, and 

revealed the interior of the implant—most notably, gaps between the cement and the 

bone. Since the PMMA cement is not resorbable or degradable, gaps indicated that bone 

had remodeled away from the cement. The majority of these gaps were not filled with 

soft tissue. While some portions of every sampled trabeculum were in direct apposition to 

the cement, mean gap size ranged in size from 5.3 to 20.2 µm for 9 sampled regions. The 

largest gap was over 50 µm. After 1 MPa of applied axial or shear load, which represents 

physiologic loading during gait, mean micromotion between trabeculae and cement 

ranged from 0.56 µm to 4.7 µm. 

Coupled with previous demonstrations that high flow rate and pressure could 

cause osteolysis in the absence of particulate debris [13, 14], Mann and Miller [3] used a 

lab-prepared (no in vivo use) construct and sectioned it to obtain a representative high 

resolution (1.3 µm/px) micrograph of a hypothetical, post-surgical cement-bone interface.  

These sections were polished, fixed at the base, and then mechanically loaded axially 

with 1 MPa of compression. Micromotion of the bone relative to the cement was 

analyzed using Digital Image Correlation. The size of the gaps, and the relative and 

absolute amounts of micromotion secondary to mechanical loading were used for 

computational model construction. 

 

4.1.2 Parametric, Idealized, Trabeculae-Cement Fluid Flow Models 

Based on the micromotion data obtained from the above experiments, and known 

values for bone and PMMA cement moduli as well as density and fluid viscosity, Mann 

and Miller [3] constructed an idealized, multiphysics finite element model to simulate 
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fluid-structure interactions. For this model, solids (bone and cement) were considered 

deformable, and fluid (occupying space in gaps) was both incompressible and 

Newtonian. Since the viscosity of the fluid that would fill these microgaps is currently 

unknown, the values of both water and marrow were used. A representative image of the 

parametric model is shown in Figure 2. The goal of the parametric model was to 

determine the possible range of fluid shear rates and stresses that might occur at the 

trabeculae-cement interface and to determine situations that resulted in the highest shear 

stress/rate magnitudes. 

This model was composed of a finite element mesh that was refined to a level 

such that there was a minimum of 3 solid triangular elements across the fluid gap. The 

two gap sizes used to represent the space between the trabeculum and the cement were 

modeled based on values obtained from the experimental specimen: a minimum gap of 5 

µm and a maximum gap of 30 µm. Importantly, these values represented a pre-resorption 

scenario. Loading of the construct was performed at 1 and 4 Hz, and gaps were allowed 

to close either 10% or 80% of the original size with displacement control. Together, these 

values represented a high and low range of experimentally determined data.  

Mann and Miller [3] went on to test this parametric model under axial and shear 

load in order to estimate the magnitude of fluid flow at this interface. The model 

exhibited near-uniform fluid velocity throughout the gap between the bone and cement 

during axial loading, but the highest fluid pressure was at the proximal end of the 

embedded trabeculum. For shear loading, as expected, fluid was observed entering the 

gap closest to the applied load, and leaving on the far side.  
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Figure 2: Idealized trabecular model, modified from Mann and Miller [3]. The Fluid-

Structure Interaction of PMMA cement, an interdigitated trabecular strut, and fluid 

(marrow or water) was modeled in COMSOL and assigned known physical properties. 

There was a no slip boundary between both solids and the fluid. The distal fluid had an 

open boundary to allow for fluid flow outward with changes in pressure (A). The gap 

between the trabeculum and the PMMA cement was either 5 µm or 30 µm (B, inset), to 

represent the range seen in the lab-prepared specimen.  
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Mann and Miller then made the same kind of idealized models for 11 

postmortem-retrieved cemented hip replacements using experimental data from a 

previous study [15]. The goal here was to determine shear rate/stress at the cement-bone 

border for functioning hip replacements, based on the concept that these interfaces had 

remodeled to a state that was in equilibrium with regards to shear rate/stress. They found 

that larger gaps led to increased fluid flow velocity and shear rate, and that smaller gaps 

led to increased pressure with these models. The average peak fluid shear rate on the 

bone surface for these models was 39.5 s-1 (SD: 24 s-1), with gaps ranging from 68-570 

µm. For the purposes of the model, a peak fluid shear rate of 50 s-1 was the proposed 

limit for physiologic shear rate, with higher shear rates representing supraphysiologic 

flow. 

 

4.1.3 Simulating Fluid-Driven Trabecular Resorption 

With a cut-off value for supraphysiologic fluid shear rate identified, Mann and 

Miller [3] created a 2D plane strain mesh based on a segment of interdigitated trabeculum 

from the lab-prepared tibial specimen to test fluid flow as a possible method of bone 

resorption. For this model, the gap was 15 µm, and 1 MPa axial and 0.02 MPa transverse 

load was introduced at 1 Hz onto the top of the cement in order to induce fluid flow. 

Additionally, the tip of the trabeculum was fixed to the cement in order to facilitate load 

transfer between cement and bone. Using the previously generated shear rate cut off of 50 

s-1 to represent the point at which bone resorption would begin, the simulation was run 

for 18 in silico “months,” with a proportional relationship between bone resorption (µm) 

and fluid shear rate starting at values > 50 s-1 (i.e., at 50 s-1, 1 µm of bone was resorbed 
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per month; at 200 s-1, 4 µm of bone was resorbed per month). The model ran until the 

resorption algorithm eroded the bone almost completely in two regions. The end result of 

the model was morphologically very similar to the postmortem-retrieved specimens, 

indicating that fluid shear stress could have the potential to cause the bone resorption 

identified at the cement-bone interface. Mann and Miller also found that the more the 

bone resorbed, the more micromotion there was, which facilitated greater shear rates, and 

more bone resorption—essentially a positive feedback loop [3]. 

 

4.1.4 Summary of Fluid Flow Simulations of Cement-Bone Interface 

The results of the computational model suggest that very high fluid shear stresses 

(up to 930 Pa) could be produced at the trabeculae-cement interface from joint loading. 

This magnitude is much larger than estimates of physiological shear stress between 

marrow and trabeculae for normal joint loading without an implant. Physiologic levels of 

fluid shear stress were approximated to around 0.8-3 Pa and similarly to this study, what 

is deemed “physiologic” was developed using computational modeling [16]. Weinbaum 

et al used an idealized model of the lacunar-canalicular system within bone—or in other 

words, the fluid shear stress likely to be sensed by embedded osteocytes and associated 

proteoglycan-coated cell processes [16]. In contrast, Mann and Miller modeled the fluid 

shear stress experienced on the surface of trabeculae; how embedded osteocytes might 

sense these forces, altered by the placement of a cemented TKA, remains unknown. 

However, since osteocytes are connected via gap junction both to other osteocytes as well 

as to bone lining cells, it is highly probably that cells on the bone surface, sensing these 

possible extreme levels of fluid shear stress, are able to communicate directly with 
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osteocytes, which then could direct dynamic changes to bone in response to the change in 

fluid shear [17, 18]. Based on multiple studies, this cellular communication would result 

in modulation of osteoclast function through changes in the production of the osteoclast-

promoting factor Receptor Activator of Nuclear Factor κB Ligand (RANKL), or the anti-

resorption soluble RANKL decoy receptor, osteoprotegerin (OPG) [19-22]. Based on the 

model of interdigitated trabecular resorption created by Mann and Miller, as well as 

postmortem-retrieval interface morphology, it is possible supraphysiologic fluid flow 

may contribute to loss of mechanical interlock via increased osteoclastic bone resorption. 

To query whether osteoclasts themselves are capable to mediating increased resorption in 

response to supraphysiologic fluid shear stresses, Oest et al [12] created a novel 

bioreactor based on the above modeling scenario with which to test to supraphysiologic 

fluid shear stresses in vitro, detailed in following sections. 

 

4.2 Materials and Methods to Explore Fluid Flow on Osteoclastic Resorption1 

4.2.1 Translation to a Bioreactor 

Based on the shear rate values obtained in the previous sections, as well as the 

known relationship between fluid viscosity, shear rate, and shear stress (fluid shear stress 

= viscosity *shear rate), Oest et al used computational fluid dynamics modeling with 

                                                 
1 This and following sections adapted from: 
Oest, M.E., Mark A. Miller, Karen I. Cyndari (Howard), and Kenneth A. Mann, A 
Novel in Vitro Loading System to Produce Supraphysiologic Oscillatory Fluid Shear 
Stress. Journal of Biomechanics, 2014. 47(2): p. 518-525. Respective contributions: 
• Megan Oest: manuscript preparation, data analysis, experimental design, and in vitro 

experiments 
• Mark Miller: MFL System fabrication 
• Karen Cyndari (Howard): Negative control experiment 
• Kenneth Mann: manuscript preparation, data analysis, experimental design, 

computational modeling, MFL System fabrication 
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fluid-structure interaction to design the Multi-Well Fluid Loading (MFL) System prior to 

its fabrication (Figure 3) [12]. The goal was to create an in vitro bioreactor capable of 

exerting defined fluid shear rates over cell monolayers on commercially-available cell 

culture plates, and to increase the fluid shear stress though increasing media viscosity. 

An axisymmetric finite element model was used to examine the fluid flow effect 

of oscillatory up-and-down motion of a 12.7 mm diameter piston submerged in cell 

culture media within a standard 15.9 mm diameter well of a 24-well cell culture plate. 

The piston was displaced in a sinusoidal fashion, and the fluid component on the model 

was considered Newtonian and incompressible, with laminar flow. The movement of 

piston in close proximity to the base of well created a “squeeze-film,” a phenomenon 

commonly used in the field of rheology [23, 24].    

 

Figure 3: Schematic of MFL System cone angle vs. Fluid Shear Rate 

(FSR) and Fluid Shear Stress (FSS), the latter with the addition of 10% 

(w/v) Neutral Dextran.  
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A mesh convergence study was performed to determine the total element degrees 

of freedom (dof) necessary to obtain numerical convergence, as is common practice in 

discretized computational modeling. Using a first order polynomial (P1, linear) 

formulation to describe pressure and fluid shear stress, convergence in shear stress was 

not achieved with 100,000 dof. However, using a second order polynomial (P2, 

parabolic) to describe fluid shear stress and a first order polynomial (P1) to describe 

pressure, convergence of fluid flow results was achieved at 23,000 dof. Therefore a P2-

P1 formulation was used with a resolution of 23,000 dof.  

A sensitivity analysis was also performed on the 2º cone angle to examine the 

changes in fluid shear stress experienced by the base of well using +/- minimum 

experimental resolution for well-plate diameter, piston diameter, gap between the piston 

and the well-plate, cone angle, and excursion. Fluid shear stress was most sensitive to 

errors in the gap and the excursion, however, even error magnitude the size of the 

experimental resolution only modified fluid shear stress by a maximum of 0.25 Pa (6.5% 

error). Fluid velocity could be changed by 0.4 mm/s (3.1%), and fluid pressure by 18 Pa 

(13.8%). 

Using the model, 5 piston angles were chosen to represent a range of 

subphysiologic, physiologic, and supraphysiologic fluid shear rates, leaving one column 

of the plate pistonless as a static control. The cone angles on the pistons were 0, 1, 2, 5 

and 10º (Figure 3), with 0º causing the highest peak shear rate, and 10º causing the 

lowest peak shear rate at the bottom of the well (i.e., what would be experienced by a cell 

monolayer).   
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With the physical parameters for the loading pistons established, it was then 

possible to fabricate the MFL system (Figure 4). Each piston was hand-machined from 

polycarbonate rods using a lathe, and then the cone was polished to 600-grit. Each piston 

was then affixed to the CNC-machined polycarbonate lid, which preserved well plate 

sterility and prevented side-to-side slop. The lid was fixed with screws to a linear slider, 

allowing the lid to rise and fall with the turning of a small DC motor with gear reducer. 

Gap size could be adjusted by the turning of micro-adjustment screws set in each corner 

of the lid. Adjustment of the eccentric cam allowed for alterations in the excursion of the 

lid, and therefore the pistons.  

The shear rate at the bottom of the well was controlled by a mixture of factors, 

including the angle of the pistons, the frequency of excursion, the gap between the piston 

and the bottom of the well, and the height of the excursion of the pistons (Figure 4B). 

With the addition of 10% neutral Dextran (w/v), it was possible to also achieve 

supraphysiologic fluid shear stress (> 3 Pa) in the 2º, 1º and 0º wells.  For all cone angles, 

the corresponding gap was 0.13 mm, and the excursion was 0.5 mm. Finally, the 

frequency of the excursion was set at 1 Hz by adjusting the DC voltage applied to the 

motor. The peak values of fluid shear stress and fluid shear rate obtained through the 

fluid structure interaction model were used for all analyses. 
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Figure 4: The Multi-Well Fluid Loading (MFL) System. A standard 24-well plate with 

machined lid and pistons, affixed to a linear slider (A). The motor controlled the 

frequency of excursion, and adjustment of the cam controlled the excursion of the lid. A 

cross section of a single well from a 24-well plate (B). The oscillatory (up and down) 

motion of the piston exerted fluid shear on the cell monolayer. 
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4.2.2 MFL System Osteoclast Culture 

Murine RAW 264.7 pre-osteoclasts were obtained from the ATCC (Manassas, 

VA). RAW 264.7 expansion media was DMEM (with 4.5 g/L glucose and 2 mM L-

glutamine, Cellgro, Corning, NY) with 10% FBS (Atlanta Biologicals, Atlanta, GA; Lot# 

A1060), an additional 2 mM GlutaMAX (Gibco/Thermofisher, Waltham, MA), and 1% 

antibiotic/antimycotic (Corning/Mediatech, Manassas, VA). After 2 days of expansion, 

RAW 264.7 cells were plated in 24 well plates at a density of 10,000 cells/cm2 in 

differentiation media: αMEM (Cellgro, Corning, NY) with 10% FBS, 2 mM Glutamax, 

1% antibiotic/antimycotic (Mediatech) and 50 ng/mL RANKL (Receptor Activator of 

Nuclear Factor κB Ligand).  On day 3 of differentiation, the media was refreshed with an 

additional 10% ~2,000,000 Da2 neutral Dextran (Sigma-Aldrich, St. Louis, MO) to 

increase media viscosity from 1.06 cP to 34 cP (0.034 Pa-s). 

Viscosity of the media was determined with a cone and plate rheometer operating 

at 37ºC with a 1º/s rotation (Rheology Advantage AR2000ex, TA instruments, New 

Castle, DE). Newtonian fluid behavior was verified with a dynamic sweep of shear rates 

from 1-100 s-1.  

Plates were loaded at 1 Hz for 1 hour in the MFL System. Outcome 

measurements were Crystal Violet, Tartrate Resistant Acid Phosphatase Staining (Acid 

Phosphatase kit 387A, Sigma-Aldrich), dsDNA content (Accublue, Biotium, Hayward, 

CA), and Resorption Pit Formation (Osteo Assay, Corning, MA).  

For TRAP Stain and Crystal Violet, on day 5 of differentiation culture, plates 

were fixed and stained according to established protocol. Osteo Assay wells were washed 

                                                 
2 While Mr is the preferred unit for polysaccharide size as opposed to Daltons, Daltons is more widely used 
in the literature. Dextran units will therefore be reported as Da.    
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in 10% bleach for 5 minutes and rinsed twice with deionized water. All wells were 

scanned at 1200 DPI and analyzed in ImageJ for either stained or resorbed area fraction 

(%, Figure 5). For TRAP, Pit Formation, and Crystal Violet experiments, n=16 wells and 

2 experimental replicates per level of fluid shear stress. For dsDNA, n=8 wells and 2 

experimental replicates per level of fluid shear stress. 

 

 

Figure 5: 24 Well Plate Scanning and Threshold Method. Using 10% Dextran to increase 

viscosity to achieve supraphysiologic fluid shear stress, 24-well plates with a static 

control were loaded with the MFL System (n=4 wells per treatment per experiment x 3 

experimental replicates). A threshold was applied in ImageJ. TRAP stain and Pit 

Formation were reported as Fold Change in Area Fraction (%). Zoomed example of 

threshold (insets). FSR = Fluid Shear Rate; FSS = Fluid Shear Stress. 
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4.2.3 Statistics 

One way Analysis of Variance (ANOVA) with Tukey-Kramer post-hoc 

comparisons were used to examine the effect of levels of fluid shear stress (static, 

physiologic, or supraphysiologic) on TRAP area fraction and pit area fraction (JMP 10, 

SAS, Cary, NC). Linear regression was used to determine if there was an effect of 

increasing fluid shear stress on outcome measurements. Statistical significance was 

defined as p < 0.05. 

 

4.3 Results:   

4.3.1 MFL System Fluid Flow  

The MFL System virtual model displayed fluid flow reversal with axial 

displacement of the piston in the well, demonstrating oscillatory fluid flow was achieved. 

The velocity of the fluid flow changed throughout the duration of loading, but was 

maximal at the outer edge of the bottom of the piston at 0.35 seconds and 0.7 seconds 

through a single 1 second cycle (Figure 6). Similarly, maximum fluid shear stress was 

achieved at the same time points, and was nearly uniform at the base of the well. Fluid 

pressure decreased linearly from the center of the well to the periphery. Changing the 

cone angle from 10º to 0º resulted in nearly a 30X increase fluid shear stress and nearly 

10X the fluid velocity, though the velocity was measured was < 10 mm/s.  
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Figure 6: MFL Piston Excursion, Velocity Profiles, and Shear Stress Distribution. The 

pistons rose and fell in a sinusoidal fashion for a total excursion of 0.5 mm (A). 

Maximum velocity of fluid occurred at t=0.35s and t=0.7s, coinciding with the maximum 

and minimum excursion points, respectively (*, insets). Peak shear stresses also 

coincided with maximum velocity.  Fluid shear stress is shown acting on the base of the 

well in 0.1 second increments and is near-uniform in distribution (B). 

 

4.3.2 Osteoclast Loading with the MFL System 

Static culture and 0.5 Pa treated wells had less pit formation as measured by Pit 

Area Fraction compared to fluid shear stress ≥ 1.4 Pa (Figure 7A, 4, 5.7 and 17 Pa 

pooled as supraphysiologic). In comparison, increasing fluid shear stress had a positive 

effect on TRAP staining as measured by Area Fraction (p < 0.001, linear regression 
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analysis), but static, physiologic, and supraphysiologic groups were not statistically 

different from each other (Figure 7B, by ANOVA). Cellular distribution, assessed by 

Crystal Violet staining, was unchanged between all treatment groups, indicating the 

above functional modulations were not due to modified viability. Additionally, dsDNA 

content was consistent through all treatments, indicating that changes in functional 

outcomes were not the result of increased or decreased cell proliferation. When Pit 

Formation was analyzed for spatial distribution, it was found that area fraction decreased 

radially from the center of the well. However, a statistically significant difference was 

detected only between the 0.5 and 17 Pa groups. It was observed that in the 17 Pa group, 

the center of mineral-coated wells was thoroughly resorbed, as opposed to the lower 

shear stress groups. Together these results indicate that supraphysiologic fluid shear 

stress caused increased osteoclast activity compared to physiologic fluid shear stress (0.5 

Pa).  
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Figure 7: Pit Formation and TRAP Stain. Supraphysiologic FSS (4, 5.7 and 17 Pa) 

increased pit formation compared to 0.5 Pa (A). Increasing FSS led to increasing 

resorption (p=0.0175) and TRAP stain (B, p<0.001), but there was no difference between 

each FSS level. Error bars are standard deviation. 

 

4.4 Discussion:  

Quantitative analysis of the cement-bone interface of postmortem-retrieved, non-

revised knees is a recent addition to the study of aseptic loosening. While intra-operative 

retrieval of aseptically loose TKAs during revision is relatively common, the surgical 

excision destroys the cement-bone interface, making detailed analysis of the interface 

impossible. It is therefore not possible with failed TKAs to determine in-progress 

mechanisms that may be responsible for the resorption of cement-interlocked trabeculae. 

For this reason, postmortem-retrieved specimens fill a void in the field, allowing for a 

look at pre- or peri-failure scenarios that can also be compared to lab-prepared, unloaded, 

specimens that represent the post-surgical state prior to any remodeling [4, 5, 15]. In this 

way, a morphological time line can be established that provides certain clues as to 

possible mechanisms of aseptic loosening. 

These observed morphologies can now also be used with experimental data to 

generate computational models capable of testing certain stimuli, such as 

supraphysiologic fluid flow, on bone resorption. By computationally determining the 

magnitude of forces acting on structures difficult to measure experimentally, it is then 

possible to virtually construct and test potential bioreactor designs prior to construction. 

This practice of experimental pilot datacomputational modelexperimental test 
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design, and potentially back around again (Chapter 5), allows for the creation of novel 

devices with which to examine stimuli once beyond the ability of the laboratory to 

measure. Computational modeling has been an asset in quantifying the flow in gaps at the 

cement-bone interface as well as an engineering tool to guide design of an experimental 

multi-well fluid flow system. 

 

4.4.1 The Relationship between Micromotion, Fluid Flow, Bone Resorption, and 
Osteoclasts 

 
Many studies have examined the effect of loose, moveable, implants on bone in 

vivo. Clinically, Perren showed a classic example of a loose fibula-tibial screw used in 

ankle reduction, and associated bone resorption due to insufficient tightening [25]. 

Animal models have shown that excessive micromotion of an implant can lead to the 

formation of a fibrous layer around the implant and failure to osseointegrate [26, 27]. 

Pressurization of this fibrous tissue layer has been shown to induce fluid flow [28], and in 

human postmortem retrieved TKA, where there may also be a fibrous layer due to 

implant micromotion, fluid flow along the interface has previously been demonstrated 

[29].  In rats, Fahlgren et al recapitulated a loose implant using an implanted piston to 

induce fluid flow, causing osteolysis of the tibial cortex beneath the piston [14]. This 

bone resorption was due at least in part to increased osteoclast numbers in the exposed 

area [30].  

For the in vivo work outlined above, bone resorption occurred in the absence of 

other factors such as polyethylene debris. Since bone resorption is functionally mediated 

by osteoclasts, this leads to the question of whether or not osteoclast inhibition can lead 

to successful osseointegration even with excessive micromotion and associated fluid 
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flow. On a broader scale, it also known that the early migration of unstable total joint 

replacements can be mitigated with use of bisphosphonates. Hilding and Aspenberg 

showed decreased component migration with the use of clondronate out to 4 years post-

surgery [31]. For overall implant survival, Prieto-Alhambra et al found decreased 5-year 

revision rates in TKA and THA patients taking anti-osteoclast/anti-resorptive 

bisphosphonates compared to non-users in a retrospective study of the UK total joint 

registry [32]; a follow up study by the same group for the Danish registry found that 

bisphosphonate use immediately after surgery, but not before surgery, decreased revision 

risk by 56% [33]. In both studies, Prieto-Alhambra et al cautioned that a prospective 

randomized control trial would be necessary to verify the results.  Based on the work of 

Jaroma et al work [34], it is likely that bisphosphonates had these positive effects by 

improving bone quality (i.e., BMD) after TKA through the inhibition of osteoclast 

activity. 

It can be interpreted from these above studies that the loading and resulting motion 

of implants—whether a TKA or an implanted piston—induces fluid flow, which can 

result in local bone resorption. It is also likely from these experiments (including the 

MFL system) and clinical interventions that fluid flow as a mechanical signal induces 

increased osteoclast activity specifically, resulting in increased bone resorption compared 

to mineral deposition. It is not suggested that the fluid forces are great enough to mediate 

bone loss without a cellular intermediary.  

Based on the results of the MFL System, it is highly possible that for the cement-

bone interface of a total knee replacement, where very high fluid shear stresses (>10 Pa, 

and even up to ~1000 Pa) may be present, increased osteoclast activity mediates, at least 
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in part, the short term (≤ 5 years) resorption of the interlocked trabeculae. We observed 

increased bone resorption in our supraphysiologic-treated cells compared to a more 

physiologic level of 0.5 Pa, in the absence of other cells or particulate debris. It is also 

reasonable to expect that as trabecular resorption progresses and the micromotion 

increases, that higher fluid shear stresses and pressures induce even more resorption, until 

very little interlock (~10-20% of initial) remains. Though it is relatively well established 

that fluid flow and bone loss and component migration and osteoclast activity are all 

linked in some way, the direct effects of a specific, reproducible stimulus are best 

elucidated in a simplified in vitro model such as the MFL System. 

 

4.4.2 Mechanoreceptors and Molecular Pathways 

The cellular structures capable of transducing mechanical signals—including fluid 

flow—into biochemical or electrical signals are numerous, and have been well studied in 

osteocytes and osteoblasts. There are so far three major candidate systems: the primary 

cilia, cytoskeletal connections to the extracellular matrix (i.e., integrins and focal 

adhesions) or other cells (i.e., cadherins and ephrins), and membrane-spanning channels 

(i.e., ion channels and gap junctions) [35].  

One of the best studied structures is the primary cilium. Theoretically, primary 

cilia exist on all nucleated cells under growth arrest [36]. It was originally believed that 

the cilium was a vestigial structure, but a great body of literature demonstrates that this 

membrane-covered 9+0 microtubule structure serves an essential role as a sensory and 

signaling organelle [36]. For example, in MLO-A5 murine pre-osteocyte-like/mature 

osteoblast-like cells, oscillatory fluid flow increased calcium deposition, but only with an 
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intact primary cilium with which to sense the flow [37]. Malone et al used murine 

MC3T3-E1 osteoblast-like and MLO-Y4 osteocyte-like cells to show increases in 

osteogenic gene expression and PGE2 release under conditions of 1 Pa of oscillatory fluid 

flow as well [38]. However, upon removal of the primary cilium by chloral hydrate 

treatment, COX2 mRNA expression did not increase with flow compared to controls, and 

subsequently PGE2 signaling was abrogated [38]. Importantly, COX2 is an enzyme that 

produces eicosanoids such as PGE2, and PGE2 has been shown to be important in the 

cAMP second messenger system after fluid flow in osteoblasts [39]. 

Recently more work has been done with genetic knockouts of essential primary 

cilium components as opposed to chemical treatments such as chloral hydrate. Leucht et 

al examined the effect of bone healing around an implant in Col1Cre;Kif3afl/fl mice, 

which are osteoblast lineage restricted [40]. They found that without primary cilia, 

osteoblasts and/or osteocytes were able to heal bone injuries normally, but could not 

respond to mechanical loading with normal proliferation or organized collagen deposition 

[40]. This indicates that sensing of the bone microenvironment by primary cilia is 

necessary for dynamic remodeling in response to changes in load. Upon sensing 

mechanical signals, primary cilia may activate the influx of ions such as Ca2+ through the 

plasma membrane, in addition to activating noncanonical Wnt signaling through the 

degradation of β-catenin [35]. Unfortunately, hematopoietic-lineage cells are not thought 

to produce a primary cilium [41], which suggests an alternative mechanoreceptor in 

osteoclasts. 

   In addition to primary cilia, the cytoskeleton and associated complexes may act 

as a mechanoreceptor. For example, integrins—heterodimeric, membrane-spanning 
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proteins complexes that anchor cells to the extracellular matrix—have been shown to 

mediate mechanosignaling in multiple cell types. In osteoblasts, which form stress fibers 

(unlike osteoclasts), fluid flow increased expression of the β1 integrin subunit while also 

increasing activated αvβ3, the latter of which was co-located with Src tyrosine kinase 

[35]. Activation of the PI3K/Akt was also seen in mandibular osteoblasts though the 

mechanical activation of α5β3 [35]. Osteogenic gene expression was seen through β1 

integrin signaling which activated Wnt/β-catenin pathways, similar to effects seen in 

osteoblast primary cilium signaling [42]. Therefore in osteoblasts, bone formation may be 

in part modulated by mechanical signals transduced through multiple mechanoreceptors, 

coalescing in osteogenesis. Integrins have been shown to be a mechanoregulator not only 

in osteocytes and osteoblasts, but also chrondrocytes and fibroblasts, among other cell 

types [35].  

Unfortunately, integrins are not well established as a mechanoreceptor in 

macrophages or osteoclasts. What is known is that high expression of the vitronectin 

receptor/bone sialoprotein-binding integrin αvβ3 has been implicated in the foreign body 

response to biomaterials, and increased osteoclast activity[43]. Park et al demonstrated 

that a novel small molecule inhibitor specific to this integrin was able to inhibit osteoclast 

differentiation from bone marrow-derived macrophages, which in turn decreased 

RANKL-induced bone loss in ovariectomized mice [44]. It has also been shown that 

knockdown of the β3 subunit using oligodeoxynucleotides resulted in decreased 

osteoclast adhesion and increased apoptosis [45]. Osteoclasts from β3-/- mice exhibit 

dysfunction in the form of actin ring absence, decreased cell spreading, abnormal ruffled 

borders, and decreased resorptive capacity. As mechanical signals induced activation of 
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multiple integrins in osteoblasts and osteocytes, this suggests that fluid flow could play a 

role as an alternative activator of αvβ3 in both macrophages in osteoclasts, culminating at 

a similar end point of multinucleation and activation. 

These aforementioned studies were primarily descriptive and did not examine 

integrin signaling so much as the importance of integrins in osteoclast activity. In the 

context of fluid flow or other mechanical stimulus, it is likely that modification of 

integrin signaling, whether through changes in integrin expression or regulation of 

extracellular matrix ligands such as osteopontin, would affect osteoclast migration and/or 

sealing zones through cytoskeletal rearrangement [46]. For example, decreased integrin 

signal transduction could result in osteoclast hypomotility through decreased Rho 

signaling, mediated through the Rho effector Rho Kinase (ROK) [47]. In contrast, 

activation of integrins through “tugging” using magnetic beads was shown to activate 

RhoA and cause the formation of new focal adhesions [35]. This was similar to the direct 

effect of binding to extracellular matrix ligands, which enhanced cytoskeletal force 

through myosin II and subsequent focal adhesion kinase cascade, which in turn altered 

cell motility [35]. F-actin may also be recruited to activated integrins [46], which 

suggests that fluid flow activation of integrins may functionally alter bone resorption 

through the establishment of new sealing zones. Potentially, supraphysiologic fluid flow 

may lead to increased sealing zone formation through the upregulation of activated 

integrins as a means of improving cell adhesion to the substrate.  

The transduction of the mechanical stimulus through integrins is thought to be 

directly mediated by a conformational change in talin, an essential linker component 

between focal adhesions and integrins [35]. The change in talin conformation after, for 
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example, fluid flow, may open additional binding sites for other proteins [35]. Paxillin, 

on the cytoplasmic side of focal adhesions, may also have great importance in 

mechanotransduction, as it is a target of both focal adhesion kinase and Src tyrosine 

kinase [35].  

In addition to primary cilia and cytoskeletal anchors, a third mechanorecepeptor 

family may exist in the form of transmembrane channels, such as ion channels and gap 

junctions. Gap junctions, composed of a membrane-spanning hexamer of connexins 

aligned with identical structures on adjacent cells, allow for direct electrochemical or 

small molecule (<1 Da) connections between cells. This in turn facilitates the swift 

conduction of mechanical signals throughout bone cells [17]. This syncytium has been 

demonstrated in osteocytes both in vivo and in vitro [48]. Osteocytes also are thought to 

be able to amplify mechanical signals such as fluid shear stress and strain through unique 

processes that extend from the cell body. The drag experienced by these proteoglycan-

anchored, transverse tethering elements to interstitial fluid flow would be transmitted 

through the actin skeleton to the cell body, to induce gene expression [48]. Not much 

direct data exists for gap junctions a direct mechanoreceptor, but rather as a means of 

transducing mechanical signals through the cellular syncytium.  

Fluid shear stress is also likely to work as a direct activator of ion channels such 

as voltage-sensitive calcium channels (VSCC) and mechanosensitive cation channels 

(MSCC) on the surface of the plasma membrane. The calcium influx in response to fluid 

flow leads to the release of ATP stores into the extracellular space, which can act in an 

autocrine or paracrine manner on transmembrane P2Y receptors [35]. This in turn can 

lead to higher levels of intracellular calcium through the activation of inositol 
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triphosphate (IP3), while concurrent activation of diacylglycerol (DAG) leads to ERK1/2 

signaling [35]. In osteoblasts, ERK1/2 downregulation in response to strain is also 

associated with decreased expression of RANKL and upregulation of eNOS, indicating 

increased osteoblastic potential and decreased osteoclastic potential [35]. MSCC and 

VSCC have not been studied in osteoclasts. 

While osteoclast intracellular signaling pathways are not as well studied as 

osteoblast and osteocyte mechanoreceptors, rigorous work has been performed regarding 

early intracellular, upstream, responses to fluid flow in osteoclasts. McAllister et al 

examined the preliminary molecular pathways induced by fluid flow in a population of 

primary rat bone marrow cells induced to develop into osteoclasts [49]. Using 1.6 Pa of 

steady fluid shear stress in a parallel-plate flow chamber, they were able to study NO and 

PGE2 production, and associated second messenger systems. They found a biphasic NO 

response, with short term, high production (19.5 nmol/mg/hour) for the first hour of flow, 

followed by a steady state production of 7.5 nmol/mg/hour. PGE2 production was also 

biphasic, beginning with a steady low production at 0.7 ng/mg/hour for the first hour, and 

increasing to 3.9 ng/mg/hour from 1-6 hours.  Upon treatment with NG-Amino-L-arginine 

(L-NAA), the NO response was completely abolished, indicating that calcium influx 

from the media was essential in osteoclasts for NO production [49]. L-NAA also 

diminished PGE2 production by 30%, indicating some level of molecular cross-talk [49].  

As calcium oscillation is observed secondary to RANKL binding during 

osteoclast differentiation [50], Li et al examined the molecular pathways downstream 

from fluid-flow induced Ca2+ signaling in osteoclasts using pharmacological inhibitors 

[51]. They found 4 essential elements to RAW 264.7 osteoclast internal calcium 
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responsiveness to fluid flow:  1) the mechanosensitive cation-selective channels blocked 

with gadolinium chloride; 2) extracellular calcium, inhibited with calcium-free media, 3) 

Phospholipase C, inhibited with U73122; and 4) Endoplasmic Reticulum (ER) calcium 

stores, depleted with thapsigargin. It is known that PLC-activated released of ER calcium 

through IP3 is a signaling pathway that exists in multiple other cell types, such as 

osteoblasts. It is also widely thought that MSCC channels, specifically the TRPV4 

channel, are responsible for stretch activated calcium influx. Li et al propose a tenuous 

link between these two separate pathways based on their results.  

In osteoblasts, as one might expect, these pathways are more elucidated. It is 

known that fluid flow almost immediately induces COX2 and RANKL gene expression, 

which remain elevated for hours after loading cessation [52]. It is also known that only a 

short (~5 minute) loading duration is necessary to elicit long-lasting results [52]. As both 

PKA and PKC pathways are thought to regulate RANKL expression, Mehrotra et al 

examined pharmaceutical antagonists and agonists of both pathways, finding PKA but 

not PKC to be essential for RANKL expression after one hour of steady loading. 

However, using pathway agonists, PKA and PKC were able to induce RANKL 

expression independent of loading [52]. In osteoclasts, it remains unclear whether the 

same pathways would activate in response to fluid flow, as it is established that both the 

cell type and the loading regimen have shown differing effects on gene expression [52]. 

 

4.4.3 Advantages and Limitations of the MFL System Compared to Other Bioreactors 

The heterogeneity in experiments outlined above which queried the effects of 

fluid flow, including the cell type, method of differentiation, bioreactor design, and the 
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loading regime (frequency, duration, magnitude, outcome measures, etc), make it 

difficult to come to broad conclusions or even directly compare experiments. For this 

reason, a device like the MFL System could potentially be used to decrease the variability 

between experiments to allow for direct comparisons, due to the ability to modify 

multiple variables within a single set up.  

The MFL System is the first available system to utilize commercially available 

multi-well tissue culture plates as the primary method of cell culture with fluid flow. This 

gives it a distinct advantage in data generation and reproducibility compared to systems 

without internal replicates or with high degrees of variability in applied fluid flow. For 

example, the parallel plate flow chamber was first described in 1973 by Hochmuth, 

Mohandas and Blackshear [53]. Two glass slides were sandwiched together with a 150 

µm gap, with a fluid inlet and an outlet on opposite ends in the lengthwise orientation. 

Originally developed to measure the adhesiveness of blood cells, the variation in shear 

rate from the fluid inlet allowed a comparison of adhesion strength versus fluid flow 

velocity, which was an important outcome measure. For cultured cell monolayers 

however, this fluid flow variation meant cells experienced a range of fluid flow states, 

and only an average of the population could be taken.  

Another commonly used tool to test the mechanoresponsiveness of bone cells in 

vitro is substrate-deformation (i.e., strain), specifically using the commercially available, 

vacuum-controlled FlexCell system, developed in 1985 [54]. In this system, confluent 

sheets of cells are placed on a deformable baseplate, which in turn is attached to a 

vacuum capable of stretching the baseplate into a concave shape. Some groups also use 

semi-compliant tubing onto which endothelial cells may be seeded to facilitate blood 
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vessel maturation [55]; bioactive, resorptive glass for growth of mineralizing bone cells 

[56]; and rotating wall vessels in which to study microgravity effects [57].  For 

bioreactors that require perfusion of a 3-dimension scaffold, for example, there are simple 

spinner flasks where cells seeded onto a scaffold are fully submerged in a flask of media, 

and fluid flow is induced with a stir bar [57]. More recently, perfusion bioreactors use a 

pump to push fluid through a porous, seeded scaffold, with a specific fluid flow course 

[57].   

 Similar to all the bioreactors discussed above, the MFL system has multiple 

intertwined advantages and disadvantages. The ability to modify the gap, excursion, 

excursion frequency, and cone angle allows a great range of available treatments to the 

cell monolayer. However, these multiple variables increase the play of the system, and 

great care must be taken to repeatedly validate the estimated values. For example, the gap 

was determined using an electronic drop indicator with a 0.01 mm resolution, and the 

cone angle of the pistons was measured using a microscope. However, human error 

during any stage of measuring or manufacturing has the potential to alter the estimate 

peak shear rate experienced by the cell monolayer, and those alterations are compounded 

by the number of variables introduced by the MFL system. To account for this, Oest et al 

performed a sensitivity analysis to determine the magnitude of error at the limit of the 

experimental resolution. They found that error in certain parameters, for example the gap 

and the excursion (see 4.2.1) had greater effects than other parameters, yet even 

accounting for that error, it did not significantly alter the expected mechanical loads  [58]. 

 One disadvantage noted in our cell culture studies was the use of neutral Dextran 

to increase media viscosity. For the RAW 264.7 cells, 10% Dextran caused decreased pit 
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formation and increased TRAP staining compared to cells cultured without Dextran. This 

was only noted when we attempted to compare shear rate to shear stress as a stimulus. 

Because the addition of Dextran was necessary to achieve supraphysiologic fluid shear 

stress in the MFL system, we decided to determine a dose response effect of multiple 

molecular weights and concentrations of neutral Dextran on RAW 264.7 murine 

osteoclasts and 7F2 murine osteoblasts. These data would better allow us to fine tune the 

MFL system to test supraphysiologic fluid shear stress with the minimum amount of 

dextran to confound cell culture results. These data are discussed extensively in the 

following chapter (Chapter 5). 
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Chapter 5:  
Using Dextran to Increase Media Viscosity in Cell Culture: 

Confounding Effects on Osteoclasts and Osteoblasts1 
 

5.1 Introduction    

Bioreactors are often used for in vitro experiments in order to approximate the in 

vivo environment for tissue engineering applications. In order to culture cells that are 

exposed to the movement of fluids such as blood, marrow, or urine, these bioreactors 

may take the form of parallel plate flow chambers or other controlled flow circuits. These 

types of apparatuses ideally allow the precise control of multiple variables, including 

fluid velocity, frequency of stimulus, and type of flow (i.e., steady, oscillatory, or 

pulsatile).  

Mimicking the in vivo environment of bone cells (osteoblasts, osteocytes, and 

osteoclasts) though the use of bioreactors has presented some unique difficulties. For 

example, in order to duplicate the probable viscous in vivo conditions that bone cells 

might experience [1, 2], it is necessary to add a thickener to the media. Dextran is one 

such common agent, and is a branched homopolysaccharide of D-glucose made by lactic 

acid producing bacteria such as Leuconostoc spp. Commercially available Dextran ranges 

in size from <50 Da to over 2 million Da2, and has numerous applications in the medical, 

pharmacological, and food industries [3].  

Increasing the viscosity of media through use of thickeners is also essential to test 

the mechano-responsiveness of cells to extracellular stimuli such as fluid shear stress. For 

                                                 
1 Respective contributions: 
 Karen Cyndari: all osteoclast assays and fluorescence microscopy.  
 Megan Oest, PhD: all osteoblast assays, and determination of rheometry and osmolality (see 
acknowledgements for further details). 
2 While Mr is the preferred unit for polysaccharide size as opposed to Daltons, Daltons is more widely used 
in the literature. Dextran units will therefore be reported as Da.    
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cells residing in bone and marrow, whether progenitors [4-6] or terminally differentiated 

cells [7], it is believed that the stimulus of load bearing, translated by mechanoreceptors 

is responsible for skeletal remodeling [8, 9]. Many such mechanoreceptors have been 

studied, for example, for mesenchymal lineage cells such as osteoblasts, the primary 

cilium has been showed to be essential for sensing fluid flow. Delaine-Smith et al 

demonstrated that chemical removal of this structure using chloral hydrate inhibited 

osteoblast calcium deposition in response to fluid flow [10]. Also using chloral hydrate, 

Malone et al have shown that a missing or otherwise inoperative primary cilium resulted 

in decreased COX2 expression, as well as subsequent PGE2 signaling, which are 

essential for pro-osteoblastic activity [11]. However, it is unknown whether osteoclasts 

produce a primary cilium [12], and therefore other mechano-sensors such as integrins and 

focal adhesion kinase are actively being explored [13, 14]. Further description of 

mechanoreceptor signaling is detailed in 4.4.2: Mechanoreceptors and Molecular 

Pathways. 

Fluid shear stress is proportional to both fluid shear rate and fluid viscosity; both 

can be manipulated to achieve a desired fluid shear stress. If very high fluid shear stresses 

are required, such as the supraphysiologic levels of fluid shear stress (defined here as >2 

Pa) that may be present at artificial interfaces such as the cement-bone interface after 

total joint arthroplasty, high concentrations (>5%) amounts of Dextran may be used to 

increase fluid viscosity.  

Therefore, we sought to clarify the effects of multiple molecular weights and 

concentrations of Dextran on RAW 264.7 murine pre-osteoclasts and 7F2 murine 



150 
 

osteoblastic cells in order to create an ideal system to test fluid flow mechanotransduction 

of supraphysiologic fluid shear stresses.  

 

5.2 Methods 

5.2.1 Determination of Viscosity and Osmolality 

~2,000,000, 500,000, and 100,000 and 10,000 Da Dextran (Sigma-Aldrich, St. 

Louis, MO) was made up at concentrations of 0, 1, 2, 3, 5 and 10% (weight/volume, w/v) 

in cell media supplemented with 10% FBS. Viscosities of ~2,000,000, 500,000 and 

100,000 Da Dextran in solution were determined using a cone and plate rheometer 

(Rheology Advantage AR2000ex, TA Instruments, New Castle, DE) with settings of 37 

°C, 2 degree cone angle and 1°/s rotation. A dynamic sweep of shear rates from 1-100 s-1 

was performed to confirm Newtonian fluid behavior. The viscosity of 10,000 Da Dextran 

at the above concentrations was determined using a Viscometer (Model MLVT115, 

Brookfield, Middleboro, MA). Osmolality was determined using an osmometer 

(Advanced Instruments Micro Osmometer Model 3300, Norwood, MA). 

 

5.2.2 Cell Culture 

RAW 264.7 murine pre-osteoclasts and 7F2 murine pre-osteoblasts were obtained 

from the ATCC (Manassas, VA). Osteoclast (OC) expansion media was DMEM ( with 

4.5 g/L glucose and 2mM L-glutamine, Cellgro, Corning, NY) with 10% FBS (Atlanta 

Biologicals, Atlanta, GA; Lot #A1060), an additional 2 mM GlutaMAX (Gibco/Thermo-

Fisher, Waltham, MA), and 1% antibiotic/antimycotic (Corning/Mediatech, Manassas, 

VA). OC differentiation was induced in αMEM (Cellgro, Corning, NY) with 10% FBS, 
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2mM glutamine, 1% antibiotic/antimycotic (Mediatech) and 50 ng/mL sRANKL (soluble 

Receptor Activator of Nuclear Factor κB Ligand). Osteoblast (OB) expansion media was 

αMEM with 10% FBS, 1% GlutaMAX, 1% antibiotic/antimycotic and 1% sodium 

pyruvate (Mediatech, Inc, Manassas, VA). OB differentiation was induced with 

additional 5 mM β-glycerophosphate (Sigma-Aldrich) and 0.1 mM L-Ascorbic acid 2-

phosphate (Sigma-Aldrich). 

 

5.2.3 Osteoclast Assays: 

RAW 264.7 were expanded and transferred to 24-well plates at 10,000 cells/cm2 

for differentiation on Day 0. On day 3, media was replenished with ~2,000,000, 500,000, 

100,000, and 10,000 Da neutral Dextran at 0%, 1%, 2%, 3%, 5% or 10% concentration 

(n=4 wells per concentration per Dextran Da). On day 5, wells were stained for Tartrate 

Resistant Acid Phosphatase (Acid Phosphatase, Leukocyte (TRAP) kit, Sigma-Aldrich). 

Pit formation was analyzed using calcium triphosphate-coated Osteo Assay plates 

(Corning, NY). TRAP-stained and Osteo Assay plates were scanned at 1200 DPI (Epson 

Perfection V700 Photo, Long Beach, CA) and analyzed in ImageJ for area fraction. The 

peripheries of the wells were excluded from analysis. DNA content was determined using 

AccuBlue (Biotium, Fremont, CA) assay. MTT (Sigma-Aldrich) reagent was used to 

query the viability/reduction potential of the cells. AccuBlue and MTT results were read 

using a Tecan Infinite 200 microplate reader (Männedorf, Switzerland).  
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5.2.4 Osteoblast Assays3: 

7F2 cells were expanded and transferred to 24-well plates at 10,000 cells/cm2 on 

day 0 in differentiation media. On day 3, media was changed to include Dextran at 0%, 

1%, 2%, 3%, 5% or 10% w/v concentrations (n=6 wells per concentration per Dextran 

Mr). This media was replenished on day 7. On day 10, wells were stained with Alizarin 

Red S (ARS, Sigma-Aldrich) and scanned at high resolution to determine calcium 

deposition. For a more sensitive reading of calcium deposition via ARS, a semi-

quantitative method as described by Gregory et al, 2004 [15] was used to elute the stain 

to analyze via spectrophotometry. Briefly, 10% acetic acid was used to extract the ARS 

from the wells along with the collagen matrix. The insoluble collagen was pelleted out, 

and the liquid fraction was neutralized using ammonium hydroxide. Absorbance was read 

at 405 nm. DNA and MTT assays were performed as described for osteoclasts. 

 

5.2.5 Fluorescence Microscopy  

Osteoclasts were expanded as previously described, and plated at 100 cells/cm2 on 

glass cover slips in a 10 cm dish. Cells were then differentiated as previously described, 

and treated with 10% ~2,000,000 Da Dextran on day 3, with a 0% Dextran control. On 

day 5, the cells were fixed in 5% neutral buffered formalin and stained with fluorescein-

conjugated phalloidin (ThermoFisher) to identify actin. Cells were then stained for TRAP 

using ELF97 (ThermoFisher) using modifications as described by Filguiera et al, 2004 

[16]. Nuclei were stained with ethidium homodimer (ThermoFisher). Cells were imaged 

on a Nikon Eclipse Ti-U and compiled on RGB channels using Photoshop CS5 (Adobe, 

                                                 
3 All osteoblast assays performed by Megan Oest, PhD. 
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Sam Jose, CA). Three cover slips were imaged per experiment, with 3 experimental 

replicates. 

 

5.2.6 Statistical Methods 

Statistical analysis was performed with JMP 12.0 with a one-way ANOVA and 

Tukey’s post-hoc test for TRAP, Osteo Assay, ARS elution, MTT, DNA, and MTT/DNA 

experiments to determine the maximum amount of Dextran at which there a difference 

from 0% Dextran control. Linear regression was used to determine the effect of 

increasing Dextran concentration per Dextran molecular weight (MW) on osteoclast and 

osteoblast outcomes. An ANCOVA with Dextran MW as the independent variable, and 

concentration and outcome measurement as the dependent variables was used to examine 

specific effects of molecular weight on the primary functional outcomes of Pit Formation 

and ARS elution. Significance was defined as p < 0.05. 

 

5.3 Results 

5.3.1 Dextran Molecular Weight Affects Viscosity but Not Osmolality 

We first sought to establish the basic physical properties of a range of Dextran 

molecular weights (MWs) in solution in order to determine if differential effects would 

be due to concentration or viscosity, or osmolality. We found that each molecular weight 

of Dextran exhibited a different viscosity profile (Figure 1A), but an identical osmolality 

profile (Figure 1B)4. Because osmolality was identical, it can be inferred that differences 

in the biological responses of cells to Dextran MWs of the same concentration would be 

due to differences in, example, viscosity, but not differences in colloid osmotic pressure. 
                                                 
4 Viscosity and osmolality experiments performed by Megan Oest, PhD. 
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Figure 1: Viscosity and Osmolality measurements. Dynamic viscosity (A) and 

Osmolality (B) was measured at multiple concentrations at each molecular weight. 

Osmolality was not determined for 10,000 Da. Second order polynomial fit lines with r2≥ 

0.99 are shown in A for all Dextran MWs.  
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Figure 2: Effects of Dextran on Osteoclast DNA and Viability. RAW 264.7 osteoclasts 

were exposed to increasing concentrations of each Dextran. Normalized DNA content is 

shown due to a change in protocol after the second experimental replicate (A). MTT (B) 

and MTT/DNA (C) represent metabolic effects, and metabolic effects relative to the 

amount of cells per well, respectively. Error bars are +/- SD. N = 4 experimental 

replicates with 2-4 well replicates per experiment. Significance defined as p<0.05 when 

compared to 0% Dextran control. AU = Absorbance Units. MW = Molecular Weight.  
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5.3.2 Osteoclast and Osteoblast Sensitivity to Dextran 

We then sought to determine the effect of Dextran on differentiated RAW 264.7 

and 7F2 cell metabolic output and/or viability (MTT) compared to DNA content. For 

osteoclasts, Dextran did not affect the DNA content after 3 days in culture (Figure 2A). 

MTT results suggested that except for the highest concentrations (5 and 10%) of the 

lowest MW Dextran (10,000 Da), there was no effect on cell metabolism (Figure 2B). 

When cell metabolism/viability was made relative to DNA content (MTT AU/µg DNA), 

we found again that only the lowest molecular weight Dextran had an effect, with 3, 5, 

and 10% less than control (Figure 2C). 

In contrast to osteoclasts, osteoblasts were far more sensitive to Dextran treatment 

(Figure 3). At all concentrations for all molecular weights, DNA content was diminished 

(Figure 3A), indicating at least decreased proliferation or potentially increased cell death 

compared to 0% Dextran control. Apoptosis was not examined. For the lowest MW 

Dextran, similar to osteoclasts, metabolic output/cell viability was diminished (Figure 

3B). This effect was also seen at 100,000 Da, but at higher molecular weights the effects 

of Dextran treatment were more variable. When metabolic output was normalized to 

DNA content, at the higher concentrations of the higher molecular weights there was 

increased metabolism on a per cell level compared to lower molecular weights (Figure 

3C). 
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Figure 3: Effects of Dextran on Osteoblast DNA and Viability5. 7F2 osteoblasts were 

more sensitive to Dextran treatment. DNA content was decreased at all concentrations of 

Dextran for all molecular weights (A), but viability was differentially affected (B). MTT 

normalized to DNA content demonstrates increasing Dextran concentration increases the 

metabolic output per cell (C). Error bars are +/- SD. N = 3 experimental replicates with 6 

well replicates per experiment. Significance = p<0.05 when compared to 0% Dextran 

control. AU = Absorbance Units. MW = Molecular Weight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
5 Performed by Megan Oest, PhD. 
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We next examined the effect of Dextran on the functional osteoclast and 

osteoblast outcomes. For osteoclasts, pit formation and Tartrate Resistant Acid 

Phosphatase (TRAP) production were determined (Figure 4A and B). We found that 

increasing concentrations of Dextran decreased pit formation in this cell type, with lower 

molecular weight Dextran (10,000 and 100,000 Da) having a more pronounced effect 

(Figure 4A). In contrast, TRAP staining was starkly increased, with the higher molecular 

weight Dextran (500,000, ~2,000,000 Da) having the largest effect (Figure 4B). For 

osteoblasts, calcium deposition was analyzed as measure of the ability to mineralize the 

collagen matrix (Figure 4C). Calcium deposition was diminished, with the greatest effect 

seen again at the lowest MW Dextran. Representative images of the pit formation, TRAP, 

and calcium deposition assays are shown in Figure 5. 

In order to better understand the effects of Dextran concentration and MW, we 

used 2 parameter linear regression to examine the effects of log(DextranMW) and 

Dextran concentration on osteoclast and osteoblast functional outcomes. For TRAP, 

Dextran MW and concentration both had significant positive effects independently, and 

there was a significant positive interaction (p<0.001). While MW (+) and Concentration 

(-) independently affected pit formation and ARS, there was no significant interaction for 

these assays (pit formation p=0.95; ARS p=0.34). Together these data indicate that both 

the molecular weight and concentration of Dextran are capable of differentially affecting 

specific cell behaviors.  
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Figure 4: Functional outcome measurements for osteoclasts (A, B) and osteoblasts (C). 

Pit formation was diminished with low MW Dextran treatment (A), while conversely, 

TRAP expression increased primarily after treatment with high MW Dextran (B). The 

ability to osteoblasts to deposit mineral was greatly diminished by all doses and MWs of 

Dextran (C)6. Error bars are +/- SE for A, B, and +/- SD for C. N = 3-4 experimental 

replicates with 4-6 well replicates per experiment. Significance = p<0.05 when compared 

to 0% Dextran control. 

 

 

 

 

 

 
 

 

 

 

 

 

                                                 
6 Performed by Megan Oest, PhD. 
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Figure 5: Disconnect between Pit Formation (A) (with example of 8-bit threshold for 

Resorption Pits, below) and TRAP production (B). 7F2 calcium deposition stained with 

Alizarin Red S (C).  One complete row of a 24-well plate is shown for each test, for 

~2,000,000 Da Dextran.  
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5.3.3 Dextran Inhibits Pre-Osteoclast Multinucleation 

The difference in pit formation compared to TRAP production we previously 

observed for osteoclasts indicates a functional disconnect, as both increasing amounts of 

TRAP+ cells and TRAP secretion are normally directly correlated with pit formation 

ability [17]. To further query the dysregulation of these osteoclastic functions caused by 

Dextran, we used fluorescence microscopy to examine the morphologic characteristics of 

osteoclasts plated at low density and treated with 10% ~2,000,000 Da Dextran (Figure 

6). In positive control samples (0% Dextran + RANKL), we found the great majority of 

cells had merged into massive multinucleated cells containing 20 or more nuclei (Figure 

6, top rows). When RANKL-treated cells were exposed to 10% Dextran, we found an 

inhibition of multinucleation resulting in the formation of large mounds of 

mononucleated cells, which were not found in the 0% Dextran controls (Figure 6, middle 

rows). Additionally, it was noted that for Dextran-treated samples, single or bi-nucleated 

RAW 264.7 cells produced more TRAP than no RANKL controls, though we did not 

quantify this. For our negative control, we found a low baseline level of TRAP 

production in undifferentiated cells not treated with RANKL that was much less than 

RANKL-treated groups (Figure 6, bottom rows).  
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Figure 6: 2,000,000 Da Dextran inhibits pre-osteoclast fusion into massive, 

multinucleated cells. RAW 264.7 pre-osteoclasts were cultured on cover slips at low 

density (~100/cm2) and exposed to 10% 2,000,000 Da Dextran on day 3. On day 5, cells 

were stained with ELF97 (TRAP, blue), fluorescein-phalloidin (actin, green), and 

ethidium homodimer (nuclei, red). Treatment with Dextran inhibited multinucleation, 

seen in rows 3-6. Though cells were able to multinucleate, there were mounds of single-

nucleated, non-fused cells expressing high levels TRAP. This may represent “frustrated 

multinucleation.” Scale bar = 100 µm. 
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5.4 Discussion 

 Dextran is a common media additive used in fluid flow experiments to increase 

viscosity in order to achieve physiologic fluid shear stress. Most fluid flow experiments 

use only 2-3% w/v of high molecular weight Dextran to reach this goal [18, 19], but for 

our research goals, we needed into increase the viscosity further to reach 

supraphysiologic fluid shear stresses. However, the specific effects of increasing Dextran 

concentration in media have not been reported for fluid flow experiments beyond basic 

observations on proliferation for bone marrow stem cells [20].  

 

5.4.1 Osteoclasts 

For RAW 264.7 cells, the most common osteoclastic cell line used in these such 

experiments, we found that Dextran caused uncharacteristic cell functions, adding a level 

of obfuscation to functional conclusions. While Dextran ≥100,000 Da did not affect 

proliferation or metabolism, the functional disconnect consistently demonstrated for 

TRAP production and pit formation was an artifact of Dextran treatment. The lack of any 

changes from control in DNA content or viability for the 100,000, 500,000, and 

2,000,000 Da Dextran groups indicates that the observed decrease in Pit Formation was 

not due to Dextran toxicity or inhibition of proliferation; and further, that the increase in 

TRAP stain (4X greater than control for 10% 2,000,000 Da) was not due to an increase in 

proliferation. Since it is established that the size of the multinucleated osteoclast 

correlates with both the size and number of the resorption pits [21, 22], it is not surprising 

that if Dextran inhibits multinucleation, we observed a decrease in pit area fraction.  
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The increase in TRAP staining may possibly be explained by the fluorescence 

microscopy observation of increased TRAP signal in single and bi-nucleated cells 

compared to controls. While TRAP is generally considered a histological hallmark of 

osteoclasts in particular, it is also produced by activated immune cells, such as alveolar 

macrophages [23]. Since osteoclasts are derived from the hematopoietic lineage like other 

immune cells, and RAW 264.7 cells are macrophages until induced to develop into 

osteoclasts, an increased observation of TRAP staining of mononuclear cells is not 

outside the realm of possibility. It is also possible that the disconnect we noted here was 

due to decreased ability of Dextran-treated cells to secrete TRAP, as TRAP secretion is 

indicative of the amount of mineral resorption [17]. Based on these data, we therefore 

urge caution in the interpretation of results for Dextran-containing experiments for 

osteoclasts specifically, as the usual positive correlation of TRAP and resorption may no 

longer be accurate. Essentially, TRAP results in the absence of other functional outcomes 

may be misleading, and this has been seen by other groups for human primary osteoclasts 

as well [24].  

 

5.4.2 Osteoblasts 

For 7F2 osteoblast-like cells, this cell line did not proliferate as well as the 0% 

control wells for any concentration of any of the 4 tested MWs of Dextran. There was a 

significant diminishment of key cell functionality—mineral deposition, at least in part 

due to the decreased DNA content of these wells. However, DNA content decreased by 

~25% while Alizarin Red S decreased ~50% compared to control, which likely indicates 

the diminished mineralization was due to more than decreased cell number. 
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 Regarding the MTT results, while the ability of cells to reduce tetrazolium to an 

water-insoluble formazan has traditionally been used as an indicator of cell viability, 

MTT results can not only change with culture conditions, but can also be highly variable 

compared to other viability assays [25]. Therefore, MTT should not be used as a 

surrogate for cell number. By comparing MTT directly to DNA content, it was possible 

to interpret these results as average metabolic output per cell. Our results here 

demonstrated that Dextran decreased cell number compared to control while increasing 

formazan reduction, potentially indicating that Dextran was a cellular stressor, but that 

Dextran does not increase cell viability. Together, these data indicate that for at least this 

cell line (7F2), and potentially other mineralizing cells lines like MC3T3-E1 subclone 14 

[26], any amount of Dextran should at the very least be used with caution. Additionally, a 

0% Dextran control should be added to any such fluid flow experiment to determine any 

cell line-specific sensitivity. 

 

5.4.3 Impact on MFL Bioreactor Redesign  

 After gathering our preliminary data from the MFL System 1.0 (Chapter 4), we 

wanted to revise the system from the prototype stage. We considered multiple changes, 

including using the same cone angle for all pistons in the lid array, and varying the 

Dextran concentration to achieve different levels of fluid shear stress. According to the 

above results, such an experimental set up would primarily generate data on the effects of 

differing Dextran concentration rather than the effects of fluid shear stress, i.e., any 

change in osteoclastic activity due to fluid shear stress would be overshadowed by the 

effects of Dextran. While it would be possible to normalize all results to a static Dextran 
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control, it would be more advantageous to use only the minimum concentration of 

Dextran to avoid unintended biologic effects—especially since Dextran inhibited pit 

formation, arguably the most important outcome measure for osteoclasts.  

 Therefore, based on our results, we examined at what concentration of Dextran 

treatment groups became different from control (0% Dextran).  The lower MW Dextran 

options not only had a minimal effect on media viscosity even at high concentrations 

(Figure 1A), but also had negative effects on viability for both osteoclasts and 

osteoblasts. They were therefore not considered useful in the revision of the MFL 

System. Since any amount of Dextran negatively affected 7F2 osteoblast cells, we used 

RAW 264.7 cells to determine at maximum amount of the highest MW Dextran: 3%. At 

this concentration, pit formation was not negatively affected, though TRAP production 

was 3X control. A 3% w/v cut off would allow us to achieve a maximum media viscosity 

of 3.88 cP (0.0388 Pa-s) for future fluid flow experiments. 

 

5.4.4 Possible Mechanisms of Frustrated Multinucleation 

 There are possible mechanisms described in the literature that may be responsible 

for the inhibition of pre-osteoclast fusion we observed in this study. First, potentially the 

increase in media viscosity may decrease the diffusion of paracrine signals, such as 

RANKL, essential to continue differentiation into multi-nucleated cells. Fluid flow may 

be required with increased viscosity in order to distribute solutes evenly. However, in our 

fluid flow experiments, Dextran media was added on the same day fluid flow was also 

initiated, and we observed the same phenotype as we did in static culture. This leaves 3 

options: 1) fluid flow at 1 hour per day is not sufficient to improve nutrient diffusion to 
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0% Dextran media baseline; 2) in a related sense, the paracrine signals might have a short 

half-life, and 3) diffusion of paracrine signals is not the cause of the disconnect. 

Inhibition of paracrine signaling through poor diffusion through viscous media could be 

tested by either 1) increasing the concentration of a specific signal of interest, i.e., 

RANKL or Prostaglandin E2, or 2) introducing very mild fluid movement to improve 

diffusion. The latter however could potentially introduce another confounding factor in 

itself. Since we observed no change in DNA content or MTT assays for 3 of 4 Dextran 

MWs (regardless of viscosity) for osteoclasts, it seems unlikely that nutrient diffusion 

was a limitation in this experiment.  

 A second cause of the fusion inhibition could be the down-regulation, mechanical 

obscuration, or other inhibition of function transmembrane proteins such as DC- and OC-

STAMP, which are essential for the initiation of osteoclast fusion [27-30]. We noted in 

light microscopy that RAW 264.7 cells exposed to high concentrations of Dextran had 

greatly increased vacuole formation, potentially from the internalization of Dextran (data 

not shown). If cells exposed to higher concentrations were engorged on Dextran and/or 

constantly internalizing extracellular macromolecules, this may result in a decrease in cell 

fusion pathways compared to other pathways, for example, favoring a macrophage 

commitment over an osteoclast commitment.  

 

5.4.5 Limitations 

These simple experiments were performed to provide simple guidance on the 

effect of Dextran on osteoclast and osteoblast function, but did not explore the effect of 

Dextran on gene expression nor on apoptosis. While the fluorescence microscopy data 
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provided insight on what is causing the disconnect between resorption and TRAP 

production for osteoclasts, it did not address the mechanism behind this specific 

phenomenon. We did not explore the mechanism further, because the goal of the study 

was determine the maximum possible concentration of Dextran with the minimum 

possible effect on important outcome measurements. The effect of Dextran on gene 

expression with this and other cell lines could be explored in the future, as necessary for 

use with bioreactor design. For apoptosis assays, while we found no effect of Dextran on 

cell proliferation for osteoclasts, there was a decrease in DNA content for osteoblasts, 

and this could be due to apoptosis, or due to decreased proliferation.  

We also did not compare multiple media thickeners to determine if others would 

have less of an effect. However, other common media additives such as methylcellulose 

[31] also have known side effects and toxicity profiles in other cell lines, and we 

considered them unlikely to provide a better alternative than Dextran. 

 

5.4.6 Conclusions  

Taken together, these data indicate that while Dextran is commonly used in cell 

culture experiments as a thickening agent to increase media viscosity, [19, 32, 33], it is 

not without consequence, and experiments should include 0% Dextran control. The 

native viscosity of some compartments, such as blood (2.78 cP) [34] and human fatty 

bone marrow (~37.5-100cP) [1, 2] is much greater than that of cell media (1.08 cP). In 

order to approximate those environments for some mechanobiologic experiments, cell 

media must be thickened. For the revision of our bioreactor design, we had to consider 

how thickening the cell media would not only change the physics of the MFL system 
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(increasing the fluid shear stress), but also the biology of our cells of interest. 

Unfortunately, even minimal Dextran addition (1-3%) caused changes in osteoclast and 

osteoblast function that complicated interpretation of experimental results. How we chose 

to go forward with Dextran in the MFL system, and how and why we changed parameters 

to increase the consistency in our experiments with Dextran as a limitation, is explained 

in Chapter 6.  

For those researchers using parallel plate flow chambers, varying the flow rate is 

likely to be preferable to adding a media thickener such as Dextran to increase fluid shear 

stress. In some instances where increasing the viscosity of the system is unavoidable, it 

will be necessary to determine the specific effect of Dextran, or any media thickener, on 

each cell type of interest prior to fluid flow studies, and these studies should examine 

functional outcomes, not only the effect of Dextran on cell viability. 
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Chapter 6: 
The Multi-Well Fluid Loading System 2.0 

Refinement of Prototype Based on User Experience 
 

6.1 Introduction 

The original Multi-well Fluid Loading System (MFL 1.0) was designed to achieve 

high a range of fluid shear stresses (0.5 – 17 Pa) through use of a range of cone angles (0 

– 10 degrees) and 10%  neutral Dextran (34 cP, ~2,000,000 Da) as a thickening agent to 

increase media viscosity. Due to the confounding results of Dextran discussed at length in 

Chapter 4, a new (2.0) Multi-well Fluid Loading System was devised with two main 

design goals. The first was to increase the maximum applied shear rate, such that 

supraphysiologic fluid shear stress (defined here as >2 Pa) could be achieved using only 

3% (w/v) neutral dextran (3.88 cP). The second goal was to improve the spatial 

distribution of shear rate/stress on the well plate such that it was more uniform compared 

to what was achieved in MFL 1.0. In addition, several improvements were made to the 

MFL loading system to improve control of gap distance between the cone and well plate, 

and modifications to the loading apparatus to improve function during cell culture 

loading. Parametric studies of MFL fluid flow were performed using computational 

modeling to guide the design process, prior to fabrication of the new MFL design. 
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6.2 Revisions 

6.2.1 A New Parametric Computational Model1 

 The original computational model developed in Chapter 3 used fluid-structure 

interaction modeling with the piston and well plate considered to be deformable solids. 

Because these two solid components experience very low stress with negligible 

deformation at the boundary between fluid and solid, a new fluid only model was 

constructed in COMSOL (Burlington, MA) with moving boundaries. In this case, the 

piston and well plate were considered to be rigid bodies. Vertical displacement of the 

piston relative to the well plate resulted in loading of the fluid. Because the boundaries 

were not fixed, an arbitrary Largrangian-Eulerian (ALE) approach was used to relate the 

boundaries of the moving mesh with the fluid flow solution. The transient fluid flow 

solution was solved in COMSOL using Navier-Stokes equations, and the flow was 

considered to be laminar with incompressible fluid. P2–P1 elements were used for the 

fluid components, with quadratic (P2) elements for the velocity field and linear (P1) 

elements for the pressure field. Because of the symmetry of the piston-fluid-well plate 

system with only axial displacement of the piston, a 2D axisymmetric model was 

developed (Figure 1).  

The piston boundary was moved axially with a sinusoidal profile at 1 Hz with a 

0.5 mm excursion. As the piston moved toward the well plate, the fluid media level rose, 

                                                           
 

1 Created and tested by Kenneth A. Mann, MS, PhD, FASME. 
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and the mesh was adapted to accommodate this. As the fluid was incompressible, the 

volume of fluid displaced due to excursion (vol_d) was: 

vol_d = π*excursion*(piston diameter/2)2    [1] 

Fluid displacement (fd) due to excursion was: 

fd = (vol_d)/(π*(well diameter/2)2 – (piston diameter/2)2) [2] 

The piston displacement (pd) was then: 

pd = excursion/2 * sin(wt)      [3]  

where w is frequency and t is time. The displacement of the top of the fluid mesh (fm) 

was then: 

fm = -fd * pd       [4] 

No slip boundary conditions were used at the piston and wall boundaries. The top 

of the fluid mesh was an open boundary (i.e., pressure = 0). A volume force (-g * ρ) was 

included for gravity (g = -9.81 m/s^2) and media (ρ= 1000 kg/m^3). Typical models 

consisted of ~1500 elements and ~13000 degrees of freedom. Similar to the MFL System 

1.0, the model exhibited oscillatory fluid flow, with fluid reversal demonstrated at t = 0.5 

seconds, and maximum fluid velocity at t = 0.3 and 0.7 seconds (Figure 2).  

While the MFL System 1.0 was capable of generating high shear rates (515 s-1), 

the peak shear rates were limited to a small portion of the well plate (for example, Figure 

4A, top left panel). Thus, only a minority of cells on the well base were exposed to the 

desired high shear stress. For the MFL System 2.0, our goal was to create a more uniform 

shear stress field on the well plate during loading to maximize the consistency of the 

shear rates experienced by the cell monolayer. This was accomplished by modifying both 
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the gap and the cone angle, as opposed to leaving one constant (i.e., MFL System 1.0 had 

constant gaps for differing cone angles). The design criteria for minimum shear rate 

consistency on the base of the well was defined as: “80% or more of the cell monolayer 

surface experienced a peak shear rate that did not vary by more than 10%.” 

In order to determine parameters would satisfy the above design criteria, the 

relationship between the design variables for gaps (0.005 to 0.25 mm) and cone angle (0, 

0.5, 1.0 ,1.5, 2.0, 3.0, 4.0, 5.0, 7.0, 8.0 degrees) and outcome measure (peak shear rate) 

was explored using the COMSOL fluid modeling described above. A total of 60 models 

were analyzed and the distribution of shear rate along the well was determined.  

 
6.2.2 Exploration of Relationship between Gap, Cone Angle, and Shear Rate2  

 
We found that peak shear rate had an inverse log relationship with minimum gap, 

and that shear rate increased as cone angle decreased (Figure 3). Interestingly, we noted 

that the percentage of the base of the well experiencing less than 10% variation in peak 

shear rate had great variation depending on the cone angle and the gap. At small cone 

angles (0.5°) the fraction of the well surface with near uniform shear rates occurs at very 

small gap distances (0.05 mm) while at large cone angles (5°) more uniform shear rates 

were achieved at a larger gap (0.15 mm) (Figure 3B). 

 

                                                           
 

2 Performed by Kenneth A. Mann, MS, PhD, FASME. 
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Figure 1: Model of MFL System 2.0. Two-dimensional build (A), oscillatory motion of 

the piston over 1 second (B), axisymmetric mesh (C), and 3D representation of the fluid 

(D). In comparison to the MFL 1.0, the 2.0 piston itself was not modeled; rather, 

displacement of the mesh boundary corresponding to the cone angle facilitated fluid flow 

in the absence of a fluid-structure interaction. Fd = fluid displacement due to excursion; 

fm = fluid displacement at top of fluid mesh. 



183 

 

 

 

 



184 

 

 

Figure 2: Fluid velocity sequence for one cycle. The piston begins at minimum gap and 

moves upward before reaching max gap at 0.5 seconds. The velocity vector is shown by 

the overlaid arrows. The fluid first moves inward as the piston moves up, and then moves 

outward as the piston moves down to displace it. The 0.5° piston is shown. 
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In contrast, for the 0° cone angle used in MFL System 1.0, at no minimum gap 

was the peak shear rate consistency greater than 20%. These results suggest that for a 

given excursion (0.5 mm), there is a specific gap distance that can be chosen to achieve 

near uniform fluid shear loading.    

 

6.2.3 Determination of New MFL Design Parameters with 3% Dextran 

Due to the negative effects of Dextran on RAW 264.7 cells at high 

concentrations, a cut off of 3% (w/v) was proposed to minimize the Dextran-associated 

decrease in pit formation, but still permit supraphysiologic fluid shear stresses to be 

generated in this revised MFL System (discussed in Chapter 4). This meant that the peak 

fluid shear rates of the MFL System 2.0 had to achieve supraphysiologic fluid shear 

stress for at least one treatment group, in order to further test our hypothesis that 

supraphysiologic Fluid Shear Stress (FSS) was capable of increasing osteoclastic activity.  

Table 1 compares the frequency of excursion, the height of excursion, the gap, the cone 

angle, and the shear rates based on these values between MFL System 1.0 and 2.0. 

Figure 4 demonstrates the differences in shear rate profiles between the two systems. 

While initially a gap of 0.01 mm was proposed for the 0.5° cone angle, achieving 

9.39 Pa at 3% Dextran, it would be very difficult experimentally to obtain consistent gaps 

of 0.01 mm, even with our improved system. Therefore we chose a minimum gap of 

0.025 mm, which results in a maximum shear stress of 4.4 Pa. The minimum gap 

represented the thinnest shim stock commercially available (see 6.2.4). The comparison 

between FSS and Dextran concentration is shown for a 24-well plate in Figure 5.  
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Figure 3: Study of relationship between peak Fluid Shear Rate (FSR), Cone Angle and 

Minimum Gap. Maximum fluid shear rate has an inverse log relationship with minimum 

gap (A), and maximum FSR increases as cone angle decreases. The fraction of well 

surface experiencing less than 10% variance in maximum FSR is dependent on both the 

cone angle and the minimum gap (B).  

 
 
 
 

 

 

Table 1: Changes in parameters for the MFL 2.0. The gap and the cone 

angle were varied together to achieve a near-uniform fluid shear rate 

across >80% of the base of well.  

 

  Frequency (Hz) Excursion 
(mm) 

Gap (mm) Cone Angle 
(degree) 

Fluid Shear 
Rate (s-1) 

1.0 1 0.5 0.13 0 508 
1 0.5 0.13 1 172 
1 0.5 0.13 2 123 
1 0.5 0.13 5 43 
1 0.5 0.13 10 16.5 

2.0 1 0.5 0.025 0.5 1130 
1 0.5 0.05 2 200 
1 0.5 0.25 8 20 
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Figure 4: Study of shear rate profiles between MFL System 1.0 and 2.0 (A), and the 

determination of area of interest for 2.0 (B). In A, the maximum shear rates for MFL 

System 1.0 have high variation depending on the distance from the piston center, 

especially for the smaller cone angles. For 2.0, the maximum shear rates did not differ 

more than 10% in the region of interest (between 2 and 6.25 mm from center, B). Only 

the small areas corresponding to the center and far peripheries of the well (gray) were 

excluded from the area of interest. PD= piston diameter, WD= well diameter. 
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Figure 5: Changes in Fluid Shear Stress (FSS) and Lid Array. In MFL System 1.0, there 

were 5 cone angles with 4 well replicates and a static control lane.  10% Dextran was 

used to achieve supraphysiologic FSS. In MFL System 2.0, there are 3 cone angles with 6 

well replicates and a static control lane, with each cone angle corresponding to a level of 

FSS using 3% Dextran.  

 

 

 

 

 



191 

 

 

The self-imposed limitations in maximum Dextran concentration and peak shear 

rate profiles resulted in a single cone angle (0.5°) and matched gap (0.025 mm) that could 

attain sufficiently high supraphysiologic FSS, compared to 3 supraphysiologic FSS 

treatments in the MFL System 1.0. Because of this, the MFL System 2.0 was designed 

such that FSS was a categorical variable (i.e., static, subphysiologic, physiologic, and 

supraphysiologic), rather than a continuous variable.  

 

6.2.4 Modifying the Construction3 

 The MFL System 1.0 was manufactured in the lab using a polycarbonate sheet 

with CNC precision drilled holes for each piston. Each piston was cut from a 

polycarbonate rod using a lathe, and the cone angles created by grinding and polishing 

using a jig. Each piston was then fitted into the wells using an interference fit (Figure 5, 

left). Every piston had the same gap of 0.13 mm to the well plate base, which was 

adjusted by first zeroing the pistons on the bottom of the well (displacing pistons so that 

they just touched base), and then lifting the entire lid array (0.13 mm) using 4 

microscrews set into the corners of the lid. The displacement of the lid array was verified 

using a micrometer with a resolution of 0.01 mm.  

 

 

 

                                                           
 

3 Performed with assistance from Dr. Kenneth Mann. MS, PhD, FASME. 
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Figure 6: Differences in piston adjustment between MFL System 1.0 and 2.0. In order to 

decrease play in the system, shim stock of known thickness was used to “zero” the piston 

on the bottom of the well. A jam nut kept the piston in place. Each piston was adjusted 

manually; every level of fluid shear stress (e.g., subphysiologic, physiologic, or 

supraphysiologic) had a unique gap and cone angle shown in Table 1.  
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However, because each cone angle had a unique gap distance in MFL System 2.0, 

the structure of the plate array was modified such that each piston had its own adjustment 

screw. Each full turn of the adjustment screw corresponded to a change in height of 0.8 

mm. Similar to the MFL System 1.0, the exact center well placement of each piston 

adjustment screw in the polycarbonate lid was achieved using CNC-guided drill holes. 

The drill holes were then tapped manually using a screw thread cutting tap. 

Shim stock that corresponded to the necessary gaps (0.05, 0.025, 0.1 mm) were 

cut to size and placed in the bottom of each appropriate well of a 24 well plate. Each 

piston adjustment screw was turned until the cone touched the shim stock but did not 

raise the lid of the plate. Then each piston was locked in place with a jam nut (Figure 6, 

right). The jam nut and piston adjustment screw replaced the interference fit of the 

pistons in MFL System 1.0, which had to be modified manually with pliers. Due to the 

additional weight of the metal hardware in the MFL 2.0 System, a weight-relieving 

spring was added to the loading device to relieve the motor of excess torque (not shown) 

during excursion of the cam. 

 

6.3 Discussion 

 The goal of this project was to improve upon the initial MFL system, given the 

constraints of a much lower fluid viscosity due to issues with Dextran as a confounding 

variable (at concentrations >3%) and to achieve better fluid shear rate/stress distributions 

of the seeded cell surfaces. We found that by choosing specific combinations of piston 

angle and gap thickness, near uniform shear rates could be achieved. We were also able 
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to increase the peak shear rates (1130 s-1) from the MFL 1.0 system (515 s-1), which 

allowed us to still achieve supraphysiologic stress, even with 3% Dextran (4.4 Pa). It is 

possible that even higher shear stresses could be obtained using near 0° cone angles, but 

this also would require very accurate (and small) gap distances. While this could be 

theoretically possible, it may not be realized experimentally. 

The creation of novel bioreactors is not common in the field of fluid driven 

mechanobiology. This is because few labs have expertise in 3 necessary fields: 

computational fluid dynamics, engineering design, and cell biology. As discussed 

previously, computational modeling is necessary to test multiple stimuli or geometries on 

a scale that is difficult to measure experimentally. However, computational modeling is a 

single tool, and results are best complimented with experimental data derived from 

physical tests whenever possible. Therefore, taking the computational modeling to the 

next step requires engineering mastery to manufacture the bioreactor according to 

specifications, and assure the experimental set up appropriately mirrors the modeled 

virtual environment (“are you making what you think you’re making”). Then, to test the 

system for the reason it was created, the lab needs knowledge in cell culture/biology in 

order to determine the experimental design. This includes factors such as plating density, 

experimental time line, number of internal and external replicates, and appropriate 

outcome measurements (“are you testing what you think you’re testing”). Without strong 

collaboration between scientists with these sometimes disparate specialties, new 

technologies cannot make their way into laboratories to improve upon the status quo. 
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Chapter 7: Fluid Flow and Polyethylene Particles 
Modulate Osteoclast Activity and Morphology 

 

7.1 Introduction:  

The loading of bones and joints during motion induces fluid movement within the 

tissue that can directly modulate bone cell activity. It is well established that physical 

activity or increased loading can induce bone formation [1-3], while bed rest or 

microgravity situations lead to increased bone loss [4, 5]. At the cellular level, loading of 

bones may be potentially sensed as fluid shear stress (FSS), fluid shear rate (FSR), and/or 

pressure by mechanosensitive cells, which include the classical load-sensing osteocyte, 

but also osteoblasts and osteoclasts. In osteoblasts, for example, FSS has been shown to 

regulate osteoblast differentiation, intracellular second messenger systems [6], and 

paracrine signaling [7], including the regulation of Receptor Activator of Nuclear Factor 

κB Ligand, RANKL [8]. While mechanotransduction of these external forces into 

internal biochemical signals has been extensively studied for osteoblast and osteocyte 

lineage cells, less is known about direct effects of FSS and FSR on osteoclasts. 

For this reason, we created a bioreactor designed to apply oscillatory fluid flow to 

monolayer cultures in standard 24-well plates called the Multi-Well Fluid Loading 

(MFL) System [9]. Using this system, we are able to apply defined FSRs and modulate 

the applied FSS by increasing media viscosity through addition of a thickening agent 

(neutral Dextran). We specifically sought to determine the effect of supraphysiologic ( >2 

Pa) FSS on osteoclast activity, as we have previously modeled shear stresses greatly 

exceeding 10 Pa may exist at the resorbed/resorbing bone-cement interface of total knee 
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replacements [10]. Additionally, knowing that polyethylene (PE) debris is considered the 

major mediator of peri-prosthetic bone loss in the context of low-friction arthroplasty 

(Chapters 2 and 3), we asked how polyethylene together with supraphysiologic FSS was 

capable of modulating osteoclast activity and morphology, hypothesizing that the two 

stimuli together would increase osteoclast activity greater than either alone.   

We asked the following research questions: 1) What is the effect of FSS and FSR 

on RAW 264.7 osteoclast activity and morphology? 2) What is the effect of 

physiologically-relevant concentrations of polyethylene particle treatment on RAW 264.7 

osteoclast activity and morphology? 3) Will fluid flow together with PE particles induce 

a greater osteoclastic response than either stimulus alone? 

7.2 Methods:   

7.2.1 Cell Culture 

RAW 264.7 murine pre-osteoclasts were obtained from the ATCC (Manassas, 

VA). Osteoclast (OC) expansion media was DMEM (with 4.5 g/L glucose and 2 mM L-

glutamine, Cellgro, Corning, NY) with 10% FBS (Atlanta Biologicals, Atlanta, GA; Lot 

#A1060), an additional 2 mM GlutaMAX (Thermofisher, Waltham, MA), and 1% 

antibiotic/antimycotic (Corning/Mediatech, Manassas, VA). OC differentiation was 

induced in αMEM (Cellgro, Corning, NY) with 10% FBS, 2 mM glutamine, 1% 

antibiotic/antimycotic (Mediatech) and 50 ng/mL sRANKL (soluble Receptor Activator 

of Nuclear Factor κB Ligand, Peprotech, Rocky Hill, NJ). 
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7.2.2 Multi-Well Fluid Loading System 2.0 

Cells were differentiated from Day 0-2, and on Day 3 cell media was refreshed 

with an additional 3% (w/v) of ~2,000,000 Da (1,500,000-2,800,000 Da) neutral Dextran 

(Sigma-Aldrich, St. Louis, MO), which was added to the media to raise the viscosity 

from 1.04 cP to 3.88 cP at 37oC (Rheometer Model MLVT115, Brookfield, Middleboro, 

MA). Using the Multi-Well Fluid Loading System 2.0 (Chapter 6), cells were loaded for 

one hour per day at 1 Hz, for two days. The MFL System is capable of exerting 4 levels 

of fluid shear rates (static, 20 s-1, 200s-1, 1130s-1), with six well replicates per fluid shear 

rate.  

Table 1: Corresponding values for cone angle, peak shear rate, and peak 

shear stress for the MFL System 2.0. 

 

 No Dextran 3% Dextran 
Cone 

Angle (o) -- 8 2 0.5 -- 8 2 0.5 

Shear 
Rate (s-1) 0 20 200 1130 0 20 200 1130 

Shear 
Stress (Pa) 0 0.02 0.21 1.18 0 0.08 0.78 4.4 

 

On Day 5, wells were stained for Tartrate Resistant Acid Phosphatase (Acid 

Phosphatase, Leukocyte (TRAP) kit, Sigma-Aldrich). Pit formation was analyzed using 

calcium triphosphate-coated Osteo Assay plates (Corning, NY). Briefly, the media was 

aspirated, rinsed twice with warm PBS, and rinsed with once with 10% bleach for 5 

minutes. TRAP-stained and Osteo Assay plates were scanned at 1200 DPI (Epson 
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Perfection V700 Photo, Long Beach, CA), and the area beneath the MFL System 2.0 

pistons was analyzed in ImageJ for area fraction. Briefly, individual wells were converted 

to 8-bit format and thresholded into a black and white image to determine what 

percentage of the area beneath the piston was resorbed. 

 DNA content was determined using AccuBlue (Biotium, Fremont, CA) assay. 

MTT (Sigma-Aldrich) reagent was used to query the viability/reduction potential of the 

cells. AccuBlue and MTT results were read using a Tecan Infinite 200 microplate reader 

(Männedorf, Switzerland). MTT results were divided by micrograms of DNA per well to 

normalize metabolism/viability to DNA content. Because osteoclasts are multinucleated 

cells, we could not normalize to cell number.  

 

7.2.3 Fluorescence Microscopy  

 On Day 5, wells in Osteo Assay plates were prepared for microscopy. The wells 

were gently rinsed in warmed PBS to remove any residual Dextran, if applicable. Cells 

were then fixed in 5% NBF in PBS and stained for 20 minutes at room temperature with 

fluorescein-conjugated phalloidin (ThermoFisher) to visualize actin. Cells were then 

stained for TRAP using ELF97 (ThermoFisher) using modifications as described by 

Filguiera et al [11]. Briefly, 200 µL of the tartrate-containing mixture commonly used to 

stain for colorimetric TRAP (Acid Phosphatase, Leukocyte (TRAP) kit, without Fast 

Garnet Base) with 10 µL of the 20X ELF97 stock was incubated at room temperature in 

the dark for 20 minutes.  Finally, nuclei were stained with ethidium homodimer 

(ThermoFisher) at room temperature for 10 minutes. Osteo Assay wells were imaged on 
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an inverted microscope (Nikon Eclipse Ti-U) and compiled on RGB channels using 

Photoshop CS5 (Adobe, Sam Jose, CA). 

For each treatment condition, ten representative images were taken at 20X 

objective per well, with three experimental replicates. Each image at 20X contained 4-5 

multinucleated, TRAP+ osteoclasts on average, for ~80-100 cells analyzed. Morphology 

measurements that were analyzed on a per cell basis included: area of actin rings (µm2), 

area of cell (mm2), and actin ring area fraction (ARAF, %, Figure 1A). Measurements 

that were analyzed as a sum per micrograph included: number of TRAP+ multinucleated 

(>5 nuclei) cells, number of actin rings, and the average number of actin rings per cell. 

Area measurements were performed in ImageJ using the freehand selection tool and a 

graphics tablet (Intuos 3, Wacom, Portland, OR).  

 

7.2.4 Polyethylene Particle Treatment 

In order to test the effect of polyethylene debris on RAW 264.7 osteoclast activity 

and morphology, we used Ceridust 3610 (Clariant, Charlotte, NC). This polyethylene 

wax has specifications of average size between 4.5 and 5.5 µm. We verified that ~90% of 

the particles were submicron (<1.0 µm) in size using dynamic light scattering1 (Figure 

1B). This product has also been documented to be endotoxin free [12].  

                                                 

1 Thank you to Xu Wang in Dr. Juntao Luo’s lab. 
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Figure 1: Methods. Actin Ring Area Fraction was determined based on the area of the 

actin rings divided by the area of the cell, respective to each cell analyzed 

(n=~100/treatment, A). Dynamic Light Scattering histogram of particle size for Ceridust 

3610 (B). Demonstration of the even polyethylene particle distribution across the base of 

the wells in a 24-well plate (C). After 2 days of fluid loading, the majority of the debris 

remains bound to the base of the well (D).  
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Polyethylene particles were suspended in absolute ethanol, and used to pre-treat 

24-wells such that the working concentration of 20 µL diluted in 750 µL media would 

come to the final concentrations 0.01, 0.1, 0.5, 0.75, and 1 mg/mL. A 20 µL working 

volume for PE coating was chosen because this amount would evenly distribute across 

the base of the well, and evaporate quickly (Figure 1C) while simultaneously sterilizing 

the PE particles. This pre-treatment method resulted in polyethylene that remained bound 

to the tissue culture plate throughout the duration of fluid loading treatment (Figure 1D). 

For TRAP staining experiments involving PE on the well-base, we used 500 µL dimethyl 

sulfoxide (DMSO) to solubilize the diazonium dye, and performed an absorbance scan on 

a Tecan Infinite 200 microplate reader to determine an optimum absorbance wavelength 

of 625 nm. TRAP is therefore reported as a measure of absorbance rather than area 

fraction for some measurements. 

We compared our PE concentration used in vitro with what we had previously 

discovered in vivo for postmortem retrieved tibial components [13]. Based on our 

polarized light microscopy observations of 8 specimens, we determined that the mean 

and median particle number density was 22 and 2 particles/mm2, respectively. The large 

difference between the median and the mean is the result of a positive skew in the data 

from the rare accumulation of large deposits of PE, which greatly increased the mean. 

Using the average particle diameter (8.6 µm), we back-calculated the concentration 

(mg/mL) of PE particles using the median and the mean, to 0.04 mg/mL and 0.4 mg/mL, 

respectively, for successful in vivo TKA. 
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Because the higher concentrations of PE (0.75 and 1 mg/mL) precluded the ability 

to analyze cell morphology in vitro due to PE interference of the focal plane, experiments 

regarding the interaction between fluid flow and PE were done only for 0, 0.01, 0.1, and 

0.5 mg/mL of PE. Verification that RANKL-treated, mature osteoclasts could interact 

with PE particles was conducted using polarized light to identify birefringent particles in 

the same location as multinucleated cells identified with fluorescent microscopy.  

7.2.5 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

Total RNA was isolated on Day 5 from 0 and 0.5mg/mL PE+FSS wells using the 

RNeasy mini kit (Qiagen, Germantown, MD). Each well represented 1 replicate, with 3 

replicates per PE + Flow condition. RNA quantity and quality was determined using a 

Tecan Infinite 200 microplate reader. Forty nanograms of RNA per well was reverse 

transcribed using QuantiTect Reverse Transcription kit (Qiagen) and an Eppendorf 

(Mississauga, Ontario, Canada) Mastercycler Pro thermocycler. Quantitative PCR 

(qPCR) was conducted in duplicate wells of an Eppendorf 96-well twin.tec skirted PCR 

plate using the EvaGreen qPCR master mix (Biotium, Freemont, CA) and 2 µL of cDNA 

per reaction. The PCR reaction was performed in an Eppendorf Mastercycler ep realplex, 

with the following profile: denaturation, 94ºC (15 seconds), annealing 58ºC (30 seconds), 

and extension 72ºC (30 seconds), for 40 cycles. Melting curves were determined for each 

plate replicate. Relative expression was calculated using the Pfaffl method [14] with 

Hmbs as a reference gene. Gene and primer information is listed in Table 2. 
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Table 2: Genes and primers used for qRT-PCR2 

Gene Primer 5'--> 3' Tm Length Amplicon 
Size 

Coding 
Length 

(bp) 
Hmbs 

(hydroxymethylbilane 
synthase) 

sense AAGGGCTTTTCTGAGGCACC 62.4 20 
78 1086 

anti AGTTGCCCATCTTTCATCACTG 60.6 22 
Ctsk 

(Cathepsin K) 
sense GAAGAAGACTCACCAGAAGCAG 60.3 22 102 990 anti TCCAGGTTATGGGCAGAGATT 60.3 21 

IL1A 
(Interleukin-1α) 

sense CGAAGACTACAGTTCTGCCATT 60.0 22 126 813 anti GACGTTTCAGAGGTTCTCAGAG 60.0 22 
Mmp9 

(MMP-9) 
sense GCGTCGTGATCCCCACTTAC 62.6 20 88 2193 anti CAGGCCGAATAGGAGCGTC 62.2 19 

Tcirg1 
(ATP6i) 

sense CACAGGGTCTGCTTACAACTG 60.6 21 110 2505 anti CGTCTACCACGAAGCGTCTC 62.3 20 
Tyrobp 

(DAP12) 
sense GAGTGACACTTTCCCAAGATGC 61.1 22 141 345 anti CCTTGACCTCGGGAGACCA 62.6 19 

 

                                                 

2 Primer efficiencies determined by Dr. Megan Oest and Nick Zimmerman. Optimal qRT-PCR conditions and protocol determined by Dr. Megan Oest. 
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7.2.6 Statistical Methods 

Statistical analysis was performed with JMP 12.0 (SAS, Cary, NC). To answer 

research question #1, a one-way ANOVA and Tukey’s post-hoc test was used to 

determine differences between fluid shear rate and/or stress treatments. For samples with 

and without Dextran (to modify the final shear stress, but not the shear rate), results were 

pooled if the static control displayed no significant difference due to Dextran. Two-

parameter linear regression was used to determine the effects of fluid shear stress and 

fluid shear rate in the same experiments.  

For research question #2, linear regression and a one-way ANOVA with Tukey’s 

post-hoc test was used to determine differences between the PE particle treatments.  

For research question #3, two-parameter linear regression was used to determine 

the effects of increasing PE or fluid shear stress on OA, TRAP and MTT/DNA. A one-

way ANOVA with Tukey’s post-hoc test was used to compare the effect of fluid shear 

stress with and without PE for all morphology measurements. Linear regression was used 

to examine changes in gene expression for qRT-PCR experiments, with log(fluid shear 

rate) used as the dependent variable. Additionally, an ANCOVA, with PE as the 

independent variable and log(fluid shear rate) and relative change in gene expression 

used as the dependent variables. The log(fluid shear rate) was used for all analyses for 

this final research question. 
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7.3 Results:  

7.3.1 Osteoclast Activity and Morphology are Modified with Fluid Flow 

For our first research question, we queried the effects of fluid shear stress and 

shear rate on differentiated RAW 264.7 osteoclasts. To accomplish this, we used our 

Multi-well Fluid Loading System 2.0 (Chapter 6) [9], which is capable of exerting shear 

rates of 20s-1, 200s-1, and 1130 s-1 with a static control on the base of the well of standard 

24-well tissue culture plates. With regular media (viscosity = 1.04 cP) and 3% Dextran 

(viscosity = 3.88 cP) this corresponds to shear stress levels listed in Table 1. 

As it is yet unclear which stimulus may be sensed by osteoclasts, we examined 

the effects of fluid shear rate (FSR) and fluid shear stress (FSS) on osteoclast activity 

(Figure 2). We found that up to 4.4 Pa and 1130s-1, there was no effect on the ability of 

these cells to form resorption pits (Figure 2A). However, high FSR increased TRAP, an 

acid protease that is essential to the ability of osteoclasts to resorb mineral (Figure 2B). 

In contrast, increased FSS decreased TRAP production. Using a two-parameter linear 

regression, there was a positive interaction between FSR and FSS. Neither the addition of 

Dextran to the media, nor high shear stresses or shear rates, affected the DNA content of 

the wells, indicating that the treatments did not affect cell proliferation (Figure 2C).  
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Figure 2: Fluid Shear Stress (FSS) and Fluid Shear Rate (FSR) interact to 

increase TRAP. For FSS up to 4.4 Pa, there was no change in pit formation (A), but 

TRAP staining was increased, with a positive interaction between FSR and FSS (B). 

There was no effect of fluid loading on DNA content (C). N = 3 well replicates per 

experiment, with 3 experimental replicates. Both axes presented on a log scale. 
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As we previously found that very high fluid shear stress (17 Pa) increased 

osteoclast mineral resorption [9] but could not achieve levels above 4.4 Pa using this 

system, we examined osteoclasts using fluorescence microscopy to understand in what 

way fluid flow could modify activity through changing morphology (Figure 3), even if 

we could not identify the same functional changes in this system. We found large, 

TRAP+ multinucleated osteoclasts in all treatment groups. These cells demonstrated 

robust actin ring formation on Osteo Assay plates, but not on tissue culture polystyrene 

(not shown).  

Using our fluorescence imaging, we quantified morphologies per cell, and 

averaged per micrograph. Outcomes per cell included cell area (mm2), actin ring area, 

(µm2), and actin ring area fraction (ARAF, %). Outcomes per micrograph included the 

number of TRAP+ multinucleated cells, the number of actin rings, and the number of 

actin rings per cell. We found a positive effect for increasing fluid shear stress on cell 

size, and a negative effect of shear rate (Figure 4A). For example, 1.18 Pa and 4.4 have 

the same shear rate (1130s-1), yet only FSS had a positive effect. For the same shear rate, 

the higher shear stress led to a larger cell size, and that held true for 0.21 Pa and 0.78 Pa, 

as well as 0.01 and 0.08 Pa. Importantly, the static controls with and without Dextran 

were not different, indicating Dextran did not increase cell size. RAW 264.7 osteoclasts 

were quite large, with many around 0.01 mm2 in size. 
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Figure 3: Fluorescence microscopy of RAW 264.7 osteoclasts after 2 days of fluid 

flow. Dextran was used as a media thickener to increase the fluid shear stress for the same 

fluid shear rate. Actin ring structures can be clearly seen (green) in all groups.  
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Figure 4: Fluid flow affects osteoclast morphology. FSS had a positive effect on 

cell area, while FSR had a negative effect (A). There was a positive interaction between 

FSR and FSS for the area of actin rings (B). The actin ring area fraction increased with 

increasing FSS, but was negatively affected by FSR (C). There were fewer 

multinucleated cells (D), but no effect on the number of actin rings. Because there were 

fewer cells with the same number of actin rings, the number of actin rings per cell was 

increased (F). A-C bars are +/- SE; D-F bars are +/- SD.  *= >5 nuclei.  
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For the area of the actin rings (Figure 4B), used fold change to determine 

differences from a pooled (0% + 3% Dextran, static) control.  We found a positive 

interaction between fluid shear stress and shear rate, but neither variable was significant 

alone. At ~1 Pa, ring size was 50% greater than baseline. The area of the actin rings/area 

of cell (AFAF), similar to the area of the cell, was positively affected by increasing fluid 

shear stress, and negatively by fluid shear rate (Figure 4C). In general the ARAF was 

<10 % of the total cell area. 

When examined per micrograph, we found that it was possible to capture ~3 

multinucleated (>5 nuclei) TRAP+ cells per image field under control conditions. FSS 

had a negative effect on the number of multinucleated cells, while FSR had a positive 

effect (Figure 4D). Neither affected the number of actin rings (Figure 4E), which ranged 

from 0 to over 20 per micrograph. The average number of rings per cell was positively 

affected by FSS, and negatively affected by FSR (Figure 4F). These data together 

suggest that increasing FSS induces the formation of fewer, but larger cells, compared to 

FSR, and that both the size and number of actin rings are also increased with FSS. 

 

7.3.2 Osteoclasts Alter Activity and Morphology When Treated with Polyethylene 

For our second research question, we examined the effect of polyethylene (PE) 

particles on osteoclast activity and morphology. We used Ceridust 3610, composed of 

spherical PE particles 4.5-5.5 µm in diameter, which is in the phagocytosable size range 

[15] and similar to the average particle size generated by Total Knee Arthroplasties 

(TKA) [16]. Based on our data of PE particle number density (# particles/mm2) 
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determined from postmortem retrieved tibial components of total knee replacements [13], 

the mean and median corresponding concentrations of PE for in vitro experiments is 0.4 

and 0.04 mg/mL, respectively. As such, we chose a range of PE ranging from 0 to 1 

mg/mL.  

We first wanted to determine if PE alone could induce osteoclast differentiation or 

resorptive activity in the absence of RANKL, which other groups have reported [12]. For 

our cells with our treatment conditions, we could not visualize TRAP+ multinucleated 

cells at any PE dose in the absence of RANKL (Figure 5, right) up to 0.5 mg/mL. 

Unfortunately, high doses of PE precluded the ability to clearly image the cells, so no 

imaging analysis was conducted on 0.75 and 1.0 mg/mL treatment groups.  Though we 

could not image at these higher PE doses, functional outcomes of TRAP production and 

Pit Formation were also negative without RANKL, at all PE doses (data not shown).  We 

concluded that in the absence of RANKL, PE did not induce osteoclast differentiation or 

resorption, so all following experiments were conducted with 50 ng/mL RANKL. 

We next wanted to determine if increasing PE treatment (with RANKL) could 

also increase mature osteoclastic activity. We found that at up to 1 mg/mL of PE, there 

was no effect on pit formation (Figure 6A), but there was a proportional increase in 

TRAP production (Figure 6B). To verify that our results with TRAP were not an artifact 

of scanning created by the addition of PE to cell culture, we dissolved the stain in DMSO 

to read absorbance, and the results were unchanged. However, we used absorbance in 

future TRAP experiments to avoid the possibility of a scanning artifact. To examine the 

effect of PE treatments on cell metabolism/viability (MTT) as well as proliferation 
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(DNA), we normalized the metabolic output to DNA content (MTT/DNA). There was no 

effect of increasing PE concentration on MTT, DNA, or MTT/DNA (Figure 6C). 

We next wanted to conduct a morphology analysis on PE treated cells, as we did 

for FSS/FSR treated earlier. To first verify that RANKL-treated, differentiated osteoclasts 

could interact with the PE particles on the well base, we examined cells with fluorescence 

microscopy, and PE with polarized light microscopy. We found that multinucleated 

osteoclasts appeared to occupy the same physical space as PE particles, indicating one or 

more of three things: osteoclasts were capable of multinucleating in proximity to PE 

particles, could migrate into proximity with PE debris, or potentially even engulf PE 

particles (Figure 7). 

Similarly to previous experiments with fluid flow alone, we found most 

osteoclasts to be between 0.005 and 0.01 mm2 in size, but we found no effect due to PE 

treatment (Figure 8A). While the cells did not change size, the size of actin rings 

significantly increased at 0.5 mg/mL (Figure 8B), and consequently, the ARAF was also 

increased (Figure 8C). While we did not see an effect of PE treatment on the number of 

multinucleated cells (Figure 8D), we did observe an increase in the number of actin rings 

(Figure 8E). However, this result was not significant when averaged per number of cells 

(Figure 8F). Together, these data suggest that PE increases the number and size of actin 

rings, a different effect than what was observed for fluid flow. 
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Figure 5: Polyethylene affects osteoclast morphology after 5 days of culture (left). 

PE was not capable of inducing osteoclast differentiation in the absence of RANKL 

(right). The occasional single cell produced TRAP (0.1 mg/mL, no RANKL), and there 

was the occasional bi or tri-nucleation event (0.5 mg/mL, no RANKL), but there were no 

actin rings or massive multinucleated osteoclasts.  
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Figure 6: Polyethylene particles increase TRAP production in RANKL-treated 

osteoclasts. Even high concentrations (1mg/mL) of PE had no effect on osteoclast pit 

formation (A), but increased TRAP (B). Specifically, 1 mg/mL treated groups produced 

more TRAP than 0, 0.01, and 0.1 mg/mL treated groups. PE did not affect MTT, DNA, 

or MTT/DNA (C). 
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Figure 7: Osteoclasts interact with PE particles in culture conditions. Polarized light 

was used to identify PE particles in culture (arrows, middle panel), and RANKL-treated, 

TRAP+ multinucleated osteoclasts either engulfed these particles or simply grew on top 

of the particles. TRAP signal was co-localized with PE location, but this was not 

quantified.  
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Figure 8: Polyethylene affects osteoclast morphology. PE had no effect on cell 

area (A), but increased the area of actin rings (B) and therefore the actin ring area fraction 

(C). PE debris did not affect the number of multinucleation events (D), but increased the 

number of rings (E). Despite this, the number of rings per cell was not significantly 

increased (F). A-C bars are +/- SE; D-F bars are +/- SD.  
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7.3.3 Fluid Flow and PE Particles Interact to Modify Osteoclast Morphology 

For our third research question, we analyzed fluid flow together with PE particle 

treatment on osteoclasts, using the same methodology established in the previous 

experiments. When we examined the effect of increasing FSS and PE particle treatment 

on the ability of osteoclasts to form resorption pits, we found that increasing PE had a 

negative effect (Figure 9A). As we established previously, PE particle treatment 

increased TRAP production, here by about 2 fold (Figure 9B), but there was no 

interaction with FSS up to 4.4 Pa. An ANOVA demonstrated that for MTT/DNA, 0.01 

mg/mL PE treatment was significantly different than 0, 0.1, and 0.5 mg/mL (p<0.01), but 

there was no relationship demonstrated with simple linear regression (Figure 9C)  

We again examined the morphology of the osteoclasts. We found that under fluid 

conditions, cells exposed to 0.8 Pa of FSS (physiologic) were larger than any other 

treatment group, and about twice as large as cells in static conditions (Figure 10A, 

upper).  But, this effect was negated by treatment with 0.5 mg/mL PE (Figure 10A, 

lower). We did not find any change in the area of the actin rings or the ARAF for cells 

with or without PE debris (Figure 10B, C). When we examined the number of 

multinucleated cells, we found that at 0.8 Pa, there were fewer cells compared to 

subphysiologic 0.08 Pa (Figure 10D, upper). PE treatment again negated this effect 

(Figure 10D, lower). A similar pattern was seen for the number of actin rings, and the 

number of actin rings per cell (Figure 10E, F). Specifically, 0.08 Pa treated groups were 

less than 0.8 and 4.4 Pa for 0 PE groups, and this effect was lost with PE treatment. 
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Figure 9: Osteoclasts are more sensitive to PE than Fluid Flow. Pit formation 

was not increased under flow conditions with PE treatment, but this may be because of 

obscuration of the mineral by the PE in the Osteo Assay plates (A). PE increased TRAP 

independently of fluid flow (B), and neither fluid shear stress (FSS) nor PE had an effect 

on MTT/DNA (C).  
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When also analyzed these results using 2 parameter linear regression, we found 

that logFSS increased cell area (p=0.04), while logPE decreased it (p=0.01). 

Additionally, PE treatment increased the number of multinucleated cells (logPE 

p=0.008). These effects on morphology were consistent with the earlier experiments 

examining fluid flow and PE particles independently, but did not affect functional 

outcomes.  

7.3.4 Gene Expression 

To query the mechanism behind the effects of PE and fluid flow on osteoclasts, 

we conducted quantitative reverse transcription polymerase chain reaction (qRT-PCR).  

We examined cells treated with fluid shear stress (static, 0.08, 0.8, 4.4 Pa) with or 

without PE particle treatment (0 or 0.5 mg/mL), for 5 genes essential to osteoclast 

function and/or differentiation. P-values for results are presented in Table 3. Using 

simple linear regression, we found that Ctsk and Il1a were significantly decreased with 

increasing fluid flow, but that with the addition of PE, osteoclast activity was maintained. 

This may indicate that PE functions as a potentiator of osteoclast activity.  

When we examined PE as an independent variable and FSS as a covariate 

(ANCOVA), with changes in gene expression (dependent variable), we found that 

Tcirg1, the gene encoding ATP6i—a subunit of the V-type H+ ATPase present in the 

ruffled border of osteoclast actin ring structures—was upregulated with both fluid flow 

and PE, though it was not significant (p= 0.0504). 

 

 



224 

 

 



225 

 

Figure 10: PE abolished fluid flow loading effects. Effects of fluid flow are present on 

the upper axis (blue), with fluid flow+0.5 mg/mL on the lower axis (orange). Physiologic 

fluid flow (0.8 Pa) increased cell area, but only in the absence of PE (A). There was no 

effect on the area of actin rings and the actin ring area fraction with dual treatment (B, C). 

Physiologic fluid flow again resulted in fewer, but larger multi-nucleated (>5 nuclei*) 

cells (D), while subphysiologic flow (0.08 Pa) decreased both the number of rings, and 

the actin ring area fraction compared to physiologic or supraphysiologic (E, F). PE 

treatment abolished these effects. A- C bars are +/- SE with n= ~80 cells per group; D-F, 

bars are +/- SD with n= ~30 20X micrographs per group.  
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Table 3: Fluid flow decreases expression of key osteoclast genes, an effect which is 

negated by addition of PE particles. Using simple linear regression, p-values are 

presented for changes in osteoclast gene expression with fluid flow. Increasing fluid flow 

decreased expression of Ctsk and Il1a, indicated by (-). All other effects were positive, 

but not significant.  

 PE treatment 
Gene  0 mg/mL 0.5 mg/mL 
Ctsk (-) 0.0029 0.2476 
Il1a (-) 0.0029 0.4084 
Mmp9 0.538 0.106 
Tyrobp 0.387 0.144 
Tcirg1 (-) 0.1063 0.0795 

 

7.4 Discussion:   

The goal of these experiments was to provide information on osteoclast activity 

relating to two separate stimuli which separately have been shown to increase bone 

resorption both in vitro and in vivo. In the context of a total joint replacement such as a 

total knee or hip arthroplasty, where polyethylene debris in addition to fluid flow is 

present, it is important to understand the basic effects of these stimuli on the final 

effectors of bone loss: osteoclasts. Using physiologically relevant amounts of PE particles 

(0.04-0.4 mg/mL) and a range of fluid shear stresses, including supraphysiologic [10], we 

were able to demonstrate cellular effects specific to each to stimulus.  

 

7.4.1 Osteoclast Activity 

We determined there were effects distinct to fluid flow and PE particle treatment 

separately, and that these effects were not additive. For example, we found that 
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increasing fluid shear stress did not increase pit formation, and negatively affected TRAP 

production. PE treatment also had no effect on pit formation, even up to 1 mg/mL, though 

it increased TRAP production by 50% or more, and this was verified using two tests 

(TRAP staining, and TRAP elution). The dual effect of PE treatment and fluid flow 

together would be expected to both increase osteoclast activity, yet we found no 

difference in response; fluid flow + PE had no effect on pit formation, and even 

decreased it; and only PE alone increased TRAP production even under flow conditions. 

Though we used mineral resorption as our primary functional outcome, there was 

a distinct possibility that our pre-treatment with PE debris mechanically inhibited the 

ability of osteoclasts to form pits by obscuring the mineral. Because the density of PE is 

less than the density of cell media, PE particles float in cell culture unless otherwise 

modified. We chose to solubilize PE in ethanol, which when distributed in a small 

volume (20 µL) on the base of the well, resulted in an even coating of PE (Figure 1C). 

This was similar to what had been done by Sartori et al [12], however, this group used a 

large volume (1 mL), and allowed the solution to evaporate overnight. For us, this latter 

method resulted in a ring of PE along the well periphery, which was outside the area of 

analysis beneath the MFL System 2.0 pistons. It is possible that in our effort to optimize 

the uniform coating on the well base with PE, we inhibited the outcome measure of 

greatest interest. For future studies, it may be useful to coat the PE in, for example, FBS, 

to improve the solubility of these hydrophobic molecules in cell media, rather than 

coating the base of the well. It is not possible at this time to determine whether PE on the 
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base of the well, or PE in solution, would be more physiologically relevant for in vitro 

work. 

To better elucidate what might be happening in cell culture despite the potential 

negative effects of mineral obscuration, we performed qRT-PCR to examine changes in 

gene expression. We chose to amplify genes which either represent hallmark osteoclast 

activity (Ctsk, Mmp9, Tcirg1), are essential for osteoclast differentiation and cell fusion 

(Tyrobp) [50], or are associated with autocrine osteoclast activation (Il1a) [17]. We found 

that FSS decreased Ctsk and Il1a, which was unanticipated, especially since Interleukin-

1α is known to stimulate the formation of larger osteoclasts [17], as we observed in our 

morphology studies. However, upon addition of PE particles, FSS no longer caused a 

decrease in these transcripts, indicating that PE treatment could potentially abrogate any 

decrease in osteoclast activity due to fluid flow up to at least 4.4 Pa.  

Though 4.4 Pa is considered supraphysiologic, what is considered “physiologic” 

is a range from 0.8-3 Pa for embedded osteocytes [18]. Further, shear stresses on the 

order of 1-2 Pa are anticipated for trabecular surfaces [19, 20] where osteoblasts and 

osteoclasts reside. At these levels, osteoclasts, osteoblasts, and osteocytes have all been 

shown to all be mechanosensitive (for example [21, 22]). However, it is well established 

that osteocytes possess cytoskeletal machinery in the form of extended cell processes that 

are capable of amplifying mechanical signals, such as fluid shear stress or strain [23]. 

And, osteoblasts possess primary cilia that are known to conduct mechanical signals such 

as fluid flow [24]; the length of these primary cilia can be modified, likely to alter the 

sensitivity to fluid flow [22].  Therefore, both osteocytes and osteoblasts possess known 
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mechanoreceptors that can be modified to amplify, or dampen, mechanical signals, 

respectively. Osteoclasts however, have not been as extensively studied. It is possible that  

since they are not known to possess a primary cilium [25], that osteoclasts are far less 

sensitive to fluid flow than other cells of the mesenchymal lineage, such as osteoblasts. 

Therefore, since we previously observed increased pit formation with osteoclasts at 17 Pa 

[9], 4.4 Pa used these assays may not be sufficiently supraphysiologic in magnitude to 

cause increased mineral resorption.  

7.4.2 Osteoclast Morphology 

While cell morphology may not always equate to activity, morphology studies 

may inform an observer of cell changes below the limit of detection for other assays. 

Previous work in osteoclasts has demonstrated how cell size directly correlates with 

resorptive capacity [26]. Based on observations of massive multinucleated osteoclasts 

present in pathologic conditions such as Paget’s disease, Piper et al used chick osteoclasts 

to determine that increased multinucleation events increased overall resorptive capacity 

of the osteoclast. While Piper et al used chick osteoclasts, and the data presented in this 

chapter used murine osteoclasts, notably the morphology of osteoclasts is very similar 

across species [27, 28]. Lees and Heersche went on to show that a greater percentage of 

large osteoclasts were able to actively resorb mineral compared to smaller osteoclasts 

[29].  

Based on these results and our own, the increase we observed in cell size with 

increasing FSS could indicate a potential increase in mineral resorptive capacity, through 

the increase actin ring size, which has the potential to resorb more mineral. Since we 
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observed fewer multinucleated cells that were on average larger (with increasing FSS), it 

also may indicate that FSS initiates greater fusion into pre-existing multi-nucleated cells, 

as opposed to de novo fusion. Since it is known that osteoclasts and osteoclast-precursors 

are a very heterogeneous population [30-32], and that the population of DC-STAMPlo 

cells are capable of inducing fusion, it is possible that FSS may alter the regulation of this 

important cell-surface receptor by causing its internalization, creating the “master 

fusogen” phenotype [33]. Using qRT-PCR, we examined Tyrobp in lieu of Dcstamp, but 

Tyrobp is also essential for pre-osteoclast fusion [50]. 

When we examined FSR compared to FSS, we found that in many instances FSR 

had a negative effect on osteoclast morphology, for example, it negatively affected 

osteoclast size and increased the number of multi-nucleated cells, resulting in more, but 

smaller, osteoclasts. According to other publications [26, 29, 34], this would result in less 

bone resorption. However, increasing FSR also a positive effect on TRAP production, 

which could also increase resorption. 

In contrast to FSS, PE particles had no effect on cell size, but did significantly 

increase the actin ring size, and consequently the ARAF. While we did not observe 

increased pit formation with PE particle treatment in culture, this could potentially be due 

to physical obscuration of the mineral, i.e., PE increased the resorptive capacity, but 

covered the mineral and prevented pit formation as discussed in 6.4.1. An increase in the 

number of actin rings, as opposed to the size, may indicate an alternative pathway for 

increased mineral resorption. It may also indicate increased actin ring turnover, or other 

dysregulation. 
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With the addition of fluid flow, we anticipated an additive effect with PE 

treatment due to the body of literature examining supraphysiologic fluid flow [35] and PE 

debris [36, 37] in the context of total joint replacements. Instead we found that PE 

particle treatment at 0.5 mg/mL seemed to inhibit many of the morphological changes 

associated with fluid flow, such as the increase in cell size and the actin ring area 

fraction. Further, fluid flow did not also increase the PE-specific changes of increased 

actin ring number. Considering the two fold increase in TRAP production, it is possible 

that PE increases osteoclast activity through the selective upregulation of acid proteases 

to digest the organic matrix and phosphoproteins, such as osteopontin [38], rather than 

mineral resorption, which we tested here. It would be possible to test this further with 

qRT-PCR, specifically querying proteases such as Mmp13, other cytokines such as Il6 

and Tnf, or potentially, examining the acidification of the sealing zone for decreased pH 

[39].  

7.4.3 Limitations 

Our experiments had several limitations. First, we used Dextran in our system to 

increase media viscosity, and therefore FSS on our cultured cells. However, we have 

previously established (Chapter 5) that even 3% Dextran is capable of altering osteoclast 

activity in the absence of any other factors, such as FSS and PE. We used a maximum of 

3% Dextran because we found that this amount, while greatly increasing TRAP 

production, did not negatively affect pit formation. This is in contrast to our previous 

system where we used 10% Dextran to achieve FSS of 17 Pa (compared to 4.4 here). It is 

also possible the 2-fold increase we saw in TRAP production under fluid flow + PE 
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conditions was an artifact of the Dextran treatment, such that Dextran was permissive to a 

greater increase in TRAP. We saw only a 50% increase in TRAP with PE treatment 

alone. 

Regarding our choice of evaporating the PE in the base of the well prior to cell 

seeding, this resulted in exposure of the pre-osteoclast population, which may have 

resulted in a different outcome than if we had added PE to differentiated cells, as done for 

FSS. However, in vivo, one would expect both pre-osteoclasts and mature osteoclasts to 

come into contact with PE, and the exposure of pre-osteoclasts to PE has been considered 

as one possible way of increasing osteoclastogenesis [51].  

We also used a commercially available and reliable product to test the effect of 

PE particles on osteoclasts. However, in vivo PE debris can be very different. For 

example, Ceridust 3610 has a uniform, spherical shape, where as for TKA, there is a 

great range in sizes, from nanometer to millimeter [13, 16, 40, 41]. Further, in vivo PE 

has a range of shapes, including ovoid, flakes, and clumps [42]. The size and shape and 

amount of particulate debris have all be demonstrated to be important factors in the 

biologic response to implants [43]. 

7.4.4 Conclusions 

Both shear rate and shear stress were able to affect osteoclast activity and 

morphology, indicating that osteoclasts are capable of sensing and responding to fluid 

flow in the absence of other modulatory cells or signals. Though we only tested up to 4.4 

Pa in this system, much higher FSS are possible at the cement-bone interface of TKAs, 

even up to 900 Pa in an immediate post-TKA scenario [44]. Since we previously 
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demonstrated osteoclasts could increase resorption at 17 Pa, it is possible that osteoclasts 

residing in the micro-gaps between bone and PMMA cement can sense this 

supraphysiologic fluid flow and mediate immediate bone resorption, which leads to 

osteolysis and aseptic loosening. Since osteoclasts can resorb in 3 weeks what takes 

osteoblasts 3-4 months to replace [46], a functional disconnect between these cell types 

could result in swift bone resorption without matrix deposition. Therefore osteoclasts 

remain a prime pharmaceutical target after TKA to inhibit bone loss, and early studies 

have shown greatly reduced rates of bone loss, component migration, and aseptic 

loosening in patients who receive bisphosphonates after surgery [47-49].  

The ability of FSS and FSR modify osteoclast activity and morphology implies a 

direct role of fluid flow in modulating osteoclast activity. The additional ability of PE to 

alter separate aspects of osteoclast activity and morphology, as well as potentiate 

osteoclast expression of Ctsk and Il1a, implies PE debris in vivo may increase bone 

resorption through a separate mechanism than fluid flow. Further elucidation of the role 

of mechanotransduction in osteoclasts may have implications in total joint replacement 

design, models of overloading/prolonged skeletal unloading, or novel targets for drug 

design in cases of osteoporosis or osteopenia.  
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Chapter 8: Discussion 

8.1 Major Findings 

This thesis has covered a broad range of topics regarding total knee arthroplasty, 

with the final goal of improving the longevity of these devices in the human body. To 

first address this goal, we examined postmortem retrieved femoral (and previously, 

tibial 1) components of TKA that were functioning at time of death, to examine the 

amount of fixation remaining between trabecular bone and cement with in vivo use. This 

was in contrast to myriad studies examining failed TKAs obtained during revision 

surgery. Upon analyzing these specimens, we came to three conclusions: 

1) The interlock established at time of surgery is not maintained indefinitely, but 

rather is lost over time, with most of the loss occurring within the first 5 years for 

all except younger (< 65 years) patients. 

2) More initial interlock (inID) between bone and cement at time of surgery is 

likely to result in improved long term maintenance of interlock (i.e., decreased 

lossID). 

3) Given the continued clinical function of the retrievals at the time of death, only 

a minimum amount of interlock (~10%) is necessary for long-term success of 

these devices for the majority of patients. 

Despite the goal of a minimum of 2 mm of interlock [1], our group has recently 

shown that the average interlock depth for a series of TKAs to be 1.45 and 0.7 mm for 

                                                 

1 Miller, Mark A., Jacklyn R. Goodheart, Timothy H. Izant, Clare M. Rimnac, Richard J. Cleary, and 
Kenneth A. Mann. “Loss of Cement-Bone Interlock in Retrieved Tibial Components from Total Knee 
Arthroplasties.” Clinical Orthopaedics and Related Research 472, no. 1 (January 2014): 304–13.  
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tibial [2] and femoral [3] components respectively. Other groups have analyzed failed hip 

resurfacing arthroplasty and found in the majority of cases, the depth of cement 

penetration was far less than those achieved in a controlled, laboratory setting [4]. Not 

only must surgeons balance operating room time efficiency with patient factors and 

complications, but the field of view during surgery can be extremely limited, and 

currently there is no way to measure the interlock depth in vivo [4]. Post-surgical 

radiographs rarely reveal incomplete cementation due to the two dimensional nature and 

angle of view [5].  

The relationship between poor cementation and early TKA failure has been 

previously established, but there exists great heterogeneity in prosthesis implantation 

technique between countries, medical institutions, and individual surgeons. Consistent 

with other cementing guidelines, we recommend that surgeons aim for the goal of 2-5 

mm of cement interdigitation [1]; proper training and outcomes monitoring can be used 

to help achieve this goal in the United States, as is done in some European countries 

through the use of patient registry data. 

Our findings of loss of interlock in the tibial and femoral components were not 

altogether expected. Clinically, a strong maintenance of the initial interlock established 

during surgery would be anticipated for successful devices. That this interlock is lost 

uniformly in the tibial and femoral components indicates a cause that affects both 

compartments somewhat equally. As PE debris is historically most strongly associated 

with periprosthetic osteolysis (but not loss of micro-interlock) for the tibial component, 

we considered debris located in the trabecular space as a likely culprit, and therefore 

performed a survey study. The link between particle size and burden, and osteolysis, is 
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well established in animal models, but the direct link in humans is more tenuous. When 

we compared the location and amount of PE debris to the loss of interlock in the same 

location, we found no spatial association. While we could not examine the effect of 

submicron-sized debris in the same location with our protocol, we were the first to 

quantitatively survey PE debris in the trabecular bone spaces, rather than adjacent to the 

cortex in periprosthetic tissue. From this study, we arrived at four conclusions: 

1) PE debris can exist in proximity to trabecular bone without associated 

resorption, and conversely, that resorption of interdigitated trabeculae can occur 

in the absence of PE debris. 

2) PE debris can migrate into the trabecular compartment, and deeper away from 

the cement-bone interface, without any apparent negative effects. 

3) The burden of PE debris in the trabecular compartment increases with time in 

service and with observed wear on the PE insert. 

4) PE accumulates faster and in greater quantity distal (5 mm) to the interface 

than at the bone-cement interface. 

However, these conclusions come with certain reservations. First, due to the 

postmortem retrieval model, we had no true positive control (i.e., revision retrieval with 

intact cement-bone interface, which does not exist), nor a negative control (i.e., a metal-

on-metal TKA, or other design that did not incorporate PE). We also did not have access 

to patient medical records, documented changes in component migration, interface 

lucencies, or functional knee scores, which would have provided functional context to our 

interdigitation measurements. 
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Together these findings led us to strongly consider causes of aseptic loosening 

apart from PE debris. Based on our lab’s experimental observations and subsequent 

computational modeling of fluid flow at the cement-bone interface of postmortem TKAs 

[6, 7], we decided to examine supraphysiologic fluid shear stress as one such cause. 

Previously, fluid flow alone was shown to cause cortical bone loss in animal 

models [8, 9], and it is well established that osteocytes and osteoblasts are acutely 

mechanosensitive to fluid flow. To test fluid flow in vitro, we created the Multi-well 

Fluid Loading System, and further refined this system to the MFL System 2.0.  We also 

chose to study osteoclasts, a multinucleated cell of the hematopoietic lineage uniquely 

able to resorb bone. Osteoclast mechanosensitivity is poorly understood, especially for 

functional outcomes such as mineral resorption. 

Using our MFL System 2.0, we were able to examine a range of fluid shear 

stresses from static to 4.4 Pa, which is considered supraphysiologic in the trabecular bone 

compartment [10]. We hypothesized based our computational modeling of very high 

(>900 Pa) levels of fluid shear stress occurring on the surface of interdigitated bone [7] 

that osteoclasts, sensing this flow, increase their bone resorbing activity. While we could 

not achieve higher than 4.4 Pa of fluid shear stress in this system without confounding 

effects (due to Dextran), we conclusively demonstrated that osteoclasts are 

mechanosensitive. We found: 

1) Osteoclasts are differentially sensitive to FSS and FSR, with FSS being a 

positive effector of resorptive activity, and FSR being a negative effector. 

2) Increasing FSS increases Tartrate-Resistant Acid Phosphatase production, a 

protease associated with bone resorption. 
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3) Increasing FSS increases osteoclast size, while decreasing the number of 

osteoclasts, indicating a preference for increased multinucleation events to pre-

existing osteoclasts. 

4) Osteoclasts decrease production of Ctsk and Il1a with increasing fluid flow 

over the 0-4.4 Pa range, indicating that these levels of FSS could decrease both 

osteoclast function and activation, decreasing resorption. 

Considering that osteoclasts can resorb up to 1225 µm3/hr [11], or in other terms, 

resorb in 3 weeks an amount that takes 3-4 months for osteoblasts to replace [12], these 

data may indicate that fluid flow might quickly effect changes beyond what osteoblasts 

are capable of mitigating. In the time period immediately after TKA, when very high 

supraphysiologic fluid flow may be present at the micro-gap surfaces prior to any 

remodeling, osteoclasts may experience a burst of fluid flow-induced activity. 

Additionally, the death of osteocytes, potentially due to either the surgery or the 

supraphysiologic fluid flow or pressure [11] is known to also induce osteoclast activity, 

resulting in remodeling. 

When examining longer-term TKA specimens with in vivo use, it is unlikely that 

fluid flow occurs in the absence of the PE debris. Because fluid flow and PE debris have 

separately been shown to be associated with bone resorption [9, 12, 13] we then went on 

to test the effects of PE particle treatment, and then PE + FSS together, to examine what 

might be occurring in the context of a TKA. We found that PE alone was capable of 

increasing the area of the osteoclast actin rings as well as the number of actin rings, 

indicating a potential for increased resorption. We also found that TRAP was strongly 

induced with PE treatment, but we did not see that PE could induce osteoclast 
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differentiation independently of RANKL treatment, nor did we find increased mineral 

resorption with our methodology, both of which were contrary to other published work 

using the same cell line [14].  It is difficult to compare our PE pre-treatment to Sartori et 

al, as we optimized the spread of PE on the base of the well using a minimum volume of 

ethanol-solubilized PE, and their treatment is likely to have resulted in a ring of PE on the 

periphery due to a slow evaporation process. This latter treatment may have the potential 

benefit of exposing RAW 264.7 osteoclasts to PE without obscuring the mineral on the 

base of well. Conversely, it also means a minority of osteoclasts come into direct contact 

with PE.  

Regardless, when we examined fluid flow through changes in gene expression, 

we found that Ctsk and Il1a decreased, a result that was abolished when PE was added 

with fluid flow. Together, these data from the fluid flow and PE experiments indicate that 

these stimuli (FSS and PE) likely activate different pathways, which may be in 

contention, and result in dysregulation of osteoclast activity, favoring an inflammatory, 

resorptive phenotype. 

 

8.2 TKA Success Depends on More than PE, or Lack Thereof 

Much of this thesis dealt with the negative effects of PE debris and the biological 

response that may be mediated by osteoclasts. One might swiftly consider, “if PE is the 

cause of most TKA failures due to aseptic loosening, why use it at all?” And indeed, 

metal-on-metal total hip arthroplasty was developed to circumvent the inflammatory 

reaction specific to PE debris [15]. However, the data concerning the in vivo success of 

metal-on-metal devices clearly demonstrates either no differential benefit to metal-on-PE 
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[16], or very poor outcomes [15] due to metallosis, pseudotumor, tissue necrosis, and 

hypersensitivity reactions. In the knee, the non-conforming surfaces of the femoral and 

tibial components preclude the use of hard-hard bearing surfaces. When PE is used in a 

hard-soft bearing couple, PE particles make up the 80% of the particle burden in TKA 

[17], but there are also acrylic and metal particles present in lesser quantity [17-20]. 

Current data suggests that the particle composition is of less importance than particle size 

and burden [11].  

The overall effect of particulate debris in the human body is called “Particle 

Disease,” and involves the formation of inflammatory granulomatous tissue around 

prosthetic joints. The pathophysiology of particle disease begins with indigestible 

particles such as PE and PMMA, which can be engulfed by macrophage/monocyte-

lineage cells—including osteoclasts [21]. But, while osteoclasts are capable of particle 

ingestion, macrophages are considered to be the major effectors of particle disease-

mediated osteolysis due to their ability to secrete large amounts of pro-inflammatory 

cytokines [22-24]. These cytokines such as Tumor Necrosis Factor Alpha (TNF-α) and 

Interleukin 1 Beta (IL-1β) are capable of initiating and maintaining an environment 

conducive to bone resorption by increasing recruitment and differentiation of pre-

osteoclasts [23, 25]. Furthermore, this osteolytic cellular milieu is continuously 

maintained when the macrophage is unable to rid itself of the particles [23]. The 

phagocytosis of indigestible particles is also heavily implicated in other particle diseases 

such as asbestosis and silicosis, both characterized by granulomatous inflammation [23]. 

In TKA revisions, granulomatous inflammation is often found and removed during 

surgery [23, 26].  
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While it is historically established that the cellular uptake of foreign particles is 

capable of mediating granulomatous inflammation [27, 28], cellular pathways responsible 

for the biologic reaction have only recently been discovered. Specifically, it is believed 

that the inflammation caused by particle disease is the result of the Damage-Associated 

Molecular Pattern (DAMP) pathway, induced by biologically inert particles of a certain 

shape, size, and charge, as opposed to the more commonly known Pathogen-Associated 

Molecular Pattern (PAMP) pathway, induced by non-inert molecules such as 

lipopolysaccharide (LPS) [23]. The DAMP pathway is at least partially mediated by the 

NALP3 inflammasome, and results in the in vivo release of IL-1β [23, 29] and TNF-α 

[23], in addition to IL-6 and Granulocyte/Monocyte Colony Stimulating Factor (GM-

CSF) in in vitro experiments [30]. Depletion of the NALP3 inflammasome component 

Caspase-1 has been shown to reduce murine calvarial osteolysis in vivo in part through 

decreased release of IL-1β, but does not affect osteoclastogenesis [23].  

In contrast to the DAMP response, the PAMP pathway signals in septic 

conditions, the most well-known being the Toll-Like Receptor (TLR) 4 activation by LPS 

[29]. While the DAMP pathway is mediated by inflammasome components, the PAMP 

cytokine products are mediated by NF-kB, resulting in the production of pro-

inflammatory cytokines—namely TNF-α [29]. Both IL-1β from the DAMP response and 

TNF-α from the PAMP response have a role in osteoclastogenesis, with the latter being 

fundamentally important [29]. These responses are shown in Table 1.  

 

Table 1: DAMP and PAMP responses. OC=osteoclast; DAMP= Damage 

Associated Molecular Pattern; PAMP=Pathogen Associated Molecular Pattern. *Among 
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other signals arising from bacterial, viral, or fungal proteins, nucleic acids or 

carbohydrate fragments. 

 

 

 

While these two pathways have different mechanisms that have little cross-talk in 

vitro [29], in vivo it is known that endotoxin-free particles can still stimulate the release 

of TNF-α [23]. If osteoclasts are primed with LPS, they can secrete IL-1β in vitro [23]. 

The results of Burton et al [23] suggest particles also activate TLR signaling despite 

being aseptic, which is consistent with the idea that particles alone are capable of causing 

aseptic loosening of implants in vivo.  

Therefore, it is important to understand that while this thesis primarily queries PE 

as potentiator of particle disease, even the removal of PE from the system merely 

replaces the wear debris with another sort, such as PMMA (acrylic), metal, or ceramic 

particles, all of which have shown to be present in granulomatous tissue associated with 

loose TKAs.  

8.3 The Multi-Factorial Approach to Successful TKA 
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Figure 1: Factors that Affect the Success of TKA. Only a portion of aspects relating to 

TKA success are related to the device or the surgery (A), though arguably these are the 

most important for both short and long term success. The biological response to particle 

debris or loading conditions alters the bone structure, the device stability, and the ability 

to transmit load (B). Often overlooked, patient metabolic baseline, activity level, 

adherence to physical therapy, and expectations also are indicative of TKA success, 

failure, or dissatisfaction. 
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There is more to long term TKA success than particle disease. Primary TKA 

procedures are expected to increase 673% by 2030 [31], with the largest increase seen in 

patient populations younger 65 years [32]. These increases in primary TKA demonstrate 

a comparative rise in the rate of revision TKA by 601% [31], with 50% of all revisions 

also occurring in patients less than 65 years [32]. With these projections, improving the 

longevity of TKA is of great importance to increasing patient satisfaction and quality of 

life, while also decreasing the financial burden of these costly procedures. Improving the 

long term success by decreasing rates of aseptic loosening, among other modes of failure, 

may require a more unified approach to surgery, recovery, and maintenance of TKA 

(Figure 1). 

For TKA and THA, aseptic loosening is most strongly associated with the innate 

inflammatory response to wear debris (Figure 1A, middle), as has been discussed at 

length. Yet, wear debris and particle disease represents only one mode of possible failure 

due to mechanical, surgical, or material insult. Cementation technique which establishes 

uniform interlock and a complete cement mantle on both the tibial and femoral 

components is known to improve device longevity, as has also been discussed previously.  

In more detail, poor pressurization of the cement into bone during surgery may 

lead to poor interlock between bone and cement. This would increase the amount of 

micromotion at the cement-bone interface when loaded [33], and therefore initiate the 

growth of organized, fibrous tissue [34]. An incomplete cement mantle would also allow 

the debris generated between cement and metal to access the bone marrow compartment 

(Figure 2A,B) [26, 35]. Focal osteolysis seen in radiographs is often found at the site of 

defects in the cement mantle [36], and debonding between the metal components and 
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cement increases relative motion between metal and cement, increasing the likelihood of 

debris generation [26, 35]. High porosity cement mixtures may increase risk of cement 

fracture by increasing risk of mechanical fatigue [37] (Figure 2C). Therefore 

cementation technique, the type of cement, and the type of implant (rough or smoothed 

stem) may affect the probability of cement debonding or fracture (Figure 1A, second 

panel). 
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Figure 2: Ideal vs. Not Ideal Cementation. The right half represents ideal integration of 

the implant with perfect technique, patient compliance, and/or short time in service, while 

the left side represents observations after analysis. Coronal view of proximal tibia with 

implant (A). Fibrous tissue often is found between the tray and resorbed bone [2]. 

Depending on surgical technique, cement may not fully cover the stem of the implant. 

Axial section of proximal tibia below tibial tray (B). Cracks can extend from the cement-

bone interface inward,  or from the cement-metal interface outward from center. Not all 

cracks extend the full length, however, some do. Cement coverage also may be 

incomplete. Magnification of axial view (C). Air pockets are visible in the highly porous 

cement.  Debonding of the implant from the cement allows relative motion (torsional in 

this example) between implant and cement, generating debris. An incomplete cement 

mantle caused by cracks, poor cementation, and exacerbated by high porosity allows the 

debris to escape into the bone environment.  
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Still considering cement, beyond the technique of application, there is also the 

possibility for direct PMMA cement toxicity. The past decades have seen the emergence 

of new cements with various properties (i.e., radio-opacifiers, antibiotic saturation), and 

each cement variety is capable of inducing different biologic reactions upon phagocytosis 

or cell-surface exposure [26, 38]. However, all surgical cements contain PMMA as a 

principal component. This powder is mixed with a cytotoxic liquid monomer [39], which 

initiates an exothermic polymerization reaction. Because temperatures of setting cement 

may exceed the range tolerable by collagen (>56°C), this is one reason why cement is 

ideally pressurized into the bone to a depth of 2-5 mm, but no further [40]. More 

importantly, this depth will allow the cement to interlock with at least one transverse 

trabeculum, but not create a cement mantle thick enough to cause thermal necrosis of 

bone during polymerization [1]. Because pressurization of cement into the trabecular 

bone bed is also known to increase the risk of hypotensive episodes, bone marrow 

emboli, and subsequent patient death, it is strongly recommended that careful lavage of 

the bone bed precede pressurization [39]. Lavage also allows better access to the 

trabecular bone, assuring tighter interlock [41].  

Beyond cement, the surgery itself may induce a hypoxic, low pH environment 

though removal of well-vascularized bone tissue and replacement with a large, avascular, 

metal component, all of which leads to bone cell death (Figure 1A, third panel) [11]. 

Direct cell death due to surgical trauma and indirect cell death due to hypoxia, followed 

by hypoxia due to inflammatory cell stimulation, may all lead to a chronic ischemic-

reperfusion injury at the site of the implant [11]. Stress shielding (Figure 1A, fifth panel) 

caused by the stiff, metal implant may decrease load sensed by the bone, which according 
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to Wolff’s law, results in decreased bone mass. And has been discussed at length, fluid 

flow through micro-gaps at the interface are also a factor (Figure 1A, final panel). Not 

shown are the known factors of soft-tissue balancing and limb axis restoration, which if 

performed poorly, may result in altered load transference across the joint, increased 

polyethylene damage, TKA instability, and decreased overall survival of the device [11]. 

In addition to the surgical technique, the biomaterials, and the implant geometry, 

the host biologic response across multiple interacting immune (macrophages, T-cells) and 

mesenchymal cells (osteoblasts, osteocytes) to the TKA is unique and as of yet, cannot be 

anticipated on an individual level (Figure 1B, left). However, remodeling responses due 

to diminished load or stress shielding, or increased fluid loading (this thesis) are currently 

being studied.  

Finally, patient selection, activity, compliance, expectation, and pre-existing 

inflammatory or metabolic conditions play a part in TKA success as well. For example, 

younger patients often desire to resume a higher level of activity after TKA compared to 

older cohorts, but over-loading of the joint through stumbles, falls, or high impact activity 

may result in cement fracture, which may extend full or partial distance through cement 

[41] (Figure 2C). For this reason, certain activities such as downhill skiing are heavily 

discouraged after TKA (Figure 1C, left). Patients with high BMI (>35 kg/m2) have a 2-

fold risk of tibial aseptic loosening independent of any other factor such as limb 

alignment [42]. Patients who adhere to a physical therapy regimen have better function 

after surgery [43]. Not shown is the mental component of expectation in patients—

younger patients often have higher expectations of use, and therefore have lower 

satisfaction after surgery despite having better range of motion than older cohorts [44]. 
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And lastly, patient metabolic baseline is an important factor as pre-existing inflammatory 

disorders (such as rheumatoid arthritis or diabetes), uncontrolled metabolic disorders 

(such as diabetes), uncontrolled hypertension; or patients who currently smoke or drink to 

excess, all have poorer outcomes [45-48].   

 

8.4 Improvement in TKA 

Based on the modes of failure of TKA, there are multiple aspects of TKA 

implantation, design, and patient selection that could potentially be improved upon. One 

of the most commonly studied modifications to TKA is the PE insert. For example, in an 

attempt to decrease wear of the insert, recently highly crosslinked polyethylene (HXLPE) 

has been adopted in the hip, but less so for the knee. HXLPE has increased wear 

resistance, producing decreased volumetric wear but an increased proportion of 

submicron particles [49]. With only short term results available, so far HXLPE has 

demonstrated decreased rates of revision in younger patients with THA [50]. However, 

there is the distinct possibility that generating more, smaller (i.e., phagocytosable) 

particles will increase the risk for particle disease in these patients [49]. Other PE 

modifications such as the addition of antioxidants, or reinforcing with carbon fibers, are 

being attempted, but in vivo patient data is either still pending or demonstrates 

ineffectiveness. HXLPE also has decreased resistance to crack propagation [51], and 

improvements in resistance would greatly benefit TKA due to the  primary fatigue failure 

mechanism. 

While metal-on-metal TKAs are rarely ever implanted, removing PE entirely is 

still a goal for some devices, such as ceramic-on-ceramic. Early results in hips 
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demonstrated no improvement compared to conventional metal-on-PE hips at over 8 

years [52]. Ceramic bearings are much rarer for TKA, but one study reported a 94% 

implant survival rate at 15 years in service for Ceramic Tri-Condylar Knees [53], and a 

99% survival rate for the Alumina Medial Pivot at 10 years [54]. Importantly these TKAs 

still have a PE component, but ceramic-on-PE has also been shown to decrease 

volumetric PE wear [55].   

If PE-containing total joints have a similar success to non-PE (no benefit), the 

other major modification that can be made to TKA implantation is the PMMA cement. 

There are two routes: 1) to modify the cement to remove the thermal or chemical toxicity 

and improve maintenance of bone interlock, or 2) to use a cementless press-fit component 

as opposed to a standard, cemented component. For the former, the addition of antibiotics 

such as gentamicin and tobramicin are almost exclusively studied as the sole effective 

additive, however, one might consider the possibility of replacing the acrylic cement with 

a less cytotoxic alternative, perhaps a bio-active plastic. For the latter, cementless 

components of TKA may be used in certain patient populations, such as younger patients 

with metabolically active bone capable of growing into the device to provide fixation 

[56]. Press-fit components come with the additional benefit of a shorter operating time, 

though are more expensive than conventional devices [56]. However, for older patients, 

cement-bone interlock achieved during surgery with PMMA bone cement may be 

preferable to long term, cementless component migration secondary to bone loss. 

Additionally, due to the history of cementless devices and the associated poor outcomes 

due to the early technology, many surgeons remain skeptical of press-fits; however, 

advances in biomaterials, device geometry, and use of porous or trabecular metals has 
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seen, at the very least, a temporary revival in usage [57]. Perhaps in time, the bony 

ingrowth that represents a major advantage of press-fit devices could be coupled to the 

immediate fixation provided by cemented replacements, by using a resorbable cement. 

Pharmaceutical interventions have also been explored as a means to improve 

TKA longevity. Recently, anti-resorptive bisphosphonates given after surgery have 

shown great efficacy in reducing the rate of revision in a retrospective cohort analysis of 

the UK and Danish implant registries [58, 59]. And of course, one cannot ignore the push 

of regenerative medicine to make joint replacements obsolete by maintaining, replacing, 

or even regenerating joint cartilage. However, when these treatments will be both 

effective and available is unknown, and until such a time, TKA remains the best option 

for pain relief and restoration of joint function for patients with end-stage arthritis. 

 

8.5 Future Research Directions  

Based on the research presented here, there are many opportunities for further 

research in both the clinical and the basic science realms. First, it would be of great 

benefit to retrospectively gain access to the patient records corresponding to specimens 

reported in Chapters 2 and 3. While it is unlikely the notes on these patients would be 

comprehensive or consistent enough between physicians to quantify patient activity or 

range of  motion, these records have a high likelihood of providing qualitative 

background on metabolic disorders, medications, and the ability to perform activities of 

daily living (such as functional mobility). 
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Further, it would be more useful to start a prospective study to examine the effects 

of patient activity and pharmaceutical intervention, as well as surgeon technique, on 

mechanical interlock for TKA components. While we can come to conclusions based on 

years in service or patient age, we cannot examine any patient factors such as activity 

level and pain. Such a study could answer important questions such as:  

1) How does range of motion and activity level correspond with mechanical 

interlock (determined after death)? 

2) Do patients with decreased interlock have increased pain/decreased 

satisfaction? 

3) How do co-morbidities affect maintenance of cement-bone interlock? 

4) Does bisphosphonate treatment maintain cement-bone interlock? 

Being able to answer these kinds of questions would provide some context for what 

cement-bone interlock means to the patient, even though currently, our ability to quantify 

cement-bone interlock would require the patients to donate their bodies after death to 

complete this study.  

 Because we could not analyze submicron PE particles using our methods in our 

Chapter 3 study, it would be beneficial to compare loss of interlock in postmortem 

specimens to submicron particle burden at specific locations such as immediately 

adjacent to tibial component, and more distal to the tibial component (perhaps mid-shaft). 

A similar study could also be done in the femur. This could be accomplished with an 

SEM study of digested bone and marrow samples from locations of interest (for example 

[62]). Currently it is believed that PE can migrate to all knee compartments due to the 

effective joint space and the pumping of joint fluid during regular motion [13]. However, 
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it has yet to be demonstrated that PE debris can migrate in any quantity to the trabecular 

compartment of the femur, or how submicron debris burden compares to loss of interlock 

based on anatomic location. 

 For basic science questions, the MFL System 2.0 opens many opportunities of 

study. Based on my experiences with the system and the confounding effects of Dextran 

even at low concentrations (Chapter 5), I would recommend removing Dextran from all 

experiments, and instead increasing the frequency of oscillation of the piston to increase 

fluid shear stress (FSS). However, this may require further engineering modifications. 

For example, the MFL System 2.0 piston array is quite heavy, and though we added a 

weight-relieving spring, the torque on the motor may be too great to lift the lid 

repetitively at frequencies high enough to achieve supraphysiologic FSS. It may be 

possible to replace the metal hardware on the lid with nylon components instead, greatly 

reducing the weight. Removing Dextran from the system and instead relying on increased 

frequency (10 Hz to achieve >10 Pa) would allow 1) co-culture studies with 7F2 

osteoblast like cells, which were acutely affected by all Dextran concentrations, and 2) 

remove the effect of any confounding media additive. While other media thickeners such 

as methylcellulose are commonly used, it is highly unlikely that cells with not also be 

differentially affected by another agent, still confounding the analysis of results. Indeed, 

other fluid flow experiments often vary the flow rate as opposed to thickening the media 

in order to modulate FSS [60, 61].  

 If Dextran can be removed from the system, and the increase in piston oscillation 

frequency is not detrimental to bone cells, it would be possible to examine the effects of 

fluid flow in a more biologically-relevant system to answer the following questions: 
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1) What is the effect of supraphysiologic fluid flow on osteoblast activity? While 

osteoblast responses to physiologic FSS is relatively well established, no one 

has yet examined supraphysiologic FSS. It is possible that osteoblasts, being 

sensitive to smaller amounts of FSS, could be acutely sensitive to 

supraphysiologic levels, and either demonstrate decreased activity, cell 

viability, or both. This experiment could be performed using the MFL System 

2.0 and examining 7F2 osteoblast-like cells for outcome measures already 

outlined in Chapter 5. Gene expression analysis of RANKL and OPG would 

be useful to indicate what effect fluid flow has on osteoblast management of 

osteoclast activity.  

2) Can loading of osteoblasts modulate the activity of osteoclasts (and vice 

versa) in a paracrine manner? It is known that osteoblasts secrete RANKL to 

cause osteoclast differentiation, and it is known that osteoclasts can secrete 

cytokines which modulate the behavior of nearby cells. Using media exchange 

after loading, we could determine if soluble factors originating from one or 

both cell types contributed to resorption or mineral deposition outcomes, for 

osteoclasts and osteoblasts, respectively. Cell lines would be loaded 

separately, and after each day of loading, half of the conditioned media would 

be transferred to un-loaded or loaded cells of the other type. ELISA could be 

used to measure soluble signals (i.e., TRAP, MMPs, RANKL, OPG etc). 

Other outcome measures would include viability, functional activity and gene 

expression.  
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3) Does direct co-culture affect cell responses under loading conditions? 

Because direct contact may induce changes in addition to paracrine signaling 

(i.e., integrin signaling), osteoblasts and osteoclasts could be cultured together 

at a ratio of 1:1. While this ratio does not reflect the in vivo scenario, it would 

provide preliminary data prior to investing primary bone cell cultures. 

4) Can supraphysiologic FSS increase osteoclastic activity over osteoblastic 

activity for primary bone marrow in culture? To evaluate a more physiologic 

relevant ratio of cells in the consistent environment of the MFL 2.0, we could 

flush whole marrow from rat or mouse long bones to determine how fluid 

loading could affect bone marrow. These experiments could be performed 

prior to studies of human bone marrow obtained during primary surgery. Such 

experiments would allow us to determine the baseline responsiveness of 

human osteoclasts and osteoblasts (prior to TKA implantation) to fluid flow, 

and this could potentially be compared to marrow retrieved from revision 

procedures for aseptically loose devices, asking the following question: is 

there increased osteoclast sensitivity to fluid flow under conditions of 

loosening, potentially caused by particle debris? 

5) What is the in vivo effect of supraphysiologic loading on trabecular bone in 

the context of a cemented TKA? If the end goal of these experiments is to 

prove that supraphysiologic fluid flow is capable of causing bone resorption in 

vivo in the specific context of cement-bone micro-gaps, it would behoove us 

to examine a similar surgery in a small animal model, potentially rat. It would 

not be necessary to implant a metal prosthesis to examine this question, but 
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rather only a cement plug with sufficient interdigitation into trabecular bone. 

This scenario could first be tested ex vivo to determine what amount of force 

would be necessary to push on the plug to induce supraphysiologic fluid flow. 

This force could be determined using computational modeling of µCT 

reconstructions of lab prepared specimens, to determine an average force 

capable of causing supraphysiologic fluid flow along the cement-bone 

interface. Once implanted in a live animal, this cement plug (i.e., a 

modification of the traditional Howie model) could be loaded under pre-

established, reproducible conditions while the rat was under anesthesia, in 

order to examine long-term in vivo trabecular bone loss associated with fluid 

flow. It would also be possible to inject particles such as PE or metal particles 

into the bone canal to examine the dual effect of fluid flow and PE debris, 

which I examined in a simple, in vivo model using the MFL System 2.0. 

These bones could be analyzed using µCT to examine changes in trabecular 

structure, but PE particles could not be identified with this practice as they are 

radiolucent and too small to resolve on CT. Metal particles, though radio-

opaque would also be too small to resolve even with µCT. Therefore bones 

could also be embedded in Spurr’s Resin, sectioned, and analyzed for particle 

analysis using polarized light (PE debris) or SEM with chemical analysis 

(metal particles).  Finally, it would be possible in this model to examine the 

effect of a pharmaceutical intervention such as a bisphosphonate on the 

maintenance of cement-bone interlock in the specific context of 

supraphysiologic fluid flow and particle treatment. 
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8.6 Concluding Remarks 

 It is a lofty to goal to decrease the rate of revision in TKA, as there are many, 

many, factors at play which could potentiate aseptic loosening in any individual patient, 

which may not be the same factors in a different patient. Importantly, great progress in 

decreasing the rate of aseptic loosening has already been made in form of improvement in 

device congruity, biomechanics and kinematics, surgical technique, biomaterial 

compatibility, post-surgical physical therapy, pharmaceutical interventions such as 

bisphosphonates, and more. It is my opinion that using personalized medicine to query 

the patient’s underlying biology and potential for innate inflammation to metal, PMMA, 

or PE particles would be beneficial to identify a potential subset population who could 

have an immune sensitivity (i.e., heightened DAMP or PAMP response) prior to the 

implantation of the device. These patients may require far fewer particles to start a 

positive feedback cycle of osteolysis, or may be sensitive specifically to small 

populations of a specific biomaterial, such a cobalt [62]. Knowing these sensitivities prior 

to surgery would allow this specific subset of patients to opt for a device that did not 

contain the allergen, such as zirconium-coated cobalt for those with a cobalt allergy. 

However, metal allergies in the context of TKA remain controversial due to lack of 

consistent, clinical evaluation [62]. Further, the use of a synthetic, inorganic, cell-

incompatible PMMA cement to provide post-surgical fixation, while it works quite well 

in older patient cohorts, is not compatible with long-term use by younger patients, who 

need more alternatives than an acrylic grout. While it may one day be possible to 

successfully create a cement with, for example, bisphosphonates, to facilitate bone 

maintenance in a localized fashion, the ideal scenario is system in which post-surgical 
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fixation is non-toxic, biocompatible, mechanically functional, and could in time be 

integrated or remodeled into bone depending on the patient’s metabolic profile. 

Regardless, for the great majority of patients, regardless of age, cemented TKA is 

worthwhile surgical procedure, time-tested to improve quality of life, restore joint 

function, and outlast the patient.   
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