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SCOPE, OBJECTIVES, AND EDITORIAL POLICY OF JOURNAL

M
EDICAL IMPLANTS are being used in every organ of the human body. Ideally,

medical implants must have biomechanical properties comparable to those of

autogenous tissues without any adverse effects. In each anatomic site, studies of

the long-term effects of medical implants must be undertaken to determine accurately the

safety and performance of the implants. Today, implant surgery has become an interdisciplinary

undertaking involving a number of skilled and gifted specialists. For example, successful

cochlear implants will involve audiologists, audiological physicians, speech and language

therapists, otolaryngologists, nurses, neuro-otologists, teachers of the deaf, hearing therapists,

cochlear implant manufacturers, and others involved with hearing-impaired and deaf individuals.

A similar list of specialists can be identified for each implant site, from dentistry to cardiovascular

surgery. Consequently, scholarly work from all disciplines involved in implants is welcome.

Realizing the interdisciplinary components of successful implant programs, we have

considerably expanded the number of members of the Editorial Board. These gifted scholars

are recognized as leaders in the field of implants. Each member has been listed with careful

identification of academic title, institution, and mailing addresses. Because the ultimate

success of implants depends on daily interactive communication, the email addresses of each

Editorial Board member has been listed.

The ability to predict the long-term in vivo performance of medical implants is of vital

interest. The extrapolation of in vitro data to the in vivo environment remains largely

unproven. Among the major challenges are our limited ability to simulate the complexities of

the biological milieu; the current lack of reliable computer modeling of in vivo performance

characteristics of implants; and difficulties in evaluating the synergistic contributions of

materials, design features, and therapeutic drug regimens.

The aims of the Journal of Long-Term Effects of Medical Implants are a better understanding

of the mechanisms of failure of preclinically tested medical implants during long-term in vivo

service life, both in appropriate animal models and in humans; and establishing an effective

linkage between preclinical and clinical studies. Of particular interest are original, critical

analyses of data of retrieved implants, interpretive discussions of data based on invasive and

noninvasive procedures, and computer modeling of in vivo performance. Also of interest are

articles on healthcare technology assessment involving implants and their social impact and

economic consequences. We are adding a new dimension to our Journal, which includes

health education as well as accident and disease prevention and cure. The Journal will also

publish guest editorials, letters to the Editor, and book reviews. All articles are subject to peer

review by at least two referees.

             Subrata Saha, PhD

Editor-in-Chief

Views expressed in the Journal of Long-Term Effects of Medical Implants represent the opinions of the author(s) and do not necessarily

reflect the official policy of the institution with which the author is affiliated, the Editorial Board, the Editor-in-Chief, or the

publisher. All the aforementioned disclaim any responsibility or liability for the views expressed in this journal. None of the

aforementioned parties guarantees, warrants, or endorses any product or service advertised or mentioned in this journal; neither do

they guarantee any claim by the manufacturer of such a product or service.
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ABSTRACT: With recent advances in medical and orthopedic oncology, radiation therapy and single- 
or multiple-agent perioperative chemotherapy are currently applied as an essential part of the multidis-
ciplinary treatment to improve disease-free and overall survival of patients with primary and metastatic 
bone and soft tissue tumors. However, these treatments have led to unwanted complications. A better 
understanding of the eff ects of various antineoplastic agents on bone, soft tissue, and organs may provide 
the basis for the more effi  cacious use of antiproliferative drugs when fracture healing or allograft incorpo-
ration is required. Th is knowledge may also provide a rationale for concurrent treatment with drugs that 
protect against or compensate for adverse eff ects in osseous repair resulting from chemotherapy.

KEY WORDS: chemotherapy; complications

I. INTRODUCTION

With recent advances in medical and orthopedic oncology, radiation therapy and single- or multiple-
agent perioperative chemotherapy are currently applied as an essential part of the multidisciplinary treat-
ment to improve disease-free and overall survival of patients with primary and metastatic bone and soft 
tissue tumors,1-3 but have led to unwanted complications.4-7 Each organ has a unique radiation and drug 
dose-volume response pattern, and diff erent complications may occur, each of which depend on the dose 
distribution within a given treatment plan.8 In addition, the combination of chemotherapy with radiation 
therapy makes normal tissues sensitized to radiation, and this may cause more complications.4

In this article, we present the side eff ects of chemotherapy in wound, bone, and various organs in 
order to provide the physician with the most current information to assist in choosing the best method of 
combined or primary treatment, and to predict which patients are at risk for complications for improved 
preoperative planning, prevention of morbidity, and better surveillance.

II. CHEMOTHERAPY-INDUCED WOUND-HEALING SIDE EFFECTS

Th e eff ect of certain chemotherapeutic agents on bone and wound healing is diffi  cult to assess in cancer 
patients because of the short-term survival and the combination with adjuvant treatment.9-14 However, 
experimental studies in animals have shown that perioperative chemotherapy signifi cantly impairs wound 
healing.15-17 Most of these studies indicate that the dosage level, time of drug administration relative to 
the surgical operation, and time at which wound-strength measurements are made are important param-
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eters in the determination of the eff ects of antineo-
plastic agents on wound healing. An experimental 
study in mice15 evaluating the eff ects of diff erent 
antineoplastic agents on wound healing noted de-
creased wound strength at 3 d postoperatively but 
not on d 7 or 21 after the administration of vincris-
tine and methotrexate. Actinomycin D interfered 
with early phases of wound healing, but showed 
less eff ect on later phases. Bleomycin had no eff ect 
on wound strength at d 3 or 21, but prevented an 
increase in wound strength from d 3 to 7; admin-
istration of 1,3-bis (2-choroethyl)-1-nitrosurea de-
creased wound strength at all time points after sur-
gery, whereas 5-fl uorouracil was not found to have 
any signifi cant eff ect at any time.15 Th e presence of 
a large tumor mass had no direct eff ect on wound 
strength, nor did it modify the eff ect of cyclophos-
phamide on wound strength.15 

In a similar study,16 the administration of 
therapeutic levels of cyclophosphamide as a single 
dose or as a daily treatment for 5 d during the peri-
operative period resulted in a signifi cant decrease 
in the strength of surgical wounds in mice 21 d 
postoperatively. Th e administration of a single dose 
of 200 mg/kg cyclophosphamide either at the time 
of surgery, up to 4 d prior to surgery, or postop-
eratively impaired 21-d wound strength; the most 
extensive depression was observed when the drug 
was given 1 or 2 d after surgery. Earlier stages of 
wound healing (d 3 or 7) were not found to be sen-
sitive to cyclophosphamide.16 Doxorubicin in the 
therapeutic dosage range for mice did not signifi -
cantly impair wound healing. Combination treat-
ment with cyclophosphamide and doxorubicin at 
the time of surgery impaired 21-d wound strength 
to a greater degree than that observed with either 
agent alone, but did not signifi cantly aff ect wound 
strength 3 or 7 d after surgery.16 Rats treated with 
doxorubicin prior to or on the day of surgery dem-
onstrated decreased wound-breaking strength in 
incisional wounds at all intervals after operation.18 
Decreased amounts of collagen and DNA and less 
cellularity were noted in wound chambers from rats 
treated in the same manner. In both the incisional 
wound and wound chamber models, rats treated 
with doxorubicin 7 d after the surgery showed a 

less dramatic healing impairment. No diff erence in 
collagen types was noted between chambers from 
the doxorubicin-treated and untreated rats.18 Peri-
operative administration of doxorubicin impaired 
wound healing in all tested regimens depending 
on the interval between drug administration and 
surgery.14,19,20 Doxorubicin administered up to 21 d 
after the surgery caused an impairment in wound 
healing that was manifested up to 2 weeks after 
doxorubicin administration; doxorubicin adminis-
tered 28 d after surgery induced no demonstrable 
impairment in wound-breaking strength. In ad-
dition, doxorubicin did not decrease the break-
ing strength of a wound after a certain degree of 
strength had been obtained.14,19,20

Studies in animals using antineoplastic agents 
such as doxorubicin, nitrogen mustard, cyclo-
phosphamide, and methotrexate have shown a 
dose-dependent impairment of wound healing.14 
Extrapolation of these doses to regimens employed 
in humans is very diffi  cult. Information regard-
ing complications of chemotherapeutic agents in 
wound healing in humans is only available from 
adjuvant clinical studies. Increased frequency of 
complications from nitrogen mustard, thiotepa, or 
cyclophosphamide have not been reported, even 
when these agents were given in the immediate 
perioperative period. Increased wound complica-
tions have been reported with 5-fl uorouracil when 
a 60 mg/kg dose was administered 7 d after surgery, 
but not when this was begun 14 d after surgery.14

Th e results of the above-mentioned studies 
stress the need for continued attention to wound 
complications reported in adjuvant clinical studies, 
and suggest that delayed administration of chemo-
therapy until at least 7 d after surgery may result in 
minimal impairment of wound healing.

III. CHEMOTHERAPY-INDUCED GROWTH 
SIDE EFFECTS

Chemotherapy-induced side eff ects in children, pri-
marily systemic, may result in serious problems. Pe-
diatric patients frequently have very diff erent side-
eff ect profi les compared with adults when exposed 
to similar doses. Systemic growth and development 
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retardation occurs during treatment, yet the growth 
rate accelerates and reaches normal limits after the 
cessation of chemotherapy, a  phenomenon called 
“catchup growth.”5 Th e epiphysis is the most sensi-
tive portion of the skeleton to radiation and che-
motherapy.21,22 Slippage of the capital femoral and 
the proximal humeral epiphysis has been identifi ed 
in patients undergoing combined chemotherapy 
and radiation therapy treatment.21,23,24 Histologic 
changes including swelling, fragmentation, and de-
generation of chondrocytes may be seen in skeletal-
ly immature patients who have received radiation 
doses as low as 3 Gy.25 Delayed changes include 
cartilage degeneration and bone atrophy secondary 
to vascular injury and direct cellular damage to os-
teocytes, short stature in relation to radiated area, 
deformity, and pelvis asymmetry.26 Growth distur-
bances are greater with higher radiation doses, in 
those irradiated at a young age, and in bones with 
the greatest growth potential.26

IV. CHEMOTHERAPY-INDUCED SIDE EF-
FECTS ON BONE METABOLISM

Little is known regarding the direct systemic eff ects 
of antineoplastic drugs on bone biology.27-31 In the 
treatment of childhood leukemia, methotrexate has 
been reported to cause osteoporosis, bone pain, and 
spontaneous fractures that are refractory to union, 
despite adequate orthopedic management.29,31 Few 
experimental studies have analyzed the eff ect of 
chemotherapeutic agents on bone metabolism.32,33 
Short-term administration of methotrexate and 
doxorubicin was shown to cause a 26.9% and 11.5% 
reduction in net trabecular bone volume, respec-
tively, and both drugs signifi cantly and profoundly 
diminished bone-formation rates by nearly 60%.32 
Th e toxic eff ect on osteoblasts was refl ected in the 
reduced volume and thickness of osteoid without 
aff ecting the total numbers of osteoblasts and the 
percentage of trabecular surface covered by bone-
forming cells.32

Th e diff erence in mineral apposition rate of 
cancellous bone showed that although the eff ect of 
temporary chemotherapy on bone may have minor 
eff ects on normal turnover and is a reversible ef-

fect, it causes disturbance in bone-mass accumu-
lation,32,33 and later this may increase the risk for 
pathological fractures and osteoporosis. Th e eff ect 
of combined doxorubicin, cisplatin, and ifosfamide 
chemotherapy in normal bone turnover has been 
evaluated in a safe and clinically relevant canine 
model of multidrug perioperative chemotherapy 
that simulates current cancer treatment.33 Th e bone 
specimens were analyzed using microradiography, 
bone histomorphometry, and torsional testing. Re-
sults were compared with canines that underwent 
a similar surgical protocol without chemotherapy, 
and showed no diff erences in mechanical proper-
ties after 22 weeks of chemotherapy. Th e porosity, 
osteonal activity, and mineral apposition rate of the 
cortical bone were unaff ected. A diff erence in the 
porosity of the perimeter in cancellous bone was 
not observed; however, the mineral apposition rate 
was signifi cantly reduced.33

V. CHEMOTHERAPY-INDUCED FRACTURES

High-dose (≥50 Gy), postoperative radiation ther-
apy and periosteal stripping during resection of 
soft-tissue sarcomas, in addition to adjuvant che-
motherapy, female gender, tumor location in the 
anterior thigh compartment, positive tumor mar-
gins, age older than 55 years, and radiation to the 
entire circumference of bone, have been reported 
to be signifi cant risk factors for chemoradiation-
induced fractures.4,34-37 Concurrent chemotherapy 
increases the toxicity of radiation.38 All fractures oc-
cur within the radiation fi eld; most lower extremity 
fractures that have been reported following radia-
tion therapy occur in the proximal femur.4,34-37 Any 
variable that is associated with lower bone mass, 
such as female sex and osteoporosis, likely places 
the patient at higher risk for a fracture.4,37,39-42 Pre-
treatment measurement of bone density is required 
for these patients to evaluate the risk of fracture.42,43 
Although the overall fracture rate may not be so 
high that prophylactic fi xation is warranted, and 
although prophylactic nailing adds additional time 
to often lengthy procedures and potential morbid-
ity,4,44 patients with several risk factors should be 
considered for prophylactic fi xation.36,39-41,45 In ad-
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dition, patients who sustain a fracture in a high-
dose radiation fi eld should be closely evaluated for 
subsequent fractures.4

VI. CHEMOTHERAPY-INDUCED SIDE EF-
FECTS ON FRACTURE HEALING

Pathological fractures subsequent to bone metasta-
ses are a frequent complication of malignant disease 
and are particularly disabling when weight-bear-
ing bones are involved. In addition to the eff ects 
of chemotherapy on intact bone, other clinically 
relevant concerns include fracture healing, bone 
ingrowth in porous-coated replacement prostheses, 
and bone-allograft incorporation during periods of 
chemotherapy.46-49

Th e mechanical properties and the anatomical 
and histological changes of the fracture-healing 
process, including the eff ect of cytostatic drugs on 
mucopolysaccharides and collagen metabolism, 
have been extensively studied.20,46,50-55 Biochemical 
and histochemical methods have been introduced 
but mainly concern the inorganic constituent of 
bone.50 Th e importance of organic constituency 
in bone healing was fi rst indicated by Nilsonne,51 
who stated that “fracture non-union is not the re-
sult of primary disturbance in the mineral process, 
but rather a change in the organic matrix which 
diminishes or prevents its calcifi ability.” A nega-
tive infl uence of cytostatic drugs on the process 
of formation and evolution of bone callus, abnor-
mal patterns of ossifi cation, and inhibition of the 
postnatal growth of long bones in white mice have 
been reported.54 Others have reported the delayed 
eff ect of cyclophosphamide on bone-fracture heal-
ing after osteotomy, as shown by a reduction in 
the hydroxyproline content, diminution of calcium 
and phosphate deposition on the fracture callus 
that inhibit collagen formation, and delayed min-
eralization.55 Moreover, the inhibition of collagen 
was decreased when cyclophosphamide treatment 
was discontinued prior to osteotomy.55 In a study 
using bone grafts, methotrexate showed increased 
osteoclastic activity and inhibition of interior os-
teoclastic activity without aff ecting the periphery 
of the bone tissue.46

In oncological reconstructive surgery, bone 
healing occurs coincidentally with the administra-
tion of chemotherapy. A series of osteoinductive 
proteins (bone morphogenetic proteins or BMPs) 
has been described and shown to enhance bone 
formation in animal models. In one study,56 the ef-
fect of chemotherapy on bone healing enhanced by 
rhBMP-2 was evaluated in a critical-sized bone-
defect rabbit model. Histological and radiological 
analysis showed that chemotherapy aff ected both 
the quantity and the quality of the bone enhanced 
by rhBMP-2. Th ese results suggest that the eff ect 
of chemotherapy on bone formation could be re-
lated to inhibition of a specifi c pathway stimulated 
by rhBMP-2.56

VII. CHEMOTHERAPY-INDUCED SIDE EF-
FECTS ON BONE INGROWTH

Chemotherapeutic agents have negative eff ects on 
bone-graft incorporation and bone ingrowth into 
porous-coated prostheses.49,57 Young et al.49 stud-
ied the eff ect of preoperative and postoperative 
cisplatin chemotherapy on the biologic fi xation of 
porous-coated prostheses using autologous corti-
cocancellous bone graft. Although bone ingrowth 
into the prosthesis was not aff ected, electron micro-
scopic, histomorphometric, and radiologic analyses 
showed a clear diff erence in the formation of new 
bone around the prosthesis. Preoperative chemo-
therapy did not alter the formation of new bone, 
but specimens from animals treated with cisplatin 
postoperatively showed signifi cantly less new bone 
formation.49 Another study57 showed that extracor-
tical bone grafting is an eff ective modality for im-
plant fi xation even under intensive chemotherapy. 
In this study, the authors performed a unilateral 
resection of a 6-cm segment of the femoral diaphy-
sis and reconstruction with a porous-coated seg-
mental prosthesis in eight mixed-breed dogs under 
perioperative chemotherapy with doxorubicin, cis-
platin, and ifosfamide. Eight strips of autogenous 
cortical bone were evenly placed around the junc-
tions between the femur and the prosthetic surface. 
Autogenous cancellous bone was placed under and 
between the strips of cortical bone. Two cycles of 
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the chemotherapy were given preoperatively and 
three cycles postoperatively. Th e animals were fol-
lowed for 12 weeks, with sequential assessments of 
weight-bearing and radiographic evaluation. Com-
bination chemotherapy with doxorubicin, cisplatin, 
and ifosfamide showed a signifi cant negative eff ect 
on new bone formation, as seen by a reduction of 
callus size and a lower ultimate strength of extra-
cortical fi xation.57 However, the onlay corticocan-
cellous grafting method provided better biologic 
fi xation of the prosthesis compared with fi xation 
without any bone grafting under non-chemother-
apy conditions.33

VIII. CHEMOTHERAPY-INDUCED SIDE EF-
FECTS ON ALLOGRAFT INCORPORATION

Although there is limited clinical evidence suggest-
ing a high rate of allograft-associated complica-
tions, the use of massive allografts in reconstructive 
procedures following limb-salvage surgery should 
be avoided in patients receiving chemotherapy.32,58-

60 Th ese complications include failure of union, de-
layed or inadequate incorporation leading to graft 
fragmentation and collapse, and increased inci-
dence of deep wound infection. Cortical bone al-
lografts are known to incorporate more slowly and 
incompletely than autografts. Segmental allografts 
are nonviable, nonvascularized structures that pos-
sess some osteoinductive potential and provide for 
osteoconduction by serving as a scaff old for bone 
ingrowth. Freezing and immunogenicity of the al-
lograft have been noted to impair the rate and the 
extent of revascularization, as well as new bone for-
mation. Th ese eff ects are apparent by 4 weeks af-
ter implantation of the allograft.61,62 Zart et al.63 
studied the eff ects of cisplatin on the incorpora-
tion of fresh cortical bone homografts and frozen 
cortical bone allografts in animals, and found that 
revascularization and host-graft union was poor 
in the cisplatin-treated groups by 2 months, but 
by 4 months vessel ingrowth in fresh homografts 
approached control values. Frozen allografts re-
mained poorly revascularized after 4 months. Th e 
authors concluded that cortical bone allografts in-
corporate more slowly and incompletely than ho-

mografts, and that this handicap was exacerbated 
by the administration of cisplatin.63

IX. CHEMOTHERAPY-INDUCED SARCOMAS

Malignancies secondary to chemotherapy occur 
within the fi rst 5 years after treatment, usually in the 
form of acute non-lymphoid leukemia, especially 
due to the use of increasing doses of topoisomerase-
II inhibitors, anthracyclines, or alkylating agents.5 
Th e probability of leukemia after chemotherapy in 
children has been shown to be 1% to 2%.6,64

X. CHEMOTHERAPY-INDUCED CENTRAL 
NERVOUS SYSTEM SIDE EFFECTS

Chemotherapy-induced central nervous system 
(CNS) side eff ects can be acute or delayed.7,65 Th ese 
side eff ects have been attributed to toxic eff ects in 
the parenchyma and CNS progenitor cells at thera-
peutic doses and to an increase of blood-brain bar-
rier permeability of chemotherapeutic agents.66,67 
Headache and seizures occur with almost every 
chemotherapeutic agent. Causes of seizures include 
direct toxic eff ects, indirect changes linked to hyper-
hydration, metabolic changes such as renal toxicity 
after cisplatin administration, or inappropriate an-
tidiuretic hormone secretion with encephalopathy 
after vincristine or ifosfamide administration.68,69 
Cerebellar syndrome is likely to occur after high-
dose cytarabine and fl uorouracil.65 Stroke is rare 
but can take several forms. Venous sinus thrombo-
sis can complicate the use of asparaginase via de-
pletion of hemostatic factors, but this complication 
can be prevented and treated with antithrombin 
concentrates.70 Mitomycin can trigger thrombotic 
microangiopathy,71 and anti-vascular endothelial 
growth factor drugs can cause cerebral hemorrhage 
and arterial infarction.72 Fatal leukoencephalopa-
thy has been reported in four adult patients who 
received a combination of carmustine, cyclophos-
phamide, cisplatin, melphalan, cytarabine, and eto-
poside for non-CNS tumors.73 Reversible posterior 
leukoencephalopathy syndrome is associated with 
an increasing number of anticancer drugs.74-77 Th e 
underlying mechanism is unknown, but could in-



6 Mavrogenis et al.

Journal of Long-Term Eff ects of Medical Implants

volve vasogenic edema.74 Intrathecal chemotherapy 
with methotrexate, cytarabine, and its liposomal 
formulation, depocyte, can produce aseptic men-
ingitis and, very rarely, transverse myelopathy that 
can usually be prevented with concomitant corti-
costeroids.78 Chemotherapy-induced histopatho-
logical lesions consisting of demyelination, axonal 
loss, gliosis, focal areas of necrosis, and macrophage 
infi ltration have been documented in humans after 
accidental administration of methotrexate through 
a misplaced Ommaya reservoir79 and in animals 
given cisplatin.80

Cognitive dysfunction has been reported after 
chemotherapy alone for lymphomas, usually when 
high-dose methotrexate is combined with other 
drugs. Additionally, cognitive dysfunction is some-
times associated with intrathecal or intraventricu-
lar chemotherapy or after intensive chemotherapy 
with thiotepa, busulfan, and cyclophosphamide. A 
group of changes initially called “chemobrain” or 
“chemo fog syndrome,” referring to persistent post-
chemotherapy cognitive changes that are indepen-
dent of depression, anxiety, or fatigue, have been 
reported in cancer survivors. Global impairment 
in attention, memory, and executive functions has 
been reported in 15% to 50% of adult survivors of 
solid tumor after chemotherapy.81

XI. CHEMOTHERAPY-INDUCED SPINAL 
CORD SIDE EFFECTS

Chemotherapy increases the toxicity of radiation 
therapy in the spinal cord.82 Radiation-induced 
spinal cord injury can be acute (during radiation), 
early-delayed (up to 6 months), or late-delayed 
(more than 6 months to several years post-radia-
tion).83 Early-delayed tumor pseudoprogression 
occurs within 6 weeks to 3 months after therapy 
due to early-onset radionecrosis or chemonecrosis, 
and mimics tumor recurrence both clinically and 
on standard magnetic resonance imaging (MRI). 
Th e syndrome has been reported mainly after com-
bined radiochemotherapy.7,84,85 Tumor pseudopro-
gression improves over a few weeks to months with 
supportive care and steroids. However, in the ab-
sence of pathognomonic MRI features, pseudopro-

gression might need surgical treatment.7 Late-de-
layed myelopathy has occurred after safe radiation 
doses in combination with high-dose or intensive 
chemotherapy.86,87

XII. CHEMOTHERAPY-INDUCED PERIPHER-
AL NERVE SIDE EFFECTS

Brachial plexopathy and peripheral nerve injury 
leading to progressive muscle denervation and at-
rophy are more common after radiation therapy.88,89 
Th e risk of delayed brachial plexopathy is increased 
when large radiation fi elds are used, when patients 
receive two separate courses of subthreshold radia-
tion therapy, or with concomitant chemotherapy.90 
Th e exact pathophysiology of plexopathy is unclear. 
Extensive fi brosis within and surrounding nerve 
trunks of the plexus, with demyelination and loss 
of axons and microvascular injury, are consistently 
present at surgery or autopsy.82,91 Unlike brachial 
plexus metastasis, patients do not experience Horn-
er’s syndrome and/or early, severe pain.91 MRI and 
electromyography are usually diagnostic.91,92 Treat-
ment options are not satisfactory: surgical neuroly-
sis, dorsal root entry zone lesions, chemical sym-
pathectomy, and warfarin administration have all 
been reported, with variable success.93-95

XIII. CHEMOTHERAPY-INDUCED HEPATIC 
SIDE EFFECTS

Acute or subacute hepatobiliary toxicity is recog-
nized with varying frequency following radiation, 
multiple chemotherapies, or hematopoietic stem-
cell transplantation in cancer survivors.96-98 Ad-
ditionally, hepatobiliary toxicity and cirrhosis are 
associated with transfusion-acquired chronic vi-
ral hepatitis, transfusion-associated iron overload, 
cholestatic disease from total parenteral nutrition, 
or venoocclusive hepatic disease.98,99 Th e risk of he-
patic injury increases with radiation dose, hepatic 
volume, younger age at treatment, prior partial 
hepatectomy, and concomitant chemotherapy. Th e 
latency period for manifestation of liver dysfunc-
tion after chemotherapy is unknown. Th e chemo-
therapy agents with established acute and emerging 
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chronic hepatotoxic potential include thiopurines, 
antimetabolite agents such as 6-mercaptopurine, 
6-thioguanine, methotrexate, and, rarely, dactino-
mycin in children treated for Wilms’ tumor and 
rhabdomyosarcoma.96,98,100-104 Although the major-
ity of children with veno-occlusive hepatic disease 
from thiopurine chemotherapy recover, a subset of 
patients have progressive fi brosis leading to portal 
hypertension.100,105,106 Th e risk of fi brosis or cirrho-
sis after daily oral methotrexate is more than 2-fold 
greater than intermittent parenteral administration 
in some childhood leukemia treatment protocols.107 
Acute and subacute methotrexate-induced hepatic 
injury is characterized by transient elevations of 
serum transaminases or alkaline phosphatase; in-
terestingly, biochemical changes are not consis-
tently correlated with severity of hepatic injury.108 
Methotrexate-induced fi brosis usually regresses or 
stabilizes after discontinuation, and rarely produces 
end-stage liver disease in the absence of other anti-
metabolite therapy or comorbidities.98,108 Late liver 
dysfunction manifests as persistent hepatomegaly, 
splenomegaly, and thrombocytopenia.105,108

XIV. OTHER CHEMOTHERAPY-INDUCED 
SIDE EFFECTS

Toxic mucositis induced by radiation therapy and 
chemotherapy and vascular erosion of mucosal ves-
sels or major vessels in the fi eld of radiation are rare 
but life-threatening complications after primary 
or adjuvant radiation therapy and chemotherapy. 
Vascular erosion should be treated with emergent 
surgical ligature and/or embolization.109

XV. CONCLUSIONS

A better understanding of the eff ects of various 
chemotherapeutic agents on soft tissue and bone 
healing is required. Delays in the administration 
of preoperative and postoperative chemotherapy 
for up to 3 weeks are recommended to allow pa-
tients time to recover from the side eff ects of che-
motherapy agents. Further studies may provide the 
basis for more effi  cacious use regarding timing and 
dosage of anticancer drugs, especially when bone 

healing or allograft incorporation is required. Th is 
knowledge may provide physicians with a rationale 
for concurrent treatment using drugs that protect 
against or compensate for the chemotherapy-in-
duced side eff ects in bone, soft tissue, and organs. 
Predicting which patients are at risk for complica-
tions will allow for improved preoperative planning, 
prevention of morbidity, and better surveillance.
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ABSTRACT: Th e right ventricular apex (RVA) has traditionally been preferred for the insertion of per-
manent cardiac pacemaker leads because of vast experience with their use, their ease of implantation, and 
the stability of passive fi xation leads in the RVA trabeculae. However, prolonged RVA pacing is associated 
with progressive left ventricular dysfunction due to dysynchronous ventricular activation, and often results 
in substantial functional, hemodynamic, electrical, and structural changes, as previously demonstrated in 
many studies. Only in recent years has interest in the use of alternate pacing sites developed. Th e right 
ventricular outfl ow tract (RVOT) is now the preferred site of pacing because of potential advantages such 
as ease of application, better hemodynamics, synchronous activation, fewer myocardial perfusion defects, 
and a narrower QRS complex compared with RVA pacing. Th is review article comprehensively discusses 
this novel technique in terms of its benefi cial eff ects, long-term safety, and performance measures com-
pared with RVA pacing, and as an alternative method for biventricular pacing.

KEY WORDS: pacing; right ventricular outfl ow tract; hemodynamics; cardiac resynchronization; myocardial 

perfusion; pacing site

I. INTRODUCTION

In patients treated with permanent cardiac pacemakers, the ventricular electrode is traditionally placed 
in the right ventricular apex (RVA), because this location provides ease of implantation, safety, and a low 
possibility of dislocation of  pacemaker leads. Apical pacing activates ventricles in a non-physiological 
way, just opposite to the normal activation axis from the base to the apex. In recent years, it has been rec-
ognized that RVA pacing changes the ventricular activation sequence, causing ventricular dyssynchrony, 
and thus increases the risk of new onset left ventricular dysfunction, ventricular dilatation, myocardial 
perfusion defects, atrial fi brillation, asymmetric septal hypertrophy, and death in permanent cardiac pace-
maker patients without any structural heart defects.1-6 

To overcome the detrimental eff ects caused by asynchronous activation, enhance the hemodynamic 
contribution, and improve patient quality of life, alternative pacing techniques such as biventricular ap-
plication and the optimization of atrioventricular delay have been attempted.7-8 In addition, with the 
development of screw-in leads (active electrodes), it became possible to reliably activate diff erent areas in 
the right ventricle. Th ese leads can safely be screwed in anywhere in the right ventricle where acceptable 
threshold values are obtained. To overcome the non-physiological aspects of RVA pacing, and in order to 
maintain a normal physiological synchronized activation, the right ventricular outfl ow tract (RVOT) has 
recently become an anatomical area of interest, leading to numerous clinical and experimental studies.9-17 
With this novel pacing site adjacent to the septal bundles and conduction system, it is assumed that more 
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synchronous ventricular activation will be achieved, 
cardiac output will be increased, and the imbalance 
caused by RVA pacing in the microvascular circula-
tion will be improved.10-17 Th e present review ar-
ticle comprehensively discusses this relatively novel 
technique in terms of its application techniques 
and clinical aspects compared with RVA, and as an 
alternative method for biventricular pacing.

II. RVOT LEAD IMPLANTATION TECHNIQUE

According to our experience, RVOT lead implan-
tation requires a bit more skill than the currently 
used apical technique, and therefore the physician’s 
experience is an important concern. Th e prepara-
tion of the patient for the procedure, subclavian 
vein puncture, or vena cephalica “cut down” are all 
performed in a standard fashion. Screw-in leads 
must be used for implantation in the ventricle. 
Many medical companies produce various sizes and 
shapes of leads for this purpose. To obtain optimal 
lead position, a 12-lead electrocardiogram (ECG) 
should be applied before the procedure. Th e distal 
tip of the stylet is shaped as follows: fi rst, a gener-
ous curve is created using the distal 5 to 6 cm of 
the wire, and then the terminal 2 cm is bent to cre-
ate a “swan neck” deformity similar to the design 
suggested by Vlay.18,19 However, to reliably position 
the leads on the right ventricular septum, a poste-
rior angulation is essential. After the stylet is put 
in the lead, it is sent to the right ventricle through 
the sheet. Th e lead shaped by the stylet easily goes 
through the tricuspid valve and is advanced into 
the RVOT. 

Fluoroscopic views may be obtained in pos-
tero-anterior or left-anterior-oblique positions. 
At our center, we generally prefer the postero-an-
terior view for the procedure itself and evaluating 
the position of the leads in the right- and left-an-
terior-oblique views (angles 40–45 degrees). With 
the help of fl uoroscopic views, the tip of the lead 
is advanced to the level of the pulmonary valve. 
On that level, the lead is gently pulled back infe-
riorly until its tip touches to the interventricular 
septum, and then the stylet is slightly pulled back 
from the tip of the lead. It must be ensured that 

the tip of the lead touches the septum or anterior 
wall of the RVOT. Th e most appropriate anatomi-
cal position is placing the lead pointing postero-
laterally in the RVOT and generally in the second 
intercostal space. 

At that stage, with the help of an analyzer, a 
lead stimulation test is performed externally and 
paced QRS complexes and maximal positive de-
fl ections are obtained on the inferior derivations on 
surface ECG. Th e optimal lead positions are not 
only determined anatomically but also electrocar-
diographically. After optimal values are confi rmed 
and if the leads are stable, the leads are screwed on 
the septal or anterior wall of the RVOT, the stylet 
is withdrawn, and the leads checked to make sure 
that they are not moving in their positions. Th e 
threshold values are measured, and if they are all 
appropriate, the lead is connected to the generator 
and the procedure is fi nished.12,14,17-19 In some pa-
tients, because of the easy excitability of the RVOT, 
frequent ventricular arrhythmias (ventricular tachy-
cardias and fi brillation) may occur. An external de-
fi brillator must be kept nearby for life-threatening 
arrhythmias.

III. CLINICAL TRIALS AND APPLICATIONS 
OF RVOT PACING

Barin et al.14 fi rst demonstrated the effi  cacy and 
safety of positioning a lead on the RVOT, and 
Karpawich15 showed direct stimulation of the His-
Purkinje system. Th e hemodynamic superiority of 
RVOT pacing over apical pacing was reported by 
De Cock et al. in 1992.10 After these initial reports, 
some striking results were reported from various 
centers about RVOT pacing applications. Giudici 
et al.11 drew much attention with their study on 
89 patients that found a signifi cant augmentation 
in cardiac output acutely with RVOT pacing. In a 
study of 33 patients with RVOT pacemakers, Barin 
et al.13 stated that the complication rates, thresh-
old values, and applicability of RVOT pacing were 
similar to those of apical pacing. However, the ana-
tomical diff erences in the optimal pacing site on 
RVOT brought out some discrepancies in the re-
sults of diff erent trials. It was technically not always 
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possible to implant the lead just on the His bundle 
or nearby His, so terminologically diff erent ana-
tomical terms were then expressed. Th ese diff erent 
terms are high septal, RVOT or right ventricular 
infl ow, and infundibular pacing sites, but all share 
a common feature of being away from the apical 
region. Guidici et al.12 defi ned right ventricular in-
fl ow, infundibulum, and outfl ow tract septal pac-
ing regions by accentuating a need for an anatomi-
cal classifi cation for optimal pacing on the septal 
region. Generally, infundibular and outfl ow tract 
septal pacing regions exhibited left bundle branch 
block and a vertical axis, while infl ow septal pac-
ing ECG exhibited a normal axis and normal QRS 
defl ections. In order to effi  ciently set forth these 
regions and guide the clinician, there is also an 
anatomical map that is more convenient and easier 
to understand. 

Th e RVOT is considered not only as a septum 
but also as an anterior free wall. Th e higher septal 
region does not have an actual adjacency to the left 
ventricle, so the lower septal region is the real septal 
region with an actual adjacency to the left ventricle. 
Th erefore, stimulating the lower regions of septum 
is more signifi cant because it is the real septum and 
is adjacent to conduction pathways.20,21 However, 
in trials on RVOT pacing, the leads are implanted 
wherever appropriate on the anterior free wall or 
septum, and these regions can be more clearly dis-
tinguished with left anterior oblique fl uoroscopic 
projections. When the lead is implanted on the 
upper or lower regions, right anterior oblique fl uo-
roscopic projection is preferred.20,21 It is not appro-
priate to claim that the hemodynamic contribution 
is only related to the position of the lead, especially 
when we consider other possible factors. Shorten-
ing of the QRS time may occur independently 
from the lead position and may aff ect ventricular 
function in diff erent ways. Results of studies have 
supported the hypothesis that as an indicator of left 
ventricular activation time, QRS time is inversely 
related to left ventricular function.13 In an edito-
rial comment,9 it was emphasized that the pacing 
region of the right ventricle could not be the only 
determinant of hemodynamic and functional per-
formance of RVOT pacing. Nevertheless, provid-

ing a synchronous activation RVOT application 
theoretically seems logical. It is important to ef-
fectively position the lead while fi xing it in order to 
prevent it from moving away from the appropriate 
pacing region, and to pay attention to the stability 
of the lead. We did not observe any complications 
or lead problems in a study involving 16 patients 
implanted with leads in the RVOT region.17 While 
performing the procedure, we recommend obtain-
ing unfi ltered intra-cardiac recordings and investi-
gating the presence of an injury current. 

Apical pacing causes regional myocardial 
perfusion defects because of its asynchronous ac-
tivation. Th ese myocardial perfusion defects, which 
are determined by myocardial perfusion scintigra-
phy, occur because of an imbalance in the coronary 
blood fl ow in the microvascular bed, probably 
caused by the asynchronous activation.2,16,22 How-
ever, this relationship cannot always be explained 
by such asynchronization. In a case report, we 
found an inferolateral perfusion defect in a patient 
with normal coronary arteries and chronic expo-
sure to RVOT pacing.16 However, RVOT pacing 
resulted in signifi cantly lower rates of perfusion 
defects and better global left ventricular function 
compared with RVA pacing.2 Th ere are also some 
studies stressing that RVA causes abnormal myo-
cardial histology, thinning of the ventricular walls, 
and asymmetrical hypertrophy.23 Long-term apical 
pacing causes deterioration in left ventricular func-
tion in patients with both preserved and reduced 
left ventricular functions.2,24 

De Cock et al.25 published a meta-analysis 
comparing apical pacing applications hemody-
namically by selecting nine trials using quantitative 
review techniques. Th is meta-analysis involved 217 
patients and showed that RVOT pacing achieved 
better hemodynamic contribution compared with 
apical pacing. Th e RVOT technique was therefore 
recommended, especially in the patient subsets with 
bradyarrhythmias and left ventricular dysfunc-
tion.25 Buckhingam et al.26 found that stimulation 
of apical and RVOT regions led to an increased 
dP/dT ratio, although this was not statistically 
signifi cant. Similarly, Victor et al.27 found no dif-
ference in improvement of the functional capacity 
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and hemodynamic parameters between the apical 
and RVOT pacing groups. Th ese confl icting results 
may be explained by the following problems. First 
of all, there was no long-term follow-up in the 
majority of the published studies. Th ere might also 
have been some technical diff erences between the 
left ventricle measurements and patient selections 
or some kind of bias might have occurred. Also, it 
is technically impossible to implant the leads every 
time on the exact location in the RVOT. In some 
studies, higher septal regions and in others mid-
septal regions were preferred. Factors such as ad-
jacency to the His bundle and shortening of QRS 
time may also be the source of diff erent results. 
Finally, it is still unknown whether the benefi cial 
eff ects observed in the acute period will persist in 
the long term.

Th e ideal point for pacer placement in the 
RVOT appears to be the mid-septum, because 
the high septal region is farther away from the 
His bundle. Stimulations from the mid-septum 
showed narrower QRS complexes resembling the 
stimulus deriving from the His bundle.28 Stimu-
lating the His bundle directly may be a wise ap-
proach, especially in patients with a normal infra-
His conduction system. QRS time achieved by the 
RVOT stimulation is aff ected by the native QRS 
time. RVOT pacing uses His-Purkinje bundles if 
the conduction system is normal, and therefore the 
QRS complex gets narrower. Th us, it is assumed 
that patients with an abnormal conduction system 
theoretically benefi t less than the other patient 
subsets.29 Placing the leads near the His bundle, or 
adjacent to it, seems to be logical, but the proce-
dural technique is cumbersome and success of the 
intervention is poor. 

It is hard to foresee the success of a continu-
ous and reliable pacing. During both early and late 
follow-up, the thresholds are very high because of 
the natural structure of the His bundle, and this 
unfortunately may lead to premature depletion of 
the battery. Both early and late effi  cacy and safety 
results are still lacking.30-32 Th e fi rst study about 
direct His pacing was published by Deshmukh et 
al.32 Th e study involved 54 patients with dilated 
cardiomyopathy and atrial fi brillation with narrow 

QRS complexes. With direct His bundle pacing, 
the patients’ dP/dT ratios and ejection fractions in-
creased, functional capacities and cardiopulmonary 
exercise parameters improved, and QRS complexes 
got narrower. Very high threshold values, increased 
acute lead complications, long implantation times, 
and lack of long-term effi  cacy and safety data limit 
the extensive use of this technique.

One of the most important studies comparing 
RVOT and RVA pacing to date was performed by 
Stambler et al.33 In this study, they conducted a 
randomized, crossover trial to determine whether 
quality of life was better after 3 months of RVOT 
than after RVA pacing in 103 pacemaker recipients 
with congestive heart failure, left ventricular sys-
tolic dysfunction (left ventricular ejection fraction 
≤ 40%), and chronic atrial fi brillation. All of the 
patients’ functional capacities were World Health 
Organization class II and III, and they were all 
symptomatic heart failure patients. Patients un-
derwent implantation of a standard dual-chamber, 
permanent cardiac pacemaker, along with two 
bipolar, active-fi xation pacing leads. One lead was 
placed at the RVA and one lead was implanted 
in the RVOT. Quality of life was assessed by the 
Medical Outcomes Study short-form health sur-
vey (SF-36) questionnaire and performed after 3 
months of ventricular pacing from each right ven-
tricular site (RVOT vs. RVA). At the end of the 
study, it was determined that RVOT and dual-site 
right ventricular pacing shortened QRS duration, 
but after 3 months did not consistently improve 
quality of life or other clinical outcomes compared 
with RVA pacing. Nonetheless, the 3-month fol-
low-up period was the most important component 
of that study. Finally, it should be kept in mind 
that this study was carried out in a specifi c subset 
of patients followed for a limited time period. In 
a recent study, the long-term eff ect of permanent 
RVA versus RVOT pacing on the all-cause and 
cardiovascular mortality was compared.34 A total of 
122 consecutive patients (70 men, 69 ± 11 years) 
with standard pacing indications were randomized 
to RVA (n = 66) or RVOT (n = 56) ventricular lead 
placement. After a 10-year follow-up period, the 
mortality data were summarized on the basis of 
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an intention-to-treat analysis. During long-term 
follow-up, 31 patients from the RVA group died, 
compared with 24 patients in the RVOT group 
(hazard ratio [HR], 0.96; 95% confi dence interval 
[CI], 0.57–1.65; P = 0.89). Th ere were 10 cardio-
vascular deaths in the RVA group and 12 in the 
RVOT group (HR, 1.04; 95% CI, 0.45–2.41; P 
= 0.93). Th ere were no diff erences in all-cause or 
cardiovascular mortality between the pacing sites 
after adjustment for age, gender, arterial hyperten-
sion, atrial fi brillation, New York Heart Association 
class, and left ventricular end-diastolic diameter. 

In another recent study, it was investigated 
whether RVOT pacing was superior to RVA pac-
ing in terms of ventricular synchrony, cardiac func-
tion, and remodeling in patients with normal car-
diac function.35 A total of 96 consecutive patients 
with high or third-degree atrial ventricular block 
were enrolled and randomized into two groups: the 
RVOT group (n = 48) and the RVA group (n = 48). 
Th ere were no signifi cant diff erences with respect 
to the mean myocardial systolic and early diastolic 
velocities, left ventricular ejection fraction, or  left 
ventricular end-diastolic and systolic volume in the 
two groups at 12 months of follow-up. It was con-
cluded that although RVOT pacing caused more 
synchronous left ventricular contraction compared 
with RVA pacing, it had no benefi t over RVA pac-
ing in terms of preventing cardiac remodeling and 
preserving left ventricular systolic function after 12 
months in patients with normal cardiac function.

In patients with advanced heart failure and 
widened QRS complexes, some positive results 
have emerged about relieving symptoms with left 
ventricular epicardial electrodes implanted in the 
coronary sinus tributaries and biventricular cardiac 
stimulation achieved by simultaneous RVA and left 
ventricular pacing, also called cardiac resynchroni-
zation therapy.36,37 However, despite the proposed 
current indication criteria, approximately 35% of 
patients do not benefi t or deteriorate from the 
biventricular pacing approach. Because of inap-
propriate venous anatomy, high threshold values, 
or phrenic nerve stimulation, it is not always pos-
sible to implant biventricular pacemakers in every 
patient with the appropriate indications. Addition-

ally, it is an expensive and diffi  cult technique, and 
the learning curve and duration of the operation 
are fairly long. Th erefore, as an alternative to this 
system, some investigators have published case 
reports about simultaneous stimulation of the 
RVOT and RVA. In one case report, patients in 
whom there were technical diffi  culties in plac-
ing epicardial leads to the left ventricle had leads 
placed to the RVOT and RVA instead. With a 50-
ms delay, RVOT and RVA were both stimulated 
simultaneously. By the end of the study, signifi cant 
clinical improvement was observed.38 In another 
case report, a heart failure patient with a cardiac 
resynchronization therapy device was followed up, 
and after 17 months the battery became depleted 
because of the high capture threshold of the left 
ventricular lead. Th erefore, in view of the high cap-
ture threshold, dual-site right ventricular pacing 
was selected in that patient. Another active fi xa-
tion endocardial pacing lead was positioned on the 
high septum of the right ventricle near the RVOT. 
With simultaneous apical/RVOT bifocal right 
ventricular stimulation, similar clinical effi  cacy was 
observed at 12 weeks of follow-up.39 In another 
observational, single-center study, implantation of 
a bifocal right ventricular lead system was reported 
because lateral left-ventricular placement for a 
biventricular pacemaker could not be achieved. A 
total of six patients underwent implantation of a 
bifocal right-ventricular lead system with two ac-
tive fi xation leads, one placed septally at the apex 
and the other in the high-septal RVOT. A biven-
tricular stimulation system was implanted in 44 pa-
tients. All patients were followed up for 12 months, 
and the two groups were compared. At the end of 
the follow-up, both groups experienced a similar 
improvement in functional capacity, electrocardio-
graphic and hemodynamic parameters, increase 
in 6-min walking distance, and a decreased need 
for hospitalizations.40 In an ongoing randomized, 
single-blind, crossover study of atrial synchronized 
bi-right ventricular pacing in patients in New York 
Heart Association heart failure functional class III, 
a left ventricular ejection fraction under 35%, left 
bundle branch block, and QRS complexes 120 ms 
or above, the investigators compared the electrical 
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and handling characteristics, as well as the compli-
cations of pacing at the RVA with passive versus 
RVOT with active fi xation leads.41 At the end of 
the study, ease and success rate of lead implanta-
tion was similar in both positions. Sensing values 
were signifi cantly higher at the apex than at the 
RVOT. Th e average R-wave amplitude among 
published reports is between 10 and 16 mV, with 
no signifi cant diff erence between RVOT and RVA, 
in populations of patients who were not in heart 
failure. In conclusion, marked diff erences were 
observed between leads positioned at the RVOT 
versus the RVA. Th is is partially explained by dif-
ferences in lead design, with lower impedance and 
higher stimulation thresholds at the RVOT. Th e 
higher R-waves amplitude at the RVA than at the 
RVOT was unexplained.41 

In an intriguing study, over a 5-year period, 
112 patients (89 male/23 female, mean age 65 
years) underwent RVOT placement of permanent 
active-fi xation transvenous pacing/defi brillating 
leads. At the time of the implantation, both pacing 
and defi brillation thresholds were determined to be 
between the normal limits in the short- and long-
term follow-up visits. At the end of the study, it was 
concluded that RVOT pacing-defi brillation lead 
implantation was safe, effi  cacious, and potentially 
attractive because preliminary evidence suggested 
that it might not have been associated with the ad-
verse hemodynamic eff ects of pacing at the RVA.42 

Th ere have also been studies investigating the 
lead performance of RVOT pacing. In a previous 
study, we sought to investigate long-term safety 
and change in pacing parameters of right ventricu-
lar RVOT pacing.43 Th is prospectively designed, 
controlled clinical study comprised patients in two 
groups, the RVOT group (n = 16) and the RVA 
group (n = 16), who were selected from patients 
with permanent pacemakers who were routinely 
followed up at our pacemaker clinic. Th e mean 
duration of follow-up was 38.3 ± 18 months for 
RVOT and 30.4 ± 20 months for RVA (P = 0.255). 
Impedance values, pacing thresholds, and R-wave 
amplitudes measured at implant and last pace-
maker check did not signifi cantly diff er between 
the RVOT and the RVA pacing groups. Th ere was 

no lead dislodgment or any other procedure-re-
lated complications during follow-up. In a recent 
study by Medi et al.,44 a total of 100 patients with 
ventricular lead placement on the RVOT septum 
undergoing pacemaker implantation for brady-
cardia indications were retrospectively analyzed. 
Long-term (1-year) follow-up was obtained in 92 
patients. At the end of the study, lead performance 
at the RVOT septal position was stable in the long 
term. Ventricular electrical parameters were accept-
able, with stable long-term stimulation thresholds, 
sensing, and impedance for all lead types. Th ere were 
no cases of high pacing thresholds or inadequate 
sensing. Th erefore, the long-term performance of 
leads placed on the RVOT septum was comparable 
to those placed at other traditional sites.

IV. CONCLUSIONS

In the light of emerging data, RVOT pacing is going 
to become more widespread in the near future as an 
alternative method in pacemaker procedures. Even 
though confl icting results have been published so 
far about the eff ectiveness of this technique, RVOT 
pacing seems to be more advantageous than api-
cal pacing in terms of hemodynamic improvement 
and clinical aspects. Furthermore, this technique 
can also be applied as an alternative to biventricu-
lar pacing by simultaneous bifocal right ventricular 
pacing in suitable heart failure patients. However, in 
order to reliably use this relatively new technique, 
larger, multi-center, randomized, controlled clinical 
trials are needed to assess the long-term benefi ts 
and safety measures. 
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Preface: Retrieval Analysis of Implanted 
Medical Devices

Each year millions of patients improve their quality of life through surgical procedures that involve im-
planted medical devices. As the rising cost of health care continues to be debated within our country, 
it is clear that we must be certain that Americans are receiving the best, most cost eff ective health care 
treatments. Advances in medical technology continue to be a large part of the rising cost of health care, 
and the decision to provide the increased cost of care due to new technology must be determined from 
evidence-based studies. 

Th e Food and Drug Administration this past year issued an internal report where they stated that 
science-based reviews must be strived for and that the agency must fi rst provide safe devices for patients 
while making sure not to impede the advancement and innovation of technology in the medical fi eld. 
With the focus on both cost and innovation, it is clear that everything must be done to make certain that 
the devices we utilize in medicine are safe and that they are given a pathway to be improved on using 
science and lessons learned from device retrieval studies. Retrieval analysis studies of medical devices 
have been utilized for decades to learn lessons from failed devices removed at the time of revision or 
repeated procedures, as well as from those that functioned well for the life of a patient and were obtained 
at necropsy.

Th e value of implant retrieval analysis in orthopaedic surgery has been well recognized in advancing 
implant longevity. If we use the example of total hip and knee arthroplasty, we know that analysis of 
devices has provided insight into wear, corrosion, design characteristics, and material issues that have 
advanced the design and longevity of these devices. Prosthetic implants retrieved at revision surgery (for 
implant failure) or devices retrieved postmortem from patients with clinically successful reconstructions 
provide a unique set of specimens that can be studied to evaluate the eff ect of the implant on the host 
environment and vice versa. In this issue, there are two articles that try to determine commonalities of 
patellar polyethylene buttons from total knee arthroplasty, with one obtained from necropsy retrievals 
and the other from implants obtained at time of revision surgery. A systematic analysis of retrieved 
components, in combination with histologic, radiographic, and clinical data, can provide valuable in-
sights into the mechanisms of failure of the biomaterials and implant designs used in joint replacement 
applications. If computer modeling can be added to properly predict wear patterns and kinematics of 
the joint, then the fi rst steps toward intraoperative computer assistance for optimal functionality and 
implant longevity may be realized. Th is type of analysis can be seen in this issue’s article that utilizes 
a 3D dynamic TKA model to show how the kinematics and contact stresses change after wear of the 
polyethylene insert (Williams et al.).

Th e fi rst retrieval observations were performed for failures of implants during their subsequent re-
vision surgeries. While these studies gave valuable insight into the failure modes of early designs and 
biomaterials, it was not until the 1980s when donor-related studies were organized. At that time, usually 
the establishment of a retrieval program within a practice of orthopaedic surgeons allowed for the analysis 
of a series of patients who had a specifi c implant utilized at the time of surgery. Th ere are few retrieval 
programs that encompass a large variety of implants, and many times those laboratories only receive the 
implant itself without the surrounding joint and musculoskeletal tissues. It has been evident from past 
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studies that several signifi cantly important modes of wear and or implant failure have been reported that 
have allowed changes in the fi eld of hip and knee arthroplasty to further the design-related and surgical-
related techniques in the fi eld. We must continue to update our investigative techniques of these devices, 
and this issue also has reports from London, Ontario, investigators evaluating new techniques to evaluate 
the wear of polyethylene components.

Ultimately, it is the patient and the improvement in their quality of life that benefi t from retrieval 
analysis studies. It is imperative that the fi eld of medicine continue these kinds of studies to investigate 
newer, more modern implant designs and surgical techniques since the in vitro testing and the computer 
modeling techniques cannot always predict the in vivo wear or failure mechanisms that may have a nega-
tive impact on the longevity or functional result for the patient.

William M. Mihalko, MD Ph.D.
University of Tennessee, Campbell Clinic Orthopedics
Chief Scientifi c Offi  cer, InMotion Orthopaedic Research Center



1050-6934/10 $35.00 © 2010 by Begell House, Inc. 27

Journal of Long-Term Eff ects of Medical Implants, 20(1): 27–34 (2010)

Technique to Quantify Subsurface Cracks in 
Retrieved Polyethylene Components Using Micro-CT

Matthew G. Teeter,1,2,* Xunhua Yuan,1,2 Douglas D. R. Naudie,3 & David W. Holdsworth1,2,3

1Imaging Research Laboratories, Robarts Research Institute, London, ON, Candad; 2Department of Medical 
Biophysics, The University of Western Ontario, London, ON, Canada; 3Division of Orthopaedic Surgery, The 

University of Western Ontario, London, ON, Canada

*Address all correspondence to Matthew Teeter, Imaging Research Laboratories, Robarts Research Institute, P.O. Box 5015, 100 Perth Drive, 
  London, ON, N6A 5K8 Canada; Tel.: 519-931-5777; Fax: 519-931-5713; mteeter@imaging.robarts.ca.

ABSTRACT: No current method to study delamination and subsurface cracking in polyethylene joint 
replacement components provides accurate, nondestructive, and quantitative measurements. A technique 
to study damage both at and below the surface could be of great benefi t. We report the development of a 
micro-CT technique to nondestructively examine and quantify subsurface cracking in retrieved polyeth-
ylene tibial inserts. Five severely delaminated inserts and two never-implanted inserts were obtained from 
our institution’s implant retrieval library and scanned with micro-CT. Th e insert subsurface was examined 
for cracks, and their location and widths were measured using a digital line tool. Subsurface cracks were 
readily apparent only in the images of the delaminated inserts. Cracks ran horizontally, just below the ar-
ticular and back-side surfaces, and vertically at the center and lateral edges of the inserts and at the tibial 
post. Cracks ranged from 0.12 to 6.01 mm below the surface, with widths of 0.06–0.97 mm. Micro-CT 
can nondestructively visualize and quantify subsurface cracks. Th is is an enhancement to its previously re-
ported use to quantify surface deviations from wear. Micro-CT is well suited for longitudinal pin-on-disk 
and wear simulator trials, in addition to studies of retrieved components.

KEY WORDS: total knee replacement, polyethylene wear, delamination, implant retrieval, micro–computed 

tomography, subsurface crack

I. INTRODUCTION 

Th e mechanisms of polyethylene wear in total joint components can be divided into adhesive and abrasive 
wear, leading to surface damage and osteolysis, and fatigue wear, leading to delamination and subsurface 
cracking.1–4 Fluctuating stresses and sliding motions are thought to be responsible for the subsurface fail-
ure of the polyethylene, and can be accelerated by oxidation and certain material processing techniques.2,4 
Innovations in design and materials have led to components with greater resistance to delamination and 
cracking.1 Recently, the potential use of highly cross-linked polyethylene in total knee arthroplasty has 
become controversial, due to certain decreases in its mechanical properties (versus conventional polyeth-
ylene) that might increase fatigue failure and delamination.5–7 

No current method to study delamination and subsurface cracking in polyethylene joint replace-
ment components provides accurate, nondestructive and quantitative measurements. Delamination in 
total knee replacements is often fi rst observed by examining the surface of a tibial insert for discol-
oration, using the naked eye or a microscope.5,8 However, this does not detect the smallest regions of 
delamination, specifi cally the initial subsurface cracking. After the material has sloughed off , the surface 
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changes may be measured by coordinate measuring 
machines (CMMs).9 As a contact measurement 
technique, CMM cannot quantify cracks below the 
insert surface, and its accuracy depends on the tip 
size of its probe. Subsurface cracks from fatigue can 
be quantifi ed using scanning electron microscopy 
(SEM), but only in a manner that is destructive to 
the specimen and may destroy some of the smallest 
cracks.4,10 Nondestructive imaging of subsurface 
cracks has been attempted with ultrasound and 
scanning acoustic tomography (SAT).4,11 Unfor-
tunately, the ultrasonic techniques provide only 
low-resolution images and limited quantitative in-
formation regarding the subsurface cracks, with no 
information on surface damage, limiting its practi-
cal application. Although these various methods 
have been successfully used to yield a certain degree 
of insight into delamination and subsurface crack-
ing, a nondestructive and fully quantitative method 
to study polyethylene damage both at and below 
the insert surface would be of great benefi t.

Recently, micro–computed tomography (mi-
cro-CT) has been implemented to evaluate sur-
face damage in components from knee, hip, and 
spinal disc replacement.12–16 Typically, the micro-
CT images are reconstructed to analyze the 3D 
geometry and volume of the component. Micro-
CT nondestructively projects X-rays through the 
components,17 rather than probing the surface as 
in CMM or laser scanning.18–20 Th erefore, details 
of the component’s subsurface are also obtained, 
potentially revealing valuable information on sub-
surface fatigue wear.

We report the development of a micro-CT 
technique to nondestructively examine and quantify 
subsurface cracking in retrieved polyethylene tibial 
inserts. We evaluated two questions: Are subsurface 
cracks visible in reconstructed micro-CT images of 
the inserts? If so, can the location and extent of the 
subsurface cracks be quantifi ed?

II. METHODS 

Five severely delaminated inserts were obtained 
from our institution’s implant retrieval library. In-
serts with obvious, extensive delamination were 

selected because they would be the most likely to 
have subsurface cracking. Two never-implanted 
inserts, which would not be expected to have any 
deviations in their subsurface structure, were also 
obtained. Th e fi ve delaminated inserts included one 
AMK (DePuy Inc., Warsaw, Indiana), one Genesis 
I (Smith & Nephew Inc., Memphis, Tennessee), 
one Miller-Galante I (Zimmer Inc., Warsaw, Indi-
ana), one Kinemax, and one Duracon (Stryker Inc., 
Kalamazoo, Michigan). Th e lengths of implanta-
tions were 15 years for the AMK and Kinemax, 12 
years for the Miller-Galante, 11 years for the Dura-
con, and 10 years for the Genesis I. All had obvious 
delamination across the articular surfaces (Fig. 1). 
Th e surface of the polyethylene was relatively intact 
for the Kinemax and Duracon, but the majority of 
the surfaces of the AMK, Genesis I, and Miller-
Galante I were removed. Th e new, never-implanted 
inserts included one AMK and one Genesis II 
(Smith & Nephew, Memphis, Tennessee).

Each insert was scanned with a dedicated 
laboratory micro-CT scanner (eXplore Vision 120, 
GE Healthcare, London, Ontario) in a previously 
described fashion.12,13,16 Th e delaminated inserts 
were laid fl at in the scanner bed within a radio-
translucent polystyrene foam holder. Th is orienta-
tion maximized the viewing angle for the scanner 
to visualize any subsurface cracks that were present. 
Two scans were performed per insert, each covering 
slightly more than half of the insert. Th e scans were 
then stitched together automatically to restore the 
complete insert geometry, using software built into 
the scanner console. All scans were obtained using 
an isotropic resolution of 50 μm, with image acqui-
sition over 1200 views, and 10 frames averaged per 
view at an exposure time of 16 ms per frame. Th e 
X-ray tube voltage was 90 kV with a current of 40 
mA. Th e scans were reconstructed at the full 50 μm 
isotropic resolution.

Th e reconstructed scan images were analyzed 
with dedicated micro-CT software (MicroView 
v2.2, GE Healthcare, London, Ontario). A thresh-
old (to separate the insert from the surroundings) 
was determined automatically for each reconstruct-
ed scan by the software. Windowing was adjusted to 
aid visualization. For each insert, projections were 
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visualized for each slice in the X, Y, and Z planes 
(Fig. 2). Th e presence of subsurface cracks and their 
locations were noted, and screen captures were 
obtained. For a subset of slices where cracks were 
present, the digital line tool within the software 
was used to measure the minimum and maximum 
crack widths, as well as distance from the articular 

or back-side surface. In one case, an advanced re-
gion of interest (ROI) tool was used to manually 
segment one of the cracks. Isosurface rendering 
was performed to create a 3D volume of the crack, 
and of the insert surface. Th e two volumes were ex-
ported in VTK format and visualized with an open 
source visualization utility (ParaView, Kitware Inc., 

FIGURE 1. Photographs of the fi ve retrieved inserts with obvious delamination on their surfaces: (A) 
Kinemax; (B) Duracon; (C) AMK; (D) Genesis I; (E) Miller-Galante. Scale bars are 10 mm.

FIGURE 2. Dedicated analysis software allows 3D visualization and localization of the subsurface cracks, 
and measurements using a digital line tool.
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Clifton Park, New York). Th e insert surface was set 
at half opacity, allowing the 3D crack volume to 
be visualized within the insert. Th e delaminated 
insert volumes were also imported into a volume 
graphics application (VGStudio Max Version 2.0, 
Volume Graphics GmbH, Heidelberg, Germany). 
A threshold was again selected with those values 
corresponding to the insert volume set as opaque 
and other values set as transparent. Th is created a 
full-thickness rendering of the insert that enhanced 
the visualization of the subsurface cracks.

III. RESULTS 

Subsurface cracks were readily apparent in the 
2D planar images of the delaminated inserts. Th e 
cracks predominantly ran horizontally, just below 
the articular surface of the inserts (Fig. 3). Th e 
cracks tended to expand from narrow openings to 
larger gaps, running at mostly the same depth just 
below the surface with some expansions to further 
down within the surface. Vertical cracks were also 
found at the center of one insert (Fig. 3B), at the 

lateral edge of the articular surface (Fig. 3D), and in 
the tibial post of the Genesis I. In one case, a hori-
zontal crack was seen just below the back-side sur-
face of the insert (Fig. 4). Unlike the cracks below 
the articular surface, there were no obvious surface 
changes that suggested the presence of the crack 
below the back-side surface (Fig. 4A). In some 
cases, small regions of greater X-ray attenuation 
(i.e., denser material) appeared at the outermost 
edges of the cracks (Fig. 5). Th e subsurface of the 
never-implanted inserts was uniform and devoid 
of cracks.

Th e location (measured as depth from surface) 
and width of the cracks were easily determined us-
ing the viewing software’s linear measurement tool. 
For cracks beneath the articular surface, depths 
ranged from 0.12 to 6.01 mm, with crack widths 
ranging from 0.06  to 0.97 mm. Th e crack above 
the back-side surface was 0.23–0.44 mm in width 
and was 0.26–1.95 mm from the back-side surface. 
Th e 3D rendering of the cracks and insert surface 
assisted in visualizing and localizing the location 
and extent of the crack propagation (Fig. 6).

FIGURE 3. Two-dimensional planar views of the delaminated inserts with subsurface cracking (arrows): 
(A) Cracks are visible beneath both the left and right side of the articular surface; (B) Cracks are visible 
in the middle of the insert in addition to below the articular surface; (C) Side view demonstrating cracks 
below the articular surface of the insert; (D) Side view demonstrating cracking below the articular sur-
face and at the lateral edge of the insert.
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IV. DISCUSSION 

Subsurface cracking was readily visualized in the 
2D planar images and 3D rendering of the inserts 
obtained with micro-CT. Th e extent of this subsur-
face cracking was not apparent from examination 
of the insert surface, and therefore could not have 
been observed with stereomicroscopy or CMM. In 
one case, a crack below the back-side surface was 
found without any signifi cant changes to the over-

lying surface. Interestingly, denser regions appeared 
at the edges of some of the cracks, signifying that 
the polyethylene was compressed at these locations. 
Th is could be a sign of the initial formation of the 
cracks, suggesting micro-CT might be able to track 
the propagation of the subsurface cracking over 
time. All of these observations were performed in 
a nondestructive fashion, which is a signifi cant ad-
vantage over SEM, for which the specimen must be 
physically segmented.4,10 Th e nondestructive nature 

FIGURE 4. Image of a crack beneath the back-side surface of the retrieved insert (AMK): (A) Photo-
graph of the insert, with an arrow denoting the approximate location of the slice visualized with micro-
CT; (B) Two-dimensional planar image through the insert, demonstrating cracks below the back-side 
surface (arrows), articular surface, and rear of the insert; (C) Three-dimensional volume rendered image 
at approximately the same plane as (B), demonstrating the same cracks below the back-side surface 
(arrows), articular surface, and rear of the insert; (D) Cropped volume rendering of the insert surface (at 
half opacity) and the crack at the back-side surface (arrows), demonstrating the volume of the crack.

FIGURE 5. Regions with greater intensity (corresponding to a denser material) were found at the edges 
of some of the subsurface cracks (arrows): (A) Small regions of higher intensity at each end of a crack; 
(B) Larger region of high intensity running vertically.
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of micro-CT enables the examination of subsur-
face cracks across multiple time points in a pin-on-
disk or wear simulator study. Th e ultrasonographic 
methods might have also visualized the cracks non-
destructively, but at a much poorer resolution, and 
such methods would not enable additional analy-
sis of the insert surface damage.4,11 Quantifi cation 
of surface deviations is possible with micro-CT, 
through surface rendering of the worn insert and 
comparison to an unworn reference.12,13,16 Micro-
CT also provides a much higher resolution than 
previously reported ultrasound techniques (50 μm 
versus 300 μm), allowing a clear and easily inter-
pretable visualization of the subsurface cracks. 

Beyond visualization of the subsurface cracks, 
the dimensions of the cracks and their depth from 
the insert surface were also quantifi ed. Similar 
measurements are possible with SEM, but only 
after destructively segmenting the component.4,10 
In the study using a basic ultrasound technique, 
cracks were not quantifi ed, but percent area cov-
ered by the cracks was measured in the study using 
SAT.4,11 In contrast, linear measurements of the 
crack width and depth from surface were reported 

here. Both methods are valuable; however, we be-
lieve the ability of micro-CT to further measure 
surface deviations in addition to the subsurface 
cracking is a signifi cant advantage. Th e time for 
examination using the micro-CT technique is also 
advantageous, requiring less than 30 min of actual 
user intervention per insert when measuring both 
subsurface cracking and 3D surface deviation. Th e 
majority of the examination is automated, includ-
ing the CT scanning, image reconstruction, geom-
etry coregistration, and calculation of the surface 
deviations. Th ese automated processes currently 
require approximately 2–3 h, but are limited only 
by computational power. Th erefore, as the hardware 
technology improves, less time will be required to 
conduct the technique.

As a preliminary study of the feasibility of 
visualizing and quantifying subsurface cracking 
with micro-CT, this work is associated with some 
limitations. First, only a few inserts were examined, 
with fairly obvious and extensive delamination. 
We believe this sample is appropriate for a devel-
opment study; only a single retrieved insert was 
used in testing the use of ultrasound for studying 

FIGURE 6. Three-dimensional renderings aid in the visualization of the insert surface and subsurface: 
(A) Subsurface cracks are visible medially and laterally in an anterior-posterior view of the insert; (B) 
Three-dimensional rendering of the insert surface; (C) Subsurface cracks are visible in a lateral view of 
the insert.
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subsurface cracking.11 Second, the measurements 
of the subsurface cracks within the inserts were 
not compared to another technique such as SEM. 
While this would have helped validate the mea-
surements of the cracks, ensuring the same cracks 
are measured in both techniques is challenging, 
and results in destruction of the insert.4 Finally, the 
retrieved inserts that were examined can be clas-
sifi ed as historical polyethylene, and are known to 
be more susceptible to delamination and subsurface 
cracking than newer inserts manufactured with 
modern sterilization techniques.21 Such inserts 
were specifi cally chosen because subsurface cracks 
were more likely to be present, facilitating the de-
velopment of the technique. 

In summary, micro-CT was successfully used 
to nondestructively visualize and quantify subsur-
face cracks due to fatigue wear and delamination in 
retrieved tibial inserts. Since micro-CT is nonde-
structive, additional tests may be performed on the 
components after scanning, or it allows the compo-
nents to be scanned at multiple time points during 
a pin-on-disk or wear simulator study. Other wear 
measurement techniques cannot directly visualize 
the cracks, or are destructive, or do not also quan-
tify surface deviation in addition to the subsurface 
cracking. Micro-CT is suitable for evaluating all 
types of polyethylene used in joint replacement, in-
cluding hip, knee, and spinal arthroplasty.12–16 Th is 
new use for micro-CT expands the completeness 
of the technique, enabling quantifi cation of both 
surface and subsurface damage in all types of poly-
ethylene-based arthroplasty components from in 
vitro and ex vivo sources.12,13,16
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ABSTRACT: Th is study investigated a highly porous titanium foam with and without a PeriApetite 
coating as an alternative surface for implant fi xation. Twelve mongrel canines received staged total hip 
replacements under International Animal Care and Use Committee (IACUC) approval from our insti-
tution. Animals were randomly placed in three- or six-month groups for sacrifi ce. Seventeen total hips 
were available for evaluation. Th e area and depth of ingrowth was measured by SEM. At three months, 
PeriApetite Ti foam had 30% more depth and almost 10% more bone ingrowth. Both groups were found 
not to be diff erent at the six-month mark with over 36% of ingrowth calculated on SEM. Th e results 
prove not only that titanium foam is a viable ingrowth surface but also that PA coating can enhance the 
time to bony incorporation. 

KEY WORDS: acetabular shell, titanium foam, hydroxyapetite, bone ingrowth

I. INTRODUCTION

Th e ingrowth of bone as an interface for acetabular component fi xation has been utilized for over a de-
cade. Th e ingrowth or ongrowth surface addition to the acetabular component was devised as a solution 
to aseptic loosening rates with cemented all-polyethylene acetabular implants. Many diff erent surfaces 
have been investigated and reported on including titanium fi ber mesh and sintered cobalt chrome and 
titanium beads, as well as higher-porosity tantalum metal.1–5 Many diff erent implants have shown 5- to 
10-year documented good results and survivorship of >95%.5–11 

New ingrowth surfaces that are closer to the porosity of the surrounding cancellous bone have been 
investigated in the past and are now being utilized. Tantulum high-porosity metal has been reported to 
have good bone depth and reliable area of fi xation.2,4,5 Th e advent of higher-porosity metals that closely 
match that of cancellous bone may give multiple advantages over the previous beaded or fi ber mesh 
surfaces. Th ese include a higher density of bone ingrowth per unit volume due to the higher porosity and 
therefore possibly a higher mechanical interlock strength of the interface.4 

Titanium has been shown to have a high affi  nity for bony ingrowth and has been utilized for ortho-
paedic and dental reconstructive implants due to this attribute for bone ingrowth.12–14 Th ere have been 
reports of a high-porosity titanium surface for ingrowth in an unloaded canine model, but no reports of 
its use or success with a functional implant have been reported to date.15
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Th e use of titanium for a high-porosity in-
growth surface on an acetabular shell was attempt-
ed in a canine model in this study. A Titanium 3D 
ingrowth surface [Tritanium (Ti)] was investigated 
to determine the potential for ingrowth with and 
without a PeriApetite (PA) hydroxyapatite coat-
ing (Stryker, Mahwah, New Jersey). As with any 
press-fi t implant, initial stability and time to bony 
ingrowth is essential to the success of a cementless 
implant. It was hypothesized that the PA coating 
would signifi cantly increase the bony ingrowth and 
decrease the time necessary for ingrowth into the 
surface. Finally, comparison of previously reported 
canine acetabular implants will be utilized for com-
parison of the results.

II. METHODS

Twelve mongrel canines underwent bilateral to-
tal hip arthroplasty with a macrotextured femoral 
component (Stryker Orthopaedics, Inc, Mahwah, 
New Jersey) and a titanium foam porous surface 
30 mm acetabular shell (Tritanium, Stryker Ortho-
paedics, Inc, Mahwah, New Jersey.). Th e acetabular 
shells consisted of a 1.5 mm thick highly porous 
titanium foam coating with porosity of 75–80%. 
Th e porous Ti foam coating was attached to a tita-
nium alloy shell during the manufacturing process. 
Th e acetabular shells were randomized to uncoated 
foam (Ti) or with a hydroxyapatite coating (Ti-
PA) applied to the Ti foam surface in a 3D manner 
with a 20 μm thick coating applied via a solution 
deposit technique. Th e study was approved by our 
institution’s animal review board prior to the start 
of the study. Th e direct lateral cranial caudal ap-
proach was utilized for each operation. Th e acetab-
ulum was incrementally reamed at 1 mm intervals 
to 29 mm. If inadequate press was felt to exist, then 
two or three short stainless steel acetabular screws 
were inserted. If it was felt there was adequate press 
fi t, fewer screws were utilized at the discretion of 
the surgeon. Each hip was trialed and tested for 
stability prior to closure. If signifi cant overreaming 
of the acetabulum and loss of the posterior and or 
anterior wall resulted to get to the proper reamed 
sized for each implant (28–29 mm), then this was 

documented and the positioning of the implant 
optimized for the best coverage. Repair of the cap-
sule was not undertaken due to increased off set af-
forded by the press-fi t femoral component, but re-
pair of the musculature from the greater trochanter 
was undertaken. Surgical staples were utilized for 
all skin closures. Each canine was treated with the 
same postoperative protocol with a pain manage-
ment regimen, intravenous antibiotic prophylaxis, 
and weight bearing as tolerated. Th e animals were 
taken out of their cages each day for exercise by the 
vivarium staff  for 1 h. 

Canines were sacrifi ced at three and six months. 
Th e surrounding bone was harvested to include the 
entire acetabulum, which was removed of all tissue 
in a subperiosteal fashion (Fig. 1) and placed in a 
10% formalin neutral solution. Exclusion criteria 
for the postoperative canines were set as disloca-
tion and overreaming of the acetabulum with loss 
of wall support. Evidence of infection was also set 
as an exclusion criterion as well.

II.A. Imaging

Radiographs were taken preoperatively, postopera-
tively, and at siv-week intervals for assessment (Fig. 
2). Any noted radiolucencies were then recorded 
for each canine. 

Anterior-posterior and lateral radiographs 
were also taken of specimens after harvesting to 
properly orient them anatomically for section-
ing. Microradiography of each slide confi rmed 
that the histological section was in the coronal 
plane, including the ileum part of the acetalulum, 
which is the weight-bearing region of the canine 
acetabulum (Fig. 3). Th e contact radiographs 
were used to pinpoint the region for scanning 
electron micrography of the ileum region of 
the acetabulum.

II.B. Tissue/Slide Preparation

After each canine was sacrifi ced, the acetabular cup 
and surrounding bone was retrieved and fi xed in 
10% neutral formalin. Radiographs were used for 
the orientation of trimming and sectioning.
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Soft tissue was stripped and excessive bone was 
trimmed off . All the specimens were processed for 
undecalcifi ed thin-section histology. In brief, the 
specimens were dehydrated in a graded series of 
alcohol, cleared in xylene, and embedded in methyl 
methacrylate. Th e acetabular components were sec-
tioned in the coronal plane near the middle of the 
ileum regardless of the location of the implant using 
the Exakt diamond saw. Th e sections were ground 
to 250–350 μm and polished. Contact radiographs 
and backscattered scanning electron microradio-
graphs (SEMs) were taken for each slide.

Seven images of SEM were taken sequentially 
to cover the whole coating of the implant across 
the entire area of the ileum. Th e area of interest 
was identifi ed using the stage track mode of the 
SEM. Each image was taken at 20× using back-
scatter detector, an acceleration of 10 kV, and a 
spot size of 5.

Quantitative analysis was conducted on the 
images of SEM with the Image Pro Plus program. 
Th e histomorphometric evaluation of bone growth 
within the implant was done on the ileum part for 
each section of the acetabular components. Seven 
images of SEM along the circumference of the cup 
covered the whole coating of the implant across the 
entire area of the ileum. Th e whole area of the foam 
coating, the area of metal, and the area of the bone 
were measured. Th e extent of bone ingrowth was 
calculated by dividing the bone area by the whole 
area minus the metal. Th e depth of bone ingrowth 
was determined as the percentage of the length of 

a line from the top of the coating to the deepest 
point of bone toward the substrate of the shell.

II.C. Percentage of Bone Ingrowth

Th e distance between the substrate to the highest 
peak of the coating was measured and the irregular 
area of interest (AOI) was defi ned. Th e AOI Al, 
consisting of bone, metal, and pores, is the area 
bounded by the coating substrate interface and the 
highest peak of coating in that section. Areas con-
sisting of metal coating (A2) and bone (A3) were 
also quantifi ed. Th e percentage of bone ingrowth 
was then calculated using the following formula: 
Percent Bone Ingrowth = A3 I (A1 − A2) × 100.

II.D. Depth of Bone Ingrowth

Th e deepest point of bone ingrowth in each im-
age was identifi ed as shown in Figure 4 and mea-
sured. Th e depth of bone ingrowth was calculated 
using the following formula: Percent Bone Depth 
= (Bone depth/Coating thickness at the highest 
point in the image) × 100.

Two-factor two-way analyses of variance were 
performed on the depth of bone ingrowth and 
percent bone ingrowth with time (three and six 
months) and surface (with or without PA coating) 
as variables. When statistical diff erences were iden-
tifi ed, Tukey post hoc multiple pairwise compari-
sons were performed. Statistical signifi cance was 
assumed at p < 0.05.

FIGURE 1. Gross anatomical resection of the ac-
etabulum before preparation for SEM analysis.

FIGURE 2. Radiograph of a canine at 4.5 months 
after right THR and six weeks after Left THR. 
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III. RESULTS

Seventeen total hips from 10 mongrel canines were 
included in this study after exclusion of four ani-
mals for chronic dislocation, due to implant and 
anatomy mismatch, and one for an infection. Th e 
size mismatch was a problem due to availability 
of only one size of acetabular shell (30 mm), and 
if signifi cant overreaming was necessary with loss 
of either wall of the acetabulum, the animal was 
excluded from the study. Two chronic dislocations 
were found at six weeks due to the animals bearing 
weight with minimal limp. Two other dislocations 
occurred within the fi rst two weeks and reduction 
or reoperation failed. 

III.A. Radiographic Analysis

Th e postoperative radiographs at six weeks and 
three or six months for the 17 hips included in the 
study showed no obviouos radiolucencies. Th e ca-
nines that were excluded from the study showed 
small radiolucencies at the weight-bearing aspect 
and complete areas of radiolucencies for the one 
presumed infected case.

III.B. Histomorphometric Analysis

Th e depth of the bone ingrowth varied among spec-
imens for the obtained images. At three months, 
bone depth was calculated with Ti-PA having 94% 

FIGURE 3. Microradiograph of acetabular section with arrows showing area along ileum analyzed for 
depth and percent ingrowth.

FIGURE 4. SEM showing a bone depth of 100%.
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± 10.36% bone depth compared to 63.12% ± 25.6% 
for Ti alone. Th is was not statistically signifi cant 
however (p = 0.081). At three months, three out of 
six Ti-PA specimens had 100% bone depth com-
pared to three out of four at six months for the na-
tive Ti foam surface. At six months, the two native 
Ti foam specimens were nearly identical for bone 
depth compared to the Ti -PA group (96.42% 
compared to 97.31%) (Table 1). 

Th e percentage of bony ingrowth measured at 
three months for the Ti foam group was calculated 
at 17.95% ± 9.54%. Th e Ti-PA group was calculated 
at 26.54% ± 8.06% at three months, which was not 
statistically signifi cant (p = 0.28). At six months, the 
Ti foam percent ingrowth was calculated at 36.14% 
± 8.96%. Compared to the Ti-PA group, no diff er-
ence was calculated with the percentage at 38.51% 
± 10.59%. Th e only statistical measure found to be 
signifi cant was the variable of time. When bone 
ingrowth was compared collectively between three 
and six months, the results were signifi cant with a 
p value of 0.048. 

No surface damage in any of the microradio-
graphs was noted to the Ti foam surface. Th ere was 
no evidence that the Ti foam coating/substrate in-
terface was damaged from the force of impaction at 
time of insertion during the operative procedure.

It was evident that the overreamed specimens 
had a gap between the Ti foam surface and the 
cancellous bone of the ileum (Fig. 5). Th e fact that 
little contact was visualized in these cases main-
tains the necessity of their exclusion for extreme 
size mismatch of the acetabular shell and the 
anatomical limitations of the bony acetabulum for 
each canine. 

IV. DISCUSSION 

Th e titanium foam surface proved to allow in-
growth of trabecular bone, which was continuous 
with the surrounding acetabular bone. Th e depth 
of bone growth proved to be complete through-
out the titanium foam to the solid portion of the 
acetabular shell. Ti foam as an ingrowth surface 
performed well in this study with a signifi cant 
increase in percentage of bone ingrowth between 

three and six months. Ingrowth depth also proved 
to be complete in most specimens with improve-
ments with time as well. Th e depth of ingrowth as 
well as percentage of ingrowth for the PA-coated 
Ti foam appeared to have an advantage compared 
to the uncoated at three months, and the native 
Ti foam surface seemed to catch up at the six-
month interval. Th e study results show that the 
high-porosity Tritanium surface with a PA coat-
ing creates a surface that appears to have a faster 
rate of ingrowth. At three months, there is greater 
ingrowth into the PA-coated Ti foam; but by six 
months, the two groups are equivalent. It should 
also be noted that with higher-porosity Tritanium 
surfaces, there is quantitatively more bone to in-
terlock the shell than with beaded surfaces. Th is 
is a design advantage of the high-porosity surface 
whether titanium or tantalum. With 60–70% of 
the surface containing empty space, it allows for a 
greater amount of bone to be interlocked with the 
interface compared to ingrowth surfaces of 30 or 
40% porosity.

Th e canine total hip model has been utilized for 
investigative purposes in orthopaedic surgery for 
decades.13–20 Th ese studies have been paramount in 
the past to gain insight into the science of biologic 
fi xation. Some of these have comparative signifi -
cance to this study.

Th e percentage of ingrowth area compares fa-
vorably to other reported canine studies for other 
types of ingrowth acetabular surfaces. Th ese studies 
for cobalt chrome beads and titanium fi ber mesh 
have been reported by Jasty et al.3 In their canine 
studies, the reported ingrowth was 21.5% ± 4.4% 
in titanium fi ber mesh and 13.4% ± 9.9% for cobalt 
chrome beads. For comparison, at six months, in 
our study,, we had favorable results with 38% for Ti 
+ PA, and 36.1% for Ti foam alone.

Bobyn et al.2 reported the success of highly 
porous tantalum acetabular cups in 22 canine hips 
for a total of six months. Th ey reported a 16.8% 
bony ingrowth for all sections that were analyzed 
and a 25.1% bony ingrowth in the peripheral sec-
tions of the acetabular shell where bony contact 
was most consistent Th ey concluded that the po-
rous tantalum provided a suitable alternative to 
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TABLE 1. Percent Bone Ingrowth and Percent Depth of Bone Penetration into the Porous Coat-
ing for Each of the Specimens Analyzed

Animal Number Time In Vivo
Percent Bone Depth

(%)
Percent Bone Ingrowth

(%)

Three Months

Ti Foam

4 L 3 months, 22 days 24.94 4.01

6 L 3 months, 13 days 80.70 25.98

8 L 3 months, 12 days 84.92 23.40

3 L 3 months, 7 days 48.74 12.04

1 R 4 months 76.29 24.30

MEAN 63.12 17.95

STD 25.60 9.54

Ti Foam/PA

5 L 3 months, 21 days 94.67 25.25

9 L 3 months, 7 days 100.00 40.13

11 L 3 months, 12 days 95.85 20.20

14 R 4 months, 11 days 73.39 19.09

7 L months 100.00 31.85

13 L 3 months, 4 days 100.00 22.72

MEAN 93.99 26.54

STD 10.36 8.06

Six Months

Ti Foam

9 R 7 months, 11 days 100.00 42.47

11 R 7 months, 16 days 92.83 29.80

MEAN 96.42 36.14

STD 5.07 8.96

Ti Foam/PA

4 R 6 months, 21 days 100.00 49.29

6 R 7 months, 4 days 100.00 45.88

8 R 6 months, 26 days 100.00 30.13

10 R 7 months, 11 days 89.24 28.74

MEAN 97.31 38.51

STD 5.38 10.59
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other porous surfaces utilized for acetabular com-
ponents. Th e acetabular ingrowth for our study 
compares favorably to these results, with 23% at 
three months and 38% at six months with Ti and 
PA coating. In our Ti foam group at six months, 
the average was 36.1%, which again compares 
favorably to the tantalum at six months as well 
(25.1% in the periphery).

 Downfalls of our reported study include ex-
clusion of chronic and failed dislocations, exclusion 
of overreamed acetabuli, and exclusion of one pre-
sumed infected hip at six weeks. Th ese exclusions 
also limited the number of hips in the uncoated 
Ti foam group. With inclusion of the overreamed 
specimens, the percent bony ingrowth at six months 
from our study would still compare favorably with 
previously reported studies.

Th e conclusions of this canine study on the 
simplest levels tells us that trabecular bone was 
present inside the pores of the Ti foam both with 
and without PA coating, and was continuous with 
the surrounding acetabular bone. Th e study also 
proved that bone readily grew into the pores and 
throughout the depth of the Ti foam coating. Th e 
addition of the PA coating on the Ti foam resulted 
in faster bone ingrowth into the full depth of the 
porous surface. Th is was evident with an average 
percent bone ingrowth into the pores increasing 
signifi cantly from 23% at three months to 38% at 

six months. Th e average depth of bone ingrowth 
into the porous coating was much greater for 
PA-coated Ti foam than for Ti foam alone. Th ese 
diff erences were attributed entirely to the greater 
depth of ingrowth for PA-coated than uncoated 
at three months, and the increase between three 
and six months for the uncoated Ti foam. Th e new 
highly porous 1.5 mm Ti foam coating both with 
and without PA coating proved to create a viable 
biologic interface that has promise for an improved 
fi xation method in total hip arthroplasty. 

AKNOWLEDGMENTS

All funding for this project was provided by a 
research grant from Stryker Orthopaedics, Inc. 
William M. Mihalko, MD PhD was a consultant 
for Stryker Orthopaedics, Inc. and now for Aes-
culap, Inc.

REFERENCES

1. Bobyn JD, Pilliar RM, Cameron HU, Weath-
erly GC. Th e optimum pore size for the fi xa-
tion of porous surfaced metal implants by the 
ingrowth of bone. Clin Orthop. 1980;150:
263-70.

2. Bobyn JD, Toh K, Hacking A, Tanzer M, Krygi-
er JJ. Tissue response to porous tantalum acetab-
ular cups, J Arthoplasty. 1999;14:3:347-354.

FIGURE 5. SEM of one of the overreamed specimens showing no contact of bone with the Ti foam 
coating.



42 Mihalko et al.

Journal of Long-Term Eff ects of Medical Implants

3. Jasty M, Bragdon CR, Haire T, Mulroy RD 
Jr, Harris WH. Comparison of bone ingrowth 
into cobalt chrome and titanium fi bre mesh po-
rous coated cementless canine acetabular com-
ponents, J Biomed Mater Res, 1993;27:639-�.

4. Komarasamy B, Vadivelu R, Bruce A, Kershaw 
C, Davison J. Clinical and radiological outcome 
following total hip arthroplasty with an unce-
mented trabecular metal monoblock acetabular 
cup. Acta Orthop Belg. 2006 Jun;72(3):320-5.

5. Macheras GA, Papagelopoulos PJ, Kateros K, 
Kostakos AT, Baltas D, Karachalios TS. Ra-
diological evaluation of the metal-bone inter-
face of a porous tantalum monoblock acetab-
ular component. J Bone Joint Surg Br. 2006 
Mar;88(3):304-9.

6. Engh CA, Hooten JP Jr, Zettl-Schaff er KF, 
Ghaff arpour M, McGovern TF, Macalino GE, 
Zicat BA. Porous coated total hip replacement. 
Clin Orthop , 1994, 298:89-96.

7. Sumner DR, Jasty M, Jacobs JJ, Urban RM, 
Bragdon CR, Harris WH, Galante JO: Histol-
ogy of porous-coated acetabular components. 
25 cementless cups retrieved after arthroplasty. 
Acta Orthop Scand. 1993 Dec:64(6):619-26.

8. Goldberg VM, Ninomiya J, Kelly G, Kraay M. 
Hybrid total hip arthroplasty: a 7- to 11-year 
followup. Clin Orthop. 1996, 333:147-54.

9. Schmalzried TP, Harris WH. Hybrid total hip 
replacement: a 6.5 year follow-up study. J Bone 
Joint Surg Br. 1993, 75:608-15.

10. Cook SD, Barrack RL, Th omas KA, Haddad 
RJ. Quantitative analysis of tissue growth into 
human porous total hip components. J Arthro-
plas. 1988;3:249-62.

11. Engh CA, Zettl-Schaff er KF, Kukita YSweet 
D, Jasty M, Bragdon C. Histological and ra-
diographic assessment of well functioning po-
rous-coated acetabular components: a human 
postmortem retrieval study. J Bone Joint Surg 
Am. 1993, 75:814-24.

12. Bragdon CR, Jasty M, Greene M, Rubash HE, 
Harris WH. Biologic fi xation of total hip im-

plants. insights gained from a series of canine 
studies. J Bone Joint Surg Am. 2004;86-A 
Suppl (2):105-17.

13. Munting E. Ingrowth and formation of bone 
in defects in an uncemented fi ber-metal total 
hip-replacement model in dogs. J Bone Joint 
Surg Am. 1991 Dec;73(10):1576-7.

14. Kang JD, McKernan DJ, Kruger M, Mutschler 
T, Th ompson WH, Rubash HE. Ingrowth and 
formation of bone in defects in an uncement-
ed fi ber-metal total hip-replacement model in 
dogs. J Bone Joint Surg Am. 1991 Jan;73(1):
93-105.

15. Frenkel SR, Jaff e WL, Dimaano F, Iesaka K, 
Hua T. Bone response to a novel highly po-
rous surface in a canine implantable chamber. 
J Biomed Mater Res B. 2004 Nov 15;71(2):
387-91.

16. Al Hertani W, Waddell JP, Anderson GI. Th e 
eff ect of partial vs. full hydroxyapatite coating 
on periprosthetic bone quality around the ca-
nine madreporic femoral stem. J Biomed Mater 
Res. 2000 Sep;53(5):518-24.

17. Christie MJ. Clinical applications of trabecular 
metal. Am J Orthop. 2002 Apr;31(4):219-20. 
Review.

18. Ido K, Matsuda Y, Yamamuro T, Okumura 
H, Oka M, Takagi H. Cementless total hip 
replacement: bio-active glass ceramic coat-
ing studied in dogs. Acta Orthop Scand. 1993 
Dec;64(6):607-12.

19. Munting E. Ingrowth and formation of bone 
in defects in an uncemented fi ber-metal total 
hip-replacement model in dogs. J Bone Joint 
Surg Am. 1991 Dec;73(10):1576-7.

20. Kang JD, McKernan DJ, Kruger M, Mutschler 
T, Th ompson WH, Rubash HE. Ingrowth and 
formation of bone in defects in an uncement-
ed fi ber-metal total hip-replacement model in 
dogs. J Bone Joint Surg Am. 1991 Jan;73(1):
93–105.



1050-6934/10 $35.00 © 2010 by Begell House, Inc. 43

Journal of Long-Term Eff ects of Medical Implants, 20(1): 43–48 (2010)

Evidence That In Vivo Wear Damage Alters 
Kinematics and Contact Stresses in a Total 

Knee Replacement
John L. Williams,1,2 David A. Knox,2 Matthew G. Teeter,3 David W. Holdsworth,3 

& William M. Mihalko1,2,*

1University of Tennessee, Memphis, TN; 2University of Memphis, Memphis, TN; 3University of Western Ontario, 
London, ON, Canada

*Address all correspondence to William M. Mihalko, MD PhD, 1458 W. Poplar Avenue, Suite 100, Memphis, TN 38017; Tel.: 901-759-5512; 
 Fax: 901-759-5571; wmihalko@campbellclinic.com.

ABSTRACT: Polyethylene wear after a total knee arthroplasty is inevitable. Th e eff ects of the wear par-
ticles on the surrounding soft tissue causing infl ammatory responses and eventual aseptic loosening are 
well documented, but the biomechanical changes from polyethylene wear have been less understood. Th is 
study investigated how wear from a retrieved polyethylene insert from a total knee arthroplasty changed 
the kinematics and contact stresses. A cruciate-retaining total knee implant (Natural-Knee, Intermedics 
Orthopedics, Inc., Austin, Texas) was retrieved from a donor program. Th e polyethylene insert was then 
scanned and modeled. KneeSIM (LifeMOD/KneeSIM, San Clemente, California) was used to simulate 
one cycle of gait of three second duration (100% of cycle). A threefold increase in contact stress as well as 
resulting kinematic changes were seen when the model was used to compare the retrieved versus a mod-
eled off -the-shelf new polyethylene insert. Total knee designs should take into account the wear patterns 
that result from years of use and how they may aff ect the biomechanics of the knee long term.

KEY WORDS: knee, arthroplasty, wear, retrieval, biomechanics

I. INTRODUCTION
Retrieval analysis studies in orthopaedic surgery have mostly focused on tribology and mechanical fi xa-
tion.1–3 Little has been done to analyze how the eff ect of wear in a total knee replacement impacts the 
functional aspects of the joint. Today, with health care dollars being highly scrutinized, the more knowl-
edge we have pertaining to functional outcome basis and eff ects of wear on those functional parameters, 
the more we will be able to address long-term concerns on a material and design basis.

Flouroscopic kinematic analysis studies have now been utilized to predict how a total knee replace-
ment is functioning in situ. Th ese studies, however, are often variable within the same design of an im-
plant,4–7 which makes it diffi  cult in current analyses to determine the eff ects of wear on a certain design of 
an implant. If certain designs of current total knee arthroplasties (TKAs) exist that are more susceptible 
to wear once the process occurs, then knowing the parameters that can be avoided at the design phase 
would be an extremely benefi cial tool. 

Wear simulators often do not correlate to true in vivo conditions,8–10 nor do they account for clinical 
and surgical variations that can have a signifi cant eff ect on the resulting kinematics and function of the 
joint. Although ISO and ASTM standards exist for wear analysis studies of medical devices, the eff ects 
on the mechanics and biomechanics of the joint are not the aim of these standards. 
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Th e polyethylene bearing on the tibial side of a 
total knee replacement (TKR) is subjected to large 
forces from the metal femoral component while 
allowing the required motions of rolling, gliding, 
and rotation. Over time, the polyethylene bearing 
surface topography is expected to undergo change 
due to creep and wear. Th ese eff ects are often not 
accounted for during the design, development, or 
testing phases of an implant. If the change in ki-
nematics and contact stresses once a TKA started 
a certain in vivo wear pattern allowed for a detri-
mental cycle to start, then knowing this ahead of 
time could allow engineers to avoid a potentially 
catastrophic situation for both the patient and the 
design of the implant. 

We hypothesized that changes in surface to-
pography would alter joint kinematics and contact 
stresses. Th is study sought to investigate tibiofemo-
ral kinematics and patterns of motion of contact 
stresses at the tibiofemoral bearing using a virtual 
simulation of gait of a retrieved TKR for compari-
son to the same parameters for simulations of an 
unworn TKR.

II. METHODS

A cruciate-retaining total knee implant (Natu-
ral-Knee, Intermedics Orthopedics, Inc., Aus-
tin, Texas) was retrieved from the right knee of 
a deceased 86-year-old, 91 kg, male subject with 
institutional review board approval. Th e retrieval 
was part of a program established at the Medi-
cal Education and Research Institute (MERI) in 
Memphis, Tennessee. All retrieval protocols were 
performed under current ASTM standards. For 
this report, a polyethylene highly congruent tibial 
insert was retrieved along with a Ti base plate, a 
CoCr femoral component, and an all-polyethylene 
(three-peg design) patellar component through a 
midline incision. Th e posterior cruciate ligament 
(PCL) was intact and appeared to be functioning 
since it resisted a posterior drawer. All components 
were cemented and well fi xed. Th e knee was in a 
tibiofemoral angle of 7 deg of varus. Utilizing fl uo-
roscopic imaging, the Q-angle was determined to 
be 13 deg as measured by a radiopaque goniom-

eter. Th e range of motion was measured and was 
below average at 5–78 deg of fl exion. A new tibial 
insert (Zimmer Natural-Knee System Congruent 
Tibial Insert, Zimmer, Inc., Warsaw, Indiana) of 
the same size and type was also obtained. All com-
ponents were scanned by white light and reverse 
engineered to generate parasolid models. Both tib-
ial inserts were also scanned by micro-CT with 50 
μm resolution, at an X-ray tube voltage of 90 kV 
and current of 40 mA. Twelve hundred views were 
taken, with 10 frames averaged per view, each us-
ing an exposure of 16 ms. Isosurface rendering of 
the resulting micro-CT images was performed to 
generate STL fi les. Th e worn and new tibial insert 
geometries were coregistered and the deviations 
between the two were measured in a previously 
described fashion.11

KneeSIM (LifeMOD/KneeSIM, San Clem-
ente, California) was used to simulate one cycle 
of gait of 3 s duration (100% of cycle) including 
0.3 s of equilibrium (10% of cycle) for the new and 
worn tibial insert components. Th e components 
were positioned in the model of the knee in the 
orientation determined from whole leg CT scans 
and fl uoroscopy images. Th e KneeSIM simula-
tions included the patellofemoral and tibiofemoral 
joints, the quadriceps extensor mechanism and 
hamstrings muscle, PCL, MCL, LCL, and joint 
capsule. Kinematics of the knee was analyzed using 
similar measures employed in fl uoroscopy studies, 
i.e., by tracking the antero-posterior motion of the 
computed lowest condylar positions, closest to the 
tibial base plate.

III. RESULTS

Th e retrieved tibial insert had signifi cant delamina-
tion in the medial compartment and pitting in the 
postero-lateral margin. Th e surrounding areas had 
notable thinning as seen from micro-CT analysis 
(Fig. 1).

Diff erences were noted in the predicted fl uoro-
style kinematics (Fig. 2) of the TKRs with worn 
versus new tibial insert geometries and in the 
internal-external rotations (Fig. 3). Peak contact 
stresses in the medial and lateral plateaus increased 
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threefold after wear (Fig. 4), while the intercondylar 
eminence stress decreased. Most of the severe pit-
ting and delamination damage occurred in a region 
where the model predicted peak contact stress and 
cross-shear motion (Fig. 5). Peak stresses occurred 
mostly during heel strike and the stance phase on 
the medial plateau, while the lateral side experi-
enced peak stresses during the latter part of the 
swing phase. Th e greatest excursion of the center 
of pressure points occurred at the end of the swing 
phase (80–100% of the total cycle).

IV. DISCUSSION

Many orthopaedic implants have shown demise 
earlier than expected.12–15 Although many of these 
performed well in the laboratory, they proved to be 
bad solutions in vivo. Th is study has shown another 
consequence of wear in a total knee replacement 
implant that has not been previously described. Th e 
modeling analysis has shown that as wear increases 
in the polyethylene insert, there are large increases 
in the contact stress and measureable changes in the 

FIGURE 1. Surface damage (left) of retrieved tibial insert and contour plot (right) showing elevation 
deviations between the worn and new inserts with cool colors indicating lower and warm colors higher 
elevation than the new insert (blue = −0.75 mm, red = +0.75mm).

FIGURE 2. Antero-posterior (+ANT) motion of the condylar low points (CLPs) relative to dwell positions.
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kinematics of the joint. Th ese issues should be taken 
into consideration when designing total knee im-
plants in order to minimize these long-term eff ects.

Tractive forces during rolling occur during the 
stance phase of gait and may be associated with the 
phenomenon of cross-shear wear, which appears to 
occur around midstance (Fig. 5). In this study, ob-

served damage to the intercondylar eminence was 
predicted by simulation to occur between 30 and 50 
% of the gait cycle, and appeared to limit internal 
rotation of the tibia and force it into external rota-
tion. IE rotational diff erences before and after wear 
were most notable between heel strike and swing 
phase with a reversal of direction following heel 

FIGURE 3. Internal-external (+INT) rotation of the tibia relative to the femur.

FIGURE 4. Peak medial (red) and lateral (blue) contact stresses after wear (right) were three times 
larger than for a new insert (left), but lower on the intercondylar eminence (black) after notching of the 
eminence.
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strike into early stance.16Anterior fl uoro-style rela-
tive motion of the femur on the tibia was predicted 
to increase by as much as 2.5 mm after wear.

Retrieval analysis of a functioning TKR can of-
fer signifi cant insight into current implant designs, 
even when these designs have not yet seen overt 
clinical failures that result in revision surgery. As 
much as the argument is made for the need in the 
United States for a hip and knee registry to follow 
the survivorship of all implant designs, the need for 
retrieval analysis of both failed and well-function-
ing implants is a necessity that can allow progres-
sion of better designs that have longer survivorship 
and save the health care system billions of dollars in 
the future. Th is study suggests that further retrieval 
analyses of well-functioning TKRs are warranted 
to determine the defi ning design characteristics 
that minimize wear and mechanical eff ects and 
optimize functional outcome and survivorship.
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ABSTRACT: Total joint replacements can be subject to the loss of polyethylene material due to wear, lead-
ing to osteolysis and decreased implant longevity. Micro–computed tomography (micro-CT) techniques 
have recently been developed to calculate 3D surface deviations in worn implant components. We describe 
a micro-CT technique to measure the volume of the surface deviations (volume of wear plus creep) within 
a specifi c region or compartment, and report its repeatability and reproducibility. Six worn polyethylene 
tibial inserts were scanned using a laboratory micro-CT scanner and subsequently reconstructed at 50 μm 
voxel spacing. A previously developed custom software application was used to quantify the 3D surface 
deviations between the worn tibial inserts and an unworn reference geometry. Th ree observers (two trained 
and one expert) used new custom software to manually outline the localized regions of surface deviation 
(three times for each of the worn inserts) and calculate the volume of the deviations. Th e overall intrao-
bserver variability in the surface deviation volumes was 3.6% medially and 1.1% laterally. Th e overall in-
terobserver variability was 4.8% medially and 1.7% laterally. Placement of points in outlining the region of 
deviation contributed the greatest variability to the measurements. Repeatability and reproducibility of the 
volume measurements are similar to measurements of total (nonregional) wear volume including a previ-
ous micro-CT technique (10%), fl uid displacement (4.8%), and radiographic measurements (15.7%). Th e 
principles of this technique can likely be used to measure regional wear and creep volume in knee and hip 
joint replacement components from wear simulator, pin-on-disk, and retrieval studies.

KEY WORDS: total joint replacement, polyethylene wear, micro–computed tomography

I. INTRODUCTION

Th e loss of polyethylene material due to wear in joint replacement components continues to be of in-
terest to the orthopaedics community. Polyethylene wear may lead to aseptic loosening and osteolysis, 
decreasing the longevity of the implant.1 A number of in vitro laboratory methods have been developed 
to quantify the gravimetric or volumetric changes (due to wear and creep) in polyethylene components 
that have been retrieved from patients or undergone wear simulator testing. Th ese methods include mi-
cro–computed tomography (micro-CT), gravimetric analysis, fl uid displacement, and coordinate measur-
ing machines.2–4

Micro-CT has been used to measure the overall volume of polyethylene tibial inserts and spinal discs,5,6 
and to measure the volume loss due to wear in retrieved polyethylene acetabular liners.7 Techniques have 
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also been developed to measure and map the 3D 
surface deviations due to wear and creep in tibial 
inserts and acetabular liners.4,5 A similar technique 
to measure the localized volume change within 
specifi c operator-selected regions of interest would 
be useful for comparing the location (e.g., medial 
versus lateral side of a tibial insert) and type of de-
viation (e.g., burnishing versus pits). Operator input 
is required to ensure that only “true” wear damage 
is quantifi ed, ignoring erroneous surface deviations 
such as damage from the retrieval process, residual 
errors in component geometry coregistration, and 
residual diff erences (from manufacturing toler-
ances) between a retrieved component and a never-
implanted reference geometry.8

Th e objectives of the present study were to de-
scribe the development of a technique to measure 
the regional volumes of surface deviations due to 
wear in polyethylene tibial inserts, and to measure 
the intraobserver repeatability and interobserver 
reproducibility of the technique. Th e technique was 
fi rst established using a group of tibial inserts from 
a wear simulator study, then demonstrated using a 
tibial insert retrieved from a patient.

II. METHODS

II.A. Micro-CT Scanning of the Tibial Inserts

A group of 12 polyethylene tibial inserts (AMK, 
DePuy Inc., Warsaw, Indiana) of the same design 
and size were included in this study for establishing 
the technique. Six of the inserts had undergone wear 
testing to 5.5 million cycles in a prior wear simula-
tor trial.9 Patches of damage from the wear testing 
were observed macroscopically on both the medial 
and lateral sides of the articular surface for each of 
the six worn inserts. Th e remaining six inserts had 
experienced no wear and were used to construct an 
unworn reference geometry. Th is reference geom-
etry was necessary to enable quantifi cation of the 
worn surface deviations, since the worn inserts were 
not scanned before the wear trial (and thus the pre-
wear geometry of the inserts was unknown). 

Each insert was scanned with a laboratory mi-
cro-CT scanner (eXplore Vision 120, GE Health-

care, London, Otario) as part of a previous study.5 
Inserts were scanned at 50 μm isotropic voxel 
spacing, with an X-ray tube voltage of 90 kVp and 
current of 40 mA. In each scan, 1200 views were 
obtained in 0.3° deg increments with 10 frames av-
eraged per view at an exposure of 16 ms per frame. 
Th e scans were reconstructed at the full 50 μm 
isotropic voxel spacing and analyzed with micro-
CT analysis software (MicroView, GE Healthcare, 
London, Ontario). Isosurface rendering of the in-
sert geometry was performed at the highest possible 
quality, using a threshold automatically determined 
by the software. Th e resulting geometry was saved 
in stereolithography fi le format.

II.B. Measurement of 3D Surface 
Deviations

A custom software application, developed for a 
previous study, was used for the construction of the 
unworn reference geometry and the quantifi cation 
of the worn insert 3D surface deviations.8 Th e ap-
plication coaligns a source insert surface to a target 
surface using an iterative closest-points algorithm, 
with convergence set for when the rms average dis-
tance dropped below 0.1 μm for the 1000 sample 
points. To construct the unworn reference geom-
etry, each of the six unworn inserts were imported 
into the application and the geometries were av-
eraged to minimize any between-insert deviations 
due to the manufacturing process. 

Each of the six worn inserts were then imported 
into the application and coaligned to the unworn 
reference geometry. Th e 3D deviations between the 
worn insert and the unworn reference geometry 
(in millimeters) were then calculated continuously 
across the entire surfaces of the inserts. Th e cal-
culated 3D surface deviations were then mapped 
across the insert surface (Fig. 1) and visualized in 
ParaView (Kitware Inc., Clifton Park, New York).

II.C. Measurement of Regional Wear 
Volume

Custom software was developed using Th e Visu-
alization Toolkit (Kitware Inc., Clifton Park, New 
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York) to compute the volume deviation of the worn 
implant from the unworn reference geometry for 
operator-defi ned regions of interest.  Input to 
the software was the unworn reference geometry, 
with mapped surface deviations computed from 
the worn implant as described in Section B above. 
Th e geometric model consisted of over 8.8 million 
points and 4.4 million triangles with a mean and 
median point spacing of 0.0501 and 0.0508 mm, 
respectively.  

In order to defi ne the worn region of interest, 
operators were required to (i) identify the worn area 
and (ii) outline the region boundary.  Identifi cation 
was carried out using interactive features built into 
the software, which allowed operators to arbitrarily 
reorient the surface geometry in 3D space and to 
modify the color lookup table range used to map 
the surface deviation values onto the visual model. 
Once the region of interest had been identifi ed, 
nonessential surface geometry was cropped away 
in order to accelerate later computation. To outline 
the region of interest, points were manually placed 
on the surface around the extent of the worn region 
as determined by the operator. Th e points were 

then used to defi ne a closed selection loop residing 
on the surface geometry (Fig. 2). Having outlined 
the worn region, three analysis quantities were 
computed and reported on for this study, namely, 
the deviation volume, the number of points used to 
outline the surface deviation, and the PSI.

Th e deviation volume of the discrete triangu-
lated surface patch enclosed by the selection loop 
was computed as
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where V is the total deviation volume of the surface 
patch, n is the total number of surface facets, Ai is 
the area of the ith triangular surface facet, and di,j 
is the surface deviation at the jth vertex of the ith 
surface facet. 

We defi ne point spacing index (PSI) as a nor-
malized measure of the uniformity in the spacing 
between adjacent points placed by the operator 
in outlining the surface deviation. Possible values 
range from 0 to 1, with a value of 1 representing 

FIGURE 1. Maps of articular surface deviation (in millimeters) for the six worn inserts. Inserts are ori-
ented so that the medial side is on the right of the fi gure.
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completely uniform point spacing with no disper-
sion in distance between points from the mean 
value. Th e value is computed as PSI = 1 –CV where 
CV is the coeffi  cient of variation calculated using 
the standard deviation of the distance between 
manually placed points and the mean distance be-
tween points.

II.D. Data Analysis

One expert observer (MGT) and two trained ob-
servers ( JLA and DL) performed the volume-out-
lining task. Th e region of surface deviation on both 
the medial and lateral sides of the articular surface 
for each of the six worn inserts was identifi ed visu-
ally, and manually outlined. Th e deviation volume, 
number of points used in the outlining, and PSI 
was recorded. Th e observers measured each region 
of surface deviation three times for all of the worn 
inserts. All measurements were made in one sitting. 
Th e six inserts were each measured once in con-
secutive order before repeating the measurements.   

Th e mean medial and lateral deviation volume 
of each worn insert, as calculated by each observer 
and across all observers, was determined. Th e intrao-
bserver variability (i.e., the coeffi  cient of variation 
between repeated measurements of the same surface 
deviation volume by an observer) was calculated 
for each of the three observers. Th e interobserver 

variability (i.e., the coeffi  cient of variation between 
measurements of the same surface deviation vol-
ume by the three observers) was also calculated. In 
addition, the mean and standard deviations of the 
number of points used to outline the surface devia-
tion volume by each observer, along with the PSI, 
were calculated. Statistical analysis of the deviation 
volumes, number of points, and PSI was performed 
using one-way repeated measures ANOVAs with 
Tukey post hoc multiple comparison tests. Pear-
son correlations between the deviation volumes 
and number of points, and between the deviation 
volumes and PSI, were also performed. Statistical 
signifi cance was set at p < 0.05. 

II.E. Analysis of a Retrieved Insert

An additional insert that was retrieved from a 
patient after seven years implantation (Genesis 
II, Smith & Nephew, Memphis, Tennessee) was 
obtained. A never-implanted insert of the same 
model and size of the retrieved insert was also ob-
tained for use as the unworn reference geometry. 
In the fashion described previously for the inserts 
from the wear simulator, both the retrieved and 
never-implanted inserts were scanned with micro-
CT and their 3D geometries were generated from 
isosurface rendering. Th e retrieved and unworn 
geometries were coaligned, and the deviations be-

FIGURE 2. Screen shot of the volume measurement program, showing a cropped region of surface 
deviation outlined with points.
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tween the two were quantifi ed. Th e resulting devia-
tion map was loaded into the volume measurement 
software, and the deviation volumes within specifi c 
regions of interest on the articular surface were 
measured.

III. RESULTS

Th e overall surface deviation volume across all ob-
servers was 42.3 ± 6.5 mm3 medially and 101.7 ± 
8.5 mm3 laterally (Fig. 3). Signifi cant diff erences (p 
< 0.05–0.001) were found between the mean vol-
umes calculated by the three observers both medi-
ally and laterally. Th is interobserver variability was 
found to be 4.8% (2.0 mm3) medially and 1.7% (1.8 
mm3) laterally. Th e overall intraobserver variability 
was slightly lower than the interobserver variability, 
at 3.6% (1.5 mm3) medially and 1.1% (1.2 mm3) 
laterally. In both cases, the observer-dependent 
variability was less than the standard deviation be-
tween the six insert volumes.

Th e number of points used by each observer to 
outline the surface deviation volume diff ered great-
ly between observers. Medially, the expert observer 
used a mean of 23.7 ± 6.8 points, signifi cantly less 
(p < 0.001) than either of the two trained observers 

(49.1 ± 4.5 and 55.2 ± 14.2 points). Laterally, the 
expert observer used a mean of 24.7 ± 6.3 points, 
also signifi cantly less (p < 0.001) than either of the 
two trained observers (54.7 ± 3.0 and 69.8 ± 6.8 
points). However, no correlation was found be-
tween the surface deviation volume and number of 
points medially (r = 0.23, p = 0.35) or laterally (r = 
0.12, p = 0.64). 

Side (medial or lateral) had no eff ect on the 
mean PSI for any observer, which was identical 
on both sides for the expert observer (0.65) and 
two trained observers (0.71 and 0.64). As with the 
number of points, no correlation was found between 
the surface deviation volume and PSI medially (r = 
0.10, p = 0.70) or laterally (r = −0.16, p = 0.53).

Both large (e.g., burnishing) and small (e.g., 
pits) deviation features were present on the retrieved 
insert (Fig. 4). On the medial side, the total volume 
of the burnished region was 107.8 mm3. Within 
this region, there was a distinct area of increased 
depth with a volume of 45.7 mm3. On the lateral 
side, the total volume of the burnished region was 
115.1 mm3. Two large pits were present on the lat-
eral side, with volumes of 0.3 mm3 and 0.1 mm3. 
Overall, the deviations were less distinct than those 
in the inserts from the wear simulator trial.

FIGURE 3. Mean surface deviation volumes (in cubic millimeters) of the (A) medial and (B) lateral sides 
as measured by each observer for the six worn inserts. Bars are standard deviation.
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IV. DISCUSSION

Th e medial surface deviation volume measurement 
showed greater intraobserver and interobserver 
variability than the lateral surface deviation vol-
ume measurement (3.6% versus 1.1%, and 4.8% 
versus 1.7%, respectively). In examining the surface 
deviation maps (Fig. 1), the lateral deviations ap-
pear to be both larger and more distinct (i.e., have 
a stronger edge) than the medial deviations, per-
haps resulting in easier point placement laterally. 
Although a statistically signifi cant diff erence was 
found between the observer-reported volumes, we 
do not believe these diff erences (of ~2 mm3) are 
clinically relevant. Th e diff erences between observ-
ers were three to four times less than the diff erenc-
es between the actual inserts. For wear simulator 
studies, the wear volume for wear-resistant highly 
cross-linked polyethylene has been reported to be 
32 mm3 over seven million cycles, with retrieved 
inserts demonstrating even greater wear volumes, 
at up to 85 mm3 per year.5 Th erefore, even at short 
implant durations or low wear cycles, the relative 
contribution of observer error to the measurements 
should have minimal eff ect. Surface deviation vol-
umes were measurable on the retrieved insert, in-
cluding both large features such as burnishing and 
small features such as pits.

When using this technique, the primary vari-
ables that can contribute to diff erences between 
observers are the placement of the points, number 
of points used, and spacing between the points. If 
there is a true edge where the component surface 

changes from damaged (with deviations) to un-
damaged (no deviations), then an overestimate that 
places points within the undamaged region should 
contribute minimal error to the volume measure-
ment, and is preferable to an underestimate of the 
wear volume. Observers must be mindful of point 
location, since it is likely the greatest source of 
potential error when using the application. No cor-
relation was found between the number of points 
or point spacing and the resulting surface deviation 
volume. In comparing one of the trained observers 
to the expert observer, the expert observer used sig-
nifi cantly fewer points, yet no signifi cant diff erence 
resulted in the deviation volume. Th e PSI appeared 
to be fairly consistent among all observers (mean 
of 0.64–0.71), regardless of the number of points 
they used (mean of 23.7–69.8). We believe the 
location the observer places the points will contrib-
ute a larger error in the volume calculations than 
the number of points used or the spacing between 
the points.

Th e intraobserver and interobserver variability 
reported here compares well to other wear volume 
measurement techniques, which have been primar-
ily applied to components from total hip replace-
ment. Bowden et al.7 used micro-CT to measure 
the wear volume in retrieved acetabular liners. Th ey 
reported intraobserver and interobserver variability 
of approximately 10%, with the variability increas-
ing to 50% for one liner with a low volume of wear. 
Chuter et al.3 compared coordinate measuring, 
fl uid displacement, and a radiographic technique 
for measuring wear in acetabular liners. Coordi-

FIGURE 4. Map of the articular surface deviations (in millimeters) for the retrieved tibial insert (A) and 
overlay of regions selected for volume measurements (B). 
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nate measuring was found to be the most repeat-
able at 2.5% (range 0.25–9.8%), followed by fl uid 
displacement at 4.8% (range 1.6–6.9%), and fi nally 
the radiographic technique at 15.7%. 

Th e primary limitation of this surface deviation 
volume measurement tool is that it relies on observ-
ers. However, observers are necessary to ensure that 
the deviation volumes being quantifi ed are “true” 
and not from damage during the retrieval process 
or errors in the geometry coregistration. Th e inserts 
used in this study for determining the repeatabil-
ity and reproducibility of the measurements came 
from a wear simulator trial, and therefore likely 
have a more consistent pattern of surface damage 
than inserts retrieved from patients during revision 
surgery.10 In the current study, the deviations in the 
retrieved insert were less distinct than those of the 
inserts from the wear simulator. In addition, a high 
number of wear cycles (5.5 million) was performed 
on the inserts from the wear simulator trial, using 
conventional polyethylene without cross-linking. 
Th is resulted in measured wear volumes approach-
ing 100 mm3. Components implanted for a shorter 
duration or having undergone low wear cycles, 
as well as those components manufactured from 
newer highly cross-linked polyethylene, could ex-
perience lower wear volumes.11 As previously dis-
cussed, the expected wear volumes would still be an 
order of magnitude greater than the observer error. 
However, examining high-volume regions of wear 
with a consistent pattern as in this study may have 
resulted in slightly more repeatable and reproduc-
ible measurements than low-volume, inconsistent 
regions of wear.

In summary, we have developed a technique to 
measure the regional volume of surface deviations 
due to wear and creep in polyethylene tibial inserts. 
Th is technique enhances the utility of micro-CT for 
wear measurement, adding to existing capabilities 
of surface deviation mapping and measurements of 
whole-component volume.4,5 Th is method ensures 
that only “true” wear damage is quantifi ed, ignoring 
erroneous deviations such as damage from the re-
trieval process. Th e intraobserver repeatability and 
interobserver reproducibility of the method was 
found to be similar to other wear volume measure-

ment techniques such as fl uid displacement and 
radiographic methods. Th e technique described 
in this study can likely be used in wear simulator, 
pin-on-disk, and retrieval studies of polyethylene 
components used in joint replacement, including 
total knee and total hip replacement.
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ABSTRACT: Patellofemoral complications are cited as a leading cause for revision surgery following 
total knee arthroplasty. Despite widespread clinical use, the decision to resurface the patella, or not, is 
controversial and remains surgeon dependent. Damage to the patellar component can lead to revision 
surgery; however, little work exists investigating the damage they sustain in vivo. Twenty-four retrieved 
patellar components were assessed for damage. Th ere was a wide variation in wear scar morphology, al-
though the mean wear scar area spanned mediolaterally in a band across the articular surface and was 
364.32 ± 64.7 mm2 in area. Maximum linear penetration was located in the lateral region of the articular 
surface. Assessment of damage mode grading indicated that it was more severe in the lateral quadrant, 
although the method’s lack of consideration of the chronological progression of wear creates uncertainty 
over this fi nding. Volume change ranged from −1.3 to −45.16 mm3/year, and maximum penetration was 
in the lateral region. Damage to the patellar component of knee replacement has been shown to be sig-
nifi cant.  Th e number of components in the study was too small to determine a diff erence in damage in 
all-polyethylene and metal-backed designs; however, the volume loss of all-polyethylene patellae was 
found to be signifi cant.

KEY WORDS: patella retrieval total knee replacement arthroplasty

I. INTRODUCTION

Th e use of total knee arthroplasty (TKA) in the treatment of arthritis carries a high rate of success pro-
viding improvement in function and relief of pain for the patient. Patellofemoral complications remain 
one of the most prevalent causes of revision surgery in TKA,1–15 and despite widespread clinical use the 
debate on whether the patella should be resurfaced, or not, remains open.7,16 Use of a patellar button for 
TKA varies considerably between countries. It is popular in Denmark (76%) and Australia (43%), but 
not in England and Wales (33%), Norway (11%), or Sweden (14%).17–19 Th e potential complications 
related to patellar resurfacing include loosening, infection, pain, instability, fracture, and tear of the ex-
tensor mechanism.18,20 Damage to the patellar component is also a cause of revision surgery. Following 
the introduction of metal-backed designs, many studies documented the failure of such devices.21–32 
A high incidence of signifi cant wear has also been documented for all-polyethylene patellar compo-
nents,27,33 as well as creep deformation with a potential for cracking at the periphery of the articular 
surface.27 Excessive loosening in all-polyethylene,dome-type patellar components has been reported.34 
Experimental contact stress analysis has shown that this may be caused by deformation of the polymer 
leading to failure of the underlying bone.35 Wear simulator studies have predicted that the absolute 
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volume of wear generated is low;36–39 however, the 
debris is of the same functional biological activ-
ity as debris from the tibiofemoral compartment40 
and therefore must be considered.

Th e analysis of in vivo damage mechanisms is 
a vital part of evaluating the performance of ortho-
paedic joint replacements. Considerable eff ort has 
been focused on assessing in vivo wear mechanisms 
within acetabulatar and tibial components manu-
factured from UHMWPE.34,41–53 In contrast, few 
studies have investigated the in vivo damage mech-
anisms of UHMWPE patellar components33,47,54 
and as a result comparatively little is know about 
the mechanisms of damage. Th is study investigates 
the damage sustained in vivo in a series of 24 re-
trieved patellar components by quantifying volume 
change, wear scar area, and damage grading of the 
articular surface. 

II. METHOD

In total, 24 knee prostheses were retrieved during 
revision surgery or at postmortem. Immediately 
following retrieval, components were sterilized and 
cleaned with a mild detergent solution, and all ex-
traneous tissue was removed. On arrival at the uni-
versity, the sterilization and cleaning procedure was 
repeated. Finally, components were cleaned with 
isopropanol in an ultrasonic bath prior to analy-
sis. Care was taken in handling the components 
throughout the cleaning and analysis process so as 
not to create artifi cial damage. 

II.A. Femoral Components

Th e femoral components were examined for evi-
dence of scratches, corrosion, and fracture with the 
naked eye and light stereo microscopy. Average 
surface roughness, Ra, measurements were taken 
using a Form Talysurf stylus profi lometer 120L 
(Rank-Taylor Hobson, Leicester, UK) with a coni-
cal diamond stylus of 2.5 μm radius. 

II.B. Patellar Components

As with the femoral components, a Form Talysurf 
stylus profi lometer was used to measure the Ra of 
the articular surface of the patellar components. Th e 
condition of the articular surfaces was inspected and 
evaluated. Damage modes were quantifi ed through 
visual inspection, stereo microscopy, and scanning 
electron microscopy (SEM). Observations of the 
UHMWPE surface morphology were matched to 
fi ndings of previous investigations.34,41–47,51–56 Th e 
level of damage was assessed using the semi-quan-
titative damage grading method outlined by Hood 
et al.47 Th e basis of this method was to record the 
variation of seven predefi ned damage modes across 
the articular surface. Th e seven damage modes were 
defi ned as surface deformation, pitting, embedded 
PMMA debris, scratching, burnishing, abrasion, 
and delamination.47

Th e articular surface of the patella was divided 
into quadrants (Fig. 1). Th e level of each damage 
mode within the quadrant was quantifi ed on a scale 

FIGURE 1. Quadrants used to categorise patellar wear: (A) Medial (M), lateral (L), superior (S), and in-
ferior (I); (B) Illustration of a “bow tie” shaped total wear scar area; (C) Example of how the perimeter 
of the wear scar increases if a damage mode is outlined within the total wear scar area. The additional 
perimeter is indicated by three arrows. 
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of zero to three, defi ned as zero (none), one (light), 
two (moderate), and three (severe). Defi nition of 
these grading bands was assessed by the means of 
extent and severity. Extent was measured by the 
percentage area of the quadrant covered by the 
mode. Zero to three damage grades related to 0, <10, 
10–50, and >50% areas, respectively. Severity was 
assessed via a more subjective method considering 
the severity of individual artifacts. For example, an 
abnormally severe level of damage mode covering a 
smaller area would be graded higher than the area 
alone would indicate. Th e total damage score for 
each quadrant was then calculated by summing the 
scores due to each damage mode, which were in 
turn summed to give a total damage score for the 
component. Th is gave a total maximum score of 84 
for each patella.

To assess the repeatability of the grading scheme, 
10 patellar buttons were selected at random from the 
sample group and scored by the primary author and 
an experienced researcher independent from the 
investigation. Th e statistical signifi cance between 
the observations was compared using the Wilcoxon 
signed-rank test.57 No statistical diff erence could be 
found between the two groups for the total damage 
score at the 5% level.  In order to assess the intraob-
server repeatability the same 10 patellae were scored 
by the author a second time and the observations 
compared using the Wilcoxon signed-rank test.57 
No statistical diff erence could be found between the 
two group’s total scores at the 5% level. Th erefore, the 
damage grading method was shown to be repeatable 
on the level of inter- and intraobservations. 

Th e area of the total wear scar and the as-
sociated damage modes on the patellar button’s 
articular surface were quantifi ed for each compo-
nent, the latter forming the basis of the Hood et 
al.47 grading method. Th e wear scar and contained 
damage mode regions were manually outlined us-
ing removable ink. A calibrated 2D image of the 
wear scar was then captured using an Epson Per-
fection 2480 Digital Scanner (Seiko Epson, Japan). 
Regions were measured using image analysis soft-
ware functions within Image Pro Plus 3.0 (Media 
Cybernetics, Bethesda, Maryland). Evaluation of 
this technique showed that areas in the range of 

25–1000 mm2 could be measured with a standard 
deviation of 1–9 mm2. Further tests showed that 
increasing the length of the scar’s perimeter signifi -
cantly reduced the absolute value of area measured 
(Fig. 1).  Th e error introduced was minimized by 
ensuring the perimeters were marked as thinly as 
possible. Nevertheless, a maximum variation of 71 
mm2 was found when comparing measurements 
from a specimen where only the total wear scar 
was marked (Fig. 1B) to that where the total scar 
and contained regions were outlined (Fig. 1C). As 
a consequence, total wear scar measurements were 
collected initially by outlining the total wear scar. 
A second measurement was then taken in which 
the enclosed regions were highlighted. Since the 
grading of wear regions was based on percentage 
area quantifi cation of regions, this technique was 
deemed acceptable. Repeatability tests of the total 
wear scar measurement reported values in the range 
of 380 ± 1.8 mm2 (SE). Th e length of perimeter 
was not found to aff ect the repeatability of the total 
wear scar measurement.

Volume loss from the articulating surface of the 
patellar button was calculated by measurement of 
the existing articular surface form and comparison 
to an assumed virgin geometry reconstructed from 
unworn portions of the component. Th e articular 
surface geometry was digitized using a coordinate 
measuring (CM) machine, Kemco 400 (Keeley 
Measurement Company, UK) equipped with a Re-
nishaw PH10T probe head, TP20 touch probe, and 
PS2R 2 mm ruby ball stylus (Renishaw, UK). Th e 
CM machine took a sequence of point measure-
ments in order to digitize the articular surface (Fig. 
2A). Th e data point cloud was collected through 
QCT-2000 Inspect2CAD software (QCT Ltd, 
UK) from which the surface was reconstructed 
using TriboSol SR3D v4.1.1 (Tribology Solu-
tions Ltd, UK) software. In order to estimate the 
volume loss from the articular surface, a nominal 
sphere assumed to represent the unworn geometry 
was created by applying least-squares minimization 
to unworn sections identifi ed from the physical 
component (Fig. 2B). Prior to all measurements, 
specimens were subject to a 48 h temperature 
stabilization period to remove the variability of 
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UHMWPE geometry due to temperature. Th e ac-
curacy of the Kemco 400 working with QCT-2000 
Inspect2CAD software was calibrated to the range 
of 1–3 μm for linear, length, and squareness mea-
surements. Th is was less than the maximum axial 
position error (D) outlined in current international 
standard for dimensional measurement of wear in 
hip prostheses.58

III. MATERIALS

A total of 24 knee prostheses were retrieved during 
revision surgery or at postmortem from Notting-
ham City Hospital, Glenfi eld Hospital Leicester, 
Bradford Royal Infi rmary, and Leeds General In-
fi rmary (Table 1). Unfortunately, full patient histo-
ries and femoral components were not available in 
all cases. Th erefore, analyses were based on subsets 
of the total data set depending on the availability of 
the variable of interest.

Th e mean age of the patient sample at retrieval 
was 70.6 years (58.7–85 years). Male to female split 
was 50% to 50%. Seventy one percent of retrievals 
were taken from the right limb and 29% from the 
left. Mean weight and height was 80 kg (56–106 kg) 
and 161 cm (110–186 cm), respectively. Th e data set 
was made up from the following designs of replace-
ment: PFC, Johnson and Johnson Orthopaedics, 
USA (6); Tricon, Smith and Nephew, Memphis, 
TN, USA (4); PFC ∑, DePuy International, UK 
(3); Leicester Patella Femoral Knee (PFK), Corin 

Medical Ltd, UK. (3); Insall-Burstein II, Zimmer 
Inc, USA (2); Kinemax, Stryker Orthopaedics, 
USA (2); Johnson-Elloy (Accord) Knee, Th ackeray, 
UK (1); Interax, Stryker Orthopaedics, Mahwah, 
NJ, USA (1); and LCS MB DePuy International, 
UK (1). Th e Tricon, LCS MB design and one un-
identifi ed patellar component were metal backed; 
all remaining components were all-polyethylene. It 
should be noted that the Leicester PFK prostheses 
was a unicompartmental PFJ replacement; the re-
mainder were total knee systems. Mean time in situ 
was 8.2 years (2.1–19.1 years). Th e average activity 
level was judged to be low, with only two patients 
walking without support. One patient had suff ered 
from rheumatoid arthritis (sample B), with all oth-
ers suff ering OA.

IV. RESULTS

IV.A. Femoral Components

Twelve of the samples were retrieved with femo-
ral components. Scratching of the trochlear groove 
could be seen with the naked eye in all samples. No 
consistent trend was found with observations rang-
ing from densely populated areas of fi ne scratches (Ra 
≈ 0.03 μm) aligned to the primary direction of slid-
ing (S-I), to an array of deeper, randomly orientated 
scratches (Ra ≈ 0.06 μm). No correlation between Ra 
and time in situ was found, (r2 = 0.07), or patellar 
total damage score with mean Ra (r2 = 0.0135). Two 

FIGURE 2. Details of the methodology used to measure the volume change of the patella: (A) CM 
machine took a sequence of point measurements in order to digitize the articular surface; (B) A nomi-
nal sphere was fi tted to the unworn region of the patella (shown a white hatching between 240 and 
270 deg).
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of the samples, G and H, showed areas of severe wear 
(Fig. 3). 

1. Patellar Component—Surface Roughness

Th e mean Ra was calculated from the series of 
roughness measurements taken at discrete locations 
on the articular surface. Four roughness measure-
ments were from each patella. Figure 4 shows the 
variation of mean Ra with respect to time in situ for 
the patellar components. No correlation between 
mean Ra and time in situ was found (r2 = 0.04).

2. Patellar Components—Damage Grading

In general, wear scars on the patellar components 
spanned from medial to lateral with a slight bias 

toward the superior. Mean scar areas of 78.4 ± 27.3 
mm2 [mean (n = 24) ± 95% CI], 92.4 ± 24.9 mm2, 
51.7 ± 20.3mm2, and 129.6  ± 32.4 mm2 were re-
corded for the superior, medial, inferior, and lateral 
quadrants, respectively. Th e average total wear scar 
area was 364.3 ± 64.7 mm2. Th ere was no correla-
tion between wear scar area variation and time in 
situ (Fig. 5, r2 = 0.002).

Th e mean total damage grade score of the 
sample group was observed to be 21. Th e indi-
vidual scores for the superior, medial, inferior, and 
lateral quadrants were 5, 5, 4, and 7, respectively. 
Th ere was no signifi cant correlation between 
the variation of total damage score and time in 
situ (Fig. 6, r2 = 0.12), height and time in situ 
(Fig. 7, r2 = 0.0002), or mass and time in situ 
(Fig. 8, r2 = 0.006).

FIGURE 3. Images of explants G and H showing clear evidence of metal on metal wear between the 
patella femoral component and the patella’s metal backing due to polymer wear through.

FIGURE 4. Variation of patellar counterface mean Ra with time in situ.
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3. Patellar Component—Wear Volume Loss

Th e technique available for the CM analysis of the 
patellae was only applicable to round dome com-
ponents with a cross-sectional radius of single cur-
vature. Th is restricted the number of samples that 
could be analyzed to two all-polyethylene samples, 
Q and R. Th e total change calculated was −9.77 ± 
0.28 mm3 and −486.85 ± 4.6 mm3 [mean (n = 5) ± 
95% CI], respectively, equating to −1.3 and −45.16 
mm3/year. A maximum penetration of −0.591 mm 
was observed for sample Q at 0 deg on the lateral 
region of the articular surface. Th e maximum pen-

etration observed for sample R was −2.705 mm, 
again occurring at 0 deg on the lateral region of the 
articular surface (Fig. 9).

V. DISCUSSION

Analysis of the retrieval samples allowed quantifi -
cation of the surface damage sustained by femoral 
components in vivo. Scratching was observed on 
the trochlear groove of all femoral components. 
No trend could be observed in the severity or fre-
quency of the scratches. It was presumed that the 
variation was due to subtleties in the host patients. 

FIGURE 5. Variation of patellar wear scar area with time in situ.

FIGURE 6. Variation of patellar total damage score area with time in situ.
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Th e limited clinical data and small sample size did 
not allow investigation of these details. Femoral 
components from samples G and H showed areas 
of severe wear (Fig. 3). On inspection of the asso-
ciated patellae, the UHMWPE was found to have 
worn through to the metal backing allowing it to 
come into contact with the femoral component 
(Fig. 11B).

Th e mean Ra of the femoral components’ 
trochlear grooves varied from 0.03 μm to 0.06 μm. 
Articular surfaces of the femoral components are 
typically manufactured to an Ra of 0.02 μm; thus, 
the range recorded for the retrieved prostheses 

clearly indicated surface damage. Although no 
previous data was found for the roughness of the 
retrieved femoral components’ trochlear grooves, 
the values observed are in a similar range to those 
reported for the condyles of retrieved femoral TKR 
components.52 No correlation between Ra of the 
femoral component and time in situ was found. 
Th is was not surprising considering the small sam-
ple size and the high variability commonly found 
in retrieval studies. Previous research investigat-
ing the tibiofemoral articulation of CoCr femoral 
components52 and titanium alloy hip components59 
found no correlation between surface roughness 

FIGURE 7. Variation of patellar total damage score area with patient height.

FIGURE 8. Variation of patellar total damage score area with patient mass.
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and clinical parameters (patient age, sex, weight, or 
the time the implant was in situ). However, Nasser 
et al.60 have suggested a relationship between the 
abraded surface area on titanium alloy hip compo-
nents and time in situ.

Visual inspection of the patellae showed that 
the wear scar typically spanned from medial to 
lateral, with a bias to superior and lateral regions, 
although the diff erence between the superior and 
inferior quadrants, or the medial and lateral quad-
rants, was not signifi cant at the 5% level. Previous 
investigators have also found a tendency for in vivo 
wear to be on the medial and lateral regions of pa-
tellar buttons.33,47,54 Schwartz et al.33 described the 
wear scar as “bow tie” shaped, being more extensive 

at the medial and lateral edges (Fig. 1B). Examples 
of this wear scar morphology were observed (Fig. 
10A) as well as stripe-shaped scars predominantly 
in the S-I direction (Fig. 10B), scars made up from 
isolated pockets of wear (Figure 10-C) and those 
which engulfed the majority of the articular surface 
(Fig. 10D). Th is variation in the wear scar morphol-
ogy refl ects the movements at the patellofemoral 
joint, which have been reported to vary signifi cant-
ly, even for well-functioning healthy subjects.61 Th e 
mean total wear scar area was 364.32 ± 64.7 mm2 
[mean (n = 24) ± 95% CI]. Th ese values compared 
positively to previously published data.26,38 

Th e mean total damage score for the patellae 
was found to be 21 after a mean of 8.2 years in situ. 

FIGURE 9. Wear penetration across the patella’s articular surface of two all-polyethylene samples: (A) 
Sample Q; (B) Sample R.

FIGURE 10. Images of the various wear scar shapes found on the retrieved patellae: (A) Typical M-L 
band wear scar, sample F; (B) S-I stripe wear scar, sample J; (C) Isolated pockets of wear, sample Q; (D) 
Extreme surface damage engulfi ng the majority of the articular surface, sample N. 
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Th is was considerably higher than the previously 
reported mean damage score of 6 (n = 28) at a mean 
time in situ of 1.7 years.47 Previous investigators 
have found time in situ to be positively correlated 
to damage of UHMWPE tibial and acetabular 
components34; however, we did not fi nd a similar 
trend (Fig. 6, r2 = 0.12). Th e diff erence is likely to be 
related to limitations in the damage grading system 
since it was not able to consider the chronological 
progression of wear. Th e limitation can be illus-
trated by considering samples B and G (Fig. 11). 
Sample B was retrieved at autopsy following 10 
years in situ. Sample G was retrieved following 19 
years in situ due to loose femur and tibial compo-
nents. Sample G shows heavy signs of wear with 
extensive delamination in the lateral and inferior 
quadrants (Fig. 11). Wear has fully penetrated the 
UHMWPE surface such that the metal backing 
has worn against the femoral component. Sample 
B was seen to have low to moderate wear, showing 
only initial signs of delamination; however, the to-
tal damage score reported for the samples were 17 
and 19, respectively. Th us, the assessment of dam-
age based on a simple visual evaluation contradicts 
the score derived using the damage grading system. 
It is suggested that the semiquantitative grading 
method used in this study was unable to rank patel-
lar UHMWPE damage in a logical manner since 
it does not account for the chronological progres-
sion of wear. Th is is based on the fact that if the 
extent of a later damage mode eradicated evidence 
of the previous modes, the prior modes will not be 
taken into account. Th is has particular relevance 
to delamination due to its destructive nature, but 

could also aff ect other modes. Th erefore, while the 
semiquantitative damage grading method did off er 
some basic insight into the severity and location 
of in vivo damage modes, more detailed studies of 
UHMWPE wear mechanisms and surface mor-
phology are required to allow the damage to be 
accurately quantifi ed. 

Th e mean total damage scores for the superior, 
medial, inferior, and lateral quadrants were 5, 5, 4, 
and 7, respectively. Th e trend supports the data pre-
sented for the wear scar area, indicating that dam-
age tended to occur in a band spanning the medio-
lateral direction. Th e bias between the quadrants 
was tested for signifi cance using the Mann-Whit-
ney U-test.62 Damage of the superior and inferior 
quadrants was not signifi cantly diff erent at the 5% 
level. However, damage of the medial and lateral 
quadrants was found to be signifi cantly diff erent at 
the 5% level, with a bias toward the lateral. 

Linear correlation coeffi  cients of r2 = 0.12, 
0.0002, and 0.006 indicate that there was no re-
lationship between patellar total damage score 
and time in situ, patient height, and patient mass, 
respectively. Previous retrieval studies of tibial and 
acetabular components have indicated positive cor-
relations between UHMWPE total damage score 
and both patients’ weight and the length of time the 
component was implanted for.34,47 However, Hood 
et al.47 did not report any correlations for patellar 
components, and it is therefore assumed that none 
were found. No correlation was expected in the 
present investigation considering the evidence sug-
gesting that the method is unable to consistently 
grade all instances of patellar damage.

FIGURE 11. Comparison of damage sustained to samples: (A) Sample B showing only moderate wear 
and the initial signs of delamination; (B) Sample G showing heavy delamination and clear evidence of 
wear through the UHMWPE on to the metal backing (indicated by black arrows).
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Th e total damage observed was made up from 
burnishing, pitting, scratching, delamination, and 
surface deformation. Th ere were no instances of 
embedded PMMA debris or abrasion damage. Fre-
quency of each mode’s occurrence was calculated as 
a percentage of the sample data set (Table 2). As 
shown, neither of the previous investigators report-
ed evidence of abrasion. Burnishing was the most 
prevalent damage mode, being observed in 100% 
of samples. Previous investigations have also re-
ported burnishing to be the most common damage 
mode. Th ere was no apparent diff erence between 
the damage of metal-backed or all-polyethylene 
designs, although the number of components was 
too small to determine this statistically. Th ese re-
sults highlight the wide variation in damage modes 
reported for patellar components. 

Volume changes of −1.3 and −45.16 mm3/year 
were observed for the two components analyzed. 
To the author’s knowledge, this is the fi rst recorded 
estimation of the patellar button’s volume change 
during clinical usage. Unfortunately, the level of 
supporting clinical data was not suffi  cient to allow 
the reason for the variation to be identifi ed. How-
ever, the range does highlight the variability in the 
volume change that can be sustained to patellae in 
vivo. Th e peak value of volume change indicates 
that under clinical conditions, the wear of all-
polyethylene patellar buttons is suffi  cient to cause 

concern over joint laxity, due to gross shape change, 
and wear debris–induced osteolysis.

For samples Q and R, the maximum penetra-
tion was −0.591mm and −2.705 mm, respectively, 
and was located in the lateral region of the articular 
surface (Fig. 9). Th is result of high damage in the 
lateral region supports that from the damage grad-
ing and wear scar area measurements. Th is dam-
age is presumably caused by lateral loading of the 
patellar, high lateral patellar tilt, or a combination 
of both.

It should be noted that CM analysis is suscep-
tible to errors at low volumes. Derbyshire et al.63 
stated that data captured using a similar specifi ca-
tion of CM machine had a repeatability error of 
as much as ±1.8 mm3 when measuring a 22 mm 
diameter acetabular cup. Th erefore, in order for re-
sults to be of high accuracy, it is suggested that the 
present technique can only be applied to patellae 
with greater than 10 mm3 wear. Comparison of the 
recreated volume to the design volume could act as 
a method of reducing this error. No assessment of 
this could be made in the present study since origi-
nal component dimensions for the Insall-Burstein 
II prosthesis was not available. Precise measure-
ment of volume change sustained by in vivo usage 
remains a challenging obstacle in the assessment of 
orthopaedic devices. Measurement of wear volume 
loss through gravimetric techniques has been used 

Table 2. Frequency of Patellar Damage Modes Recorded for Samples in the Present Retrieval Study 
Compared to Those Reported in the Literature

Present Study 
(n = 24)

Hood et al. 47 
(n = 28)

Schwartz et al.33 
(n = 17)

Burnishing 100% 71% 76.5%

Pitting 88% 18% 0%

Scratching 75% 25% 17.6%

Delamination 67% 11% 70.6%

Surface deformation 50% 46% 35.3%

Embedded PMMA debris 0% 14% (1)

Abrasion 0% 0% 0%

1Schwartz et al.33 did not comment on the presence of embedded PMMA debris
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extensively for in vitro simulator testing of ortho-
paedic joints64–67 and remains the gold standard. 
Such methods are not suitable for measurement of 
UHMWPE components retrieved from patients.68 
Th e lack of soak control specimens, cement ingres-
sion, manufacturing tolerances, deviation from 
target dimensions, and the fact that material can be 
lost during retrieval are all reasons why this tech-
nique is not applicable. CM techniques have been 
used to successfully quantify the volume change in 
acetabular cups both in vitro and in vivo.63,68,69 Th e 
application of micro-CT has been used to measure 
volume change in other polyethylene replacement 
joints and may prove to viable solution.70,71   

Th e purpose of this study was to investigate 
the damage to patellar components in vivo. A series 
of 24 retrieved TKR prostheses consisting of nine 
designs of patellar button was analyzed. Th is study 
provides a preliminary assessment of the damage 
sustained to patellae in vivo. While the majority of 
samples were retrieved at revision, and therefore 
the reported damage may be closely related to the 
reason for revision, it is more likely that the gen-
eral condition refl ects that of components that are 
functioning well clinically. Damage to the patellar 
component of knee replacement has been shown 
to be signifi cant in clinically well-functioning and 
dysfunctional knees irrespective of design. On av-
erage, the wear scar formed a band spanning in the 
mediolateral direction. Maximum linear penetra-
tion was located in the lateral region of the articular 
surface. In addition, grading of the damage indicat-
ed that it was more extreme in the lateral quadrant, 
although the method’s lack of consideration of the 
chronological progression of wear reduces the con-
fi dence in this fi nding. Th e number of components 
in the study was too small to determine a diff erence 
in damage in all-polyethylene and metal-backed 
designs; however, the volume loss of all-polyethyl-
ene patellae has been shown to be signifi cant.
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ABSTRACT: One of the common reasons for early revision or poor outcome in total knee arthroplasty 
is due to patellar maltracking, loosening, or pain. Th e analysis of how the patellofemoral mechanism op-
erates and wears in vivo has not been a focus of many retrieval studies. Th is paper describes the wear pat-
tern observed on patellar buttons from well-functioning TKA specimens that were harvested as part of 
a donor program. Th e attempt was to describe the variations in wear patterns to see if any commonalities 
existed that may predict a well-functioning patellofemoral mechanism after TKA.

KEY WORDS: knee arthroplasty, patella button, retrieval analysis

I. INTRODUCTION

Th e exponential increase of the number of total knee arthroplasty cases being performed in the United 
States is well documented.1 Th e current political environment has also put the spotlight on the health care 
system and the increasing costs that have occurred in the last decade. Th ese two issues have heightened 
the awareness of outcomes and technology use in medicine. One of the most common reasons for revision 
surgery after total knee arthroplasty is for issues pertaining to the patellofemoral mechanism.2–10 Many of 
these issues include patellar instability, aseptic loosening, and periprosthetic fracture. Studying all the as-
pects of the current wear issues from patellafemoral designs as well as those pertaining to surgical technique 
will give helpful information to improving the wear and longevity of TKA patellofemoral mechanism.

Revision surgery is costly to the health care system and the fact that few surgeons are specializing in 
total joint arthroplasty means that as the demand rises, there will be a larger percentage of primary total 
knee arthroplasty (TKA) cases being performed by surgeons doing fewer than 25 cases per year.1 Th e 
outcomes of total knee arthroplasty have been linked to the number of cases being performed per year, 
which means any designs that are susceptible to poor mechanical alignment may see a signifi cant decline 
in survivorship in the next decade. 

Many studies pertaining to the forces, kinematics, and wear observed from the patellar button ar-
ticulation with the femoral component after total knee arthroplasty have been reported.11–24 Although 
these multiple studies have given insight into the forces and kinematics of the joint, there continues to be 
failures from both design- and surgical technique–related issues after TKA.

By utilizing retrieval analysis studies for failed implants, we can document the issues related to early 
failures whether they are surgical or design related. But the opposite holds true for the well-functioning 
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retrieval analysis study. When wear patterns and 
design/surgical technique parameters are studied, 
we can also conclude how issues pertaining to wear 
and surgical technique can optimize outcomes.

Th is study attempts to describe the common 
wear patterns from 13 diff erent patellar buttons 
either retrieved postmortem or at time of removal 
for infection from well-functioning TKAs. Th e hy-
pothesis is that similar patterns would be seen with 
similar areas of wear on the lateral and medial sides 
of the button. 

II. METHODS

Th e local retrieval program at the Medical Educa-
tion and Research Institute (Memphis, Tennessee) 
has been set up though our laboratory and was uti-
lized as the source of the specimens in this study. 
Each lower extremity was harvested and trans-
ported utilizing ASTM standards (ASTM F561-
05a). Each knee was harvested through a midline 
incision and medial parapatellar approach (Fig. 1). 
A thin osteotome was utilized to remove all patel-
lar buttons with care, making sure not to aff ect the 
surface of the button during removal. Th e lateral 
edge of the button was marked along with the side 
of the knee arthroplasty for analysis after removal.

Once removed, the buttons were cleaned and 
put into a freezer (−20ºC) to prevent any further 

oxidation. Th e buttons were then removed and the 
outline of the wear scar was marked under visual 
guidance by an erasable marker (Dry erase marker, 
Expo Visa-Vis, Oak Brook, Illinois). Th e quadrant 
of the wear scar was documented according to 
the four quadrants (Fig. 2) described by Hood et 
al.25 A solid line was placed to outline the extreme 
margins of the wear scar and to delineate the total 
wear area. Within the outlines of each wear scar, 
a dotted outline was made to mark any areas that 
showed deeper wear patterns and delineate the 
total deep wear area (Figs. 3A–3C). Each patellar 
button was photographed using the macro func-
tion of a 7.2 megapixel camera (CyberShot Sony 
Inc, New York, New York). Th e orientation of the 
button was outlined with a ruler for scale and the 
JPEG images were saved. Th e JPEG images were 
then imported into a photo analysis software (Ape-
rio ImageScope, ver 2.1, Aperio Technologies, Inc, 
Vista, California). Th e outline of the wear scar and 
the number of pixels within the outline was calcu-
lated and converted to square millimeters for each 
quadrant (Table 1). Th e proportional wear area 
and deep wear area within each patellar quadrant 
was determined as a ratio to the total patellar wear 
area and the total patellar deep wear area. ANOVA 
and Tukey-Kramer HSD post hoc tests were per-
formed to compare the areas within each quadrant. 
Any patterns that were noted for any of the but-

FIGURE 1. Example of one of the en bloc postmortem retrieval specimens utilized for the study.
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tons were also recorded and the number of buttons 
exhibiting this pattern documented. 

III. RESULTS

Once the patellar buttons were analyzed, three 
wear scar patterns were observed (Figs. 3A–3C). 
Th ese included a stripe wear pattern (Fig. 3A) that 
was thinner and stretched across the entire but-
ton from medial to lateral and mainly in quadrants 
1 (lateral) and 3 (medial); a more global or “bow 
tie”26 wear pattern (Fig. 3B) that saw substantial 
wear in all quadrants; and a lateral wear pattern 
with mainly wear in one quadrant (Fig. 3C). Th e 
individual quadrant and overall wear scar areas are 
listed in Table I. Th e quadrant with the highest 
area of wear scar was the lateral quadrant, which 
showed a signifi cantly greater proportional wear 
area than the superior or inferior quadrants. Th e 

resulting pattern did not seem to follow any cor-
relation with superior-inferior or medial-lateral 
placement of the patellar buttons as observed at 
time of harvesting or on fl uoroscopic image in-
spection, except one that exhibited lateral-superior 
wear (Figs. 3C and 4C). Th is fl uoroscopic lateral 
view reveals a patellar baha with higher fl exion, 
which resulted in the more superior and lateral 
wear pattern. One patella saw a superior-to-inferi-
or stripe wear pattern, but was the only button that 
had a high central peak to the button and a shal-
low trochlear design, which allowed for the result-
ing wear scar. One patellar button also revealed a 
medial quadrant major wear pattern as well. Th ree 
asymmetric and 10 round patellar buttons were 
analyzed in this group, and no wear pattern was 
specifi c to the type of patella. Th e lateral quadrant 
had more proportional deep wear area (p = 0.005) 
than any other quadrant (Fig. 5).

FIGURE 2. Wear quadrants of the polyethylene button utilized for description of the wear scars. The 
lateral quadrant was always considered quadrant 1.

A B C

FIGURE 3. (A) Example of a polyethylene button that exhibited a medial-to-lateral stripe type of wear 
pattern with equal area of the wear scar in quadrants 1 and 3. (B) Example of a polytheylene button that 
exhibited global wear with the wear scar extending into three or more quadrants. (C) An example of a 
polyethylene button that exhibited mostly lateral quadrant wear.
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IV. DISCUSSION

Many variables may aff ect patellar implant survival 
in total knee arthroplasty. Biomaterials, patellar 
geometry, unique patient anatomical character-
istics, surgical technique, and implant design all 
contribute to the long-term outcome of the pa-
tella implant. Th is report has determined that in a 
consecutive number of well-functioning retrievals 
obtained at time of necropsy, the lateral quadrant 
had a signifi cantly greater wear scar area and there 
were three distinct wear scar patterns in these well-
functioning TKAs. 

Reports in the literature have shown a variety 
of wear patterns in the failed patellar prosthesis. 

Schwartz et al. showed a high incidence of wear 
in retrieved patellar components from failed ar-
throplasties.26 Four modes of damage were seen, 
specifi cally cold fl ow, polishing, delamination, and 
scratching of the patellar polyethylene surface. It 
was felt that the high incidence of wear represented 
a basic defi ciency in the patellar implant design, 
particularly inadequate thickness and nonconform-
ing articulating surfaces, which led to high contact 
stress and therefore a higher failure rate.

Th e current study sought to evaluate the pa-
tellar wear patterns seen in a variety of implants 
retrieved from well-functioning knees. Th ree spe-
cifi c types of wear patterns were identifi ed, namely, 
stripe, bow tie, and lateral. Th e striped, bow tie, and 

Table 1.  Summary of the overall wear scar area and ratio of the wear in each quadrant to the total 
wear.  Means and 95% confi dence intervals for each quadrant are descibed.

Knee
Total Wear 

(mm2)
Inferior/

Total Wear
Superior/

Total Wear
Lateral/

Total Wear
Medial/

Total Wear

DePuy PFC Sigma FB PS 321.5 0 0.33 0 0

Osteonics Series 700 PS 160.1 0 0.31 1 0

Intermedics Natural Knee 
System CR

200.5 0.25 0.14 0.38 0.23

Howmedica Duracon CR 502.7 0.04 0.14 0.39 0.44

Richards Genesis CR 335.9 0 0.30 0 0

Zimmer NexGen LPS CR 199.4 0 0.18 0 0

Smith & Nephew 
Genesis II CR

607.9 0.05 0.25 0.41 0.29

DePuy AMK CR 572.6 0.00 0.25 0.41 0.31

Stryker Scorpio PS 390.2 0.09 0.08 0.40 0.40

DePuy PFC Sigma FB CR 573.2 0.37 0.38 0.08 0.17

Zimmer NexGen LPS CR 280.9 0.00 0.07 0.00 0.98

Zimmer NexGen LPS CR 488.4 0.00 0.32 0.45 0.26

Smith & Nephew Genesis 293.0 0.26 0.01 0.44 0.29

Mean 0.08 0.21 0.32 0.34

Lower 95% -0.010 0.121 0.280 0.245

Upper 95% 0.174 0.304 0.464 0.429
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predominently lateral wear patterns were identi-
fi ed in well-funtioning knees. Th ese patterns were 
similar to those seen in implants retrieved for failed 
components.

Certainly, component position was at times an 
obvious factor involving the location of wear on the 
patella (as in the example of the superiorly located 
wear seen in the case with patella baha in Fig. 4C). 
Otherwise, wear pattern was not suggestive of im-
plant design.

Nonetheless, no specifi c diff erence of pat-
terns was seen in these implants retrieved from 
well-functioning knee replacements versus those 
retrieved from implant failures as described in the 

literature. Th e “bow tie” pattern seen by Schwartz 
was similar to the medial-lateral diff use pattern 
seen in the current study. Furthermore, it was noted 
that based on the ANOVA results in this study, the 
lateral quadrant had signifi cantly more wear on 
average than any other quadrant, suggesting that 
in summation of all of a variety of factors, contact 
forces in the lateral patellar articulation are on the 
average higher than anywhere else in the patello-
femoral implant articulation. 

Obviously, there are downfalls to this study 
since we have small numbers that incorporate many 
implant designs. Th e study does however give a 
comparison of well-functioning patellar buttons to 

A B C

FIGURE 4. (A) Lateral fl uoroscopic view of the specimen in Fig. 3A showing the patellar position and 
height. (B) Lateral fl uoroscopic view of the specimen in Fig. 3B showing the patellar position and height. 
(C) Lateral fl uoroscopic view of the specimen in Fig. 3C that shows a patellar baha position and a fl exed 
patella, which explains the observed superior-lateral wear scar.

FIGURE 5. Overall wear measured for each patellar button with breakdown by quadrant.
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those that were obtained at time of revision surgery 
and seem to be very comparable. Th is may simply 
mean that the failures of the TKA in other studies 
were simply not due to patellofemoral issues and 
therefore did not diff er.

Th is study has of course inherent limitations. 
Th e relatively small number of samples consisted of 
a variety of implants types of mobile and fi xed bear-
ing total knee replacement designs, and the patella 
buttons varied in geometry and included round and 
oval shaped designs and one metal-backed patel-
lar component. Even so, characteristic patterns of 
wear seen were similar to those reported in the lit-
erature for failed patellar implants. Th is study gives 
insight into the issues of off set wear and lack of 
patellar mobility. Th is lack of patellar mobility can 
decrease the wear scar area and may increase the 
contact stresses, thus theoretically increasing wear 
and the possibility of failure of the patellar button. 
No diff erence in these patterns was found in those 
implants retrieved from well-functioning knees 
versus those found at the time of revision surgery 
for failed implants.

REFERENCES

1. Kurtz S, Ong K, Lau E, Mowat F, Halpern M. 
Projections of primary and revision hip and 
knee arthroplasty in the US from 2005 to 2030. 
J Bone Joint Surg. 2007;89A:780–5.

2. Sharkey PF, Hozack WJ, Rothman RH, Shas-
tri S, Jacoby SM. Insall Award paper. Why are 
total knee arthroplasties failing today? Clin 
Orthop Relat Res. 2002 Nov;(404):7–13.

3. Anglin C, Brimacombe JM, Wilson DR, Mas-
ri BA, Greidanus NV, Tonetti J, Hodgson AJ. 
Biomechanical consequences of patellar com-
ponent medialization in total knee arthroplasty. 
J Arthroplasty. 2010 Aug;25(5):793–802. Epub 
2009 Jul 29.

4. Kessler O, Patil S, Colwell CW Jr, D’Lima 
DD. Th e eff ect of femoral component malrota-
tion on patellar biomechanics. J Biomech. 2008 
Dec 5;41(16):3332–9.

5. Ma HM, Lu YC, Kwok TG, Ho FY, Huang 
CY, Huang CH. Th e eff ect of the design of the 
femoral component on the conformity of the 

patellofemoral joint in total knee replacement. 
J Bone Joint Surg Br. 2007 Mar;89(3):408–12.

6. Berti L, Benedetti MG, Ensini A, Catani F, 
Giannini S. Clinical and biomechanical assess-
ment of patella resurfacing in total knee ar-
throplasty. Clin Biomech (Bristol, Avon). 2006 
Jul;21(6):610–6. Epub 2006 Mar 3.

7. Amis AA, Senavongse W, Darcy P. Biome-
chanics of patellofemoral joint prostheses. 
Clin Orthop Relat Res. 2005 Jul;436:20–9. 
Review.

8. Stiehl JB. A clinical overview patellofemoral 
joint and application to total knee arthroplasty. 
J Biomech. 2005 Feb;38(2):209–14. Review.

9. Berger RA, Crossett LS, Jacobs JJ, Rubash HE. 
Malrotation causing patellofemoral complica-
tions after total knee arthroplasty. Clin Orthop 
Relat Res. 1998 Nov;(356):144–53.

10. Fehring TK Rotational malalignment of the 
femoral component in total knee arthroplasty. 
Clin Orthop Relat Res. 2000 Nov;(380):72–9.

11. Werner FW, Ayers DC, Maletsky LP, Rullkoet-
ter PJ. Th e eff ect of valgus/varus malalignment 
on load distribution in total knee replacements. 
J Biomech. 2005 Feb;38(2):349–55.

12. Youm YS, Cho WS, Woo JH, Kim BK. Th e ef-
fect of patellar thickness changes on patellar 
tilt in total knee arthroplasty. Knee Surg Sports 
Traumatol Arthrosc. 2010 Jul;18(7):923–7. 
Epub 2010 Mar 9. 

13. Becher C, Heyse TJ, Kron N, Ostermeier S, 
Hurschler C, Schofer MD, Fuchs-Winkel-
mann S, Tibesku CO. Posterior stabilized 
TKA reduce patellofemoral contact pressure 
compared with cruciate retaining TKA in vitro. 
Knee Surg Sports Traumatol Arthrosc. 2009 
Oct;17(10):1159–65.

14. Leszko F, Sharma A, Komistek RD, Mahfouz 
MR, Cates HE, Scuderi GR. Comparison of 
in vivo patellofemoral kinematics for subjects 
having high-fl exion total knee arthroplasty 
implant with patients having normal knees. J 
Arthroplasty. 2010 Apr;25(3):398–404. Epub 
2009 Feb 20.

15. Carpenter RD, Brilhault J, Majumdar S, Ries 
MD. Magnetic resonance imaging of in vivo 
patellofemoral kinematics after total knee ar-
throplasty. Knee. 2009 Oct;16(5):332–6. Epub 
2009 Feb 1.



Volume 20, Number 1, 2010

Patellar Button Wear Patterns in TKA Retrievals 79

16. Anglin C, Ho KC, Briard JL, de Lambilly C, 
Plaskos C, Nodwell E, Stindel E. In vivo pa-
tellar kinematics during total knee arthroplasty. 
Comput Aided Surg. 2008 Nov;13(6):377–91.

17. Anglin C, Brimacombe JM, Hodgson AJ, Mas-
ri BA, Greidanus NV, Tonetti J, Wilson DR. 
Determinants of patellar tracking in total knee 
arthroplasty. Clin Biomech (Bristol, Avon). 
2008 Aug;23(7):900–10. Epub 2008 Jun 5.

18. Sharma A, Leszko F, Komistek RD, Scuderi 
GR, Cates HE Jr, Liu F. In vivo patellofemoral 
forces in high fl exion total knee arthroplasty. J 
Biomech. 2008;41(3):642–8.

19. Anglin C, Brimacombe JM, Wilson DR, Mas-
ri BA, Greidanus NV, Tonetti J, Hodgson AJ. 
Intraoperative vs. weightbearing patellar ki-
nematics in total knee arthroplasty: a cadav-
eric study. Clin Biomech (Bristol, Avon). 2008 
Jan;23(1):60–70. Epub 2007 Oct 24.

20. Hollinghurst D, Stoney J, Ward T, Pandit H, 
Beard D, Murray DW. In vivo sagittal plane 
kinematics of the Avon patellofemoral arthro-
plasty. J Arthroplasty. 2007 Jan;22(1):117–21.

21. Ostermeier S, Buhrmester O, Hurschler C, 
Stukenborg-Colsman C. Dynamic in vitro 
measurement of patellar movement after to-

tal knee arthroplasty: an in vitro study. BMC 
Musculoskelet Disord. 2005;6:30. Published 
online 2005 June 15. doi: 10.1186/1471-2474-
6-30. Available from: http://www.biomedcen-
tral.com/1471-2474/6/30.

22. Zavatsky AB, Oppold PT, Price AJ. Simulta-
neous in vitro measurement of patellofemoral 
kinematics and forces. J Biomech Eng. 2004 
Jun;126(3):351–6.

23. Asano T, Akagi M, Koike K, Nakamura T. 
In vivo three-dimensional patellar tracking 
on the femur. Clin Orthop Relat Res. 2003 
Aug;(413):222–32.

24. Stiehl JB, Komistek RD, Dennis DA, Keblish 
PA. Kinematics of the patellofemoral joint in 
total knee arthroplasty. J Arthroplasty. 2001 
Sep;16(6):706–14.

25. Hood RW, Wright TM, Burstein AH Retrieval 
analysis of total knee prosthesis: a method and 
its application to 48 total condylar prostheses. J 
Biomed Mater Res. 1983 Sep;17(5);829–4.

26. Schwartz o, Aunallah J, Levitin M, Mendes 
DG Wear patterns of retrieved patellar im-
plants, Acta Orthop Belg. 2002, 68:4:362–9.



1050-6934/10 $35.00 © 2010 by Begell House, Inc. 81

Journal of Long-Term Eff ects of Medical Implants, 20(1): 81–85 (2010)

Human Postmortem Device Retrieval and Analysis—
Orthopaedic, Cardiovascular, and Dental Systems

J. Lemons,* B. Brott, & A. Eberhardt

Departments of Prosthodontics, Medicine and Biomedical Engineering, Schools of Dentistry, Medicine and Engi-
neering, University of Alabama at Birmingham, Birmingham, AL

*Address all correspondence to Dr. Jack Lemons, University of Alabama at Birmingham, Departments of Prosthodontics, Medicine and 
 Biomedical Engineering, Schools of Dentistry, Medicine and Engineering, Box 61 SDB/UAB, Birmingham, AL; Jack.Lemons@ortho.uab.edu 

ABSTRACT: On the basis of decades of analyzing implant devices, tissues, and clinical records from 
revision surgical explants (called device failure), studies now include postmortem donors and in situ con-
ditions (called success). A key issue has been information exchange from an interdisciplinary team where 
basic physical and biological studies complement details of the clinical conditions for each device. Over-
all, the summary information has shown that most revisions were based on factors associated with the 
patient health, disease, and compliance, with few outcomes directly correlated with technology and de-
vice-specifi c factors. However, because of the large numbers of devices implanted annually (millions), 
any sampling that reveals adverse circumstances could result in a high level of importance and the need 
for additional studies of this type. Experience from prior retrieval and analysis demonstrates signifi cant 
value where peer reviewed results from investigations have altered the discipline and have improved the 
quality and longevity of health care associated with implanted devices. Th is report summarizes completed 
and ongoing studies of cardiovascular, dental, and orthopaedic systems. Endovascular stents from autop-
sies showed damage including fretting and corrosion from overlapping and intersecting conditions, plus 
some corrosion and element transfers to tissues from individual stents. Studies are proposed to increase 
numbers to evaluate clinical signifi cance. Dental implants from postmortem donors that functioned more 
than 10 years provided evaluations of cobalt alloy devices and calcium phosphate bone graft substitutes 
originally investigated in the 1970s. Tissue integration and stability correlated with data from prior labo-
ratory in vitro and in vivo investigations. Studies of articulation and fi xation from orthopaedic total joint 
arthroplasties showed some limitations related to surface changes of YTZ zirconia, specifi c damage due 
to implantation procedures, which led to modifi ed instrumentation and techniques, and several examples 
of conditions leading to longer-term device-to-bone fi xation. Th ese types of multidisciplinary studies are 
continuing.

KEY WORDS: device, retrieval, orthopaedic, cardiovascular, dental systems

I. INTRODUCTION

Recommendations have been made during national and international consensus conferences for surgical 
implant device retrieval and analysis (DRA), with these recommendations evolving on a regular basis since 
the 1970s.1–5 A signifi cant result from study outcomes have been contributions to the enhancement of 
clinical outcomes, plus the evolution of published consensus standards for detailed data to be collected.6,7 A 
central research theme over past decades has been physical and biological science investigations of devices, 
tissues, and records associated with devices explanted during revision surgery procedures. An expanded 
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approach was introduced in 2005 where devices 
and records were obtained as postmortem samples 
from human organ-tissue-device donations.8 Th is 
approach permitted comparisons of conditions at 
revision (called failure) with postmortem en bloc 
conditions (called success). Overall, the intent of 
most programs has been to answer the question: 
What are the relationships of device biomaterial 
and biodesign to the existing clinical circumstances 
as related to longer-term in vivo function, plus can 
improvements be recommended?8,9

II. METHODS

Programs conducting human surgical implant 
DRA must maintain detailed IRB and HIPAA 
compliance, have facilities for physical and biologi-
cal studies, have experience for in vitro and in vivo 
clinical analyses, and have resources for multidis-
ciplinary investigations.8 Th e program associated 
with this report has conducted DRA since the ear-
ly 1970s and conducted the NIH-sponsored study 
from 2005 to 2010. Th e details of protocols and 
results from recent activities have been published, 
and the reader is referred to these publications plus 
the ASTM F04 and ISOTC 150 consensus stan-
dards.6,7,9–29 Th is report reviews examples from in-
vestigations on human postmortem specimens from 
endovascular stents obtained from autopsies,20–23 
dental implants from patient donations,24–29 and 
specimens from en bloc orthopaedic total joint ar-
throplasty (TJA) revisions and donations.9–19 

III. RESULTS AND DISCUSSION 

Overall, the experience gained over decades leads to 
a strong opinion supporting the role of human sur-
gical implant DRA as a component of enhancing 
the treatment of individuals needing a procedure 
including a device. Clearly, the discipline has been 
evolving from devices constructed from synthetic 
origin biomaterials to biologic and synthetic com-
binations leading eventually to implants for tissue 
regeneration, i.e., tissue engineered medical prod-
ucts (TEMPs)30 Many have taken the position that 
devices constructed from synthetic biomaterials 

will remain as a part of reconstructive procedures 
(millions per year) over the next decades. In this 
regard, most programs conducting DRA include 
analyses of all types of implants, no matter what 
the origin. 

Considerations of the relative signifi cance of 
DRA studies for devices utilized in larger numbers 
per year raises multiple questions about statistical 
signifi cance, which previously has been called “the 
issue of the numerator and denominator ratio.” 
Th ose involved in the profession recognize that 
examples exist where a few study specimens re-
sulted in a forensic discovery that was applicable 
to large numbers, e.g., altered alloy metallurgy, al-
tered polyethylene structure/chemistry, inadequate 
control of manufacturing tolerances, etc. Th erefore, 
investigations based on “forensic discovery” must 
be considered as a subset of analyses of patient 
treatment outcomes. For example, consideration of 
a specifi c device type application such as a total hip 
arthroplasty at 200,000 per year and a revision rate 
of 5% after two to fi ve years results in a total sample 
size of 10,000 for “possible” DRA studies. Separa-
tion of factors from multidisciplinary experience 
into categories associated with the patient, the 
technology, and the device leads to further subdivi-
sion where changes of the device per se is less than 
15% (10% anticipated and 5% unanticipated) or a 
potential overall number of 1500 per year. About 
5%, or 75, of these specimens would represent cir-
cumstances where extensive examinations would 
be needed. Experience over decades also shows 
that conducting a program of this type represents a 
signifi cant cost of time and fi nances (hundreds of 
thousands of dollars per year).

Th e central point of this example related to 
numbers, time, and cost is that DRA sampling 
should be targeted to conditions identifi ed by 
clinical performance outcome assessments (un-
anticipated radiographic, pain, function, or other 
fi ndings). It is also critical that detailed clinical re-
cords would be available so that the sample popula-
tion for in-depth studies could be reduced for the 
development of in vitro data to determine device 
specifi c cause-eff ect relationships resulting in the 
need for a clinical revision.
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Studies of postmortem endovascular stents 
have focused on a theme of conditions possibly 
infl uencing vascular restenosis. Overall results 
showed stent surface damage during in vivo 
function where stents overlapped or intersected, 
transfers of metallic elemental debris from pitting, 
fretting, and galvanic corrosion, and fractures and 
signifi cantly complex stent-to-tissue interactions 
based in part on pre-existing disease pathology. 
Surprisingly, some stents without overlap dem-
onstrated signifi cant corrosion and metallic ion 
release into surrounding tissues. Interactions with 
surrounding tissues and local calcifi cations appear 
to play a signifi cant role, with evidence of surface 
abrasions and fracture. Additional studies have 
included evaluation of fractures of drug-elut-
ing stents with failure analysis, an area of current 
clinical interest. We have strongly recommended 
expansion of this program to focus on statistically 
signifi cant numbers of DRA specimens to provide 
validated recommendations to the discipline. 

Dental implant devices, tissues, and records 
from three edentulous mandibles treated with one 
implant design were obtained postmortem from 
donors. Each of these specimens had functioned 
successfully for about 11 years. Analyses extended 
to include bone and soft tissue–to-implant contact 
percentages, histological analyses of the anatomy 
after a decade, and multiple high-resolution stud-
ies of bone and implant-to-bone interface proper-
ties. Th ese studies were quite special in that prior 
laboratory in vitro and in vivo studies had been 
conducted on one of the bone grafting biomateri-
als introduced in the early 1970s. Th e biomaterials 
and biodesigns for use were similar for this calcium 
phosphate–based substance, which provided com-
parisons of properties and tissue interfaces from 
laboratory in vivo (animal at 5 years) with human 
results at 11 years in vivo. Importantly, the human 
results were as intended with clinical applications 
exceeding expectations. Multiple examples of or-
thopaedic device revision DRA studies have been 
published, and two examples will be summarized. 
Zirconia ceramic was introduced for total hip ar-
thoplasty (THA) femoral head components to 
minimize articulating damage to ultrahigh molec-

ular weight polyethylene (UHMWPE). Th e zirco-
nia was harder and smoother, and initially showed 
excellent outcomes. Over time and function, the 
zirconia surface was altered at the atomic level 
(tetragonal-to-monoclinic atomic transformation), 
which resulted in increased zirconia surface rough-
ness and increased UHMWPE debris products. 
Studies based on DRA showed these unanticipated 
conditions and contributed to a device component 
recall and recommendations to minimize this clini-
cal outcome. Another example relates to investiga-
tions of THA component interfaces with bone 
and biomaterial, and biomechanical properties 
associated with in vivo fi xation stability. To further 
evaluate device-to-bone biointegration stability, 
specimens were obtained for tensile, shear, fatigue, 
and nanoindentation studies. Th ese investigations 
remain in progress; however, recent results from 
postmortem specimens have shown conditions of 
stable biointegration for various surface biomate-
rials and biodesigns (porous and cemented with 
polymethylmethacrylate).
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