
Total knee arthroplasty (TKA) often results in a decrease 
in periprosthetic bone mineral density (pBMD),1-4) which 
sometimes leads to radiolucency around implants.5) This 
decrease in pBMD may lead to implant failure, such as 
component subsidence. The mechanical property of the 

subchondral bone in the proximal tibia is an important 
biological determinant of loosening in TKA.6) In a recent 
study,7) occult osteoporosis was present in more than a 
third of patients with well-functioning TKAs.

Cobalt-chromium (CoCr) and titanium nitride 
(TiN) are the most widely used materials for TKA. Accord-
ing to a finite element study,8) the difference in the elastic 
modulus of these two biomaterials affects the amount of 
stress shielding in TKA and subsequently leads to pBMD 
differences between the implant materials. Despite some 
growing evidence,5,9) to date, there has been no prospective 
study comparing the pBMD of TKAs performed with the 
two different materials. 
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The purpose of this study was to prospectively 
analyze the effect of implant material (CoCr and TiN) on 
pBMD after TKAs. In this study, the pBMD of the knees 
that used two different materials for TKAs was compared. 
One group of knees underwent cemented TKAs with 
CoCr, while the others did so with TiN. The authors hy-
pothesized that the CoCr implant would be associated 
with a greater reduction in pBMD than the TiN implant.

METHODS
This prospective matched-pair case-control study was ap-
proved by the Institutional Review Board of Seoul National 
University Hospital (No. H-1103-045-354) and registered 
prior to the beginning of the study (No. KCT0000260). In 
a single, tertiary center, the patients who met the inclu-
sion and exclusion criteria were screened for enrollment of 
the study on the day of admission (2 days before surgery). 
Informed consents were obtained from all of the partici-
pants. A priori power analysis was performed for sample 
size calculation (n = 29). A power analysis using estimates 
of mean BMD and standard deviation from the study of 
Abu-Rajab et al.10) indicated that in a sample size of 26, 
with the power of 95% and a confidence level of 95%, a re-
duction in BMD of approximately 20% could be detected. 
Considering a dropout rate of 10%, the sample size was 
calculated as 29. From September 2011 to February 2012, 
29 participants aged between 50 and 80 years, who under-
went bilateral TKAs for degenerative arthritis, were en-
rolled (Fig. 1). Excluded from this study were participants 
with previous consumption of osteoporosis medication or 
long-term steroids, those who had previous knee surgery, 
and those with concomitant diseases (Parkinson disease, 
residual poliomyelitis, stroke, infection, etc.) that could 
have severely affected their physical recovery (n = 18). The 
demographic characteristics of the two groups (CoCr and 
TiN groups) were identical because all participants un-
derwent bilateral TKAs with different types of prostheses 
on each knee. Out of the 29 patients, 2 were men and the 
average age, height, and body mass index were 70.5 ± 6.2 
years, 153.2 ± 5.7 cm, and 26.1 ± 3.3 kg/m2, respectively.

Surgery and Rehabilitation
Each participant underwent TKA with a TiN-coated 
prosthesis (Buechel and Pappas [B-P] Knee System; Korea 
Bone Bank, Seoul, Korea) on one knee and a CoCr pros-
thesis (LCS Knee System; Depuy, Warsaw, IN, USA) on the 
other knee. The side for each implant (right or left) was 
randomly allocated in each participant using a random 
number table, provided by an independent researcher 

(JYC). The sequence of implantation was also assigned 
randomly and the interval between TKAs was 1 week, ex-
cept in 8 participants, whose interval was 1 to 3 weeks. 

All operations were performed by a senior surgeon 
(MCL) with more than 20 years of experience in perform-
ing TKA. A midline incision, a standard paramedian ap-
proach, and the same surgical technique were used in all 
knees that underwent TKAs using two different materials 
(TiN and CoCr). The femoral and tibial components were 
both fixed with the same cement in both groups. Continu-
ous passive motion exercise and full weight-bearing were 
allowed from the first day after surgery. No complications 
were observed during hospitalization. 

Clinical Outcomes
Primary outcome
The primary outcome of the study was the relative pBMD 
of the proximal tibia and distal femur 2 years postopera-
tively. The pBMD was measured using dual-energy X-ray 
absorptiometry (DXA; Lunar Prodigy Advance, GE, Madi-
son, WI, USA). DXA scans were performed before surgery 
and at 1 and 2 years postoperatively by assigned techni-
cians (SWK and YJJ). Examinations were performed with 
the same unit with the same degree of calibration. Mea-
surements were performed in both anteroposterior (AP) 
and lateral planes. AP scans were performed with the knee 
in full extension, while lateral scans were performed with 
the knee in 20° of flexion and neutral rotation.11) Analyses 

Fig. 1. Flowchart of the patients selected and grouped. TKA: total knee 
arthroplasty, B-P: Buechel and Pappas, TiN: titanium nitride, CoCr: cobalt-
chromium.

47 Assessed for eligibility

29 TKA with B-P system
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26 Analyzed
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Previous knee surgery

3 Lost to follow-up

26 Analyzed
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of the measured values were performed by two indepen-
dent observers (DHR and DWL). In the analyses, a total of 
10 regions of interest (ROIs) were defined, 4 in AP scans 
(F1 and T1–3) and 6 in lateral scans (F2–5 and T4–5) as 
defined in a previous study (Fig. 2).10) To ensure accuracy, 
using a postoperative DXA scan, the ROIs were set not to 
meet the implant, cortical bone, cement, and fibular head. 
These ROIs were equally applied to the preoperatively 
scanned image. Thus, identical regions could be analyzed 
for both replaced and non-replaced knees. Finally, pBMD 
was calculated in g/cm2 using a DXA processing software 
(enCORE v.16; Encore Inc., Eagan, MN, USA). The pB-
MDs of the two different implants were compared before 
surgery and at 1 and 2 years postoperatively.

Secondary outcome
Since DXA scans were only performed until postopera-
tive 2 years, pBMDs at longer follow-ups could only be 
inferred using simple radiographs. The ROIs were defined 
in the same manner10) as in DXA scans, and the mean 
gray-scale value (Gm) of the pixels within each ROI was 
measured using an image processing software (ImageJ, 
National Institutes of Health, Bethesda, MD, USA). This 
estimated pBMD (pBMDe) was calculated using a formula 
introduced in a previous study12): pBMDe = 255 × (Gm of 
ROI – Gm of air) / (Gm of femoral component – Gm of 
air). Gm of air was measured on the same radiograph. The 
calculations were made separately by the two independent 
observers (DHR and DWL) and the reliability was mea-
sured. Hip-knee-ankle angle (HKA) and range of motion 
(ROM) of the knee were also measured as secondary out-
comes by the independent observers. HKA was measured 
on standing AP long-leg radiographs as an angle between 
the mechanical axes of the femur and tibia and ROM was 

measured to the nearest 5°. Any complications including 
aseptic loosening, periprosthetic fracture, and infection 
were separately recorded.

Statistical Analysis
The Kolmogorov-Smirnov test and Shapiro-Wilk test were 
used to assess the normality of the distribution for all data. 
Continuous variables were presented as mean and stan-
dard deviation, and categorical variables were presented as 
frequency. Paired t-tests were applied to compare the two 
groups and to compare preoperative and postoperative 
data. To assess the reliability of pBMD and pBMDe, intra-
class coefficients (ICCs) were calculated. The ICC for the 
AP scan was 0.993 (95% confidence interval [CI], 0.978–
0.999), and the ICC for the lateral scan was 0.995 (95% 
CI, 0.977–0.999). Statistical analysis was performed using 
IBM SPSS ver. 25.0 (IBM Corp., Armonk, NY, USA). In all 
analyses, p < 0.05 was considered statistically significant. 

RESULTS
Three patients were lost to follow-up during the 2 years; 
thus, a total of 26 patients were analyzed in the study. 
Preoperatively, all of the clinical parameters including the 
pBMD, pBMDe, HKA, and ROM were not significantly 
different between the groups (Table 1). Postoperatively, 
both groups showed a decrease in pBMD at the femur and 
tibia (Table 2). At 1 year after surgery, the postoperative 

Fig. 2. Regions of interest in anteroposterior (A) and lateral (B) postopera
tive radiographs of a knee that underwent total knee arthroplasty with 
the Buechel and Pappas Knee system (titanium nitride implant).

A B

Table 1. Secondary Variables of the Two Groups 

Variable TiN Group 
(n = 26)

CoCr Group 
(n = 26) p-value

Length of follow-up (yr) 8.3 ± 1.1 8.3 ± 1.1 -

Side of knee (right : left) 14 : 12 12 : 14 0.845

Hip-knee-ankle angle (°) 

   Preoperative 9.5 ± 5.1 9.5 ± 5.2 0.995

   Postoperative 1.4 ± 2.2 0.4 ± 1.8 0.054

Flexion contracture (°)

   Preoperative 9.5 ± 6.8 8.9 ± 5.2 0.536

   Postoperative 0.3 ± 1.2 0.5 ± 1.5 0.573

Further flexion (°)

   Preoperative 126.0 ± 14.4  126.1 ± 15.4 1.000

   Postoperative 124.0 ± 7.6 125.0 ± 7.9 0.211

Values are presented as mean ± standard deviation.
TiN: titanium nitride, CoCr: cobalt-chromium.
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reductions in pBMDs were most prominent. The pBMD 
significantly decreased in 5 ROIs (F1, T1, F3–4, and T5) in 
the TiN group and in 6 ROIs (F1, T1, F2–4, and T4) in the 
CoCr group. At T1 and T4, pBMD was significantly larger 
in the TiN group than in the CoCr group 2 years postop-
eratively (p = 0.003 and p = 0.046, respectively). 

As in pBMD, pBMDe significantly decreased post-
operatively in both groups (Fig. 3). There was a signifi-
cant difference in postoperative pBMDe between the two 
groups at specific sites. From the first year of surgery, the 
TiN group had significantly higher pBMDe at T1 and T4. 
Seven years postoperatively, pBMDe at F3 was significant-
ly higher in the TiN group (p = 0.019). The postoperative 
HKA and ROM were not significantly different between 
the groups (Table 1). None of the participants underwent 
revision surgery during the follow-up period.

DISCUSSION
The most important findings of this prospective study 
are that (1) pBMD significantly decreased 2 years after 
cemented TKAs in certain regions (medial metaphysis of 
the tibia and anterior portion of the distal femur) regard-
less of the implant materials used and (2) the decrease in 
pBMD was significantly smaller with TiN than with CoCr 
in two specific regions: medial and anterior metaphysis of 
the tibia. These findings imply that after TKAs, the peri-
implant bone stock weakens over the years and the TiN 
implant may be beneficial in preserving it. The pBMD can 
be influenced by many systemic factors such as mechani-
cal loading, exercise, and medication.4,13-15) These possible 
confounders are difficult to control because they cannot 
be objectively quantified. However, the confounding ef-
fect could be minimized in this study by using the two 
different materials on each knee of the same patients in 

the same period. In this study, the two implant systems 
(B-P and LCS) were selected for a couple of reasons. First, 
despite the differences in materials, the implants had very 
similar designs because the same surgeons (Buechel and 
Pappas) developed them with the intent to resemble each 
other.16) Second, the LCS Knee System has shown excellent 
long-term survivorship with a low rate of revision.17,18) 

Many previous studies have reported a decrease in 
pBMDs around the tibia after TKA. Regner et al.19) re-
ported a mean decrease of 26% in pBMD in the medial 
condyle of the tibia during a 5-year follow-up of 38 un-
cemented TKAs. In a case series of 87 cemented TKAs, 
Saari et al.20) demonstrated that the mean decrease in 
pBMD varied from 5% to 23% depending on the ROIs, 
and the decrease was most rapid during the first postop-
erative year in all ROIs. Similar to the results obtained in 
the above studies, our study showed that pBMD at the 
medial portion of the tibia (T1) decreased significantly 
in both groups at 2 years after TKA (16.6% and 26.9% for 
TiN group and CoCr group, respectively). The decrease in 
pBMD was most prominent during the first postoperative 
year, as was the case with previous studies.

Previous studies21,22) have also revealed some de-
crease in pBMD in the distal femur after TKA. Mintzer 
et al.22) reported that 68% of the study participants un-
dergoing TKA had radiographic bone loss at the anterior 
portion of the distal femur within the first postoperative 
year. This showed no further progression over the years. 
Similar results were also found in studies that used DXA 
scans. Petersen et al.23) reported a significant decrease in 
pBMD (range, 19%–44%) in the distal femur at 1 year of 
follow-up of 29 uncemented TKAs. Jarvenpaa et al.4) as-
sessed long-term pBMD changes in the distal femur in 
69 cemented TKAs. The mean pBMD decrease during 
the 7-year follow-up period varied from 10.3% to 30.6% 
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Fig. 3. Change of estimated periprosthetic bone mineral density (pBMDe) over the years in the region of interest: T1 (A), T4 (B), and F3 (C), the three 
areas with statistically significant difference. The numbers in parentheses denote the number of patients evaluated at each time point. TiN: titanium 
nitride, CoCr: cobalt-chromium, Preop: preoperative.
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depending on the ROI. Similar findings have also been 
reported in several studies.1,3,10,24) Finite element models of 
the distal femur with a femoral component have predicted 
that the anterior aspect of the distal femur is the area of 
maximum stress shielding.25,26) Similarly, in the present 
study, there was a marked decrease in pBMD in the dis-
tal femur during the first postoperative year (10.4% and 
12.5% in the TiN group and CoCr group, respectively). In 
both groups, the largest reduction in pBMD was observed 
at F3 (behind the anterior flange of the implant). 

To our knowledge, no study has prospectively exam-
ined the effect of implant material on postoperative pBMD 
to date. Martin et al.9) first reported that the use of a CoCr 
implant was associated with a greater increase in medial 
bone loss of the tibia compared to TiN implants in TKAs. 
Recently, Yoon et al.5) reported a similar finding that CoCr 
implants showed a higher incidence of radiolucent lines 
and a greater degree of BMD reduction in the medial 
tibial condyle compared to TiN implants. Unlike these two 
retrospective studies that estimated pBMD with simple 
radiographs, in the present prospective study, the authors 
quantified pBMD using DXA scans, which is considered 
the gold standard for the measurement of bone density. 
A previous study27) reported that the error rate of DXA 
measurements in the knee was less than 3.3% regardless 
of the implant. The results of the present study are in ac-
cordance with those obtained in previous studies5,9) in that 
the CoCr group showed a larger decrease in pBMD at the 
medial metaphysis of the tibia compared to the TiN group 
at postoperative 2 years (–26.9% vs. –16.6%, p = 0.003). 
This difference may be the result of stress shielding due to 
the different elastic moduli of the two materials, CoCr and 
TiN. The elastic moduli of these metallic biomaterials are 
larger than those of the bone (10–30 GPa), while CoCr (230 
Gpa) has a higher elastic modulus than TiN (110 Gpa). 
Zhang et al.8) found that pBMD was significantly influ-
enced by implant material and stress shielding in a finite 
element model study comparing metal-backed and all-
polyethylene tibial components in TKA. Although it was 
an ancillary analysis using pBMDe, our findings suggest 
that the long-term decrease in pBMD is also smaller at 
the anterior portion of the distal femur (in addition to the 
medial and anterior portions of the proximal tibia) when a 
TiN implant is applied. 

Despite much evidence showing a decrease in 
pBMD after TKA, its association with periprosthetic 
fracture and implant loosening is still unclear. Probably 
owing to a relatively short follow-up period, none of the 
participants in this study underwent revision surgery due 
to loosening or fracture. However, Petersen et al.6) showed 

that pBMD and tibial component migration were strongly 
correlated. Less migration of the tibial component was ob-
served in knees with higher pBMD. Similarly, the decrease 
in pBMD at the anterior portion of the distal femur may 
be an important determinant of periprosthetic fracture 
and loosening of the femoral component after TKAs. As 
DXA scan is the gold standard for diagnosing osteopo-
rosis, pBMD using DXA scan may well reflect the bone 
status around the prosthesis in TKAs. Thus, relative pres-
ervation of pBMD in the knees that had TiN implants may 
lead to a decrease in implant loosening or periprosthetic 
fracture. Consequently, TiN implants may be more benefi-
cial to certain populations such as osteoporotic patients.

The result of the present study implies that pBMD 
decreases after TKA regardless of the implant material and 
surgeons must be aware of the complications such as im-
plant loosening and periprosthetic fracture that may occur 
due to this decrease. Furthermore, according to our study, 
TiN implants may be considered in osteoporotic patients 
undergoing TKAs since it may better preserve the bone 
stock than CoCr implants.

This study has several limitations. The follow-up 
period was 2 years, which is relatively short to observe the 
long-term effect of an implant material on pBMD. There-
fore, as an ancillary analysis, the authors estimated pBMD 
using simple radiographs for up to 9 years. Furthermore, 
cemented TKAs were compared in this study. Thus, dif-
ferent amounts of stress shielding due to different implant 
materials may have been masked by cement, which lies in-
between the implant and the underlying bone. Nonethe-
less, to our knowledge, this is the only prospective study 
that compared the pBMD of TKAs performed with two 
different materials. 

The pBMD significantly decreased 2 years after 
TKA in certain regions regardless of the implant material 
used. However, the decrease was significantly less with 
TiN compared to CoCr in specific regions of tibia and fe-
mur. Although further studies should be done to validate 
this hypothesis, stress shielding effect of implant material 
and TKA implant structure may account for this decrease 
in certain areas of bone. The TiN implant was beneficial in 
preserving the peri-implant bone stock after TKA. 
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