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Background: The distal radius is an optional site for evaluation of bone quality in postmenopausal
women before cementless total hip arthroplasty. We hypothesized that dual-energy X-ray absorptiom-
etry (DXA) and pulse-echo ultrasonometry of the distal radius may help discriminate subjects at high risk
of femoral stem subsidence.
Methods: A prospective cohort of postmenopausal women with primary hip osteoarthritis underwent
total hip arthroplasty with implantation of a parallel-sided femoral stem. Postoperative stem migration
was measured using radiostereometric analysis. Preoperatively, subjects had multisite DXA measurement
of bone mineral density (BMD) and pulse-echo ultrasonometry of the cortical-bone thickness. The
diagnostic abilities of these methods to discriminate <2 mm and �2 mm femoral stem subsidence were
tested.
Results: The accuracy of the distal radius BMD and cortical-bone thickness of the distal radius were
moderate (area under the curve, 0.737 and 0.726, respectively) in discriminating between <2 mm and �2
mm stem subsidence. Women with low cortical-bone thickness of the radius were more likely (odds
ratio ¼ 6.7; P ¼ .002) to develop stem subsidence �2 mm. These subjects had lower total hip BMD (P ¼
.007) and reduced thickness of the medial cortex of the proximal femur (P ¼ .048) with lower middle (P <
.001) and distal (P ¼ .004) stem-to-canal fill ratios.
Conclusion: Femoral stem stability and resistance to subsidence are sensitive to adequate bone stock and
unaltered anatomy. DXA and pulse-echo ultrasonometry of the distal radius may help discriminate
postmenopausal women at high risk of stem subsidence.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
In total hip arthroplasty (THA), uncemented femoral stems rely
on the initial press-fit fixation against the cortical bone [1]. In
postmenopausal women, endosteal trabeculation and increased
intracortical porosity [2] pose natural difficulties in achieving axial
and rotational stem stability. Women with a low systemic bone
mineral density (BMD) have shown to have limited migration of an
anatomically designed femoral stem [3] and a double-wedged
straight femoral stem [4] during the first months after surgery
before osseointegration.
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A parallel-sided femoral stem was designed to engage the
metaphyseal cortical bone in the medial-lateral plane only [5,6].
The use of the stem requires adequate bone stock and unaltered
femoral geometry [7], but no exact definitions have been deter-
mined for these requirements. In radiostereometric analysis (RSA),
the stem allowed subsidence of 1.5 mm (95% confidence interval
[CI], 0.1-2.9 mm) even in women with normal hip BMD and Dorr
type A or B femur anatomy [8]. Although this migration was not
detrimental to osseointegration, it demonstrates challenges in
obtaining secure press-fit fixation in postmenopausal women and
difficulties in finding appropriate criteria for adequate bone stock
and proximal femur anatomy.

Dual-energy X-ray absorptiometry (DXA) may give a misleading
impression of hip BMD in patients with hip osteoarthritis. Women
with moderate to severe radiographic hip osteoarthritis have a 9%-
10% higher femoral neck BMD compared to that in those without
osteoarthritis [9]. The distal radius is an optional site for
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.arth.2020.02.062
www.sciencedirect.com/science/journal/08835403
http://www.arthroplastyjournal.org
https://doi.org/10.1016/j.arth.2020.02.062
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.arth.2020.02.062
https://doi.org/10.1016/j.arth.2020.02.062


S. Nazari-Farsani et al. / The Journal of Arthroplasty xxx (2020) 1e82
DXA evaluation of systemic BMD in patients with hip osteoarthritis
[10].

Pulse-echo ultrasonometry for determining cortical-bone
thickness of the proximal tibia, combined with patient character-
istic data (age, weight, and height) in a density index, is approved
by the Food and Drug Administration as a portable prescreening
test for hip osteoporosis, reducing the need for DXA [11]. The
original approach included the measurement of cortical-bone
thickness at 3 sites (distal radius, proximal tibia, and distal tibia)
and the calculation of a multisite density index, which showed a
correlation with the proximal femur BMD [12].

The purpose of this study is to evaluate the diagnostic ability of
the distal radius DXA and pulse-echo ultrasonometry in the pre-
diction of stem subsidence. We hypothesized that these methods
may help discriminate postmenopausal women who are prone to
stem subsidence after cementless THA.

Patients and Methods

Study Design

This study focused on a trial cohort of postmenopausal women
(Clinicaltrials.gov NCT01926158) who had a preoperative multisite
DXA before cementless THA and underwent successful post-
operative RSA of femoral stem migration. The subjects were par-
ticipants of a single-center, double-blinded, placebo-controlled,
randomized clinical trial [8] approved by the Ethics Committee of
the Hospital District of South-West Finland (decisions 105/2012
Fig. 1. Study flow diagram. BMD, bone mineral density; DXA, dual-
and 484/2017) and Finnish Medicines Agency (decision 183/
06.00.00/2012, EudraCT 2011-000628-14). All participants pro-
vided written informed consent before enrollment. The trial
examined the effects of antiresorptive denosumab in physically
active postmenopausal women who would likely benefit from the
long-term endurance of cementless THA. Denosumab has a strong
influence on cortical bone remodeling of the proximal femur in
postmenopausal women [13]. It was expected to have a dual effect
by preventing periprosthetic bone resorption (primary end point),
and thereby reducing the amount of initial femoral stem migration
occurring before osseointegration (secondary end point).

Based on an amendment approved by the ethics committee, the
subjects underwent preoperative multisite pulse-echo ultra-
sonometry of cortical-bone thickness as an off-trial examination
(Fig. 1). The diagnostic accuracy of the distal radius BMD measured
by DXA and the cortical-bone thickness of the distal radius
measured by pulse-echo ultrasonometry were tested for discrimi-
nation between femoral stem subsidence of <2 mm and �2 mm at
48 weeks. Two reference parameters, namely total hip BMD
(measured by DXA) and the density index (measured by pulse-echo
ultrasonometry), were also tested. A stem subsidence threshold of 2
mm was adopted from the literature [14].

Patients and Screening Studies

The inclusion criteria included patients aged between 60 and 85
years with a diagnosis of primary osteoarthritis of the hip. The
exclusion criteria included Dorr type C femurmorphology, previous
energy X-ray absorptiometry; RSA, radiostereometric analysis.

http://Clinicaltrials.gov
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surgery of the index hip, severe osteoporosis (hip or lumbar spine
T-score < �4.0), evidence of secondary osteoporosis, use of osteo-
porosis drugs or other prescription drugs affecting bone meta-
bolism, rheumatoid arthritis or any other inflammatory arthritis, or
any condition that may affect the ability to perform the functional
assessments required by the protocol.

Screening included DXA (Hologic, Discovery A; Hologic Inc,
Marlborough, MA) of the proximal femurs (the operated hip only in
subjects with previous THA of the contralateral hip), lumbar spine,
and distal (one-third) radius of the nondominant hand. According
to the criteria of the International Society for Clinical Densitometry,
the measurement of the distal radius BMD was not included in the
diagnosis of osteoporosis or osteopenia. Serum levels of ionized
calcium and 25-hydroxyvitamin D were measured for exclusion of
hypocalcemia and vitamin D deficiency, respectively.
Pulse-Echo Ultrasonometry

Preoperative pulse-echo ultrasonometry of cortical-bone thick-
ness was performed using a mobile device (Bindex, Bone Index
Finland Ltd, Kuopio, Finland) [11,12]. Of the 65 eligible participants,
4 did not undergo ultrasound prescreening due to the unavailability
of the device at the start of the screening process (Fig. 1). According
to the recommended technique [11,12], the measurements were
conducted on predetermined sites, localized using distance mea-
surements from the anatomic landmarks (the distal radius at one-
third of the distance from the radial styloid process to the proximal
radial head, and the proximal and distal tibia at one-third and two-
thirds of the distance from the knee joint space to the medial
malleolus, respectively). Measurements were performed by 2 study
physiotherapists. The examiners had no information on DXA
Fig. 2. Preoperative canal flare index is calculated as the ratio of D to G (A). The postoperativ
3 locations; 10 mm above the lesser trochanter (proximal), 60 mm below the lesser troch
measurement of the canal width does not take into account the lateral gap between the st
marked by yellow circles over the greater and lesser trochanters (B).
results. Five successful repeated measurements in each location
were taken and averaged. After completion of the measurement
protocol for each subject, the device calculated the density index
(g/cm2) based on the thickness measurements and patient char-
acteristics (age, weight, and height). Due to technical problems, the
density indexwas calculated based on a single-site measurement of
the proximal tibia in 2 subjects. The intraobserver and interob-
server variations, presented as coefficient of variation (CV) for the
measurement of density index, were analyzed using triplicate
measurements of the 3 anatomic locations in an uninterrupted
sequence in 45 patients. The test-retest variability was 4.3% (95% CI,
3.5-5.1) for the triplicate measurements, and CVs of the 2 exam-
iners were 3.9% and 4.7%.
Surgery and Trial Intervention

All patients underwent THA using a single-wedged, parallel-
sided femoral stem (Accolade II, Stryker Orthopedics, Mahwah, NJ)
with a 36-mm metallic head and a porous-coated uncemented
acetabular cup with a polyethylene liner. Surgery was performed
using an anterolateral Hardinge approach. The patients were
mobilized using standard physiotherapy, and immediate unre-
stricted weight-bearing was encouraged with the aid of crutches.
Patients were randomly assigned to receive antiresorptive deno-
sumab treatment (a subcutaneous injection of 60 mg every 6
months) or placebo for 1 year, which started 4 weeks before sur-
gery. As reported [8], the denosumab-treated subjects showed
increased periprosthetic BMD in clinically relevant regions of the
proximal femur, but the treatment response was not associated
with any reduction in the initial stem migration. No major surgical
complications (dislocations, periprosthetic fractures, or infection)
e stem-to-canal fill ratio is measured as the stemwidth over the femoral canal width in
anter (middle), and 25 mm above the distal tip (distal) (B). At the proximal level, the
em and the cortical bone. The implanted radiostereometric analysis bone markers are
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or drug-related adverse events were reported during the 1-year
trial period and during a 3-year safety follow-up.

Radiostereometric Analysis

The accuracy and precision of the applied model-based RSA
technique was verified in a phantom model before the trial [15].
RSA was performed according to the RSA guidelines [16,17]. The
computer-aided design surface models of each stem size were
converted to the model-based format by a third party (Biome-
chanics and Imaging Group, Leiden University Medical Center,
Leiden, Netherlands). During surgery, multiple tantalum RSA
markers were implanted into the trochanteric bone (Fig. 2). The
stability and adequate distribution of bone markers were
assessed by calculating the mean error of the rigid body fitting
(upper limit �0.35) and the condition number (upper limit
�150). RSA imaging was performed within 3 days after the sur-
gery (baseline) and repeated after 12, 22, and 48 weeks. The
time-related translations and rotations of the x-, y-, or z-axes
were measured using MBRSA software (version 3.34; Medis
Specials BV, Leiden, Netherlands) with combined stem-head
models. The selected end points were translation along the y-axis
(stem subsidence) and rotation around the y-axis (stem rotation)
at 48 weeks, which represented the 2 principle directions of
postoperative stem migration. As reported [8,15], the accuracy of
the model-based RSA was 30 mm, and the clinical precision was
110 mm for the measurement of stem subsidence. For the mea-
surement of stem rotation around the y-axis, the accuracy was
0.39�, and the clinical precision was 1.04�. Seven outliers with
excessive stem subsidence and/or rotation around the y-axis
were detected. The outliers were identified by the applied sta-
tistical software (IBM SPSS Statistics version 25.0), which defined
the outliers as Xi � Q3 þ (1.5 � interquartile range [IQR]) and Xi
� Q1 � (1.5 � IQR), where Q1 and Q3 represent the first and third
Table 1
Baseline Demographics and Clinical Characteristics in All Subjects and in Subjects With

Parameters All Subjects Rad
Thi

No. of cases 58 26
Age, y 69 (60-84) 6
BMI, kg/m2 (SD) 28 (4.7) 2
ASA classification, n
Class 1 3 1
Class 2 31 13
Class 3 24 12

Systemic BMD, n
Normal bone (T-score � �1.0) 30 18
Osteopenia (�2.5 < T-score < �1.0) 26 8
Osteoporosis (T-score � �2.5) 2 0

Total hip BMD, g/cm2 (SD) 0.93 (0.14) 0.9
Femoral neck BMD, g/cm2 (SD) 0.84 (0.14) 0.9
Lumbar spine BMD, g/cm2 (SD) 1.01 (0.18) 1.0
Distal radius BMD, g/cm2 (SD) 0.66 (0.07) 0.7
Femur cortical thickness, mm (SD) 9.4 (1.5) 10.
Medial cortex 12.1 (2.8) 13.
Lateral cortex 6.8 (1.3) 6.

Canal flare index (SD) 3.8 (0.7) 4.
Stem-to-canal fill ratio
Proximal stem (SD) 0.98 (0.02) 0.9
Middle stem (SD) 0.86 (0.09) 0.9
Distal stem (SD) 0.85 (0.09) 0.8

Stem size (SD) 3.2 (1.0) 3.
Denosumab
Active drug 31 16
Placebo 27 10

BMI, body mass index; SD, standard deviation; ASA, American Society of Anesthesiologis
a Comparison of subjects with the radius cortical-bone thickness of �2.3 mm or <2.3
quartile limits, respectively, and the IQR represents the difference
between Q1 and the Q3 limit. The analysis gave the following
cutoff values for the outliers: stem subsidence >5.44 mm, and/or
stem rotation >5.52� of internal rotation (retroversion), or >4.32�

of external rotation. The outliers were not included in the current
analysis. After exclusion of the outliers, the subsidence and
rotation values showed a normal distribution (Shapiro-Wilk
normality test). The analyzed cohort, without outliers (n ¼ 58;
Table 1), included 32 subjects with stem subsidence of <2 mm
and 26 subjects with stem subsidence of �2 mm. There were
missing RSA data from one subject at 22 weeks and 48 weeks.
The subject exhibited a stem subsidence of 2.29 mm at 12 weeks
and had an unremarkable clinical recovery and radiographic
outcome. The subject’s data were included and analyzed in the
group with stem subsidence of �2 mm.
Radiographic Assessments

The canal flare index (CFI) [18] was measured from ante-
roposterior radiographs using computerized methods (Rhinoceros
software, version 3.0SR5b, Robert McNeel & Associates, Seattle,
WA). The CFI was calculated as the ratio of D to G, where D is the
metaphyseal width, 20 mm proximal to the most prominent point
of the lesser trochanter, and G is the width of the intramedullary
femoral isthmus,100mm distal to the lesser trochanter (Fig. 2A). As
described for the radiographic fit-and-fill analysis [5], the ratio of
the stemwidth over the femoral canal width was measured 10 mm
above the lesser trochanter (proximal stem), 60 mm below the
lesser trochanter (middle stem), and 25 mm above the distal tip
(distal stem; Fig. 2B). Exploratory end points included the radio-
graphic assessment of stem osseointegration based on the criteria
of Engh et al [19].
the Cortical-Bone Thickness of the Radius Above or Below the Cutoff Value.

ius Cortical-Bone
ckness � 2.33 mm

Radius Cortical-Bone
Thickness < 2.33 mm

P Valuea

27
8 (61-79) 69 (60-78) .58
9 (5.4) 27 (4.2) .27

2 .44
17
8

10 .041
15
2

8 (0.15) 0.88 (0.12) .007
1 (0.14) 0.78 (0.12) .001
9 (0.20) 0.93 (0.13) .001
0 (0.06) 0.62 (0.06) <.001
0 (1.3) 9.1 (1.5) .034
0 (2.9) 11.5 (2.5) .048
9 (1.1) 6.6 (1.6) .54
0 (0.7) 3.7 (0.6) .07

8 (0.02) 0.97 (0.03) .27
1 (0.07) 0.82 (0.09) <.001
9 (0.09) 0.82 (0.09) .004
0 (1.0) 3.4 (1.0) .09

14 .48
13

ts.
mm with 2-tailed Student t-test or chi-square test.
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Assessment of Functional Status and Physical Activity

As an objective measure of the functional status [20], a self-
selected comfortable spontaneous walking speed (m/s) was
measured using a portable, validated inertial, sensor-based gait
analysis system (RehaGait; Hasomed GmbH, Magdeburg, Germany)
[21]. The mean CV of the repeated measurements was 4.7%. Pre-
operative and postoperative assessments of daily walking activity
were performed [22]. Daily accounts of accumulated walking steps
using digital pedometers were recorded by each patient over 7-day
periods that were typical or representative of their usual activity.
The preoperative and repeated postoperative clinical assessments
included recordings of standard patient-reported outcome mea-
sures, including the Harris hip score and the Western Ontario and
McMaster Universities Osteoarthritis Index.
Statistical Analysis

The diagnostic accuracy of the distal radius BMD and the
cortical-bone thickness of the distal radius and 2 reference pa-
rameters (density index and total hip BMD) was tested using
receiver operating characteristic (ROC) curves. ROC curves were
created by plotting the true-positive rate (sensitivity) against the
false-positive rate (1dspecificity; Fig. 3). Statistics included the
estimated area under the curve (AUC) with 95% CIs. The data of ROC
curves were used to determine cutoff values, corresponding to the
maximum sum of sensitivity and specificity in discrimination be-
tween stem subsidence of <2 mm and �2 mm. A binary logistic
regression analysis was conducted to evaluate the odds ratio,
Fig. 3. Receiver operating characteristic curve analyses (black line) to determine the cutoff v
(BMD) (B), density index (C), and total hip BMD (D) in discriminating between stem subsid
presented with 95% CIs, for developing stem subsidence of �2 mm
with the cutoff value determined by the ROC curve analysis.

Subjects with a cortical-bone thickness of the radius equal to or
above and below the ROC curve-driven cutoff value were compared
for the magnitude of stem migration, baseline demographics, and
clinical and radiographic outcomes with 2-tailed Student t-test for
continuous variables and with chi-square test for categorical
variables.

To confirm the relevance of the applied technique in multisite
pulse-echo ultrasonometry measurements, density index values
were plotted against the reference standard (DXA-measured total
hip BMD) using Pearson linear correlation analysis. The distribution
of subjects with a normal (total hip and/or femoral neck T-score
� �1.0) and low hip BMD (total hip and/or femoral neck T-score
< �1.0) was analyzed within the quartiles of the density index
using the chi-squared test.

P < .05 was considered statistically significant. Analyses were
performed using IBM SPSS Statistics 25 software (International
Business Machines Corp, Armonk, NY).

Results

Cortical-Bone Thickness of the Distal Radius and the Distal Radius
BMD

The ROC curve analysis for the cortical-bone thickness of the
radius measured by pulse-echo ultrasonometry (Fig. 3A) deter-
mined a cutoff value of 2.33 mm for discriminating between stem
subsidence of <2mmand�2mm. The AUC valuewas 0.726 (95% CI,
0.584-0.867; P ¼ .005). In the logistic regression analysis, subjects
alues of the cortical-bone thickness of the radius (A), distal radius bone mineral density
ence of <2 mm and �2 mm. The reference line is indicated in green.
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with cortical-bone thickness of the radius below the cutoff value
(<2.33 mm) were more likely (odds ratio ¼ 6.7; 95% CI, 2.0-22.4)
(P ¼ .002) to develop stem subsidence of �2 mm than those with
cortical-bone thickness above the cutoff value (�2.33 mm).

As the standard reference, the distal radius BMD, measured by
DXA, confirmed the results of pulse-echo ultrasonometry. ROC
curve analysis for the distal radius BMD (Fig. 3B) determined a
cutoff value of 0.668 g/cm2 for discriminating between stem sub-
sidence of <2 mm and �2 mm. The AUC value was 0.737 (95% CI,
0.603-0.871; P ¼ .002).

At 48 weeks, the magnitude of stem subsidence was 1.31 mm
(95% CI, 0.79-1.83) in subjects with a cortical-bone thickness of the
radius greater than or equal to the cutoff value and 2.43 mm (95%
CI, 1.83-3.03) in subjects with a cortical-bone thickness below the
cutoff value (mean difference, 1.11 mm; 95% CI, 0.34-1.89; P ¼ .006;
Fig. 4A). No significant intergroup differences in stem rotationwere
found (Fig. 4B). Other axes showed no significant intergroup dif-
ferences in stem translations and rotations (Supplementary
Table 1).

The comparison of baseline demographics of subjects with a
cortical-bone thickness of the radius greater than or equal to or
below the cutoff value showed distinct differences (Table 1). Sub-
jects with a cortical-bone thickness of the radius below the cutoff
value had lower BMDs at all 3 sites. They also had a significantly
reduced thickness of the medial cortex of the proximal femur and
exhibited lower stem-to-canal fill ratios at the middle and distal
femoral stem regions (Table 1). Despite the difference in stem
subsidence, no significant intergroup differences were found in 48-
week patient-reported outcomemeasures and functional outcomes
Fig. 4. The subsidence (A) and rotation (B) of the femoral stem, measured by model-
based radiostereometric analysis, in subjects with the cortical-bone thickness of the
radius above and below the cutoff value of 2.33 mm. The values are the means (95%
confidence interval [CI]).
(including walking speed and walking activity) and the 2-year
radiographic stem osseointegration (Table 2).

Density Index and Total Hip BMD

In the ROC analysis for the density index (Fig. 3C), the cutoff
value was 0.903 g/cm2, and the AUC value was 0.698 (95% CI, 0.552-
0.845; P ¼ .012). Total hip BMD (Fig. 3D) failed to discriminate be-
tween acceptable and unacceptable femoral stem subsidence. The
AUC value was 0.588 (95% CI, 0.435-0.741; P ¼ .26).

The density index showed a linear correlation (r2 ¼ 0.306, P <
.001) with total hip BMD measured by DXA. The proportion of
women with a normal or low hip BMD was different between the
quartiles of the density index (P < .001). The highest quartile of the
density index only had subjects with a normal hip BMD.

Discussion

The cortical-bone thickness of the distal radius measured by
pulse-echo ultrasonometry, as well as the DXA-measured distal
radius BMD, helped discriminate postmenopausal women at high
risk of early stem subsidence. Women with a low cortical-bone
thickness of the radius (less than the cutoff value of 2.33 mm)
turned out to have cortical-bone thinning and reduced BMD also in
the proximal femur. Probably due to these structural changes, the
subjects were 6.7 times more likely to develop stem subsidence.
They did not differ in age, bodymass index (BMI), or walking speed;
calling for the need of screening procedures, such as DXA or pulse-
echo ultrasonometry of the distal radius, to recognize impaired
bone quality before surgery. Importantly, the BMD of the operated
hip determined by DXA failed to identify women prone to stem
subsidence.

The parallel-sided femoral stem, like other stem designs [3,4],
seems to subside to a certain extent before osseointegration in
postmenopausal women with reduced bone mass. However, bone
quality is only one of many potential confounding factors dictating
the magnitude of stem subsidence. This probably explains why
despite a high statistical significance, the cortical-bone thickness of
the distal radius (like the distal radius BMD) attained only moder-
ate accuracy (defined as AUC between 0.70 and 0.90) in dis-
tinguishing subjects at high risk of stem subsidence. Undoubtedly,
the clinical prediction of stem subsidence with a high diagnostic
accuracy (generally defined as AUC > 0.90) will be highly
challenging.

The primary stability of the parallel-sided stemwas predictable
in postmenopausal women with a cortical-bone thickness of the
radius above the cutoff value. In these subjects, stem-to-canal fill
ratios corresponded to those reported in the literature [5], and stem
subsidence was within the reported range of RSA-measured sub-
sidence (from 0.7 mm to 1.7 mm) of different stems in male and
female THA populations of different ages [23e25].

The proximal stem represents the main engagement site of the
parallel-sided femoral stem against the calcar bone [6]. Although
the subjects with low cortical-bone thickness of the radius showed
a high stem-to-canal fill ratio of the proximal stem, their stems
tended to subside. In these subjects, the lower stem-to-canal fill
ratios, measured in the middle and distal stem sections, can be
explained by the reduced thickness of the medial femoral cortex.
Based on the original description [26], thinning of themedial cortex
of the femur is a main feature of Dorr type B femurs. Patients also
exhibited a tendency toward a lower CFI as a sign of a slightly
enlarged medullary canal. However, it must be emphasized that all
our enrolled subjects, except 4 marginal CFI outliers between 2.8
and 2.9, had a CFI within a normal range (CFI, 3.0-4.7) or had a
champagne flute femur anatomy (CFI > 4.7). These emerging



Table 2
PROMs, Functional and Radiographic Outcome.

Parameters All Subjects Radius Cortical-Bone
Thickness � 2.33 mm

Radius Cortical-Bone
Thickness < 2.33 mm

P Valuea

WOMAC score (SD)
Preoperative 48.2 (15.4) 48.0 (14.4) 46.6 (14.4) .73
Postoperative 48 wk 16.5 (15.8) 16.1 (15.0) 16.7 (17.0) .89

HHS (SD)
Preoperative 47.9 (14.8) 48.2 (15.4) 47.8 (14.5) .93
Postoperative 48 wk 79.9 (13.4) 78.9 (13.9) 82.6 (9.7) .26

Walking speed, m/s (SD)
Preoperative 0.89 (0.27) 0.90 (0.26) 0.90 (0.25) .99
Postoperative 48 wk 1.16 (0.23) 1.16 (0.24) 1.12 (0.31) .62

Walking activity, steps/d (SD)
Preoperative 3010 (1960) 3180 (2110) 2990 (1930) .89
Postoperative 48 wk 4240 (2200) 4450 (2520) 4150 (1810) .87

Radiographic assessment of stem osseointegration (SD)
Stability score at 2 y 8.4 (1.5) 8.0 (1.5) 8.5 (1.4) .23
Fixation score at 2 y 8.5 (3.1) 8.6 (3.0) 8.3 (3.2) .79

PROMs, patient-reported outcome measures; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; SD, standard deviation; HHS, Harris hip score.
a Comparison of subjects with the radius cortical-bone thickness of �2.3 mm or <2.3 mm with 2-tailed Student t-test or chi-square test.
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structural changes are typical in the proximal femur of post-
menopausal women [18] and provide an obvious explanation for
stem subsidence. In a retrospective evaluation, our eligibility
criteria followed the recommendation [7] to use the parallel-sided
femoral stem only in subjects with adequate bone stock (only 2 of
our enrolled subjects had osteoporosis) and unaltered femoral ge-
ometry (we excluded subjects with Dorr type C femurs) rather
closely. Stem subsidence appears to be a consequence of rather
subtle geometric changes of the proximal femur, including Dorr
type B deformity, but it is likely that structural alterations, such as
endosteal trabeculation of the cortical bone [2], are more severe
than appreciable on plain radiographs.

Although it has never been proven, the initial micromotion of a
weight-bearing implant may affect the speed of recovery post-
operatively. However, the clinical significance of the minor differ-
ence in subsidence (1.11 mm), found between the 2 groups, was
questionable. The 2 groups were found to have no statistical dif-
ferences in clinical recovery and radiographic osseointegration.
Thus, further RSA studies are required to compare the speed of
recovery in patients with high femoral component stability to that
in patients who experience different degrees of initial stem
subsidence.

As a study limitation, the limited group size and the inclusion of
only postmenopausal women preclude implementation of the re-
sults to different groups of THA patients and different stem designs.
Concerning the selection of the stem subsidence threshold, the
limit of clinically significant migration remains incompletely
defined for uncemented femoral stems [27]. The generalizability of
the observed cutoff values remains to be verified in larger pop-
ulations of different stems. It is noteworthy that the ROC curve-
driven cutoff value of the distal radius BMD did not exactly follow
the normal categorization of subjects with normal (T-score � �1.0)
and low (T-score < �1.0) BMDs. The measurement of cortical-bone
thickness is a challenge [28], and pulse-echo ultrasonometry gives
only a rough estimate of cortical-bone thickness. Preoperative im-
aging of the proximal femur using high-resolution computed to-
mography techniques [29,30] could demonstrate the real status of
the cortical bone in postmenopausal women and achieve higher
predictive accuracy of stem subsidence.
Conclusion

The diagnostic accuracy of the cortical-bone thickness of the
radius measured by pulse-echo ultrasonometry was moderate and
similar to that of the distal radius BMD in discriminating between
<2 mm and �2 mm femoral stem subsidence. An increased risk of
stem subsidence was a characteristic of postmenopausal women
with cortical-bone thinning and a reduced BMD in both the prox-
imal femur and distal radius. Compared with the distal radius BMD
measured by DXA, pulse-echo ultrasonometry has the advantage of
being portable and potentially applicable for office-based screening
of impaired bone quality. The generalizability of the measured
cutoff values remains to be verified using different stem designs in
larger populations of postmenopausal women.
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Appendix
Supplementary Table 1
Comparison of Radiostereometric Analysis Migration of the Parallel-Sided Femoral Stem in Patients With Cortical-Bone Thickness of the Radius Above or Below the Cutoff
Value.

Radius Cortical-Bone Thickness Mean Difference 95% CI P Value

�2.33 mm
Mean (SD)
(N ¼ 26)

<2.33 mm
Mean (SD)
(N ¼ 27)

Translation (mm)
x-axis 0.15 (0.39) �0.03 (0.45) �0.18 �0.41 to 0.06 .13
y-axis �1.31 (1.30) �2.43 (1.51) �1.11 �1.89 to �0.34 .006
z-axis �0.21 (1.00) �0.56 (0.85) �0.35 �0.87 to 0.17 .19

Rotation (�)
x-axis �0.16 (1.21) �0.59 (0.71) �0.43 �0.98 to 0.13 .13
y-axis 0.69 (2.01) 0.54 (2.76) �0.14 �1.49 to 1.21 .84
z-axis 0.29 (1.03) 0.18 (0.71) �0.11 �0.61 to 0.38 .64

SD, standard deviation; CI, confidence interval.
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