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Aims

After total hip arthroplasty (THA), dual-energy x-ray absorptiometry (DXA) is used as
necessary to assess the bone mineral density (BMD) in the Gruen zones around the fem-
oral stem implants. Although periprosthetic BMD may serve as a potential indicator for
evaluating stress adaptive remodelling and stem fixation, several factors can introduce
measurement errors. Therefore, an automated method was applied using quantitative CT,
verified for the total hip with correlation coefficient > 0.9, for BMD assessment in the Gruen
zones.

Methods

This was a retrospective analysis of 71 hips from 58 participants (9 male and 49 female) who
underwent THA using the same taper-wedge type stem. Preoperative and postoperative
CT scans were acquired alongside DXA measurements of the Gruen zones. A deep-learning
method was used to measure BMD in the Gruen zones from preoperative CT images by
embedding the stem position information acquired from postoperative CT images through
iterative closest point registration. CT images were rotated to the neutral position and were
projected anteroposteriorly to generate a digitally reconstructed radiograph to measure the
BMD at each zone (CT-aBMD). Correlations between CT-aBMD and DXA measurements were
assessed for each zone.

Results
The correlations between CT-aBMD and DXA measurements for zones 1 to 7 were 0.924,
0.783,0.817,0.921,0.731, 0.847, and 0.677, respectively (p < 0.001 for all).

Conclusion

Our results based on CT analysis suggest that DXA is generally reliable for assessing BMD
in the Gruen zones. However, caution may be advised for zones 5 and 7 because of limited
correlations. As zone 7 plays a crucial role in stem fixation, during longitudinal evaluation of
post-THA stress adaptive remodelling, we recommend ensuring cautious interpretation and
consistent BMD measurements using the image attached to the DXA report. It is imperative
to calculate the least significant change for accurate BMD evaluation.
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Article focus

* Uses preoperative quantitative CT (qCT) images and
computer-aided design (CAD) models, and develops a
method to quantify precise bone mineral density (BMD)
measurements in the Gruen zones.

* Compares BMD measurements obtained from qCT and
dual-energy x-ray absorptiometry (DXA) in all Gruen zones.

Key messages

e Strong to very strong correlations were observed between
DXA and qCT measurements for all Gruen zones; however,
the correlation was limited to 0.677 in zone 7.

* Special attention is required when interpreting DXA
measurements in zone 7, a critical region for evaluating
implant fixation and stress transfer.

Strengths and limitations

* Combines qCT and CAD modelling to produce accurate
BMD measurements.

* Offers a comprehensive analysis of DXA measurement
errors and emphasizes careful interpretation in clinical
settings, especially for zone 7.

e Findings are specific to the Accolade Il stem, limiting their
applicability to other implant designs.

Introduction

Dual-energy x-ray absorptiometry (DXA) is commonly used
to measure bone mineral density (BMD) of the lumbar spine
and/or the proximal femur to diagnose osteoporosis and
initiate treatment for preventing fragile fractures.'? Although
mainly used for the lumbar and proximal femur, DXA can
measure BMD in other regions such as the radius,’ knee,” and
humerus.” However, caution is necessary for BMD assessment
while using DXA at each region because several factors may
induce measurement errors.®” For example, the effect of
insufficient setting of the regions of interest (ROIs) and patient
positioning on BMD measurement errors is well documen-
ted.®"

In total hip arthroplasty (THA), BMD measurement
around the femoral stem implant has been considered a
potential indicator for assessing stress adaptive remodelling
and stem fixation. BMD around the stem is typically classi-
fied using Gruen zones.'” Several studies have reported BMD
changes using this classification,””'® and performed clinical
assessments by analyzing the relationships of BMD in the
Gruen zones with the stem insertion angle,'® stem types,'*'**
and osteoporosis medication.’’ Although its measurement
precision has been evaluated through repeated analyses, the
accuracy of the DXA measurements in the Gruen zones has not
been well characterized.''®**#* In particular, careful exclusion
of the implant region is necessary when defining the ROI for
each zone because this process is prone to error and the
ROI is small. In addition, the effect of hip rotation, shown to
have a substantial influence on the BMD measurements of the
proximal femur,*'® would potentially affect the BMD measure-
ments at the Gruen zone.

Therefore, developing a novel and automatic method
for measuring the BMD at the Gruen zones unaffected by
the image acquisition or measurement method (e.g. patient
positioning and ROI setting), and comparing the results with

those measured from DXA, are urgent tasks. To these ends,
we aimed to use quantitative CT images (qCT) that provide
more detailed information on BMD and are listed on the
adult official positions of the International Society for Clinical
Densitometry (ISCD) for measuring the BMD of the proxi-
mal femur.”* The purposes of this study were to incorporate
postoperative CT images using the implant’s computer-aided
design (CAD) model and computer simulation to establish
a method to measure the BMD at the Gruen zones from
preoperative qCT, and to compare BMD measurements and
evaluate their differences between DXA and qCT.

Methods

Participants

This retrospective study was approved by the Institutional
Review Board and complied with the principles enshrined in
the Declaration of Helsinki.”” Informed consent was obtained
in the form of opt-out. A consecutive series of 73 hips of
60 participants who underwent THA between July 2022 and
August 2023 using an Accolade Il stem with a caput-collum-
diaphyseal angle of 127° (Stryker, USA) was initially included in
this study. This stem was selected as it was the most frequently
used cementless stem during the study period, and is one of
the most frequently used stems globally.”**” Of the 73 hips,
one hip was excluded because of the lack of DXA examination,
and one hip was excluded because of a previous hip fracture.
Finally, 71 hips of 58 participants (9 male and 49 female) were
included for analysis, including 13 participants who under-
went bilateral THA (Table I). The mean age, height, weight, and
BMI of the participants were 68.0 years (SD 10.1), 154.6 cm (SD
6.8), 58.4 kg (SD 10.4), and 24.3 kg/m? (SD 3.6), respectively.
The main indication for performing THA was osteoarthritis
(69 hips), and the mean preoperative Japanese Orthopaedic
Association hip score (min, 0; max, 100) was 54.7 (SD 17.4)
(Table 1).28

CT and DXA acquisition

For all 58 participants, preoperative and postoperative CT
scans were acquired using an OptimaCT660 scanner (GE
Healthcare Japan, Japan), and DXA was acquired using
PRODIGY (GE Healthcare) to measure the BMD at the Gruen
zones. CT images were acquired from the pelvis to the
knee under the same protocol (tube voltage: 120 kVP; tube
current: 115.4 + 20.9 mA; table height: 1484 = 11.0 mm;
pixel size: (0.703 to 0.879 mm) X (0.703 to 0.879 mm); matrix:
512 x 512). Slice thickness was 1.25 mm for preoperative
CT images and between 1.25 (pelvis to proximal femur)
and 10 mm (midfemur) for postoperative CT images. The
images were reconstructed with a filtered back projection,
and GE Healthcare’s standard kernel was applied. Pre- and
postoperative CT images were interpolated to an interval
of 1 mm. During pre- and postoperative CT image acquis-
ition, a calibration phantom made of urethane foam and
containing four hydroxyapatite rods (B-MAS200; Kyoto Kagaku,
Japan) was included in the images to convert radiodensity
(in Hounsfield units) into bone density (in mg/cm?®). For DXA,
a standard calibration recommended by the manufacturer
was performed daily, and images were acquired with a leg
positioner used to set the patella upward. The definition of the
ROl was performed semiautomatically by a trained radiolog-
ical technologist. The mean duration between preoperative
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Patient demographic data.

Patient demographics Value

Sex, n (male/female) 9/49
Mean age, yrs (SD) 68.0 (10.1)
Mean height, cm (SD) 154.6 (6.8)
Mean weight, kg (SD) 58.4(10.4)
Mean BMI, kg/m? (SD) 24.3(3.6)
Hip disease (no. hips)

OA 69
Osteonecrosis 1

Rapidly destructive coxarthrosis 1

Mean JOA hip score (SD) 54.7 (17.4)
Osteoporosis medication, no. cases 10

Surgical side, n Left (30), Right (41)
Surgical approach (no. hips)

Modified Watson-Jones 19

Posterolateral 52

Cup size, mm (no. hips)

44 1
46 17
48 7
50 26
52 9
54 6
56 2
58 2
62 1

Stem size (no. hips)*

#1 1

#2 4
#3 17
#4 18
#5 14
#6 12
#7 4
#9 1

*There were no hips with a #8 stem size.
JOA, Japanese Orthopaedic Association.

and postoperative CT was 5.4 weeks (SD 1.0), and the mean
duration between preoperative CT and DXA acquisition was
5.5 weeks (SD 0.9).

Image processing

To measure the BMD at the Gruen zone from CT images, we
applied a previously validated deep-learning-based method to
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measure the BMD of the proximal femur (i.e. total region of the
hip) which showed a strong correlation with DXA measure-
ments (correlation coefficient: 0.94).”° As the effect of metal
artifacts cannot be entirely avoided when measuring BMD
from postoperative CT images, we used CAD models of the
stem embedded in preoperative qCT.

First, from postoperative CT images, the femur and
the stem were automatically segmented using a previously
validated deep-learning model (Figure 1).°°' Then, the surface
model of the stem region was registered to the CAD model to
precisely delineate the position of the stem in the postopera-
tive CT coordinates using iterative closest point (ICP) regis-
tration.”” Next, using the preoperative CT images, the femur
and the calibration phantom were automatically segmented,
and the landmarks of the femur (tip of the lesser trochanter,
centre of the femoral canal 2 and 5 cm distal from the
tip of the lesser trochanter, and medial and lateral poste-
rior condyles) were detected using a previously trained and
validated deep-learning model.*** Then, the surface model
of the femur region proximal to the lesser trochanter was
registered to that generated from the postoperative CT images
using ICP registration to calculate the femur position in the
postoperative CT coordinates. The transformations between
the postoperative CT coordinates and the femur and the stem
coordinates were concatenated to provide the stem position
relative to the femur. Using the transformation, the stem CAD
model was embedded in preoperative qCT images (defined
as ‘CAD-embedded preoperative qCT’) to reproduce the stem
position in preoperative CT images. This can be considered
an artifact-free postoperative CT. The CT images with the
CAD model were rotated to the neutral position using the
two landmarks (centre of the femoral canal 2 and 5 cm
distal from the tip of the lesser trochanter) to compensate
for abduction/adduction and flexion/extension. Further, two
landmarks (medial and lateral posterior condyles) were used to
compensate for internal/external rotation that existed during
the acquisition of preoperative CT images. Finally, the rotated
CAD-embedded preoperative qCT were projected anteropos-
teriorly to generate a digitally reconstructed radiograph (DRR),
and were classified into Gruen zones 1 to 7 using the length of
the stem after excluding the region proximal to the neck-stem
junction (Figure 1). Zone 4 was defined as the region within
2 ¢cm from the distal end of the stem, as defined by the DXA
manufacturer. From the DRR of each zone, the bone mineral
content (CT-BMC), Area (CT-Area), and areal BMD (CT-aBMD,
calculated as CT-BMC/CT-Area) were measured (Figure 1).
These processes were performed automatically, and the scripts
used are available at https://github.com/keisuke-uemura/Gruen-zone-
BMD.

Comparison between CT and DXA measurements

CT-BMC, CT-Area, and CT-aBMD measured at each zone
were compared to those measured with DXA (i.e. DXA-BMC,
DXA-Area, and DXA-BMD). Further, the agreement between
the CT-aBMD and DXA-BMD for each region was assessed
using the Bland-Altman analysis, and their ranges of limits of
agreement (LoA) were also calculated.

Validation
To validate the measurement process applied in this study,
the surface distance between the stem region segmented

Bone & Joint Research  Volume 14, No. 10  October 2025
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Flowchart illustrating the process for measuring bone mineral density (BMD) at the Gruen zone (representative example of left femur). The femur and
calibration phantom were segmented from preoperative (pre-op) CT images, and the femur and stem were segmented from postoperative (post-op)
CT images. The segmented stem was registered to computer-aided design (CAD) models, and the preoperative and postoperative femur labels were
also registered using an iterative closest point (ICP) registration. The CAD model was embedded in preoperative quantitative CT (CAD-embedded
preop qCT) and was rotated to the neutral position and projected anteroposteriorly to generate a digitally reconstructed radiograph (DRR) to
measure the BMD at Gruen zones 1 to 7. The coordinates indicated for each label indicate the preop CT coordinates (black), postop CT coordinates

(red), and CAD coordinates (cyan).

Fig. 2

Representative example of a digitally reconstructed radiograph (DRR)
generated from a postoperative CT image (left) and a DRR generated
from a computer-aided design-embedded preoperative CT image
(right).

from postoperative CT images and the registered CAD model
was calculated. Further, the surface distance between the
femur models (distal to the lesser trochanter) segmented from
preoperative and postoperative CT images after applying the
registration was calculated. Finally, two orthopaedic surgeons
(KU, SK) visually confirmed the DRR generated from postopera-
tive CT images and those generated from the CAD-embedded
preoperative qCT (Figure 2). In case of mismatch between the
femoral neck cut line and the head-neck junction of the stem,
the BMD analysis for zone 7 was not performed.

Rotation simulation

As the exact leg position during the acquisition of DXA images
is unknown, the pose where the line connecting posterior
condyles becomes parallel to the coronal plane was defined
as neutral when performing the CT measurements. However,
as this definition may not exhibit the patient positioning
during DXA acquisition, an additional simulation altering the
hip rotation was performed by changing the rotation of the
femur. Specifically, the femur was rotated from —30° (external
rotation) to +30° (internal rotation) with a 1° increment, and
the BMD of the Gruen zone at each angle was measured
and correlated to DXA-BMD of the identical zone (Figure 3).
Simulations and measurements were performed computation-
ally using MATLAB (v9.10; The MathWorks, USA).

Statistical analysis

The normality of continuous variables was assessed using
the Shapiro-Wilk test. Normally distributed variables were
expressed as mean (SD), whereas non-normally distributed
variables were expressed as median (IQR). Correlations were
assessed using the Spearman correlation coefficient (rs) when
data were non-normally distributed. Correlation coefficients of
0.60 to 0.79 were regarded as strong, and 0.80 to 1.00 as very
strong.**

A priori power analysis was performed to determine
the minimum required sample size for detecting a significant
correlation between CT-aBMD and DXA-BMD measurements.
Assuming an effect size of r = 0.60, two-sided « = 0.05, and
power of 80% and considering multiple comparisons across
seven Gruen zones by applying the Bonferroni correction,
the required sample size was 29. All statistical analyses
were performed using MATLAB or G*Power software (version
3.1.9.6),” and p-values < 0.05 were considered indicative of
statistical significance.

Bone mineral density measurement in the Gruen zones using dual-energy x-ray absorptiometry 853
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—30° —15°

Fig.3

15° 30°

Digitally reconstructed radiograph generated to measure bone mineral density at each Gruen zone shown here with 15° increments of rotation, while

lines define the regions to determine the Gruen zones.

Results of the measurements by dual-energy x-ray absorptiometry (DXA) and quantitative CT (qCT) images.

Zones BMC (DXA/qCT), g Area (DXA/qCT), cm?
3.80(3.27 to 4.53)/ 5.16 (4.51 to 5.76)/
Zone 1 3.52(2.82t0 4.18) 5.81(5.08 to 6.34)
3.16 (2.33 t0 3.99)/ 1.87 (1.54 to0 2.29)/
Zone 2 3.12(2.31t03.82) 2.35(2.01 to 2.75)
5.61 (4.75 to 6.28)/ 2.98(2.57 to 3.39)/
Zone 3 5.39(4.79t05.91) 3.24(3.041t0 3.78)
8.33(7.32t0 9.49)/ 4.66 (4.43 t0 4.92)/
Zone 4 8.09 (7.28 t0 9.39) 5.00 (4.75 t0 5.37)
4.22 (3.39t0 5.14)/ 2.23(1.88102.57)/
Zone 5 4.97 (3.97 t0 5.93) 3.03 (2.481t0 3.39)
4.63 (3.82t0 5.31)/ 2.98 (2.59 to 3.47)/
Zone 6 5.05 (4.39 to 5.84) 4.13 (3.66 to 4.74)
2.26 (1.77 to 2.87)/ 2.07 (1.55 to 2.42)/
Zone 7 3.04 (2.61t03.61) 3.15(2.78 t0 3.61)

BMD (DXA/qCT), g/cm?
0.791 (0.665 to 0.871)/
0.627 (0.542 t0 0.723)
1.623 (1.516 to 1.801)/
1.346 (1.175 to 1.459)
1.907 (1.731 to 2.084)/
1.624 (1.487 to 1.747)
1.749 (1.609 to 1.982)/
1.589 (1.472 to 1.820)
1.905 (1.732 to 2.025)/
1.667 (1.529 to 1.821)
1.537 (1.387 to 1.707)/
1.224 (1.072 to 1.370)
1.235(1.015 to 1.335)/
0.988 (0.875t0 1.117)

All values are expressed as median (IQR).
BMC, bone mineral content; BMD, bone mineral density.

Results

Two orthopaedic surgeons (KU, SK) visually confirmed that all
the DRRs generated from postoperative CT images and those
generated from the CAD-embedded preoperative qCT were
well aligned. Three cases in which the neck cut line did not
match the stem-neck junction were excluded from the analysis
in zone 7. For the remaining hips, qCT measurements were
automatically performed for all zones (Table Il).

Comparison between CT and DXA measurements

When measurements of CT and DXA were compared, CT-BMC
was larger or smaller than DXA-BMC, depending on the zones.
However, CT-Area was significantly larger than DXA-Area,
resulting in a smaller CT-aBMD than the DXA-BMD for all zones
(Table II).

854

When correlated, the correlation between CT-BMC and
DXA-BMC for each zone ranged between 0.782 and 0.967, with
the strongest correlation observed in zone 4 and the weak-
est in zone 7 (Figure 4). For CT- and DXA-Areas, the corre-
lation ranged between 0.724 and 0.864 with the strongest
correlation in zone 6 and the weakest in zone 3 (Figure 5).
For CT-aBMD and DXA-BMD, the correlation ranged between
0.677 and 0.924 with the strongest correlation in zone 1 and
the weakest in zone 7 (Figure 6). All correlations were p <
0.001.

In the Bland-Altman analysis of comparing CT-aBMD
and DXA-BMD for each zone, the ranges of LoA were 0.20,
0.49, 0.51, 0.37, 0.60, 0.46, and 0.60 g/cm? for zones 1 to 7,
respectively (Figure 7).
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Validation

The median surface distance between the stem region
segmented from postoperative CT images and the CAD model
was 0.29 mm (IQR 0.26 to 0.33). The median surface distance
between the femur models segmented from preoperative and
postoperative CT images was 0.40 mm (IQR 0.38 to 0.43).

Bone mineral density measurement in the Gruen zones using dual-energy x-ray absorptiometry
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Effect of hip rotation

When the BMD at each Gruen zone was measured with the
femur rotated from —30° (external rotation) to +30° (inter-
nal rotation) and was correlated to DXA-BMD, the strongest
correlation ranged from 0.745 (zone 7) to 0.950 (zone 1)
(Figure 8). The strongest correlation for zones 1 to 7 was
observed with an internal rotation of 17°, 13°, 19° 18° 13°,
6°,and 19°, respectively (red circles in Figure 8).
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Discussion

In this study, we used quantitative CT images to measure
the BMD at the Gruen zones and compared the results with
those measured from DXA. We found very strong correlations
in zones 1, 3, 4, and 6, while the correlations in zones 2, 5,
and 7 were also strong but relatively weaker (with coefficients
< 0.8). In the simulation study altering hip rotation angles,
the strongest correlation between CT-aBMD and DXA-BMD in
zones 1 to 6 exceeded 0.78, while the maximum was limited
to 0.745 for zone 7 (Figure 7). As BMD in zone 7 is predomi-
nantly important for taper-wedge type (e.g. Accolade Il stem)
for evaluating implant fixation and load transfer, our results
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suggest cautious measurement and evaluation of BMD in zone
7 using DXA.

In the BMC comparison, correlations exceeding 0.8
were observed between CT-BMC and DXA-BMC for all zones
except for zones 5 and 7. For Area, correlations were lower
than those for BMC with correlations below 0.8 in zones 2,
3,5 and 7 (p < 0.001 for all). This was potentially attribut-
able to errors in detecting the bone contour in the DXA
software, which may be supported by CT-Area being larger
than DXA-Area for all zones (Table I1).

In the BMD comparison, very strong correlations (r >
0.8) were found between CT-aBMD and DXA-BMD for zones 1,
3, 4, and 6; however, the correlations in zones 2, 5, and 7 were
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Changes in the correlation coefficient between bone mineral density measured from CT images (CT-aBMD) and dual x-ray absorptiometry BMD
(DXA-BMD) on altering the hip rotation angle from —30° (external rotation) to +30° (internal rotation) for Gruen zones 1 to 7. The red number and
circle in each figure indicate the strongest correlation coefficient and the point where the strongest correlation was found.

weaker than 0.8 (p < 0.001 for all). Further, in the Bland-Altman
analysis, the range of LoA was the largest in zones 5 and 7
(0.60 g/cm?), indicating potential errors in measuring BMD by
DXA in these zones. These results are consistent with previous
studies that reported low precision during repeated measure-
ments of the BMD at the Gruen zones for the same patients
in a short interval.” For instance, an average precision of 6.7%
has been reported for zone 7.'°

On altering the hip rotation, changes in correlation
coefficient were observed, which agrees with the results of
previous studies reporting a large effect of hip positioning on
the BMD measurement errors for the neck and total region of
the hip.”*® Although the strongest correlations were > 0.8 for
all zones, except for zones 5 and 7 (limited to 0.784 and 0.745,
respectively), the results indicate that other factors may cause
these measurement errors (e.g. ROl definition in DXA-Area).

The strongest correlations were observed when the
femur was internally rotated for 6° to 19°. These results may
be expected, as a previous study reported a mean angle of
10° between the patella and the posterior femoral condyle
in patients undergoing THA,*” supporting a slight internal
rotation of the posterior condyles when the patella was set
pointed forward during acquisition of DXA images.

Zones 1 and 7 are the main regions where the stem
is coated by hydroxyapatite and rigid fixation of the stem
to the femur is expected for taper-wedge stems. Therefore,
many studies have focused on the longitudinal BMD changes
at these zones. Although previous studies have reported
the effects of stem insertion angle'® and stem types on
periprosthetic BMD,"*'** our findings suggest the need to
exercise caution during longitudinal BMD assessment using
DXA, particularly in zone 7, as measurement errors could either
obscure or exaggerate actual changes. We recommend that
researchers at least check the precision error and evaluate
the BMD changes by calculating the least significant change
(LSC). Furthermore, we recommend carefully controlling the
leg position during DXA acquisition and confirming the image
on the DXA report when analyzing the BMD of the Gruen
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zones in longitudinal studies. For instance, the shape of the
lesser trochanter and the ROl shown on the DXA report may
be one of the references.

Some limitations of this study should be acknowl-
edged. First, this study employed CT images and CAD models
in which a novel method was applied. Thus, these approaches
are yet to be widely used and may not be directly compa-
rable with DXA. However, the median surface distance of
the registration is smaller than the pixel size of the CT
images, and the scripts used herein are available at https://
github.com/keisuke-uemura/Gruen-zone-BMD so that researchers
may reproduce our findings using these scripts. Moreover, as
the qCT method to measure BMD of the proximal femur (i.e.
regions without the stem) has been previously validated,”” and
a very strong correlation of 0.921 was observed in zone 4 in
the present study (Figure 6), where the stem is not included,
the analysis was likely performed in line with studies that have
used qCT for measuring BMD, listed on the position paper
of the ISCD.”* Second, our findings are based on a single
type of stem. Thus, our results may not be entirely general-
izable to other types of stems. Although additional research
is needed to investigate the applicability of the method to
different stems, this study holds clinical importance given that
it quantified the discrepancies in the measurement between
DXA and gCT at the Gruen zones with a widely used cement-
less stem. Third, preoperative CT images and DXA acquired in
the immediate phase after THA were used in this study (mean
deviation: 5.5 weeks). Thus, the relationship between CT-aBMD
and DXA-BMD may vary if the analysis were performed in
a longitudinal study where stress shielding, including calcar
rounding,”® may occur. Although this could be a topic for
future research, the analysis performed here remains clinically
meaningful, as BMD measured in the early phase following
THA usually stands as the reference for assessing BMD changes
in longitudinal studies.

In summary, we measured the BMD in the Gruen zones
using qCT and CAD models and assessed their correlation
with DXA measurements. Although strong to very strong
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correlations were observed in all zones, the correlation in
zone 7, which plays an important role in stem fixation,
was limited to 0.677. Based on the results, we recommend
that doctors confirm if DXA was analyzed consistently, and
carefully evaluate the BMD by assessing the precision error
and calculating the LSC at their institution for each stem.
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