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Abstract

Purpose Identifying muscles linked to postoperative physical function can guide protocols to enhance early recovery fol-
lowing total hip arthroplasty (THA). This study aimed to evaluate the association of preoperative pelvic and thigh muscle
volume and quality with early physical function after THA in patients with unilateral hip osteoarthritis (HOA).

Methods Preoperative Computed tomography (CT) images of 61 patients (eight males and 53 females) with HOA were
analyzed. Six muscle groups were segmented from CT images, and muscle volume and quality were calculated on the healthy
and affected sides. Muscle quality was quantified using the mean CT values (Hounsfield units [HU]). Early postoperative
physical function was evaluated using the Timed Up & Go test (TUG) at three weeks after THA. The effect of preoperative
muscle volume and quality of both sides on early postoperative physical function was assessed.

Results On the healthy and affected sides, mean muscle mass was 9.7 cm®/kg and 8.1 cm?/kg, and mean muscle HU values
were 46.0 HU and 39.1 HU, respectively. Significant differences in muscle volume and quality were observed between the
affected and healthy sides. On analyzing the function of various muscle groups, the TUG score showed a significant association
with the gluteus maximum volume and the gluteus medius/minimus quality on the affected side.

Conclusion Patients with HOA showed significant muscle atrophy and fatty degeneration in the affected pelvic and thigh
regions. The gluteus maximum volume and gluteus medius/minimus quality were associated with early postoperative physical
function. Preoperative rehabilitation targeting the gluteal muscles on the affected side could potentially enhance recovery of
physical function in the early postoperative period.

Keywords Artificial intelligence - Deep learning - Gluteal muscles - Muscle atrophy - Postoperative recovery - Timed up and
go test

Introduction

Total hip arthroplasty (THA) is an effective treatment for
end-stage hip osteoarthritis (HOA) offering benefits such as
pain relief and improvement in range of motion and phys-
ical function [1]. Early recovery of physical function after
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mote early functional recovery after THA, including surgical
approaches, pain management, and rehabilitation protocols
[3, 4]. For example, the anterior surgical approach has been
shown to hasten postoperative physical functional recovery
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[5]. A systematic review showed that early implementation
of rehabilitation after THA promotes physical functional
recovery [6]. However, the optimal approach to preoperative
rehabilitation is yet to be fully ascertained [4].

Identifying factors associated with post-THA physical
function may clarify the focus of treatment and promote early
recovery of physical function. Recent studies have aimed to
identify factors associated with early postoperative physi-
cal function after THA based on preoperative grip strength
and information collected using wearable sensors [7, 8].
Given the significant muscle atrophy commonly seen in the
affected side of patients with HOA, combining preoperative
and postoperative rehabilitation could potentially yield better
recovery outcomes [10]. In addition, preoperative counseling
about expected outcomes may help manage patients’ expec-
tations and improve postoperative satisfaction [9]. Based on
these studies, it is imperative to identify the factors associated
with early postoperative physical function after THA.

Patients with HOA have significant atrophy and fatty
degeneration of the pelvic and thigh muscles due to pain
and difficulty in using the hip joint. While atrophy and fatty
degeneration of the pelvic and thigh muscles are known to
affect physical function [10], their effect on physical function
in the early postoperative period is not well characterized.
Identifying the muscles associated with postoperative phys-
ical function can help inform protocols to promote early
recovery of the physical function postoperatively. Thus, the
aim of this study was to identify the muscles of the pelvis
and the thigh that affect early physical function after THA
so that suitable treatment can be offered for each patient.

Material and methods
Participants

This was a retrospective study of prospectively collected
data. All procedures involving human participants were per-
formed following the ethical standards of the Institutional
Research Committee (reference number: 11,321) and the
1964 Helsinki Declaration and its later amendments or com-
parable ethical standards. Initially, patients with unilateral
HOA were selected from a cohort of 619 patients (105
males and 514 females) who underwent primary THA at
our institution between November 2014 and 2020. Given
that secondary HOA from developmental dysplasia of the
hip is the most common reason for THA in Japan [11],
the cohort included a high proportion of women. Patients
were excluded if they had either bilateral hip disease, a his-
tory of pelvic or femoral trauma, infection, tumor, previous
hip surgery, knee osteoarthritis, or lacked preoperative com-
puted tomography (CT) scans. Following these exclusions,
125 patients with unilateral HOA were selected. Of these, 61
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(8 males and 53 females) had preoperative and postopera-
tive physical function data available for analysis. The mean
(range) age, height, body weight, and body mass index were
62.3 £+ 11.3 years (range 32-85), 156.3 £ 8.8 cm (range
143.0-184.0), 60.7 £ 14.3 kg (range 39.6-107.0), and 24.7
+ 5.0 kg/m? (range 15.1-47.6), respectively. According to
the Kellgren—Lawrence (KL) osteoarthritis grading system
[12], the severity of HOA was grade III in nine patients and
grade IV in 52 patients. The diagnosis of unilateral HOA was
based on a preoperative radiograph and made by an ortho-
pedic surgeon with 11 years of experience. Unilaterality was
defined as asymptomatic healthy side and a joint space of at
least 2 mm [13]. Asymptomatic hips were defined as those
without pain, significant motion restriction, or functional lim-
itations in daily activities, as assessed by patient interviews
and radiological findings.

Computed tomography imaging

Computed tomography images were acquired from the iliac
crest to the femoral condyle using a standardized proto-
col (64-slice multislice Optima CT660 Pro; GE Healthcare
Japan, Tokyo, Japan; 120 kV, 250 mA, helical pitch: 1.375:1,
slice thickness: 1.25 mm, X-ray tube rotation speed: 0.6 s)
[10]. All scans were performed with the patient in the supine
position and the limb in a relaxed resting position to minimize
the effect of muscle tension on measurements.

Image analysis

The images were automatically extracted using the artificial
intelligence system (Bayesian U-Net) previously developed
by us [14]. Briefly, the model is based on the manual seg-
mentation of the bone and the muscles. The system can
perform segmentation of the muscles in a few minutes with a
high accuracy (dice coefficient: 0.949). After the automated
segmentation, an orthopedic surgeon (MI) specializing in
musculoskeletal imaging reviewed and confirmed the accu-
racy of segmented muscles (Fig. 1b). This method has been
used in a previous clinical study [10] assessing the correlation
of muscle atrophy and fatty degeneration with health-related
quality of life of patients with HOA.

The pelvic and thigh muscles were categorized into the
following groups according to their function: the gluteus
maximus; gluteus medius and minimus; iliopsoas (iliacus
and psoas); hip adductors (pectineus, adductor major, adduc-
tor longus, adductor brevis, and gracilis); quadriceps (vastus
lateralis, vastus medialis, vastus intermedius, and rectus
femoris); and hamstrings (semitendinosus, semimembra-
nosus, and biceps femoris).

Muscle volume was assessed bilaterally, normalized to
body weight as in previous studies [15, 16]. Despite the rel-
atively lean cohort, the body weight standardization ensured
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Fig. 1 Three axial slices of a computed tomography image from a
patient with left hip osteoarthritis (a), along with segmented images of
muscle groups and bone regions, and the reconstructed 3D model (b).
Muscle group color coding: Gluteus maximus (light brown), Gluteus

the broader applicability of the findings [15, 16]. Mus-
cle quality was evaluated via CT values (Hounsfield unit
[HU]), a validated metric for detecting fatty muscle infiltra-
tion [10, 17]. Comparisons were made between the affected
and healthy sides to assess differences in muscle volume and
quality.

Assessment of postoperative physical function

Early postoperative physical function was assessed using the
Timed Up & Go test (TUG), a widely recognized metric
[18]. This test was conducted for 3 weeks post-THA, coin-
ciding with hospital discharge and the resumption of basic
daily activities, such as stair climbing [19]. Unlike studies
assessing TUG performance a few days post-THA [2, 20],
this study focused on a slightly later stage to evaluate move-
ments relevant to social functioning [21] where a predictive
relationship with future physical function is more apparent
[22]. At 3 weeks postoperatively, patients typically exhibit
some degree of recovery [23], allowing for the prediction
of future physical function [24]. In Japan, this evaluation
period is particularly clinically relevant as most patients are
discharged to their homes and are independently capable of
ascending and descending stairs by this time [19].

In the TUG, the patient is asked to get up from an armchair
(45 cm high), walk to a cone three meters away, and then
return to a sitting position in the chair. All patients wore
shoes during the test and walked at their maximum possible
speed. Patients were allowed to use walking aids if needed.
TUG was performed four times and the average score was
used for analysis.

medius and minimus (green), Iliopsoas (dark brown), Hip adductors
(light green), Quadriceps (yellow), Hamstrings (purple), Other muscles
(white)

The association between early postoperative physical
function (i.e., TUG score) and muscle volume and muscle
quality on the healthy and affected side was analyzed (termed
here as “crude association analysis™). Further, as age and
preoperative TUG score are known to be associated with
post-THA physical function [2, 18], we investigated the asso-
ciation after adjusting for age and preoperative TUG score
(termed here as “adjusted association analysis”).

To assess the impact of preoperative TUG scores, patients
were divided into two groups based on the median preop-
erative TUG score. Patients with superior scores (i.e., lower
TUG scores) were categorized as the “fast group,” whereas
those with inferior scores (i.e., higher TUG scores) were
classified as the “slow group.” The muscle volume and qual-
ity of the affected and healthy sides for each muscle group
were compared between these two groups. Postoperative
TUG scores were also evaluated for differences between the
groups. In addition, the association between pain VAS and
postoperative TUG scores at 3 weeks postoperatively was
examined.

The influence of the walking method on postoperative
TUG scores was assessed by analyzing data from 15 patients
using a cane and 46 patients walking unaided at the time
of the TUG test. Adjusted association analyses were con-
ducted separately for patients using a cane and those walking
unaided.

Statistical analysis

The normality of continuous variables was assessed using
the Shapiro—Wilk test. Paired Student’s ¢-test and Wilcoxon

@ Springer



International Journal of Computer Assisted Radiology and Surgery

signed-rank tests evaluated differences between the affected
and healthy sides. The association between early postopera-
tive physical function and muscle volume and quality was
analyzed using a two-step approach. A crude association
analysis was conducted initially, followed by a multivariate
ordered logistic regression analysis for adjusted associations.
Postoperative TUG scores, used as a measure of postopera-
tive physical function, were converted into ordinal variables
based on quartile deviation [25]. Herein, postoperative TUG
scores were categorized into five levels based on a quartile
deviation of 2.7 s. The postoperative TUG score served as
the dependent variable, whereas the volume and quality of
preoperative muscle groups were the independent variables.
In addition, the adjusted association analysis included age
and preoperative TUG scores as independent variables. To
assess the impact of the walking method on postoperative
TUG scores, coefficients were calculated using the levels
of the postoperative TUG score as the dependent variable.
Furthermore, adjusted association analyses were performed
using ordinal logistic regression analysis to examine the asso-
ciation between postoperative TUG score rank and cane use
in patients walking with a cane versus those walking unaided.

The correlation between postoperative pain, measured
using a VAS, and TUG scores was evaluated using Spear-
man’s rank correlation coefficient. Statistical analyses were
conducted using JMP® 15 (SAS Institute Inc., Cary, NC,
USA). A p value < 0.05 was considered statistically signifi-
cant. The required sample size was calculated using G*Power
version 3.1.9.6 [26], approximating the probabilities for one
category transition (Pr(Y = 1/X = 1) HI = 0.46 and Pr(Y =
1/X = 1) HO = 0.64), with an a error of 0.05 and a power of
0.80.

Results
Muscle volume and quality

On the healthy side, the mean volume of each muscle was
9.7 cm3/kg (range 2.9-18.7), and the mean quality of each
muscle was 46.0 HU (range 33.5-57.3). On the affected
side, the total mean muscle volume was 8.1 cm?/kg (range
2.2-16.0), and the mean muscle quality was 39.1 HU (range
22.1-51.2). The comparison of the muscle groups of the
affected and healthy sides revealed significant atrophy and
fatty degeneration in all muscle groups on the affected side
(Table 1).

Physical function and pain
The median preoperative TUG score was 8.8 s (range

5.3-29.5 ), whereas the median postoperative TUG score
was 9.0 s (range 6.4-21.5), with no significant difference (p
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= 0.21). Among subgroups, the median postoperative TUG
score was 8.6 s (range 6.4—15.1) in the fast group and 10.3 s
(range 7.3-21.5) in the slow group, showing a significant dif-
ference (p < 0.01). The volume and quality of each muscle
group on the affected and healthy sides, categorized by the
fast and slow groups, are detailed in Supplementary Table 1.
The median postoperative pain VAS score was 8.0 (range
0-92). No significant correlation was observed between the
postoperative TUG score and postoperative pain VAS (p =
0.191, p = 0.141).

Association of TUG with muscle volume and quality
(crude association analysis)

On the healthy side, early postoperative physical function
was significantly associated with HU values for all muscles
except the gluteus maximus, while volume was significantly
associated only with the quadriceps (Table 2). On the affected
side, HU values for all muscles and volume for all muscles
except the iliopsoas were significantly associated with early
postoperative physical function (Table 2).

Association of TUG with muscle volume and quality
(adjusted association analysis)

After adjusting for age and preoperative TUG score (i.e.,
adjusted association analysis), the volume of the gluteus
maximus and the quality of the gluteus medius and minimus
on the affected side remained significant (Table 3).

Effect of cane use on postoperative TUG scores
and adjusted association analysis

The walking method (unaided walking vs. walking with
a cane) did not considerably influence postoperative TUG
scores (coefficient = — 1.02, standard error = 0.55, 95%
confidence interval: — 2.11-0.07, p = 0.07). Adjusted asso-
ciation analyses revealed significant associations for gluteus
maximus volume in unaided walkers and for gluteus medius
and minimus quality in patients using a cane (Supplementary
Tables 2 and 3).

Discussion

To the best of our knowledge, this is the first study to inves-
tigate the association between preoperative pelvic and thigh
muscles and early postoperative physical function after THA
in patients with HOA. We found significant atrophy and fatty
degeneration in the pelvic and thigh muscles of the affected
side, most of which were associated with early postopera-
tive physical function. In particular, the volume of gluteus
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Table 1 Comparison of the

volume and quality of the pelvic Healthy side Affected side p value
and thigh muscles on the affected
side and the healthy side Volume Gluteus maximus 11.8 (7.2-17.8) 9.6 (5.1-14.1) <0.01"!
(em’ke)  Gluteus medius and 5.8 (3.8-8.8) 5.0 (1.9-7.9) <0.01"!
minimus
Tliopsoas 2.9 (1.8-4.6) 2.2 (1.0-3.8) <0.01"!
Hip adductors 11.2 (6.2-17.8) 9.0 (5.3-14.8) <0.0171
Quadriceps 18.7 (7.2-29.5) 16.0 (6.7-25.8) <0.01"!
Hamstrings 7.7 (4.1-10.1) 6.7 (4.0-9.8) <0.01"!
Quality Gluteus maximus 33.5(7.7-50.9) 222 (—7.8t045.2) <0.01"!
(HU) Gluteus medius and 45.0 (21.5-58.2) 34.6 (6.1 to 54.8) <0.0172
minimus
Iliopsoas 57.3 (43.1-65.9) 51.2 (25.7-66.1) <0.01%2
Hip adductors 45.0 (25.5-52.7) 38.5 (16.6-52.2) <0.01%2
Quadriceps 53.5(29.8-62.2) 50.8 (31.0-63.0) 0.02%2
Hamstrings 41.7 (20.7-52.3) 37.0 (13.3-54.0) <0.01%2
HU Hounsfield unit. Data expressed as mean (range)
“ISignificantly different between the sides (paired student’s r-test)
“2Significantly different between the sides (Wilcoxon signed-rank test)
Table 2 Association of early postoperative physical function with muscle volume and quality
B SE 95% C1 p value
Healthy side Volume (cm3/kg) Gluteus maximus —0.14 0.15 —045100.15 0.34
Gluteus medius and minimus —0.36 0.26 —0.88t00.14 0.15
Iliopsoas —0.15 0.43 —0.99t0 0.68 0.71
Hip adductors —0.13 0.14 —0.401t00.14 0.34
Quadriceps —0.16 0.07 —0.31to —0.01 0.03*
Hamstrings —0.26 0.21 —0.68t00.15 0.21
Quality (HU) Gluteus maximus —0.05 0.02 —0.10t0 0.01 0.06
Gluteus medius and minimus —0.09 0.03 —0.16to — 0.03 <0.01%*
Iliopsoas —0.14 0.05 —0.26to — 0.03 <0.01*
Hip adductors —0.10 0.04 —0.19to — 0.01 0.03*
Quadriceps —0.10 0.04 —0.18to — 0.01 0.02%*
Hamstrings —0.08 0.03 —0.14to — 0.01 0.01*
Affected side Volume (cm3/kg) Gluteus maximus —-0.39 0.15 —0.70 to — 0.08 <0.01*
Gluteus medius and minimus —0.52 0.25 —1.03to — 0.02 0.04*
Iliopsoas —0.48 0.38 —1.23t00.26 0.20
Hip adductors —0.25 0.12 —0.50to —0.01 0.04%*
Quadriceps —-0.23 0.08 —0.41to — 0.06 <0.01*
Hamstrings —0.44 0.21 —0.86to — 0.03 0.03*
Quality (HU) Gluteus maximus —0.05 0.02 —0.09to — 0.01 <0.01*
Gluteus medius and minimus — 0.06 0.02 —0.10to — 0.02 <0.01*
Iliopsoas —0.06 0.03 —0.12to — 0.01 0.02*
Hip adductors —0.07 0.03 —0.13to — 0.01 0.01*
Quadriceps —0.12 0.04 —0.20to — 0.04 <0.01*
Hamstrings — 0.06 0.02 —0.11 to — 0.01 0.02%*

95% CI, 95% confidence interval; B, standard regression coefficient; HU, Hounsfield unit; SE, standard error
*Significant association (ordinal logistic regression analysis)
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Table 3 Association of early postoperative physical function with muscle volume and quality adjusted for age and preoperative TUG score

B SE 95% CI p value

Healthy side Volume (cm’/kg) Gluteus maximus —0.09 0.16 —0421t00.22 0.16
Gluteus medius and minimus —0.17 0.27 —0.70t0 0.35 0.52
Tliopsoas 0.06 0.46 —0.84t00.96 0.89
Hip adductors —0.08 0.15 —0.38t00.20 0.56
Quadriceps —0.10 0.08 —0.27 10 0.06 0.22
Hamstrings —0.11 0.23 —0.561t00.34 0.63
Quality (HU) Gluteus maximus —0.04 0.03 —0.11t00.01 0.14
Gluteus medius and minimus —0.04 0.04 —0.12t00.03 0.31
Iliopsoas —0.07 0.06 — 0.21 t0 0.05 0.24
Hip adductors —0.06 0.05 —0.161t00.03 0.18
Quadriceps — 0.06 0.04 — 0.16 t0 0.02 0.13
Hamstrings —0.05 0.04 —0.13t00.02 0.15

Affected side Volume (cm?/kg) Gluteus maximus —0.36 0.16 —0.69 to — 0.03 0.03*
Gluteus medius and minimus — 046 0.27 — 1.00 to to 0.07 0.09
Iliopsoas —-0.17 0.41 —0.97 t0 0.63 0.67
Hip adductors —-0.17 0.13 — 0.44 t0 0.09 0.19
Quadriceps —0.16 0.09 —0.35t00.03 0.09
Hamstrings —-033 0.23 —0.78t0 0.12 0.15
Quality (HU) Gluteus maximus —0.04 0.02 —0.09 t0 0.01 0.06

Gluteus medius and minimus —0.04 0.02 —0.09 to — 0.01 0.04*
Iliopsoas —0.04 0.03 —0.11 t0 0.02 0.20
Hip adductors —0.04 0.03 —0.11 t0 0.02 0.21
Quadriceps —0.07 0.04 —0.17 t0 0.01 0.10
Hamstrings —0.02 0.03 — 0.09 to 0.03 0.40

95% CI, 95% confidence interval; B, standard regression coefficient; HU, Hounsfield unit; SE, standard error

*Significant association (ordinal logistic regression analysis)

maximus and the quality of gluteus medius and gluteus min-
imus on the affected side showed a strong association with
early postoperative physical function. These findings sug-
gest that rehabilitation interventions for these muscles may
improve early postoperative physical function. These differ-
ences in volume and quality may be attributed to the varying
proportions of muscle fiber types in the gluteus maximus
compared with the gluteus medius and minimus [27, 28].
Studies have demonstrated differences in the progression of
atrophy and degeneration between muscle fiber types [29].
Although training is expected to be effective for both muscle
fiber types [30, 31], further research is required to determine
the optimal rehabilitation protocol for enhancing muscle vol-
ume and quality.

Association of postoperative physical function
with muscle volume and quality

Some previous studies have assessed the association between
early postoperative physical function and muscle volume
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and quality on the operated and healthy side. For instance,
in the study by Ohmori et al., the postoperative walk-
ing speed of HOA patients was associated with muscle
strength of the healthy side, indicating the importance of
the muscles of the healthy side [32]. However, some stud-
ies have found the importance of the affected side muscles
on postoperative function. For instance, in the study by
Holstege et al., the preoperative knee extensor strength of
the affected side was associated with the Western Ontario
and McMaster Universities Arthritis Index Physical Func-
tion score at 12 weeks after THA [33]. The findings of our
study may support reports suggesting preoperative interven-
tion for the affected side. However, a direct comparison with
the previous reports cannot be made because of differences
regarding the method/parameter used to quantify physical
function. Specifically, physical function is often performed
using patient-reported outcome measures, and its usefulness
has been reported [34]. However, patient-reported outcome
measures are liable to overestimation due to postoperative
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analgesia [35] and underestimation due to postoperative anx-
iety [36]. This study assessed physical function with the TUG
score, which can comprehensively evaluate hip function [2,
18]. Specifically, the TUG combines daily activities such as
getting up from a chair, walking, turning a cone, and sitting
activities; therefore, muscle strength of the lower extremities
can be evaluated through walking and sit-to-stand activities,
and balance control can be evaluated through changing direc-
tion [32, 37]. As complex activities similar to the TUG are
required in daily living, postoperative physical function eval-
uated using the TUG is likely more clinically relevant than
other methods.

Muscle parameters affecting the postoperative
physical function after adjusting for age
and preoperative TUG score

In the present study, the volume of the gluteus maximus and
the quality of the gluteus minimus and medius were associ-
ated with TUG score after adjusting for age and preoperative
TUG score. This is consistent with previous studies demon-
strating the importance of the gluteal muscles on physical
function. The gluteus maximus, a hip extensor, produces for-
ward propulsion and is associated with walking speed [38].
Further, it also serves as a hip abductor and is associated
with postural stability, including braking during walking and
with standing and sitting movements [39, 40]. Based on this
information, Ukai et al. investigated muscle strength in hip
flexion, extension, and abduction after THA and confirmed
preoperative gluteus maximus volume as an important indi-
cator of post-THA physical function [41].

Studies have shown that gluteus medius and minimus play
an essential role in maintaining pelvic stability during exer-
cise and contribute to postural stability during activities of
daily living [42]. For instance, studies have reported that the
degree of fatty degeneration in the gluteus medius and min-
imus is related to the risk of falls and fractures in the elderly.
Collectively, the results of the present study support the pre-
vious reports on the importance of the gluteal muscles on
physical function.

Relationship between postoperative physical
function, preoperative conditions, and pain

Patients with superior preoperative TUG scores achieved
better postoperative TUG outcomes, consistent with the find-
ings of an association between pre- and mid-postoperative
TUG scores (6 months) [18]. Comparisons between the
fast and slow groups revealed considerable differences in
most muscle groups on the healthy side (Supplementary
Table 1). However, only about half of the affected-side mus-
cles showed substantial differences (Supplementary Table 1).
This suggests that muscle atrophy on the healthy side

in patients with end-stage HOA contributes to functional
decline [43]. Preoperative physical function may thus depend
on the remaining functional capacity of the healthy side.

Postoperative pain scores varied among patients but
showed no substantial association with postoperative TUG
scores, aligning with findings by Winther et al. [44], who
reported no impact of pain on training load or muscle per-
formance in patients with postoperative THA. These results
suggest that postoperative pain had minimal influence on the
findings of this study.

Effect of cane use on postoperative TUG scores

Previous studies have not analyzed the impact of cane use
on postoperative TUG scores [2, 20, 34]. Our study revealed
that the gluteus maximus primarily influenced TUG scores in
unaided walkers, whereas the gluteus medius and minimus
played a more substantial role in patients who were cane
assisted. Atrophy of the gluteus medius and minimus, which
are vital for pelvic stabilization during directional changes
[42], likely contributed to delays in direction changes among
cane users during the TUG [45]. Conversely, the gluteus max-
imus, affecting walking speed [38], influenced TUG scores
in patients walking unaided. As the TUG evaluates a series of
movements—such as standing up, walking, turning, and sit-
ting down—further research could analyze the time required
for each component to provide a more detailed functional
assessment.

Limitations

Some limitations of this study should be acknowledged. First,
the relatively small sample size precluded an evaluation of the
combined effects of muscle volume and quality on early post-
operative physical function. While sub-analyses, such as the
impact of pain and cane use, were conducted, larger studies
are needed to identify additional factors influencing phys-
ical function. Second, most participants were women with
lower BMI, limiting the generalizability of findings to men
and individuals with higher BMI. Given evidence of sex-
based differences in muscle function during exercise [46],
further research is warranted. Finally, muscles were catego-
rized by function and were evaluated in groups; individual
muscles were not examined. TUG used to assess physical
function is a complex movement, and clarifying the relation-
ship between individual muscles and movements may help
optimize treatment strategies.

Conclusion

In this study, the volume of gluteus maximum and the qual-
ity of gluteus medius/minimus quality on the affected side
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were associated with postoperative physical function evalu-
ated using the TUG test at three weeks after THA in HOA
patients. Our results suggest that preoperative training focus-
ing on the gluteus muscles of the affected side may lead to
early recovery of physical function after THA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11548-025-03321-4.

Acknowledgements This study was supported by the Japan Society for
the Promotion of Science (JSPS) Grants-in-Aid for Scientific Research
(KAKENHI) Numbers JP19H01176, JP21K 18080 and JP20H04550.

Authors’ contributions Conceptualization: Makoto Iwasa, Keisuke
Uemura, Masaki Takao; Methodology: Keisuke Uemura, Mazen Soufi,
Yoshito Otake; Formal analysis and investigation: Makoto Iwasa,
Mazen Soufi; Writing—original draft preparation: Makoto Iwasa; Writ-
ing—review and editing: Keisuke Uemura, Yoshito Otake, Masaki
Takao, Takashima Kazuma, Kinoshita Tomofumi, Tatsuhiko Kutsuna;
Funding acquisition: Mazen Soufi, Yoshito Otake, Yoshinobu Sato.
Resources; Hidetoshi Hamada, Nobuhiko Sugano, Yoshinobu Sato,
Masaki Takao; Supervision: Seiji Okada. All authors read and approved
the final manuscript.

Funding Open Access funding provided by Osaka University. This
study was supported by the Japan Society for the Promotion of Science
(JSPS) Grants-in-Aid for Scientific Research (KAKENHI) Numbers
JP19HO1176, JP21K 18080 and JP20H04550.

Data, material, and/or code availability The data that support the find-
ings of this study are available from the corresponding author upon
reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Ethics approval All procedures performed in this study were performed
in accordance with the ethical standards as laid down in the 1964 Dec-
laration of Helsinki and its later amendments or comparable ethical
standards.

Consent to participate This study was approved by the Institutional
Review Board, and written informed consent was waived because of
the retrospective design.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Sugano N, Takao M, Sakai T et al (2012) Eleven- to 14-year
follow-up results of cementless total hip arthroplasty using a third-
generation alumina ceramic-on-ceramic bearing. J Arthroplasty
27:736-741. https://doi.org/10.1016/j.arth.2011.08.017

2. Poitras S, Wood KS, Savard J et al (2015) Predicting early clinical
function after hip or knee arthroplasty. Bone Joint Res 4:145-151.
https://doi.org/10.1302/2046-3758.49.2000417

3. Zhang X-Y, Ma J-B (2019) The efficacy of fascia iliaca com-
partment block for pain control after total hip arthroplasty: a
meta-analysis. J Orthop Surg Res 14:33. https://doi.org/10.1186/
s13018-018-1053-1

4. MoyerR, Ikert K, Long K, Marsh J (2017) The value of preoperative
exercise and education for patients undergoing total hip and knee
arthroplasty: a systematic review and meta-analysis. JBJS Rev 5:e2.
https://doi.org/10.2106/JBJS.RVW.17.00015

5. Nakata K, Nishikawa M, Yamamoto K et al (2009) A clinical com-
parative study of the direct anterior with mini-posterior approach:
two consecutive series. J Arthroplasty 24:698-704. https://doi.org/
10.1016/j.arth.2008.04.012

6. Di Monaco M, Vallero F, Tappero R, Cavanna A (2009) Rehabili-
tation after total hip arthroplasty: a systematic review of controlled
trials on physical exercise programs. Eur J Phys Rehabil Med
45:303-317

7. Bini SA, Shah RF, Bendich I et al (2019) Machine learning algo-
rithms can use wearable sensor data to accurately predict six-week
patient-reported outcome scores following joint replacement in a
prospective trial. J Arthroplasty 34:2242-2247. https://doi.org/10.
1016/j.arth.2019.07.024

8. Villadsen A, Overgaard S, Holsgaard-Larsen A et al (2014)
Postoperative effects of neuromuscular exercise prior to hip or
knee arthroplasty: a randomised controlled trial. Ann Rheum
Dis 73:1130-1137. https://doi.org/10.1136/annrheumdis-2012-20
3135

9. McGregor AH, Rylands H, Owen A et al (2004) Does preoperative
hip rehabilitation advice improve recovery and patient satisfaction?
J Arthroplasty 19:464-468. https://doi.org/10.1016/j.arth.2003.12
074

10. Iwasa M, Takao M, Soufi M et al (2023) Artificial intelligence-
based volumetric analysis of muscle atrophy and fatty degeneration
in patients with hip osteoarthritis and its correlation with health-
related quality of life. Int ] Comput Assist Radiol Surg 18:71-78.
https://doi.org/10.1007/s11548-022-02797-8

11. Yoshimura N, Campbell L, Hashimoto T et al (1998) Acetab-
ular dysplasia and hip osteoarthritis in Britain and Japan. Br J
Rheumatol 37:1193-1197. https://doi.org/10.1093/rheumatology/
37.11.1193

12. Kellgren JH, Lawrence JS (1957) Radiological assessment of
osteo-arthrosis. Ann Rheum Dis 16:494-502. https://doi.org/10.
1136/ard.16.4.494

13. Jacobsen S, Sonne-Holm S, Sgballe K et al (2004) Radiographic
case definitions and prevalence of osteoarthrosis of the hip: a survey
of 4 151 subjects in the Osteoarthritis substudy of the Copenhagen
City Heart Study. Acta Orthop Scand 75:713-720. https://doi.org/
10.1080/00016470410004085

14. Hiasa Y, Otake Y, Takao M et al (2020) Automated muscle
segmentation from clinical CT using Bayesian U-net for per-
sonalized musculoskeletal modeling. IEEE Trans Med Imaging
39:1030-1040. https://doi.org/10.1109/TMI1.2019.2940555


https://doi.org/10.1007/s11548-025-03321-4
http://creativecomm\penalty -\@M ons.org/licenses/by/4.0/
https://doi.org/10.1016/j.arth.2011.08.017
https://doi.org/10.1302/2046-3758.49.2000417
https://doi.org/10.1186/s13018-018-1053-1
https://doi.org/10.2106/JBJS.RVW.17.00015
https://doi.org/10.1016/j.arth.2008.04.012
https://doi.org/10.1016/j.arth.2019.07.024
https://doi.org/10.1136/annrheumdis-2012-203135
https://doi.org/10.1016/j.arth.2003.12.074
https://doi.org/10.1007/s11548-022-02797-8
https://doi.org/10.1093/rheumatology/37.11.1193
https://doi.org/10.1136/ard.16.4.494
https://doi.org/10.1080/00016470410004085
https://doi.org/10.1109/TMI.2019.2940555

International Journal of Computer Assisted Radiology and Surgery

15.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Loureiro A, Constantinou M, Diamond LE et al (2018) Individuals
with mild-to-moderate hip osteoarthritis have lower limb muscle
strength and volume deficits. BMC Musculoskelet Disord 19:303.
https://doi.org/10.1186/s12891-018-2230-4

Zacharias A, Pizzari T, English DJ et al (2016) Hip abductor muscle
volume in hip osteoarthritis and matched controls. Osteoarthri-
tis Cartilage 24:1727-1735. https://doi.org/10.1016/j.joca.2016.05
.002

Goodpaster BH, Kelley DE, Thaete FL et al (2000) Skeletal muscle
attenuation determined by computed tomography is associated with
skeletal muscle lipid content. J Appl Physiol 89:104—110. https://
doi.org/10.1152/jappl.2000.89.1.104

. Nankaku M, Tsuboyama T, Akiyama H et al (2013) Preoperative

prediction of ambulatory status at 6 months after total hip arthro-
plasty. Phys Ther 93:88-93. https://doi.org/10.2522/ptj.20120016
Ukai T, Ebihara G, Watanabe M (2021) Comparison of short-
term outcomes of anterolateral supine approach and posterolateral
approach for primary total hip arthroplasty: a retrospective study.
J Orthop Traumatol 22:6. https://doi.org/10.1186/s10195-021-00
570-2

Bade MJ, Kittelson JM, Kohrt WM, Stevens-Lapsley JE (2014)
Predicting functional performance and range of motion outcomes
after total knee arthroplasty. Am J Phys Med Rehabil 93:579-585.
https://doi.org/10.1097/PHM.0000000000000065

Peters MCWM, Pronk Y, Brinkman J-M (2023) Return to daily
activities, work, and sports at 3 months after total hip arthroplasty.
JB JS Open Access 8(e23):00048. https://doi.org/10.2106/JBJS.
0A.23.00048

Takamura D, Iwata K, Sueyoshi T et al (2021) Relationship between
early physical activity after total knee arthroplasty and postoper-
ative physical function: are these related? Knee Surg Relat Res
33:35. https://doi.org/10.1186/s43019-021-00118-y

Luna IE, Peterson B, Kehlet H, Aasvang EK (2017) Individualized
assessment of post-arthroplasty recovery by actigraphy: a method-
ology study. J Clin Monit Comput 31:1283-1287. https://doi.org/
10.1007/s10877-016-9952-3

Kurihara Y, Ohsugi H, Choda K et al (2021) Relationships between
early postoperative gait biomechanical factors and patient-reported
outcome measures 6 months after total knee arthroplasty. Knee
28:354-361. https://doi.org/10.1016/j.knee.2020.12.021

Jung H-W, Park JH, Kim DA et al (2021) Association between
serum FGF21 level and sarcopenia in older adults. Bone
145:115877. https://doi.org/10.1016/j.bone.2021.115877

Faul F, Erdfelder E, Lang A-G, Buchner A (2007) G*Power 3: a
flexible statistical power analysis program for the social, behav-
ioral, and biomedical sciences. Behav Res Methods 39:175-191.
https://doi.org/10.3758/bf03193146

Willemse H, Theodoratos A, Smith PN, Dulhunty AF (2016) Unex-
pected dependence of RyR1 splice variant expression in human
lower limb muscles on fiber-type composition. Pflugers Arch
468:269-278. https://doi.org/10.1007/s00424-015-1738-9

Tian J, Song M, Cho KIJ et al (2024) Differences in type 2 fiber
composition in the vastus lateralis and gluteus maximus of patients
with hip fractures. Endocrinol Metab (Seoul) 39:521-530. https://
doi.org/10.3803/EnM.2024.1935

Sirca A, Susec-Michieli M (1980) Selective type II fibre muscu-
lar atrophy in patients with osteoarthritis of the hip. J Neurol Sci
44:149-159. https://doi.org/10.1016/0022-510x(80)90123-9

Ruas CV, Brown LE, Lima CD et al (2018) Different muscle action
training protocols on quadriceps-hamstrings neuromuscular adap-
tations. Int J Sports Med 39:355-365. https://doi.org/10.1055/s-
0044-100391

Schoenfeld BJ, Contreras B, Krieger J et al (2019) Resistance train-
ing volume enhances muscle hypertrophy but not strength in trained
men. Med Sci Sports Exerc 51:94-103. https://doi.org/10.1249/
MSS.0000000000001764

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Ohmori T, Kabata T, Kajino Y et al (2021) Contralateral lower-
limb functional status before total hip arthroplasty: an important
indicator for postoperative gait speed. J Bone Joint Surg Am
103:1093-1103. https://doi.org/10.2106/J1BJS.20.00949

Holstege MS, Lindeboom R, Lucas C (2011) Preoperative quadri-
ceps strength as a predictor for short-term functional outcome after
total hip replacement. Arch Phys Med Rehabil 92:236-241. https://
doi.org/10.1016/j.apmr.2010.10.015

Kennedy DM, Hanna SE, Stratford PW et al (2006) Preoperative
function and gender predict pattern of functional recovery after hip
and knee arthroplasty. J Arthroplasty 21:559-566. https://doi.org/
10.1016/j.arth.2005.07.010

Stratford PW, Kennedy DM, Maly MR, Macintyre NJ (2010)
Quantifying self-report measures’ overestimation of mobility
scores postarthroplasty. Phys Ther 90:1288-1296. https://doi.org/
10.2522/ptj.20100058

Salmon P, Hall GM, Peerbhoy D et al (2001) Recovery from hip and
knee arthroplasty: Patients’ perspective on pain, function, quality of
life, and well-being up to 6 months postoperatively. Arch Phys Med
Rehabil 82:360-366. https://doi.org/10.1053/apmr.2001.21522
Chen T, Chou L-S (2017) Effects of muscle strength and balance
control on sit-to-walk and turn durations in the timed up and go test.
Arch Phys Med Rehabil 98:2471-2476. https://doi.org/10.1016/j.
apmr.2017.04.003

Handsfield GG, Meyer CH, Hart JM et al (2014) Relationships of
35 lower limb muscles to height and body mass quantified using
MRI. J Biomech 47:631-638. https://doi.org/10.1016/j.jbiomech.
2013.12.002

Caruthers EJ, Thompson JA, Chaudhari AMW et al (2016) Muscle
forces and their contributions to vertical and horizontal acceleration
of the center of mass during sit-to-stand transfer in young, healthy
adults. J Appl Biomech 32:487-503. https://doi.org/10.1123/jab.
2015-0291

Bishop MD, Brunt D, Pathare N, Patel B (2002) The interaction
between leading and trailing limbs during stopping in humans.
Neurosci Lett 323:1-4. https://doi.org/10.1016/s0304-3940(01)02
525-3

Ukai T, Yokoyama K, Watanabe M (2024) Preoperative body
composition correlates with postoperative muscle volume and
degeneration after total hip arthroplasty. Nutrients 16:386. https://
doi.org/10.3390/nu16030386

Berry JW, Lee TS, Foley HD, Lewis CL (2015) Resisted side step-
ping: the effect of posture on hip abductor muscle activation. J
Orthop Sports Phys Ther 45:675-682. https://doi.org/10.2519/jo
spt.2015.5888

Friesenbichler B, Casartelli NC, Wellauer V et al (2018) Explosive
and maximal strength before and 6 months after total hip arthro-
plasty. J Orthop Res 36:425-431. https://doi.org/10.1002/jor.23626
Winther SB, Foss OA, Klaksvik J, Husby VS (2020) Pain and load
progression following an early maximal strength training program
in total hip- and knee arthroplasty patients. J Orthop Surg (Hong
Kong) 28:2309499020916392. https://doi.org/10.1177/23094990
20916392

Buurke JH, Hermens HJ, Erren-Wolters CV, Nene AV (2005) The
effect of walking aids on muscle activation patterns during walk-
ing in stroke patients. Gait Posture 22:164—170. https://doi.org/10.
1016/j.gaitpost.2004.09.003

Lewis CL, Foley HD, Lee TS, Berry JW (2018) Hip-muscle activity
in men and women during resisted side stepping with differ-
ent band positions. J Athl Train 53:1071-1081. https://doi.org/10.
4085/1062-6050-46-16

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1186/s12891-018-2230-4
https://doi.org/10.1016/j.joca.2016.05.002
https://doi.org/10.1152/jappl.2000.89.1.104
https://doi.org/10.2522/ptj.20120016
https://doi.org/10.1186/s10195-021-00570-2
https://doi.org/10.1097/PHM.0000000000000065
https://doi.org/10.2106/JBJS.OA.23.00048
https://doi.org/10.1186/s43019-021-00118-y
https://doi.org/10.1007/s10877-016-9952-3
https://doi.org/10.1016/j.knee.2020.12.021
https://doi.org/10.1016/j.bone.2021.115877
https://doi.org/10.3758/bf03193146
https://doi.org/10.1007/s00424-015-1738-9
https://doi.org/10.3803/EnM.2024.1935
https://doi.org/10.1016/0022-510x(80)90123-9
https://doi.org/10.1055/s-0044-100391
https://doi.org/10.1249/MSS.0000000000001764
https://doi.org/10.2106/JBJS.20.00949
https://doi.org/10.1016/j.apmr.2010.10.015
https://doi.org/10.1016/j.arth.2005.07.010
https://doi.org/10.2522/ptj.20100058
https://doi.org/10.1053/apmr.2001.21522
https://doi.org/10.1016/j.apmr.2017.04.003
https://doi.org/10.1016/j.jbiomech.2013.12.002
https://doi.org/10.1123/jab.2015-0291
https://doi.org/10.1016/s0304-3940(01)02525-3
https://doi.org/10.3390/nu16030386
https://doi.org/10.2519/jospt.2015.5888
https://doi.org/10.1002/jor.23626
https://doi.org/10.1177/2309499020916392
https://doi.org/10.1016/j.gaitpost.2004.09.003
https://doi.org/10.4085/1062-6050-46-16

	Volume and quality of the gluteal muscles are associated with early physical function after total hip arthroplasty
	Abstract
	Introduction
	Material and methods
	Participants
	Computed tomography imaging
	Image analysis
	Assessment of postoperative physical function
	Statistical analysis

	Results
	Muscle volume and quality
	Physical function and pain
	Association of TUG with muscle volume and quality (crude association analysis)
	Association of TUG with muscle volume and quality (adjusted association analysis)
	Effect of cane use on postoperative TUG scores and adjusted association analysis

	Discussion
	Association of postoperative physical function with muscle volume and quality
	Muscle parameters affecting the postoperative physical function after adjusting for age and preoperative TUG score
	Relationship between postoperative physical function, preoperative conditions, and pain
	Effect of cane use on postoperative TUG scores
	Limitations

	Conclusion
	Acknowledgements
	References


