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Abstract

Purpose To evaluate the relationship between the volume, cross-sectional area, and peak isometric muscle strength of the
gluteus maximus and gluteus medius muscles in patients with hip osteoarthritis, and to use this information to identify effec-
tive sites for measurement of the cross-sectional area of these muscles.

Methods Twenty-four patients with hip osteoarthritis were included. The muscle cross-sectional area and volume were
calculated from magnetic resonance images. The cross-sectional area was calculated at three levels: the inferior point of
the sacroiliac joint, just above the femoral head, and at the greatest muscle diameter. Peak isometric strength was assessed
using hand-held dynamometry, using the extension and external rotation for the gluteus maximus and abduction and internal
rotation for the gluteus medius. Measured outcomes were compared between the two muscles, and the association between
muscle volume, cross-sectional area, and peak isometric muscle strength was evaluated using Pearson’s correlation.
Results Volume was correlated with the cross-sectional area in the gluteus maximus (r>0.707) and with the cross-sectional
area (r>0.637) and peak isometric strength (r>0.477) in the gluteus medius. There was no difference between the cross-
sectional area measured at the greatest muscle diameter and just above the femoral head (p =0.503) for the gluteus maximus
and at the inferior point of the sacroiliac joint (p =0.651) for the gluteus medius.

Conclusion The cross-sectional area, when used to calculate the muscle volume, should be evaluated just above the femoral
head for the gluteus maximus and at the inferior point of the sacroiliac joint for the gluteus medius.
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Introduction

Hip osteoarthritis (OA) is common among individuals over the
age of 60 years, causing pain in weight-bearing and impaired
mobility [2, 22, 30]. Chronic hip OA generally leads to pro-
gressive hip deformity, resulting in hip joint dysfunction,
muscle weakness, decreased range of hip joint motion, and
restrictions in walking function [4, 13, 14, 18, 27]. The glu-
teus maximus and the gluteus medius have been implicated in
OA-related hip dysfunction, and there are many prior studies
investigating their role [1, 9, 10, 12, 29]. Thus, an objective
assessment of the strength capacity of these muscles is clini-
cally important.

Magnetic resonance (MR) and computed tomography (CT)
imaging can be used to quantify the cross-sectional area (CSA)
of the gluteus maximus and the gluteus medius muscles, with
the volume calculated by multiplying the measured CSAs by
the thickness of the MR image slices. Muscle volume, which
provides a measure of the whole muscle rather than across just
one area, has a higher correlation to muscle strength than mus-
cle CSA [6, 10], and has previously been used to assess hip OA
[9, 16, 17, 25]. However, the CSA may provide a more easily
obtained assessment index than muscle volume [12, 15]. Of
specific concern is the variation in the CSA according to the
site selected for measurement, including smaller CSA values
towards the points of muscle attachment. A previous study
among healthy individuals reported a significant relationship
between the CSA, volume, and muscle strength of the gluteus
maximus and medius [12].

As hip OA is associated with muscle atrophy [9, 10, 29]
and fatty infiltration [21], it is unclear whether the relationship
between muscle mass and CSA identified in healthy subjects
also applies to patients with hip OA. Therefore, the purpose
of our study was to investigate the relationship between the
volume, CSA and peak isometric strength of the gluteus
maximus and medius in patients with hip OA. Ultimately, we
aim to use this information to identify effective sites for CSA
measurement.

Materials and methods

Statement of ethics

The design of this study was approved by the Ethics Commit-
tee of Niigata Bandai Hospital (approval no. 54), and partici-
pants provided informed consent.

Study group

Over the study period, from June 2017 to December 2018,

65 patients with hip OA were enrolled. All patients included
were able to walk independently, without the use of a gait
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aid, and had no cognitive decline. In addition, all subjects
were free of pain at the time of muscle testing. The exclu-
sion criteria were as follows: pain in any joint other than
the affected hip (n=26); advanced or end-stage OA in the
contralateral hip joint, according to the criteria of the Japa-
nese Orthopaedic Association (JOA) criteria [26] (n=35); the
history of hip disease other than OA (rn=6); and participants
for which all data could not be measured (n=4). After exclu-
sion, a total of 24 patients (6 men, 18 women) were included
in the final analysis. All 24 patients included in the analysis
were diagnosed with unilateral secondary hip OA, based on
the JOA criteria [26], and were able to maintain the prone
and supine position without being affected by the limited
hip range of motion. Many of the subjects had advanced and
end-stage hip deformity by the JOA criteria. Timed up and
go test and leg length difference (spinomalleolar distance)
and pain of loading hip joint in gait were also measured as
basic information about the subject’s physical function.

Measured parameters

The following parameters for both the gluteus maximus
and the gluteus medius were included in our analysis; CSA,
volume, and peak isometric muscle strength. Using previ-
ously described methods [12], CSA values were measured,
for both muscles, at three levels. Figure 1 shows a whole
image of the measured MRI; Fig. 2 shows the inferior point
of the sacroiliac joint; Fig. 3 shows the region just above
the femoral head and at the level of greatest muscle diam-
eter. The measurement of CSA at these three points was
chosen because of the existence of clear bone indices and

8| Gluteus medius

3

‘ The inferior point of the sacroiliac joint

| Just above the femoral head

Gluteus maximus

Fig. 1 The gluteus maximus and gluteus medius are shown on the
sagittal plane at each measurement height. Since the entirety of the
gluteus maximus and medius cannot be drawn in the image on the
sagittal plane, the image with the best positional relationship was
selected. The gluteus maximus is larger just above the femoral head
than at the lowest point of the sacroiliac joint; the gluteus medius
attaches to the great dislocation lower than just above the femoral
head, so the gluteus medius is thinner just above the femoral head
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Fig.2 The cross-sectional area
of the measurement site and
each muscle at the lowest end of
the sacroiliac joint is shown. In
this slice, the gluteus maxi-

mus is smaller and the gluteus
medius can be confirmed to be
larger than the CSA just above
the femoral head

Just above the femoral head

Fig.3 The cross-sectional area of the measurement site and each
muscle at the level just above the femoral head is shown. As can
be seen from Fig. 1, the muscle cross-sectional area of the gluteus

the possibility of simple and reproducible measurements;
this protocol has already been used in previous studies [12].

Imaging protocol and calculation of muscle volume
and CSA

MR images were obtained as previously described [12,
29], using the Signa HDe system (GE Healthcare, Wauke-
sha, WI, USA) system. Prior to imaging, patients were
screened for MR contraindications, with safety confirmed
by a trained technician. Images were obtained with patients
in the supine position, using the following imaging param-
eters: coronal T1 fast-spin echo; field of view, 400 x 400;
3 mm slice thickness, without a gap between slices; echo
time, 10.1 ms; repetition time, 450 ms; and voxel size,
320/400x 192/400 % 3.0 ms. The position of the pelvis was
standardized during imaging by ensuring that the line con-
necting the anterior superior iliac crest on both sides was
perpendicular to the bed [12].

Data from magnetic resonance imaging of the muscles
were imported into ZedHip (Lexi Co., Ltd., Tokyo, Japan)
and analyzed. The method used to measure each muscle’s
cross-sectional area and volume was based on previous stud-
ies [12, 29]. To measure the CSA, the gluteus maximus and
medius were identified in the images (Fig. 1) and traced
around their peripheries. The tracings were then used to
calculate the CSA of each muscle. The muscle volume was

The inferior point of the sacroiliac joint

Gluteus medius

Gluteus maximus

Gluteus medius

Gluteus maximus

medius is depicted to be smaller as it approaches the great inversion.
In addition, the gluteus maximus muscle can be clearly identified

Table 1 The Goutallier classification; the extent of steatosis was eval-
uated using the Goutallier classification [8]

Classification Infiltration on a rating
0 Being completely normal muscle
The muscle contains some fatty streaks
2 Fatty infiltration is present but there is
more muscle tissue than fat
3 There are equal amounts of fat and muscle

Being indicative of more fat than muscle

The Goutallier classification has also been used for patients with hip
OA [29]

calculated using the following formula: Volume =sum (all
CSAs xslice thickness).

Evaluation of steatosis

The extent of steatosis was evaluated using the Goutallier
classification [8], as used in several previous studies on hip
OA [1, 5, 18, 29]. The degree of steatosis was evaluated
on cross-sectional images and classified into the follow-
ing four grades [8, 29] (Table 1): grade 0, normal muscle
volume; grade 1, muscle contains some fatty streaks; grade
2, fatty infiltration, but still more muscle than fat; grade 3,
equal amounts of muscle and fat; and grade 4, more fat than
muscle.

@ Springer
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Measures of isometric muscle strength

The peak isometric muscle strength of the gluteus maxi-
mus and of the gluteus medius was measured on the same
day as the MR imaging, as per the methods described by
Thorborg et al. [24] and used in another study [12]. Isomet-
ric strength was quantified using a hand-held dynamometer
(pTas F-1, Anima, Tokyo, Japan), with the patient position
and placement site for the dynamometer shown in Fig. 2.
Each resisted contraction was held for 5 s, with the high-
est value recorded for analysis. For the gluteus maximus,
peak isometric strength was evaluated for hip extension and
external rotation, and hip abduction and internal rotation for
gluteus medius.

Statistical analysis

Continuous variables were reported as mean + standard devi-
ation (SD), with categorical variables reported as count. The
normality of the distribution of the data was evaluated using
the Shapiro—Wilk test. Pearson’s correlation coefficient was
used to evaluate the relationship between CSA, volume, and
peak isometric strength. Differences in CSA between the two
muscles were evaluated using a one-way analysis of vari-
ance (ANOVA), with a Tukey post-hoc test (p <0.05). The
degree of fatty muscle degeneration was not normally dis-
tributed, with between-muscle differences evaluated using
the Wilcoxon’s signed-rank test. All statistical analyses were
performed using SPSS (version 21; IBM Corp., Armonk,
NY, USA), with the level of significance set at a two-tailed
p value <0.05.

Results

The general demographics of our study group were as
follows (Table 2): mean age, 62.2 +7.5 years; height,
158.3 + 6.5 cm; body weight, 55.4 +10.0 kg; and radio-
graphic stage of hip OA, advanced and end stage. There
was no difference in the degree of fatty infiltration between
the gluteus maximus and the gluteus medius muscles.

The CSA, volume, and peak isometric strength of the glu-
teus maximus and the gluteus medius muscles are reported
in Table 3. For the gluteus maximus, there was a significant
positive correlation between muscle volume and the three
CSA measures (peak CSA, r=0.924, p <0.001; inferior sac-
roiliac joint, r=0.707, p <0.001; and just above the femo-
ral head, r=0.849, p <0.001), with no correlation between
muscle volume and peak isometric strength (extension,
r=0.074, p=0.732; external rotation, r=0.323, p=0.123).
For the gluteus medius, there was again a significant corre-
lation not only between muscle volume and the three CSA
measures (peak CSA, r=0.871, p <0.001; inferior sacroiliac
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Table 2 Basic data of patient demographics, radiological stage of hip
osteoarthritis, degree of fatty infiltration, and physical functions

Age (years) 622+7.5
Height (cm) 158.3+6.5
Weight (kg) 55.4+10.0
Radiographic stage
Normal 0
Pre-arthritic stage 1
Early stage 0
Advanced stage 9

End stage 14
Fatty infiltration

Gluteus maximus 1.7+1.1

Gluteus medius 1.6+0.6
Difference; p value n.s; 0.467
Leg length difference (cm) 0.8+0.8 cm
Timed up and go test (s) 8.5+2.6
Pain of loading hip joint in gait (visual analog scale) 5.0+23

The difference in fatty infiltration between the two muscles was com-
pared using the Wilcoxon signed rank test

n.s. non-significant

joint, r=0.800, p <0.001; and just above the femoral head,
r=0.637, p<0.001), but also between muscle volume and
peak isometric strength (abduction, r=0.591, p=0.002;
internal rotation, r=0.477, p=0.019). The CSA values are
reported in Table 4. For the gluteus maximus, there was no
significant difference between the peak CSA (measured at
the greatest muscle diameter) and the CSA measured just
above the femoral head (p =0.503). By contrast, for the glu-
teus medius, there was no significant difference between the
peak CSA and the CSA measured at the inferior point of the
sacroiliac joint (p =0.651).

Discussion

The gluteus maximus and the gluteus medius muscles are
important for proper hip function. As such, patients with
hip OA would benefit from an objective assessment of the
degeneration and fatty infiltration of these two muscles. Of
note, the appropriate site for valid measurement of CSA of
these muscles has not been previously determined. We inves-
tigated the relationship between volume, CSA, and muscle
strength in a healthy group [12], but there were no reports of
hip OA in this group. In fact, the relationship between CSA
and peripelvic muscle contraction and fatty degeneration
was investigated in subjects with unilateral hip disorders;
however, the relationship between CSA and muscle func-
tions was not clear [20]. Among the patients in our study
group, the CSA measured above the femoral head was not
different than the CSA measured at the greatest diameter
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Table 3 Relationship between the cross-sectional area, volume, and peak isometric strengths of the gluteus medius and gluteus maximus mus-

cles
Gluteus maximus Extension External rotation Volume

15.1+5.0 kef 9.4 +4.3 kgf 463.8+117.2 cm®

r p value r p value r p value
Volume 463.8+117.2 cm? 0.074 0.732 0.323 0.123 - -
Peak CSA 3.1+0.5 cm? 0.099 0.645 0.309 0.142 0.924 <0.001
Lowest end of the sacroiliac joint CSA 22+0.5 cm? 0.008 0.969 0.189 0.375 0.707 <0.001
Just above the femoral head CSA 2.9+0.6 cm® 0.111 0.400 0.604 0.053 0.849 <0.001
Gluteus medius Abduction Internal rotation Volume

8.6+2.2 kgf 8.8 +2.8 kgf 203.8+47.2 cm®

r p value r p value r p value
Volume 203.8+47.2 cm® 0.591 0.002 0.477 0.019 - -
Peak CSA 2.5+0.4 cm? 0.578 0.003 0.621 0.001 0.871 <0.001
Lowest end of the sacroiliac joint CSA 2.4+0.5 cm? 0.677 <0.001 0.543 0.006 0.800 <0.001
Just above the femoral head CSA 1.2+0.4 cm? 0.541 0.006 0.464 0.022 0.637 <0.001

The correlation between muscle volume and the CSA and peak isometric strength was evaluated using Pearson’s correlation coefficient r; kgf

CSA cross-sectional area

Table 4 Difference in the
muscle cross-sectional area

between the gluteus maximus
and gluteus medius muscles

Difference p value
Gluteus maximus
Peak CSA (a), cm? 3.1+0.5 a>b <0.001
Lowest end of the sacroiliac joint CSA (b), cm? 22405 asc 0.503
Just above the femoral head CSA (c), cm? 2.9+0.6 c>b <0.001
Gluteus medius
Peak CSA (d), cm? 2.5+0.4 d=e 0.651
Lowest end of the sacroiliac joint CSA (e), cm? 2.4+0.5 d>f <0.001
Just above the femoral head CSA (f), cm? 1.2+04 e>f <0.001

The difference in the cross-sectional areas between the two muscles was evaluated using a one-way analy-
sis of variance, using a Tukey—Kramer post-hoc test

CSA cross sectional area

of the muscle and correlated with the muscle volume. In
contrast, for the gluteus medius, the CSA measured at the
inferior point of the sacroiliac joint was no different than the
CSA measured at the greatest diameter of the muscle and
correlated with both the muscle volume and peak isometric
strength. These findings are novel and provide an anatomical
reference for the standard measurement of the CSA of these
two muscles, which are involved in the progressive dys-
function in hip OA. Therefore, the CSA measured at these
reference levels could provide an evaluative index in this
clinical population. However, unlike a previous study with
healthy individuals [12], the volume of the gluteus maximus
correlated with the CSA but not with the peak isometric
strength. The absence of a correlation between the volume
and strength of the gluteus maximus might be related to the

fact that all patients had advanced or end-stage hip OA, with
measurements obtained just before total hip arthroplasty. It
is possible that the hip deformity in these patients progressed
as a function of increasing muscle weakness, resulting in
increasing hip dysfunction, including the development of
a flexion contracture, which would inhibit hip extensor
strength. Patients with hip OA develop a range of motion
limitations in the hip joint [13]. In particular, hip flexion
contractures generally develop among patients with hip OA
due to the maintained hip flexion position, which is used to
decrease joint pain as OA progresses. The resultant restric-
tion in hip extension likely contributes to the decreased
CSA of hip extensors [23]. Specifically, development of a
hip flexion contracture would place the fibers of the gluteus
maximus muscle in a constant position of elongation, which
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would lead to a loss of muscle strength over time [3]. We
do note that the hip flexion contracture was not excessive in
our study group, with all patients being able to assume the
prone position for measurement of peak isometric hip exten-
sor strength, and all measures were obtained with the hip
having 0° hip extension, as per previously published meth-
ods [12, 24]. The lack of correlation between the CSA and
muscle strength in the gluteus maximus could be attributed
to the measured level of CSA. The gluteus maximus has both
upper and lower fibers; Grimaldi [10] showed that there is
a volume difference in the lower fibers of the gluteus maxi-
mus, but no change in the upper fibers of the muscle. Since
the lower fibers are active in hip extension and external rota-
tion, it may be important to assess this area when assessing
muscle weakness during these movements. Because we did
not measure and analyze CSA separately for upper and lower
fibers in this study, it is possible that there was no significant
correlation between peak CSA and muscle strength.

Re-evaluation of the association between muscle volume
and strength for the gluteus maximus using alternative hip
positions, as well as other measures of hip function, includ-
ing EMG is, therefore, warranted. Of note, despite a pre-
sumptive selective weakness of the gluteus maximus due
to progressive hip flexion contracture, there was no differ-
ence in the degree of fatty degeneration between the gluteus
maximus and the gluteus medius. This might indicate that,
despite progressive hip dysfunction, the gluteus maximus is
sufficiently used in activities of daily living, thus avoiding
excessive steatosis. Again, this indicates that there is a need
to consider other metrics of muscle hip function than those
included in our study.

A previous study reported the gluteus medius volume as
206+ 57 cm® among patients with hip OA [17], which is in
reasonable agreement with our value of 203.8 +47.2 cm>.
Moreover, there was no difference in the CSA measured at
the greatest muscle diameter and at the inferior point of the
sacroiliac joint, with both CSA values being positively cor-
related with the peak isometric strength. The volume and
CSA of the gluteus medius muscle were also correlated with
muscle strength. We hypothesized that this correlation may
also be influenced by the high daily activity of the gluteus
medius muscle. A previous study showed the average muscle
activity of the gluteus medius to be 47% over the walking
cycle among patients with hip OA [11]. It has been shown
that the gluteus medius is more active during the daily gait
cycle among patients with hip OA.

Of note, this study also reported an average activation
level of 55% for the gluteus maximus over the gait cycle
in patients with hip OA, which would further explain the
absence of a difference in the degree of steatosis between
the gluteus maximus and the gluteus medius.

The gluteus medius, unlike the gluteus maximus, exists
at the frontal plane [7]. Patients with hip OA have changes
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on the sagittal plane, as represented by the hip spine syn-
drome [19], which is associated with the joint deformity.
In particular, many patients with secondary hip arthropathy
in this study have anterior lumbar spine bending [28]; the
enhancement of lumbar lordosis is considered a factor in hip
flexion contracture, and the changes in the sagittal plane are
significant. Because of this, the gluteus medius may be less
affected by the progressive change in the sagittal plane align-
ment in hip OA than the gluteus maximus. These factors
likely explain the positive correlation between the volume,
CSA, and peak isometric strength for the gluteus medius.

From a clinical perspective, our findings indicate that the
CSA measured just above the femoral head for the gluteus
maximus and the inferior point of the sacroiliac joint for
the gluteus medius might provide an effective evaluation
index of the function of these muscles in hip OA. These
CSA measures could be used, in combination with func-
tional measures, to determine the benefit of prescribing hip
strength exercises in patients with hip OA. If the patient
with hip OA has muscle atrophy or dysfunction, hip exten-
sion exercise for gluteus maximus should be initiated. To
improve the function of the gluteus medius, we believe it
is necessary to engage in a hip strengthening program to
improve abductor muscle strength and pelvic stability when
weight is applied.

The soft tissues of the subject were assessed using MRI,;
although MRI is not a standard assessment, this study may
provide a baseline to investigate other hip diseases, such
as abductor muscle tears, femoroacetabular impingement,
dysplasia, slipped capital femoral epiphysis, and perthes,
and should be analyzed in different diseases.

The limitations of our study should be noted. Foremost,
patients included in our study group had advanced and end-
stage OA, with measurements obtained just before total
hip arthroplasty. Therefore, all patients had long-standing
hip OA. Validation of our measures is needed as values
are likely to be influenced by the degree of OA-associated
hip deformity. As previously stated, other measures of the
strength capacity of the gluteus maximus might be needed,
including electromyography, as well as across multiple hip
positions to account for various degrees of hip deform-
ity. Finally, it is important to note that the sample size of
our study group is small, which limits the determination
of causality. The results of this study may vary by sex and
disease stage; therefore, the number of subjects needs to be
increased to allow consideration of these other factors.

Conclusion

The volume of the gluteus maximus was found to corre-
late with all CSAs, but not with muscle strength, and may
be affected by the site of measurement. CSA at the inferior
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point of the sacroiliac joint for the gluteus medius can pro-
vide an index of the power of these muscles among patients
with hip OA.
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