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A B S T R A C T

Objective: To evaluate change in bone mineral density (BMD) during development of knee osteoarthritis (OA) in
elderly Chinese community residents. Further, to monitor disease progression by recording speed of sound (SOS),
one parameter of BMD provided by quantitative ultrasound measurement.
Methods: A total of 4173 community residents of the Chinese mainland were organized to complete questionnaires
and relevant measurements, including anthropometry, radiology and quantitative ultrasound (QUS). SOS mea-
surements of the distal radius were acquired using QUS measurements. The Kellgren-Lawrence (KL) grade of knee
OA was evaluated by two experienced radiographers using X-rays. Finally, a general linear models analysis was
performed to determine potential relationships. Further, the area under the receiver operating characteristic curve
(ROC AUC) was applied to assess the distinction model.
Results: The SOS score in the OA group was significantly lower than that in the control group (p < 0.001).
However, after adjustment for age and body mass index (BMI), no significant difference was observed in the male
population (p ＝ 0.841), while a significantly lower SOS score presented in knee OA participants in the female
population (p ＝ 0.033). A turning point in SOS scores, from increasing to decreasing trends, occurred around KL
grade 2; the SOS score gradually increased with progression in participants from KL grades 0 to 2, whereas the
SOS score presented a significant decrease in participants with KL grades 3 and 4. The AUC for the model to
distinguish OA progression was 0.891.
Conclusion: There was a non-linear and stage-specific association between SOS score and knee OA, which pre-
sented a positive relationship in early stages, but a negative relationship in advanced stages. A decline of SOS
score in knee OA patients in early stages should alert clinicians to the possibility of disease progression.
The Translational potential of this article: In the present study, the relationship between OA and BMD had estab-
lished by SOS. The results suggested that close monitoring of SOS in elderly Chinese communities residents with
knee OA could alert disease progression involvement by an easily accessible method, and help early referral to
orthopedist consultation for further examination and treatment.
Introduction

Osteoarthritis (OA) is a common age-related joint disorder charac-
terized by mobility limitations and chronic pain [1]. Up to 10% of males
and 18% of females over 60 years of age suffer from OA, resulting in a
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tremendous socioeconomic burden that costs 1%–2.5% of the gross do-
mestic product of developed countries [2]. Because of a deficiency of
efficient disease-modifying treatments, it is still very meaningful to gain a
deeper insight into the pathogenesis of OA. Various research endeavours
have gradually revealed that OA is a whole joint disease, involving
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structural alterations in the articular cartilage, subchondral bone and
synovium during progression [3]. Furthermore, advances in research
have shown that subchondral bone remodeling induced by abnormal
stress is a major driver of OA development [4]. Subsequently, changes in
bone mineral density (BMD) are detected in these pathological activities.
However, the relationship between OA and BMD has long been a
controversial issue [5,6]. An inverse relationship between BMD and OA
has been reported by some studies; their results indicated that the higher
the BMD the less probability there is to develop OA [7–9]. However,
other studies have shown that an elevated BMD presented in patients
with OA [10–12].

Historically, dual energy X-ray absorptiometry (DXA) is considered an
essential measurement of BMD for rheumatological diseases [13].
Indeed, DXA measurements were commonly used in exploring the rela-
tionship between OA and BMD in previous studies [8,14]. However, a
definite correlation between OA and BMD has not yet been established.
The use of quantitative ultrasound (QUS) is increasing and has shown
promising utility in bone health evaluation [15], particularly in com-
munity health service centers. One of the major parameters of QUS, speed
of sound (SOS), could well reflect the heterogeneity of bone material and
be used to evaluate bone density [16]. It has also been reported that SOS
has shown characteristics of acceptable precision and stability over time
to perform an effective follow-up study [17]. Moreover, compared with
DXA measurements, QUS is flexible to use, cheap to access and has no
radiation, which makes it appropriate for a potentially wider use in large
community-based screening studies [18–20].

Additionally, to our knowledge, little is known about the association
between BMD and knee OA that has been estimated by SOS. Prospective
outcomes with greater clinical and public health relevance of the pre-
liminary studies are significantly important to the seminar. We hypoth-
esized that BMD has a stage-specific relationship with knee OA; thus,
monitoring BMD to realize the progression of knee OA is achievable.
Therefore, the primary objective of the present study was to make the
correlation between BMD and OA clearer to Chinese community mem-
bers by the use of SOS.

Materials and methods

Participants

Participants were recruited from physical examination centers in
community health service centers in the Zhejiang area. Subjects aged
50–79 years were included. A general health questionnaire was con-
ducted to complete the prescreen of all participants. Exclusion criteria
included diabetes mellitus, renal illness, endocrine disease, cancer, se-
vere cardiovascular disease, a specific arthritis (caused by hemophilia,
infection, autoimmunity, or congenital aplasia), a history of significant
trauma of the knee(s), contraindication to X-ray, and a history of taking
glucocorticoids, estrogens, thyroid hormone, calcium preparations and
other drugs that could affect bone metabolism. Finally, a total of 4173
Chinese mainland inhabitants composed of 1752 men and 2421 women
were included. All participants offered informed consent and this study
was approved by the Institutional Review Board of The First Affiliated
Hospital of Zhejiang Chinese Medical University (IRB No. 2018-ZX-026-
01).

Anthropometry

Weight and height data were obtained from each participant by sta-
diometer (Mahr GmbH, Gottingen, Germany) and standardized balance-
beam scale (Tanita, Tokyo, Japan), respectively. All participants were
required to be lightly dressed and barefoot for this process. Finally, the
computational formula of Body Mass Index (BMI) was calculated by
dividing weight in kilograms by height in meters squared.
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Radiological measurement

Radiographs of bilateral knees were taken by SD3000 Synchro Stand
(Accele Ray, Switzerland). The posteroanterior and lateral X-ray pro-
jections during weight-loading were then taken to evaluate the degree of
arthritis according to the Kellgren-Lawrence (KL) grading scale [21]. This
radio-diagnosis was executed by two experienced radiologists indepen-
dently. If one knee had a more serious condition, the higher grade was
recorded. A third senior radiologist would make a judgment when there
was a discrepancy. Knee OA patients were defined as those with KL
grade�2.

BMD measurement

The BMD of the distal radius was assessed using The Sun-light Mini-
Omni Ultrasound Bone Sonometer (Sunlight; BeamMed Ltd., Israel).
Participants were asked to remove any metal ornaments, such as
watchbands or bracelets, when executing the measurement. The mea-
surements were performed by well-trained medical personnel and
repeated three times for each person. To compute the vitro precision of
the study, 2 probes performed in 10 consecutive measurements of the
phantom from the manufacturer. The intra-operator and inter-operator
precision of SOS measurements were also assessed. Nine healthy volun-
teers participated over a period of 10 consecutive days in five successive
assessments of the distal radius by three experienced operators. The re-
sults were similar with those of a previous study: the short-term in vitro
precision was 0.06% for the distal radius and intra-operator and inter-
operator precision was 0.76% and 0.77%, respectively [22]. Finally,
two computer operators took charge of the digital data input throughout
the study. After that, the senior researchers would check the information
to ensure the veracity and reliability.

Statistical analysis

The participants were divided into two groups: the knee OA group
and the control group (without knee OA). The Student’s t-test and the
Chi-square test were applied to analyze the continuous variables and
categorical variables, respectively, among the two groups. The contrast of
continuous variables between subgroups arranged in KL grades was done
by analysis of variance (ANOVA) and that of categorical variables was
done by the Chi-square test. The mean SOS scores of the two groups were
analyzed using general linear models (GLM) with adjustment for cova-
riates (age, sex, and BMI). KL grade 2 was considered as a reference for
the Post hoc analyses by GLM. Based on the GLM, by setting the SOS score
as the responding variable and age, sex, and BMI as covariates, the
discriminative ability of OA progression was assessed using the area
under the receiver operating characteristic curve (ROC AUC) value. All of
these operations were performed using SPSS software (version 20; IBM/
SPSS Inc., Armonk, NY, USA). The WHO criterion was set to categorize
individual BMD in this study, with a T-score less than 2.5 standard de-
viations (SD) below the normal defined as osteoporosis (OP) and a T-
score between - 2.5 and �1.0 SD defined as osteopenia. A P-value ˂0.05
was considered significant for all testing in this study.

Results

Table 1 presents an overview of subject characteristics, showing a
significant difference in age, sex and BMI between the control group and
the knee OA group. The mean age was 58.50 years in the control group
and 65.58 years in the knee OA group. The mean BMI in the control
group was significantly lower than that in the knee OA group. The ratio of
females to males in the control group was 51%, while it rose to 68% in
the knee OA group. A similar result occurred when comparing the oste-
oporosis ratio (18% in the control group and 27% in the knee OA group).



Table 1
Characteristics of subjects by the presence of knee OA.

group Control Knee OA P*

(n ¼ 2463) (n ¼ 1710)

Age (years) 58.50 � 3.21 65.58 � 3.82 <0.001
Female sex (n) 1263（0.51） 1158（0.68） <0.001
BMI (kg/m2) 23.48 � 1.25 24.59 � 1.28 <0.001
Status of osteoporosis
Osteopenia (n) 1000 (0.41) 622 (0.36) <0.001
Osteoporosis (n) 445 (0.18) 458 (0.27) <0.001

Mean SOS
Unadjusted 4031.65 � 195.35 3980.89 � 200.69 <0.001
Model 1 4019.97 � 4.71 4003.17 � 6.04 0.055
Model 2 4019.37 � 4.76 4004.04 � 6.12 0.086

Values are the mean � standard error (SE) or n (%), as appropriate.
Model 1, adjusted for age and sex.
Model 2, adjusted for age, sex and BMI.
*P values by Student’s T tests for continuous variables and Chi square test for
categorical variables.
OA, osteoarthritis; BMI, body mass index; SOS, speed of sound.

Table 3
Mean SOS (M/S) according to the presence of radiographic knee OA stratified by
sex.

Group Control Knee OA P*

Male (n ¼ 1200) (n ¼ 552)
Unadjusted 4040.03 � 5.84 4018.12 � 8.62 0.035
Model 1 4034.03 � 6.44 4031.15 � 10.44 0.831
Model 2 4033.99 � 6.49 4031.24 � 10.58 0.841

Female (n ¼ 1263) (n ¼ 1158)
Unadjusted 4023.69 � 5.42 3963.15 � 5.66 <0.001
Model 1 4007.80 � 6.74 3980.47 � 7.15 0.017
Model 2 4006.68 � 6.83 3981.70 � 7.26 0.033

Values are the means � standard error (SE).
*P for trend values by general linear models.
Model 1, adjusted for age.
Model 2, adjusted for age and BMI.
SOS, speed of sound; OA, osteoarthritis; BMI, body mass index.
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According to the results of the GLM analysis, SOS scores within the
two groups were significantly different: the unadjusted SOS score in the
knee OA group was lower than that in the control group. After adjusting
for sex and age (Model 1 in Table 1), the knee OA group SOS score was
lower than that in the control group. Even when adjusted further for BMI
(Model 2 in Table 1), that relationship remained; however, there was no
longer a statistically significant difference between the two groups.

To better understand this association, as shown in Table 2, partici-
pants in this study were divided into five subgroups based on the degree
of knee OA according to KL grades. The unadjusted and adjusted mean
SOS scores were significantly different between each subgroup. In KL
grades 0, 1, and 2, SOS scores tended to increase gradually, while in KL
grades 3 and 4, they tended to decrease sharply compared to lower KL
grades. The sex-age-adjusted SOS scores showed similar inverted U-
shaped associations (Model 1 in Table 2). Although after further
adjusting (Model 2 in Table 2), this association did not change. According
to the post hoc analyses, the differences between each subgroup were
significant in each model; the adjusted SOS scores were particularly
significantly different between KL grades 2, 3 and 4.

The association between SOS and knee OA are presented in Tables 3
and 4 stratified by gender. The unadjusted SOS scores showed significant
differences between the groups whether male or female. However, the
male age-adjusted SOS score became nonsignificant between the control
group and the knee OA group. Meanwhile, the female SOS scores were
significantly difference between the two groups, even after further
adjusting for age and BMI. The same trend was observed within the two
genders in that SOS scores showed an inverted U-shaped association
(Fig. 1) with the degree of severity of knee OA. After adjusting for age and
BMI, this similar trend continued. Finally, the ROC was calculated to
evaluate the cutoff for distinguishing OA progression: the AUC achieved
a value of 0.891 (89.8% sensitivity and 71.1% specificity) (Fig. 2).
Table 2
Mean SOS (m/s) score according to the severity of radiographic knee OA.

KL grades 0 1 2

(n ¼ 1357) (n ¼ 1106) (n ¼ 611)

Unadjusted 4025.79 � 5.28 4038.83 � 5.85y 4050.18 �
Model 1 4022.91 � 8.16* 4038.77 � 5.87 4051.05 �
Model 2 4023.31 � 8.36* 4038.88 � 5.89 4050.94 �

Values are the means � standard error (SE).
zP for trend values by general linear models.
*P < 0.05, yP < 0.01 by post hoc analyses, KL grade 2 subgroup as reference.
Model 1, adjusted for age and sex.
Model 2, adjusted for age, sex and BMI.
SOS, speed of sound; OA, osteoarthritis; KL, Kellgren-Lawrence; BMI, body mass inde
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Discussion

This study focused on SOS to explore the association between knee
OA and BMD in an aging Chinese community population. The association
based on this novel parameter was confirmed by the results of the
established DXA measurement of BMD [23]. SOS shows a negative as-
sociation with the presence of knee OA, and a positive association with
the severity of knee OA of KL grades 0, 1 and 2.

Our data showed that the control group was 51% female, whereas the
knee OA group was 68% female, indicating that females are susceptible
to knee OA [24]. Furthermore, our results also showed that age and BMI
were higher in the knee OA group than those in the control group.
Consistent with previous conclusions, obesity has been considered a
moderate risk factor and age has been deemed one of the most
high-impact risk factors for knee OA [24]. Likewise, it is highly accepted
that female sex is one of the evident risk factors for knee OA [25,26].
Interestingly, in males in our study, the significant difference in SOS
between the control group and the knee OA group became insignificant
after adjusting for age and BMI. The findings from our results stratified by
gender indicated the morbidity of knee OA was mainly influenced by age
and BMI in the male cohort.

Evidence of causality has been observed for high BMD on knee OA
[10,11]. However, a prospective study has demonstrated that severe
knee OA may be associated with lower BMD [27]. These inconsistent
results regarding BMD may be caused by leaving the grades of knee OA
out of the account. Inverted U-shaped trends were found in the present
study. Within the range of KL 2, SOS presented a positive correlation with
the severity of knee OA. However, this became a negative correlation in
advanced KL grades 2, 3 and 4. Furthermore, this inverted U-shaped
trend remains after adjusting for different variants, not only in women
but also in men. A similar relationship was mentioned between BMD and
KL grades in a cross-sectional study [23]. A rational explanation for the
inverted U-shaped relationship might be caused by different pathological
3 4 P for trend‡

(n ¼ 697) (n ¼ 402)

7.87 3954.86 � 7.37y 3920.71 � 9.70y <0.001
7.98 3962.14 � 9.12y 3932.87 � 15.17y <0.001
7.99 3961.70 � 9.33y 3932.12 � 15.54y <0.001

x.



Table 4
Mean SOS (m/s) according to the severity of radiographic knee OA stratified by sex.

KL grades 0 1 2 3 4 P for trend‡

Male (n¼661) (n¼539) (n¼300) (n¼182) (n¼70)
Unadjusted 4034.42 � 7.81 4046.90 � 8.64 4060.44 � 11.59 3977.30 � 14.88y 3942.87 � 23.99y <0.001
Model 1 4028.30 � 10.95 4047.76 � 8.71 4063.83 � 12.34 3985.33 � 17.97y 3958.58 � 31.05y <0.001
Model 2 4029.09 � 11.22 4047.76 � 8.71 4063.33 � 12.44 3984.14 � 18.33y 3956.43 � 31.75y <0.001

Female (n¼696) (n¼567) (n¼311) (n¼515) (n¼332)
Unadjusted 4017.60 � 7.18 4031.16 � 7.96 4040.28 � 10.74 3946.94 � 8.35y 3916.04 � 10.40y <0.001
Model 1 4018.15-�11.75 4031.28 � 8.20 4040.24 � 10.76 3946.61 � 10.02y 3915.22 � 17.28y <0.001
Model 2 4018.16 � 12.03 4031.29 � 8.28 4040.24 � 10.76 3946.60 � 10.25y 3915.21 � 17.68y <0.001

Values are the means � standard error (SE).
zP for trend values by general linear models.
*P < 0.05, yP < 0.01 by post hoc analyses, KL grade 2 subgroup as reference.
Model 1, adjusted for age.
Model 2, adjusted for age and BMI.
SOS, speed of sound; OA, osteoarthritis; KL, Kellgren-Lawrence; BMI, body mass index.

Fig. 1. Adjusted SOS by the severity of knee OA. Values are adjusted for age,
BMI. *P < 0.05, yP < 0.01 by post hoc analyses with KL grade 2 subgroup as
reference. SOS, speed of sound; OA, osteoarthritis; BMI, body mass index; KL,
Kellgren-Lawrence

Fig. 2. Receiver operating characteristics curves (ROC) for distinguishing knee
osteoarthritis (OA) progression.
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changes in the different stages of knee OA. Findings from cross-sectional
studies of a middle-aged population without clinical symptoms demon-
strated a positive relationship between systemic BMD and tibial cartilage
volume, as well as prevalence of tibiofemoral cartilage defects [28].
During the early stages of OA, the defining characteristics are cartilage
loss and cartilage composition changes [29]. These pathological changes
result in susceptibility of articular cartilage to erosion by mechanical
forces [30]. Repetitive stress on the articular surface, increasing with
increasing BMD, alters the property of the subchondral bone. This is
consistent with previous reports that subchondral bone has shown a
strong relationship with cartilage lesions [31,32]. This process is
accompanied by increased bone turnover in the subchondral bone, which
has recently been associated with development of OA [33]. Meanwhile,
increased bone turnover was observed in OA patients with bone marrow
lesions in that high expression of bone biochemical markers and cyto-
kines were detected in their samples [31,34]. For example, the
bone-alkaline phosphatase (BAP) level reflects the underlying function of
the active“bone formation”system in the subchondral bone in early
stages of OA [35].

OA animal models have greatly mimicked many characteristics of
human OA development, including progressive articular cartilage
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degradation, subchondral bone resorption and sclerosis, and osteophyte
formation [36]. Histomorphometry analysis showed significant sub-
chondral bone loss in late post-surgery stages after anterior cruciate
ligament transection (ACLT) [37]. Moreover, a clinical study also found
that, in severe stages of knee OA, longitudinal BMD loss is particularly
strongly associated with progressive cartilage loss [27,38–40]. There-
fore, outcomes in the KL 3 and 4 groups in the present study can be well
explained. Meanwhile, there may be other factors making great contri-
butions to decreased BMD in advanced stages of knee OA. Subchondral
cysts could be a pathological characteristic of late OA, which also mirrors
the resorption phase in the process of this disease [41]. In addition,
studies on another feature of serious OA, osteophytes and joint space
narrowing (JSN), showed that the former was positively associated with
BMD, but the latter had a negative association with BMD [14]. In
conclusion, in the early stages, a series of pathological changes triggers
progression of arthritis, mainly including matrix degradation and pro-
gressive cartilage defects, microfracture and secondary remodeling in the
subchondral bone [42–45]. As a result, BMD increases with the pro-
gression of OA. The pathological process eventually results in an imbal-
ance between repair and destruction of the joint. Subsequently, an
accelerated generalized BMD loss is accompanied with progressive knee
OA over time.
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The results of the present study estimated by SOS have provided some
insights into the association between OA and BMD. In addition, the BMD
trends provided by SOS obtained from distal radius using QUS in this
study have been well documented in studies using DXA [23]. There are
some possible explanations for the feasibility for using SOS to estimate
the relationship between OA and BMD in the present study. On one hand,
QUS assessment can identify the properties of bone tissue as reliably as
BMD measurements [46]. On the other hand, knee OA has been
considered a syndrome, rather than a single disease; it is a heterogeneous
disease involving a wide range of underlying pathways [47]. Conse-
quently, local changes could influence generalized BMD through some
cytokine and signaling pathways. In previous studies, it has also been
recognized that generalized BMD could be influenced by pathological
cartilage degradation [48–50].

This study includes a general community population with a modest
sample size and a limited age range. As far as we know, it is novel to
estimate OA and BMD by SOS in the general public. Although DXA of the
lumbar spine and femoral neck are widely used in BMD evaluation, the
use of QUS is practical and advisable in developing countries. Therefore,
rather than exploring the relationships between knee OA and the BMD of
a specific anatomical location, the analysis of a relationship between
radiographic OA and SOS is more functional and revealing. There is
another reason that this study is appropriate for community-based gen-
eral screening use. In the limited space of community health services
centers, it is a challenge to gather multi-position BMD, including the hip,
femoral neck and spine. Thus, portable equipment is suitable and the
forearm is used to measure BMD. Additionally, the AUC value has
demonstrated the SOS monitoring would be useful for distinguishing
knee OA progression.

Unfortunately, some discrepancies could be caused by parameters
obtained from the non-load-bearing joint used in the current study. Our
findings are also limited because the study is cross-sectional and lacks
long-term follow-up data. Although the importance of the influence of
sex, age and BMI on knee OA has been highlighted, other variables, such
as joint motion, joint pain scores, smoking or drinking status, and dietary
habits are not integrated into our volunteer information. Overall,
although these deficiencies may partly mask the relationship between
knee OA and systemic BMD, general trends should not be altered. Our
study offers an important option for knee OA patients to monitor their
BMD. This study also lends support to the use of QUS to gain information
on BMD beneficial to estimate early knee OA progression. Multi-center
and longitudinal studies are urgently required for further exploration
of this diagnostic option.

Conclusion

The current study provides strong evidence that female gender, high
BMI and advanced age are independent risk factors for knee OA.
Dependent on different radiologic stages, SOS shows an approximate
inverted U-shaped association with knee OA, with SOS increasing in
early stages and dropping in late stages. Our data also suggest that closely
monitoring SOS in knee OA patients could alert health care personnel to
disease progression and help in obtaining early referral to orthopedist
consultation for further examination and treatment.
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