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Abstract
Background: Although previous cross-sectional studies have clari�ed that lower bone mineral density
(BMD) is associated with more severe bone marrow lesions (BMLs), its longitudinal relationship remains
unclear. The aim of this study was to elucidate the longitudinal relationship between BMD at baseline
(BL) and BML change during a two-year follow-up period (2YFU).

Methods: A total of 78 female participants (Mean age: 54.9 ± 9.6 and BMI: 21.6 ± 3.0 kg/m2) were
eligible. All the participants underwent 1.5T magnetic resonance imaging, and fat-suppressed T2-
weighted images were acquired. Based on coronal and sagittal images, the maximum BML area (BMLa)
was calculated by tracing the BML border. The mean value of coronal and sagittal BMLa was also
calculated. The change in mean BMLa was de�ned using the following formula: [BMLa of 2YFU] –
[BMLa of BL] = ΔBMLa. If ΔBMLa was positive, it was de�ned as enlarged; if ΔBMLa was negative, it was
de�ned as regressed. Dual-energy X-ray absorptiometry was performed to measure the non-dominant
side BMD at one-third of the distal radius. Young adult mean [YAM (%)] of the BMD was used for
statistical analysis. Linear regression analysis was conducted with ΔBMLa as the dependent variable and
YAM as the independent variable, adjusted for age, BMI, pain scale, and BMLa at BL. A receiver operating
characteristic curve was drawn for the YAM to predict the prevalence of BML enlargement or regression.
Logistic regression analysis was conducted with BML enlargement prevalence or regression as the
dependent variable, and with the cut-off of YAM as the independent variable. Statistical signi�cance was
de�ned as P≤0.05.

Results: During the 2YFU, 12 (15.4%) patients had enlarged BMLa, 26 (33.3%) participants showed
regressing BMLa, and 40 (51.3%) patients remained stable. The YAM was signi�cantly associated with
ΔBMLa, according to the linear regression model (B: − 1.459, b: − 0.375, P=0.046). The best predictor of
the BML enlargement risk was 85% YAM; this cut-off was signi�cant in predicting the prevalence of BML
enlargement (B: 2.126, odds ratio: 8.383, P=0.025), according to the adjusted logistic regression model.

Conclusion: Lower BMD could predict BML enlargement during a two-year follow-up period.

Background
The bone-cartilage junction is an important structure for maintaining the homeostasis of the knee joint
because it not only supports cartilage tissue as the basis but also metabolic exchange between the
cartilage and bone tissue.[1–3] Previous basic studies have reported that the dysfunction of bone-
cartilage junction, especially subchondral bone tissue, is associated with the initiation of cartilage
degeneration to develop knee osteoarthritis (KOA).[1–3] In fact, using magnetic resonance imaging (MRI)
�ndings, several clinical and epidemiological studies have elaborated the relationship between knee
symptoms, cartilage degeneration, and subchondral bone damage based on the �nding of bone marrow
lesions (BMLs) in a population of KOA.[4] Bone marrow lesion is described as an alteration of
periarticular bone marrow signal intensity with high signal intensity on �uid-sensitive sequences
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[T2/proton density with fat suppression and short tau inversion recovery (STIR)], which include bone
marrow necrosis, bone marrow �brosis, and microcracks or microbleeding within the subchondral region.
[4,5] Cross-sectionally, a larger size of BML was associated with greater knee pain[6–8]; moreover, the
change in BML was longitudinally associated with the development or reduction of knee pain.[8,9]
Several previous cohort studies have clari�ed that the existence of BML demonstrated a higher odds ratio
of decreasing articular cartilage volume and developing or progressing KOA.[8,10–16] Therefore,
controlling the subchondral bone damage in the early phase of KOA has the potential to prevent further
deterioration of osteoarthritic changes and OA-related knee symptoms. 

In more recent basic studies, the microstructural alterations of subchondral bone are distinct, comparing
the early and late stages of KOA. [1,3] In early OA, thinner and more porous subchondral bone plates are
observed during initial cartilage degeneration.[3] Accordingly, systemic bone fragility derived from
osteoporosis is thought to aggravate or mitigate subchondral bone damage of the knee joint.
Unfortunately, little is available on the longitudinal data that focuses on the alteration of subchondral
bone damage in accordance with systemic bone fragility, while a cross-sectional study has already
demonstrated that lower systemic bone mineral density (BMD) is associated with more severe BML
grade.[17,18] The cause-effect relationship between systemic fragility and alteration of subchondral bone
damage remains unclear. Therefore, the current study aimed to evaluate the longitudinal relationship
between the systemic BMD at baseline and the change in subchondral bone damage during two-year
follow-up period in a cohort of Japanese women. 

Methods
A total of 1073 volunteers (441 men and 632 women) out of approximately 11,000 eligible people who
lived in the Iwaki area of Hirosaki city, participated in the Iwaki Health Promotion Project in 2017 [baseline
(BL)]. Bilateral knee plain radiographs were evaluated according to the Kellgren-Lawrence grade (KLG).
[19] A KLG of ≥2 was de�ned as de�nitive radiographic KOA. For inclusion criteria, all participants had a
KLG of 0 or 1 in the right knee. Additionally, participants with a history of rheumatoid arthritis, knee
surgery, and knee trauma were excluded from this study (Figure 1). The ethics committee of Hirosaki
University Graduate School of Medicine approved this study, and all participants provided written
informed consent before inclusion.

Evaluation of knee symptoms 

To evaluate knee symptoms, all participants answered the knee injury and osteoarthritis outcome scores
(KOOS), the most frequently used tool that represents patient-based outcome scores.[20,21] The KOOS
consists of 42 knee-related items, and each item is scored from 0 to 4. Summed scores in each of the
four subscales [symptom, pain, activities of daily living (ADL), and QOL] were converted to 100 points, as
the best knee condition.

Additionally, based on the classi�cation criteria of “early knee osteoarthritis,”[22] the participants in this
study were de�ne as symptomatic or asymptomatic group. The symptomatic group satis�ed the
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following criteria: One is that patient-based questionnaires (KOOS)—2 of the following were required to
score “positive” (i.e., ≤85%): pain (nine items), symptoms (seven items), ADL (short version, seven items),
and knee-related quality of life (QOL) (four items). The second consists of clinical examination—at least
one of the following needs to be present: joint line tenderness or knee crepitus. The third is radiographs:
KLG glade 0 or 1 at the standing, �xed �exion, and weight-bearing positions.

Evaluation of bone mineral density at the distal radius

Dual-energy X-ray absorptiometry was performed to measure forearm BMD using a DCS-600EXV (Hitachi
Aloka Medical, Tokyo, Japan). The BMD region of interest was measured on the non-dominant side at
one-third of the distal radius. If there was a history of previous fracture, the dominant side was measured
as a substitute for BMD. Since this study was conducted as a part of a community-based general health
check project in a limited space of a public hall, it was di�cult to measure the spinal and hip BMD, which
requires a large facility to shield radioactive materials. Therefore, the forearm was eligible for the
measurement of systemic BMD.[17] Finally, the acquired forearm BMD was converted to the young adult
mean value [YAM (%)] to conduct the current statistical analysis.

Evaluation of BML on MRI

At the baseline and 2-year follow-up, MRI of the right knee joint was acquired. All the participants were
scanned with a rapid extremity coil and a mobile 1.5T magnetic resonance unit (ECHELON RX, Hitachi,
Tokyo, Japan). During the MRI scanning, the patients were positioned supine with their knees in full
extension. The sagittal and coronal planes of T2-weighted fat-suppressed fast-spin echo were performed
to evaluate the BML (repetition time 5,000 ms; echo time 80 ms; �eld of view 16 cm; 288 × 288 matrix;
and slice thickness of 3 mm with a gap of 1.0 mm between the slices). The acquired MRI data were
compiled as Digital Imaging and Communications in Medicine (DICOM) �les and transferred to an
independent computer workstation using the software program OsiriX (Newton Graphic, Inc., Hokkaido,
Japan). 

On the workstation of Osirix, a single orthopedic surgeon (DC, 14-year career) traced the maximum area
of BML to calculate the quantitative value (mm2) on sagittal and coronal images; these maximum BML-
area values were averaged and de�ned as “BML area” (Figure 2). All the MRI measurements were blinded
to the information of the participants. Thereafter, the BML area at the 2-year follow-up was subtracted
from the BML area at the BL to determine the amount of change in the BML area as ΔBML [ΔBML = (BML
area 2-year follow-up) – (BML area BL)]. If the participants demonstrated a positive ΔBML value, they
were de�ned as an enlargement of the BML area, and if the participants demonstrated a negative ΔBML
value, they were de�ned as regressing the BML area. 

Statistical analysis

Statistical analysis was performed using the SPSS ver. 24.0 (SPSS Inc., Chicago, IL, USA) in the current
study. First, the distribution of all continuous values was examined using the Shapiro–Wilk test.
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According to the distribution results, the mean values of the continuous values were compared using a
non-paired t-test or Mann-Whitney U test. Additionally, the differences in mean BML area between
baseline and two-year follow-up were compared using the paired t-test or Wilcoxon signed rank test. To
evaluate the association between BMD at the BL and ΔBML, the Pearson’s correlation coe�cient was
calculated. Additionally, to compare the crude and adjusted relationship between the BMD at baseline
and ΔBML, a linear regression analysis was conducted with the ΔBML as the dependent variable and
with the YAM at baseline as the independent variable, adjusted by the baseline values of age, BMI, KOOS
Pain scale, and BML area. Receiver operating characteristic (ROC) curves were drawn to validate the
predictive ability of the YAM to diagnose enlargement or regression of the BML area. Based on the results
of the ROC curves, we determined the cut-off value of the YAM. Finally, a logistic regression analysis was
conducted with the prevalence of BML enlargement or regression as the dependent variable and with the
cut-off value of the YAM as the independent variable, adjusted by the baseline values of age, BMI, KOOS
Pain scale, and BML area. Statistical signi�cance was de�ned as P-value of ≤0.05.

Results
The demographic data of the current study are presented in Table 1. During the two-year follow-up period,
12 (15.4%) participants enlarged their BML area; 26 (33.3%) showed regressing of BML area; and 40
(51.3%) remained stable. At baseline, 63 (80.8%) participants were assigned to the asymptomatic group
and 15 (19.2%) participants were assigned to the symptomatic group. The mean BML area at BL was
15.9 ± 31.8 mm2. After the two-year follow-up period, the mean BML area signi�cantly increased to 32.6 ±
62.2 mm2 (P=0.021, Wilcoxon signed rank test) and mean ΔBML area was 16.7 ± 62.8 mm2.

Table 1: Demographic data in the current study
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Overall (N=78) Asymptomatic
group (N=63)

Symptomatic
group (N=15)

P-value

Baseline Age 54.9 ± 9.6 54.9 ± 10.0 55.1 ± 8.2 1.000

BMI 21.6 ± 3.0 21.5 ± 3.2 22.0 ± 2.1 0.203

BMD
(g/cm2)

0.63 ± 0.12 0.62 ± 0.12 0.67 ± 0.11 0.156

YAM (%) 91.1 ± 16.2 90.0 ± 16.8 95.3 ± 12.9 0.256

KOOS
Symptom

91.0 ± 13.1 95.4 ± 5.3 72.6 ± 19.3 <0.001*

KOOS Pain 92.9 ± 12.4 97.8 ± 4.1 72.0 ± 14.0 <0.001*

KOOS QOL 84.5 ± 21.2 92.6 ± 11.4 50.8 ± 19.7 <0.001*

KOOS ADL 97.0 ± 7.1 99.6 ± 1.2 86.1 ± 10.5 <0.001*

BML area
(mm2)

15.9 ± 31.8 13.9 ± 28.0 23.8 ± 44.9 0.525

2-year
follow-up

BML area
(mm2)

32.6 ± 62.2† 30.4 ± 62.6† 41.6 ± 61.7 0.252

ΔBML area
(mm2)

16.7 ± 62.8 16.5 ± 61.6 17.7 ± 70.2 0.854

*P≤0.05, Mann-Whitney U test between asymptomatic and symptomatic group; †P≤0.05, Wilcoxon
signed rank test between baseline and 2-year follow-up. 

BMD, bone mineral density; BML, bone marrow lesion; KOOS, knee injury and osteoarthritis outcome
score; YAM, young adult mean; ADL, activities of daily living; QOL, quality of life

Overall, the YAM of forearm BMD at BL was negatively associated with the ΔBML area. (r = –0.275,
P=0.015, Pearson’s correlation coe�cient); this association was more evident in the symptomatic group (r
= –0.539, P=0.038, Pearson’s correlation coe�cient, Figure 3). According to the linear regression analysis,
the YAM was signi�cantly associated with the ΔBML area in the crude and adjusted models (Table 2).

Table 2: Linear regression analysis to evaluate the relationship between the young adult mean of bone
mineral density and change of BML area
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Dependent
variable

Independent
variable

B b P 95% CI

ΔBML area YAM of BMD Crude –
1.071

–
0.275

0.015 –
1.925

- –
0.216

Adjusted –
1.459

–
0.375

0.046 –
2.891

- –
0.026

Statistical analysis: Linear regression analysis; B, regression coe�cient; b, standard regression
coe�cient; P, P-value; CI: con�dence interval; BMD, bone mineral density; BML, bone marrow lesion; YAM,
young adult mean.

The ROC curves demonstrated that the YAM of BMD signi�cantly predicted the enlargement of the BML
area (AUC: 0.776, 95% CI: 0.664–0.887, P<0.001); on the contrary, the YAM was insigni�cant in predicting
the regressing of BML area. [Area under curve (AUC): 0.578, P=0.391, see Additional �le 1) Based on the
ROC curve, we could determine the optimal cut-off of YAM as 85%, and this cut-off value was
signi�cantly associated with the prevalence of BML enlargement (Adjusted B: 2.126; Odds ratio: 8.383;
P=0.025; 95% CI: 1.300-54.058, Table 3).

Table 3: Logistic regression analysis to evaluate the relationship between the YAM of bone mineral
density at the baseline and the change of BML area

Dependent variable Independent
variable

B OR P 95% CI

Prevalence of BML
enlargement

YAM of 85% Crude 2.246 9.450 <0.001 3.205 - 27.863

Adjusted 2.126 8.383 0.025 1.300 - 54.058

Statistical analysis: logistic regression analysis; B, regression coe�cient; BML, bone marrow lesion; OR,
odds ratio; P, P-value; YAM, Young adult mean; CI, 95% con�dence interval

Discussion
In a Japanese female cohort without radiographic KOA, we evaluated the longitudinal relationship
between the BMD of the distal radius at baseline and change in BML area during a 2-year follow-up. As
for the most important �nding of this study, converting the BMD to %YAM value, linear regression
analysis clari�ed that the YAM at baseline was negatively associated with the change in BML area. Based
on the ROC curves, the lower YAM was signi�cant in predicting the risk of enlarging the BML area, while
this value was not signi�cant in predicting the risk of regressing the BML area. Finally, logistic regression
analysis in the current study clari�ed that a cut-off YAM value of ≤85% could signi�cantly predict the risk
of enlarging the BML area.
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Previous epidemiological studies have already discussed the relationship between systemic BMD and
incidence or progression of radiographic KOA. In particular, several previous studies clari�ed how
systemic BMDs of the lumbar spine and proximal femur were associated with the incidence of
radiographic KOA.[23–29] For participants without de�nitive radiographic KOA, such as KLG 0 or 1, the
majority of previous cohort studies have clari�ed that higher systemic BMD had increased the risk of
incidence of radiographic KOA, compared to lower systemic BMD.[23–29] In other words, those with lower
systemic BMD were less likely to develop radiographic KOA than those with higher systemic BMD.
Therefore, the current results con�ict with those of previous cohort studies. As for the disadvantages of
previous epidemiological studies, three points should be considered. First, both male and female
populations were included in the analyses. Middle-aged and elderly female patients who are likely to
develop KOA are in a period of pre-, peri-, and post-menopause. Accordingly, there is a de�ciency of
female hormones due to follicular dysfunction; in particular, reducing the secretion of estrogen,
which directly suppresses the activity of osteoclasts, overcomes the bone formation derived from
osteoblasts.[30,31] Additionally, perimenopausal females are at risk of oxidative stress to induce
osteoclast-dominant bone remodeling.[32,33] In short, the epidemiological study of KOA, which considers
the relationship between bone metabolism and subchondral bone damage, should divide males and
females based on sex-hormone differences to regulate bone metabolism. Second, previous studies
reported by Kamil et al.[25] and Bergink et al.[26,27] provided us with demographic data, according to the
BMD quartile. Notably, those with a higher quartile of systemic BMD demonstrated a higher
BMI compared to those with a lower quartile of systemic BMD. This �nding has a potential confounding
of higher systemic BMD in which knee articular cartilage is in danger of mechanical stress due to its
higher BMI. Additionally, previous evidence has shown that those with higher BMD were associated with
higher physical activity; therefore, weight-bearing site BMD, such as the spine and proximal femur are
likely to be higher.[34–38] Those with higher physical activity have the potential to stress the articular
cartilage of the knee joint to develop KOA. As for the unique point of this study, we evaluated the BMD of
the non-weight-bearing site and forearm. Previous female-cohort studies reported that physical activity
had little effect on the change in distal-radius BMD in cross-sectional[39,40] and longitudinal designs.[41]
Therefore, the BMD of the non-weight-bearing site may demonstrate a novel speci�city of bone
metabolism, compared to that of the weight-bearing sites, such as the spine and proximal femoral BMD.
Future research would have the potential to clarify the detailed mechanism of non-weight-bearing BMD
on articular cartilage degeneration of the knee joint. Third, only plain radiographs of the knee joint were
evaluated in previous cohort studies that elucidated the relationship between systemic BMD and the
incidence of KOA. Basically, the osteoarthritic changes on plain radiographs of the knee joint are relatively
slow. In the general population with KOA, Mazzuka et al. reported that the medial femorotibial joint space
narrows to less than 0.10 mm/year[42], and a more recent systematic review concluded that the annual
rate of medial femorotibial joint space narrowing was 0.13 ± 0.15 mm/year.[43] Additionally, it is di�cult
to detect a more detailed mechanism of periarticular bone damage, such as BML; MRI has an advantage
of evaluating real-time bony pathology in comparison to plain radiography. Notably, the current data
could longitudinally evaluate the alteration of BML in the female cohort with pre-radiographic KOA.
Moreover, we could clarify the longitudinal relationship between the alteration of periarticular bone
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damage during the 2-year follow-up and the baseline BMD of the forearm. In line with more recent basic
studies[1,3] to elucidate the pathological mechanism of subchondral bone porosity in the early stage of
KOA, the current epidemiological study warns of the risk of enlarging BML in the non-radiographic-KOA
female population with lower systemic BMD, indicating systemic bone fragility. Therefore, maintaining
higher systemic BMD in females in the early stage of KOA has the potential to prevent the enlargement of
further BML in the knee joint, which is a potential risk factor for cartilage degeneration and KOA.[8,10–16]

Subchondral bone damage, such as BML is one of the pathological factors that emerged, not only in
cartilage degeneration[10,11,14] but also in patients with both early and late stages of KOA[6–9].
Previous epidemiological studies have reported that knee symptoms in patients with KOA worsened in
accordance with the severity of BML.[6,9] Interestingly, previous research in the recent decade has argued
that knee symptoms derived from OA were signi�cantly improved by administering bisphosphonate,
which suppresses bone absorption and restores the systemic BMD in patients with osteoporosis.[44,45]
In particular, it is notable that administering bisphosphonate reduced BML area concomitant with the
improvement of knee pain[46–51]; moreover, in a more recent epidemiological study, Hayes et al. reported
that bisphosphonate demonstrated the possibility of a disease-modifying drug in terms of preventing
radiographic OA progression in a population with KLG <2. For middle-aged women, menopause linked to
the hormonal reduction of estrogen causes a systemic bone turnover hyper; accordingly, they are likely to
have a risk of fragility or porosity in the subchondral bone of the knee joint. Therefore, the current data
would support that bisphosphonate can improve the knee symptoms derived from subchondral bone
damage by alternating the systemic and periarticular bone microenvironment. Especially in middle-aged
or elderly women without de�nitive radiographic KOA, preventing lower systemic BMD has the potential to
reduce the risk of periarticular bone damage in the knee joint, which contributes to further development of
KOA.

Another interesting �nding of this study is that the optimal cut-off value to determine the risk of
enlarging the BML area was 85% YAM of BMD, which is substantially higher than the 70% of YAM to
determine the risk of fracture relative to osteoporosis.[52,53] In other words, the threshold of systemic
bone strength to induce periarticular bone damage would be higher than that required to induce
osteoporotic fracture. Accordingly, future studies should focus on the relationship between systemic bone
strength and periarticular bone damage of the knee joint to distinguish the outcome to induce
periarticular bone damage from that to induce osteoporotic fracture. The pathologies of bone
metabolism between the periarticular damage of the knee joint and osteoporotic fracture are likely to be
different.

The current study had several limitations. First, the participants in this study consisted of only women
with non-radiographic KOA. Therefore, the relationship between BMD and the amount of change in the
BML area is still unclear in the male population, and de�nitive radiographic KOA. Second, the sample size
of the symptomatic group was relatively small, and it was di�cult to conduct further multi-variable
analysis for this group. Third, BMD was measured at the forearm, which is a non-weight-bearing site.
Although the spinal and proximal femoral BMDs are the gold standard for evaluating systemic bone
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fragility, it was di�cult to measure the spinal and proximal femoral BMD, which requires a large facility to
shield radioactive materials, since this study was conducted as a part of a community-based general
health check project in a limited space of a public hall. Therefore, the forearm was eligible for the
substitutional measurement of systemic BMD in this study.[17] However, the BMD of the non-weight-
bearing site would show the different pathological meaning of the weight-bearing site, such as the spinal
or proximal femur in terms of the alteration of periarticular bone damage. Despite these limitations, the
current data can be variable for patients with early-stage KOA who have the potential to progress to
de�nitive KOA. For these patients, lower systemic BMD is the risk of enlarging the area of BML, and
maintaining a higher systemic BMD would prevent further deterioration of periarticular bone damage,
which is linked to further osteoarthritic change and knee symptoms. Future studies will clarify the more
detailed mechanisms of systemic BMD to control periarticular bone damage in the knee joint.

Conclusion
Based on a Japanese female cohort with non-radiographic KOA, this study evaluated the longitudinal
relationship between the BMD of the distal radius at baseline and the change in BML area during the 2-
year follow-up. Converting the BMD value to the YAM, linear regression analysis clari�ed that the YAM at
baseline was negatively associated with the change in BML area. Additionally, the YAM was signi�cant in
predicting the risk of enlarging the BML area, and logistic regression analysis clari�ed that the cut-off
value of YAM (≤85%) could predict the risk of enlarging the BML area. For patients with early-stage KOA,
lower systemic BMD is the risk of enlarging the area of BML, and maintaining a higher systemic BMD
would prevent further periarticular bone damage, which is linked to further osteoarthritic change and knee
symptoms.
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Figures

Figure 1

Flow chart showing recruitment of the study participants

KLG: Kellgren-Lawrence grade.
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Figure 2

Measuring the area of bone marrow edema on magnetic resonance images

A) T2-weighted fat-suppression coronal image; B) T2-weighted fat-suppression sagittal image; C) and D)
Traced area of bone marrow lesion on coronal and sagittal images.
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Figure 3

Scattergram to compare the relationship between the young adult mean of bone mineral density at the
baseline and ΔBML area

BML, bone marrow lesion; R2, coe�cient of determination; YAM, young adult mean
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