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Qrsemr

Background: The sphingosine 1-phosphate (S1P) concentration is a potential biomarker
of osteoporotic fracture and is associated with both the fracture risk assessment tool
(FRAX) probability and trabecular bone score (TBS), which are well-known predictors of
fracture. We sought to estimate the effect of the STP concentration on fracture risk using
the FRAX probability and TBS as mediators. Methods: Plasma S1P concentrations, FRAX
variables, and TBSs were measured in 66 postmenopausal women with fractures and
273 postmenopausal women without fractures. Associations between S1P concentra-
tion, FRAX probability, TBS, and fracture risk were analyzed using correlation, logistic re-
gression, and mediation analyses. Results: Subjects in the highest S1P concentration
tertile had a higher fracture risk (odds ratio [OR], 5.09; 95% confidence interval [Cl], 2.22—
11.67) than those in the lowest STP concentration tertile before adjustment. Subjects in
the highest FRAX probability tertile had a higher fracture risk (OR, 14.59; 95% Cl, 5.01-
42.53) than those in the lowest FRAX probability tertile before adjustment. Subjects in
the lowest TBS tertile had a higher fracture risk (OR, 4.76; 95% Cl, 2.28-9.93) than those
in the highest TBS tertile before adjustment. After adjustment for FRAX probability and
TBS, the highest S1P concentration tertile was still associated with a higher fracture risk
(OR, 3.13; 95% Cl, 1.28-7.66). The FRAX probability and TBS accounted for 32.6% and
21.7%, respectively, of the relationship between the STP concentration and fracture risk.
Conclusions: The relationship between the circulating S1P concentration and fracture
risk was partly mediated by the FRAX probability, bone microarchitecture, and other fac-
tors.

Key Words: Fracture risk assessment tool - Osteoporotic fractures - Risk assessment - Sphin-
gosine 1-phosphate - Trabecular bone score

INTRODUCTION

Osteoporosis is a skeletal disease characterized by compromised bone strength
reflecting the combination of bone mass and bone quality including deterioration
of bone microarchitecture, which increases fracture risk.[1] The operational defini-
tion of osteoporosis is based on a T-score <-2.5 for bone mineral density (BMD)
measured using dual energy X-ray absorptiometry (DXA).[2,3] Low BMD is the
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most robust predictor of fracture risk. However, BMD alone
is inadequate to predict fracture risk. Approximately 2-thirds
of people who sustain fractures do not have osteoporosis
according to the BMD criteria.[4,5] Therefore, the fracture
risk assessment tool (FRAX; www.shef.ac.uk/FRAX) [6] and
trabecular bone score (TBS) [7-9] were suggested to im-
prove the accuracy of fracture risk prediction.

FRAX incorporates multiple clinical risk factors (CRFs)
that predict fracture risk, largely independent of BMD and
BMD at the femur neck (FN-BMD, when available).[6] FRAX
incorporating CRFs and/or FN-BMD calculates the 10-year
probability of major osteoporotic fracture (hip, clinical spine,
humerus, or forearm) and hip fracture. The area under the
receiver operating characteristic (ROC) curve (AUC) of FRAX
probabilities derived from CRFs and FN-BMD for major os-
teoporotic fractures had a median value of 0.69 in recent
validation studies.[10] The TBS is a gray-level textural index
of trabecular microarchitecture derived from DXA images
of the lumbar spine (LS), and a lower TBS reflects deterio-
rated bone microarchitecture and is associated with frac-
tures.[7-9] Recent studies reported that the TBS is associat-
ed with fractures independent of the FRAX probability.[8,
11,12] Therefore, both the FRAX probability and TBS are
well-known predictors of fracture.
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In vitro and in vivo experiments have shown that sphin-
gosine 1-phosphate (S1P), a natural bioactive lipid mole-
cule, affects bone formation through osteoblasts [13-15]
and bone resorption through osteoclasts.[16-18] In humans,
a higher plasma S1P level is associated with higher levels
of bone resorption markers and lower BMD, but not with
the level of a bone formation marker,[19] suggested that
circulating S1P levels are predominantly associated with
bone resorption rather than bone formation. Furthermore,
a higher S1P level is associated with a higher fracture risk,
independent of BMD.[20-22] Taken together, these results
suggest that the circulating S1P level is associated with
factors other than BMD that influence bone strength and
fracture risk, including the FRAX probability and TBS. Re-
cent studies showed that the circulating S1P level is associ-
ated with both the FRAX probability derived from only CRFs
(r=0.106, P=0.032) and CRFs and FN-BMD (r=0.153, P=
0.002), for major osteoporotic fracture,[23] and with the
TBS (r=-0.096, P=0.049).[24] Although FRAX probability
and TBS are associated with fracture risk, the relationship
between the S1P level, FRAX probability, TBS, and fracture
has not been investigated. To explore this, the present study
sought to estimate the effect of the S1P level on fracture
risk, with the FRAX probability and TBS acting as mediators.
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METHODS

1. Study participants and protocol

The study population consisted of consecutive ambula-
tory postmenopausal women who visited the osteoporosis
clinic of Asan Medical Center (AMC; Seoul, Korea) between
January 2010 and October 2017. All subjects had visited an
osteoporosis clinic due to concerns about possible osteo-
porosis or were referred to the clinic for osteoporosis de-
tected during a routine examination. Menopause was de-
fined as the absence of menstruation for at least 1 year and
was confirmed by measuring serum concentrations of fol-
licle-stimulating hormone. Participants were excluded if
they had taken medications that could affect bone metab-
olism within the past year or for more than 6 months (e.g.,
hormone-replacement therapy, systemic glucocorticoids,
or bisphosphonates); if they had preexisting diseases that
could affect bone metabolism (e.g., hyperthyroidism, hy-
pothyroidism, hyperparathyroidism, hypoparathyroidism,
rheumatoid arthritis, asthma, chronic obstructive pulmo-
nary disease, solid or hematologic malignancy, diabetes, or
major cardiovascular diseases); if they had osteophyte for-
mation higher than Nathan classification grade 4 and/or
severe facet joint osteoarthritis in LS radiographs; if they
had a fever (oral temperature =38.0°C) or an abnormal
number of leukocytes (<4.0 or >10.0 X 10°/L) or platelets
(<150 or >350X 10%L) on complete blood counts; or if
they had abnormal liver, kidney, or thyroid function, or an
abnormal serum concentration of calcium, phosphorus, or
alkaline phosphatase. This study included 339 postmeno-
pausal women.

Patient information was obtained using a self-adminis-
tered questionnaire, which assessed smoking status (cur-
rent smoker or not), alcohol use (=3 or <3 units/day), reg-
ular outdoor exercise (=30 or <30 min/day), history of
medication use, previous medical or surgical procedures,
and reproductive status (including menstruation). Infor-
mation was also collected about parental history of fragili-
ty hip fractures to exclude all fractures that could be con-
sidered non-osteoporotic (i.e., fractures due to cancer or
an accident, such as a motor vehicle accident, and all frac-
tures of the fingers, face, skull, and toes). This study was
approved by the AMC Ethics Review Committee. Informed
consent was obtained from all individual participants in-
cluded in the study.
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2. Calculation of FRAX probabilities derived

from CRFs and BMD

FRAX probabilities derived from CRFs and FN-BMD for
major osteoporotic fracture were calculated using Korea-
specific models (FRAX version 4.1). Included CRFs were
age, sex, weight, height, previous fracture, parental history
of hip fracture, current smoking, pre-menopause as a cause
of secondary osteoporosis, and alcohol intake (=3 U/day).
Subjects who used glucocorticoids or who had rheuma-
toid arthritis and another cause of secondary osteoporosis
except for pre-menopause were excluded; therefore, ques-
tions about these CRFs were answered as“no’.

3. Measurement of BMD and TBS

Areal BMD (g/cm?) was measured at the LS (L1-4; LS-BMD)
and FN-BMD using DXA (Lunar system running software
version 9.30.044; Prodigy, Madison, WI, USA). The precision
of the equipment, as determined by its coefficient of varia-
tion (CV) in 17 volunteers who were not enrolled in the
study, was 0.67% for LS-BMD and 1.25% for FN-BMD. Each
volunteer underwent 5 scans on the same day and got off
the table between scans. The TBS was retrospectively ana-
lyzed from LS DXA scans using iNsight software (version
3.0.2.0; Med-Imaps, Pessac, France) on the same regions of
interest as those used to determine LS-BMD. Preexisting LS
DXA files were anonymized to ensure the investigators
were blinded to all clinical parameters and outcomes. Re-
gions of interest were automatically generated by the DXA
system and adjusted by the technologist as necessary. In-
struments were calibrated using TBS phantoms in accor-
dance with the manufacturer’s instructions. The CV of the
LSTBS was 1.1%.

4. Assessment of fracture

Lateral thoracolumbar radiographs were obtained from
all participants to evaluate the morphological vertebral
fracture (VF). VF was quantitatively defined as a >20% re-
duction in any vertebral height measurement (i.e., anterior,
middle, or posterior) [25] in accordance with the recom-
mendations of the Working Group on VFs.[26] Nonverte-
bral fracture (NVF) at major osteoporosis-associated loca-
tions (i.e,, the hip, distal radius, and proximal humerus) was
assessed using a self-administered questionnaire. Low-trau-
ma fractures after menopause were only included after the
exclusion of fractures that were clearly caused by major
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trauma, e.g., motor vehicle accidents or falls from higher
than standing height.

5. Measurement of S1P

Fasting venous blood samples were centrifuged to ob-
tain plasma. All samples showing hemolysis or clotting were
discarded. All plasma samples were stored at -80°C before
being assayed to determine the S1P concentration. S1P con-
centrations in 339 postmenopausal women were measured
by a competitive enzyme-linked immunosorbent assay us-
ing kits from the Sejong Biomed Co., Ltd. (Paju, Korea) ac-
cording to the manufacturer’s instructions.[23,24] Each
plasma sample was assayed in duplicate, and the results
for each plasma sample were reported as means. The low-
er limit of detection of the kits was 0.008 umol/L, and the
intra- and inter-assay CVs were 4.9% and 4.7%, respectively.

6. Statistical analysis

Data are presented as mean * standard deviation, medi-
an and interquartile range (IQR), or number (percentage),
unless otherwise specified. The baseline characteristics of
subjects with and without fractures were compared using
the Student’s t-test for continuous variables and the ¥’ test
for categorical variables. Correlations were analyzed using
Pearson’s correlation analysis with the Pearson correlation
coefficient (r). Associations between S1P levels and fracture
risk were investigated using univariate and multivariate lo-
gistic regression analyses after adjustments for CRFs of FRAX
models (age, body mass index [BMI], previous fracture, pa-
rental history of hip fracture, current smoking, pre-meno-
pause as a cause of secondary osteoporosis, and alcohol
intake), FN-BMD, or TBS. Univariate and multivariate logis-
tic regression analyses were performed to generate odds
ratios (ORs) and the 95% confidence interval (Cl) compar-
ing the fracture risk according to tertiles based on plasma
S1P concentrations, FRAX probabilities, or TBSs. AUC of the
ROC curve analysis was performed to evaluate and com-
pare the discriminatory performance for fracture of the
S1P concentration, FRAX probability, and TBS alone and in
combination. Finally, mediation analyses were conducted
to test the hypothesis that additional factors mediated the
relationship between the STP level and fracture risk. The
role of mediators in the relationship between the S1P level
and fracture risk was evaluated by calculating the percent-
age of excess odds explained by the inclusion of the medi-
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ators in the model, which was calculated as (OR muitivariate-ac-
justed model — OR multivariate-adjusted model+mediators)/ (OR multivariate-adjusted
model — 1) X 100.[27] This percentage of excess odds describ-
ed the degree to which a mediator explained the relation-
ship between the S1P level and fracture risk. All statistical
analyses were performed with SPSS Statistics software (SPSS
Inc., Chicago, IL, USA). A P-value of less than 0.05 was con-
sidered statistically significant.

RESULTS

The characteristics of the study participants are listed in
Table 1. The FRAX probability was higher in women with
fractures than those without fractures (P<0.001). The TBS
was lower in women with fractures than those without frac-
tures (P<0.001). The plasma S1P concentration was signifi-
cantly higher in women with fractures than in those with-
out fractures (median, 3.26 umol/L; IQR, 2.98-3.55 pmol/L
vs. median, 2.70 umol/L; IQR, 2.56-2.84 umol/L; P=0.001).

The S1P concentration was positively correlated with
age (r=0.129, P=0.019) and BMI (r=0.112, P=0.042). The
S1P concentration was inversely correlated with FN-BMD
(r=-0.146, P=0.008), but not LS-BMD (r=-0.085, P=0.123).
The S1P concentration was positively correlated with the
FRAX probability calculated from CRFs (r=0.091, P=0.049)
and the FRAX probability calculated from CRFs and BMD
(r=0.140, P=0.011). The S1P concentration was inversely
correlated with the TBS (r=-0.096, P=0.049).

The subjects were divided into tertiles based on their
plasma S1P concentrations, FRAX probabilities, and TBSs.
Compared with the lowest STP concentration tertile, the
ORs for fracture in the middle and highest S1P concentra-
tion tertiles were 3.32 (95% Cl,1.49-7.39) and 5.09 (95% Cl,
2.22-11.67), respectively. Compared with the lowest S1P
concentration tertile, the ORs for VF in the middle and high-
est STP concentration tertiles were 5.00 (95% Cl, 1.66—15.04)
and 6.09 (95% Cl, 1.96-18.91), respectively. Compared with
the lowest S1P concentration tertile, the ORs for NVF in the
middle and highest S1P concentration tertiles were 2.14
(95% Cl, 0.71-6.45) and 4.76 (95% Cl, 1.51-14.99), respec-
tively.

Compared with the lowest FRAX probability tertile, the
ORs for fracture in the middle and highest FRAX probabili-
ty tertiles were 6.53 (95% Cl, 2.17-19.63) and 14.59 (95%
Cl, 5.01-42.53), respectively. Compared with the highest
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Table 1. Baseline characteristics of the study participants (N=339)

S1P-Fracture Link Mediated by FRAX and TBS ||

Variables Women without fractures (N=273) Women with fractures (N=66) P-value
Age (yr) 57.0 (53.0-61.0) 63.0 (59.0-69.0) <0.001
Height (cm) 157.0 (154.0-160.2) 154.6 (150.8-157.0) <0.001
Weight (kg) 56.1(52.7-60.7) 58.9(53.0-63.7) 0.054
BMI (kg/m?) 22.8(21.4-24.9) 24.5(22.0-27.0) <0.001
Current smoker 4(1.5) 1(1.5) >0.999
Alcohol intake =3 U/day 8(2.9) 1(1.5) 0.830
Premature menopause 14(5.1) 4(6.1) >0.999
Parental history of hip fracture 13(4.8) 6(9.1) 0.283
Corrected calcium concentration (mg/dL)? 8.8(8.5-9.0) 8.7 (8.5-9.1) 0.704
Fracture 0(0.0) 66 (100.0)

Vertebral fracture 0(0.0) 37(56.1)

Non-vertebral fracture 0(0.0) 29(4.9)
FRAX probability” 4.2 (3.6-5.2) 6.0 (4.6-8.4) <0.001
LS-BMD (g/cm?) 0.952 (0.909-1.018) 0.877 (0.767-0.929) <0.001
FN-BMD (g/cm?) 0.800 (0.741-0.849) 0.720 (0.673-0.813) <0.001
TBS 1.421 (1.380-1.459) 1.365 (1.328-1.416) <0.001
S1P level (umol/L) 2.70 (2.56-2.84) 3.26 (2.98-3.55) 0.001

The data is presented as mean (interquartile range) or N (%).

P<0.05 is statically significant. Bold values indicate statistical significance.

ICorrected calcium concentration (mg/dL)=total calcium concentration (mg/dL)+0.8[4.0 g/dL-serum albumin concentration (g/dL)].

®The 10 year probability of major osteoporotic fracture was calculated using CRFs and FN-BMD by FRAX. Included CRFs were age, sex, weight, height,
previous fracture, parental history of hip fracture, current smoking, pre-menopause as a cause of secondary osteoporosis, and alcohol intake (=3 U/day).
Subjects who used glucocorticoids or who had rheumatoid arthritis or another cause of secondary osteoporosis except for pre-menopause were excluded,
therefore, questions about these CRFs were answered as “no”.

BMI, body mass index; CRFs, clinical risk factors; FRAX, fracture risk assessment tool; LS-BMD, bone mineral density at the lumbar spine; FN-BMD, bone
mineral density at the femur neck; TBS, trabecular bone score; S1P, sphingosine 1-phosphate.

Table 2. Multivariate logistic regression analyses of fracture according to tertile categories of the S1P concentration and fracture risk assess-
ment tool probability?

Tertiles of TBS Tertiles of TBS and FRAX probability
0R (95% Cl) P-value OR (95% Cl) P-value

Adjusted variables

S1P concentration
T1(S1P <2.24 pmol/L) Ref Ref

T2 (2.24 pmol/L <S1P <3.30 pmol/L) 3.21(1.41-7.31) 0.005 3.31(1.38-7.90) 0.007

T3 (S1P =3.30 pmol/L) 4.16 (1.76-9.82) 0.001 3.13(1.28-7.66) 0.013
FRAX probability?

T1 (FRAX probability <3.98%) NA Ref

T2 (3.98% =<FRAX probability <5.18%) NA 6.07 (1.94-18.98) 0.002

T3 (FRAX probability =5.18%) NA 12.90 (4.16-39.98) <0.001

P<0.05 is statically significant. Bold values indicate statistical significance.

IThe FRAX probability was calculated using CRFs and FN-BMD by the FRAX. CRFs were sex, age, body mass index, current smoking, alcohol intake (=3
U/day), other causes of secondary osteoporosis, and parental history of hip fracture.

TBS, trabecular bone score; FRAX, fracture risk assessment tool; CRFs, clinical risk factors; FN-BMD, femur neck-bone mineral density; OR, odds ratio;
Cl, confidence interval; S1P. sphingosine 1-phosphate; Ref, reference; NA, not available.

TBS tertile, the ORs for fracture in the middle and lowest
TBS tertiles were 1.55 (95% Cl, 0.68-3.50) and 4.76 (95%
Cl, 2.28-9.93), respectively.

After additional adjustment for TBS tertiles (Table 2), sub-
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jects in the highest STP concentration tertile (OR, 4.16; 95%
Cl, 1.76-9.82) had a higher fracture risk than those in the
lowest S1P concentration tertile. After additional adjust-
ment for FRAX probability tertiles (Table 3), subjects in the
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Table 3. Multivariate logistic regression analyses of fracture according to tertile categories of the S1P concentration and TBS

Tertiles of FRAX probability?

Adjusted variables

Tertiles of TBS and FRAX probability?

OR (95% Cl) P-value OR (95% CI) P-value

S1P concentration

T1(S1P <2.24 ymol/L) Ref Ref

T2 (2.24 pmol/L <S1P <3.30 pmol/L) 3.45(1.47-8.13) 0.005 3.31(1.38-7.90) 0.007

T3 (S1P =3.30 pymol/L) 3.72 (1.56-8.84) 0.003 3.13(1.28-7.66) 0.013
TBS

T3 (TBS =1.439) NA Ref

T2(1.386 <TBS <1.439) NA 1.57 (0.65-3.79) 0.312

T1(TBS <1.386) NA 3.73(1.68-8.26) <0.001

P<0.05 is statically significant. Bold values indicate statistical significance.

“The FRAX probability was calculated using CRFs and FN-BMD by the FRAX. CRFs were sex, age, body mass index, current smoking, alcohol intake (=3
U/day), other causes of secondary osteoporosis, and parental history of hip fracture.

S1P, sphingosine 1-phosphate; TBS, trabecular bone score; FRAX, fracture risk assessment tool; OR, odds ratio; Cl, confidence interval; CRFs, clinical
risk factors; FN-BMD, femur neck-bone mineral density; Ref, reference; NA, not available.

08 08 08
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Fig. 1. (A-C) Receiver operating characteristic curves of the S1P concentration, FRAX probability, and TBS alone and in combination for predicting
osteoporotic fracture. FRAX model: the highest FRAX probability tertile (=5.18%). S1P model: the highest S1P concentration tertile (=3.30 pmol/
L). TBS model: the lowest TBS tertile (< 1.386). AUC, area under the receiver operating characteristic curve; S1P, sphingosine 1-phosphate; FRAX,

fracture risk assessment tool; Cl, confidence interval; TBS, trabecular bone score; Ref, reference.

highest S1P concentration tertile (OR, 3.72; 95% Cl, 1.56—
8.84) had a higher fracture risk than those in the lowest
S1P concentration tertile. After additional adjustment for
tertiles of the FRAX probability and TBS as mediating vari-
ables in the multivariate-adjusted model, the OR of frac-
ture in the highest S1P concentration tertile was 3.13 (95%
Cl, 1.28-7.66).

The AUC of the S1P concentration was 0.596 (95% Cl, 0.522—
0.671) with an optimal cut-off value of 1.48 umol/L (data
not shown). Upon addition of the highest S1P concentra-
tion tertile to the highest FRAX probability tertile (AUC,
0.668; 95% Cl, 0.603-0.733), the AUC was significantly im-
proved (AUC, 0.715; 95% Cl, 0.644-0.786; P=0.013). Upon
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addition of the highest S1P concentration tertile to the
lowest TBS tertile (AUC, 0.656; 95% Cl, 0.590-0.722), the
AUC was also significantly improved (AUC, 0.704; 95% Cl,
0.634-0.774; P=0.013) (Fig. 1). Furthermore, upon addi-
tion of the highest S1P concentration tertile to a combina-
tion of the highest FRAX probability tertile and the lowest
TBS tertile (AUC, 0.724; 95% Cl, 0.658-0.791), the AUC was
also significantly improved (AUC, 0.752; 95% Cl, 0.687-0.817;
P=0.040).

Table 4 presents the results of analyses of the role of the
FRAX probability and TBS as mediators of the relationship
between the S1P concentration tertile and fracture risk. OR1
was the OR for the highest S1P concentration tertile in the

https://doi.org/10.11005/jbm.2023.30.4.355
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Table 4. Mediation analysis of the role of the FRAX probability and
TBS in the relationship between the S1P concentration and osteopo-
rotic fracture

Variables OR1® 0R2Y % change?
FRAX probability? 416 3.13 326
TBS 3.72 3.13 21.7

The FRAX probability was calculated using CRFs and FN-BMD by the
FRAX. CRFs were sex, age, body mass index, current smoking, alcohol
intake (=3 U/day), other causes of secondary osteoporosis, and paren-
tal history of hip fracture.

Y0R1 was the OR for subjects in the highest S1P concentration tertile
(S1P =3.30 pmol/L) in the multivariate-adjusted model.

“0R2 was the OR for subjects in the highest S1P concentration tertile
(S1P =3.30 pmol/L) after additional adjustment for the FRAX probability
or TBS in the multivariate-adjusted model.

99 change was calculated as (OR1-0R2)/(0R1-1)x 100.

FRAX, fracture risk assessment tool; TBS, trabecular bone score; S1P.
sphingosine 1-phosphate; OR, odds ratio; CRFs, clinical risk factors; FN-
BMD, femur neck-bone mineral density.

multivariate-adjusted model. OR2 was the OR for the high-
est STP concentration tertile after additional adjustment
for the FRAX probability and TBS, mediating variables in
the multivariate-adjusted model. The overall percentage
reductions in the OR after adjustment for the FRAX proba-
bility and TBS were 32.6% and 21.7%, respectively.

DISCUSSION

To our knowledge, this is the first study to investigate the
relationship between the circulating S1P level and fracture
risk mediated by the FRAX probability and TBS. Subjects in
the highest S1P concentration and FRAX probability ter-
tiles had a significantly higher fracture risk than those in
the lowest tertiles. Subjects in the lowest TBS tertile had a
significantly higher fracture risk than those in the highest
TBS tertile. The higher fracture risk for subjects in the high-
est S1P concentration tertile was retained after adjustment
for the FRAX probability and/or TBS. Addition of the S1P
concentration to the FRAX probability, the TBS, and a com-
bination of the FRAX probability and TBS significantly im-
proved the discriminatory performance for fracture. The
FRAX probability and TBS accounted for 32.6% and 21.7%,
respectively, of the relationship between the S1P level and
fracture risk. To the best of our knowledge, these findings
provide the first evidence that a high S1P level might cor-
relate with the fracture risk through both the FRAX proba-
bility and TBS.

The present study showed that a higher FRAX probabili-
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ty was associated with fracture risk, independent of the
TBS. The S1P level was positively associated with age, a
FRAX variable. The inverse association of the STP level with
FN-BMD, a FRAX variable, is consistent with the results of
previous studies.[19,20,22] These findings indicate the po-
tential association of the S1P level with the FRAX probabil-
ity. In the present study, the S1P level was positively asso-
ciated with the FRAX probability for major osteoporotic
fracture derived from CRFs with or without FN-BMD. Taken
together, these findings suggested that STP correlated with
the fracture risk by affecting the FRAX probability. Media-
tion analysis showed that the FRAX probability partially
explained the relationship between the S1P level and frac-
ture risk by 32.6%.

The present study also showed that a lower TBS, which
reflects deterioration of the bone microstructure, was as-
sociated with fracture risk, independent of the FRAX prob-
ability, consistent with the findings of previous studies.8,
11,12] The inverse association of the S1P level with the TBS
reported in the present study was also observed in a previ-
ous study.[24] This suggests that the STP level reflects frac-
ture risk through its association with the TBS. Finally, our
mediation analysis indicated that the TBS accounted for
21.7% of the relationship between the S1P level and frac-
ture risk.

Remarkably, our findings revealed that the circulating
S1P level is significantly associated with fracture risk, inde-
pendent of the FRAX probability and TBS. Our finding that
the prediction ability was enhanced by addition of the STP
level to the FRAX probability is consistent with the results
of a previous study.[23] To the best of our knowledge, the
enhanced prediction ability by addition of the S1P level to
the TBS and a combination of the FRAX probability and TBS
was first reported. These findings indicate that factors oth-
er than the FRAX probability and TBS account for 45.7% of
the relationship between the S1P level and fracture risk ac-
cording to mediation analysis.

The fracture risk is determined by multiple risk factors
other than BMD, CRFs, and deterioration of bone microar-
chitecture, including bone quality (bone geometry, micro-
damage, mineralization, and bone turnover) and non-skel-
etal factors (fall), and their effects may be interactional.[3]
Although we analyzed only the FRAX probability and TBS
as factors that explain the association of the S1P level with
fracture risk, other factors may exist. One example is incre-
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ased bone resorption by S1P, leading to greater bone loss.
Although in vivo studies showed that S1P may affect bone
formation,[13,14,28] an in vitro study showed that S1P di-
rectly stimulates bone resorption by increasing osteoclast
differentiation through increased receptor activation by
the nuclear factor-kB ligand in osteoblasts.[18] Furthermore,
in vivo studies showed that S1P indirectly stimulates bone
resorption due to the migration of osteoclast precursors
from blood (high concentration of S1P) to bone (low con-
centration of S1P) along a concentration gradient.[16,17]
Consistent with the results of in vivo studies,[16,17] the
S1P level is associated with bone resorption markers but
not bone formation markers in humans.[19,20,22] Although
we cannot explain these findings, the main effect of STP
on bone metabolism in humans seems to be on bone re-
sorption rather than on bone formation. A higher circulat-
ing STP level may also be associated with a higher fall risk.
S1P affects the cellular biology of many tissues,[28,29] which
can influence systemic fragility and lead to a higher fall
risk. For example, S1P has been implicated in systemic in-
flammation,[30] which is associated with a higher fall risk.
[31] The relationships between the circulating STP level
and factors other than BMD, CRFs, and deterioration of
bone microarchitecture must be studied further.

This study has several potential limitations. First, the data
were obtained from patients at a single medical center in
Korea, which may have resulted in selection bias and may
not be representative of the general population and all
ethnicities. Thus, additional studies are needed to extend
our findings to other populations of different ethnicities.
Second, this was a cross-sectional case-control study, not a
longitudinal study. Third, platelets and mast cells can se-
crete S1P when activated by thrombin and immunoglobu-
lin E-bound antigen, respectively. Therefore, platelets and
mast cells affect the S1P level. To minimize the effect of
changes in the STP level due to platelets and activated
mast cells, we excluded subjects with a fever or an abnor-
mal number of leukocytes or platelets in complete blood
counts. In addition, it has been reported that neither plate-
lets nor mast cells have a role in regulating the homeostat-
ic levels of S1P in blood.[32] Fourth, we did not measure
bone turnover markers. Fifth, there was no hip fracture
among NVFs and we could not analyze the association of
the S1P level with the subtypes of NVFs.

In conclusion, a higher S1P level can predict fracture risk
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by associating with the FRAX probability, bone microarchi-
tecture, and other factors. Our findings suggest that addi-
tion of the circulating STP level to the FRAX model and TBS,
which are well-known predictors of fracture, can improve
the prediction of fractures.
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