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Abstract

Circulating sphingosine 1-phosphate (S1P) levels may be a biomarker for osteoporotic fracture (OF). This study assessed
whether the addition of S1P levels to the fracture risk assessment tool (FRAX) could improve predictability of OF risk.
Plasma S1P concentrations and FRAX variables were measured in 81 subjects with and 341 subjects without OF. S1P levels
were higher in subjects with than those without OF (3.11+0.13 pmol/L vs. 2.65+0.61 pmol/L, P=0.001). Higher S1P
levels were associated with a higher likelihood of OF (odds ratio [OR]=1.33, 95% confidence interval [CI]=1.05-1.68),
even after adjusting for FRAX probabilities. Compared with the lowest S1P tertile, subjects in the middle (OR=3.37,95%
CI=1.58-7.22) and highest (OR=3.65, 95% CI=1.66-8.03) S1P tertiles had higher rates of OF after adjustment. The addi-
tion of S1P levels to FRAX probabilities improved the area under the receiver-operating characteristics curve (AUC) for OF,
from 0.708 to 0.769 (P =0.013), as well as enhancing category-free net reclassification improvement (NRI=0.504, 95%
CI=0.271-0.737, P<0.001) and integrated discrimination improvement (IDI=0.044, 95% CI=0.022-0.065, P <0.001).
Adding S1P levels to FRAX probabilities especially in 222 subjects with osteopenia having a FRAX probability of 3.66—
20.0% markedly improved the AUC for OF from 0.630 to 0.741 (P=0.012), as well as significantly enhancing category-free
NRI (0.571, 95% CI=0.221-0.922, P=0.001) and IDI (0.060, 95% CI=0.023-0.097, P=0.002). S1P is a consistent and
significant risk factor of OF independent of FRAX, especially in subjects with osteopenia and low FRAX probability.
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Introduction economic and social burden, and is associated with increased

morbidity, disability, and mortality rates [2, 3]. Patients with

Osteoporosis is defined as a metabolic bone disease, char-
acterized by decreased bone strength and predisposing to a
high risk of osteoporotic fracture (OF) [1]. OF has major
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osteoporosis and at high risk of OF should be treated phar-
macologically to prevent OF [4—6]. The risk of OF has been
estimated mainly by combination with bone mineral den-
sity (BMD) and/or clinical risk factors (CRFs) for OF [7].
The World Health Organization (WHO) working group has
developed fracture risk assessment tools (FRAX) based on
BMD and CRFs to enhance the ability to predict OF risk [7].
Current guidelines recommend that FRAX model probabili-
ties should be used to select individuals needed to be treated
with an anti-osteoporotic drug, especially individuals with
BMD-determined osteoponia (— 2.5 < T-score <—1.0) [4, 5].
However, the overall ability of FRAX to predict fracture risk
remains suboptimal [8, 9]. Thus, it is necessary to identify
additional biomarkers that, when combined with FRAX, can
better predict OF risk.
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Sphingosine 1-phosphate (S1P) is a natural bioactive lipid
molecule with various roles in bone metabolism, resulting in
alterations of bone strength. S1P stimulates bone formation
by enhancing the proliferation, survival, and migration of
osteoblasts [10—12]. S1P also stimulates bone resorption,
mainly by two mechanisms [13—15]. In the first mechanism,
S1P stimulates osteoclast differentiation by increasing the
secretion by osteoblasts of receptor activator of nuclear
factor-kB ligand (RANKL) [15]. In the second mechanism,
which depends on S1P concentration gradients between
blood and bone, osteoclast precursors migrate from blood
with high S1P concentrations to bone with low S1P concen-
trations, a migration facilitated by S1P receptor 2 (S1PR2)-
mediated chemorepulsion [13, 14]. We previously reported
that higher plasma S1P levels were associated with higher
bone resorption marker such as the serum C-terminal telo-
peptide of type I collagen (CTX) and/or the urinary N-ter-
minal telopeptide of type I collagen (NTX) and lower BMD,
but not with a bone formation marker [16-18], suggesting
that circulating S1P levels may be predominantly associated
with bone resorption in humans.

Few clinical studies to date have assessed the role of S1P
as a biomarker for OF. We previously reported that higher
plasma S1P concentrations were associated with a higher
risk of prevalent vertebral fractures (VFs) in postmenopausal
women, with this risk being 9.33-fold higher in the high-
est than in the lowest S1P quartile [17]. Incident fractures
also occurred more frequently in women with higher plasma
S1P levels, independent of baseline BMD and CRFs [16].
A prospective longitudinal cohort study of 707 women in
western Saudi Arabia studied over a mean 5.2 + 1.3 years
reported that OF incidence was 9.89-fold higher in subjects
with higher plasma S1P levels, independent of BMD and
CRFs [19]. Collectively, these results suggest that circulat-
ing S1P levels may be a new biomarker for OF risk [20].
To date, however, no study has assessed the association of
S1P concentrations with OF risk independent of FRAX. We
developed a S1P ELISA kit to measure plasma S1P concen-
trations as an in vitro diagnostic (IVD) medical device for
clinical application. The present study investigated whether
the addition of plasma S1P concentration, measured by
ELISA, to the FRAX model could improve the prediction
of OF risk. This study also assessed the clinical settings in
which this kit may be particularly helpful.

Methods
Study Participants and Protocol
The study population consisted of consecutive ambulatory

men and postmenopausal women who visited the osteo-
porosis clinic of the Asan Medical Center (AMC; Seoul,

Korea) between January 2010 and October 2017. All sub-
jects had visited an osteoporosis clinic due to concerns
about possible osteoporosis or were referred to the clinic
for osteoporosis that had been detected during a routine
examination. Menopause was defined as the absence of
menstruation for at least 1 year and was confirmed by
measuring serum concentrations of follicle stimulating
hormone. Participants were excluded if they had taken
medications that could affect bone metabolism within
the past year or for more than 6 months (e.g. hormone-
replacement therapy, systemic glucocorticoids, or bisphos-
phonates); if they had preexisting diseases that could affect
bone metabolism (e.g. hyperthyroidism, hypothyroidism,
hyperparathyroidism, hypoparathyroidism, rheumatoid
arthritis, asthma, chronic obstructive pulmonary disease,
solid or hematologic malignancy, diabetes, or major car-
diovascular diseases); if they had osteophyte formation
above Nathan classification grade 4 and/or severe facet
joint osteoarthritis in lumbar spine radiographs; if they
had a fever (oral temperature > 38.0 °C) or an abnormal
number of leukocytes (< 4.0 or> 10.0x 10°/L) or platelets
(<150 or>350x%10%L) on complete blood counts; or if
they had abnormal liver, kidney, or thyroid function or
abnormal serum concentrations of calcium, phosphorus,
or alkaline phosphatase. This case—control study included
81 subjects with and 341 without OF.

Patient information was obtained using a self-adminis-
tered questionnaire, which assessed smoking status (current
smoker or not), alcohol use (>3 or <3 units/day), regular
outdoor exercise (=30 or <30 min/day), history of medi-
cation use, previous medical or surgical procedures, and
reproductive status (including menstruation). Information
was also collected about parental history of fragility hip
fractures to exclude all fractures that could be considered
non-osteoporotic (i.e. fractures due to cancer or an accident,
such as a motor vehicle accident, and all fractures of the
fingers, face, skull, and toes). This study was approved by
the AMC Ethics Review Committee, and written informed
consent was obtained from all study subjects.

FRAX Probabilities

FRAX probabilities of major OF and hip fracture were cal-
culated using Korea-specific models (FRAX v4.1) (www.
shef.ac.uk/FRAX). FRAX probabilities from CRFs were cal-
culated from sex, age, body mass index (BMI), prior fragility
fracture, parental history of hip fracture, current smoking,
long-term use of oral glucocorticoids, rheumatoid arthritis,
other causes of secondary osteoporosis, and daily alcohol
consumption of >3 units. FRAX probabilities from CRFs
and BMD were calculated by the addition of BMD at the
femoral neck to FRAX probabilities from CRFs.
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Measurement of BMD and Fracture Assessment

Areal BMD (g/cm?) was measured at the lumbar spine
(L1-4; LS-BMD), femoral neck (FN-BMD), and total hip
(TH-BMD) using DXA (Lunar system running software ver-
sion 9.30.044; Prodigy, Madison, WI). The precision of the
equipment, as determined by its coefficient of variation (CV)
in 17 volunteers who were not enrolled in the study, was
calculated using root mean square standard deviation (SD).
It was 0.67% for the LS-BMD and 1.25% for the FN-BMD.
Each volunteer underwent five scans on the same day, and
got off and on the table between scans.

Lateral thoracolumbar radiographs were obtained from
all participants to determine the morphological VF. VF was
assessed in accordance with the recommendations of the
Working Group on Vertebral Fractures [21] and was quanti-
tatively defined as a>20% reduction in any vertebral height
measurement (i.e. anterior, middle, or posterior) [22]. Non-
vertebral fractures (NVFs) at major osteoporosis-associated
locations (the hip, distal radius, and proximal humerus) were
assessed using a self-administered questionnaire. Fractures
that were clearly caused by major trauma, such as motor
vehicle accidents or falls from higher than standing height,
were excluded. Thus, low-trauma fractures after menopause
in women or after age 50 years in men were included only if
the report was definitive.

Measurement of S1P

Fasting venous blood samples were centrifuged to obtain
plasma. All samples showing hemolysis or clotting were dis-
carded. All plasma samples were obtained at the baseline visit
and stored at— 80 °C before being assayed to determine the
S1P concentration. There was no significant difference in S1P
levels from baseline to 1 year (n=9, P=0.083), from base-
line to 2 or 3 years (n=6, P=0.053), and from baseline to 4
or 5 years (n=3, P=0.157) in paired -test with Bonferroni
correction. Stable S1P levels in stored human plasma were
noted in 11 patients, with serial samples from various stor-
age periods (Supplementary Fig. S1), which is consistent with
previous results [19]. Samples were only used if they were
collected more than 12 months after an NVF. To evaluate the
performance of S1P ELISA kits, S1P concentrations in 84
samples were measured by competitive enzyme-linked immu-
nosorbent assay (ELISA) using kits from Echelon Biosciences
Inc. (Salt Lake City, UT) [16-19] and SEJONG BIOMED
CO., LTD (Paju City, Korea) according to the manufactur-
ers’ instructions. There was no significant difference in S1P
levels between the two kits (P=0.706) in paired #-tests. The
Bland-Altman plot revealed a mean difference of 0.008 in
S1P between the two kits, with an SD of 0.050 (Supplemen-
tary Fig. S2) and limits of agreement (LOA) within 2 SDs
at — 0.09 and+0.10. The lower limit of detection of the kits
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from Echelon Biosciences Inc. was 0.06 pmol/L, with intra-
and inter-assay CVs of 6.4% and 6.1%, respectively. In com-
parison, the lower limit of detection of the kits from SEJONG
BIOMED CO., LTD. was 0.008 pmol/L, with intra- and inter-
assay CVs of 4.9% and 4.7%, respectively.

S1P concentrations in the 81 subjects with and the 341 sub-
jects without OF were measured using the S1P ELISA kits
from SEJONG BIOMED CO., LTD. Each plasma sample was
assayed in duplicate, with the results for each plasma sample
reported as means.

Statistical Analysis

Data are presented as mean+ SD, median and interquartile
range (IQR), or number (percentage), unless otherwise speci-
fied. Baseline characteristics of the cases and controls were
compared using Student’s z-tests for continuous variables and
4 tests for categorical variables. The Kolmogorov—Smirnov
test showed the normality of the distributions of plasma S1P
concentrations (P=0.167). S1P stability was investigated
by comparing its levels in 11 patients from various storage
periods (at baseline, 1 year, 2 or 3 years, and 4 or 5 years)
using paired #-test with Bonferroni correction. Differences in
S1P levels between the two kits were determined using paired
t-tests. Bland—Altman Plots with LOA calculations were used
to provide insights into systematic biases between the meas-
urement methods [23]. Multiple logistic regression analyses
were performed to generate odds ratios (ORs) with a 95% con-
fidence interval (CI) that compared the odds of OF according
to S1P levels or S1P tertiles. Receiver-operating characteristics
(ROC) analysis was performed, with the areas under the RUC
curves (AUCs) compared to evaluate the ability of S1P con-
centrations, FRAX from CRFs, and FRAX from CRFs and
BMD, alone or in combination, to predict the likelihood of OF.
The cut-off for plasma S1P concentration predictive of OF was
calculated using Youden’s index [24]. A likelihood ratio test
was used to compare the goodness-of-fit of the model adding
the S1P concentration to the FRAX probability with that of the
FRAX probability-alone model [25]. The net reclassification
improvement (NRI) and integrated discrimination improve-
ment (IDI) were estimated to test the additive value of S1P
to FRAX probability from CRFs and BMD predictive of OF
occurrence [26, 27]. All statistical analyses were performed
with SPSS statistical software (SPSS Inc., Chicago, IL) and
the open-source programming language R, with P <0.05 con-
sidered statistically significant.

Results

Characteristics of the study subjects are listed in Table 1.
Of the 81 subjects with OF, 50 had VFs and 31 had NVFs.
Median (range) time from NVF occurrence was 3 years
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(1-20 years). Subjects with OF were older and had a
higher BMI than those without OF. Their mean ages of
subjects with and without OF were 62.9 +7.1 years and
57.6 + 6.4 years, respectively. No significant differences
in smoking, drinking, history of premature menopause,
parental history of hip fracture, and serum calcium and
phosphorus concentrations were observed between the two
groups. All BMD values were significantly lower in sub-
jects with than those without OF (all, P <0.001). Rates of
osteoporosis and FRAX probabilities were higher in subjects
with OF than in controls. The FRAX probabilities calcu-
lated from CRFs and BMD in subjects with and without
OF were 6.6 +3.9% and 4.4 +1.5%, respectively, for major
OF, and 2.0+2.8% and 0.7 +0.6%, respectively, for hip
fracture (all, P <0.001). Plasma S1P concentrations were
significantly higher in subjects with than those without OF
(3.11+0.13 pmol/L and 2.65+0.61 pmol/L, P=0.001).

S1P concentrations were positively correlated with FRAX
probabilities before and after the addition of BMD to CRFs
(Supplementary Table S1).

Higher plasma S1P levels were significantly associated
with major OF, both before and after adjustment for FRAX
probabilities determined from CRFs and/or BMD of the
femur neck (ORs =1.33-1.43; Table 2). To further test this
association, the subjects were divided into tertiles based on
plasma S1P concentrations. The rates of OF in the lowest
(<2.15 pmol/L), middle (>2.15 pmol/L to < 3.16 pmol/L),
and highest (>3.16 pmol/L) S1P tertiles were 10.0%, 22.7%,
and 24.8%, respectively (P for trend =0.003). Compared
with the lowest tertile, the ORs for OF in the middle and
highest tertiles were 3.35 (95% CI=1.65-6.81) and 4.55
(95% CI=2.17-9.54), respectively. The significant differ-
ences persisted even after adjustment for FRAX probabilities
(Table 2). Separate analyses of VF and NVF (Supplementary

Table 1 Baseline characteristics
of the study participants

Variables

With OF (n=81)  Without OF (n=341) P

(N=422) Women, n (%)

Age (years)

Height (cm)

Weight (kg)

Body mass index (kg/m?)

Exercise > 30 min/d, n (%)

Current smoker, 1 (%)

Alcohol intake >3 U/day, n (%)
Premature menopause, n (%)

Parental history of hip fracture, n (%)

BMD (g/cm?)
Lumbar spine
Femur neck
Total hip

WHO definitions, n (%)
Normal
Osteopenia
Osteoporosis

Corrected calcium concentration (mg/dL)?*

Phosphorus (mg/dL)

FRAX probability from CRFs and BMD®

For major OF (%)
For hip fracture (%)
S1P levels (umol/L)

66 (81.5%) 273 (80.1%) 0.877
62.9+7.1 57.6+6.4 <0.001
157.0+7.9 159.1+6.5 0.013
60.6+8.8 58.7+7.9 0.048
24.6+3.1 232427 <0.001
27 (33.3%) 120 (35.2%) 0.796
1(1.2%) 24 (7.0%) 0.062
3(3.7%) 27 (7.9%) 0.234
4 (4.9%) 14 (4.1%) 0.760
6 (7.4%) 16 (4.7%) 0.401
0.858 +0.124 0.970 + 0.101 <0.001
0.743 + 0.098 0.811 + 0.089 <0.001
0.801 + 0.107 0.870 + 0.094 <0.001
<0.001
2 (2.5%) 24 (7.0%)
39 (48.1%) 295 (86.5%)
40 (49.4%) 22 (6.5%)
8.7+0.4 8.8+0.4 0.404
3.5+04 3.6+0.6 0.417
6.6+3.9 44+15 <0.001
20+28 0.7+0.6 <0.001
3.11+0.13 2.65+0.61 0.001

Data are presented as mean =+ standard deviation or as number (%). Bold-face values are statistically signifi-

cant

BMD Bone mineral density, CRFs clinical risk factors, FRAX fracture risk assessment tool, OF osteoporo-
tic fracture, S7P sphingosine 1-phosphate, WHO World Health Organization

#Corrected calcium concentration (mg/dL)=total calcium concentration (mg/dL)+ 0.8 X (4.0 g/dl —serum

albumin concentration g/dl)

bTen—year probability of major OF or hip fracture was calculated using CRFs and BMD at the femur neck
by 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
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Table2 Association of plasma SIP concentrations with OF inde-
pendent of FRAX probability of the study participants (N=422)

Table3 ROC analyses to detect OF in the study participants
(N=422)

Models OR(95%CI) P

Crude model

S1P (per 1 pmol/L increase) 1.43 (1.15-1.78) 0.001
T1 (S1P<2.15 pmol/L) Ref
T2 (2.15 pmol/L <S1P<3.16 pmol/L) 3.35 (1.65-6.81) 0.001
T3 (S1P>3.16 pmol/L) 4.55 (2.17-9.54) <0.001
Adjusted for FRAX probability from CRFs for major OF*
S1P (per 1 pmol/L increase) 1.37 (1.10-1.71) 0.005
T1 (S1P<2.15 pmol/L) Ref
T2 (2.15 pmol/L <S1P<3.16 pmol/L) 3.21 (1.56-6.62) 0.002
T3 (S1P>3.16 pmol/L) 4.01 (1.88-8.55) <0.001

Adjusted for FRAX probability from CRFs and BMD for major OF®

S1P (per 1 pmol/L increase) 1.33 (1.05-1.68) 0.018
T1 (S1P<2.15 pmol/L) Ref

T2 (2.15 pmol/L<S1P<3.16 pmol/L) 3.37 (1.58-7.22) 0.002
T3 (S1P>3.16 pmol/L) 3.65 (1.66-8.03) 0.001

Bold-face values are statistically significant

BMD Bone mineral density, CI confidence interval, FRAX fracture
risk assessment tool, OF osteoporotic fracture, OR odds ratio, Ref ref-
erence, S1P sphingosine 1-phosphate, T tertile

*Ten-year probability of major OF was calculated using CRFs by
FRAX. CRFs were sex, age, body mass index, current smoking, alco-
hol intake (=3 U/day), other causes of secondary osteoporosis, and
parental history of hip fracture

Ten-year probability of major OF was calculated using CRFs and
BMD at the femur neck by FRAX

Table S2) showed that, relative to the lowest tertile, the ORs
for VF in the middle and highest tertiles were 3.58 (95%
CI=1.51-8.49) and 3.94 (95% CI1=1.59-9.77), respec-
tively. Similarly, relative to the lowest tertile, the ORs for
NVF in the middle and highest tertiles were 3.13 (95%
CI=1.02-9.56) and 6.20 (95% CI=1.92-20.01), respec-
tively. These higher ORs for both NVF and VF persisted
even after adjustment for FRAX probabilities.

The discriminatory ability of plasma S1P concentra-
tion was assessed by ROC analysis (Table 3). Calculations
using Youden’s index showed that the optimal cut-off value
of plasma S1P concentration for OF was 2.19 pmol/L [24],
with a sensitivity of 72.8% and a specificity of 53.4%.
The AUC of S1P>2.19 pmol/L alone was comparable
to that of the FRAX probability from CRFs and BMD at
the femur neck (0.673 vs. 0.708, P=0.451). The addi-
tion of plasma S1P concentration to the FRAX probabil-
ity significantly improved the AUC from 0.708 to 0.769
(P=0.013). Likelihood ratio tests also indicated that the
addition of plasma S1P concentration>2.19 pmol/L to
FRAX probability was a significantly better fit than FRAX
probability alone (P <0.001). Category-free NRI (0.504,
95% C1=0.271-0.737, P<0.001) and IDI (0.044, 95%
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Models AUC (95% CI) Improvement P
over model

1AY

1. S1P (>2.19 pmol/L)  0.673 (0.626-0.718)

II. CRFs* 0.661 (0.613-0.706)

1II. BMD 0.688 (0.642-0.732)

IV. FRAX probability*  0.708 (0.662-0.751) Ref

V. FRAX 0.769 (0.726-0.808) 0.062 0.013
probability* + S1P

(>2.19 pmol/L)

Bold-face values are statistically significant

ROC Receiver-operating characteristics, AUC area under the ROC
curve, BMD bone mineral density, OR odds ratio, CI confidence
interval, CRFs clinical risk factors, FRAX fracture risk assess-
ment tool, OF osteoporotic fracture, Ref reference, SIP sphingosine
1-phosphate

#Ten-year probability of major OF was calculated using CRFs and
BMD at the femur neck by 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

CI=0.022-0.065, P<0.001) analyses also confirmed that
the addition of plasma S1P concentration substantially
improved the discriminatory power of the FRAX probability
for OF (Supplementary Table S3).

To clarify the clinical association of plasma S1P con-
centration with OF, the subjects were divided into tertiles
according to FRAX probability. The FRAX probabilities for
major OF calculated from CRFs and BMD for the lowest,
middle, and highest tertiles were 1.82-3.65%, 3.66—4.91%,
and 4.92-25.28%, respectively, and the rates of OF were
7.9%, 17.7%, and 31.9%, respectively (P for trend < 0.001).
Figure 1 showed the OF prevalence in each group assorted
by tertiles of S1P and FRAX probability. Assessment of
subjects in the lowest FRAX probability tertile showed no
association between S1P tertile and OF (P=0.962). By con-
trast, assessment of women in the highest S1P tertile showed
that the OF rate was significantly higher in the middle FRAX
tertile (P for trend =0.008) and tended to be higher in the
highest FRAX tertile (P for trend =0.068) relative to the
lowest FRAX tertile. These findings suggest that plasma S1P
concentration may be useful in predicting OF, especially in
women with a FRAX probability > 3.66%.

Many clinical guidelines indicate that FRAX probability
for major OF >20% is the cut-off for treatment with anti-
osteoporotic drugs of subjects with osteopenia, as deter-
mined by BMD criteria (— 2.5 < T-score <-1.0) [4, 5].
However, OF can occur in osteopenic subjects with FRAX
probability for major OF < 20%, resulting in under-treatment
[28, 29]. All 39 OFs in subjects with osteopenia by BMD
criteria had a FRAX probability for major OF < 20%. Based
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Fig. 1 OF prevalence based on tertiles of plasma S1P concentrations
and tertiles of FRAX probability in all study participants (N=422).
FRAX probability was defined as the 10 year probability of major OF
based on calculations using CRFs and BMD at the femur neck. CRFs
were sex, age, body mass index, current smoking, alcohol intake

on current clinical guidelines [4, 5] as well as our findings,
we determined the discriminatory ability of plasma S1P con-
centration for OF in osteopenic women with a FRAX prob-
ability for major OF of 3.66-20.0%. The addition of plasma
S1P concentration to the FRAX probability significantly
improved the AUC from 0.630 to 0.741 (P=0.012; Table 4).
Likelihood ratio tests also indicated that the model com-
bining plasma S1P concentration > 2.19 pmol/L and FRAX
probability was a significantly better fit than the model using
FRAX probability alone (P <0.001). Category-free NRI
(0.571, 95% CI=0.221-0.922, P=0.001) and IDI (0.060,
95% CI=0.023-0.097, P=0.002) analyses also confirmed
that the addition of plasma S1P concentration significantly
improved the discriminatory power of the FRAX probability
for OF (Supplementary Table S4).

Discussion

To our knowledge, this study is the first to investigate the
relationship between circulating S1P levels and OF, inde-
pendent of FRAX probability, in human subjects. Plasma
S1P concentration, as measured using a new S1P ELISA
kit, was associated with the OF risk, alone and combined
with FRAX probabilities from BMD and CRFs. Moreover,
higher plasma S1P concentration was significantly asso-
ciated with OF risk independent of FRAX probability.
The addition of plasma S1P levels to FRAX significantly
improved the discriminatory performance of the latter for
OF, as shown by a 6.2% increase in AUC and by NRI and

(=3 U/day), other causes of secondary osteoporosis, and parental his-
tory of hip fracture. BMD Bone mineral density, CRFs clinical risk
factors, FRAX fracture risk assessment tool, OF osteoporotic fracture,
S1P sphingosine 1-phosphate

Table 4 ROC analyses to detect OF in subjects with osteopenia and a
FRAX probability for OF of 3.66-20.0% (N=222)

Models AUC (95% CI) Improvement P
over model

v

L SIP (>2.19 pmol/L)  0.695 (0.630-0.755)

II. CRFs?* 0.625 (0.558-0.689)

III. BMD 0.572 (0.504-0.638)

IV. FRAX probability*  0.630 (0.562-0.693) Ref

V. FRAX 0.741 (0.678-0.797) 0.111 0.012
probability* + S1P

(>2.19 pmol/L)

Bold-face values are statistically significant

ROC Receiver-operating characteristics, AUC the area under the
ROC curve, BMD bone mineral density, OR odds ratio, CI confi-
dence interval, CRFs clinical risk factors, FRAX fracture risk assess-
ment tool, OF osteoporotic fracture, Ref reference, SIP sphingosine
1-phosphate

#Ten-year probability of major OF was calculated using CRFs and
BMD at the femur neck by 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

IDI. The optimal plasma S1P cut-off concentration was
2.19 pmol/L. The determination of plasma S1P concentra-
tion was especially useful in osteopenic individuals with
FRAX probabilities of 3.66-20.0% for major OF, with an
11.1% increase in AUC. These findings indicate that the
S1P ELISA kit are clinically applicable to the selection of
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individuals at high risk of OF and can reduce the rate of
under-treatment of patients against osteoporosis.

The association between circulating S1P levels and OF
risk independent of FRAX probability remains unclear. OF
risk is determined by both skeletal and non-skeletal factors
[5]. Skeletal factors include bone mass and quality, and non-
skeletal factors include fall risk. Of FRAX components,
BMD is a reliable measure of bone mass, whereas CRFs for
fracture are incomplete and indirectly associated with bone
quality and non-skeletal factors [30]. Thus, in addition to
CREFs, circulating S1P levels may further reflect bone qual-
ity and non-skeletal factors. For example, S1P was found to
directly and indirectly stimulate bone resorption [13-15],
leading to higher bone loss. Therefore, higher S1P levels
can not only result in the deterioration of bone mass but
also the deterioration of bone quality and microarchitecture,
which can contribute to higher OF risk. Higher circulating
S1P levels may also be associated with higher fall risk. S1P
affects the cellular biology of many tissues [31, 32], which
can influence systemic fragility and lead to higher fall risk.
For example, S1P has been implicated in systemic inflam-
mation [33], which has been associated with higher fall risk
[34]. Additional studies of the relationships of circulating
S1P levels with bone quality (for example, trabecular bone
score) and fall incidence are needed to clarify which compo-
nents of fracture risk are influenced by S1P levels.

Most importantly, this study identified a subgroup of
subjects in which circulating S1P levels should be meas-
ured, i.e. osteopenic subjects with a FRAX probability for
major OF of 3.66-20.0%. To date, there has been no specific
intervention threshold based on FRAX to guide treatment
for preventing fractures in Korea. Although age-specific
intervention thresholds based on FRAX probability are
employed in the UK [35] and in some European countries
[36, 37], FRAX probability for major OF of >20%, which
is recommend by many clinical guidelines [4, 5] including
the National Osteoporosis Foundation, has been proposed in
Korea. In the present study, however, 39 (11.7%) of the 334
osteopenic subjects with a FRAX probability < 20% experi-
enced an OF, raising an under-treatment issue, in agreement
with the previous reports [28, 29]. It means that the cur-
rent guidelines based on FRAX probability identify a large
portion of osteopenic subjects who will experience OF as
being at low risk for OF (false-negatives). The present study
demonstrated that measuring circulating S1P levels might be
useful to enhance OF risk prediction in osteopenic subjects
with a FRAX probability for major OF of 3.66-20.0%. The
addition of S1P measurements enhanced AUC in all study
women by 6.1% (from 0.708 to 0.769) and in osteopenic
women by 11.1% (from 0.630 to 0.741). These findings indi-
cate that the determination of OF risk based on circulating
S1P levels in addition to FRAX probabilities can minimize
under-treatment of osteoporosis.

@ Springer

This study did not evaluate whether the determination
of circulating S1P levels could reduce over-treatment of
patients identified by the current FRAX model. FRAX prob-
ability in the study population was rather low, even in the
group with fractures; thus, we could not evaluate the useful-
ness of S1P in the subjects with higher FRAX probability.
In the present study, subjects with secondary osteoporosis
caused by any disease or by drugs including steroids, as
well as subjects with any abnormal laboratory findings, were
excluded, resulting in the limited inclusion of the subjects
with high FRAX probability. Because of a small number of
subjects with high FRAX probability, the subgroup analysis
about an over-treatment issue was impossible.

An IVD medical device to measure S1P levels is needed
for diagnosis. S1P levels measured by our ELISA kit for an
IVD medical device were highly correlated with S1P levels
measured by an ELISA kit for research use alone. In addi-
tion, consistent with the previous results [16, 17, 19], plasma
S1P concentrations measured with this kit were associated
with OF risk independent of BMD and CRFs. The combi-
nation of plasma S1P concentrations with FRAX showed
greater association with OF than FRAX alone by multiple
analytic methods, such as AUC, NRI, and IDI. Because
treatment decisions are based on the prediction of absolute
OF risk, the present findings indicate that our ELISA kit
measuring plasma S1P concentration may be useful in osteo-
porosis management.

This study had several potential limitations. First, this
was a cross-sectional case—control study, not a longitudi-
nal study. Therefore, we could not assess whether plasma
S1P concentration was predictive of future OF occurrence.
However, the similar results of our case—control study [16]
and another prospective study [19] suggest the likelihood
that plasma S1P concentration can predict future OF occur-
rence. Second, the study population was limited to subjects
without well-known risk factors for OF, including steroid
use, rheumatoid arthritis, and secondary osteoporosis. Thus,
additional studies are needed to extend our findings to other
patient populations. Third, the study population including
cases with fractures was small size and was not representa-
tive of the general population of Korea. Thus, there is a need
to confirm our results in further studies with larger cohorts.
Fourth, we did not measure the levels of 25-hydroxyvita-
min D and bone resorption markers, and the case—control
groups were not matched for age. Therefore, we cannot
exclude the possibility that these unmeasured factors and
the undetermined age-associated factors may have influ-
enced the observed results, although the FRAX parameters,
including age, were controlled in several analyses and strict
exclusion criteria were adopted to minimize this possibil-
ity. In addition, previous studies have shown that positive
association of S1P with OF was independent of the levels
of 25-hydroxyvitamin D [19] and those of CTX and/or NTX
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[16, 17]. Furthermore, a previous study noted that S1P levels
better predicted OF risk than NTX and CTX levels [19].
These suggested that the addition of SIP to FRAX can be
valuable in clinical settings.

In conclusion, S1P was shown to be a consistent and sig-
nificant risk factor of OF independent of FRAX, suggest-
ing that the addition of circulating S1P levels to the FRAX
model can improve the prediction of OF. The measurement
of circulating S1P levels was especially helpful in assessing
OF risk in osteopenic subjects with low FRAX probability.
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