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The progress in research has improved the understanding of the epidemiology and
pathogenesis of osteoporosis and bone disorders in general. Metabolic bone changes
have advanced beyond the simple models of explanation of age-related loss in bone mass,
combined with simple and easy assessment of fracture risk by the FRAX model. This
was also shown in a Spanish retrospective population-based cohort study on patients
suffering from a fragility fracture. The incidence rate of index fragility fractures and
obtained information on the subsequent fractures and death during a follow-up of up to
three years were assessed [1]. Beyond fracture risk assessment and bone mineral density
(BMD) measurements using DEXA, invasive and noninvasive methods for the assessment
of trabecular and cortical bone structure, strength and material properties have been
developed. Bone microstructural deterioration at the distal radial and the unfractured distal
tibia was quantified in a small but well-defined homogeneous group using high-resolution
peripheral quantitative computed tomography [2]. It was shown that stress fractures were
associated with compromised cortical and trabecular microstructure, changes which are
not covered by standard BMD diagnostics.

In healthy people, peak bone mass and bone remodeling are stable for many years
unless a secondary, stimulative cause of bone loss is present. In women, the decline
in estrogen as early as in perimenopause results in an imbalance of bone remodeling,
such that resorptive processes exceed formative processes and, as a consequence, bone
mass decreases. Premature ovarian insufficiency as an example of hypergonadotropic
hypogonadism caused by impaired ovarian function before the age of 40 is associated
with an increased risk of BMD loss and development of osteopenia and osteoporosis
which poses an important problem for public health [3]. At the same time, with these
remodeling characteristics, a deterioration of bone architecture and disturbances in skeletal
integrity occur. Thus, early initiation of full-dose hormone replacement therapy (HRT) has
a significant and positive influence on bone mass in these patients.

Knowledge of bone relates primarily to primary osteoporosis in which bone loss can be
attributed to aging per se or the known hormonal consequences of aging. A large number of
heterogeneous causes (e.g., metabolic, inflammatory, autoimmune, vascular, renal diseases,
genetic disorders and even drugs), defined as secondary causes of osteoporosis, may induce
bone loss or structural deterioration through different mechanisms [4–6].

In a study on Gaucher disease (GD), standard biomarkers such as TRAP5b levels
showed a positive correlation with GD biomarkers, including plasma glucosylsphingosine
(lyso-Gb1) and macrophage activation markers, CCL18 as an example [7].

Secondary osteoporosis refers to those conditions that reflect adverse consequences of
the primary disease itself which is not bone-related at first sight or caused by side-effects of
pharmacotherapies being the standard treatment in those diseases. In this context, diabetic
patients with carcinoma in situ under metformin therapy presented lower osteoporosis
rates than those who were not receiving metformin therapy [8].

Although these secondary causes of osteoporosis are the most frequently observed
causes of unexpected bone loss, they can only be diagnosed by a high degree of suspi-
cion and clinical experience, performing the appropriate investigations. In inflammatory
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disorders such as rheumatoid arthritis or chronic inflammatory bowel diseases, but also
vascular diseases, T-cell activation and consequently pro-inflammatory cascades trigger the
increased expression of T-cell-derived RANKL [9,10]. In addition, there is a new biomarker
signature of bone-related miRNAs which is promising in certain clinical features [11].
Glucocorticoids, often used to control disease activity, decrease the osteoblasts in num-
ber and function and additionally inhibit OPG expression. The ubiquitous occurrence of
disease-related secondary changes in bone metabolism implies that numerous medical
disciplines need to interact. Especially if surgical interventions and surgical fracture repair
are necessary, initiation of specific osteoporosis medication such as bisphosphonates can
avoid refractures after surgery [12,13].

Age-related bone loss occurs also in men; however, the mode of this process is still not
as well-investigated, leading to an insufficient understanding of the development of the
disease in comparison to females. Age-related declines in testosterone are important deter-
minants of bone loss in males which can be reverted due to testosterone replacement [14].

The accelerated progress in bone research has resulted in the development of pharma-
cologic approaches to minimize or even reverse further bone loss in circumstances where
changes in calcium and bone metabolism derive from kidney failure or transplanting the
central organ in calcium regulation and homeostasis. In this context, denosumab is able to
increase BMD in those patients [15].

Since bone remodeling depends on interactions between formative and resorptive pro-
cesses, it makes sense to determine the most effective pharmacotherapy as well as the right
timepoint to initiate treatment in the concept of sequential therapy [16–18]. Denosumab is
already approved as an effective drug to reduce fracture risk with seemingly fewer adverse
events than have been reported for other monoclonal antibodies used to treat diseases
other than osteoporosis. Understanding the mechanisms by which sclerostin as a central
regulator of bone formation can be manipulated by an antibody to permit excessive and
fast formation of new bone, and molecules that interact with Wnt signaling and LRP5 are
linked will finally lead to the development of other therapeutic drugs [19–23].

While this is highly exciting and represents significant progress in maintaining the
integrity of bone, it remains to be seen whether this will lead to medications more effective
in reducing fracture risk than those drugs currently available.

Screening for secondary causes of osteoporosis and the search for new modes of action
should present a substantial part of osteoporosis management. With this Special Issue,
we hope to encourage discussion of the current management of osteoporosis and related
metabolic bone diseases.
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Abstract: Bisphosphonates are used as first-line treatment for the prevention of fragility fracture (FF);
they act by inhibiting osteoclast-mediated bone resorption. The timing of their administration after
FF surgery is controversial; thus, we compared the incidence of second FF, surgery for second FF,
and adverse events associated with early initiation of bisphosphonates (EIBP, within 3 months of FF
surgery) and late initiation of bisphosphonates (LIBP, 3 months after FF surgery) in bisphosphonate-
naïve patients. This retrospective population-based cohort study used data from Taiwan’s Health
and Welfare Data Science Center (2004–2012). A total of 298,377 patients received surgeries for FF
between 2006 and 2010; of them, 1209 (937 EIBP and 272 LIBP) received first-time bisphosphonates
(oral alendronate, 70 mg, once a week). The incidence of second FF (subdistribution hazard ratio
(SHR) = 0.509; 95% confidence interval (CI): 0.352–0.735), second FF surgery (SHR = 0.452; 95% CI:
0.268–0.763), and adverse events (SHR = 0.728; 95% CI: 0.594–0.893) was significantly lower in the
EIBP group than in the LIBP group. Our findings indicate that bisphosphonates should be initiated
within 3 months after surgery for FF.

Keywords: fragility fracture; initiation timing; second fracture; adverse events

1. Introduction

Bisphosphonates are commonly used as first-line treatment for the prevention of
primary and second fragility fractures (FFs). Bisphosphonates prevent FFs by inhibiting
osteoclast-mediated bone resorption, thus increasing bone strength and preventing bone
loss. They are endocytosed by osteoclasts and inhibit the activity of farnesyl pyrophosphate
synthase, which is responsible for the production of cholesterol and intracellular localiza-
tion of GTPase signaling proteins, which are essential for osteoclast functions [1]. However,
osteoclasts play a vital role in callus formation and bone remodeling as well as remodeling
of the callus into cortical bone [2,3]. Thus, bisphosphonates may exert adverse effects on
fracture healing. However, animal studies have revealed dissimilar results: no effect on
fracture healing [4,5], delayed fracture healing [6–8], and enhanced fracture healing [9–13].

J. Clin. Med. 2021, 10, 2541. https://doi.org/10.3390/jcm10122541 https://www.mdpi.com/journal/jcm5
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In a case–control study, Li et al. stated that bisphosphonate use in the postfracture period
was linked to increased likelihood of nonunion [14]. However, recent research in humans
has indicated that early bisphosphonate administration does not affect the rate of healing of
fractures, clinical outcomes, or the complications rate [15,16]. No whole-population-based
study has examined this question.

We hypothesized that early bisphosphonate initiation has better outcomes than late
bisphosphonate initiation. Therefore, we compared the incidence of second FF, surgery for
second FF, and adverse events associated with early initiation of bisphosphonates (EIBP;
within 3 months of FF surgery) and late initiation of bisphosphonates (LIBP; 3 months after
FF surgery) used as an oral alendronate (70 mg once a week).

2. Materials and Methods

2.1. Data Sources and Study Samples

This retrospective cohort study used national data (2004–2012) including National
Health Insurance (NHI) claims data, the Cancer Registry Database, and the Death Registry
Database. More than 99% of the population is enrolled in the mandatory, single-payer NHI
program, which provides comprehensive care, including outpatient and inpatient services,
laboratory tests, and prescription drugs.

We include patients aged ≥50 years who underwent surgery for FF (spine, hip, upper
limb, or lower limb fracture) during 2006–2010 (the index surgery and date) and received
bisphosphonate monotherapy with medication possession ratio (MPR) ≥ 0.5 within the
1 year after the surgery (Figure 1, Table 1). We excluded patients with pathologic fracture,
cancer history, traffic accident injury, multiple fractures, or history of taking antiosteoporotic
medicine. In addition, patients with respiratory failure, pneumonia, an acute cardiac
event, a cerebrovascular accident and spinal cord injury, nerve injury, renal failure, upper
gastrointestinal (UGI) bleeding, acute postoperative hemorrhage, urinary tract infection,
sepsis, osteomyelitis, postoperative infection, or nonunion or malunion within the 3 months
before the index date were excluded. The index date was defined as the day of the first FF
surgery. The selected participants were divided into EIBP and LIBP groups. To improve
the comparability of the groups, the EIPB group was 1:1 matched with the LIBP group
through propensity score matching by using a logistic model to estimate the probability of
initiating the therapy more than 3 months after the index date. The covariates included
in the model were age (<65 and ≥65 years), sex (male and female), Charlson comorbidity
index (CCI; 0, 1, and ≥2), and FF surgery site (spine, hip, upper limb, and lower limb). All
patients had a minimum 2-year follow-up.

2.2. Confounders and Bias

Registration and classification bias of fractures may be present in the NHI claims data
of patients receiving FF surgery; patients may also have higher frequency of complications
and reoperation following FFs, thus artificially inflating the fracture rate. To limit the
possible biases, we introduced a 90-day “washout” period for each fracture and adverse
event; thus, any new fracture with the same ICD-9 code or adverse event associated with
surgery was ignored. However, the NHI claims data on fractures do not specify the side of
appendicular fractures (i.e., left or right). Furthermore, fractures to the axial skeleton are
classified only as lumbar, thoracic, or cervical. This may result in the exclusion of fractures
to, for example, the left tibia, if a right tibial fracture was registered in the preceding 90 days.
We risked underestimating the fracture rate. We could not correct for this possible bias.

Medications, including thyroxine, proton pump inhibitors, and steroids, affect the
likelihood of FF and adverse events. The prescription of these medications for more than
3 months was recorded.

2.3. Statistical Analysis

All statistical analyses were conducted using SAS (version 9.4; SAS Institute, Cary,
NC, USA). The incidence of outcomes in the EIBP and LIBP groups was estimated by
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calculating the number of cases per 100 person-years. Person-years were calculated using
the time from the index date to the date of the event or the end of follow-up (31 December
2012), whichever occurred first. The cumulative incidence of the outcomes in the EIBP
and LIBP groups was estimated using the modified Kaplan–Meier method and the Gray
method, which considers death a competing risk event [17].

Subdistribution hazard models that accounted for competing mortality were used to
estimate the adjusted subdistribution hazard ratio (SHR) of outcomes, with adjustments
for age (<65 and ≥65 years old); sex (male and female); site of the index FF surgery (spine,
upper limb, lower limb, and hip); CCI (0, 1, and ≥2); and comorbidities (cerebrovascular
disease, chronic pulmonary disease, rheumatologic disease, peptic ulcer disease, diabetes,
and renal disease). Risks of secondary FF, second FF surgery, and revision surgery in the
EIBP and LIBP groups were also compared among the subgroups of the index FF surgery
site and age [18].

If significant differences were noted in initial FF surgery and age between the groups
(Table 1), we performed a subgroup analysis to evaluate the effect of initial FF surgery and
age on the outcomes. Although the incidence of rheumatologic disease differed between
the groups, we did not evaluate the effect of this disease because of the small number of
patients.

This study was granted ethical approval by the Institutional Review Board of Chang
Gung Memorial Hospital of Taiwan (104-3677B).

Figure 1. Study protocol. BP: bisphosphonate (alendronate); MPR: medication possession ratio.
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Table 1. Clinicodemographic characteristics of the study population.

Variables

Total EIBP LIBP

p Value(n = 524) (n = 262) (n = 262)

Count % Count % Count %

Sex
Male 115 21.946 56 21.374 59 22.519

0.752Female 409 78.053 206 78.626 203 77.481
Age (years)

<65 129 24.618 65 24.809 64 24.427
0.919≥65 395 75.382 197 75.191 198 75.573

CCI
0 327 62.405 163 62.214 164 62.595

0.9681 123 23.473 61 23.282 62 23.664
≥2 74 14.122 38 14.504 36 13.740

Covariates
Cerebrovascular disease 14 2.672 11 4.198 3 1.145 0.030

Chronic pulmonary disease 43 8.206 21 8.015 22 8.397 0.874
Rheumatologic disease 21 4.008 8 3.053 13 4.962 0.265

Peptic ulcer disease 20 3.817 10 3.817 10 3.817 1.000
Diabetes 104 19.847 51 19.466 53 20.229 0.827

Diabetes with chronic complications 26 4.962 13 4.962 13 4.962 1.000
Renal disease 13 2.481 6 2.290 7 2.672 0.779

Obesity 5 0.954 3 1.145 2 0.763 0.744
History of fragility fracture 42 8.015 22 8.396 20 7.633 0.615

Fragility fracture surgery site
Spine 38 7.252 19 7.252 19 7.252

1.000
Hip 224 42.748 112 42.748 112 42.748

Upper limb 188 35.878 94 35.878 94 35.878
Lower limb 74 14.122 37 14.122 37 14.122

Concomitant
drug

Proton pump inhibitor 4 0.331 3 0.320 1 0.368 0.905
Steroid 30 2.481 19 2.028 11 4.044 0.059

Antiepileptic 4 0.331 3 0.320 1 0.368 0.905
Follow-up
time (mean

years)
4.314 4.2456 4.3824

CCI, Charlson comorbidity index; EIBP, early initiation of bisphosphonates (within 3 months of surgery); LIBP, late initiation of bisphospho-
nates (3 months after surgery).

3. Results

3.1. Baseline Characteristics

A total of 130,406 patients underwent FF surgery during 2006–2010. Among them,
12,863 received antiosteoporotic medicine. We identified 1209 patients who were first-time
users of bisphosphonate (oral alendronate, 70 mg once a week) after FF surgery and who
had an MPR of ≥0.5. Of these patients, 937 were included in the EIBP group and 272
in the LIBP group. After propensity score matching, both groups contained 262 patients
(Table 1, Figure 1); these groups had similar sex distribution, CCIs, and medical history.
More patients in the EIBP group had cerebrovascular disease than in the LIBP group (4.20%
vs. 1.15%, p = 0.030).

Significant differences were observed in the incidence of second FF, second FF surgery,
and adverse events between the EIBP and LIBP groups (Table 2). A higher incidence
of second FF (32.44% vs. 19.08%, p = 0.0005) and second FF surgery (18.70% vs. 9.16%,
p = 0.0021) was observed in the LIBP group.
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Table 2. Incidence of second fragility fractures and surgeries, revision surgery, death, and complications.

Variables

EIBP LIBP

Log-Rank
p Value

Chi-
Square p

Value

(n = 262) (n = 262)

Count % Incidence * Count % Incidence *

Site of second fragility fracture 50 19.084 5.173 85 32.443 9.693 0.0005 0.0005
Trunk <5 <5.000 <5 <5.000
Spine 8 16.000 22 25.882
Hip 22 44.000 31 36.471

Upper Limb 16 32.000 23 27.059
Lower Limb <5 <5.000 <5 <5.000

Site of second fracture surgery 24 9.160 2.323 49 18.702 4.943 0.0021 0.0016
Spine <5 <5 5 10.204
Hip 19 79.167 24 48.980

Upper Limb 4 16.667 14 28.571
Lower Limb <5 <5 5 10.204

Site of revision surgery 18 6.870 1.705 30 11.450 2.858 0.0789 0.0692
Spine <5 <5.000 <5 <10.000
Hip 15 83.333 11 36.667

Upper Limb <5 <15.000 14 46.667
Lower Limb <5 <5.000 <5 <5.000

Death 35 13.359 3.146 51 19.466 4.442 0.1351 0.0591
Complication

Respiratory failure 14 5.344 1.271 36 13.740 3.208 0.0025 0.0011
Pneumonia 81 30.916 8.577 93 35.496 9.974 0.3032 0.2657

Acute cardiac event 55 20.992 5.554 65 24.809 6.631 0.3111 0.2985
CVA and SCI, nerve

injury 69 26.336 7.211 67 25.573 6.948 0.8965 0.842

Renal failure 6 2.290 0.543 18 6.870 1.597 0.0174 0.0122
UGI bleeding 170 64.885 11.738 199 75.954 35.809 0.0361 0.0055

Acute postoperative
hemorrhage 11 4.198 0.989 12 4.580 1.045 0.8927 0.8311

Urinary tract
infection 97 37.023 11.210 115 43.893 13.123 0.2457 0.1091

Sepsis 32 12.214 2.989 38 14.504 3.445 0.6182 0.441
Osteomyelitis 5 1.908 0.454 13 4.962 1.170 0.0604 0.055
Postoperative

Infection 5 1.908 0.457 13 4.962 1.182 0.059 0.055

Nonunion/malunion 6 2.290 0.549 12 4.580 1.094 0.1581 0.1501

* per 100 person-years. EIBP, early initiation of bisphosphonates (within 3 months of surgery); LIBP, late initiation of bisphospho-
nates (3 months after surgery); CCI, Charlson comorbidity index; CVA, cerebrovascular accident; SCI, spinal cord injury; UGI, upper
gastrointestinal.

A higher incidence of second FF surgery was detected in the LIBP group in patients
with complications of respiratory failure (13.7% vs. 5.344%, p = 0.0025), renal failure (6.87%
vs. 2.29%, p = 0.0174), and UGI bleeding (75.95% vs. 26.34%, p = 0.0361).

3.2. Second FF and Second FF Surgery

Multivariate subdistribution hazard regression analyses of factors associated with
second FF, revision surgery, and second FF surgery were conducted (Figure 2). The
findings indicated that the incidences of second FF (SHR = 0.509; 95% confidence in-
terval (95% CI): 0.352–0.735, p = 0.0003) and second FF surgery (SHR = 0.452; 95% CI:
0.268–0.763, p = 0.0029) were significantly lower in the EIBP group than in the LIBP group
(Figures 2 and 3). Patients aged <65 years (SHR = 1.632; 95% CI: 1.044–2.549, p = 0.0315),
who had cerebrovascular disease (SHR = 3.182; 95% CI: 1.174–8.626, p = 0.0229), and who
had renal disease (SHR = 5.259; 95% CI: 1.370–20.186, p = 0.0156) had significantly higher
incidence of second FF. No significant difference was observed in any factor for incidence
of revision surgery between the EIBP and LIBP groups (Figure 4).
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Figure 2. Risk factors and adjusted hazard ratio of fragility fractures stratified by bisphosphonate initiation time, sex, age,
Charlson comorbidity index, and comorbidities, by using a proportional subdistribution hazards model. BP: bisphosphonate
initiation; CCI: Charlson comorbidity index; CI: confidence interval.

Figure 3. Cumulative incidence of (A) second fragility fracture, (B) second fragility fracture surgery, and (C) revision surgery
in patients with bisphosphonate initiation within 3 months after fragility fracture surgery versus more than 3 months after
fragility fracture surgery.
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Figure 4. Forest plot of (A) second fragility fracture, (B) second fragility fracture surgery, and
(C) revision surgery in patients with bisphosphonate initiation within 3 months after fragility fracture
surgery versus more than 3 months after fragility fracture surgery for different fragility fracture
types and age groups. SHR, subdistribution hazard ratio; CI, confidence interval; Upper, upper limb;
Lower, lower limb.

3.3. Adverse Events after FFs

After initial FF surgery, the incidence of adverse events (Figure 4)—respiratory fail-
ure (SHR = 0.363; 95% CI: 0.189–0.697, p = 0.0024), renal failure (SHR = 0.346; 95% CI:
0.134–0.894, p = 0.0284), UGI bleeding (SHR = 0.76; 95% CI: 0.618–0.935, p = 0.0095), and
overall complications (SHR = 0.7280; 95% CI: 0.5940–0.8930, p = 0.0023)—was lower in the
EIBP group than in the LIBP group. The incidence of respiratory failure (SHR = 0.316; 95%
CI: 0.174–0.572, p = 0.0001) and renal failure (SHR = 0.354; 95% CI: 0.140–0.895, p = 0.0282)
was higher in women, but that of UGI bleeding (SHR = 1.508; 95% CI: 1.137–2.000, p = 0.004)
and overall complications (SHR = 1.380; 95% CI: 1.051–1.810, p = 0.020) was higher in men.

A lower incidence of respiratory failure was noted in patients with upper limb FF
surgery (SHR = 0.421; 95% CI: 0.196–0.904, p = 0.0024) and UGI bleeding (SHR = 0.79; 95%
CI: 0.625–0.998, p = 0.0479), and a higher incidence in patients aged > 65 years (SHR = 7.281;
95% CI: 2.029–26.12, p = 0.0023). Peptic ulcer was associated with a higher incidence of
complications (SHR = 1.85; 95% CI: 1.131–3.023, p = 0.0143).

4. Discussion

Osteoporosis is a common skeletal disorder and is associated with osteoporotic frac-
tures, which lead to a considerable rise in the likelihood of morbidity and mortality as
well as increased health care costs. Osteoporosis treatment can increase bone strength
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and decrease fracture risk. One of the drugs most commonly used to treat osteoporosis is
bisphosphonate [19], especially alendronate due to its cost effectiveness and support from
well-established evidence. Denosumab was popular, but it can cause rebound osteoporosis
and increased risk of spine fracture after discontinuation, which has led to a decrease in
use [20]. Therefore, recent studies have proposed a re-evaluation of bisphosphonate use.
The most appropriate timing of bisphosphonate initiation remains debatable. Our data
indicated that early initiation of oral alendronate was associated with lower incidence of
second FF, second FF surgery, and adverse events than late initiation.

Several randomized clinical trials have investigated the effects of the early postopera-
tive use of bisphosphonates (<3 months) on FFs. Eriksen et al. suggested bisphosphonate
initiation (zoledronic acid) 2–12 weeks after surgery to decrease the incidence of clinical
vertebral fracture, nonvertebral hip fracture, and mortality [21]. Lyles et al. found similar
results when zoledronic acid was initiated within 90 days of hip fracture surgery [22].
Uchiyama et al. stated that early administration of alendronate did not delay fracture
healing and decreased bone turnover [23]. A meta-analysis conducted by Li et al. included
253 individuals from four randomized clinical trials (RCTs) with measurements of healing
time and 2365 participants from six RCTs with measurements of delayed or nonunion rates
of fracture healing. The meta-analysis thus included 10 studies with 2888 patients. Four
of the trials used alendronate, three used zoledronic, two used risedronate, and one used
etidronate. No significant difference was observed in radiological fracture healing time
between the bisphosphonate therapy group and control group (mean difference = 0.47,
95% CI: −2.75 to 3.69). In previous studies, early bisphosphonate administration resulted
in higher bone mineral density (BMD). HORIZON recurrent fracture trials revealed that
patients receiving bisphosphonate 6 weeks to 3 months after hip fracture had higher total
hip and femoral neck BMD at 12 months than those receiving a bisphosphonate before
6 weeks [21]. This may be because bisphosphonates do not directly affect cells involved in
the inflammatory phase (i.e., osteoblasts) or the formation of soft and hard callus; instead,
bisphosphonates interrupt the remodeling of hard callus. Consequently, bisphosphonate
initiation within 3 months after surgical treatment of FFs may be more effective timing for
preventing second FFs and second FF surgeries.

Our cohort had lower incidence of respiratory failure, UGI bleeding, renal failure, and
other complications. This may have been due to the faster bone integration or stabilization
of implants, allowing early ambulation and preventing respiratory failure due to aspiration
pneumonia.

Alendronate use has been demonstrated to decrease the risk of cardiovascular events.
Sing et al. observed significantly lower risk of 1-year cardiovascular mortality (SHR
0.33; 95% CI: 0.17–0.65) and incident myocardial infarction (SHR 0.55; 95% CI: 0.34–0.89)
following hip fracture [24]. This is due to nitrogen-containing bisphosphonates targeting
the mevalonate pathway, specifically farnesyl pyrophosphate synthase, which has the
same pathway as statins [25]. Alishiri et al. concluded that in patients with aortic stenosis
and concurrent osteoporosis, alendronate treatment retarded stenosis progression and
improved the outcome [26].

The lower risk of UGI bleeding may be related to the indication of bisphosphonate.
Therefore, physicians should be cautious about using ulcer-inducing agents in patients with
EIBP. Alendronate causes oxidative gastric damage by increasing myeloperoxidase activity
and lipid peroxidation, which cause the formation of gastric ulcers and impair gastric ulcer
healing [27]. In a population-based study, Peng et al. concluded that alendronate was a
risk factor for UGI bleeding (SHR = 1.32; 95% CI: 1.02–1.71) [28]. This was inconsistent
with our results, likely because EIBP may exacerbate certain symptoms in patients and is
therefore usually avoided.

Bisphosphonate is contraindicated in patients with renal insufficiency because of the
risk of renal function deterioration [29]. In our cohort, the risk of renal failure was lower in
the EIBP group likely due to the avoidance of other medications causing renal toxicity due
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to shorter hospital stay. Moreover, improvement of function leads to lower nonsteroidal
anti-inflammatory drug use, which may be another explanation for the finding.

Patients with EIBP have earlier physician attention and therefore have more awareness
of their general condition because of programs such as the fracture liaison service (FLS). The
FLS has improved the quality of care in patients with fracture and helped prevent secondary
fractures [30]. This may be another reason for the fewer complications in the EIBP group.
In a nationwide cohort study, Wang et al. reported that early initiation (15–84 days) of
antiosteoporosis medicine reduced the risk of fracture-related hospitalization [31]. These
findings also indicate the importance of the FLS in identifying patients suitable for ELBP.

The strengths of this study include the completeness of patient follow-up and high
accuracy of coding in the national health database [32]. The study had some limitations.
First, the NHI claims database lacks information on the Fracture Risk Assessment Tool
score, BMD, smoking, compliance, vitamin D deficiency, and bone turnover markers.
Second, we included only patients who received first-time alendronate. Third, we could
not differentiate the causes of fractures, which may also have included atypical fractures.
The incidence of atypical femoral fractures was found to be between 0.3 and 85.9 per
100,000 person-years [33,34]. Short- or long-term alendronate use is not significantly
associated with higher risk of atypical femoral fractures [35]. Therefore, the low frequency
of atypical fractures probably did not affect the study outcomes. Finally, we could only
evaluate the associations of early and late bisphosphonate use with adverse events and
could not follow up on the intergroup difference in perioperative complications that
would have been attributable to bisphosphonate initiation. Prospective studies should be
conducted to analyze this.

5. Conclusions

Bisphosphonate initiation within 3 months of FF surgery is associated with lower
incidence of second FF, second fracture surgery, and adverse events and should therefore
be considered over late initiation in these patients.
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Abstract: Background and objective: Bone involvement occurs in 75% of patients with Gaucher
disease (GD), and comprises structural changes, debilitating pain, and bone density abnormalities.
Osteoporosis is a silent manifestation of GD until a pathologic fracture occurs. Thus, early diagnosis
is crucial for identifying high-risk patients in order to prevent irreversible complications. Methods:
Thirty-three patients with GD were assessed prospectively to identify predictive markers associated
with bone density abnormalities, osteopenia (OSN), and osteoporosis (OSR). Subjects were catego-
rized into three cohorts based on T- or Z-scores of bone mineral density (BMD). The first GD cohort
consisted of those with no bone complications (Z-score ≥ −0.9; T-scores ≥ −1), the second was the
OSN group (−1.8 ≥ Z-score ≥ −1; −2.5 ≥ T-score ≥ −1), and the third was the OSR group (Z-score
≤ −1.9; T-scores ≤ −2.5). Serum levels of TRAP5b, RANKL, OPG, and RANK were quantified by
enzyme-linked immunosorbent assays. Results: TRAP5b levels were increased in GD patients, and
showed a positive correlation with GD biomarkers, including plasma glucosylsphingosine (lyso-Gb1)
and macrophage activation markers CCL18 and chitotriosidase. The highest level of TRAP5b was
measured in patients with osteoporosis. The elevation of RANKL and RANKL/OPG ratio correlated
with osteopenia in GD. Conclusion: TRAP5b, RANKL, and RANKL/OPG elevation indicate osteo-
clast activation in GD. TRAP5b is a potential bone biomarker for GD with the ability to predict the
progression of bone density abnormalities.

Keywords: Gaucher disease; osteoporosis; TRAP5b; OPG; RANKL; biomarker; lyso-Gb1; bone

1. Introduction

Gaucher disease (GD), the most common lysosomal storage disorder, is caused by a
deficiency of the enzyme glucocerebrosidase (GCase) and the progressive accumulation of
its substrate, glycosylceramide (GC), in various tissues and organs of the reticuloendothelial
system [1]. GD affects monocyte lineage cells, primarily the macrophages, which play
an essential role in bone metabolism, osteoclast differentiation, osteoclasts-osteoblasts
interactions, and bone remodeling. Bone involvement in GD ranges from osteonecrosis to
reduced bone density and developmental and structural bone abnormalities.

The progressive bone disease occurs in 75% of patients with type 1 GD, and signs and
symptoms include structural bone changes, debilitating bone pain, and osteoporosis [2].
In addition to the extensive inflammatory response against GC and its toxic metabolite
glucosylsphingosine (lyso-Gb1), GD bone pathology is possibly the result of the alterations
in osteoclast function and osteoblast participation in bone remodeling and osteoclast differ-
entiation [3]. Moreover, local GC accumulation affects osteoclast-osteoblast communication
and mediates bone abnormalities [4–6].

Reduced bone density leads to progressive osteopenia and osteoporosis, and the
aberrations in bone structure lead to abnormal vertebral remodeling and bone modeling,
including Erlenmeyer flask deformity. Other bone structural abnormalities in GD include
osteonecrosis and lytic lesions [3,7].

J. Clin. Med. 2021, 10, 2217. https://doi.org/10.3390/jcm10102217 https://www.mdpi.com/journal/jcm17



J. Clin. Med. 2021, 10, 2217

Tartrate-resistant acid phosphatase (TRAP) is an enzyme coded by ACP5, and is ex-
pressed in osteoclasts, macrophages, and dendritic cells. Two isoforms of TRAP circulate
in the blood, TRAP5a secreted from macrophages and dendritic cells, and TRAP5b from
osteoclasts. TRAP5b is a marker of osteoclast activity and indicators of bone resorption [8].
Moreover, the activator of TRAP5b expression, cathepsin K, is highly expressed in osteo-
clasts and has been shown to participate in bone resorption in GD [9]. Although elevated
TRAP5b has previously been reported in GD, the limited number of patients included in
this study prevented any further conclusions about its significance from being reached [10].

Among the essential factors that regulate bone turnover are the receptor activator of
NF-kB (RANK), its ligand (RANKL), and osteoprotegerin (OPG), the receptor that binds
to RANKL [9,11,12]. The cellular response to RANKL is contingent on the level of its
receptor RANK and the presence of OPG [11]. RANKL and OPG are primarily involved
in maintaining bone density. Given that bone is an organ with a slow turnover, and that
bone mineral density (BMD) measurement in the short term does not provide enough
information about prognosis, biomarkers will be valuable for the early assessment of bone
density abnormalities.

2. Materials and Methods

2.1. Subjects

The study was conducted under an IRB approved protocol (NCT04055831) and in-
cluded 33 subjects with GD (eight males and 25 females, age range 18 to 68 years, mean
41 ± 15) and 15 healthy controls (nine males and six females with an average age of
48 ± 11 years) (Supplemental Table S1). Ethics committees and data protection agencies
approved the clinical protocol, and all subjects provided written informed consent for the
collection of samples and analysis of their data. GD diagnosis was based on GCase residual
activity and GBA molecular analysis. Participants were further categorized into three
cohorts based on the T- or Z-score of BMD. The cohort designated ‘normal’ (N) included
nine subjects without any bone complications and a normal BMD with a Z-score ≥ −0.9 or
T-score ≥ −1. The osteopenia (OSN) group included 10 subjects with a Z score of −1 to
−1.8 or a T-score of −1 to −2.5. The osteoporosis (OSR) group included 14 subjects with a
Z score ≤ −1.9 or a T-score ≤ −2.5 (Table 1 and Supplemental Table S1).

Table 1. The clinical features of bone disease in GD (Gaucher disease) cohorts: no bone complications
(N), osteopenia (OSN), and osteoporosis (OSR).

N OSN OSR

T-score (average ± STDEV) 0.03 ± 0.2 −1.07 ± 0.2 −2.96 ± 0.8
Z-score (average ± STDEV) −0.2 −1.6 −2.73 ± 0.4

Bone pain 4/9 (44%) 4/10 (40%) 10/14 (71%)
Bone surgery 0/9 (0%) 1/10 (10%) 6/14 (42%)

Pathologic fractures 0/9 (0%) 2/10 (20%) 3/14 (21%)
Bone marrow infiltration 7/9 (77%) 7/10 (67%) 8/14 (57%)

EM-flask deformity 5/9 (55%) 3/10 (30%) 8/14 (57%)
Cystic changes 0/9 (0%) 0/10 (0%) 1/14 (7%)
Osteonecrosis 3/9 (33%) 1/10 (10%) 4/14 (28%)

2.2. The Clinical Features of Bone Disease in GD Cohorts

Details of medical history with bone disease characteristics such as bone surgery, patho-
logic fractures, bone pain, bone marrow infiltration, EM-flask deformity, and osteonecrosis
are listed in Table 1 and Supplemental Table S1. Demographic characteristics, genotypes,
and relevant molecular analyses are summarized in Supplemental Tables S2 and S3.

2.3. Measurement of Biomarkers in Plasma Samples

Blood samples were collected in EDTA tubes. Plasma levels of bone markers were
measured using commercially available ELISA kits. The concentration of TRAP5b was
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measured in 50 μL of plasma using TRAP5b ELISA kit (Quidel, San Diego, CA, USA).
Recombinant TRAP5b was used for calibration, and the range of the assay was 0–16.5 U/L.
The concentration of OPG and RANKL was measured in 100 μL of plasma using OPG
and RANKL ELISA kits (Origene Technologies Inc., Rockville, MD, USA). Recombinant
OPG was used as a standard, and the range of the assay was 0–6000 pg/mL. The RANKL
range of the assay was 0–5000 pg/mL. The RANK concentration was measured in 100 μL
of plasma using the RANK ELISA kit (Thermo Fisher Scientific, Waltham, MA, USA).
Recombinant RANK was used as a standard, the range of the assay was 0–10 ng/mL, and
the analytical sensitivity was 0.054 ng/mL.

2.4. Statistical Analysis

Statistical analysis was performed using Graph Prizm (GraphPad, San Diego, CA,
USA). Differences between the two groups were tested by Student’s t-test or F-test. The
groups were compared using one-way analysis of variance (ANOVA), followed by Brown-
Forsythe, Bartlett’s multiple-comparison, and Kruskal-Wallis tests. Pearson’s test, one or
two tails, was used for correlation analysis. The value of p < 0.05 indicated a statistically
significant result.

3. Results

3.1. Bone Pain Is Associated with Osteopenia and Osteoporosis in GD

Overall and individual characteristics of bone involvement in subjects with GD are
given in Table 1 and Supplemental Table S1. Bone pain was more common in the OSR
group (71%) compared to the N (44%) and OSN groups (40%) (Table 1). Increased frequency
of pathological bone fractures and bone surgeries correlated with the progression of OSN
and OSR (Table 1). However, the incidence of bone marrow infiltration, EM-flask deformity,
and osteonecrosis were not associated with abnormal bone density, or with OSN or OSR
pathology (Table 1).

3.2. TRAP5b Is Increased in GD and Correlates with Osteoporosis

TRAP5b is a marker of the number of active osteoclasts and an indicator of bone
resorption. To examine the role of TRAP5b in GD, the peripheral levels of TRAP5b were
measured. TRAP5b was significantly higher in the GD group than in the healthy controls
(Figure 1A). Further analysis demonstrated that TRAP5b correlated with the progression
of osteopenia towards osteoporosis (Figure 1B). TRAP5b was significantly higher in the
OSR than in the OSN and N cohorts.

Figure 1. Plasma TRAP5b level. (A) TRAP5b level, GD (Gaucher disease) mean 3.4 ± 0.4, n = 33
vs. control mean 1.4 ± 0.1, n = 10, p < 0.05 unpaired t-test and F test. (B) TRAP5b concentrations
in control and GD cohorts. GD and no bone complication (N, mean 2.6 ± 0.63), osteopenia (OSN,
mean 3.1 ± 1.8), and osteoporosis (OSR, mean 4.2 ± 2.2). * p < 0.05; ANOVA, Brown-Forsythe, and
Bartlett’s multiple-comparison test. Data are means ± SEM. Measurements are in units/50 μL.

19



J. Clin. Med. 2021, 10, 2217

Furthermore, the finding that TRAP5b is elevated in GD patients remained unchanged
after stratifying by gender (Supplemental Figure S1A). eight out of ten GD women and three
out of four GD men with osteoporosis showed elevated levels of TRAP5b. (Supplemental
Figure S1A). Taken together, these data indicate that plasma TRAP5b may be a clinically
relevant marker for the evaluation of bone resorption in GD patients. There was no
correlation between TRAP5b levels for different treatment modalities, enzyme replacement
therapy (ERT), substrate reduction therapy (SRT), or treatment duration.

3.3. RANKL, Not RANK Is Elevated in GD and Correlates with Osteopenia

RANKL is highly expressed by osteoblasts and osteocytes. RANKL binds to its
receptor (RANK) and activates osteoclasts’ differentiation and maturation, favoring bone
resorption [11,13]. Analysis of control plasma and plasma from GD subjects demonstrated
that the level of RANKL was significantly higher in GD (Figure 2A). Comparing RANKL in
controls and GD cohorts showed a significant increase in RANKL level in the OSN cohort
compared with the N and OSR cohorts (Figure 2B). RANKL level was elevated in GD
females with OSN (5/8) and in two women (2/10) with OSR (Supplemental Figure S1B).
Three males with GD presented with the highest level of RANKL, one patient without bone
complications and two patients with OSN. Five subjects with osteoporosis were treated
with denosumab, a human monoclonal antibody against the RANK ligand. RANKL level
was elevated in one of five patients treated with denosumab (Supplemental Figure S1B).
Correlation between type or duration of Gaucher disease specific treatment and RANKL
was not observed. Overall, these results show that plasma RANKL is a potential marker
for OSN in GD.

Figure 2. Plasma RANKL level. (A) RANKL levels, control vs. GD. Statistical analysis using un-
paired t-test and F test to compare variance demonstrated a significant difference between control
(mean 20 ± 5.8, n = 15) and GD cohorts (mean 166 ± 67.9, n = 33). * p < 0.05. (B) RANKL concentra-
tions in control subjects and GD with no bone complication (N, mean 117 ± 74), osteopenia (OSN,
mean 362 ± 118), and osteoporosis (OSR, mean 49 ± 26). * p < 0.05 ANOVA test, Tukey’s multiple
comparisons test control vs. OSN and control vs. OSR.

RANKL binds to the receptor activator of NF-kB (RANK) to induce osteoclastogene-
sis [11]. RANK is mainly expressed in osteoclast precursors, mature osteoclasts, dendritic
cells, macrophages, and microglia. Surprisingly, despite being a membrane receptor, RANK
was detectable in the serum of GD subjects. However, the measurement of plasma RANK
showed no differences between the controls and GD patients (Figure 3A). Further anal-
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ysis in three different GD cohorts did not show an association between RANK and the
progression of bone density abnormalities (Figure 3B).

Figure 3. Circulating RANK levels in patients with GD. (A) RANK levels, control vs. GD group
(mean 0.30 ± 0.02, n = 30). (B) RANK concentrations in control (mean 0.32 ± 0.03, n = 10) and GD
groups N, OSN, and OSR. Data are means ± SEM. Measurements are in ng/mL.

3.4. Elevated OPG Does Not Correlate with OSN or OSR in GD

The decoy receptor for RANKL (OPG) is produced by osteoblasts. OPG binds RANKL
and blocks RANKL activation, reducing the number of osteoclasts [14]. Plasma OPG was
elevated in 15 out of 33 (46%) GD patients, and the average of OPG in GD was higher
compared with healthy controls (Figure 4A). Further analysis, however, demonstrated that
OPG did not correlate with osteopenia or osteoporosis (Figure 4B). The majority of patients
with the highest level of OPG belonged to two cohorts: no bone complication (5 out of
8 patients) or OSN (5 out of 9 patients). After stratification for gender and treatment, there
was no difference in OPG levels. (Supplemental Figure S1C).

Figure 4. Plasma OPG (osteoprotegerin) concentrations. (A) OPG level, control (mean 206 ± 17,
n = 10) vs. GD (mean 307 ± 30, n = 33). * p < 0.05 unpaired t test and F test. (B) OPG concentrations in
control subjects and GD with no bone complication (N), osteopenia (OSN), and osteoporosis (OSR).
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3.5. RANKL/OPG Ratio Is Higher in Patients with GD

Alterations of the RANKL/OPG balance have been characterized in a wide range
of bone diseases, including osteoporosis [13]. Therefore, in addition to RANKL and
OPG analysis, we calculated the RANKL/OPG ratio. Similar to RANKL and OPG, the
RANKL/OPG ratio was higher in GD compared to controls (Figure 5A). Further analysis
showed an increased RANKL/OPG ratio in the OSN cohort. Tukey’s multiple-comparison
test demonstrated significant differences between control vs. OSN groups (Figure 5B). The
observation that RANKL/OPG ratio is higher in GD patients, especially in patients with
osteopenia, remained the same for males and females (Supplemental Figure S1D).

Figure 5. RANKL/OPG ratio. (A) Comparing RANKL/OPG ratio in control (mean 0.10 ± 0.06,
n = 10) vs. GD cohorts (mean 0.60 ± 0.17, n = 33). F test significant p < 0.05 (B) RANKL/OPG ratio in
control group (mean 0.11 ± 0.08, n = 10); GD-N (mean 0.39 ± 0.17, n = 9); GD-OSN (mean 1.3 ± 0.46,
n = 10); and GD-OSR (mean 0.27 ± 0.170, n = 14) groups. Data are means ± SEM. ANOVA test,
Bartlett’s multiple-comparisons, and Kruskal–Wallis tests (* p < 0.05) showed significant differences
between groups. Tukey’s multiple-comparison test demonstrated significant differences between
control vs. OSN groups.

3.6. The Relationship between TRAP5b, RANKL, and OPG in GD

Correlation analysis of RANKL/OPG/TRAP5b levels in GD patients with no bone
complications (N) showed an increased level of TRAP5b and OPG, but not RANKL. From
the GD-N cohort, only one patient had an elevated level of RANKL; however, this patient
had a high level of OPG and a TRAP5b level comparable to the average control level
(Figure 6A,B and Supplemental Figure S2).

Scatterplot analysis of the relationship between RANKL and OPG demonstrated that
some samples from the OSN cohort with higher RANKL also showed increased OPG
levels (Figure 6A and Supplemental Figure S2). Since RANKL promotes osteoclastogenesis,
the elevated level of serum RANKL and the decreased level of OPG indicate accelerating
osteoclast activation, resulting in osteoporosis progression. Scatterplot TRAP5b vs. RANKL
demonstrates that TRAP5b is higher in the OSN cohort with an elevated RANKL and
normal OPG (Figure 6B,C and Supplemental Figure S2). Thus, these data suggest that an
increased level of OPG inhibits osteoclast activity in GD patients with osteopenia.

In the GD cohort with OSR, the RANKL and OPG levels were similar to control and
GD-N cohorts, except for one patient with a high RANKL and three patients with high
OPG only (Figure 6B and Supplemental Figure S2). There was no direct correlation between
TRAP5b and RANKL or OPG levels in GD-OSR (Figure 6C,D). Because osteoclast activity
is significantly greater than osteoblast activity in osteoporotic tissue [15], the significantly
increased level of TRAP5b, but not RANKL or OPG, might be associated with a shift to
osteoporosis in GD.
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Among the five patients treated with denosumab, two (P6 and P10) had normal
RANKL, OPG, and TRAP5b levels (Figure 6B–D). Three (P5, P7, P8), meanwhile, had an
elevated TRAP5b, and two patients had increased OPG.

Figure 6. TRAP5b, RANKL, and OPG correlation in GD. (A) The RANKL-OPG-RANK pathway activates bone resorption
and osteoclast differentiation. Osteoblasts express RANKL and OPG. Preosteoclasts express RANK, which is activated by
RANKL. OPG neutralizes RANKL. TRAP5b, expressed by osteoclasts, is a marker of osteoclast activity. (B–D) Scatterplot
analysis of correlation of OPG and RANKL (B), TRAP5n and RANKL (C), and TRAP5b and OPG (D). P5, P6, P7, P8, and
P10 represent patients treated with denosumab. Healthy control (black diamond). GD cohorts: N (green), OSN (blue), and
OSR (red). The graphs are divided into quadrants and demonstrate: left bottom (range of healthy controls), left top (higher
than healthy control only in the vertical axis), right bottom (higher than healthy control only in the horizontal axis), and
right top (higher than healthy control in both the vertical and the horizontal axis).

3.7. TRAP5b Positively Correlates with GD Biomarkers: CCL18, Chitotriosidase, and Lyso-Gb1

We next analyzed the correlation between circulating TRAP5b, RANKL, and OPG,
and GD biomarkers chitotriosidase (CHITO), lyso-Gb1, and chemokine ligand 18 (CCL18)
in all GD patients. CCL18 and CHITO are secreted by activated macrophages, and lyso-Gb1
represents the circulating metabolite derived from the deacylation of Gb1 [16–18]. A posi-
tive linear correlation was observed between CHITO, lyso-Gb1, and CCL18 (Supplemental
Figure S3). TRAP5b showed a significant positive correlation with CCL18, lyso-Gb1, and
CHITO (Figure 7 and Supplemental Figure S4). Furthermore, a negative correlation was
observed between OPG and CHITO in the majority of GD patients with abnormal bone
density (OSN and OSR) (Supplemental Figure S4), with the exception of two OSR patients
who had incredibly high levels of CHITO and an elevated level of OPG (Supplemental
Figure S4I). A negative correlation was observed between OPG and lyso-Gb1 in GD pa-
tients with OSN (Table 2). In comparison, there was no correlation between RANKL and
GD biomarkers.
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Figure 7. TRAP5b, RANKL, OPG correlation with biomarkers: CCL18, lyso-Gb1, and chitotriosidase
in all GD patients. Scatterplot analysis of correlation of TRAP5b and CCL18 (A), TRAP5b and
lyso-Gb1 (B), TRAP5b and chitotriosidase (C), RANKL and CCL18 (D), RANKL and lyso-Gb1
(E), RANKL and chitotriosidase (F), OPG and CCL18 (G), OPG and lyso-Gb1 (H), and OPG and
chitotriosidase (I). p-values: statistical comparison was determined via Pearson’s two tail linear
regression correlation analysis.

Table 2. TRAP5b, RANKL, OPG correlation with CCL18, lyso-Gb1, and chitotriosidase (CHITO) in
N, OSN, and OSR cohorts. Statistical comparisons were determined via Pearson’s one tail linear
correlation analysis. * Statistical analysis included GD patients with abnormal bone density (OSN
and OSR), two OSR outliers were removed.

TRAP5b OPG RANKL

CCL18
N N N N

OSN positive correlation
(R = 0.7; p = 0.02) N N

OSR positive correlation
(R = 0.5, p = 0.03) N N

CHITO
N N N N

OSN positive correlation
(R = 0.8, p = 0.006)

negative correlation
(R = −0.6, p = 0.03) N

OSR positive correlation
(R = 0.2, p = 0.05)

OSN + OSR
(R = −0.4, p = 0.02 *) N

Lyso-Gb1
N N N N

OSN positive correlation
(R = 0.7, p = 0.02)

negative correlation
(R = −0.6, p = 0.03) N

OSR positive correlation
(R = 0.6, p = 0.02) N N
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4. Discussion

Progressive bone disease is one of the primary untreated aspects of Gaucher disease.
The majority of GD patients had structural bone involvement, and 43% had bone pain [19].
Bone metabolism, including turnover, remodeling, and mineralization, are affected in GD.
One of GD’s early signs involving bone pathology is the ‘Erlenmeyer flask’ deformity that
affects long bones and abnormality of bone modeling. Later, the majority of GD patients de-
velop skeletal complications, including osteopenia and osteoporosis [3]. GD patients with
skeletal involvement could be asymptomatic or present symptoms such as pain, pathologi-
cal fractures, cystic changes, or osteonecrosis. ‘Erlenmeyer flask’ deformity occurs during
tubular and long bone growth [20], and can be the initial diagnostic sign in many patients.
With GD, in our cohort, the ‘Erlenmeyer flask’ deformity did not correlate with OSN or
OSR, suggesting different pathological pathways leading to abnormal bone remodeling
and bone mineralization. However, in our study, an increasing number of GD patients with
bone pain and bone fractures correlated with osteoporosis, suggesting similar underlying
mechanisms for both. As is well known, multiple chronic immune and inflammatory
disorders are associated with bone density abnormalities and accompanying pain [21].

While bone involvement is common in GD, there are no peripheral bone-related
biomarkers in clinical use that could assist with therapeutic planning and clinical manage-
ment. Our study’s main conclusion is that TRAP5b is a biomarker that correlates with the
progression of osteopenia to osteoporosis in GD. Excess osteoclastic bone resorption over
osteoblastic bone formation leads to bone mineral loss and the development of osteopenia
and osteoporosis [20]. The bone marker, TRAP5b, is a marker of osteoclast activation and
reflects the number of active osteoclasts [8,22]. Two isoforms of TRAP circulate in the blood,
TRAP5a and TRAP5b. TRAP5a is a biomarker of systemic inflammation [23], and TRAP5b
is a biomarker of bone resorption. The development of specific TRAP5a and TRAP5b
antibodies has made it possible to separate clinically relevant biomarkers for osteoclasts
and inflammatory macrophages [24].

Interestingly, total TRAP, not TRAP5b, has been used as a biomarker for GD along
with angiotensin-converting enzyme (ACE), CHITO, and ferritin, all of which are markers
for activated macrophages [25]. Moreover, total TRAP, along with CHITO, ferritin, and
ACE, is included in routine clinical monitoring of GD activity [26]. Our results demonstrate
that higher TRAP5b levels correlate with OSN (3.1 ± 1.8) and OSR (4.2 ± 2.2) progres-
sion in GD. Similar to TRAP5b, cathepsin K is also secreted predominantly by activated
osteoclasts [27,28]. Moreover, two studies demonstrated that cathepsin K increases in
GD1 [29,30]. Thus, enhanced TRAP5b expression and cathepsin K activation confirm
osteoclast activation in GD patients. Overall, our findings suggest that serum TRAP5b is
a promising new biomarker with clinical relevance in GD, and evaluation of osteopenia–
osteoporosis progression.

Circulating TRAP5b positively correlates with clinical biomarkers of GD pathology:
CCL18, lyso-Gb1, and CHITO. We think that this finding is relevant to understanding
the pattern of events that occurs in GD bones. Because the significant correlation was
verified between TRAP5b and lyso-Gb1, and correlations between lyso-Gb1, CHITO are
CCL18 have been observed in several clinical studies [18], we postulate that lyso-Gb1 is the
primary contributor to TRAP5b activation, not CHITO or CCL18. A possible mechanism
underlying activation expression of TRAP5 in osteoclasts is Gb1 accumulation in bone
marrow cells, including monocytes/macrophages precursors cells, and osteoclasts. An
analysis of osteoblasts differentiated from a GD1 patient’s bone marrow demonstrated that
exogenous lyso-Gb1 reduced mesenchymal cell viability for osteoblast differentiation and
reduced osteoblast calcium deposition [6]. At the same time, an analysis of osteoclasts
showed an increase in osteoclast generation of 37% in GD. Thus, increased osteoclast
number and activity with reducing osteoblast activity lead to osteoclast/osteoblast dis-
balance in GD [6]. The alternative pathway of osteoclast activation is via inflammatory
pathways that lead to an augmented and systemic loss of bone mineral density [31]. A
wide range of in vitro studies have shown that lyso-Gb1 is a pro-inflammatory agent in
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immune cells, including chronic B-cell and T-cell activation and gammopathy [32–34]. We
suggest that TRAP5b could be used along with other GD biomarkers to assess bone density
abnormalities and response to therapy.

The level of RANKL and OPG are essential factors that determine the number and
activity of osteoclasts [11,35,36]. RANKL binds to RANK on the surface of the osteoclast
precursor or mononuclear osteoclast and promotes osteoclast differentiation and matura-
tion. OPG binds to RANKL and inhibits osteoclast differentiation. RANK is expressed in
osteoclast precursors, mature osteoclasts, dendritic cells, macrophages, and microglia. The
RANKL is highly expressed by osteoblasts, and to a much lesser degree in osteocytes. OPG
is mainly expressed by osteoblasts [35]. Mature monocytes and macrophages have the abil-
ity to differentiate into osteoclasts, but these cells also secrete factors that impact osteoblast
activity [37–39]. Because cells of monocytes/macrophage lineage are primarily affected in
GD, it is not unexpected that bone morphogenesis and remodeling are impaired [3,40]. GD
patients with active bone disease formed more osteoclasts than GD patients without bone
disease [6,40,41]. Moreover, an in vitro inhibitory GD model that demonstrated that PBMC
differentiated into osteoclasts at a higher rate support the finding that GD patients with
active bone disease formed more osteoclasts [41]. Thus, the altered RANKL/RANK/OPG
triad plays an integral role in GD bone pathology [3,18].

In the present study, RANKL was elevated in 51% of the patients with GD. However,
elevated plasma RANKL only correlates with osteopenia, and not osteoporosis, suggesting
that the acceleration of osteoclast differentiation occurs before the onset of osteoporosis.
This finding may also represent the activation of osteoclastic bone resorption in patients
with osteopenia. Furthermore, the majority of GD patients had an average serum OPG level,
and only 41% presented with an elevated OPG. Patients with a high level of OPG either
belonged to the N or OSN cohorts. This finding suggests that in the early stages of bone
disease, OPG is expressed and inhibits RANKL activity. Overall, our data fit with a previous
study that demonstrated the normal values for OPG in GD type 1 [42]. Accumulated
findings indicate that OPG-related osteoclast activity is not a major mechanism of bone
pathology in GD patients with relatively mild form [42]. However, there is still controversy
regarding RANKL/OPG and its effects on GD bone pathology [43]. The genetic variability
of OPG and RANK genes in GD may also play a role in the GD bone pathology with its
response to treatment. Similar to the RANKL data, RANKL/OPG level was mostly elevated
in the OSN group and positively correlated with RANKL. The higher level of RANKL
and RANKL/OPG in patients with osteopenia has been observed in postmenopausal
women [44]. RANKL/OPG ratio is often used as a biomarker of bone pathology, which
reflects a balance of bone formation and resorption.

The close relationship between osteoporosis and chronic inflammation has been
studied for many years. The most detailed observations of osteoclast-mediated bone loss
during chronic inflammation are described for autoimmune rheumatic diseases. Osteoclast-
mediated resorption at the interface between synovium and bone is responsible for the
joint erosion seen in patients suffering from inflammatory rheumatoid arthritis (RA) [45].
Inflammatory cytokines (tumor necrosis factor-alpha (TNFα) and interleukins (IL-1, and
Il-6)) may drive osteoclastic bone loss [45,46]. Synovial macrophages in RA overexpress
these inflammatory cytokines, including TNFα, which has particularly pervasive effects on
osteoclastogenesis by promoting RANKL production [46,47]. RANKL, in turn, promotes
differentiation of synovial macrophages into osteoclasts [48]. Because Gb1 and lyso-Gb1
induce expression of pro-inflammatory cytokines in macrophages, including TNFα, Il-6,
and monocyte chemoattractant protein 1 (MCP-1) [18], we suggest that inflammatory
cytokines contribute to RANKL/OPG imbalance and thus promote osteoclastic bone
resorption. The bone pain that also correlates with bone density abnormalities suggests the
contribution of a systemic inflammatory response to GD-related bone disease [49].

A relatively small number of subjects and small cohort numbers for each GD is one
of the limitations of this study, and thus, the results of linear regression analysis should
be interpreted with caution. Also, in this study, we did not take into account the age of
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disease onset, disease course, or duration of GD therapy, which could have contributed to
current observations in OSN and OSR cohorts.

ERT leads to a substantial improvement of hematological manifestation in GD; how-
ever, bone involvement is refractory to therapy [50]. Limited studies have evaluated bone
biomarkers in untreated vs. ERT treated patients with inconsistent results. The lack of
differences in serum OPG levels between naïve and ERT-treated patients suggested that
OPG-related osteoclast activity may not be a significant contributor to GD bone pathol-
ogy [42]. However, in another study, there were decreased OPG and RANKL/OPG levels
in GD [10]. Our group has previously demonstrated that plasma RANKL and OPG levels
decreased in SRT-treated patients over time, but RANKL/OPG did not change with the
treatment status [51].

There is no standard treatment for osteopenia–osteoporosis progression in GD. The
most common medications for osteoporosis and others bone diseases, nitrogen-containing
bisphosphonates (N-BPs), prevent bone mass loss by inhibiting osteoclast resorption via
inhibition of farnesyl pyrophosphate synthase [52]. N-BPs, calcium, and vitamin D with
a healthy lifestyle are standard recommendations for GD patients, especially for young
patients [53,54]. Unfortunately, no clinical study using N-BPs in GD has been completed.
While there are individual case reports, limited small patient series, and consensus state-
ments on the use of N-BPs, there has not yet been a systemic study of this treatment
modality in GD [53,55,56]. Emerging osteoporosis therapies utilize novel mechanisms,
including monoclonal antibodies against RANKL, DKK1, and sclerostin [57]. The antibody
against RANKL, denosumab, prevents osteoclast development through RANKL inhibition.
In this study, five patients with OSR have been treated with denosumab; among those, four
had normal RANKL, and one had borderline levels after receiving denosumab. Never-
theless, the majority of GD patients with elevated RANKL levels were patients with OSN.
Currently, whether patients with osteopenia and an elevated RANKL but normal OPG
levels have a higher risk of developing osteoporosis is not known. Similarly, the effects of
denosumab in GD-related osteoporosis is yet to be studied [20].

This study furthers clinical knowledge regarding the circulating biomarkers (TRAP5,
RANKL, RANK, and OPG), bone density, and osteoporosis progression in GD. We provide
the first evidence that TRAP5b is a potential bone biomarker for GD with the ability to
predict OSN and OSR progression. The pattern of elevation of RANKL and OPG provides
additional evidence for the role of osteoclastic bone resorption in GD.
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Abstract: In 32-kidney transplanted patients (KTxps), the safety and the effects on BMD and mineral
metabolism (MM) of one-year treatment with denosumab (DB) were studied. Femoral and vertebral
BMD and T-score, FRAX score and vertebral fractures (sVF) before (T0) and after 12 months (T12)
of treatment were measured. MM, renal parameters, hypocalcemic episodes (HpCa), urinary tract
infections (UTI), major graft and KTxps outcomes were monitored. The cohort was composed mainly
of females, n = 21. We had 29 KTxps on steroid therapy and 22 KTxps on vitamin D supplementation.
At T0, 25 and 7 KTxps had femoral osteoporosis (F-OPS) and osteopenia (F-OPS), respectively.
Twenty-three and six KTxps had vertebral osteoporosis (V-OPS) and osteopenia (V-OPS), respectively.
Seventeen KTxps had sVF. At T12, T-score increased at femoral and vertebral sites (p = 0.05, p = 0.008).
The prevalence of F-OPS and V-OPS reduced from 78% to 69% and from 72% to 50%, respectively.
Twenty-five KTxps ameliorated FRAX score and two KTxps had novel sVF. At T12, a slight reduction
of Ca was present, without HpCa. Four KTxps had UTI. No graft rejections, loss of graft or deaths
were reported. Our preliminary results show a good efficacy and safety of DB in KTxps. Longer and
randomized studies involving more KTxps might elucidate the possible primary role of DB in the
treatment of bone disorders in KTxps.

Keywords: denosumab; kidney transplantation; CKDMBD; vertebral fractures

1. Introduction

Chronic kidney disease (CKD) is now a serious problem because of the progressive
rise of its incidence and prevalence worldwide [1]. Among the several complications
present in CKD patients, the alterations of bone and mineral metabolism (MM) have a
strong impact. Several changes in bone structure and progressive disarrangement in MM
homeostasis occur progressively in CKD patients and cause the insurgence of vascular
calcifications, cardiovascular events and bone fractures [2].

Kidney transplantation (KTx) is considered the best option for patients affected by
CKD. Compared to dialyzed patients, KTx patients (KTxps) have globally better life
expectancy and better cardiovascular and global outcomes [3]. Nevertheless, KTx is not
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able to completely solve the metabolic disorders developed during CKD. In addition, some
specificities of KTxps exert additional effects on MM and bone homeostasis [4,5]. KTxps
have, for these reasons, a higher fracture risk than the general population [6]. Post KTx
bone loss and fractures incidence have their highest degree during the 12 months after
KTx, but a progressive bone loss is reported during the entire life of the graft [7]. The
principal therapeutic options for the treatment of bone anomalies in KTxps involve vitamin
D, calcium supplements and, when indicated, bisphosphonates [8]. The concerns about
bisphosphonate prescription in KTxps, mostly related to their potential nephrotoxicity and
the limited data on their efficacy in preventing novel fractures, have limited the use of
these drugs, making the management of bone disorders still unsatisfactory in KTxps [9].
Denosumab (DB) is a fully human monoclonal antibody directed against RANKL that
inhibits the osteoclast activity resulting in a progressive decrease of bone resorption [10].
In the general population, DB is now used as a valid alternative to bisphosphonate in
preventing osteoporosis and bone fractures [11]. Unfortunately, data concerning its role in
KTxps are still limited. The aim of our study was to evaluate, in a cohort of KTxps who
underwent a one-year treatment with DB: (1) the evolution of femoral and vertebral bone
mineral bone density (BMD); (2) the effect on FRAX score and on the development of novel
spontaneous vertebral fractures (sVF); (3) the modifications of the renal function and MM
parameters; and (4) the safety of DB therapy.

2. Materials and Methods

2.1. Study Design

In our study, we evaluated prospectively, during the first year of treatment with
DB, 32 KTxps (M = 11; median age 62 (58;69) years) followed up in our department. All
patients studied were considered eligible to receive DB therapy by the presence of at
least one of the following conditions: (1) sVF documented by X-ray; (2) femoral neck
and/or vertebral osteoporosis; and (3) intolerance, long time treatment or contraindications
to bisphosphonate therapy. In addition, only patients with basal Ca > 9.2 mg/dL and
iPTH > 35 ng/dL were recruited.

After the initiation of DB, administered at the dosage of 60 mg every six months, all
KTxps were followed regularly at our out-patient clinic for the whole period of observation
and were treated in accordance with their clinical needs.

2.2. Instrumental Evaluations

Bone mass density was estimated at the proximal femur and at the lumbar spine
(L1–L4) at T0 and T12 by means of dual energy X-ray absorptiometry (DEXA) as areal
bone mineral density (BMD, g/cm2). According to the World Health Organization (WHO)
criteria, we defined BMD with a T-score above 1 SD as not pathologic. A T-score between
−1.0 and −2.5 SD was classified as osteopenia, whereas a T-score below −2.5 SD was
defined as osteoporosis [12].

Vertebral fractures were evaluated by means of complete lumbar X-ray at T0 and T12
by means of Genant classification [13].

2.3. FRAX Score Evaluation

The FRAX score (including age, sex, body weight, height, history of prior osteoporotic
fracture, parental history of hip fragility fracture, current smoking, arthritis, alcohol con-
sumption >3 units/day and T-score) was calculated at T0 and T12 using the tool for Italy
provided on the FRAX website [14].

2.4. Biochemical Evaluations

Data about biochemical analyses were digitally recorded from the documents pre-
sented by each patient at the out-clinic visits.

Briefly, the following parameters were recorded at pre-determined timepoints:
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Before DB initiation, not more than one month (T0): serum creatinine (sCr), urea,
Calcium (Ca), Phosphorus (P), parathormone (PTH), native vitamin D (25OHD), active
vitamin D (1-25OHD), alkaline phosphatase (ALP), Magnesium (Mg) and daily urinary
protein excretion (Prot-U);

One month after the start of DB therapy (T1): sCr and Ca;
Three months after the start of DB therapy (T3): sCr, Ca, P and PTH;
Six months after the start of DB therapy (T6): sCr, urea, Ca, P, PTH, 25OHD, ALP

and Prot-U;
Twelve months after the start of DB therapy (T12): serum creatinine (sCr), urea, Ca, P,

PTH, 25OHD, 1-25OHD, ALP, Mg and Prot-U.
PTH was measured by DiaSorin LIAISON® kit. 25OHD levels were determined by

enzyme-immunoassay (Kit EIA AC-57FI, immunodiagnostic system Boldon, UK), using a
highly specific sheep 25OHD antibody and enzyme (horseradish peroxidase) labeled avidin.
All other biochemical parameters were evaluated according to routine methodology used
at the central laboratory of our Institution. All biochemical results were digitally recorded.

2.5. Clinical Events

During the follow up time, we evaluated the insurgence of the following clinical events:

- Hypocalcemia (HpCa): defined as a total serum Ca concentration < 8.0 mg/dl in the
presence of normal plasma protein concentrations

- Urinary tract infections (UTI): defined by the presence of urinary symptoms associated
to significative white blood cells (WBC > 50 m.f. 400×) and by the presence of
positive urine-culture

In addition, biopsy proven graft rejection, graft failure and KTxps deaths were recorded.

2.6. Statistical Analyses

In statistical analyses, continuous variables were expressed as median value and
interquartile range (25%;75%) and were log transformed if they had a skewed distribution.

Differences among groups were determined by Paired sign and Mann–Whitney, where
indicated. Differences among percentages were determined by X2 test.

Statistical analyses were performed using software SPSS version 20® and significance
was set for p values < 0.05.

3. Results

3.1. Cohort Characteristics

Our cohort was composed mainly of females, and the median age of the overall cohort
was 62 (58;69) years. As reported in Table 1, 24 KTxps underwent hemodialysis before
KTx, and the median dialysis vintage was 53 (26;136). Glomerulonephritis was the main
reason for end stage renal disease. Half of the patients received steroid therapy before
KTx. Ninety-six percent of KTxps were transplanted by a deceased donor. Considering the
overall cohort, DB was started after a median time of KTx of 144 (59;232) months.

In Table 2, the principal characteristics of the immunosuppressive and MM related
therapies are reported. At both T0 and T12, the immunosuppressive therapy was composed
principally by calcineurin inhibitors, mycophenolate and steroids, with no differences
between the two timepoints considered. Steroid therapy was prescribed in 90% of KTxps,
at a dosage of 5 (2.5;5) mg/day.

In 54% of KTxps, previous therapy with bisphosphonate was reported (Bisp+). The
suspension of the drug was mainly related to the long-time course and/or the development
of significant contraindications.
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Table 1. Cohort characteristics.

Parameter

Number of patients, n 32

Gender (M/F), n 11/21

Previous type of dialysis (HD/PD), n 24/8

Dialysis vintage (months) 53 (26;136)

Basal Nephropathy n (%)

- Gnf
- ADPKD
- Secondary nephropathies
- Other

13 (40)
6 (18)
5 (15)
8 (27)

History of steroid therapy before KTx n (%) 16 (50)

Kind of transplant n (%)
(deceased donor/living donor)

31/1
(96/4)

Age at Denosumab initiation (years) 62 (58;69)

Time of KTx at Denosumab initiation (months) 144 (59;232)
Footnotes: HD, hemodialysis; PD, peritoneal dialysis; Gnf, glomerulonephritis; ADPKD, autosomal dominant
polycystic kidney disease; KTx, kidney transplantation.

Table 2. Immunosuppressive, mineral metabolism and anti-hypertensive therapies at T1 and T12.

Drug T0 T12

CyA/Tac/MMF-MPA/AZA/mTor
inhibitor N (%)

12/17/19/3/3
(37/53/58/9/9)

11/17/17/4/4
(34/53/50/12/12)

Steroid therapy N (%)
Daily steroids (mg)

29 (90)
5 (2.5;5)

29 (90)
5 (2.5;5)

Vitamin D therapy N (%)

- No
- Native vitamin D
- Native + active vitamin D

10 (31)
20 (63)
2 (6)

8 (25)
21 (66)
3 (9)

Previous therapy with
bisphosphonate n (%) 17 (54) NA

Dosage of native vitamin D
(μg/week) 75 (0;100) 75 (0;100)

Cinacalcet therapy N (%) 6 (18) 4 (12)

Calcium supplements N (%) 3 (9) 4 (12)
Footnotes: Cya, cyclosporine; Tac, Tacrolimus; MMF-MPA, mycophenolate: azathioprine.

More than half of KTxps were receiving at T0 25OHD supplementation. During the
follow up time, in one patient, 25OHD supplementation was started, whereas, in another
case, Calcitriol was added to 25OHD supplementation. The mean dosage/week of 25OHD
supplementation was similar between T0 and T12.

3.2. DEXA and Lumbar X-ray Evaluations

In Table 3, the principal findings concerning femoral and vertebral DEXA and lumbar
X-Ray examinations are summarized.
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Table 3. Densitometry and X-ray evaluation at the two timepoints.

Parameters T0 T12 p

F-BMD (g/cm2) 0.53 (0.48;0.60) 0.56 (0.49;0.66) 0.02

F-T-score −3.0 (−3.5;−2.5) −2.8 (−3.5;−2.4) 0.05

V-BMD (g/cm2) 0.72 (0.65;0.87) 0.79 (0.71;0.92) 0.01

V-T-score −3.0 (−3.7;−1.9) −2.6 (−3.0;−1.6) 0.008

Femoral bone density N (%)

- Norman bone density
- Osteopenia
- Osteoporosis

0 (0)
7 (22)

25 (78)

1 (4)
9 (28)

22 (69)

0.001

Vertebral bone density N (%)

- Normal bone density
- Osteopenia
- Osteoporosis

3 (10)
6 (18)

23 (72)

4 (13)
12 (37)
16 (50)

<0.001

FRAX score (%)
FRAX score amelioration n (%)

29 ± 15 *
NA

26 ± 15 *
25 (78)

0.18
NA

Patients with X-ray sVF N (%)
Patients with novel X-ray sVF N (%)

17 (53)
NA

17 (53)
2 (6) NA

Footnotes: BMD, bone mineral density; F-BMD, femoral BMD; V-BMD, vertebral BMD; F-T-score, T score
measured at femoral level; V-T-score, T score measured at vertebral level; sVF, spontaneous vertebral fracture;
bold format indicates statistical significance (p < 0.05); NA, not applicable; * mean ± standard deviation; X2 square
tests, paired sign tests were used.

At T0, normal bone density was found only in three KTxps, at vertebral level. The
most prevalent finding was femoral osteoporosis (F-OPS), present in 78% of KTxps. At
femoral level, F-BMD was 0.53 (0.48;0.60) g/cm2 and median T-score was −3.0 (−3.5;−2.5).
Vertebral osteoporosis (V-OPS) was found in 75% of KTxps, and V-BMD and T-score
were, respectively, 0.72 (0.65;0.87) g/cm2 and −3.0 (−3.7;−1.9). To investigate the possible
effect on BMD improvement of a previous therapy with bisphosphonates, a sub-analysis
considering Bisp+ and patients with no history of bisphosphonate before the DB treatment
(Bisp−) separately was performed. No significant impact of previous bisphosphonate was
evidenced at femoral and vertebral levels both at baseline and during the time of follow up.

After 12 months of DM therapy, global modifications in DEXA were found. At both
femoral and vertebral level, the T-score significantly improved: femoral T-score reached
−2.8 (−3.5;−2.4) (p = 0.05 vs. T0), whereas vertebral T-score −2.6 (−3.0;−1.6) (p = 0.008
vs. T0).

As reported in Figure 1A, the increase of T-scores also resulted in a re-distribution
of the KTxps among the DEXA groups. At femoral level, a significant reduction of the
prevalence of osteoporosis (p = 0.001) was found. Five patients moved from osteoporosis to
osteopenia. One patient ameliorated his status from osteopenia to normal femoral T-score,
whereas, in one patient, a worsening to osteoporosis was found.
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Figure 1. General distribution and DEXA class modifications at femoral (A) and vertebral (B) level during the time of
observation. F-OPN, femoral osteopenia; F-OPS, femoral osteoporosis; F-norm, femoral normal DEXA; V-OPN, vertebral
osteopenia; V-OPS, vertebral osteoporosis; V-norm, vertebral normal DEXA; red lines, worsening of DEXA category; yellow
lines, stability of DEXA category; green lines, amelioration of DEXA category.

At vertebral level, a significant reduction of the prevalence of osteoporosis (p < 0.0001)
was also found. In this case, six KTxps moved from osteoporosis, five KTxps to osteopenia
and one case in the normal T-score values group. In addition, the three KTxps who showed
normal T score values at T0 confirmed their result at T12 (Figure 1B).

A sub analysis considering 20 KTxps not included in the study (10 KTxps for femoral
BMD and 10 other KTxps for vertebral BMD) who were treated with neither DB nor
bisphosphonates was also performed.

Those patients were matched to those considered in the study for age, time of trans-
plant, gender distribution and obviously femoral and lumbar BMD.

In femoral DEXA, we found not significant modifications at T0 and after one year in
BMD (0.55 (0.54;0.58) vs. 0.55 (0.52;0.60), p = 0.54) and femoral T score (−2.8 (−3.1;−2.7)
vs. −2.7 (−3.0;−2.4), p = 0.13). The same result was found at lumbar level for BMD (0.70
(0.65;0.77) vs. 0.70 (0.69;0.71), p = 0.71) and T score (−3.25 (−3.6;−2.5) vs. −3.15 (−3.4;−3.0),
p = 0.27). Unfortunately, no data about sVF were available for those patients.

The treatment with DB resulted in a global modification of FRAX score in the overall
cohort. In particular, a reduction of FRAX score was found in 78% of KTxps, with mean
values of FRAX score at T0 of 29 ± 15 % and at T12 of 26 ± 15 % (p = 0.18). Accordingly, at
the second vertebral X-ray evaluation, novel sVF were found only in 6% of KTxps. They
already had sVF at T0.

3.3. Biochemical Evaluations

As reported in Table 4, renal functional parameters were similar between T0 and T12.
Among MM evaluations, we found significant modifications only in Ca (9.60 (9.37;10.21)
vs. 9.40 (8.98;9.83), p = 0.01), PTH (63 (36;86) vs. 115 (44;161), p = 0.009) and ALP (68 (61–90)
vs. 51 (45;68), p = 0.002) levels. No significant differences were found in P, Mg, 25OHD and
1-25OH levels.

3.4. Clinical Outcomes

During the year of follow up, no symptomatic or asymptomatic HpCa episodes were
reported. Four KTxps had UTI (mean time from DM initiation: 114 days) and required
specific antibiotic treatments. Of note, those four KTxps (two of them symptomatic) had
positive pathologic anamnesis for UTI, so a direct relation to DB therapy is not possible to
demonstrate. In two KTxps, a hospitalization for UTI complications (sepsis) was required.
No biopsy proven graft rejections were observed during the time of treatment and no graft
loss or KTxps death was reported.
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Table 4. Biochemical characteristics of the overall cohort at T1 and ad T12.

Parameters T0 T1 T3 T6 T12 p *

s-Creatinine (mg/dL) 1.32 (0.96;1.78) 1.25 (1.0;1.80) 1.41 (1.13;1.80) 1.24 (0.92;1.60) 1.33 (0.97;1.72) 0.35
s-Urea (mg/dL) 62 (42;82) NA NA 57 (47;81) 61 (47;91) 0.15
Prot-U (g/24 h) 0.157 (0.12;0.31) NA NA 0.21 (0.13;0.35) 0.17 (0.11;0.34) 0.86

Ca (mg/dl) 9.60 (9.37;10.21) 9.60 (9.0;9.86) 9.79 (9.40;9.96) 9.53 (9.10;10.0) 9.40 (8.98;9.83) 0.01
P (mg/dL) 3.05 (2.60;3.40) NA 2.70 (2.40;3.0) 2.90 (2.30;3.40) 2.85 (2.33;3.30) 0.06

PTH (ng/mL) 63 (36;86) NA 119 (63;177) 101 (51;136) 115 (44;161) 0.009
ALP (U/dL) 68 (61;90) NA NA 53 (44;69) 51 (45;68) 0.002

25OHD (μg/dL) 26.7 (16.0;42.8) NA NA 31.5 (21.4;39.4) 32 (16;39.9) 0.35
1-25OHD (ng/L) 47.8 (36.1;61.1) NA NA NA 37.9 (28.7;52.5) 0.69

Mg (mg/dL) 1.86 (1.70;2.09) NA NA 1.92 (1.75;2.08) 1.89 (1.68;2.07) 0.79

Footnotes: PTH, parathormone; Ca, calcium; P, phosphorus; ALP, alkaline phosphatase; Prot-U, daily urinary protein excretion; bold format
indicates statistical significance (p < 0.05), where t-test, Mann–Whitney and Kruskal–Wallis test were used.; NA, not applicable; * T0 vs. T12.

4. Discussion

In this monocentric, observational, prospective study, 32 KTxps underwent, for clinical
indications, DB therapy.

KTxps have a high risk of bone loss, initially related to pre-KTx clinical history.
Steroid therapy before KTx, basal nephropathy and dialysis vintage are certainly impacting
factors. In our cohort, similar to the data reported in the few investigations concerning DB
therapy in KTxps, half of KTxps received steroids before KTx, and the most prevalent basal
nephropathy was glomerulonephritis [15].

Even if most of the research present in the literature has focused their interests on
the effect of DB in “early transplanted KTxps”, osteopenia and osteoporosis are complica-
tions present also in long-term KTx [16]. For this reason, we decided to evaluate KTxps
independently of their time of KTx.

Most of the KTxps evaluated in our study at baseline were receiving some MM specific
therapies. In more than half of cases, native vitamin D was prescribed at baseline, and the
levels of 25OHD were almost sufficient. Fifty-four percent of KTxps previously received
bisphosphonate. In the few patients in which bisphosphonates were prescribed at T0, the
principal reasons for the shift to DB were: (1) long-term bisphosphonate therapy (>3 years);
and (2) presence of bisphosphonate related adverse events (gastrointestinal discomforts,
suspected nephrotoxicity).

The initial aims of our study were to test the evolution of femoral and vertebral BMD
and the incidence of novel sVF. At baseline, more than half of KTxps had F-OPS and
V-OPS. Compared to the papers published by Brunova et al. in 2018 and by Bonani et al.
in 2016, T0 F-Ts and V-Ts of our cohort were significantly worse [14,17]. This might be
related to the longer time of transplant of our cohort. In addition, sVF were present in
more than half of our cohort at T0. This result confirms the high prevalence of sVF in
KTxps. Some data indicate a strong fracture risk, especially during the first 5–6 years after
KTx, related to a higher need of steroids and stronger immunosuppressive therapy. In his
paper, published in 2014, Sukumaran Nair indicated that fracture risk event rate is higher
in the first year after KTx, but still present in the following years of KTx [18]. Some years
before, Nikkel reported fracture events in 22.5% of the cohort of KTxps studied within
five years of KTx [19]. Currently, however, the increasing attention to the fracture risk and
the consequent use of immunosuppressive and MM schemes of therapy directed to prevent
bone loss might have modified the fracture risk in KTxps.

After one year of therapy with DB, a global amelioration of BMD was observed at both
femoral and vertebral levels. As shown in the results, the increase of BMD compared to
the baseline was significant, especially at vertebral level. This result, after only one year of
treatment, confirms the good effect of DB on osteoclastic resorption of trabecular structures
already evidenced in the general population [20]. The beneficial effect of DB on BMD was
confirmed also by the relative low incidence of novel sVF during the year of treatment. Of
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note, a global amelioration of FRAX score was also observed [21]. Novel sVF were found
in only two KTxps at T12. The role of DB in preventing VF was explored by Cummings in
the general population by means of the evaluation of DB effect on 7868 women affected
by osteoporosis. In this study, DB reduced the risk of new radiographic vertebral and
non-vertebral fractures compared to placebo [11]. Now, to our knowledge, our study is the
first that evaluated the follow up of vertebral fractures in KTxps treated with DB. However,
the beneficial effect of this therapy in CKD patients might assume a similar effect also
in the presence of KTx [22]. Certainly, this point should be analyzed in greater depth by
means of specific prospective trials. In any case, our results even if partially limited by
the limited time of follow up might be a good prospect. Another point that should be
analyzed in the future is the impact on sVF of DB discontinuation, potentially a burden
in the general population by a severe bone turnover rebound and a rapid loss of BMD,
resulting in a strong increase of sVF risk [23]. Some possible solutions both in the general
population and in KTxps might be the administration of bisphosphonate, as proposed by
some authors [24], or the increase of time between each DB administration, resulting in a
permanent turnover of the bone metabolism (personal opinion).

In our study, we also evaluated the trend of renal functional and MM parameters.
During the year of observation, all renal functional parameters remained stable, and no
differences between T0 and T12 were found. A good level of renal safety has already been
reported in the general population and in solid organ transplantation [25].

The baseline values of Ca showed a significant decrease during the year of treatment.
However, despite Ca levels of our cohort being similar to those reported in other studies,
in our cohort neither symptomatic nor asymptomatic hypocalcemic events were reported.
This might reflect the effect of the strict monitoring scheduled in our cohort that permitted
a prompt correction of Ca levels, needed in a small part of the cohort studied. This
observation is substantially in line with previous findings [26]. The reduction in Ca levels,
mostly related to the reduced osteoclast activity, might in part also explain the increase
of PTH levels. A slight increase of PTH levels during one year of therapy is in line
with previous reports. An increase of PTH in those patients might have some beneficial
effects on bone structure, especially on cortical porosity, as already reported in general
population [27,28]. However, a deeper evaluation of bone effects of this increase of PTH in
KTx population might be the topic of future studies by means also of bone biopsies [29].

Infections are an important cause of mortality and morbidity during KTx [30]. In
our study, we also evaluated the insurgence of UTI in KTxps treated with DB. Some
experimental evidence reports a possible influence of DB, by means of the inhibition of
RANK/RANKL pathways, in favoring UTI insurgence [30]. The relationship between
infection risk and DB therapy in de novo KTxps was explored by Bonani et al. in 2017. In
their work, with the aim to evaluate the incidence of infections (especially UTI and viral),
the authors randomized 90 de novo KTxps to receive or standard therapy without DB or DB
therapy. The incidence of UTI was higher in the DB group. Of note, the prevalence of severe
infections (pyelonephritis and/or urosepsis) was not different in the two study arms. [31]
The UTI observed in our cohort were reported during the follow up period only in patients
with a previous positive anamnesis for UTI. The single arm design, the different definition
of UTI and the longer time of KTx of our cohort make the comparison of our results with
those presented by Bonani difficult. However, future studies, possibly multicentric and
with a uniform definition of UTI, might better explore this important topic.

The impact of DB therapy was considered also in the prevalence of graft rejection
and graft and KTxps survival. No biopsy proven KTx rejections were found in our cohort
during the follow up time. All KTxps who started the DB therapy ended safely the first year
of therapy. The safety of Denosumab on those outcomes has been explored recently [14].
In accordance with the evidence found in our study, a directly related higher risk of worse
graft and KTxps outcomes in patients treated with DB is not reported in the literature.

The present paper presents some limitations. Undoubtedly, the monocentric design
reduced significantly the size of the cohort studied, but it allowed a uniformity in the
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cohort identification and its follow up. In addition, unfortunately, it was not possible to
perform some more specific dosages concerning bone remodeling markers that might have
clarified better the efficacy of DB in our cohort. The absence of a control group might be
considered a limit of the study. In any case, our study was designed to evaluate the efficacy
and the potential adverse events of the drug therapy and can be considered an important
starting point for future randomized research.

In conclusion, the experience of our center demonstrated a good bone efficacy and
general safety of one-year DB therapy in KTxps.

Certainly, future longer and randomized studies, involving more KTxps, might eluci-
date the possible primary role of DB in the treatment of bone disorders in these patients.
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Abstract: To determine whether stress fractures are associated with bone microstructural deterio-
ration we quantified distal radial and the unfractured distal tibia using high resolution peripheral
quantitative computed tomography in 26 cases with lower limb stress fractures (15 males, 11 females;
mean age 37.1 ± 3.1 years) and 62 age-matched healthy controls (24 males, 38 females; mean age
35.0 ± 1.6 years). Relative to controls, in men, at the distal radius, cases had smaller cortical cross
sectional area (CSA) (p = 0.012), higher porosity of the outer transitional zone (OTZ) (p = 0.006), inner
transitional zone (ITZ) (p = 0.043) and the compact-appearing cortex (CC) (p = 0.023) while trabecular
vBMD was lower (p = 0.002). At the distal tibia, cases also had a smaller cortical CSA (p = 0.008).
Cortical porosity was not higher, but trabecular vBMD was lower (p = 0.001). Relative to controls,
in women, cases had higher distal radial porosity of the OTZ (p = 0.028), ITZ (p = 0.030) not CC
(p = 0.054). Trabecular vBMD was lower (p = 0.041). Distal tibial porosity was higher in the OTZ
(p = 0.035), ITZ (p = 0.009), not CC. Stress fractures are associated with compromised cortical and
trabecular microstructure.

Keywords: bone microstructural deterioration; cortical porosity; high resolution peripheral quantita-
tive computed tomography; stress fracture

1. Introduction

Stress fractures are commonly the result of repetitive loading and are seen in athletes,
military recruits and professional dancers, but stress fractures also occur in recreational
athletic individuals as vigorous exercise increases the risk for injuries [1–5]. These fractures
exist across a spectrum from low-grade stress reactions, bone marrow edema to complete
fractures visible radiologically [6–8]. Despite there being little or no deficit in areal bone
mineral density (aBMD) reported in most studies, there is evidence suggesting that abnor-
malities in bone microarchitecture are associated with these fractures and so may contribute
to bone fragility [6,9–17].

As stress fractures are commonly reported in young adults abnormalities in bone
morphology associated with these fractures are likely to be due, in part, to abnormalities in
the growth and development of peak bone macro- and microstructure, not necessarily bone
loss. In the diaphysis, a region composed virtually exclusively of cortical bone, growth
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in size and mass occurs by periosteal apposition with concurrent endocortical resorptive
modeling producing a radial ‘modeling drift’ so the cortex becomes thinner relative to its
increasing total cross-sectional area (CSA) [18,19].

By contrast, the metaphyseal region contains both cortical and trabecular bone. The
cortical bone is formed by condensation or ‘corticalization’ of trabeculae as they arise from
the periphery of the growth plate. Adjacent trabeculae coalesce by bone formation upon
their surfaces while more centrally placed trabeculae form the metaphyseal trabecular
compartment. The cortico-trabecular transitional region so formed between the cortical
bone and the more centrally placed trabecular bone is composed of mineralized bone
matrix that transitions from the more compact cortical configuration to a more open spongy
trabecular configuration with more void volume (porosity) [20].

The purpose of this study was to quantify any association between bone microstructure
and the presence of a stress fracture in the lower limb. We hypothesized that young adult
individuals sustaining stress fractures have thinner and more porous cortices and reduced
trabecular density characterised by reduced numbers and thinner trabeculae.

2. Materials and Methods

This was a cross sectional case control study. Thirty-four patients presenting with
acute focal lower limb pain were assessed for possible stress fractures using magnetic
resonance imaging (MRI) [21]. Participants were recruited from the osteoporosis out-
patients department of the St. Vincent Hospital and the Austrian Military Hospital in
Vienna/Austria.

Patients were included if they were above 18 years of age and sustained a recent
MRI-diagnosed stress fracture within 14 days prior to inclusion. Patients receiving any
medication affecting bone metabolism (parathyroid hormone, intravenous or oral bisphos-
phonate, strontium ranelate, raloxifene, hormonal replacement therapy or anabolic steroids)
were excluded. Other exclusion criteria included the presence of metabolic bone disease, a
history of malignancy, hypo- or hyperparathyroidism, pregnancy and lactation.

Of the 34 subjects, 26 were included (11 females, 15 males). The study group included
five military recruits, three long distance runners, one sprinter and one professional tennis
player, the other 16 patients were recreational sportsmen and women. We compared
these results with data obtained from 62 healthy age- and sex matched Caucasian controls
(42 Austrian subjects, 20 Australian subjects). The study was approved and supervised by
an independent local ethics committee in Vienna/Austria.

2.1. Magnetic Resonance Imaging

Examinations were performed on 1.5 or 3.0 T scanners (Signa HDx, GE Healthcare,
USA; Intera, Philips, The Netherlands, Avanto, Siemens, Germany) using a phased-array
extremity coil. All MRI examinations included an axial T1-weighted spin-echo (SE) se-
quence and an axial fat-suppressed T2-weighted turbo spin-echo (TSE) or a short-tau
inversion recovery (STIR) sequence. The presence of bone marrow edema and stress
fracture was seen as decreased signal intensity on T1 weighted SE images, and markedly
increased signal intensity on STIR images or T2 weighted fat-suppressed TSE images [22].
In 16 patients High Resolution Multi-Detector CT (HR-MDCT) scanning was performed
with a 128-row MDCT scanner (Somatom AS+, Siemens, Forchheim, Germany). Images
were acquired in ultrahigh resolution (UHR) mode covering the area of interest as defined
by MRI. Slice thickness was 0.6 mm, field of view of 160–300 mm (x-axis) × 160–300 mm
(y-axis), with a matrix of 512 × 512, which equates to a resolution of 0.3–0.6 mm (x-axis) ×
0.3–0.6 mm (y-axis) × 0.6 mm slice thickness (z-axis). A linear stress fracture was visible
in 16 of 26 cases (61.5%) [23]. In 8 patients the fracture was identified in the metatarsals,
in 8 patients in the calcaneus and ankle, in 6 patients in the proximal tibia adjacent to the
knee, in 2 patients in the femur condyle, and in 2 patients in the hip (one femoral head and
one acetabulum).
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2.2. Measurement of Bone Microarchitecture

Scans were obtained from the non-dominant distal radius and unfractured side of
the distal tibia using by HR-pQCT scanner (XtremeCT; Scanco Medical AG, Brüttisellen,
Switzerland) using the standard in vivo protocol (60 kVp, 900 μA, 100-ms integration
time) [24]. StrAx1.0 is a new algorithm that segments bone from background, and then
bone into its compact appearing cortex (CC), outer transitional zone (OTZ) and inner
transitional zone (ITZ), and trabecular compartments (see Figure 1); and in so doing
correctly confines the trabecularized cortex (i.e., cortical fragments) to the transitional
zone rather than incorrectly allocating cortical fragments (which look like trabeculae)
to the medullary compartment; a segmentation error which overestimates ‘trabecular’
density [25]. The OTZ is the trabecularized cortex adjacent to the CC whereas the ITZ is
the trabecularized cortex adjacent to the medullary cavity. The latter also contains true
trabecular bone (of growth plate origin).

 
Figure 1. HR-pQCT image of the distal tibia of an 18-year-old male patient with a stress fracture.
Compact appearing cortex (green); outer transitional zone (white); inner transitional zone (red);
medullary area (yellow).

Of the 110 slices in the region of interest imaged by HR-pQCT the analysis is restricted
to the 40 most proximal slices because the 70 distal slices often have very thin cortices,
and hence are unsuitable for unambiguous quantification of cortical porosity. Porosity
was quantified as previously reported. The coefficient of variation for segmentation and
quantification of porosity ranges from 0.54 to 3.98% depending on the compartment [26,27].

2.3. Statistical Analysis

Testing for normality of distribution of a variable was conducted using Shapiro–
Wilk test. Two sample t-test was used to test the difference in mean between cases and
controls if the data was approximate normal, otherwise nonparametric Mann–Whitney
test was used to test the difference in the medians. Post hoc power calculations were done.
Initially, the statistical test was computed without adjustment for other covariates, and then
adjustment for age and height was carried out. Spearman’s correlations were used to assess
relationships between porosity and medullary CSA/total CSA. Univariate logistic analysis
was used to examine the association between porosity of CC, OTZ, ITZ and trabecular
volumetric BMD and fracture risk. All variables were standardized to have mean of 0 and
SD of 1 and were used to predict the odds ratio (OR). The analyses were performed on data
at both tibia and radius site for males and females separately. We used statistical software
STATA (StataCorp, 2009), version 11, to conduct all analyses. p-values were computed for
two-sided tests and values less than 0.05 were considered as significant.

3. Results

Characteristics of the entire study population are described in Table 1.
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Table 1. Characteristics of cases and controls.

Males Cases (15) Controls (24) p

Age [ys] 29.2 ± 2.6 30.9 ± 1.7 0.450
Weight [kg] 77.5 ± 3.5 84.1 ± 3.1 0.180
Height [m] 1.81 ± 0.02 1.78 ± 0.02 0.140

Females Cases (11) Controls (38) p

Age [ys] 47.8 ± 4.7 40.5 ± 2.3 0.140
Weight [kg] 68.5 ± 5.4 61.8 ± 1.2 0.340
Height [m] 1.67 ± 0.02 1.65 ± 0.01 0.290

Results are shown as mean ± SE (Standard error of mean); p-value comparing cases and controls (p < 0.05).

3.1. Males

As shown in Figure 1 and Table 2, relative to controls, at the distal radius, cases had
smaller cortical CSA (p = 0.012) due to a smaller CC CSA (p = 0.005) and a smaller OTZ
CSA (p = 0.003). Cases had higher porosity of the OTZ (p = 0.006), ITZ (p = 0.043) and CC
(p = 0.023). Cortical vBMD was lower (p = 0.002). Trabecular vBMD was lower (p = 0.002).
Trabecular thickness was reduced (p = 0.001), connectivity was reduced (p = 0.012) and
separation increased (p = 0.007) (Figure 1, Table 2).

Table 2. Comparison of microarchitecture of the distal radius and distal tibia in cases and controls.

Distal Radius Distal Tibia

Males Females Males Females

Cases
(15)

Controls
(24)

p Cases
(11)

Controls
(38)

p Cases
(15)

Controls
(24)

p Cases
(11)

Controls
(38)

p

TCSA [mm2] 314 ± 25 287 ± 14 0.418 ** 225 ± 8.1 203 ± 5.9 0.878 * 820 ± 54 762 ± 34 0.841 ** 625 ± 19 603 ± 16 0.768 *

Medullary CSA

[mm2]
215 ± 24 177 ± 11 0.685 ** 149 ± 7.7 126 ± 5.3 0.655 * 629 ± 52 553 ± 32 0.714 ** 467 ± 16 437 ± 15 0.941 *

Medullary
CSA/TCSA 67.1 ± 1.7 60.9 ± 1.2 0.006 * 66.0 ± 1.7 61.4 ± 1.0 0.161 * 75.8 ± 1.4 71.8 ± 1.1 0.059 * 74.5 ± 0.8 71.9 ± 0.7 0.326 *

Cortical CSA
[mm2] 98.7 ± 2.4 110 ± 4.3 0.012 * 76.0 ± 3.8 76.6 ± 1.5 0.363 * 190.3 ± 6.4 208.7 ± 6.0 0.008 * 159 ± 5.9 166 ± 2.6 0.272 *

CC CSA [mm2] 62.8 ± 1.8 73.4 ± 3.2 0.005 * 49.6 ± 3.0 49.7 ± 1.2 0.414 ** 125 ± 5.9 139 ± 5.3 0.015 * 104 ± 5.2 108 ± 2.2 0.590 *

OTZ CSA [mm2] 8.12 ± 0.2 9.86 ± 0.5 0.003 * 6.63 ± 0.5 6.47 ± 0.2 0.320 ** 17.5 ± 0.9 20.9 ± 1.1 0.012 ** 13.8 ± 0.8 14.9 ± 0.4 0.349 *

ITZ CSA [mm2] 27.8 ± 1.4 26.4 ± 1.4 0.616 * 19.8 ± 0.9 20.4 ± 0.7 0.139 * 48.9 ± 2.9 49.0 ± 1.9 0.512 * 41.4 ± 1.8 43.5 ± 1.5 0.182 *

Cortical
CSA/TCSA 32.9 ± 1.7 39.1 ± 1.2 0.006 * 34.0 ± 1.6 38.6 ± 0.9 0.161 * 24.2 ± 1.4 28.2 ± 1.1 0.059 * 25.5 ± 0.8 28.1 ± 0.7 0.326 *

Porosity CC [%] 37.3 ± 2.0 32.2 ± 1.5 0.023 * 33.4 ± 1.8 29.6 ± 0.7 0.054 * 36.4 ± 1.1 33.7 ± 0.9 0.090 * 38.4 ± 2.2 33.8 ± 1.1 0.295 **

Porosity OTZ [%] 55.9 ± 1.2 52.0 ± 0.9 0.006 * 55.2 ± 1.1 52.3 ± 0.4 0.028 ** 52.2 ± 0.9 50.4 ± 0.7 0.058 * 54.0 ± 1.0 50.8 ± 0.5 0.035 **

Porosity ITZ [%] 66.0 ± 0.6 64.4 ± 0.6 0.043 * 65.8 ± 0.7 64.3 ± 0.3 0.030 * 61.8 ± 0.7 61.3 ± 0.5 0.245 * 63.5 ± 0.7 61.4 ± 0.3 0.009 *

Total vBMD
[mgHA/cm3] 332 ± 16 412 ± 13 0.001 * 309 ± 21 369 ± 12 0.061 310 ± 15 366 ± 11 0.002 * 266 ± 12 311 ± 8.5 0.104 *

Cortical vBMD
[mg HA/cm3] 657 ± 20 731 ± 16 0.002 * 684 ± 20 721 ± 9.9 0.175 * 674 ± 13 717 ± 11 0.016 * 630 ± 20 684 ± 12 0.106 *

Tr. vBMD [mg

HA/cm3]
168 ± 5.9 205 ± 8.9 0.002 * 113 ± 11 144 ± 5.4 0.041 * 192 ± 9.5 225 ± 8.7 0.001 * 141 ± 8.7 1612 ± 5.4 0.354 *

Tr. thickness [mm] 0.07 ± 0.003 0.10 ± 0.004 0.001 * 0.05 ± 0.006 0.06 ± 0.003 0.056 * 0.08 ± 0.005 0.1 ± 0.004 0.0004 * 0.06 ± 0.004 0.07 ± 0.003 0.332 *

Tr. connectivity

density [1/mm2]
2.89 ± 0.2 3.56 ± 0.2 0.012 * 1.65 ± 0.2 2.16 ± 0.1 0.127 * 3.47 ± 0.2 4.09 ± 0.3 0.006 * 2.27 ± 0.2 2.67 ± 0.1 0.570 *

Tr. separation
[mm] 0.89 ± 0.04 0.80 ± 0.03 0.007 * 1.15 ± 0.09 0.96 ± 0.03 0.070 ** 0.86 ± 0.04 0.78 ± 0.03 0.007 * 1.06 ± 0.05 1.00 ± 0.03 0.885 *

Tr. number
[1/mm2] 3.16 ± 0.1 3.25 ± 0.1 0.246 * 2.60 ± 0.2 2.87 ± 0.1 0.320 ** 3.67 ± 0.1 3.70 ± 0.1 0.166 * 3.21 ± 0.1 3.29 ± 0.08 0.587 *

Results are shown as mean ± SE (standard error of mean); p-value comparing healthy controls and fracture patients, adjusted for age and
height, using * two-sample t-test and ** nonparametric Mann–Whitney test on the residuals of regression of a variable on age and height
(p < 0.05). TCSA = total cross sectional area, CSA = cross-sectional area; CC = compact-appearing cortex; OTZ = outer transitional zone;
ITZ = inner transitional zone; vBMD = volumetric bone mineral density; Tr = trabecular; HA = hydroxyapatite.
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At the distal tibia, relative to controls, cases had a smaller cortical CSA (p = 0.008) due
to smaller CC CSA (p = 0.015) and a smaller OTZ CSA (p = 0.012). Porosity was not higher
at this site. Cortical vBMD was lower (p = 0.016). Trabecular vBMD was lower (p = 0.001).
Trabecular thickness was reduced (p = 0.0004), connectivity was reduced (p = 0.006) and
separation increased (p = 0.007) (Table 2).

3.2. Females

The results were similar in females. Relative to controls, at the distal radius, cases had
significant higher porosity of the OTZ (p = 0.028) and ITZ (p = 0.030), but porosity was
not significantly higher at CC (p = 0.054). Cortical vBMD was not lower, but trabecular
vBMD was lower (p = 0.041). At the distal tibia, porosity was higher in the OTZ (p = 0.035)
and ITZ (p = 0.009) but not at the CC. Cortical and trabecular vBMD were not lower. No
differences in trabecular morphology were detected at either site (Table 2).

In both sexes, at both sites, associations were detected between porosity of CC, OTZ
and ITZ and medullary CSA/TCSA (p < 0.001, except for the distal radius ITZ in males
with p = 0.004) (Figure 2). Cortical porosity was associated with an increased odds of stress
fracture, with ORs ranging from 1.24 to 3.13 depending on the cortical compartment, though
not all sites demonstrated a statistically significant increase in odds. Higher trabecular
vBMD was protective, demonstrating a statistically significantly lower odds of fracture at
the distal radius in males and females and the distal tibia in males (Figure 3).

Figure 2. Porosity of the compact appearing cortex (CC), outer and inner transitional zones (OTZ, ITZ) as a function of
medullary cross-sectional area (CSA)/total CSA at the distal radius and distal tibia in male cases (filled dots), male controls
(open dots), female cases (filled squares) and female controls (open squares). All p < 0.001 except for the distal radius ITZ in
males (p = 0.004).
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Figure 3. Odds ratio (OR) for fracture (mean and 95% Confidence Intervals, CI) for porosity of the compact appearing cortex
(CC), outer and inner transitional zones (OTZ, ITZ) and trabecular volumetric bone mineral density (vBMD) at distal radius
and distal tibia in males and females. * = significant p-values.

4. Discussion

We report that men and women with stress fractures had increased porosity, observed
in the inner and outer cortico-trabecular transitional zones of the distal radius in both sexes
and distal tibia in female cases. Porosity of the compact appearing cortex was increased
only in males at the distal radius. Odds ratio for a stress fracture was associated with
increased porosity of the outer cortico-trabecular transitional zone in three of four locations.
Cortical vBMD, which in part, reflects porosity, was also reduced. Furthermore, trabecular
vBMD was lower due to reduced trabecular thickness, not numbers. Males with stress
fractures had thinner trabeculae with greater separation.

Stress fractures in military cadets and athletes have been subject of most studies using
dual x-ray absorptiometry (DXA), x-ray and single photon absorptiometry or nuclear
bone scanning [11–14,28]. Fewer studies have used peripheral quantitative computed
tomography (pQCT), or HRpQCT to describe bone characteristics in association with stress
fractures [10,17,29].

Our findings confirm some, not all previous studies. For example, Beck et al., reported
thinner cortices in female cadets and narrower subperiosteal diameters in male cases [12].
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Reduced cortical area was also reported by Popp et al., in runners with a stress fracture [30].
While the finding of greater total bone cross sectional was not statistically significant in
our study, Weidauer et al., also reported greater periosteal circumference in athletes with a
stress fracture [31]. Among military recruits and male runners, Giladi et al., and Popp et al.,
reported reduced tibial cross sectional area, while HRpQCT-analyses of our cases and work
by Schanda et al., reported larger tibial and radial cross sectional area [14,17,29]. These
subjects also had reduced cortical vBMD, reduced cortical CSA with increased cortical
porosity. In both studies, and work by Schnackenburg et al., trabecular vBMD was found
to be reduced [10].

While bone loss cannot be excluded as a cause of these deficits, 20 of the 26 subjects
were under 50 years of age. Therefore, higher porosity in the cortico-trabecular junctional
zone, with less consistently elevated porosity of the compact cortex, and deficits in trabecu-
lar bone may have their origin in the growth-related assembly of bone in some subjects
rather than its age-related deterioration [18]. We cannot distinguish these alternatives in a
cross sectional study.

We suggest that the thinner and more porous metaphyseal cortex in cases is, in part,
the result of a reduction in bone formation upon trabeculae emerging from the periphery
of the growth plate. These may fail to coalesce leaving a thinner and more porous cortex
(failed corticalization of trabeculae). Reduced bone formation upon trabeculae emerg-
ing from the centre of the growth plate may result in the lower metaphyseal trabecular
density [32]. This is supported by the presence of a smaller and more porous OTZ suggest-
ing impairment of coalescence as thinner and more separated trabeculae fail to coalesce
leaving larger pores adjacent to CC. The more porous cortex will also be thinner due to
failure of cortical thickening taking place by adsorption of trabeculae upon the endocorti-
cal surface. The thinner cortices are unlikely to be due to reduced periosteal apposition
because total CSA was not reduced. Less corticalization of trabeculae may also be partly
responsible for the relatively larger medullary canal area as adsorption of trabecular bone
upon the endocortical surface is partly responsible for reducing medullary canal area from
the ‘inside’.

The relatively larger medullary canal area, thinner cortices and higher porosity in
the cases may also be due to greater growth-related endocortical resorptive modeling
excavating a larger medullary canal during growth and concurrent intracortical resorptive
remodeling forming osteons, each with their central Haversian canal. The cases were
slightly taller and had wider bones. Taller persons assemble their wider bones by excavation
of a disproportionately larger medullary canal such that the wider bone has a thinner cortex
relative to its total CSA [19]. Wider bones are assembled with less material relative to their
size because resistance to bending is a fourth power function of their radius–less material
is needed to achieve a given bending strength than is needed in a narrower bone [33,34].

Wider bones may also be more porous. The greater amount of modeling required to
assemble a larger total and medullary CSA is accompanied by more intracortical remodel-
ing forming secondary cortical osteons, each with their Haversian canal (which forms most
‘porosity’ as seen in cross section) [35]. This is suggested by the positive correlation between
medullary canal area and porosity reported here, and elsewhere [19]. This correlation is
consistent with the notion of coordinated assembly of the external size, shape and internal
architecture of bone by periosteal, intracortical, endocortical surface dependent modeling
and remodeling [36].

The increased risk for fracture reported in taller persons is inconsistent with greater
resistance to bending observed in wider bones [19]. However, the greater porosity and
relatively thinner cortices of wider bones may offset the advantage of greater width.
Resistance to bending is a 4th power function of the distance a unit volume of bone is
placed from the neutral axis of a long bone [33]. However, resistance to bending is a 7th
power function of cortical porosity and a 3rd power function of trabecular density, so
the deleterious effect of microstructural abnormalities may offset any benefit achieved
by greater bone width [37]. The ability of bone to deform without cracking decreases
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as porosity increases [37,38]. The porosity may form stress concentrators predisposing a
higher risk to fracture following repetitive loading [39]. Additionally, porosity may reduce
compressive strength as the cross-sectional area of the cortex is less mineralized bone
matrix and more void area [38].

Both deterioration in cortical and trabecular bone may result from impaired growth,
particularly because cortical bone at metaphysis is partly formed by condensation of
trabeculae in the periphery of the growth plate to form the cortex while trabeculae emerging
from the center of the growth plate form metaphyseal trabecular bone.

Bone loss contributing to the deficits cannot be excluded but appears to be less likely
given the age of the cases. Remodeling initiated upon Haversian canal surfaces excavate
resorptive cavities enlarging the canal focally producing higher intracortical porosity and
stress concentrators predisposing to micro cracks in cortical bone [39]. Even though re-
modeling may be still balanced in young adults, the refilling phase takes about 3 months,
so resorption cavities upon trabeculae surfaces form stress concentrators which may pre-
dispose to microdamage in the face of repetitive strain [40]. The repetitive strains lead to
accumulation of unrepaired microdamage ultimately producing a stress fracture [41–43].

This study has several limitations. First, it was a cross-sectional case control study.
We cannot distinguish whether the porosity contributed to the stress fracture or whether
the sequence of events was the reverse. However, measurements were performed within
14 days after injury on the contralateral side, which makes the latter less likely. Most of
the cases were recreational sportsmen and women as were controls. We have no data
concerning daily physical activity of the controls. Second, most of the male controls were
from Australia. However, results were similar in females. Female cases and controls were
Austrian. Third, the small number of cases, particularly in females, may have limited the
power to achieve statistical significance of differences between cases and controls. Further
investigation with a prospective study design and larger sample size are needed. The
stress fractures in the cases were diagnosed in their lower limbs whereas differences in
bone microstructure were measured at the distal tibia and the distal radius [26,44–46].
Despite this limitation Mikolajewicz et al., and others have reported fracture prediction
using HRpQCT. [24,47,48]. Finally, the contribution of pore size and pore number to the
reduction in total porosity was not evaluated.

5. Conclusions

In summary, stress fractures are common among young adults and are likely to be
partly the result of deficits in cortical and trabecular bone microstructure. Whether these
deficits have their origin established during growth, during advancing age or both requires
further study.
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Abstract: Fragility fractures constitute a major public health problem worldwide, causing important
high morbidity and mortality rates. The aim was to present the epidemiology of fragility fractures
and to assess the imminent risk of a subsequent fracture and mortality. This is a retrospective
population-based cohort study (n = 1369) with a fragility fracture. We estimated the incidence rate of
index fragility fractures and obtained information on the subsequent fractures and death during a
follow-up of up to three years. We assessed the effect of age, sex, and skeletal site of index fracture as
independent risk factors of further fractures and mortality. Incidence rate of index fragility fractures
was 86.9/10,000 person-years, with highest rates for hip fractures in women aged ≥80 years. The risk
of fracture was higher in subjects with a recent fracture (Relative Risk(RR), 1.80; p < 0.01). Higher age
was an independent risk factor for further fracture events. Significant excess mortality was found in
subjects aged ≥80 years and with a previous hip fracture (hazard ratio, 3.43 and 2.48, respectively). It
is the first study in Spain to evaluate the incidence of major osteoporotic fractures, not only of the
hip, and the rate of imminent fracture. Our results provide further evidence highlighting the need
for early treatment.

Keywords: osteoporosis; fragility fracture; fracture risk; imminent fracture risk

1. Introduction

Fragility fractures caused by osteoporosis constitute a major public health problem
worldwide. The annual costs attributable to fragility fractures in the European Union (EU)
currently equate to €37 billion, and these numbers are expected to rise due to population
aging [1]. Fragility fractures are an important cause of disability, morbidity, and mortality
in the population [2]. Such massive burden highlights the importance of risk assessment of
fragility fractures and the need to adapt prevention strategies to individual risk patterns.

A large number of risk factors for fragility fracture have been identified [3]. Among
them, a previous fragility fracture has been generally recognized as an assessment criteria
of fracture risk in osteoporosis, regardless of bone mineral density (BMD) [4]. Although
it is generally recognized that the risk of fracture increases throughout life with a previ-
ous fracture, a recent osteoporotic fracture increases even more the risk of an imminent
fracture [5–7], and the magnitude of this risk and the contribution of other clinical risk
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factors still demand further research. Previous evidence suggests that the risk is not con-
stant but rather fluctuates over time, being greatest within the first few years of the initial
fracture [5,8–11]. The predictive importance of imminent (12 to 24 months) fracture risk
is widely accepted. However, the significance of the early years after an index fracture
need to be further explored. After a first fragility fracture, the skeletal location of the index
fracture may also influence the magnitude of imminent fracture risk. However, only a few
studies have measured its effect on the level of further fracture risk, and conclusions do not
hold for solid generalization. [12–14]. Older age is also a well-defined clinical risk factor
for fractures [15]. However, there is controversy between studies over its contribution on
the risk of further fracture events. Some authors have observed a marked increase by age
in the risk of a second major fragility fracture [11,16], whereas the association between
age and subsequent fracture was not confirmed by other reports [3,17]. As with age, the
predictive value of sex in the risk of further fracture events is also controversial. Originally,
women were considered at higher risk of both initial and subsequent fracture and, indeed,
some authors confirmed this hypothesis [11,16]. However, other studies have not reported
differences in the risk of subsequent fracture events between men and women [18,19].

The primary objective of the present study was to explore the epidemiology of fragility
fractures in southern Spain by using data from a population-based cohort of women and
men, aged 50 or older, admitted to the emergency unit at Virgen Macarena University
Hospital. Our study also provides an estimation of the incidence rate of subsequent
fractures over 1–3 years following an index fracture. As secondary objectives, the study
evaluated mortality over three years following an index fracture, analyzing the role of
subsequent fractures as an independent risk factor.

2. Materials and Methods

This study was designed as a retrospective observational population-based cohort
study involving men and women aged ≥50 years with an index fragility fracture (caused
by an injury that would be insufficient to fracture normal bone; the result of a/or resistance
to bone torsion [20]) occurring between 1 January 2014 and 31 December 2014.

Eligible study participants were followed until 31 December 2016, to obtain informa-
tion on the outcomes: subsequent fragility fractures and deaths events. Age, sex, time
from index fracture, and skeletal site were assessed as potential independent risk factors.
Patients were identified using the emergency unit’s medical records at Virgen Macarena
University Hospital in Spain. Virgen Macarena University Hospital is a public tertiary
hospital and its Emergency Unit serves up to 481,879 inhabitants, of whom 157,428 subjects
are aged ≥ 50 years, within the healthcare area of North Seville. Furthermore, this is the
single reference hospital of the healthcare area including emergency care attention. General
medical records (Diraya) were also used to collect any relevant information on the study
outcomes including demographic information, index fracture type, and causality as well
as any relevant radiological confirmatory findings. Eligible incidental fragility fracture
locations included axial (hip, pelvis, dorsal, and lumbar vertebrae) as well as appendicu-
lar bones (proximal humerus and wrist), according to the International Classification of
Diseases, ICD-9 codes (Supplementary Table S1). Diagnosis was based on symptoms but
must have included a radiologic confirmation of the fracture. Non-clinical radiographic
vertebral fractures as well as other pathological or traumatic fractures were excluded. The
identification of subsequent fractures required a similar main diagnosis of fracture. To
distinguish subsequent fractures from previous events recorded at follow-up visits and/or
patient history, the following criteria were applied: (1) Fractures in the same skeletal site
of index fracture were only captured if a minimum of four months had elapsed since the
index fracture; (2) hip fractures were only captured if an inpatient hospital admission was
required; (3) all medical visits identified as follow-up examination of a previous fracture
were excluded as further fracture events; (4) patients who died following a fracture were
captured as having both outcomes; and (5) if the index fracture involved more than one
skeletal sites, to avoid double counting, the fracture was assigned to the site of highest
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severity. Time at risk for subsequent fracture events began the day after the date of the
index fracture and continued until outcome occurrence, either fracture or patient death.

We estimated the incidence rate over 12 months of (index) fragility fractures in the gen-
eral population aged ≥ 50 years (based on a total estimated population of 157,428 individuals
aged 50 or over served in Virgen Macarena Hospital catchment area on 1 January 2014).
Then, we estimated the incidence rate of further fracture events during the study period
among those who had a previous fragility fracture in 2014. Time at risk for subsequent
fracture events began the day after the date of the index fracture and continued until
outcome occurrence, either fracture or patient death. Fracture incidence rates per 10,000
person-years were calculated by age group, sex, and fracture type. The 95% confidence
intervals (CIs) were calculated assuming a Poisson distribution. The excess risk of further
fractures was compared to the general population using a Poisson regression model in-
cluding age, sex, and location of previous fracture as covariates. Nelson–Aalen cumulative
hazard estimates were plotted to analyze the time to a subsequent fracture event [21]. The
risk of subsequent fracture was analyzed using a Cox proportional hazards regression
model, as well as the model proposed by Fine and Gray [22], using death as a competing
risk. All-cause mortality was also analyzed using the Cox hazard model. Furthermore, we
included a time-dependent variable in this model to estimate the risk of all-cause death
associated with the occurrence of subsequent fracture events during the study period.
Estimates with p values < 0.05 were considered statistically significant. No imputation of
missing data was necessary. All statistical analyses were performed using Stata software
(STATA Corp., College Station, TX, USA).

3. Results

3.1. Patient Baseline Characteristics

Among a total population of 157,428 Caucasian individuals aged 50 or over served
by Virgen Macarena University Hospital, 1068 women and 301 men (3.5 female/male
ratio), with mean of age 75.1 and 72.1 years, respectively, registered eligible index fragility
fractures in 2014 and were included in the analyses. Only 14 subjects were excluded
due to miscoding of fractures (3/14) or traumatic (8/14) or pathological fractures (3/14),
(Figure 1). The most frequent index fracture site in women was wrist (405 [37.9%]), whereas
in men hip fractures were the most common (111 [36.9%]). Mean duration of follow-up
was 2.3 years for all subjects, 2.2 years in males and 2.3 in females.

 

Figure 1. Flow diagram of study participants based on the Strobe statement. A total of 1383 subjects were assessed for
eligibility, among a study population of 157,428 inhabitants. Fracture miscoding or traumatic or pathological causes of
fractures were the causes for the exclusion of 14 subjects. Subjects were enrolled from January 2014 to December 2014 and
followed up until December 2016. Mean duration of follow-up was 2.3 years for all subjects, 2.2 years in males and 2.3 in
females. The most frequent types of index fracture were wrist (N = 506, 37.0%) and hip (N = 431, 31.5%), followed closely by
proximal humerus (N = 264, 19.3%). Overall, 99 subjects registered a subsequent fracture, with 120 events of death occurring
throughout follow-up. Fx: fracture. SsFx: subsequent fracture.
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3.2. Incidence Rate of Index Fracture in the General Population

An overall incidence rate of 86.9 fractures/10,000 person-years was found in the
general population aged ≥ 50 years (Table 1). The frequency of fragility fractures was
significantly higher among women as compared to men: 123.9 (CI 95% 116.6–131.6) versus
42.3 (CI95% 37.7–47.4), respectively. Also, marked increase in the frequency was also
observed with increasing age. The highest overall frequency was observed for wrist
fractures. Despite this, hip fractures were the most frequent among women and men aged
≥ 80 years. On the other hand, the skeletal sites with the lowest incidence rate of fragility
fractures were the pelvis and the spine.

Table 1. Incidence rate of index fracture in the general population aged ≥50 years, by index fracture site, sex, and age group.
The total population values for males and females are marked in bold. The shading indicates that they are total values of
the population, to differentiate them from the rest that are separated by gender and age.

Index Fracture Site

Age * All Sites Hip Pelvis Vertebral
Prox.

Humerus
Wrist

All subjects 50+ years
86.9

(82.4–91.6)
27.5

(25.0–30.2)
4.6 (3.6–5.8) 6.0 (4.8–7.3)

16.8
(14.8–18.9)

32.1
(29.4–35.0)

Males

All males
42.3

(37.7–47.4)
15.6

(12.8–18.8)
1.8 (0.0–3.1) 2.4 (1.4–3.8) 8.3 (6.3–10.7)

14.2
(11.6–17.3)

50–59 years
23.4

(18.3–29.5) 2.3 (0.9–4.8) 0.0 (NA) 1.3 (0.4–3.4) 7.3 (4.5–11.0) 12.5
(8.9–17.2)

60–69 years
24.7

(18.5–32.3) 4.7 (2.2–8.6) 0.9 (0.1–3.4) 0.9 (0.1–3.4) 6.1 (3.2–10.4) 12.1
(7.9–17.8)

70–79 years
56.4

(44.1–71.0)
18.8

(12.1–28.0) 2.4 (0.5–6.9) 3.1 (0.9–8.0) 11.8
(6.6–19.4)

20.4
(13.3–29.8)

80+ years
157.7

(129.0–190.9)
105.1

(82.0–132.8)
12.0

(5.2–23.7)
10.5

(4.2–21.7) 13.5 (6.2–25.7 16.5
(8.25–29.6)

Females

All females
123.9

(116.6–131.6)
37.1

(33.2–41.4)
7.1 (5.4–9.1) 8.9 (7.1–11.2)

23.8
(20.6–27.3)

47.0
(42.5–51.8)

50–59 years
48.3

(41.00–6.5) 3.7 (1.9–6.5) 0.6 (0.1 -2.3) 4.4 (2.4–7.3) 12.2
(8.6–16.6)

27.4
(22.0–33.8)

60–69 years
77.9

(67.1–89.9) 5.8 (3.2–9.8) 2.5 (0.9–5.4) 2.9 (1.2–6.0) 19.6
(14.4–26.0)

47.1
(38.8–56.6)

70–79 years
150.2

(132.4–169.7)
38.0

(29.3–48.4) 8.2 (4.5–13.7) 13.4
(8.5–20.2)

31.6
(23.7–41.2)

59.0
(48.1–71.7)

80+ years
359.5

(327.7–393.6)
175.5

(153.5–199.8)
29.9

(21.3–40.9)
25.3

(17.4–35.5)
49.8

(38.5–63.5)
79.0

(64.4–95.8)

Data are incidence rate per 10,000 person-years (95% confidence interval). * Age is described as of index date.

3.3. Incidence of Subsequent Fractures

The frequency of clinical subsequent fracture events was 318.2/10,000 person-years.
Incidence rate of subsequent fractures was higher in women than in men. However, the
overall differences did not reach statistical significance (Table 2). By contrast, the frequency
of clinical fracture events increased with age, with markedly higher incidences rates in
men and women aged 70 years or older (Table 2). Overall, no significant differences in the
frequency of subsequent fracture events were observed by index fracture type. However,
a slight trend was observed toward increased incidence among subjects with pelvis and
hip index fractures (Table 2). The rate of further fracture events was highest within the
≥80 years’ age group, in women with a previous fracture in the pelvis and men with a
previous wrist index fracture. The most frequent skeletal locations of further fractures were
hip and wrist. The incidence rate of further fracture events during the first year after the
index fragility fracture was not higher than the rates observed during the following second
and third years of follow-up, regardless of sex and age (Figure 2). Similarly, no marked
differences among follow-up periods were observed by site of index fracture. However, a
slight trend was observed for wrist fractures (Supplementary Table S2).
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Table 2. Incidence rate of subsequent fractures (any site) among patients with an index fracture, by index fracture site, sex,
and age group. The total population values for males and females are marked in bold. The shading indicates that they are
total values of the population, to differentiate them from the rest that are separated by gender and age.

Index Fracture
Site

Age * All Sites Hip Pelvis Vertebral
Prox.

Humerus
Wrist

All subjects 50+ years
318.2

(261.3–387.5)
406.8

(294.7–561.4)
425.8

(203.1–893.1)
364.5

(182.3–728.9)
306.0

(195.2–479.8)
234.0

(161.6–338.9)

Males

All males
180.4

(93.2–315.1)
228.8

(74.3–534.0)
0.0 (NA)

504.4
(61.1–1821.9)

69.7 (1.8–388.5)
171.4

(46.7–438.8)

50–59 years 56.4 (1.4–314.2) 0.0 (NA) 0.0 (NA) 1014.3
(25.7–5651.3) 0.0 (NA) 0.0 (NA)

60–69 years 0.0 (NA) 0.0 (NA) 0.0 (NA) 0.0 (NA) 0.0 (NA) 0.0 (NA)

70–79 years
259.4

(70.7–664.1)
464.9

(56.3–1679.4) 0.0 (NA) 0.0 (NA) 0.0 (NA) 359.8
(43.6–1299.5)

80+ years
333.0

(133.9–686.2)
218.9

(45.2–639.8) 0.0 (NA) 665.4
(16.9–3707.5)

473.4
(12.0–2637.8)

1048.8
(127.0–3788.7)

Females

All females
355.7

(284.9–438.8)
463.0

(316.7–653.6)
521.8

(209.8–1075.1)
333.7

(122.4–726.2)
377.0

(223.4–595.8)
249.1

(159.6–370.7)

50–59 years
131.2

(42.6–306.3) 0.0 (NA) 0.0 (NA) 275.8
(7.0–1536.8)

107.0
(2.7–596.1)

137.7
(28.4–402.4)

60–69 years
131.5

(48.3–286.2) 0.0 (NA) 0.0 (NA) 0.0 (NA) 0.0 (NA) 217.8
(79.9–474.0)

70–79 years
352.4

(218.1–538.6)
414.11

(152.0–901.3) 0.0 (NA) 571.2
(117.8–1669.2)

658.4
(284.3–1297.3)

163.5
(44.5–418.6)

80+ years
543.2

(409.2–707.0)
540.6

(353.1–792.1)
852.6

(342.8–1756.7)
262.7

(31.8–948.8)
607.8

(277.9–1153.8)
488.3

(243.8–873.7)

Data are incidence rate per 10,000 person-years (95% confidence interval). * Age is described as of index date.

Figure 2. Nelson–Aalen cumulative hazard of subsequent fracture events after an index fracture
in men and women aged ≥50 years over a period of three years of follow-up. Cumulative risk
of subsequent fracture increased over the years following initial fracture. However, no significant
differences were found in the incidence rate of subsequent fractures over 1, 2, and 3 years, regardless
of sex and age. Dotted line represents the cumulative incidence of subsequent fractures in all subjects.
Solid line represents the cumulative incidence of subsequent fracture events in females. Dashed
line represents the cumulative incidence of subsequent fracture events in males. SsFx: subsequent
fracture. The Y-axis represents the cumulative hazard function. The X-axis represents follow-up years
after the first fracture.
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3.4. Risk Factors of Subsequent Clinical Fracture

Overall, the incidence rate of fractures was higher for subjects with a previous index
fragility fracture at any site compared with the general population (relative risk [RR] 1.80,
p < 0.01) (Figure 3 and Supplementary Table S3). Independent risk factors for subsequent
fracture, as identified by multivariate analysis using Cox as well as Fine and Gray regression
models, Higher age (≥70 years) was an independent risk factor for further fracture events,
with a ≥1.5 increase in hazard risk (HR) observed for each decade from 60 years of age
(Table 3). Multivariate analysis using Fine and Gray model revealed an increased risk
of subsequent fractures in women. No effect of index fracture site on the level of risk of
further fractures was observed (Table 3).

Figure 3. Relative risk of subsequent fractures among subjects with a previous fracture compared
with the general population by sex (green box and square), age group (red box and circle), and index
fracture site (blue box and triangle). Adjusted rate ratio estimated using Poisson regression models
that included age, sex, and index fracture site as covariates. Corresponding data are presented in
Supplementary Table S3. * p < 0.05, ** p < 0.01.

Table 3. Hazard ratio (Cox) and subhazard ratio (Fine and Gray) of subsequent fracture events
associated to sex, age, and index fracture site.

Risk Factor HR † 95% CI p > |z| SHR ‡ 95% CI p > |z|

Sex
Male * 1 1
Female 1.73 (0.94–3.17) 0.08 1.87 (1.01–3.46) 0.05

Age group
50–59 years * 1 1
60–69 years 0.92 (0.30–2.86) 0.88 0.91 (0.30–2.78) 0.87
70–79 years 2.94 (1.20–7.22) 0.02 2.88 (1.18–7.05) 0.02
80+ years 4.41 (1.85–10.51) <0.01 4.15 (1.74–9.89) <0.01
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Table 3. Cont.

Risk Factor HR † 95% CI p > |z| SHR ‡ 95% CI p > |z|

Index fracture site
Hip 1.05 (0.62–1.77) 0.85 0.98 (0.58–1.66) 0.94

Pelvis 1.14 (0.49–2.64) 0.77 1.12 (0.49–2.57) 0.79
Vertebral 1.14 (0.52–2.53) 0.74 1.14 (0.51–2.53) 0.75

Prox. humerus 1.20 (0.67–2.15) 0.54 1.22 (0.68–2.18) 0.51
Wrist * 1 1

Index fracture type +

Appendicular 1 1
Central 1 (0.66–1.53) 0.99 0.95 (0.61–1.46) 0.80

* Baseline category; † hazard ratio (HR) and 95% confidence interval (CI) estimates adjusted for all variables in
the table using a Cox proportional hazards model. ‡ Subhazard ratio (SHR) and 95% confidence interval (CI)
estimates adjusted for all variables in the table using a Fine and Gray competing risks model using death as
competing risk. + Appendicular fractures: wrist and proximal humerus. Central fractures: vertebral, pelvis, and
hip fractures.

3.5. Risk of Death Following Initial Fracture

A total of 120 deaths occurred during the study follow-up period in patients aged
≥50 years with an index fragility fracture, with overall mortality rates reaching 37.20/1000
person-years (29.09 and 67.42 per 1000 person-years in women and men, respectively).
Mortality rates were higher among men as compared to women (HR, 0.41; p < 0.01) (Table 4).
Age was the strongest determinant of mortality with significant excess risk for subjects aged
80 or older (HR, 3.43 p < 0.01). Mortality risk was also significantly higher among patients
presenting an index fragility fracture in the hip (HR, 2.48; p < 0.01). Lower mortality rates
were observed in subjects with index fractures located in peripheral bone positions (wrist
and proximal humerus). Mortality risk also increased after a subsequent fracture occurred,
although this association did not reach statistical significance (HR, 2.14; p = 0.06) (Table 4).

Table 4. Mortality hazard ratio associated to sex, age, type of index fracture, and presence of
subsequent fracture events.

Risk Factor MR × 1000 PY ‡ HR † 95% CI p > |z|

Sex
Male * 67.42 1
Female 29.09 0.41 (0.28–0.60) <0.01

Age group
50–59years * 12.42 1
60–69years 17.04 1.43 (0.54–3.77) 0.47
70–79years 29.30 2.00 (0.84–4.73) 0.12
80+years 62.00 3.43 (1.51–7.77) <0.01

Index fracture site
Hip 73.50 2.48 (1.47–4.19) <0.01

Pelvis 52.60 1.95 (0.88–4.35) 0.10
Vertebral * 22.07 1.01 (0.38–2.68) 0.99

Proximal humerus 21.83 1.13 (0.58–2.21) 0.73
Wrist 17.82 1

Presence of SsFX
no SsFX * 36.32 1

SsFX 60.89 2.14 (0.97–4.70) 0.06

* Baseline category. † Mortality hazard ratio (HR) and 95% confidence interval (CI) estimates adjusted for all
variables in the table using a Cox proportional hazards model. ‡ Mortality rate (MR) per 1000 person-years (PY).
SsFx: subsequent fracture.

4. Discussion

This study presents the first report of the incidence rate of index of major fragility
fractures and the risk of imminent fractures in a Spanish cohort of 1369 subjects (1068
women and 301 men) aged ≥50 years, by age group and fracture site. Our study confirmed
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markedly higher rates in women, as well as an age-related increase in the risk, with highest
frequency rates found in women aged ≥80 years. The prevalence of osteoporosis and
osteoporosis fracture rates is higher in women compared to men. This is due to differences
in BMD, bone size, bone geometry, and bone strength [23,24]. Estrogen deprivation after
menopause is a major contributing factor, which could be the reason for the observed
gender-related differences [25]. Age, on the other hand, is a well-studied risk factor of
index fragility fractures, contributing to risk independently of bone mass density [26].
Previous information on the incidence rate of fragility fractures in Spain is scarce. As a
first approach, using the Q-FRACTURE tool, González López-Valcárcel et al. [27] estimated
a level of risk ranging from 1.8–21.5% in women and 0.7–10.8% in men. According to
our findings, the frequency of osteoporotic fractures in Spain may be sensitively higher
than reported. Conversely, our numbers underestimate the crude rates published by the
International Osteoporosis Foundation for Spain as well as for other EU countries [28]. This
discrepancy may be partly explained by the exclusion of non-clinical vertebral fractures
and other fracture sites less commonly associated with osteoporosis. Overall, the most
frequent index fracture type was wrist. However, the rate of hip fractures exceeds that of
wrist in older aged groups. Similar age-related trends in the frequency of fragility fractures
were reported previously [29].

Estimated incidence rate of subsequent fractures was 318.2/10,000 person-years in all
subjects during the three years that followed index fracture (i.e., 3.2% of patients with a
previous fracture experienced a new fracture every year). To date, no other studies have
been published that measure the risk of imminent fractures after a sentinel fracture in
Spain. Only Azagra et al. have published 10-year fracture data in a population cohort
in Catalonia that presented clinical risk factors for osteoporotic fractures, with the aim of
validating the Frax tool in the Spanish population [30].

Overall, the incidence of fracture was higher for subjects with a previous index fragility
fracture at any site, compared with the frequency in the general population aged 50 or
older (RR, 1.80). According to our findings, Kanis et al. [17] observed that, for any type of
previous fracture, the RR of any further fracture ranged from 1.83 to 2.03 depending upon
age. The effect of gender as a predictor of the risk was only significant when the analysis
considered death as a competing risk. Previous reports observed similar risks in men and
women, except among subjects over 85 years of age [31]. Our data also, however, proved
the well-known independent effect of aging on the risk of further fracture events, [11,14],
with significant differences in the HR among older age (≥70 years). They also found a
marked age-related increase in the risk but did not observe any differences in the risk
among women and men.

Noticeable differences in the frequency of subsequent fractures were found depending
upon site, with highest rates found in subjects with a previous pelvis or hip fracture. Our
findings, however, could not confirm the effect of the skeletal site on the risk of further
fractures. Previous reports on the associations between prior and subsequent fractures are
not consistent [7]. The time that follows initial fracture is key with regard to the risk and
prevention of subsequent fracture events. Several previous studies report that the highest
risk of further fracture events occurs within the first year after the index fracture [8–11]
and that the incidence decreases thereafter. In the current study, however, the incidence of
subsequent fracture events during the first year after the index fracture was not higher than
the rates observed during the following second and third years of follow-up, regardless of
sex and age. Despite this, a slight trend was observed for wrist index fractures. Authors
reporting higher levels of risk during the first year after the index fracture have assessed
longer timescales than our study [9]. Like in our study, Banefelt et al. [11] focused only in
the early years following the index fracture and found the highest incidence during the
second year (12%), rather than the first (7.1%).

Overall mortality rate reached 37.20/1000 person-years, which showed an up-to-2-
fold excess mortality due to osteoporotic fractures among the younger-aged groups [32].
The risk of death was significantly higher in patients with a previous hip index fracture
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(HR, 2.48; p < 0.01), with an estimated rate of 73.50/1000 person-years. No significant
excess mortality was found for index fractures in other skeletal locations or for the event of
subsequent fractures (p = 0.06). As expected, our data also confirmed a higher age-specific
death risk (p < 0.01, in subjects aged ≥80 years) as well as lower death risk in women
(p < 0.01). In fact, 58.3% of all deaths occurred in patients with a previous hip index fracture
and a mean age of 83.3 years. The observed death rate after a hip fracture was sensitively
lower than previously reported [33,34], which could be explained by the longer observation
period of this study, as mortality is highest during the six months that follow the event [35].

The main limitation of our study is the lack of data from other clinical factors that
could have contributed to in-depth understanding of the risk of subsequent fractures (bone
mass density, previous record of falls, history of prior fractures, use of drugs affecting bone
metabolism). One of the strengths of our study is that, as opposed to database studies,
we manually reviewed clinical records of all 1369 cases to confirm eligibility as well as
outcomes’ information.

5. Conclusions

In summary, this report provides information on the magnitude and consequences of
fragility fractures in the as-yet unexplored Spanish population aged ≥50 years, involving
both genders, as well as major skeletal sites associated with osteoporosis, not limited to
hip. This is the first study to report on the incidence rate of imminent fractures after an
osteoporotic sentinel fracture in Spain, with age, sex, and skeletal location of the index
fractures as possible risk factors. Our results support the increased risk of imminent
fracture after a recent fracture and provide key elements for early identification of risk and
the application of targeted strategies aimed at preventing future fractures and mortality,
such as the interventions recommended by the Fracture Liaison Services [36].
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Abstract: Crohn’s disease (CD) is associated with bone loss and increased fracture risk. TX-Analyzer™
is a new fractal-based technique to evaluate bone microarchitecture based on conventional radiographs.
The aim of the present study was to evaluate the TX-Analyzer™ of the thoracic and lumbar spine in
CD patients and healthy controls (CO) and to correlate the parameters to standard imaging techniques.
39 CD patients and 39 age- and sex-matched CO were analyzed. Demographic parameters were
comparable between CD and CO. Bone structure value (BSV), bone variance value (BVV) and bone
entropy value (BEV) were measured at the vertebral bodies of T7 to L4 out of lateral radiographs. Bone
mineral density (BMD) and trabecular bone score (TBS) by dual energy X-ray absorptiometry (DXA)
were compared to TX parameters. BSV and BVV of the thoracic spine of CD were higher compared to
controls, with no difference in BEV. Patients were further divided into subgroups according to the
presence of a history of glucocorticoid treatment, disease duration > 15 years and bowel resection.
BEV was significantly lower in CD patients with these prevalent risk factors, with no differences in
BMD at all sites. Additionally, TBS was reduced in patients with a history of glucocorticoid treatment.
Despite a not severely pronounced bone loss in this population, impaired bone quality in CD patients
with well-known risk factors for systemic bone loss was assessed by TX-Analyzer™.

Keywords: Crohn’s disease; bone microstructure; bone loss; fractal-based analysis; glucocorticoid
treatment; risk factors; imaging methods

1. Introduction

Bone loss and increased fracture risk are well-known extraintestinal complications of Crohn’s
disease (CD) [1,2]. As has been recently shown by our study group, CD patients have an increased
risk for hip fractures and an associated higher mortality risk after fracture compared to the general
population [3]. However, overall data on osteoporosis and fracture risk are conflicting in literature
and largely depend on the patient population, severity of disease, disease duration and different

J. Clin. Med. 2020, 9, 4116; doi:10.3390/jcm9124116 www.mdpi.com/journal/jcm

63



J. Clin. Med. 2020, 9, 4116

imaging techniques in assessing bone mineral density (BMD) [4]. Further, patients with CD have
many risk factors contributing to bone loss and therefore need special attention to identify patients
at risk and prevent fractures. Bone strength is not only determined by BMD, but also by bone
microarchitecture. To date, the gold-standard for examination of BMD is dual X-ray absorptiometry
(DXA), a two-dimensional imaging method. With respect to the methodology of this imaging technique,
no information on bone microstructure is assessed. Furthermore, anterior–posterior DXA scanning
may not accurately reflect true changes in BMD, e.g., due to calcification of the aorta or osteophytes
within the region of interest (ROI) [5–7].

Trabecular bone score (TBS), a grey-level texture parameter, can be applied to lumbar spine
DXA scans as an add-on tool and provides information on the trabecular network of vertebral bodies.
Additionally, TBS does not seem to be affected by degenerative changes of lumbar spine in contrast to
BMD [8].

To date there is only one study addressing TBS assessment in adult CD patients in the literature.
Interestingly, no differences in BMD or TBS compared to controls in the total cohort of CD patients
were detected, but TBS was decreased in patients with a severe course of disease while BMD showed
no difference [9]. Another method for assessing bone microarchitecture in vivo even more precisely is
high-resolution peripheral quantitative computed tomography (HR-pQCT) of the distal radius and
tibia. Bone microarchitecture assessed by HR-pQCT in inflammatory bowel disease (IBD) patients
showed that CD patients have a severe deterioration of cortical and trabecular bone despite a reduced
volumetric BMD at the distal radius. In this study, female sex, the diagnosis of CD, lower body mass
index (BMI) and a lack of disease remission were identified as independently associated factors with
bone loss in IBD [10].

The implementation of novel imaging techniques for the assessment of bone microarchitecture
into clinical practice is of major interest. Fractal analysis techniques are based on the fractal model by
Mandelbrot [11] and can be used to measure and express complex structures in numeric dimensions
and for distinguishing image textures. Extensions of this model led to different techniques examining
bone structure from two-dimensional X-ray projections. Fractal analysis of calcaneus radiographs in
patients with previous osteoporotic fractures allowed to distinguish patients with fractures from those
without fractures, independently and more exactly than BMD [12,13]. In another study, Caligiuri P et al.
identified patients with vertebral fractures more accurately using fractal analysis of radiographs of the
spine compared to DXA [14].

These results support the hypothesis, that fractal analysis provides complementary information
out of conventional radiographs and can improve fracture risk evaluation, independently of BMD and
additional radiation exposure.

TX-Analyzer™ is a novel software for fractal-based analysis of radiographs and features three
texture algorithms—bone structure value (BSV), bone variance value (BVV) and bone entropy value
(BEV). To date, the primary use is for research purposes on different skeletal sites. Until now, only one
study on lumbar spine using TX-Analyzer™was performed. In this retrospective analysis of a large
randomized trial in postmenopausal women treated with the monoclonal antibody denosumab over
eight years, Dimai HP et al. reported an increase of BMD and BSV of lumbar spine [15].

The aim of the present pilot study was to evaluate bone microstructure assessed by TX-Analyzer™
of the thoracic and lumbar spine in CD patients and for the first time, in the general population to
correlate and compare the parameters to standard imaging techniques such as DXA and TBS.

2. Patients and Methods

2.1. Patients and Study Design

A total number of 40 patients and 40 age and sex-matched controls were analyzed in this
case-controlled study. All patients participated in the “Crohn-Bone-Study”, a non-interventional,
prospective, cross-sectional, single-center study with the aim to create a database of patients with
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Crohn’s disease and assess the effects on bone. The patients were recruited in the gastroenterology
outpatient clinic of the 1st Medical Department of the Hanusch Hospital of the Austrian Health
Insurance in Vienna. Inclusion criteria were a histologically verified diagnosis of CD and patients
had to be at least 18 years of age. Out of 51 patients included in the Crohn-Bone-Study, 40 patients
underwent DXA scans of the lumbar spine and the hip and radiographs of the thoracic and lumbar
spine and were, therefore, selected for this pilot study. Demographic parameters, information on
disease duration (DD), treatment including glucocorticoid (GC) therapy, conventional or biological
immunosuppressive therapy and history of surgery were assessed. Laboratory results including
serum C-reactive protein (CRP), and bone turnover markers including calcium, phosphate, alkaline
phosphatase (AP), beta-crosslaps, osteocalcin, parathyroid hormone (PTH) and 25(OH)-vitamin D
levels as well as levels of fecal calprotectin were analyzed. Laboratory assessment was performed
using immunoturbidimetric assay for CRP, photometric color test for calcium, photometric UV
test for phosphate, 2-site immunometric (sandwich) electrochemiluminescence detection assay
for beta-crosslaps, chemiluminescence immunoassay for osteocalcin, PTH, 25(OH)-vitamin D and
calprotectin. The lower limits of quantification were as follows: 0.2 mg/L for CRP, 0.01 mmol/L
for calcium, 0.11 mmol/L for phosphate, 5 U/L for AP, 0.01 ng/mL for beta-crosslaps, 3 ng/mL for
osteocalcin, 1 pg/mL for parathyroid hormone, 11 nmol/L for 25(OH)-vitamin D and <5 mg/kg for
fecal calprotectin.

Selection of controls was randomly chosen with respect to available conventional radiographs of
the thoracic and lumbar spine. In total, 81 subjects who underwent X-ray examinations of the spine at
the Radiological Department of the Hanusch Hospital Vienna were screened. Healthy controls were
than matched 1:1 to CD, based on age- and sex-distribution of CD. Exclusion criteria for controls were
a documented medical history of osteoporosis, low traumatic fractures, diabetes mellitus type 1 or 2,
renal insufficiency CKD III-V (chronic kidney disease), hepatic cirrhosis (CHILD B or C), chronic alcohol
abuse, rheumatologic disease, malignancy within 5 years or any eating disorder.

Two patients were excluded from the analysis (1 CD and 1 control) due to degenerative changes on
the lumbar spine resulting into inaccurate BMD and TX lumbar spine values. In addition, both patients
had extremely outranged high BMI (>41 kg/m2) and (i) no DXA software for obese patients was
available, (ii) TBS cannot be interpreted appropriately in patients with BMI > 40 and (iii) the influence
of severe obesity on TX values is unclear.

The final analytical sample therefore comprised 39 CD patients and 39 controls. The study
flow-chart is shown in supplementary Figure 1.

The study was approved by the local ethical committee (EK-16-252-1216) and conducted in
accordance with the Declaration of Helsinki. All patients agreed to participate to the study and signed
an informed consent form.

2.1.1. TX-Analyzer™

The software TX-Analyzer™ (ImageBiopsy Lab., Vienna, Austria) determines structural
three-dimensional information of bone architecture non-invasively using a fractal-based analysis
out of two-dimensional plain radiographs [16,17]. The software features the three unitless texture
algorithms BSV, BVV and BEV. To date, no normative values for these parameters are available.

In detail, BSV reflects the quantification of the fractal dimension of the bone texture via an
implementation of a maximum-likelihood estimator of the Hurst coefficient. The Hurst coefficient
represents a measure of long-range dependency of data and therefore a good descriptor of wide range
of natural phenomena [12,18,19]. This Hurst coefficient was measured in vertical and horizontal
directions, for further analysis mean BSV was used. BVV quantifies the Hurst coefficient via the
variance of pixel-intensity differences in four directions (0, 45, 90 and 135 degrees) and therefore, the
extracted values include the vertical, horizontal and diagonal as well as the mean value, which was
further analyzed. BSV and BVV range between 0 and 1; the maximum value of 1 indicates the highest
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possible homogeneity. The BEV represents the Shannon entropy originating from the field information
theory and quantifies the average information content and complexity of the ROI [20].

The analysis of all radiographs was performed by two trained investigators (SH, JES). All X-rays
were obtained using Philips DigitalDiagnost.

DICOM files of lateral-view radiographs of the thoracic and lumbar spine were analyzed using a
semi-automatic software application (IB Lab TX-Analyzer™, IBL, Vienna, Austria). The annotation of
the radiographs was carried out and the region of interest was defined. For positioning and analysis of
the ROI the preset biopsy mask was used, according to the manufacturers’ recommendation. After
marking the front and back corners of each vertebral body, the software places the ROI within the
vertebral body. For each subject, all vertebral bodies from the seventh thoracic vertebral body to the
fourth lumbar vertebral body were analyzed (Figure 1). Fractured vertebral bodies were excluded
from analysis and the mean of the remaining parameters calculated. If only one vertebral body was
eligible for analysis, the patient was excluded.

 

Figure 1. Application of TX-Analyzer™ software on lateral-view radiographs of the thoracic and
lumbar spine of patients with Crohn’s disease and controls. Definition of region of interest (ROI) using
a preset biopsy mask, after definition of the upper and lower and the anterior and posterior corner of
the vertebral bodies the ROI box is placed by the software. (A) thoracic spine and (B) lumbar spine.
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2.1.2. Dual X-ray Absorptiometry (DXA) and Trabecular Bone Score (TBS)

DXA scanning and analysis was performed of the lumbar spine, the total femur and the femoral
neck using GE Healthcare Lunar Prodigy (GE©, Boston, MA, USA). BMD and T-scores at all three
sites were assessed. Analysis of DXA scans was performed according to international guidelines [21]
and non-evaluable vertebral bodies excluded, accordingly. If only one vertebral body was evaluable,
the measurement was excluded. TBS analysis was performed using TBS iNsight software version 3.

2.1.3. Statistics

Characteristics of CD patients and controls were described using frequencies and percentages
for categorical variables and medians and interquartile ranges (IQR) for continuous variables if
not stated otherwise. We assessed the distribution of each parameter via normality plots and
Kolmogorov–Smirnov test. For group comparisons we used T-test or Mann–Whitney U test for
continuous variables and Chi-square test for categorical variables, as appropriate. p-values were two
sided, and the statistical significance level was set at 0.05. In case of multiple comparisons, we applied
a Bonferroni correction.

For exploration of an association between two continuous variables we calculated either Pearson’s
correlation coefficient or Spearman’s rank correlation coefficient, according to the normality of variable
distribution. When both variables were normally distributed, we used Pearson’s correlation coefficient,
otherwise we used Spearman’s correlation coefficient.

We stratified CD patients by glucocorticoid use (≥5 mg prednisolone-equivalent daily > 3 months
users vs. non-users), the disease duration (below or above 15 years), the history of bowel resection
(yes vs. no) and compared these groups in demographic, DXA and TX parameters. Due to the study
design the selection of healthy controls was solely based on the availability of X-rays, therefore no data
of DXA parameters or TBS were available.

In order to test the robustness of our findings, we performed a sensitivity analysis by excluding
patients with extreme values for TX parameters and repeated all the analysis. Extreme outliers were
defined as values below and above the interquartile range multiplied by 3 (Q1 – 3 × IQR and Q3 + 3
× IQR).

All statistical analyses were conducted in IBM SPSS Statistics for Windows, Version 26 [22].

3. Results

3.1. Patient Population and Demographic Characteristics

Table 1 summarizes patient characteristics of CD patients and controls. There were no significant
differences between CD patients and controls in age, sex or BMI. The disease duration was 8.0 (18)
years and the median calprotectin level 88.9 (221.9) mg/kg.

Table 1. Demographics and disease specific characteristics of patients with Crohn‘s disease (CD)
and controls.

Crohn’s Disease n = 39 Controls n = 39 p

Demographics and Disease Duration

Sex [male/female] 13/26 14/25 0.812
Age [years] 53.9 (40.4–60.7) 44.8 (41.3–55.9) 0.439
Height [m] 1.68 (1.6–1.74) 1.67 (1.62–1.72) 0.859
Weight [kg] 75 (59–94) 78 (64.8–85.3) 0.895
BMI [kg/m2] 27.4 (22.1–32.3) 27.1 (23.4–30.2) 0.924

Laboratory Results

CRP [mg/L, 0.0–4.9] 2.80 (1.40–7.30) - -
Ca [mmol/L, 2.20–2.65] 2.37 (2.31–2.53) - -
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Table 1. Cont.

Crohn’s Disease n = 39 Controls n = 39 p

Ph [mmol/L, 0.81–1.45] 1.14 (1.00–1.27) - -
AP [U/L, 30–120] 78 (65–95) - -

Beta-crosslaps [ng/mL, 0.03–0.37] 0.390 (0.28–0.58) - -
PTH [pg/mL, 12–88] 45.5 (31–73) - -

Osteocalcin [ng/mL, 4.6–65.4] 16.5 (14.1–21.9) - -
25(OH)-vitamin D [nmol/L, 75–250] 64 (52–76) - -

Calprotectin [mg/kg, 0.0–50.0] 88.9 (26.1–248) - -

Disease Characteristics

Disease duration [years] 8 (2–20) - -
cDMARDs, n (%) 21 (55.3) - -
bDMARDs, n (%) 20 (52.6) - -

GC-Treatment > 3 mo, n (%) 23 (59) - -
History of bowel resection due to CD, n (%) * 14 (35.9) *

Ileocoecal Resection, n (%) 13 (34.2) - -
Small bowel resection, n (%) 4 (10.5) - -

Colonic resection, n (%) 5 (13.2) - -

Notes: BMI, body mass index; laboratory results [unit, reference range]; CRP, C-reactive protein; Ca, calcium;
Ph, phosphate; AP, alkaline phosphatase; PTH, parathyroid hormone; cDMARDs, conventional disease
modifying immunosuppressive drugs (including 6-mercaptopurine, azathioprine, budesonide or mesalazine);
bDMARDs, biologic disease modifying immunosuppressive drugs (including adalimumab, infliximab, ustekinumab,
vedolizumab); GC-treatment > 3 mo, glucocorticoid treatment over 3 months ≥ 5 mg; * some patients had joint
procedures therefore the numbers do not sum up; and all parameters are reported as median (25th–75th percentile)
or number (%), respectively, level of significance p < 0.05.

Fifty-nine percent of patients had a history of glucocorticoid treatment > 5 mg daily over more
than 3 months. In total, 55.3% of CD patients were treated with conventional disease modifying
immunosuppressive drugs (cDMARDs; 6-mercaptopurine, azathioprine, budesonide or mesalazine)
and 52.6% with biological DMARDs therapy (bDMARDs; adalimumab, infliximab, ustekinumab,
vedolizumab). Laboratory results showed no increase in CRP levels or alterations of bone turnover
markers. The median level of 25(OH)-vitamin D in CD patients was 64 (24) nmol/L.

3.2. Bone Mineral Density and Bone Microarchitecture

Overall median T-score in lumbar spine of CD patients was −1.4 (2.2) and BMD 1.030 (0.2) g/cm2.
At the total hip and femoral neck, the BMD was 0.921 (0.13) g/cm2 and 0.885 (0.15) g/cm2, respectively,
with a corresponding T-score of −0.9 (1.2) and −0.9 (1.3). TBS of CD patients was 1.307 (0.2).

At the lumbar spine the TX analysis revealed no differences of BSV, BVV or BEV between CD and
controls. BSV and BVV of the thoracic spine were higher in CD patients compared to control patients
(p = 0.016 and 0.012). All results are summarized in Table 2.

Table 2. Results of TX analysis, dual X-ray absorptiometry (DXA) and trabecular bone score (TBS) of
patients with Crohn‘s disease and controls.

Crohn’s Disease n = 39 Controls n = 39 p

DXA and TBS

Lumbar Spine (L1–L4)

BMD [g/cm2] 1.030 (0.955–1.183) - -
T-Score [SD] −1.4 (−2.1–0.1) - -
TBS [units] 1.307 (1.218–1.402) - -

Total Hip

BMD [g/cm2] 0.921 (0.847–0.978) -
T-Score [SD] −0.9 (−1.4, −0.2) -
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Table 2. Cont.

Crohn’s Disease n = 39 Controls n = 39 p

Femoral Neck

BMD [g/cm2] 0.885 (0.787–0.938) - -
T-Score [SD] −0.9 (−1.8, −0.5) - -

TX Analysis

Thoracic Spine (T7–T12)

BSV 0.293 (0.268–0.309) 0.270 (0.225–0.302) 0.016
BVV 0.282 (0.260–0.302) 0.251 (0.214–0.288) 0.012
BEV 12.2 (12.1–12.3) 12.2 (12.1–12.3) 0.919

Lumbar Spine (L1–L4)

BSV 0.109 (0.093–0.128) 0.110 (0.104–0.125) 0.310
BVV 0.100 (0.092–0.118) 0.103 (0.010–0.119) 0.301
BEV 11.5 (11.4–11.6) 11.5 (11.4–11.6) 0.154

Notes: BMD, bone mineral density; SD, standard deviation; BSV, bone structure value; BVV, bone variance value;
BEV, bone entropy value; BSV, BVV and BEV are unitless; and all parameters are reported as median (25th–75th
percentile), level of significance p < 0.05.

3.3. Correlation of Imaging Parameters

All results of correlation analysis are reported in Table 3. BSV, BVV and BEV were correlated with
each other within the region of investigation—in lumbar spine BSV and BVV we observed a strong
positive correlation (r = 0.800, R2 = 0.88, p < 0.001) and for BSV and BEV a moderate positive correlation
(r = 0.660, p < 0.001). Comparable significant correlations were found for TX parameters at the thoracic
spine. In contrast to the correlations within the two regions, no correlations of TX parameters between
the thoracic and the lumbar spine were observed.

BSV, BVV and BEV of the thoracic spine showed no correlation to demographic parameters. At the
lumbar spine, for BSV and BVV moderate negative correlations with weight (r = −0.647, p < 0.001
and r = −0.605, p < 0.001) and BMI (r = −0.568, p < 0.001 and r = −0.403, p < 0.001) were observed.
No significant correlations were found between the TX parameters and TBS.

Further, correlations of TX parameters and BMD at all three measuring sites with laboratory
results presented in Table 1 were performed. No correlation was found between TX parameters or
BMD with the level of 25(OH)-vitamin D. BSV, BVV and BEV at the lumbar spine were moderately
correlated with calprotectin levels (r = 0.438, p = 0.009; r = 0.458, p = 0.006; and r = 0.518, p < 0.001).
A negative moderate correlation was observed for BSV and BVV with PTH (r = −0.465, p = 0.004 and
r = −0.524, p = 0.001), but not for BEV. All results are presented in a Supplemental Table S1.

3.4. Glucocorticoid Use in Crohn’s Disease Patients

Patients with a GC intake > 3 months had a significantly lower TBS of lumbar spine compared
to patients without long-term GC treatment (p = 0.014). All further DXA parameters revealed no
difference between these two groups.

TX analysis showed a significantly reduced BEV of the thoracic spine in GC treated patients,
with no difference in BSV and BVV. At the lumbar spine no difference in BSV, BVV or BEV was found.
All parameters are summarized in Table 4.
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3.5. Disease Duration in Crohn’s Disease Patients

Of the CD patients, 14 patients had a DD of >15 years and 25 patients a DD of ≤15 years.
Patients with longer disease duration showed no difference in BMD of the lumbar spine or hip. Further,
no difference in TBS was found compared to patients with a shorter disease duration. TX analysis
revealed a significantly decreased BEV of the thoracic spine in patients with a DD of >15 years
(p = 0.001). At the lumbar spine no difference of BEV between the two groups was observed. BSV and
BVV showed no differences at the thoracic and the lumbar spine (Table 4).

3.6. History of Bowel Resection in Crohn’s Disease Patients

Of the CD patients, 14 patients had a history of surgery, 34.2% of these patients with a resection of
the terminal ileum, 10.5% had small bowel resection and 13.2% had a segmental colonic resection—some
of the patients had joint procedures therefore the numbers do not sum up. The group of patients with
a history of surgery included more male patients, patients were taller (p = 0.016) and had a longer
disease duration (p = 0.013). BMD at the lumbar spine and hip showed no difference between the
two groups of CD patients. Additionally, TBS was the same within these two groups. Regarding TX
parameters, again BEV was significantly lower in patients with a history of bowel resection (p = 0.011),
in this group at the lumbar spine. No further differences in TX parameters have been found (Table 4).

3.7. Sensitivity Analysis

For sensitivity analyses six patients were excluded with extreme values for TX parameters. A total
of 34 CD patients and 38 controls were analyzed. The results with regard to differences between CD
and controls in TX parameters remained practically unchanged (Supplemental Table S2). Concerning
the analysis of CD patients there were no differences in DXA measures between patients with disease
duration below or above 15 years, neither in patients with or without bowel resection. A more
pronounced deterioration of bone microarchitecture in GC treated patients represented by lower levels
of BSV and BVV at the lumbar spine was observed.

4. Discussion

In this pilot study spinal bone microstructure of Crohn’s disease patients and controls of the
general population was assessed for the first time using TX-Analyzer™, a novel fractal-based analysis.
BSV and BVV of the thoracic spine were higher in CD patients compared to controls, with no difference
in BEV. However, a significant impact of risk factors, like disease duration, glucocorticoid treatment
and a history of bowel resection, on TX parameters was found in CD patients.

Patients with CD have multiple risk factors for bone loss like malnutrition, inflammatory state,
malabsorption associated with vitamin D deficiency and glucocorticoid treatment. In literature,
data on osteoporosis and fracture risk in CD patients are incongruent depending on patient population,
disease duration and differences in imaging techniques [4]. The BMD measurement of CD patients in
the present cohort using DXA technique, the gold standard in clinical practice, revealed overall no
severe bone loss. Additional, trabecular bone assessed by TBS showed overall, that only a partially
degraded microstructure at the lumbar spine of CD patients. The fact that BSV and BVV showed
higher levels of CD patients compared to healthy controls is conflicting, but this should be considered
as a result of an overall group, not severely affected bone of the present CD cohort. A recent large
retrospective analysis of 393 CD patients revealed that only 19.8% of patients were diagnosed with
osteoporosis, whereas the rest had normal BMD (39.9%) or the diagnosis of osteopenia (40.2%). Reduced
BMD was associated with risk factors like male sex, low BMI and a history of bowel resection and
longitudinal evaluation showed a further reduction of BMD in GC treated patients [23]. These findings
indicate that by a modern management of CD using anti-inflammatory medications bone loss overall
is not severe, but patients with one or even multiple risk factors and especially those treated with GC
treatment should be identified and evaluated.
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Further, in the present study, a fractal-based analysis of the spine using TX-Analyzer™ in the
general population was performed for the first time. To date no reference values on TX parameters
of the spine are available. Due to the study design, no information on BMD or TBS of the control
group was available and therefore a deterioration of bone assessed by standardized measurements
cannot be ruled out. However, a previous study of Dimai HP et al. focused on a prospective analysis
of BSV at the lumbar spine in postmenopausal women on antiresorptive treatment with denosumab
and an additional increase of BSV to a gain of BMD was observed [15]. Comparing the presented
absolute levels of BSV in this population of women with postmenopausal osteoporosis to those in the
present study, levels of BSV and BMD of patients with postmenopausal osteoporosis were much lower
compared to CD patients and controls in the present cohort. This supports further the hypothesis of an
overall not severely pronounced bone loss in the presented cohort.

It is important to note, that after dividing the population according to three above-mentioned risk
factors, significant changes of bone microstructure assessed by TX parameters have been observed.
Patients with GC treatment in the medical history, with long standing disease duration and with a
history of bowel resection showed a reduction of BEV compared to controls despite no differences in
BMD. This highlights that despite an overall not severely pronounced bone loss, deterioration of bone
microstructure is assessable at an early time point using BEV.

Additionally, in patients with GC use, this finding is further supported by a reduction of TBS.
Interestingly, no differences in BMD were observed. To date, there is only one study assessing TBS in
adult CD patients in the literature. Krajcovicova A et al. showed that CD patients with severe disease
course showed a reduction of TBS while BMD remained the same as controls [9]. These findings are
in accordance with the present findings, since patients treated repeatedly with GC over time can be
assumed to have a more severe course of disease.

However, long-term GC treatment itself is a well-known risk factor for bone loss due to inhibition
of calcium absorption and promotion of renal calcium loss [24,25] and a promotion of osteoblast
apoptosis and decreasing levels of osteoprotegerin [26,27]. Further, significant alterations of bone
microarchitecture in patients treated with GC have been previously described in literature [28,29]. In a
study of Leib ES et al. TBS was significantly lower in patients treated with GC due to different diseases
compared to patients without GC treatment, while areal BMD at the lumbar spine showed no difference.
Therefore, the authors stated, that GC use is associated with an impairment of microarchitectural
texture of the central skeleton measured by TBS, preceding changes of BMD [30].

Deteriorations of bone microstructure in CD patients have been described previously in the
literature. HR-pQCT scans of CD patients in a tertiary care center showed a severe deterioration
of cortical and trabecular bone despite a reduced volumetric BMD of the ultradistal radius [10].
Nevertheless, those patients overall had a more severe course of disease compared to the present
cohort and for the clinical setting this method has a limitation due to its rare availability. The most
accurate information on bone microstructure is gained by performing a transiliac bone biopsy with
histomorphometry. In a study by Oostlander AE et al. transiliac bone biopsies of 23 CD patients
in remission were analyzed and histomorphometric analysis showed a reduction in bone mass
characterized by trabecular thinning, caused by reduced bone formation [31]. All these studies provide
important information on the risk of trabecular bone loss in patients with CD. Due to the limitations of
availability and invasiveness, new imaging tools such as TX-Analyzer™ are of major interest for the
clinical setting since pre-existing radiographs can be analyzed without additional radiation exposure.

TBS is the only available texture parameter in clinical practice to gain additional information on
bone microstructure out of DXA scans. Spinal osteoarthrosis has no significant effect on TBS, while BMD
increases in contrast [8]. Therefore, imaging techniques assessing bone microstructure within the
vertebral body are of major interest. Since lower TBS as well as BEV values in the patient population
with prior GC treatment despite normal BMD levels were found, one can suggest, that a fractal-based
analysis using TX-Analyzer™may as well elucidate early degradation of bone microstructure, prior to
a loss of BMD and irrespectively of degenerative spinal changes. The acquisition of conventional

74



J. Clin. Med. 2020, 9, 4116

radiographs due to different reasons is much more widespread compared to the performance of DXA
scans, especially in younger patients. Therefore, TX-Analyzer™ may identify patients at risk at an
early time point and before fractures even occur.

This pilot study is not without limitations. The main limitation is, that the size of the cohort
was overall relatively small and therefore not suitable for building a regression model to address the
question if two or further risk factors contribute to trabecular bone loss. Further studies with bigger
study populations are required to confirm our preliminary results.

Additional, correlation analysis showed a positive correlation of lumbar and thoracic TX
parameters, but no correlation between the different areas. Further, since there is a negative correlation
observed of BSV, BVV and BEV of the lumbar spine with demographic parameters like height, weight
and BMI, while there were no correlations with thoracic spine parameters, an influence of visceral fat
on results of the lumbar spine may be a potential explanation. Furthermore, these results have to be
further investigated and validated in a bigger cohort, since the present patient population and controls
was overall well balanced and did not meet the recommendations of the World Health Organization
for nutrition state with a median BMI of 27 kg/m2. Nevertheless, taking this limitation into account,
BEV reduction at the thoracic spine was present in two subgroups, despite an overall not reduced BMD.
Further, validated imaging methods like TBS were lower in GC treated patients in addition to low
BEV at the thoracic spine, supporting the findings. To date only limited information and experience
with the TX-Analyzer™ at the spine is available and no reference values of the general population
have been assessed previously. Therefore, we were able to demonstrate data on TX parameters of the
thoracic and lumbar spine in healthy subjects for the first time.

5. Conclusions

In conclusion, the software TX-Analyzer™ is a non-invasive tool for indirect assessment of bone
microstructure based on existing conventional radiographs. In the present study, CD patients were
not severely affected by systemic bone loss and therefore, no typical microstructure pattern by this
method was assessable compared to controls. However, well-known risk factors for systemic bone loss
like glucocorticoid treatment, disease duration and history of bowel resection resulted in impaired
bone quality assessed by TX-Analyzer™. Especially patients with GC treatment showed pronounced
changes in BEV in accordance with a reduction of TBS despite normal BMD assessed by DXA.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/12/4116/s1,
Figure S1: Study flow-chart, Table S1: Correlations of imaging parameters assessed by TX analysis, Bone Mineral
Density and Trabecular Bone Score and laboratory results, Table S2: Analysis of TX parameters, DXA and TBS
in patients distributed according to disease duration, GC use and history of bowel resection after exclusion of
extreme outliers.
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Abstract: Abstract: IntroductionPremature ovarian insufficiency (POI) is a type of hypergonadotropic
hypogonadism caused by impaired ovarian function before the age of 40. Due to the hypoestrogenism,
women with POI experience a variety of health complications, including an increased risk of
bone mineral density loss and developing osteopenia and osteoporosis, which poses an important
problem for public health. Purpose: The aim of this study was to evaluate and compare the values
of bone mineral density (BMD), T-score and Z-score within the lumbar spine (L1-L4) using the
dual energy X-ray absorptiometry method. The dual-energy X-ray absorptiometry (DXA) scans
described in this original prospective article were performed at the time of POI diagnosis and after
treatment with sequential hormone replacement therapy (HRT). Materials and methods: This study
included 132 patients with a mean age of 31.86 ± 7.75 years who had been diagnosed with idiopathic
POI. The control group consisted of 17 healthy women with regular menstrual cycles, with a
mean age of 23.21 ± 5.86 years. Serum follicle-stimulating hormone (FSH), luteinizing hormone
(LH), 17-estradiol (E2), prolactin (PRL), testosterone (T), dehydroepiandrosterone sulfate (DHEA-S),
thyroid-stimulating hormone (TSH), free thyroxine (fT4), insulin, and fasting serum glucose were
measured. Lumbar spine (L1-L4) BMD was assessed by means of dual-energy X-ray absorptiometry.
DXA scans were performed at the time of diagnosis and following treatment with sequential hormone
replacement therapy (HRT) comprised of daily oral 2 mg 17-β-estradiol and 10 mg dydrogesterone.
The mean time of observation was 3 ± 2 years. Results: Patients in the POI group presented with
characteristic hypergonadotropic hypogonadism. They had a significantly decreased mean lumbar
spine BMD when compared to healthy controls (1.088 ± 0.14 g/cm2) vs. 1.150 ± 0.30 g/cm2) (p = 0.04)
as well as a decreased T-score (0.75 ± 1.167 vs. −0.144 ± 0.82) (p = 003). There was a significant
increase in BMD (1.088 ± 0.14 vs. 1.109 ± 0.14; p < 0.001), T-score (−0.75 ± 1.17 vs. −0.59 ± 1.22;
p < 0.001), and Z-score (−0.75 ± 1.12 vs. −0.49 ± 1.11; p < 0.001) after the implementation of HRT
when compared to pre-treatment results. Conclusions: In conclusion, this study has demonstrated
that patients with POI often have decreased bone mineral density and that the implementation of
HRT has a significant and positive influence on bone mass. The implementation of full-dose HRT and
monitoring of bone status is particularly important in these patients.

J. Clin. Med. 2020, 9, 3961; doi:10.3390/jcm9123961 www.mdpi.com/journal/jcm
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1. Introduction

Premature ovarian insufficiency (POI) is a type of hypergonadotropic hypogonadism caused by
impaired ovarian function before the age of 40 [1,2]. It affects 1:100 women before the age of 40 and
1:10,000 before the age of 20 [2]. Due to the hypoestrogenism, women with POI experience a variety of
health complications. The natural progression of POI includes a short period of oligomenorrhea with
subsequent secondary amenorrhea. If POI occurs before the age of 16 years, patients often present
with primary amenorrhea. Vasomotor symptoms (hot flashes, night sweats), genitourinary symptoms
(vaginal dryness, dyspareunia), neurological impairment, increased cardiovascular risk, and bone
health deterioration are all part of the natural sequalae of POI [1].

The impact of estrogen deficiency on bone mass in postmenopausal patients is well described
in the literature. Bone mass reduction progresses as a result of increased osteoclast action [3]
causing cancellous bone perforation. Similarly, POI has adverse long-term effects on bone health.
Various studies have demonstrated that patients with POI concomitantly develop decreased bone
mineral density (BMD) [4]. Thus, according to recent discussions in the literature [5,6], it is reasonable
to expect that these patients are likely to experience an increased risk of developing osteopenia and
osteoporosis, and potential fractures in later life.

Fracture prevention is a worldwide public health priority; osteoporosis is a major healthcare
problem leading to a high incidence of various fractures causing morbidity and mortality in the ageing
population. Therefore, care should be taken to provide patients with effective treatment to prevent
long-term health complications. The efficacy of hormone replacement therapy (HRT) as a protection
against adverse outcomes in POI, however, has been poorly evaluated. The potential benefits these
patients can gain form HRT may not fully correspond with the body of trials carried out on populations
of postmenopausal women [6].

HRT has a favorable effect on BMD in postmenopausal women and decreases their overall risk of
bone fractures [7–9]. The evidence suggests that supplementing estrogen levels in POI and restoring
it to normal levels through the use of HRT replaces ovarian function and may also have a positive
impact on bone mass. Implementation of HRT raises the level of serum estradiol, which is a stimulus
for bone formation and slows bone resorption [10].

Taking into consideration the limited data regarding BMD in POI and the influence of different
HRT regimens on BMD in this group of patients, the aim of this study was to compare the BMD of POI
patients with that of healthy controls and to evaluate the effect of sequential hormonal replacement
therapy on BMD in this group of patients. The medical problem presented in this study represents the
importance to public health of understanding the risks of osteopenia, osteoporosis in populations of
young women with premature ovarian insufficiency (POI).

2. Materials and Methods

2.1. Materials

This study included 132 patients with a mean age of 31.86 ± 7.75 years. They had been
diagnosed with spontaneous POI and treated by the Department of Gynecological Endocrinology,
Poznan University of Medical Sciences, Poznan, Poland during the period from 2013 to 2016. BMD was
assessed in each individual before and after the use of estro-progestin hormone therapy.

Qualifying participants had an established diagnosis of POI based on the following the criteria [11]

(1) Onset before 40 years of age
(2) Secondary amenorrhea for a duration of at least 4 months
(3) FSH level above 25 IU/L measured on two separate occasions at least 4 months apart
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(4) Estrogen level below 50 pg/mL

To maintain homogeneity in the study population, only patients with an idiopathic etiology of
POI were included. Subjects with karyotype abnormalities and genetic defects, and those with an
autoimmune, infectious or iatrogenic etiology of POI were disqualified.

The control group consisted of 17 healthy women with a mean age of 23.21 ± 5.86 years and
regular menstrual cycles.

Exclusion criteria for the control group were:

(1) Any preexisting endocrine disorders—based on laboratory parameters and anamnesis
(2) Chronic diseases, particularly diseases affecting the musculoskeletal system
(3) Any hormonal treatment taken in the 3 months preceding the examination.

2.2. Methods

Each qualifying study participant had a thorough medical history taken, and a physical and
gynecological examination and a transvaginal ultrasound were performed. Weight (kg) and height (m)
were measured and BMI was calculated (kg/m2).

Venous blood samples were collected between 7:00 am and 9:00 am in a fasting state. Blood samples
in the control group were drawn in the late follicular phase; between the 10th and 12th day of the
menstrual cycle.

Serum follicle-stimulating hormone (FSH), luteinizing hormone (LH), 17-estradiol (E2),
prolactin (PRL), testosterone (T), dehydroepiandrosterone sulfate (DHEA-S), thyroid-stimulating
hormone (TSH), free thyroxine (fT4), insulin, and fasting serum glucose were measured in all
participants. Serum concentration was determined using electrochemiluminescence immunoassay
(ECLIA) on a Cobas E601 analyzer (Roche Diagnostics, Indianapolis, IN, USA).

BMD measurement of the lumbar spine (L1-L4) was performed using dual-energy X-ray
absorptiometry (DXA, Lunar Prodigy Primo, General Electric, USA). The results were expressed
as g/cm2, Z-score, and T-score. The T-score was calculated from mean peak BMD and SD obtained
from database analysis of normative data for the lumbar spine of young healthy adults. T-score values
of between −1 and −2.5 were used as thresholds for diagnosing osteopenia, and values lower than
−2.5 were characterized as osteoporosis.

DXA was performed at the time of diagnosis and following treatment with sequential hormone
replacement therapy (HRT). Treatment consisted of daily oral 2 mg 17-β-estradiol and 10 mg
dydrogesterone. The mean time of observation was 3 ± 2 years.

This study may be limited by the inconsistent durations of hormone replacement therapy, as in
some patients it was shorter, and in some it was longer; however, it lasted at least 12 months in all cases.

2.3. Statistical Analysis

Statistical analysis was performed using StatSoft 2012 STATISTICA Version 12. The normality of
data distribution was assessed using the Shapiro–Wilk test. The Pearson’s linear correlation coefficient
and Spearman’s rank correlation coefficient were used for correlation assessment. For comparison,
Student’s t-test or the Mann–Whitney test were used where appropriate. Comparison between more
than 2 groups was performed using analysis of variance (ANOVA test). A p-value of 0.05 was
considered statistically significant.

All participants provided written informed consent before enrolling in the study. The study
protocol was approved by the Ethics Committee of Poznan University of Medical Sciences in
Poznan, Poland.

3. Results

Patients in the POI group presented with characteristic hypergonadotropic hypogonadism
(significantly elevated serum concentrations of FSH and LH with concomitantly low serum level of
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estradiol). They were also found to have a significantly higher fasting glucose level when compared to
healthy controls (Table 1).

Table 1. Characterization of POI group and control group.

POI Group Control Group

Before Treatment After Treatment p1 p2

BMI [kg/m2] 23.68 ± 4.42 23.81 ± 4.67 0.25 20.71 ± 5.15 0.06
FSH

[mIU/ml] 100.14 ± 36.93 82.56 ± 48.72 <0.001 9.83 ± 2.44 <0.001

LH [mIU/ml] 49.64 ± 18.02 50.67 ± 30.77 0.76 10.47 ± 2.62 <0.001
E2 [pg/mL] 13.43 ± 18.91 56.1 ± 68.83 <0.001 94.12 ± 24.86 <0.001
T [ng/mL] 0.28 ± 0.19 0.44 ± 1.09 0.02 0.32 ± 0.18 0.31
DHEA-S
[μmol/L] 5.94 ± 2.89 5.98 ± 2.89 0.51 7.38 ± 4.79 0.46

fT4 [ng/dL] 1.29 ± 0.18 1.45 ± 1.19 0.24 1.23 ± 0.3 0.98
TSH

[μIU/mL] 2.58 ± 1.94 2.1 ± 1.72 0.01 2.76 ± 1.69 0.53

Glucose
[mg/dl] 90.45 ± 9.97 87.75 ± 14.43 0.35 71.32 ± 17.72 <0.001

Insulin
[mU/mL] 8.9 ± 4.64 9.58 ± 6.9 0.28 7.43 ± 3.6 0.31

PRL [ng/mL] 12.35 ± 10.19 11.64 ± 6.07 0.82 8.42 ± 3.66 0.16

Data presented as mean ± SD; p1-comparison of data before and after treatment (comparisons made using the
Wilcoxon signed-rank test); p2-comparison between TS before treatment and control group (comparisons made
using t-student test (data consistent with normal distribution) or Mann-Whitney U test (data inconsistent with
normal distribution)); p < 0.05 considered significant.

Women in the POI group had a significantly decreased lumbar spine mean BMD (1088 ± 0.14 g/cm2

vs. 1150 ± 0.30 g/cm2) (p = 0.04), (median 1099 g/cm2 vs. 1169 g/cm2 ) (Figure 1) and T-score
(0.75 ± 1167 vs. −0.144 ± 0.82) (p = 0.03) when compared to healthy controls (Figure 2).

 

Figure 1. Comparison of BMD between POI and control group.
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Figure 2. Comparison of T-score between POI and control group.

Comparative analysis of BMD, T-scores, and Z-scores was performed in the study group. Values at
baseline were compared with post-treatment scores and a significant increase in BMD, T-score,
and Z-score was observed following implementation of HRT in these patients (Table 2).

Table 2. BMD in POI group before and after treatment.

POI Group

Before Treatment After Treatment p

BMD [g/cm2] 1.088 ± 0.14 1,109 ± 0.14 <0.001
T-score −0.75 ± 1.17 −0.59 ± 1.22 <0.001
Z-score −0.75 ± 1.12 −0.49 ± 1.11 <0.001

Data presented as mean± SD; comparisons made using the Wilcoxon signed-rank test; p< 0.05 considered significant.

Before commencing HRT, 8.94% of 132 patients in the POI group fulfilled the T-score criteria for
osteoporosis and 30.08% were found to suffer from osteopenia. After HRT only 1.69% of the patients
were found to meet diagnostic criteria for osteoporosis, whereas 42.37% were found to be osteopenic.

The group of patients with POI was additionally divided into two groups based on baseline
T-score values. The first subgroup included patients with a baseline T-score within the normal reference
range. The second subgroup comprised POI patients with an abnormal baseline T-score defined as
osteoporosis or osteopenia. It was noted, that the second subgroup (with abnormal baseline T-score)
had a significantly higher serum LH concentration when compared to the group with normal baseline
T-score. No additional differences were observed in other serum parameters. Moreover, analysis of
variance found no significant difference between any measured parameter in the POI group when
comparing normal BMD, osteopenia, and osteoporosis.

4. Discussion

POI is most often associated with impaired ovarian function and results in ovarian hormone
deficiency. This lack of estrogens exerts an influence on osteoclasts, and leads to exacerbated bone
reduction exceeding the rate of bone formation. As a consequence, estrogen deprivation in patients
with POI has a negative impact on bone health, which may lead to decreased bone mineral density and
an increased risk of osteoporosis and fractures in later life.

This study was conducted to investigate the bone mineral density in a significant sample of
patients with POI and compare it to age and weight-matched premenopausal controls. It then
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evaluated and quantified the influence of estroprogestative replacement therapy (using 17β-estradiol
and dydrogesterone) on lumbar spine bone mass in this patient group.

Following this study, we report that women with POI have lower baseline lumbar spine BMD
when compared to age and weight matched controls. The implementation of HRT increased BMD in
these patients compared to their values at the baseline.

Soong et al. [12] was one of the first studies to evaluate BMD in premenopausal amenorrhoeic
patients. They studied a group of 21 patients with premature ovarian insufficiency. The mean BMD
for all participant groups in this study (including one group of patients with POI) was reduced when
compared to the control group [12].

In another study, Popat et al. [13] compared a cohort of patients with spontaneous POI to
age-matched women with regular menstrual cycles. They discovered that the POI population had
a significantly lower (2–3%) BMD in the lumbar spine, femoral neck, and total hip. In total, 15% of
women in the POI group were found to have a Z-score below −2.0, a result which was below the
expected value for age. In total, 8% of women with POI were shown to have a T-score below −2.5,
a result characteristic of osteoporosis [13].

A number of later studies went on to confirm the association between low BMD and
POI patients: idiopathic POI [13], Turner syndrome [14], chemotherapy [15], ovariectomy [16],
gonadal dysgenesis [17], and mixed etiology POI [18]. The results demonstrated in our study are
reflective of the findings mentioned above and support the thesis that women with POI have a
significantly decreased BMD and, in some cases, even T-score values in the osteopenic and osteoporotic
range at the moment of diagnosis. These profound early changes may be explained by the fact that
impairment of ovarian function and subsequent estrogen deficiency can proceed insidiously prior to
the diagnosis of POI. Alzubaidi et al. [19] reports that diagnosis is delayed in up to half of cases, and in
25% of cases this delay can be more than 5 years.

Popat et al. [13] have reported on certain modifiable factors correlating with significant low-for-age
Z-score. These included vitamin D levels below 32 ng/mL, body weight below 55 kg, lack of regular
exercise, calcium intake below 1000 mg/d, and no HRT implementation.

In order to protect bone health and decrease fracture risk, non-pharmacological strategies which
are shown to be beneficial for postmenopausal women [20] are also advised for patients with POI.
These recommendations include maintaining appropriate body weight, consuming a balanced diet,
practicing weight-bearing exercises, moderating alcohol consumption, and smoking cessation [20].
According to WHO guidelines, maintaining a minimum recommended calcium intake of 1000 mg/day
and a vitamin D intake of 800IU/day is essential to maintaining bone health and reducing the risk of
fractures [21,22].

The results of BMD measurements should be taken into consideration at the time of management
initiation for all patients, and particularly in those who present following a long period of estrogen
deficiency and additional risk factors for decreased bone mass [23]. DXA is regarded as the gold
standard in BMD assessment and is a first-line method for monitoring BMD in POI patients. It is
important to note that the estimated yearly increase in BMD following the initiation of treatment is only
2%, which does not exceed the reported error margin of a DXA absorptiometer (1–2%). It is therefore
recommended to perform a BMD assessment by DXA scan at 5 year intervals to ensure adequate
monitoring [23,24]. The ideal measurement site for determining BMD has not yet been specified. It is
known, however, that estrogens exert stronger antiresorptive action on trabecular bone, a structure
making up a larger volume in the spine than in the total hip [25].

5. Estrogen Formulation

The use of estrogen therapy is an accepted method of improving POI-related health sequelae.
This is in spite of the fact that trials comparing the efficacy of treatment regimens and their safety
profiles with regard to symptom mitigation and the prevention of disease progression are deficient.
Evidence has accumulated, however, showing that the use of HRT can restore bone mass in POI
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patients [26]. The available estrogen formulations commonly used to treat POI include 17β-estradiol
(E2), ethinylestradiol (EE), and conjugated equine estrogens (CEE). A growing body of literature has
supported the use of estradiol as the preferred form of estrogen replacement [11].

In 2014, Popat et al. [26] evaluated the influence of HRT on BMD in POI. In their study, preparations
of 100 μg transdermal E2 and 10mg oral medroxyprogesterone were administered for a 3-year period.
These were noted to significantly improve BMD measured at both the lumbar spine and femoral neck
when compared to their baseline BMD values. The addition of testosterone did not have any beneficial
effect on BMD levels in these patients. At the end of the study period, patients with POI exhibited no
significant difference in BMD compared to the control group.

Similar results were observed by Cartwright et al. [27] who determined the superiority of HRT
(2 mg oral E2 and 0.075 mg levonorgestrel daily) over a combined oral contraceptive pill (30 μg EE and
0.150 mg levonorgestrel daily for 21 days followed by a 7 day break) in improving the BMD of the
lumbar spine in POI patients following 12 and 24 months of treatment. In POI patients receiving E2,
significant gains in BMD were observed at all timepoints compared to EE. BMD in total hip and femoral
neck did not differ significantly between the E2 and EE groups. The E2 group appeared to have a
slightly greater influence on bone turnover markers (procollagen type I N-terminal propeptide (P1NP)
and C-terminal telopeptide of type 1 collagen (CTX)) but statistical significance was not achieved.
A possible explanation of these findings is the fact that EE leads to a considerable increase in the level of
sex hormone binding globulin (SHBG) which decreases bioavailable estrogens and results in a reduced
action on bone and BMD gain.

Nevertheless, oral estrogen administration is subject to hepatic first-pass metabolism and has an
inhibitory impact on insulin-like growth factor-1 (IGF-1) production, which is known to be an important
factor in bone formation. Therefore, this has been proposed as the main reason oral use of estrogen
in menopause suppresses IGF-1 levels, while estrogen taken through the transdermal route does not
cause this downregulation. So far, it is still unclear whether this effect of the route-dependent metabolic
action of estrogens can be extrapolated to patients with POI. Mauras et al. [28] analyzed metabolic rates
and parameters in patients with Turner Syndrome who were undergoing growth-hormone treatment.
They found no statistical difference in the level of the IGF-1 between patients receiving estrogen via oral
and transdermal routes, despite higher serum estrogen levels after oral administration [28]. In a similar
study, Nabhan et al. [29] noted no statistical difference in IGF-1 levels between patients with Turner
Syndrome receiving estrogen by either route. Nevertheless, patients receiving estrogen transdermally
were found to have significantly higher spine BMD compared to the group receiving estrogen via oral
administration [29].

Estrogen Dose

Current standards of practice dictate that the dose of exogenous estradiol should achieve
replacement levels comparable to natural serum estrogen. Currently recommended formulations
for patients with POI include daily doses of: 1–2 mg micronized oral E2; 100 μg transdermal E2;
or 0.625–1.25 mg oral conjugated EE [1,30].

However, dose–response trials that include patients with POI are sparse and there is evidence
supporting the observation that standard postmenopausal dosages are inadequate for patients with
POI. In a study examining the etiology of idiopathic POI, Giraldo et al. [31] observed that standard
HRT estrogen dosing (1 mg 17β-estradiol or 0.625 mg conjugated estrogen) was insufficient to sustain
adequate BMD in POI patients. Moreover, the loss in BMD in these patients was similar or even more
pronounced than that seen in women who did not receive estrogen therapy at all.

Nevertheless, further studies are required to confirm this finding and extend its scope to patients
with various other etiologies of POI. The results obtained in our study pertain to patients with idiopathic
POI and provide support to observations that a 2 mg dose of 17β-estradiol is sufficient to restore bone
mass in these patients.
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6. Conclusions

In conclusion, this study demonstrates that patients with POI have decreased bone mineral
density, and treatment with HT has the potential to greatly influence and improve bone mass.
Further investigation, however, is needed to determine appropriate effective dosages.
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Abstract: Patients with diabetes are at increased risk of cancer development and osteoporosis.
Metformin is an effective agent for diabetes management. Epidemiological studies have identified
an association between metformin use and cancer prevention. This article outlines the potential
for metformin to attenuate the rate of osteoporosis in diabetic patients with carcinoma in situ (CIS).
From the National Health Insurance Research Database of Taiwan, 7827 patients with diabetes with
CIS who were receiving metformin therapy were selected, along with 23,481 patients as 1:3 sex-, age-
and index year-matched controls, who were not receiving metformin therapy. A Cox proportional
hazard analysis was used to compare the rate of osteoporosis during an average of 15-year follow-up.
Of the subjects who were enrolled, 801 (2.56%) had osteoporosis, including 168 from the metformin
group (2.15%) and 633 from the without metformin group (2.70%). The metformin group presented
a lower rate of osteoporosis at the end of follow-up (p= 0.009). The Cox proportional hazard regression
analysis revealed a lower rate of osteoporosis for the metformin group (adjusted hazard ratio of
0.820; 95% confidence interval = 0.691–0.972, p = 0.022). Diabetic patients with CIS under metformin
therapy presented lower osteoporosis rate than those who were not receiving metformin therapy.

Keywords: osteoporosis; diabetes; metformin; carcinoma in situ; National Health Insurance
Research Database
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1. Introduction

Patients with diabetes are at increased risk of cancer development [1] and associated with
an increased risk of fragility fractures compared to the general population [2]. Type 2 diabetes mellitus
(T2DM) and cancer share many risk factors, such as age, obesity, diet and physical inactivity [3].
The possible mechanisms for a direct link between T2DM and cancer include hyperinsulinemia [4],
hyperglycemia [5] and inflammation [6,7].

Diabetes and cancer are clinical risk factors used for fragility fracture probability assessments
across the general population [8,9]. Osteoporosis is a skeletal disorder that is characterized by low
bone mass and compromised bone strength [10]. T2DM may affect bone metabolism and leads to
osteoporosis [11] and cancer may affect both, through the direct effects of cancer cells on the skeleton
and the deleterious effects of cancer-specific therapies on bone cells [9].

Metformin is an effective agent for T2DM management [12]. Furthermore, epidemiological studies
have identified an association between metformin use and cancer prevention [13]. Fractures are
a clinically important consequence of osteoporosis and result not only in disabilities, but also in excess
mortality; however, the pathogenic mechanisms that underlie the relationship between osteoporosis,
diabetes and cancer remain incompletely understood. The aim of this study was to determine the
potential for metformin to attenuate the rate of osteoporosis in diabetic patients with carcinoma in
situ using data from the Taiwan National Health Insurance Research Database (NHIRD), which is
a nationwide health insurance database.

2. Materials and Methods

2.1. Data Sources

Our study used data from the NHIRD to investigate whether metformin therapy in diabetic
patients with carcinoma in situ could lower osteoporosis rates, compared to a group of individuals
who were not receiving metformin, over a 15-year period, from the outpatient Longitudinal Health
Insurance Database (LHID) in Taiwan (2000–2015). The National Health Insurance (NHI) Program
was launched in Taiwan in 1995, and as of June 2009, it included contracts with 97% of the medical
providers in Taiwan, with approximately 23 million beneficiaries or more than 99% of the entire Taiwan
population [14]. The NHIRD uses International Classification of Diseases, 9th Revision, Clinical
Modification (ICD-9-CM) codes to record diagnoses [15]. All diagnoses of T2DM, carcinoma in situ,
and osteoporosis were made by a board-certified medical specialist. The Bureau of NHI randomly
reviews the records of 1 in 100 ambulatory care visits and 1 in 20 in-patient claims, to verify the accuracy
of the diagnoses [16]. Several studies have demonstrated the accuracy and validity of the diagnoses in
the NHIRD [17,18].

2.2. Study Design and Sampled Participants

Our study was a retrospective matched-cohort design. Patients with diagnosed T2DM, carcinoma
in situ, and osteoporosis were selected from 1 January 2000 to 31 December 2015, according to ICD-9-CM
230.XX-234.XX (carcinoma in situ), ICD-9-CM 733.XX (osteoporosis) and ICD-9-CM 250.XX (T2DM).
Furthermore, each enrolled patient was required to have made at least three outpatient visits within
the study period, according to these ICD-9-CM codes whether or not they were receiving metformin
therapy. Patients with osteoporosis diagnoses before 2000 and those less than 18 years of age were
excluded. Furthermore, patients with diabetes who received thiazolidinedione or canagliflozin therapy
were also excluded.

The covariates included Charlson comorbidity index (CCI), T2DM, sex, age, geographical area of
residence (north, center, south and east of Taiwan) and urbanization level of residence (level 1 to 4).
The urbanization level of residence was defined according to the population and various indicators of
the level of development. Level 1 was defined as a population >1,250,000 and a specific economic,
cultural, metropolitan and political development designation. Level 2 was defined as a population
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between 500,000 and 1,249,999 that played an important role in the political system, culture and
economy. Urbanization levels 3 and 4 were defined as either populations between 149,999 and 499,999
or <149,999, respectively [19].

2.3. Outcome Measures

All of the study participants were followed from the index date until the onset of osteoporosis,
from the NHI program, before the end of 2015.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS software version 22 for Windows (SPSS, Inc.,
Chicago, IL, USA). chi-squared and t-tests were used to evaluate the distributions of categorical
and continuous variables, respectively. A regression analysis of multivariate Cox proportional
hazards was used to determine the risk of osteoporosis under metformin therapy in patients with
diabetes and carcinoma in situ. The statistical analyses were presented as hazard ratio (HR) with
ninety-five percent confidence interval (CI). The difference in the risk of osteoporosis for patients
with diabetes and carcinoma in situ, with or without metformin therapy, was estimated using the log
rank test—Kaplan-Meier method. A two-tailed test p-value less than 0.05 was considered to indicate
statistical significance.

2.5. Ethics

Our study was conducted in accordance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki). The Institutional Review Board of Tri-Service General Hospital (TSGH)
approved our study and waived the need for individual written informed consent (TSGH IRB
No.2-105-05-082).

3. Results

Of the 61,307 enrolled patients, 11,151 were excluded and 50,156 patients with cancer and T2DM
were included. Furthermore, 9030 of the included patients were receiving metformin therapy, of which
1203 patients had used metformin for less than 90 days and were excluded and 7827 were enrolled
(case group). For the control group, we enrolled 41,126 individuals who were not receiving metformin
therapy to represent the 1:3 sex-, age- and index year-matched control group and excluded 17,645
patients used metformin less than 90 days, for a final count of 23,481 subjects (control group) (Figure 1).
Overall, the diabetic patients with carcinoma in situ under metformin therapy presented a lower rate of
osteoporosis than those who were not receiving metformin (adjusted HR 0.820 (95% CI = 0.691–0.972,
p = 0.022). Figure 2 shows the Kaplan-Meier analysis for the cumulative risk of osteoporosis in patient
and control groups and the difference is statistically significant (log rank, p = 0.017).
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Figure 1. Flowchart of study patient selection from the National Health Insurance Research Database in
Taiwan. DM—Diabetes mellitus: ICD-9-CM 250; Carcinoma in situ: ICD-9-CM 230–234; Osteoporosis:
ICD-9-CM 733.0; Metformin: ≥90 days.

Figure 2. Kaplan-Meier analysis of cumulative risk of osteoporosis among patients with diabetes
mellitus with carcinoma in situ aged 18 and over, stratified by metformin use and analyzed using
a log-rank test.
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The baseline sex, age, comorbidities, location, urbanization, level of care and income of the study
subjects and controls is presented in Table 1. Of the 31,308 adult diabetic patients with carcinoma
in situ, 13,284 (42.43%) were male, 12,928 (41.29%) were ≥60 year of age and the mean age was
55.95 ± 14.28 years (Table 1). There were no significant differences between the metformin and control
groups in age distribution, sex, comorbidities and covariates, after propensity-score matching.

Table 1. Characteristics of study in the baseline.

Metformin Total With Without
p

Variables n % n % n %

Total 31,308 - 7827 25.00 23,481 75.00 -

Gender - - - - - - 0.999
Male 13,284 42.43 3321 42.43 9963 42.43 -

Female 18,024 57.57 4506 57.57 13,518 57.57 -

Age (years) 55.95 ± 14.28 55.91 ± 14.36 55.96 ± 14.25 0.759
Age groups (years) - - - - - - 0.999

18–49 11,960 38.20 2990 38.20 8970 38.20 -
50–59 6420 20.51 1605 20.51 4815 20.51 -
≥60 12,928 41.29 3232 41.29 9696 41.29 -

Low-income - - - - - - 0.952
Without 30,998 99.01 7749 99.00 23,249 99.01 -

With 310 0.99 78 1.00 232 0.99 -

Catastrophic Illness - - - - - - 0.206
Without 25,374 81.05 6382 81.54 18,992 80.88 -

With 5934 18.95 1445 18.46 4489 19.12 -

Marital status - - - - - - 0.073
Without 12,841 41.02 3278 41.88 9563 40.73 -

With 18,467 58.98 4549 58.12 13,918 59.27 -

Education (years) - - - - - - 0.683
<12 13,692 43.73 3407 43.53 10,285 43.80 -
≥12 17,616 56.27 4420 56.47 13,196 56.20 -

CCI_R 0.61 ± 1.75 0.60 ± 1.70 0.61 ± 1.77 0.641

Season - - - - - - 0.866
Spring (Mar–May) 8070 25.78 2037 26.03 6033 25.69 -
Summer (Jun–Aug) 8425 26.91 2101 26.84 6324 26.93 -
Autumn (Sep–Nov) 7896 25.22 1982 25.32 5914 25.19 -

Winter (Dec–Feb) 6917 22.09 1707 21.81 5210 22.19 -

Location - - - - - - 0.659
Northern Taiwan 13,289 42.45 3335 42.61 9954 42.39 -
Middle Taiwan 8492 27.12 2150 27.47 6342 27.01 -

Southern Taiwan 8227 26.28 2017 25.77 6210 26.45 -
Eastern Taiwan 1253 4.00 315 4.02 938 3.99 -
Outlets islands 47 0.15 10 0.13 37 0.16 -

Urbanization level - - - - - - 0.877
1 (Highest) 12,423 39.68 3115 39.80 9308 39.64 -

2 14,419 46.06 3603 46.03 10,816 46.06 -
3 1346 4.30 324 4.14 1022 4.35 -

4 (Lowest) 3120 9.97 785 10.03 2335 9.94 -

Level of care - - - - - - 0.083
Hospital center 16,949 54.14 4319 55.18 12,630 53.79 -

Regional hospital 10,975 35.05 2668 34.09 8307 35.38 -
Local hospital 3384 10.81 840 10.73 2544 10.83 -

P—chi-squared/Fisher’s exact test on category variables and t-test on continue variables.

At the end of the follow-up period, 801 enrolled subjects (2.56%) had osteoporosis, including
168 from the metformin group (2.15%) and 633 from the without metformin group (2.70%), as shown
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in Table 2. The metformin group was associated with a lower rate of osteoporosis at the end of the
follow-up (p = 0.009). There were no significant differences between the metformin and control groups
in age distribution, sex, comorbidities and covariates at the end of the follow-up period.

Table 2. Characteristics of study in the endpoint.

Metformin Total With Without
p

Variables n % n % n %

Total 31,308 - 7827 25.00 23,481 75.00 -

Osteoporosis - - - - - - 0.009
Without 30,507 97.44 7659 97.85 22,848 97.30 -

With 801 2.56 168 2.15 633 2.70 -

Gender - - - - - - 0.999
Male 13,284 42.43 3321 42.43 9963 42.43 -

Female 18,024 57.57 4506 57.57 13,518 57.57 -

Age (yrs) 61.37 ± 15.55 61.32 ± 15.60 61.39 ± 15.54 0.707
Age groups (yrs) - - - - - – 0.393

18–49 8106 25.89 2061 26.33 6045 25.74 -
50–59 6647 21.23 1625 20.76 5022 21.39 -
≥60 16,555 52.88 4141 52.91 12,414 52.87 -

Low-income - - - - - - 0.336
Without 30,936 98.81 7726 98.71 23,210 98.85 -

With 372 1.19 101 1.29 271 1.15 -

Catastrophic Illness - - - - - - 0.652
Without 22,517 71.92 5647 72.15 16,870 71.85 -

With 8791 28.08 2180 27.85 6611 28.15 -

Marital status - - - - - - 0.058
Without 12,846 41.03 3283 41.94 9563 40.73 -

With 18,462 58.97 4544 58.06 13,918 59.27 -

Education (years) - - - - - - 0.659
<12 13,687 43.72 3405 43.50 10,282 43.79 -
≥12 17,621 56.28 4422 56.50 13,199 56.21 -

CCI_R 1.96 ± 3.70 1.99 ± 3.76 1.95 ± 3.68 0.320

Season - - - - - - 0.486
Spring 7236 23.11 1782 22.77 5454 23.23 -

Summer 7995 25.54 2017 25.77 5978 25.46 -
Autumn 8780 28.04 2232 28.52 6548 27.89 -
Winter 7297 23.31 1796 22.95 5501 23.43 -

Location - - - - - - 0.499
Northern Taiwan 12,321 39.35 3067 39.18 9254 39.41 -
Middle Taiwan 9222 29.46 2340 29.90 6882 29.31 -

Southern Taiwan 8108 25.90 1993 25.46 6115 26.04 -
Eastern Taiwan 1548 4.94 399 5.10 1149 4.89 -
Outer islands 109 0.35 28 0.36 81 0.34 -

Urbanization level - - - - - - 0.727
1 (Highest) 10,135 32.37 2522 32.22 7613 32.42 -

2 14,118 45.09 3502 44.74 10,616 45.21 -
3 2131 6.81 537 6.86 1594 6.79 -

4 (Lowest) 4924 15.73 1266 16.17 3658 15.58 -

Level of care - - - - - - 0.590
Hospital center 12,771 40.79 3156 40.32 9615 40.95 -

Regional hospital 13,322 42.55 3340 42.67 9982 42.51 -
Local hospital 5215 16.66 1331 17.01 3884 16.54 -

P—chi-squared/Fisher’s exact test on category variables and t-test on continue variables.

The results of the Cox regression analysis of the factors associated with osteoporosis are shown
in Table 3. The Cox proportional hazard regression analysis showed a lower rate of osteoporosis
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for patients receiving metformin therapy (adjusted hazard ratio of 0.820; 95% confidence interval =
0.691–0.972, p = 0.022).

Table 3. Factors of osteoporosis by using Cox regression.

Variables Crude HR 95% CI 95% CI p Adjusted HR 95% CI 95% CI p

Metformin - - - - - - - -
Without 1 - - - 1 - - -

With 0.813 0.686 0.964 0.017 0.820 0.691 0.972 0.022

Gender - - - - - - - -
Male 0.662 0.497 0.883 0.005 0.576 0.431 0.770 <0.001

Female 1 - - - 1 - - -

Age groups (yrs) - - - - - - - -
18–49 1 - - - 1 - - -
50–59 2.827 1.648 4.851 <0.001 3.113 1.813 5.345 <0.001
≥60 13.133 8.114 21.257 <0.001 15.456 9.533 25.059 <0.001

Low-income - - - - - - - -
Without 1 - - - 1 - - -

With 1.083 0.490 1.973 0.961 1.505 0.747 3.030 0.253

Catastrophic Illness - - - - - - -
Without 1 - - - 1 - - -

With 0.521 0.426 0.638 <0.001 1.030 0.883 1.214 0.166

Marital status - - - - - - - -
Without 1 - - - 1 - - -

With 1.234 0.724 2.013 0.306 1.305 0.896 2.284 0.299

Education (years) - - - - - - - -
<12 1 - - - 1 - - -
≥12 0.903 0.512 1.894 0.376 0.865 0.483 1.881 0.425

CCI_R 0.892 0.860 0.925 <0.001 0.880 0.840 0.921 <0.001

Season - - – - - - - -
Spring 1 - - - 1 - - -

Summer 0.946 0.778 1.150 0.576 0.993 0.817 1.208 0.946
Autumn 0.785 0.644 0.957 0.017 0.769 0.653 0.971 0.024
Winter 1.008 0.827 1.229 0.938 1.013 0.831 1.235 0.898

Location - - - - - - - -
Northern Taiwan 1 - - -

Multicollinearity with urbanization level
Middle Taiwan 1.318 1.111 1.563 0.002

Southern Taiwan 1.151 0.958 1.383 0.113
Eastern Taiwan 1.675 1.274 2.204 <0.001

Islands outer of Taiwan 1.584 0.590 4.253 0.362

Urbanization level - - - - - - - -
1 (Highest) 0.525 0.374 0.736 <0.001 0.560 0.420 0.827 0.002

2 0.707 0.591 0.846 <0.001 0.856 0.706 1.038 0.113
3 0.725 0.598 0.878 0.001 0.912 0.733 1.135 0.410

4 (Lowest) 1 - - - 1 - - -

Level of care - - - - - - - -
Hospital center 0.646 0.536 0.778 <0.001 0.712 0.594 0.853 <0.001

Regional hospital 0.670 0.560 0.800 <0.001 0.761 0.615 0.942 0.012
Local hospital 1 - - - 1 - - -

HR—hazard ratio; CI—confidence interval; Adjusted HR—adjusted variables listed in table.

For the subgroups in which osteoporosis factors were stratified by the variables listed in Table 4,
the Cox regression analysis showed that the male, age < 60 years, better income, without catastrophic
illness, unmarried, longer education, live in the higher urbanization level and care in hospital center
were associated with a much lower osteoporosis rate.
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4. Discussion

We found that diabetic patients with carcinoma in situ under metformin therapy presented lower
osteoporosis rates than those who were not receiving metformin. The overall adjusted HR was 0.820
(p = 0.022), even after adjusting for comorbidities and other covariates. The Kaplan-Meier analysis
revealed that the study subjects had a significantly lower 15-year risk of osteoporosis than the controls.
This study is the first to indicate that diabetic patients with carcinoma in situ under metformin therapy
have a lower osteoporosis risk in a nationwide, population-based study.

Prior research that has found that patients with diabetes have a relatively high risk of fracture [20],
and one systematic review that showed that patients with diabetes have up to a three-fold greater
fracture risk than the average person, with hip fracture being the largest [21]. Cancer is a major risk
factor for osteoporosis, which is a common bone disease characterized by reduced bone mass and
increased risk of fracture. Furthermore, these factors are associated both with the direct effects of
cancer cells on the skeleton and the deleterious effects of cancer-specific therapies on bone cells [9].
One review article showed that certain key factors, osteoprotegerin (OPG)/ receptor activator of
NF-κB ligand (RANKL)/receptor activator of NF-κB (RANK), underlie the molecular mechanism
of osteoclastogenesis [22], and the anti-human RANKL monoclonal antibody has been successfully
applied to the treatment of osteoporosis and cancer-related bone disorders [23,24].

Metformin is the preferred initial pharmacologic medicine for T2DM treatment, unless there are
contraindications [25]. First-line metformin therapy has beneficial effects on HbA1C and weight [26]
and may reduce the risk of cardiovascular events and death [27]. Patients with diabetes who received
thiazolidinedione or canagliflozin therapy were excluded, due to the potential risk of osteoporosis [28].
Some studies have reported that older age, diabetes, and cancer under chemotherapy were associated
with increased fracture risk, which was associated with elevated bone resorption [29,30].

Will metformin treatment reduce the incidence of osteoporosis in diabetic patients with carcinoma
in situ? No study has investigated this in the past, and therefore, we used a cohort investigation
to evaluate this issue. We found that the diabetic patients with carcinoma in situ under metformin
therapy presented lower osteoporosis rates than those who were not receiving metformin. Evans and
other scholars first proposed that metformin could reduce the cancer risk of patients with diabetes
through epidemiological studies [31], in accordance with our results.

The impact of metformin on osteoporosis has been studied in the past. In vitro data on metformin
suggest a protective effect on bones [32] and that metformin improves bone quality and decreases the risk
of fracturs in patients with diabetes, in addition to improving glycemic control and insulin sensitivity [33].
Recent studies have shown that metformin can be osteogenic in vitro through the activation of
AMP-activated protein kinase (AMPK), which results in osteoblastic cells differentiation, bone matrix
synthesis and osteoblasts proliferation [34,35]. An in vivo study in mice showed that metformin
enhances osteoblast proliferation and inhibits osteoclast differentiation to attenuate cancellous bone
loss [36]. Furthermore, molecular research has found that metformin reduces RANKL and stimulates
OPG expression in osteoblasts, which further inhibits osteoclast differentiation and prevents bone
loss in ovariectomized rats [37]. Furthermore, metformin has been found to promote the proliferation
of murine preosteoblasts by regulating the AMPK-mechanistic target of rapamycin 2 (mTOR2) and
the AKT-mTORC1 signaling axis [38]. Additionally, metformin promotes the proliferation and
differentiation of murine preosteoblasts by regulating the expression of sirtuin 6 (sirt6) and oct4 [39].

We therefore hypothesized that diabetic patients with carcinoma in situ who are on metformin
therapy may present attenuated cancellous bone loss through metformin regulation of AMPK signaling
in preosteoblasts, which reduces RANKL and stimulates OPG expression. Hence, metformin could be
associated with reduced osteoporosis. Our findings are similar to many studies that have shown that
females and older patients have a greater risk of osteoporosis. Clinical factors could be associated with
those projected by demographic changes, with regards to age- and sex-specific risks [40]. Otherwise,
the reasons why the subgroups that lived in higher urbanized areas and received therapy in hospital
centers showed lower rates of osteoporosis are unknown and warrant further studies.
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The present study has a few limitations. First, our study lacks analyses of disease duration,
disease severity and patient parameters, such as body weight, BMI and waistline. Hip fracture risk is
increased in patients with diabetes, whereas BMD is increased in patients with T2DM [41]. While the
pathophysiological mechanism is only partially understood, a common complication may explain
the increased fracture risk, whereas BMI may ameliorate the increased fracture risk in patients with
T2DM [42]. Finally, a longer follow-up period may be necessary to clarify the osteoporosis risk for
diabetic patients with carcinoma in situ.

In conclusion, diabetic patients with carcinoma in situ under metformin therapy presented
a lower osteoporosis rate than those who were not receiving metformin therapy, and this effect may
be attributed to the decreased levels of proinflammatory factors and the potential for metformin to
modulate molecular pathways involved in cancer cell signaling and metabolism.
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Abstract: Bone fracture due to osteoporosis is an important issue in decreasing the quality of life for
elderly men in the current aging society. Thus, osteoporosis and bone fracture prevention is a clinical
concern for many clinicians. Moreover, testosterone has an important role in maintaining bone
mineral density (BMD) among men. Some testosterone molecular mechanisms on bone metabolism
have been currently established by many experimental data. Concurrent with a decrease in testos-
terone with age, various clinical symptoms and signs associated with testosterone decline, including
decreased BMD, are known to occur in elderly men. However, the relationship between testosterone
levels and osteoporosis development has been conflicting in human epidemiological studies. Thus,
testosterone replacement therapy (TRT) is a useful tool for managing clinical symptoms caused by
hypogonadism. Many recent studies support the benefit of TRT on BMD, especially in hypogonadal
men with osteopenia and osteoporosis, although a few studies failed to demonstrate its effects.
However, no evidence supporting the hypothesis that TRT can prevent the incidence of bone fracture
exists. Currently, TRT should be considered as one of the treatment options to improve hypogonadal
symptoms and BMD simultaneously in symptomatic hypogonadal men with osteopenia.

Keywords: testosterone; men; osteoporosis; bone mineral density

1. Introduction

Serum testosterone levels decrease by 1% annually with age in elderly men [1], which
may induce various clinical symptoms of late-onset hypogonadism (LOH) syndrome [2].
LOH syndrome is involved in a cluster of clinical symptoms, including depression, irritabil-
ity, sexual dysfunction, decreased muscle mass and strength, and decreased bone mineral
density (BMD), visceral obesity, and metabolic syndrome, which have been thought to
be associated with aging [3,4]. These symptoms and signs often impair the quality of
life (QOL) in elderly men and are considered a serious public health concern in the cur-
rent aging society. Thus, testosterone replacement therapy (TRT) is expected to be one of
the tools for improving these clinical conditions and QOL in men with LOH syndrome.
Consequently, its clinical use has substantially increased over the past years [5].

In particular, osteoporosis often causes compression spine fractures and femoral
neck fractures in elderly men, resulting in a decrease of activities of daily living (ADL)
and QOL. Estrogen, which is important for maintaining BMD, decreases immediately
in women during menopause. However, testosterone, which decreases slowly with age,
plays an important role in maintaining BMD in men. Therefore, osteoporosis occurs more
commonly in elderly women than in men [6,7]. The prevalence of osteoporosis increases
with age at <10%, 13%, 18%, and 21% for 40, 70–75, 75–80, and >80 years old men in
Japan, respectively [8]. Moreover, about 12 million people are estimated to suffer from
osteoporosis [6,7]. The incidence frequency of femoral neck fracture is fourfold more in
men than in women with osteoporosis [9]. Thus, osteoporosis prevention is an important
issue in maintaining ADL and QOL in elderly men.

BMD has a close correlation with serum testosterone levels in men. Moreover, testos-
terone levels immediately decrease because of androgen deprivation therapy (ADT) for
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prostate cancer, resulting in a decrease of BMD and osteoporosis. In addition, estradiol
(E2) converted from testosterone by aromatase is deeply related to BMD maintenance.
A relative decrease in estrogen level due to ADT also poses a risk for BMD loss [10,11].
In general, BMD decreases by about 2%–8% in 1 year after the commencement of ADT [12].
Furthermore, ADT increases the risk of decreased BMD at five- to tenfold compared to
prostate cancer patients with normal testosterone levels. A meta-analysis demonstrated
that 9%–53% of osteoporosis incidence was caused by ADT [13]. Consequently, patients
with ADT have a definite higher risk of sustaining a fracture. Furthermore, ADT can
increase the risk of proximal femur fractures by 1.5- to 1.8-fold [14,15]. The BMD decrease
in these patients is caused by a decline in serum testosterone and estrogen levels by ADT.

As aforementioned, the association between testosterone deficiency and BMD loss
has been currently clarified. It is believed that TRT can contribute to maintaining and
increasing BMD among hypogonadal men. However, the efficacy of TRT for bone health
in hypogonadal men has been currently less in consensus and more conflicting [16–21].
Therefore, this article reviewed the relationship between testosterone and BMD in men and
mentioned the benefits of TRT on BMD among hypogonadal men.

2. Materials and Methods

A review of PubMed, MEDLINE, and EMBASE databases was conducted to search
for original articles, systematic review, and meta-analysis under key words as following;
“testosterone” or “hypogonadism”, “bone mineral density” or “osteoporosis” or “bone
fracture”, and “men”. There was no limitation on language, publication status, and
study design. Papers published from January 1990 through to October 2020 were collected.
We also checked the references of systematic reviews and meta-analyses carefully to identify
additional original articles for inclusion. Two reviewers screened the search results, and
the data were collected on 4 November 2020.

All papers suitable for three topics including “The Relationship between Hypogo-
nadism and BMD in human”, “The Relationship between Testosterone and Bone Fracture”,
and “The Effects of TRT on Bone Health among Hypogonadal Men” from the journal
databases were adopted for the present analysis.

3. Molecular Roles of Sex Hormones on Bone Metabolism

Testosterone is converted to highly active dihydrotestosterone (DHT) by 5α-reductase
in the cytoplasm of target cells [22,23]. Consequently, DHT can induce androgenic activity
by binding to the androgen receptor (AR). Moreover, testosterone is converted to E2 by
aromatase. E2 binds to the estrogen receptor (ER) and exerts estrogenic action. ERα and
ERβ are the two ER subtypes. ERα is mainly associated with bone metabolism [10,24].

AR is present in chondrocytes and osteoblasts, although its expression level widely
varies by age and bone sites. Testosterone acts directly on osteoblasts by AR and can conse-
quently promote bone formation [17]. In addition, testosterone has some indirect effects
on bone metabolism through various cytokines and growth factors [17,25–28] (Figure 1).
Furthermore, testosterone can increase AR expression level in osteoblasts, resulting in
differentiation promotion and osteoblast and chondrocyte apoptosis proliferation [17,29].
Consequently, less evidence supporting the hypothesis that testosterone has any direct
effects on osteoclasts has been shown [30].
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Figure 1. Molecular rules of testosterone and estrogen in bone metabolism. AR, androgen receptor;
ERα, estrogen receptor α; IGF-1, insulin growth factor-1; TGFβ, transforming growth factor-β; IL,
interleukins; RANKL, receptor activator of NF-κB ligand; NF-κB, nuclear factor-κB; TNFα, tumor
necrotic factor-α.

In addition, testosterone deficiency promotes the activation of nuclear factor kappa-B
ligand (RANKL) production from osteoblasts, which contributes to the promotion of the
differentiations and functions in osteoclasts. Increased RANKL level progresses bone re-
sorption and decreases BMD [25,26]. Thus, testosterone positively regulates the expression
of insulin-like growth factor-1 (IGF-1) and IGF-binding protein (IGF-BP) in osteoblasts.
The differentiation and proliferation of chondrocytes and osteoblasts are induced by IGF
and IGF-BP, and the suppression of apoptosis of chondrocytes promotes bone formation.
Moreover, testosterone activates the expression of transforming growth factor-β (TGF-β)
in osteoblasts and promotes the differentiation of osteoblasts [27]. Testosterone suppresses
the activity of interleukins (IL)-6, which activates osteoclasts and promotes bone resorption.
However, testosterone deficiency decreases in BMD through increased IL-6 activation [28].

E2 and ERα also play important roles in maintaining BMD in men and women.
Estrogen has a greater effect than androgen in inhibiting bone resorption in men. Conse-
quently, men with loss of ERα function exhibit extremely low BMD [31]. Male patients
with aromatase deficiency have a marked decrease in BMD in trabecular and cortical
bone. Thus, estrogen replacement therapy in these patients can improve BMD [32,33].
E2 generally regulates apoptosis and function of osteoclast, which contributes to BMD
maintenance. Moreover, E2 deficiency may accelerate osteoclast apoptosis by increased
tumor growth factor-β production [34,35]. IL-1, IL-6, IL-7, IGF-1, nuclear factor-κB (NF-κB),
RANKL, and tumor necrotic factor-α (TNFα) are the E2 target genes [36–39]. However,
E2 deficiency increases IL-6, which reduces osteoblast proliferation and activity while
increasing osteoclastic activity and increasing the expression of RANKL-mediated osteo-
clastogenesis [36,37]. Some experimental data showed that estrogen decrease also induces
inflammatory cytokine, IL-1, and TNFα, resulting in BMD loss. However, this phenomenon
does not occur in IL-1 receptor- or TNFα-deficient mice [38,39].

4. The Relationship between Hypogonadism and BMD in Humans

The apparent relationship between testosterone deficiency and low BMD has been
currently established [5]. In particular, this relationship is much stronger in young adult
men with moderate to severe hypogonadism [40,41]. However, epidemiological informa-
tion on male osteoporosis attributed to hypogonadism, especially in elderly men, has been
less available. Therefore, the prevalence of hypogonadism among men with osteoporosis
or bone fracture has not been clarified.

Some previous studies demonstrated that hypogonadism was the cause of male
osteoporosis (6.9%–58%) [42–47] (Table 1). However, these studies are limited by their
small sizes and various potential biases. In addition, case–control studies comparing
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the prevalence of hypogonadism between subjects with osteoporosis and controls have
been limited.

Table 1. Prevalence of hypogonadism in men with osteopenia or bone fracture.

Author Year Subjects
Prevalence

of HG
Reference

Stanley 1991 17 with MTHF 58%
[42]61 controls 18%

Baillie 1992 70 with vertebral fracture 16% [43]
Kelepouris 1995 47 with atraumatic fracture 15% [44]

Fink HA 2006 2447 community-dwelling men
including 130 with osteoporosis 7% [45]

Ryan 2011 234 with osteoporosis 24% [46]

Kotwal N 2018 200 male attendants of patients attending
endocrine outpatient department 35% [47]

HG, hypogonadism; MTHF, minimal trauma hip fracture.

A case–control study found that the prevalence rates of hypogonadism in men with
osteoporotic fracture and control were 58% and 18%, respectively [42]. A cross-sectional
and longitudinal study involving 2447 community-dwelling elderly men stated that the
prevalence rates of hypogonadism among men with osteoporosis and normal BMD were
6.9% and 3.2%. Conversely, the prevalence of osteoporosis in men with hypogonadism
was significantly higher in those with eugonadism (12.3% and 6.0%, respectively) [45].
Furthermore, a recent meta-analysis involving 300 patients from five case–control studies
revealed that no significant difference was observed in testosterone level in both cases
and controls [48]. Fewer exercise habits, cigarette smoking, various medications, and
underlying diseases (e.g., metabolic syndrome, especially in elderly men) may modify
the exact relationship between testosterone and osteoporosis, resulting in conflicting data.
Further case–control studies involving a large number of subjects are likely required to
better clarify whether prevalence of osteoporosis is higher in hypogonadal compared with
eugonadal men.

In addition, whether low testosterone is a potential risk factor for developing male
osteoporosis in men is still unclear. Several large-population observational trials have been
performed to investigate the effects of testosterone deficiency on osteoporosis risk factors
in men [45,49–58] (Table 2). Some previous studies supported the potential relationship
between testosterone decline and low BMD [45,49,51,54], and other studies denied this
association [50,52,53,55–58]. Conversely, some previous studies found that E2 was signifi-
cantly correlated with BMD loss in elderly men [45,49,50,54–57], supporting the hypothesis
that E2 is also significantly correlated with BMD in men. In men, 85% of serum E2 derives
from testosterone conversion by aromatase [59]. Therefore, low testosterone leads to low
E2 production via aromatase, which could provoke deleterious effects on BMD, but also
on bone quality as assessed in vivo by some different diagnostic tools [60,61]. A previous
study demonstrated that 12-month administration of aromatase inhibitor in elderly men
with hypogonadism resulted in a further decrease in BMD [62].

The conflicting results on the role of testosterone in BMD may also be because serum
testosterone levels do not always reflect local testosterone levels within bone tissues and
localized testosterone metabolism. A sub-analysis of the prospective MrOS study in
Sweden involving 631 elderly men showed that glucuronidated androgen metabolites,
but not serum TT, had a significant correlation with BMD in elderly men, suggesting that
localized testosterone levels may have an important role in maintaining BMD [63].
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Table 2. The relationship between testosterone and BMD in men.

Author Year Country Study Subjects Hormones Results Ref

Greendale (Rancho
Bernardo Study) 1997 USA 457 women and 534

men (50–89 years)
TT, DHT, E2,

E1, BioT

Higher bioavailable (but not total)
testosterone levels were associated

with higher BMD.
[49]

Amin (Framingham
Study) 2000 USA 448 men (68–96 years) TT, E2, LH Hypogonadism related to aging has

little influence on BMD. [50]

Fink 2006 USA
2447

community-dwelling
men (>65 years)

TT, E2
The incidence rates of hip bone loss in
men with deficient and normal total
testosterone were 22.5% and 8.6%.

[45]

Mellström (MrOS
Sweden) 2006 Sweden 2908 men (69–80 years) TT, E2, FT, FE2,

SHBG

FT levels were positively correlated
with BMD in the hip, femur, and arm

but not in the lumbar spine.
[51]

Bjørnerem (Tromsø
Study) 2007 Norway

927 women (37–80
years), 894 men (25–80

years)

TT, E2, cFT
SHBG

The relationship between all gender
steroids and bone loss was weak. [52]

Kuchuk NO
(Longitudinal
Ageing Study
Amsterdam)

2007 Netherlands 623 men and 634
women (65–88 years)

TT, E2
SHBG TT had no correlations with BMD [53]

LeBlanc (MrOS
Research) 2009 USA

5995
community-dwelling

men (>65 years)

BioT, BioE2
SHBG

The combination of low BioE2, low
BaT, and high SHBG was associated

with significantly faster rates of BMD
loss.

[54]

Vanderschueren
(EMAS study) 2010 Belgium 3140 men (40–79 years) TT, FT, E2

SHBG
TT and FT had no correlations with

BMD. [55]

Cauley (MrOS
Research) 2010 USA

1238 men
(cross-sectional)

969 men (longitudinal)
>65 years

BioT, BioE2
SHBG

No association existed between BioT
and hip BMD loss. [56]

Woo 2012 Hong Kong 1448 men (>65 years) TT, FT, E2,
BioE2, SHBG

TT and FT were not correlated with
bone loss. [57]

Hsu (CHAMP
Cohort) 2016 Australia 1705, 1367, and 958

men (>70 men)

TT, DHT, E2
E1, SHBG, LH

FSH, cFT

Both TT and cFT had no correlations
with bone loss. [58]

BMD, bone mineral density; TT, total testosterone; DHT, dihydrotestosterone; E2, estradiol; E1, estriol; Bio, bioavailability; LH, luteinizing
hormone; FT, free testosterone; FE2, free estradiol; SHBG, sex hormone-binding globulin; cFT, calculated free testosterone; FSH, follicle-
stimulating hormone.

5. The Relationship between Testosterone and Bone Fracture

Falling and fractures in elderly men have a great impact on ADL and life prognosis.
Moreover, preventing them has become an important issue worldwide. The occurrence
of fractures associated with aging is largely due to the decrease in physical function (e.g.,
muscle mass loss and muscle weakness, frailty, and sarcopenia) in addition to the decrease
in BMD [64,65]. Consequently, various clinical conditions caused by testosterone deficiency
with age can also affect falls and fractures [2–5]. Additionally, osteoporosis is a bone
condition in which bone mass and strength decrease with aging [8]. Thus, falls are an
important factor in the onset of fractures.

Many previous studies investigated the relationship between testosterone and bone
fracture risk [45,51,57,58,66–74] (Table 3). In addition, several studies have found that
elderly men with osteoporotic fractures had statistically significant lower testosterone
levels compared with age-matched controls [45,51,66–68,70,72,74], and other studies failed
to show any associations between testosterone levels and fracture risk [57,58,69,71]. A meta-
analysis including 55 studies demonstrated that a significant association was observed in
hypogonadism, independent of age, low body mass index, cigarette smoking, excessive
alcohol drinking, steroid use, history of diabetes, and so on [62]. Many studies were
likely to support the negative effect of testosterone deficiency on the incidences of fall
and fracture [45,51,66–68,70,72,74], although a smaller number of studies denied this
relationship [57,58,69,71]. The more predominant roles for testosterone bone fracture in
comparison with BMD may be due to the other role of testosterone in muscle strength and
physical performance in men, which leads to sarcopenia and falls risks.
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Table 3. The relationship between testosterone and bone fractures risk.

Author Year Country Study Subjects Hormones Results Ref

Szulc (MINOS study) 2003 France 1040 elderly men (19–85
years) TT, FT

Hypogonadal men had increased rates
of falls and markers of bone

resorption.
[66]

Kenny 2005 USA 83 community-dwelling
white men (>65 years) BioT

Fifty-two percent of men with low
BioT levels had lower BMD and were
likely at an increased risk of fracture.

[67]

Fink 2006 USA
2447

community-dwelling
men (>65 years)

TT, E2
Prevalence rates of osteoporosis in

men with deficient and normal total
testosterone were 12.3% and 6.0%.

[45]

Mellström (MrOS
Sweden) 2006 Sweden 2908 men (69–80 years) TT, E2, FT, FE2,

SHBG

FT levels below the median were
independent predictors of prevalent
osteoporosis-related fractures and
X-ray-verified vertebral fractures.

[51]

Tuck 2008 UK

57 men with
symptomatic vertebral

fractures
57 age-matched controls

FT, BioT, SHBG Calculated FT was lower in the
fracture group than the controls. [68]

Mellstrom (MrOS
Sweden) 2008 Sweden 2639 men (69–80 years) TT, E2, FT, FE2,

SHBG
TT and FT were not significantly

associated with fracture risk. [69]

Meier (The Dubbo
Study) 2008 Switzerland 609 men (>60 years) TT, E2, SHBG

Lower testosterone increased the risk
of osteoporotic fracture, particularly
with hip and nonvertebral fractures.

[70]

Roddam
(EPIC-Oxford Study) 2009 UK 155 men and 281

women TT, E2, SHBG There were no associations between
fracture risk and testosterone levels. [71]

Risto 2012 Sweden 39 treated for fracture
45 controls TT, BioT, BioE2 BioT was a possible marker for

increased fracture risk. [72]

Woo 2012 Hong Kong 1448 men (>65 years) TT, FT, E2,
BioE2, SHBG

TT and FT had no correlations with an
increased bone fracture. [57]

Torremadé-Barreda 2013 Spain
54 men with hip

fracture
54 age-matched controls

TT, FT, BioT
Men with hip fractures had

significantly lower calculated FT and
BiaT levels.

[73]

Hsu (CHAMP
Cohort) 2016 Australia 1705, 1367, and 958 men

over 70 men

TT, DHT, E2,
E1, SHBG, LH

FSH, cFT

Both TT and cFT had no correlations
with incident fractures. [58]

Tran 2017 Australia 602 men with incident
fractures TT TT was significantly correlated with

the incidence of fracture risk. [74]

TT, total testosterone; FT, free testosterone; BioT, bioavailable testosterone; E2, estradiol; FE2, free estradiol; SHBG, sex hormone-binding
globulin; BioE2, bioavailable estradiol; DHT, dihydrotestosterone; E1, estriol; LH, luteinizing hormone; FSH, follicle-stimulating hormone;
cFT, calculated free testosterone.

Furthermore, one previous review stated that E2 levels predict the risk of bone fracture,
independent of not only serum testosterone and androgens but also estrogens, which are
important regulators of bone health in men [75].

6. The Effects of TRT on Bone Health among Hypogonadal Men

TRT for hypogonadal men can improve various symptoms (e.g., metabolic syndrome)
and has been used worldwide for managing these symptoms and maintaining QOL [2,5].
Moreover, testosterone plays some potential roles in maintaining BMD among men, and
TRT is expected to be useful for preventing and managing osteoporosis and improving
BMD among hypogonadal men.

Many recent previous studies suggested the ameliorative effect of TRT on osteoporo-
sis/osteopenia [76–84] (Table 4). A meta-analysis involving 1083 subjects from 29 random-
ized controlled studies (RCTs) demonstrated that TRT could improve BMD at the lumbar
spine by +3.7% (confidence interval, 1.0%–6.4%) compared with placebo [20]. In particular,
many of the previous reports published since 2010 suggest some benefits of TRT on BMD.
By contrast, a smaller number of studies failed to find the positive effect of BMD [85–87].
However, the subjects of this study were limited to men with hypogonadism, but not always
with a lower BMD at baseline. Three studies targeting hypogonadal men with osteopenia
or osteoporosis demonstrated that TRT could significantly increase their BMD [76,78,83].
Currently, extremely limited studies, including long-term TRT over 3 years, are available.
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Further larger and longer RCTs are likely to be required to reach a conclusive result re-
garding the effects of TRT on bone health and to investigate the benefit of the severity of
hypogonadism, degree of baseline BMD loss, and dose of testosterone supplement.

Table 4. The effects of TRT on BMD in hypogonadal men (from papers published since 2010).

Author Country Design Study Subjects TRT Periods Results Ref

Kenny (2010) USA RCT

131 men with
hypogonadism,

bone fracture, low
BMD, frailty

Transdermal
testosterone (5

mg/day)
12–24 months TRT could increase

axial BMD. [76]

Permpongkosol
(2010) Thailand Single arm 161 hypogonadal

men
1000 mg TU

(Nebido) 54–150 weeks No change in BMD
was observed in TRT. [85]

Aversa (2012) Italy Case–control

40 hypogonadal
men

20 aged-match
control

Intramuscular
TU

(4 times/year)
36 months

TRT increased
vertebral and femoral

BMD.
[77]

Wang (2013) China RCT
186 men with

osteoporosis and
hypogonadism

TU (20 or 40
mg/day) 24 months

TRT improved the
lumbar spine and

femoral neck BMD.
[78]

Bouloux (2013) UK RCT 322 men with LOH
syndrome

Oral TU (80, 160,
240 mg/day) 1 year

Treatment with oral
TU led to BMD
improvement.

[79]

Rodriguez-
Tolrà
(2013)

Spain Single arm 50 men with LOH
syndrome

TG (50 mg/day
for 12 months)
1000 mg TU
(every 2–3

months from
12–24 months)

2 years TRT improved lumbar
spine and hip BMD. [80]

Permpongkosol
(2016) Thailand Single arm 120 hypogonadal

men
1000 mg TU

(Nebido) 5–8 years

A statistically
significant increase

was found in vertebral
and femoral BMD.

[81]

Rogol (2016) USA RCT 306 hypogonadal
men

TG (22 or 33
mg) 90–360 days BMD improved from

baseline by TRT. [82]

Konaka (2016) Japan RCT 334 hypogonadal
men

TE
(250 mg/4 W) 12 months 12-month TRT could

not improve BMD. [86]

Shigehara
(2017) Japan RCT

74 hypogonadal
men with

osteopenia

TE
(250 mg/4 W) 12 months

TRT for 12 months
could

improve BMD.
[83]

Snyder (2017) USA RCT 211 hypogonadal
men

TG (5 mg/day
initially) 1 year

TRT increased BMD
and bone strength,
more in trabecula.

[84]

Ng Tang Fui
(2018) Australia RCT 100 obese men with

hypogonadism

TU (1000 mg/0,
6, 26, 36, and 46

weeks)
56 weeks

No significant changes
in the lumbar spine
and femoral BMD

were observed.

[87]

TRT, testosterone replacement therapy; BMD, bone mineral density; RCT, randomized controlled study; TU, testosterone undecanoate; TG,
testosterone gel; TE, testosterone enanthate; LOH, late-onset hypogonadism.

Currently, some guidelines have recommended TRT for symptomatic hypogonadal
men with osteoporosis to prevent bone loss and help in acquiring peak bone mass [41,88–91].
However, the effects of TRT for decreasing the risk of fracture in hypogonadal men with
osteopenia and osteoporosis remain unclear. Testosterone therapies have various inverse
effects, including erythrocytosis, worsening of prostate hypertrophy and lower urinary
tract symptoms, worsening of sleep apnea syndrome, and cardiovascular effects, which are
likely to outweigh the beneficial effect for BMD improvement [2,3,5]. Therefore, TRT is not
recommended as a tool solely to enhance and maintain BMD for hypogonadal men. At
present, vitamin D formulation and antiresorptive drugs are understandably recommended
to treat hypogonadism-related osteoporosis in elderly men [92–95]. On the other hand,
TRT should be considered for the patients with any hypogonadal symptoms, and TRT may
be an alternative tool for improving hypogonadal symptoms and BMD simultaneously in
such cases.
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7. Conclusions

Testosterone plays an important role in maintaining BMD and bone health among men.
In addition, many molecular mechanisms of testosterone on bone metabolism have been
currently established by many experimental data. Several recent studies demonstrated the
benefit of TRT on BMD, especially in hypogonadal men with osteopenia and osteoporosis.
However, a few studies failed to demonstrate its effects, and no evidence supporting the
hypothesis that TRT can prevent bone fracture incidence exists. Further studies involving
a large number of subjects and longer treatment duration are required to reach a more
conclusive result regarding the effects of TRT on bone health.

Current evidence suggests that TRT is not recommended as a tool solely to enhance
and maintain BMD for hypogonadal men. TRT should be considered as one of the treatment
options to improve hypogonadal symptoms and BMD simultaneously in symptomatic
hypogonadal men with osteopenia.
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Abstract: The increase in osteoporotic fracture worldwide is urging bone tissue engineering research
to find new, improved solutions both for the biomaterials used in designing bone scaffolds and
the anti-osteoporotic agents capable of promoting bone regeneration. This review aims to report
on the latest advances in biomaterials by discussing the types of biomaterials and their properties,
with a special emphasis on polymer-ceramic composites. The use of hydroxyapatite in combination
with natural/synthetic polymers can take advantage of each of their components properties and
has a great potential in bone tissue engineering, in general. A comparison between the benefits
and potential limitations of different scaffold fabrication methods lead to a raised awareness of the
challenges research face in dealing with osteoporotic fracture. Advances in 3D printing techniques
are providing the ways to manufacture improved, complex, and specialized 3D scaffolds, capable
of delivering therapeutic factors directly at the osteoporotic skeletal defect site with predefined
rate which is essential in order to optimize the osteointegration/healing rate. Among these factors,
strontium has the potential to increase osseointegration, osteogenesis, and healing rate. Strontium
ranelate as well as other biological active agents are known to be effective in treating osteoporosis due
to both anti-resorptive and anabolic properties but has adverse effects that can be reduced/avoided
by local release from biomaterials. In this manner, incorporation of these agents in polymer-ceramic
composites bone scaffolds can have significant clinical applications for the recovery of fractured
osteoporotic bones limiting or removing the risks associated with systemic administration.

Keywords: bone; biomaterial scaffolds; 3D printing; osteoporosis; strontium ranelate

1. Introduction

Bone grafting is a common surgical method used to improve bone regeneration in
orthopedic practice. In the case of considerable diminution of bone mass, bone grafts are
essential because the self-healing process would be slow or the could entirely fail [1]. At
an estimated total of 2,000,000 bone graft procedures carried out every year, bone repair
frameworks remain a promising line of research because of the continuously growing
request for it and the reduced stock of bone substitutes [1,2]. Bone tissue engineering
aims at delivering novel methods for treating bone tissue deficiencies often resulting from
polytrauma, pathological fractures, and osteonecrosis [2] as there is an increasing need to
provide functional replacement grafts for the patients [3].

Progresses in medicine have raised both life expectancy globally and age-connected
illnesses liable for declining life quality of the elderly [4], with one of the most common
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and wide-spread skeletal disease being osteoporosis [5], with an increase in osteoporotic
fracture in both genders with age [6]. Each year, almost 200,000,000 patients are confirmed
as osteoporotic and around 9,000,000 osteoporotic fractures happen globally [5], with a
rising number of elderlies being prone to fragility fractures [7]. Bone lesions are difficult
for the elderly and can lead to morbidity and substantial socioeconomic costs creating a
demand for new and efficient regenerative strategies and better results for patients [4] as
the incidence of osteoporosis is predicted to further rise worldwide [5]. This emphasizes
the importance and value of preclinical bone repair frameworks capable to transfer into
suitable clinical use even more [2].

Bone tissues display inherent regrowth and self-repair features to some extent, but
the capacity of the injured bones for the natural process of healing and restore load-
bearing function is often insufficient, resulting in fracture nonunion [2]. Larger defects,
referred to as critical-size defects, demand clinical interventions in order for the bone to
repair or regenerate itself [8]. The ways in which large bone injuries are treated consist of
autografts, allografts, and scaffolds [1,4] but currently none of them are adequate because
of their specific limitations for instance reduced bioactivity, possible pathogens spreading,
inflammation, supplementary surgery, restricted supply, unfit shape and size, and donor
site related morbidity [4].

This review reports on the latest advances in biomaterials containing biologically ac-
tive agents used for their ability to enable osteointegration and osteogenesis in osteoporotic
skeletal defect sites. The loco-regional delivery is especially useful because they can assure
the desired level of these agents at the bone level, to assure a higher bioavailability and thus
to minimize the probability of implant rejection and faster osteointegration and healing.
Most of these drug delivery systems are designed to be used as grafting materials to restore
the normal ratio between resorption and bone formation and to counteract the effects of
osteoporosis.

2. Bone Tissue

Bones are living organs constantly modeling and remodeling throughout life and serve
as reservoir for calcium, phosphate and many other bodily elements, thereby, assuring
their homeostasis [9]. Bone consists of an organic matrix, mineral components, and water,
as presented in Figure 1. The bulk part of the organic matrix consists of type I collagen,
but other non-collagenous proteins are also present, mainly extracellular and a small part
within the cells [10]. Bone composition, by weight, is approximately 65% mineral (mostly
as hydroxyapatite (85%), but also calcium carbonate and calcium fluoride [9]), organic part
is approximately 20% to 25%, mostly type I collagen (about 90%) [10], while the water
content varies between 10% and 20% depending on several factors including age, species,
bone health, etc. [11].

Figure 1. Bone composition. Realized based on [10].

Bone tissue can assume a compact (cortical bone) or trabecular (cancellous bone)
structure [12], but indifferently, all experience remodeling throughout life associated with
bone resorption, a process performed by osteoclasts subsequent bone formation through
the action of osteoblasts [5].
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Cortical bone consists of a dense matrix constructed by recurrent osteon units with
collagen fibers assembled in a concentric manner around a central canal containing blood
vessels [13]. This structure formed by collagen fibers is oriented along with the directions
of the loading lines, greatly confirmed with the piezoelectric assistance involved in bone
formation [14]. It forms a dense outer shell [9] consisting of well-organized lamellae
of hierarchical structures [5] and provides torsion, bending resistance, and compressive
strength [9]. They possess remarkable strength but lower capacity to bear loads beyond
the elastic deformation range in contrast to trabecular (cancellous) bone, consisting in
unparallel fibrillar units of variable porosity (ranging between 50–90%) [5].

Cancellous (trabecular) bone is found in the porous interior [9], possesses a network
of interlinked trabeculae containing marrow, organized in a hierarchical manner extended
between solid material, trabeculae, lamellae, and collagen-hydroxyapatite composite and
having disorganized collagen network [13]. The trabeculae exhibit considerable surface
area in which nutrients diffusion and growth factors circulation is easily done, allowing,
thus, cancellous bone to play a metabolically active role and permit a more persistent
remodeling compared to cortical bone [9]. The mechanical capacity of cancellous bone
derives to a great extent from its bone mineral density (BMD), while the stiffness of cortical
bone derives to a great extent from its porosity [5].

Bone tissue is distinct due to its capacity to heal free of scar tissue, which determines
an unscarred full restoration of bone tissue integrity [15]. Fractured bone repair itself by
repeating various steps of endochondral and intramembranous bone formation and healing
is devoid of scar tissue. Development of hematoma implies inflammation at the injured site
and the action of signaling molecules involved in regulating new bone development (inter-
leukins, tumor necrosis factor-a, fibroblast growth factors, platelet-derived growth factor,
vascular endothelial growth factor (VEGF), bone morphogenetic proteins (BMPs), etc.) [9].
Inflammatory cells (macrophages, monocytes, lymphocytes, and polymorphonuclear cells)
and fibroblasts infiltrate bone tissue in a process mediated by prostaglandins [11]. Through-
out fracture repair, mesenchymal stem cells (MSCs) from the bone marrow are engage at
the fracture site in interaction with the local cells influencing the healing efficacy [7]. The
emergence of intramembranous bone starts right away at the cortical tissue and periosteum.
Later, the fracture stabilization occurs through the action of the outer soft tissues through
callus formation. Afterwards, chondrocyte proliferation happens. Ingrowing of blood
vessels starts to bring chondroclasts to the site, which reabsorb calcified cartilage, and
osteoblastic progenitors, which launch new bone tissue formation [9]. The recruitment of
osteoblast on the surface and the emergence of new bone tissue are moreover promoted by
the modifications in the ionic dynamics of the microenvironment [16]. Mechanical continu-
ity of the cortical bone tissue is reached through later remodeling of recently formed bone.
If the needed regeneration of bone starts due to damage or disease, hematoma building
and a quick inflammatory response occurs as a way to facilitate host cell attraction and
the discharge of decisive signaling molecules [9]. Hematoma building and inflammation
process starts bone healing, which further elapses via the major stages of anti-inflammatory
signaling, revascularization, soft callus development, its mineralization and remodeling
in the end, macrophages playing an essential role in the process [15], influencing, thus,
the success or failure of a bone implant [17]. Macrophages control cell migration to the
injured site through the cytokines and growth factors they produce (tumor necrosis factor-
a, IL-1, IL-6, IL-8, IL-12, TGF-b, platelet-derived growth factor, and insulin-like growth
factor-1), and have effect on cell proliferation, collagen synthesis and angiogenesis [18].
Monocytes, neutrophils, and natural killer cells are also present in the affected site [19].
Inflammatory markers are the following cytokines: TNF-α, IL-1β and iNOS [20]. Osteoge-
nesis, osteoclastogenesis, and angiogenesis are greatly regulated by immune cells and their
signaling molecules [21].

Initial inflammatory action is necessary to start the bone healing process but persis-
tent inflammatory action against the implant usually leads to granulation (formation of
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connective tissue) and formation of a fibrotic capsule around the implant with undesirable
results [20] or increased healing time [22].

Bone tissue extracellular matrix is formed out of a non-mineralized organic con-
stituent, largely type-1 collagen with numerous post-translational modifications, but also
non-collagenous proteins particularly involved in improved fusion between the min-
eral crystals and the organic matter [5], and a mineralized inorganic constituent (made
up of carbonated apatite mineral particles in the form of 4-nm-thick plates) [8,12]. The
nano-composite structure (collagen fibers reinforced by hydroxyapatite) is necessary for
compressive strength and toughness towards fracture [12], thus, bearing an impact without
cracking [5]. The toughness and flexibility of the collagen fibers adjust bone ductility.

The metaphyseal component of bone is largely made up of cancellous tissue, which is
metabolically more active compared to cortical tissue. As a consequence of this attribute,
osteoporosis can impact its mass and structural integrity at a higher rate [23], mainly
because diffusion is much higher as surface to volume ratio is superior in contrast to the
cortical one.

Healing rates are age dependent, as in young people fractures usually heal about the
weight-bearing level in approximately six weeks, and about complete mechanical integrity
level after approximately one year, and in the elderly individuals the healing rates can be
much lower [24]. In pathological or large fractures and defects, the processes of healing
and repair can be unsuccessful, due to deficient blood delivery, bone cells or bone forming
minerals, but also due to infection in the bone or its adjacent tissues, and systemic affections
causing delay or even lack of union [25]. Important factors that affect the process of bone
tissue healing are also mechanical stability, proportions of the affected site, severity and
incidence of adjacent tissue injuries [11].

After implantation of bone scaffolds in the body, injured blood vessels quickly lead
to protein adsorption on scaffold surface and formation of fibrin-rich clot with the role
of a transitory surface matrix at the tissue-scaffold interface occurs. It emits various pro-
inflammatory cytokines and chemokines, triggering the mobilization of inflammatory and
osteoprogenitor cells towards the infixed scaffold. The scaffold is recognized as a foreign
body by the immune system, inducing specific immune reactions. The scaffold active
regulates the kind and extent of immune system reactions during bone regeneration [17].
To counteract chronic inflammatory action against implants, anti-inflammatory factors
such as corticosteroids and prostaglandins were investigated but adverse effects such
as hepatotoxicity, cardiotoxicity, and immunological impairment in long-term use were
reported. Extended inflammation may cause fibrosis, granuloma formation and further
encapsulation and failure of the implant [20].

3. Bone Healing and Types of Bone Grafts

Bone grafts are made of biomaterial implanted in order to assist healing alone or with
the aid of other materials, because of the expected properties of osteogenesis, osteoinduc-
tion, and osteoconduction either alone or combined [25]. Bone grafts are especially needed
if a larger bone lost is recorded. It is worth to mention that in fact, only the need of blood
is higher than the need of bone grafts. It is also important to mention that synthetic bone
grafts have some advantages against autografts, and this is why many synthetic grafts are
studied worldwide [26].

Autografts are obtained by taking bone from another part of the patient’s own
body [11] and still serves as a point of reference to which other grafts may be com-
pared [1,8,11,27] because of their histocompatibility, absence of immunogenic reactions
and all other properties demanded of a bone graft material, respectively osteoinduction
(growth factors to drive the regeneration process, i.e., bone morphogenetic proteins), os-
teogenesis (i.e., osteoprogenitor cells, functionally active osteoblastic cells to produce new
bone matrix) and osteoconduction (i.e., three-dimensional, porous matrix) [2,12]. Auto-
grafts integrate into the host bone faster [1] and are the most effective method for bone
regeneration [11], unfortunately donor site morbidity is a problematic consideration [3,8].
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Important health risks such as major vessel or visceral injuries during harvesting are also
among the limitations in using autografts [25].

Allografts consist of taking bone from the donor and has a lower rate of incorporation
within the bone [11]. They are linked to risks of immune reactions and infection carrying,
have low osteoinductive capacity and have no bone cells, since donor grafts are devitalized
and processed through irradiation or freeze-drying [12]. The handicap of restricted donor
supply and the need for immunosuppressive therapy [3] and batch to batch variation [28]
add to the ones previously mentioned.

Xenografts are derived from species other than the recipient, are osteoconductive,
relatively inexpensive, do not lengthen the healing time, and the need for a second surgical
site for bone harvesting is eliminated [29]. They carry a rare risk of transmission of zoonotic
diseases [25], causing an immune reaction, and are unable to gain adequate height and
width for large defects [29]. Remains of bovine bone from xenografts can still be unresorbed
even after three years as some histological analyses have proved. They are osteoconductive
rather than osteoinductive [30] and are considered to be more liable to rejection, even in an
aggressive manner [25].

Biomaterial scaffolds (engineered scaffolds) address the limits of autografts, allografts
and xenografts. Novel approaches offered by tissue engineering have been conducted with
the aim to create grafts for repairing and regenerating damaged tissues [4] through the use
of a provisional biomaterial scaffold at the injured site in order to stimulate healing and
ensure certain recovery of functionality [3] and harness bone innate regenerative capacity,
as bone has a natural potential to repair, remodel, and regenerate itself [24].

Scaffolds need to be engineered with features that provide cells with signals for
regeneration in order to cancel the need for extended in vitro culture anterior to implan-
tation. Hence, considerable efforts are committed to advance biomimetic biomaterials to
a more complex stage, making them able to incorporate multi-functionality and possess
bioinstructive and stimuli-responsive properties [24].

Scaffolds should possess cytocompatibility and imitate biochemical and mechanical
properties of the veritable bone, furthering similar biological functions in order to prevail
limitations such as donor deficit, immunogenic reaction, and infection carrying, with the
main strategies considering the admixture of cells, biologically active molecules, and imper-
manent 3D fine-tuned porous design [4]. Degradation capability is necessary to integrate
the scaffold and should progress at a rate capable of maintaining mechanical support in
implantation sites. Apart of that, it plays a critical role in not only in ensuring the means
for metabolite diffusion and the development of new blood vessels, but also in releasing
the agents loaded into the biomaterial [3]. Scaffolds enable osteogenic cells adhesion of
and provide a suitable microenvironment for them in order to secrete osteoid, the matrix
of recently formed tissue and deliver signaling molecules to the bone regeneration space
(osteoconduction) [2].

4. Biomaterial Scaffolds

Scaffold development usually starts by choosing the scaffold material [3] as chemical
composition of the biomaterial plays an essential part in the favorable outcome of the pro-
cess [9,12]. We distinguish three classes of scaffolds in line with their material composition:
metals, polymers, and bio-ceramics, but they may consist also of a combination of these
three material types as composites [2,9,27]. Common materials used and approved, such
as stainless steel, poly(lactic-co-glycolic acid), and hydroxyapatite can be appealing as they
are already safely used as components in existing products [3]. However, they still have
their disadvantages such as the necessity for several surgical intervention, stress shielding,
wear particle osteolysis [28] and no potential for drug delivery in the case of biocompatible
metals and their alloys [16] and inferior mechanical properties that limit its use in load
bearing bone parts in the case of bioactive glasses [28]. A further classification is made by
considering the origin of the material (natural or synthetic) and its degradation potential
under physiologic conditions (resorbable versus non-resorbable) [2].
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Other characteristics to take into account is the heterogeneousness of the scaffold,
that bone is biologically and biomechanically variable, the ease to handle it as a one-step
procedure, its ability to reach suitable mechanical properties in order to bear the load of
normal movements, and its ability to allow vascularization in order to obtain a normal bone
structure [11], which can thus prevent the scaffold to undergo ischemia and cell death [25].

Scaffold material aims to support the viability of the adequate cell category and
simultaneously operate as a nonpermanent replacement of the bone extracellular ma-
trix, as a substitute matrix that will preferably be displaced by newly functional bone
tissue [31], while reproducing the properties of normal bone tissue formation [9]. Scaffolds
designed to aid regeneration need to encourage migration, cell adhesion, proliferation, and
differentiation [8] and ideally some essential features and functions should be certainly
considered: architecture, cytocompatibility, bioactivity, biodegradability, and mechanical
characteristics [9].

Material characteristics, such as biomaterial porosity and its surface properties, for
instance nano/micro topography, play a decisive role in osteoinduction [9,12] and the ex-
pected histogenesis [31]. The architectural features consider a controlled porous microstruc-
ture and high porous interconnectivity, a controlled degradation rate, mechanical stability,
and osteoconductive properties [8]. In addition, for an effective interaction between scaf-
folds and the cellular component, other design parameters are necessarily acknowledged,
such as surface properties, permeability, geometric properties, and mechanical strength,
all of which influence nutrients and oxygen transport throughout the scaffolds [32] and
influence cell-material interactions [33] controlling, thus, bone regeneration.

Host reactions to the implanted scaffold are greatly influenced by the physical (Figure 2)
and chemical properties of the scaffold and design strategies should consider and evaluate
this impact [17].

The ability of cells to penetrate, proliferate and differentiate are greatly influenced by
pore size, distribution and scaffold geometry, and also the rate of scaffold degradation [34].

Porosity: interconnection between pores promotes the loading of cells into biomaterials
due to large internal surface area, which ensures attachment and spreading sites. Because
the biomaterial is designed as an open network structure, diffusion of oxygen, metabolites,
and growth factors is possible, thus, enabling cells viability and proliferation, and the
space needed for the deposition of proteins secreted by the cells. Porosity of the bone
tissue facilitate the penetration of host cells and the growth of blood vessels that provide
the means to feed the emerging tissue [31]. This microstructure permits the ingrowth of
cells, which lead to tissue regeneration. Uniform cell seeding and nutrient exchange are
dependent on the interconnectivity of pores [8]. By raising the available surface inside a
pore to which cells can adhere on the implant, known as the specific surface area (SSA), a
quicker growth of hydroxyapatite appears and thus bone bonding will be more quickly
as well [35].

Scaffold architecture needs to consider, in order to assure well-adjusted biological
and physical properties of scaffolds, the following key parameters: total porosity, pore
morphology, distribution, and size [34]. Given the size of the bone cells of about 20 to
35 μm, materials with a porosity of about 50 to 150 μm seem to be the optimal for bone
grafting because, in this case, the bone cells can easily penetrate inside, and can assure
an in depth osteointegration of these synthetic grafts. If the pore size increases, it means
that the mechanical properties decrease and also the time requested for the feeling of these
pores with new bone increase, which overall means a slower healing and a higher risk of
secondary failure [36–38].

Interaction between cells and scaffolds is done mostly through the chemical groups
(ligands) present on the biomaterial surface. Using materials found naturally in the extracel-
lular matrix (e.g., collagen) have the advantage of initially possessing ligands in the scaffold
shaped as Arg-Gly-Asp (RGD) binding sequences, in contrast with synthetic materials,
which may need a planned addition of ligands via, for example, protein adsorption. Ligand
density is influenced by the specific surface area which is conditional on the mean pore
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size in the implanted scaffold. Cells migrate into the scaffold if the pores are sufficiently
large for them to penetrate, but pores need to be sufficiently small to reach a satisfactory
specific surface, with a ligand density high enough to permit adherence of a substantial
number of cells to ligands within the scaffold [24].

 

Figure 2. Physical properties of bone scaffolds and their effects on host and bone regeneration. Realized based on [17].

Macroporous scaffolds (ranging between 100 and 600 μm) permit superior integration
in the host bone, further angiogenesis, and bone distribution. A higher pore size determines
an enhancement in permeability, which leads to better bone ingrowth, while small pores
have better results for soft tissue ingrowth [34]. For tissue ingrowth, a minimum pore
size about 50 μm is necessary [4] while, in most cases, surpassing a pore size limit of
150 μm determines the abrupt decrease of mechanical properties. It is also important to
mention that pore size and porosity play an important role in drug delivery, as will be
later discussed. Porosity can influence the scaffolds’ ability to induce new blood vessel
formation [19].

To create pores or increase porosity of biomaterials used in scaffolds, the following
methods are used: freeze-drying, salt leaching, gas foaming, controlled air drying, the use
of additional polymers, electrospinning, and inclusion of degradable hydrogel micropar-
ticles [31,39,40]. Research is still ongoing regarding whether uniform pore distribution
and similar size is a better choice than scaffolds designed with irregular pore size distri-
bution [34]. In 3D printing, two kind of pores can be developed, one induced by printing
larger pores, which are larger than the intrinsic porosity of the strands and are essential
in a faster cell penetration deep inside the graft. The strands can also have pores suitable
for the penetration of the osteoblasts or, at least, to assure the attachment of these cells on
the scaffold [41].

121



J. Clin. Med. 2021, 10, 253

Degradation: chronic foreign body responses generate complications for non-degradable
biomaterials, so the ideal scaffold is ultimately replaced by new native bone tissues [31] as
scaffolds are not intended to be perpetual implants [32].

Degradation rates depend not just on the chemical composition, but also on pore
morphology, although this factor is less significant but should still receive attention in
some cases [42]. The degradation rate of the implanted construct is an essential factor in
its success. Material degradation should be in accordance to tissue synthesis to ensure
appropriate mechanical stability in the course of bone tissue hystogenesis. The required
residence time of the scaffold is specific to every tissue and need to be sufficient for cells to
populate the scaffold appropriately and produce an enduring bone extracellular matrix. If
a scaffold degrades faster than enough production of bone extracellular matrix can happen,
cells will lose key physiochemical factors for bone tissue regeneration and repair, leading
to scar formation. If residence time is prolonged, bone extracellular matrix production and
cell proliferation will be suppressed [31].

Degradation rates are supposed by design to match the rate of new tissue development
and maturation after transplantation in vivo [34]. The structure and microenvironment
of scaffolds should ensure an increase in cell population, particularly for osteoblasts,
which have bone-forming properties [43], leading to differentiation of precursor cells into
osteoblasts and being supportive towards osteoblasts regenerative actions [8].

The key considerations for designing a scaffold or determining its effectiveness are as
seen also in Figure 3 [24]:

1. Biocompatibility: it must trigger a reduced immune reaction to hinder it from causing
a severe inflammatory response that might reduce healing or cause rejection by
the body. Cells must adhere, function normally, and migrate onto the surface and
eventually through the scaffold and begin to proliferate before laying down new
matrix.

2. Biodegradability: it must degrade while new tissue is forming, and cells deposit
their extracellular matrix. Secondary degradation products must be of low or absent
toxicity and able to exit the body easily.

3. Mechanical properties: it should possess enough mechanical integrity to operate
from implantation to the completion of the remodeling process. A balance between
mechanical properties and enough porous architecture to allow cell infiltration and
vascularization is essential.

4. Scaffold architecture: It should possess a structure of interconnected pores with high
porosity to ensure cellular penetration and adequate diffusion of nutrients to cells
within the construct and to the extra-cellular matrix formed by these cells. A porous
interconnected structure is also required to allow diffusion of waste products out of
the scaffold, and the products of scaffold degradation should be able to exit the body
without interference with other organs and surrounding tissues. A critical range of
pore sizes exists, for any scaffold, which may vary depending on the cell type used
and tissue being engineered.

5. Manufacturing technology: It must be financially profitable and feasible to scale-up
from research laboratory production to batch production, and thus be clinically and
commercially viable. The progress to scalable production needs to comply with good
manufacturing practice (GMP) standards for ensuring successful translation to the
clinic and determining the way in which the scaffolds will be delivered and made
available to the clinician.

6. Delivery capability: It is essential to mention that delivery capability through the
releasing biological active agents can induce important properties such as faster
healing [44,45], antimicrobial [46–48], and antitumoral activity [49,50].

7. “In depth” osteointegration: This requirement is strongly correlated with the pore size
and porosity but also with the nature of the biomaterial. Bone grafting went through
progressive improvement from the use of first-generation bone grafts (metals and
alloys, i.e., titanium and its alloys, stainless steel, Co–Cr alloys) to second-generation

122



J. Clin. Med. 2021, 10, 253

bone grafts (ceramics and polymers, i.e., calcium phosphates, Al2O3, ZrO2; collagen,
gelatin, chitosan, chitin, alginate, PLLA, PLGA), third-generation bone grafts (acellu-
lar composites or nanocomposites) and fourth-generation bone grafts (composites or
nanocomposites containing cells or derived). The fifth generation in bone grafting is
assumed to be “material design”, the additive manufacturing methods, along with
some classical ones, being used in generating desired morphology to assure deep cell
penetration inside the graft as well as to allow a controlled delivery of the biological
active agents’ activity [50].

Plenty of material types have displayed osteoinductive properties, including nat-
ural and synthetic ceramics, especially calcium phosphate-based materials in various
forms [9,12]. There is evidence for the osteoinductivity of calcium phosphate-based materi-
als namely in the form of cements, coatings, sintered ceramics, and coral-derived ceramics
in numerous animal models, while other ceramics, such as bioglass and alumina ceramic,
have been lately confirmed to be osteoconductive [12].

Figure 3. The key considerations for designing a scaffold or determining its effectiveness. Realized
based on [24].

Biomaterials effectiveness is assessed in animal metaphyseal osteoporotic models,
the ones of critical size being the most clinically relevant ones, as healing occur only with
the aid of a graft [51]. In clinical practice, unlike standardized animal models, every
fracture is distinct [22]. As clinical studies regarding biomaterials are scarce, due to their
classification as medical devices and the strict safety regulations derived from this, clinical
data is insufficient to assess performance and research is ongoing [52].

Bioceramics are the basis for porous scaffolds (e.g., bone regeneration), solid scaffolds
(e.g., reconstruction of ear ossicles), and powders (e.g., bone filling). Considering the
way they interact with the host, bioceramics are classified into resorbable (e.g., some
calcium phosphates, calcium sulphate, etc.), bioactive (e.g., bioactive glass), and nearly inert
(e.g., zirconia). Bioactive and resorbable ceramics, are considered promising regenerative
biomaterials and have been subject of clinical trials [4].

Calcium phosphates ceramics have high potential for bone regeneration applications,
due to their injectability, bioactivity, biocompatibility, and ability to deliver stem cells,
growth factors and drugs, including anti-resorptive (anti-osteoporotic) drugs [53]. Calcium
phosphates have a crystalline structure and chemical composition resembling bone miner-
als. The widely used hydroxyapatite (HA), having the chemical formula (Ca10[PO4]6[OH]2),
has a hexagonal structure [27], similar to apatite, the main mineral found in bone, but
a low resorption rate [4], being thermodynamically stable at physiological pH and less
soluble among other calcium phosphates [35]. HA scaffolds are well-known for being
biocompatible, osteoconductive, and osteoinductive and other calcium phosphates, with
faster resorption rates, such as β-tricalcium phosphate, have been studied as well [4].
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Calcium phosphate scaffolds show the capacity to promote osteogenesis and osteoin-
tegration, due to their surface charge, and, also, their chemistry and topography [4]. HA
coated implants are proven to promote osteointegration capacity of inert metals [7] but
some pioneering works were reported related to COLL/HA composite deposition by
using MAPLE [54]. Due to its high biocompatibility, bioactivity, osteoconductive and/or
osteoinductive capacity (in certain conditions), nontoxicity, nonimmunogenic properties,
and noninflammatory behavior, HA is available and used as a bone filler and as coatings
on prostheses, [4].

Calcium phosphate cements also have applicability in osteoporotic fractures in the
form of bone void fillers. HA is highly osteoconductive but has no natural osteoinductive
capacity and incorporation of cells, growth factors, and also of various ionic substitutions
into the crystal lattice such as Mg, Zn, F, Cl, Si, Sr, may prove to be beneficial [7]. The
in vivo evaluation of scaffolds, loaded with growth factors and without them, indicated
superior new bone development in previous variant compared to the other [4]. Therefore,
a more efficient HA scaffold for osteoporotic applications can be made by the addition of
bone regulatory agents/biologics with osteogenic and anti-resorptive capacities [7]. There
is evidence that the body’s hard tissues contain substituting ions such as strontium (Sr) and
fluorine (F) and incorporating them into HA can lead to improved material properties such
as crystallinity and dissolution rate in physiological conditions [55] and various ions (Ca,
Sr, Mg, Co, Cu, and Zn) can influence the implant generated immune response through
the effect on immune cells and their cytokine releasing activity [21]. Bone formation
is dependent on the extracellular microenvironment and its calcium ion gradient, both
influenced by implant proprieties. Calcium ions dynamic and their concentration affect the
recruitment and differentiation of mesenchymal stem cells (MSCs). Calcium phosphates
ceramic adsorb firmly proteins from bodily fluids which further affect cell behavior and
osteogenesis [56].

Natural marine sources for calcium phosphates are fish bones, seashells, corals, and
algae. Phylum Porifera (Sponges) and Phylum Cnidaria (Corals) attracted attention due
to their skeleton composed of bioceramics of which HA has been obtained. In addition,
eggshells are an easily obtained, low-cost source for this material since they are considered
food waste and calcium phosphates can be readily obtained by treating with phosphate,
calcination and milling [4].

Synthetic HA can be obtained by different methods, as seen in Figure 4. Parameters
such as temperature, pH, reaction time, and concentration of reagents during synthesis can
affect the properties of the obtained HA [4].

As the biological HA is formed from plate-like crystals with nanoscale thickness, it is
considered that nanoparticles of synthetic HA such as bone apatite is the adequate choice
to utilize for bone substitution and regeneration. Particle diminution to nano-size level
may hinder demineralization. Nanoscale HA have advanced densification and sintering
properties as a result of its increased surface energy preventing micro-cracks. Improved
surface functional features in HA nanoparticles, compared to micro-size particles, may
determine superior cell proliferation and differentiation [55].

However, the drawbacks for this material are still the brittleness, their high deforma-
tion rates [19] and lack a fine-tuning biodegrading capacity [4].

Natural polymers are expected to be suitable biomaterial scaffolds for bone tissue
engineering, the most common being collagen/gelatin, chitosan, alginate, silk, hyaluronic
acid, and peptides [9], the benefits being their capacity to resorb in vivo and their natural
biocompatibility and reduced adverse immunological effects [2].
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Figure 4. Synthetic HA obtaining methods. Realized based on [4].

Synthetic polymers widely used for tissue engineering are aliphatic polyesters such
as polyglycolic acid, polylactic acid, and polycaprolactone [9] and their copolymers [57].
Synthetic polymers scaffolds possess the advantages of versatile fabrication with a broad
range of degradation rates and mechanical properties in contrast with natural polymers
due to their composition, the copolymer ratio, and the interactions of their polymeric side
chains. The options regarding chemical composition and 3D configuration can influence
its cell adhesion capacity to incorporate and deliver bioactive molecules in a controlled
manner [2]. They are used for scaffolds due to their good biocompatibility and suitability as
drug delivery materials for desired molecules in tissue regeneration [31]. These polymers
are already used in orthopedic applications for low mechanically loaded implantable
devices such as screws and plates for fixing fractured bone fragments, but widespread use
is still limited by their low mechanical performances [58].

PGA is highly hydrophilic, and its mechanical strength weakens in two to four weeks
after implantation. PLA is more hydrophobic, and degradation can take from months
to years after implantation. The degradation rates of these materials can be customized
by copolymer blends (PLGA) utilization. Acid-catalyzed hydrolysis and large erosion of
these scaffolds is a drawback, which can lead to structural instability and even stopped
regeneration [31]. The PLGA scaffolds degradation rate varies, as the ones with wider pore
size and reduced porosity degrade faster compared to those with reduced pore size and
increased porosity due to higher surface area in the scaffolds with higher pore size, which
increase the diffusion of acidic degradation products during the incubation period and
lead to accentuated acid-catalyzed hydrolysis [42].

Long-term exposure to PLGA acidic by-products upon degradation may cause tissue
necrosis and implant failure. An array of polyphosphazenes has been incorporated in
PLGA scaffolds, in order to control degradation rates and create more efficient scaffolds.
Polyphosphazenes have nontoxic and neutral pH or basic products upon degradation
and can be fine-tuned according to the degradation rates aimed [9]. pH is an important
factor to take in account as the calcium phosphate precipitates start appearing with a
rise in the pH and the sequential cross linkage of collagen chains depends on pH for
bone regeneration [35]. The majority of polymer materials do not have osteoconductive
properties and can lead to stress relaxation behavior and creep [16]. Figure 5 present some
of the most important biomaterials used in bone tissue engineering: metals and alloys,
polymers, and ceramics, but also derived composite materials.
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Polymer-ceramic composites represent attractive options for bone substitution and
regeneration as it is hard for a single category of biomaterial to fulfill all the requirements of
artificial bone scaffolds [27] and fully replicate the properties of bone [59]. Composites take
advantage of each of its constituents, organic and inorganic (i.e., biodegradable polymer
and ceramic materials), and prove to be more successfully strategy than the separate use of
these materials [12]. In fact, this approach is a biomimetic approach which compositionally
mimic the nature of the bone, which is also a polymer-ceramic composite material.

Scaffolds fabricated from polymer-ceramic composites biomaterials possess the higher
biocompatibility and biodegradability of organic materials and the higher mechanical
properties and biological activity of inorganic materials [27]. Because natural bone structure
is, indeed, that of a composite biomaterial with an inorganic component—HA crystals and
an organic component—collagen fibers [12], the combination of those two components for
scaffold material can reproduce the chemical composition of the genuine bone extracellular
matrix [27]. Evaluation of scaffolds is generally devised through evaluation of cellular
interactions, the scaffold microstructure and mechanical properties [4].

Figure 5. Different biomaterials for bone defect treatment. Realized based on [19,59].

The scaffold microstructure (e.g., pore size, shape, and interconnectivity) allows cell
migration, nutrient and waste interchange, angiogenesis, and bone ingrowth and mechani-
cal features ensure the formation of bone tissue after implantation while maintaining its
structural integrity [4,9], while porous structures improve mechanical performance [4]. The
mechanism of bone fixation is through the deposition of a surface layer of apatite, a process
known as bioactivity of biomaterials [60]. This deposition arises from the merging of
calcium derived from the bioactive material matrix or the biological fluids and phosphate
present in the biological fluids [35]. Physiological fluids such as blood are supersaturated
with these ions, but the deposition of the apatite layer is not happening on every surface.
In vitro physicochemical analyses showed quite the opposite as faster deposition of apatite
layer occurs on more reactive surfaces [16].

Polymer-HA composites containing PLA, PLGA, collagen, gelatin, and chitosan have
been realized and proved to be osteoinductive, enhancing bone development in vitro
and/or in vivo [12] and ectopically [9]. Combining HA and natural polymer has been
proved to enhance mechanical properties and bioactivity of scaffolds in contrast to simple
polymer scaffolds and to increase hydrophilicity, in case of PLLA-matrix [58], and poten-
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tially reduces adverse effects resulting from degradation of various synthetic polymers, [12]
thus making polymer-ceramic composite biomaterial the most promising option for bone
scaffolds [27].

A scaffold combining collagen, calcium phosphate, and HA, showed higher mechani-
cal strength compared to scaffolds fabricated only from calcium phosphate, with proper
biocompatibility, increased osteoinductivity and bone formation in vivo compared with
calcium phosphate scaffolds and collagen-calcium phosphate scaffolds [4]. HA is one of the
most promising fillers for the reinforcement of PLLA due to its high hardness and Young’s
modulus [58].

These biomimetic materials are capable of simulating the formation, precipitation and
deposition of apatite from simulated body fluid (SBF), leading to increased bone-matrix
interface strength through better osteoblastic cell survival, proliferation and expression of
bone-specific markers (i.e., bone sialoprotein and osteocalcin) [12].

Surface modification and functionalization of scaffolds with biologically active molecules
can increase the effectiveness of bone regeneration. A specific molecule (i.e., peptide) cho-
sen to initiate attachment of cells and their proliferation or directly their differentiation,
can be deposited on scaffold surface or integrated within [8].

To overcome the challenge caused by the relatively low compatibility at the interface
between bioceramic and biopolymer, the use of coupling agents has been proposed in
the form of a chemical moderating agent with two different functional groups, the first
being able to react with polymer molecules, while the second being able to adsorb with
the ceramic surface to create a strong bond. There is substantial difference in chemical
and physical properties between the two phases, which results in poor bonding strength.
Interface interaction are important in determining mechanical properties that need more
consideration, as research focused mainly on the reinforcement effect that bioceramics have
on biopolymer matrix. The use of a coupling agent can enhance the efficiency of interfacial
stress transfer between the two components, thereby improving the mechanical properties
of the composite scaffold [27].

As a result of the different properties of bioceramic and biopolymer, it is improbable
for bioceramics to disperse equally in the organic component and their low compatibility
and interface bonding strength may lead to shrinking and deformation of the polymer on
the ceramic surface and cause micro-cracks at their interface throughout processing, further
leading to depreciated mechanical properties. After transplantation into the human body of
a composite scaffold, the interface layer between the two components is rapidly damaged,
and the ceramic is separated soon from the matrix, causing decreased mechanical property
in the preliminary usage stage, unsuitable for a successful repairing process. In order to
construct a successful bioceramic/biopolymer composite and use it as a bone scaffold is
necessary to improve adhesion at the bioceramic and biopolymer interface [27].

5. Material Design by 3D Printing Technology

An innovative area of research concerning scaffold designing and fabrication is the
use of additive manufacturing technologies (3D printing) [8] which guides the path in
developing 3D structures trough cutting edge methods utilizing various biomaterials [61].
Advances in this field of research are providing the methods to produce complex and highly
specialized 3D structures [31] serving as templates in providing a suitable environment
for bone tissue regeneration [9]. This is why additive manufacturing techniques open
new opportunities and there are premises to consider a fifth revolution in bone grafting
materials due to the advanced “materials design”. Three-dimensional (3D) printing is
realized through adding materials to obtain scaffolds using 3D model data, layer-by-
layer, in contrast to subtractive manufacturing methods [62]. These methods have a
great flexibility in producing scaffolds of different structural complexity [2]. A concise
comparison between different scaffold fabrication methods can be seen in Figure 6.
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Figure 6. Benefits and potential limitations of different scaffold fabrication methods. Realized based on [59].

The 3D printed scaffolds are advantageous because of their customized shape, poros-
ity/pore size, and mechanical characteristics [62]. This high customization permits a
high control regarding the scaffold architecture, flexibility in scaling up fabrication, tech-
nically precise reproducibility—which is not always the case in subtractive fabrication
techniques [2]—and a precise morphology [4]. The usage of 3D printing for bone tissue
engineering possesses an essential advantage, such as the increased spatial control over
the deposition of cells and materials that permits design control of complex tissue in-
terfaces [13]. The capacity to precisely shape mechanical and biological properties, and
degradation kinetics is linked with control of the scaffold architecture. Additionally, these
methods allow the development of dimensionally precise prototypes of bone [4]. The
development of 3D printing through computer-aided design (CAD) modelling further
increases manufacturing precision and repeatability of scaffolds, and highly controlled
porosity at both micro and macro levels [59]. Relevant to mention, is that the macroporosity
is important in allowing for a fast cell penetration, fast bone ingrowth, but also in allowing
vascularization oxygen and nutrients exchange, etc., while the microporosity is essential in
designing the release profile, for instance.

Fused deposition modeling (FDM) 3D printing technology allows printing with poly-
mer and polymer-based composite filaments by extrusion with a resolution of up to
200 microns. Such high printing precision allows designing and manufacturing with high
accuracy personified highly porous scaffolds possessing an interconnected system of open
pores, thus prompting osteointegration of scaffold [58].

Suitable polyesters for 3D printing of polymer scaffolds, possessing biodegradable
and biocompatible properties, like poly(L-lactic acid) (PLLA), poly(vinyl alcohol) (PVA),
poly-β-hydroxybutyrate (PHB), polyurethane elastomers, poly(3- hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV), poly(D,L-lactic acid) (PDLLA), poly(lactic-co-glycolic acid)
(PLGA) and polycaprolactone (PCL) and polyurethanes, can be processed into wires, pellets
and powders with the help of high temperature melting-extrusion and sintering, or by
dissolution in organic/aqueous solvents to allow micro extrusion-based 3D printing at
room/low temperature [62].
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Microporous PLGA scaffolds were produced through rapid printing technique by
precisely directing solvent streams onto polymer granules or by drilling with dies of a
specific size. Reproducibility precision of these cylindrical scaffolds went to millimeter
dimensions and the materials supported in vivo bone regeneration in defect models [31].
Due to its properties of thermoplasticity and extremely low thermal shrinkage, 3D printing
technologies have also become widespread in PLLA molding [58].

Scaffolds obtained by 3D printing techniques represent an efficient approach for
providing local delivery and sustained release of drugs, by mixing them with the syn-
thetic/natural polymer solution, which can be 3D printed into scaffolds [62].

3D methods have precise control over scaffold microarchitecture and spatial content.
Together with the wide variety of available bioactive materials, growth factors, function-
alization techniques and biomimetic designs, increases the possibility to create complex
scaffolds fine-tuned to individual needs, offering chances of treatment to difficult condi-
tions, such as osteonecorosis, critical defects, and osteoporosis [59].

3D printing is a complex process with multiple engineering aspects to consider, due to
the material type and 3D structure fabrication method when choosing the most suitable for
specific damage or defect [61] and due to facing competition from injectable scaffolds in
the form of hydrogels, micro or nanospheres [8]. In certain situations, when direct printing
is problematic, such as for instance for the direct printing of the COLL/HA composite
gel, the use of a precursor gel based on collagen and calcium hydroxide can be used and
the printed microstructured patterns are simultaneously cross-linked with glutaraldehyde
and calcium hydroxide are transformed into hydroxyapatite, both processes occurring as
a consequence of dipping them into glutaraldehyde solution in phosphate buffer saline
or SBF [41].

The following challenges are expected to be overcome in the near future [62]:

1. Imitating exactly the structure of natural bone tissue, as the majority of extrusion-
based 3D printed structures have a reduced printing resolution and are capable of
imitating the hierarchical structure at a rather reduced level. Superior micro-extrusion
nozzle is expected to be capable of producing considerably higher resolution scaffolds;

2. Enabling the manufacturing of customized structures with complex characteristics,
adapted to the heterogeneousness and gradient mechanical properties of defected
bone tissue;

3. Controlled delivery of angiogenic factors and development of vascular-like duct in the
structures are necessary to allow enhanced vascularization able to transport sufficient
oxygen/nutrient to the regeneration site;

4. Obtaining both scaffold fabrication and cell incorporation concomitant, as 3D printed
scaffolds loaded with cells are considered more effective in healing bone conditions,
compared to recruiting host cells into scaffolds after implantation. Subsequent ad-
hesion of cells on scaffolds in vivo usually induces variable cell distribution and low
cell density, compared to in situ incorporation of cells through 3D printing, which is
preferable. Besides 3D bioprinting, which fabricates cell-loaded hydrogel structure,
no other 3D printing technique can sustain cell incorporation during the process;

5. Incorporating anti-bacterial or anti-cancer capabilities in order to treat infection/bone
tumor resection-induced defects.

All these challenges can be considered part of the fifth generation of materials which
will be obtained by “material design” and developed by using additive manufacturing.

6. Drug Delivery

Scaffolds made from biomaterials loaded with biologically active therapeutic agents
(ions, vitamins, drugs) may become the preferable manner in which delivery of these
agents at the defect site is realized in order to promote healing and integration [7]. Scaffolds
act as reservoirs for delivery of bioactive agents including ions, such as, especially Ca2+,
Zn2+, PO4

3−; peptides and proteins, vitamins, genes but even cells and nanoparticles [3],
aiding functional restoration of the fractured bone or to treat different diseases, especially
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infections, osteoporosis, or cancer [7] and their loco-regional delivery in order to minimize
side effects at systemic level [41]. In case of osteoporotic fractures, convenient local drug
delivery approaches are implant coatings, injectable bone cements and gels, while scaf-
folds are preferred for large bone defects [22]. The use of these biological active agents is
especially welcome, as seen in Figure 7, because they can replace the normal bone resorp-
tion/formation ratio by enhancing the formation rate. Figure 7a represents the evolution of
bone mass, highlighting the active growth period (formation rate (F) > resorption rate (R))
while, after 25 to 30 years the bone mass usually slightly starts to decrease, and this decrease
will be more important after 45 years, especially if this is overlapping with menopause.
Once the mass loss is starting, an important imbalance appears between formation and
resorption and, in the case of fractures, the healing process will be significantly affected,
and the bone density will be lower compared to normal, healthy bone tissue. Figure 7b
schematically highlights the influence of the use of biological active agents in the healing
of the osteoporotic, fractured bone. Therefore, especially in the case of fractures associated
with osteoporosis, the healing could be slow, and the mechanical performances of these
regions will be inferior and subsequently, secondary fractures can appear.

 

 

Figure 7. (a) Bone mass evolution during life; (b) bone mass evolution in normal versus assisted
healing of bone defects.

The incorporation of several types of ions in the chemical composition of the scaffold
is proved to promote the osteoconductivity of CPC [53]. HA can be an outstanding drug
delivery carrier for numerous therapeutic agents as a result of its high stability, bioactivity,
biocompatibility, and lack of toxicity [63]. In addition, biodegradable polymers have wide
usage as drug delivery systems due to their biodegradability and biocompatibility, and,
among them, aliphatic polyester (PLA), proteins (collagen, gelatin) or polysaccharides
(alginate, chitosan) have the ability to extend the releasing of drugs from some days till
some months [57,64–66].
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The absence of an exothermic effect in the setting reaction and the natural porosity of
CPCs permit the incorporation of therapeutic agents with reduced risk of thermal denatu-
ralization and possible activity loss during preparation or implantation. Incorporation of
drugs is realized by simply mixing it with one of the solid or liquid cement components.
Drugs can also be added by adsorption onto the scaffold or incorporated into polymeric
microfibers or microspheres prior to mixing with the cement paste. Features that impact
loading and release of therapeutic agents include the microstructure, porosity and surface
area of the cements, drug incorporation method, and the interaction between the agent and
the pre-set matrix [53].

Ion substitution of HA is widely researched lately due to its capacity to allow simul-
taneously both the stabilization of bone defect sites and locally delivering therapeutic
ions [63], thus improving bioactivity or mechanical properties of the graft [67]. Ionically
modified CPCs (i.e., with Sr2+, (SiO4)4−, Zn2+, Mg2+) were investigated for their capability
to influence bone modeling and remodeling processes [53], Sr2+ receiving attention for
its particular prospects for stimulating new bone formation, hindering cell driven bone
resorption and raising BMD, and thus having large acceptance and usage in systemic
osteoporosis therapy [63].

Interest is rising regarding the potential of carbonate substituted HA as a way to
improve the bioactivity of the composites, adhesion and differentiation of osteoblast cells,
collagen and osteocalcin expression and mineral deposition [60]. During an evaluation of
the apatite formation capacity of biomaterials in SBF, there were reported visible differences
in calcium uptake, the thickness of the freshly precipitated apatite layer and a confirmation
of higher degradation rate of carbonate HA [60].

Fluorine can enhance HA crystallization and mineralization during bone formation, as
fluorine containing HA, Ca10(PO4)6(OH)2−xFx is reported to manifest the lowest solubility
and higher biocompatibility and bioactivity comparing with HA, leading to an increase in
the differentiation and proliferation of osteoblasts, inducing, thus, bone regeneration [55].

7. Osteoporosis

Sustaining bone mass depends on bone remodeling processes, which imply the equi-
librium between the activity of bone resorbing osteoclasts and bone forming osteoblasts.
Unbalanced resorption activity leads to decreased bone mass, altered bone quality, and
higher fracture risk in osteoporosis [68]. The same equilibrium of bone remodeling can
be affected because of skeletal senescence, which alter the integrity and biomechanical
properties of both types of bone tissue [5].

Osteoporosis is a chronic condition [69], characterized by decreasing bone mass and
quality [6], making elderly patients, both men and women with the general increase in life
expectancy, susceptible to osteoporotic fracture, also known as fragility fracture, due to
low-energy trauma [5] and delayed [43] or impaired bone regeneration potential, as such
fractures usually do not heal and increase the incidence of subsequent fractures by two to
three times in the proximity of the site [7].

Osteoporotic bones have a low BMD [70], because of a low capacity of bone regen-
eration, excessive activation of osteoclasts [5] and the increased osteoclast induced bone
turnover, leading to high crystallinity of the HA in the bone and lower level of acid phos-
phate [7]. These changes in the microarchitecture cause a reduction in both the cross-linking
efficiency and tolerance of the bone towards mechanical stress [7] and increased risk of
bone fractures [70]. Osteoporotic fractures are the visible effect of the micro-alterations that
raise the susceptibility of bone to the applied load [5].

Surgery is the main treatment strategy, but poor results are obtained because of vari-
ous biological and surgical factors, which makes it hard to achieve a stable fixation and
the failure risk (refracturation) following surgery is significant [5,20]. Treating osteoporotic
fractures is difficult because of the reduced healing capacity, which correlates for osteo-
porotic patients with a far higher (~50%) failure rate of implant fixation than against
non-osteoporotic patients [67], making their implants prone to pull out and failure [7],
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as osseointegration is inhibited by osteoporosis [71]. Decreased bone mass [69], porous
structure and low strength are linked to a reduced supporting ability of an implant [20].

Delayed regeneration potential is influenced by compositional difference in vitamin
D, non-availability of growth factors, while estrogen is important in stimulating RANK
ligand secretion, leading, thus, to osteoclasts activation and bone resorption. For men,
testosterone is key for maintaining BMD. Decrease of the parathyroid hormone (PTH)
determines reduced calcium absorption and, consequently, a reduction in BMD [7]. The
bone fragility specific to osteoporosis subsequent to menopause is caused by an imbalance
at the cellular level between exceeding bone resorption and lower bone formation, and
from an increase in the rate of remodeling at the tissue level [72]. Although bone turnover
is a normal physiological process involved in microfractures repairing, its acceleration
determines bone loss [73].

Throughout the evolution of osteoporosis, osteocyte numbers per unit of bone area
are constantly declining, and consequently trabecular thickness lowers and intracortical
porosity heightens. These significant modifications in the matrix composition and structure
cause deteriorated bone quality and lower resistance to mechanical loading [5]. Red
marrow starts to accumulate adipose cells, turning into white marrow. Simultaneously with
the beginning of osteoporosis, other changes were reported, namely, decreased number,
proliferation and osteogenic differentiation potential of MSCs present in the bone marrow
micro-environment [7].

Osteoporosis causes inadequate conditions for fracture healing [43], and the simple
treatment of the acute fracture is unable to lower the risk of repeated fractures, thus, being
necessary to be followed up by appropriate osteoporosis treatment [70]. In these cases,
the loco-regional delivery could be an efficient solution because the delivered agents can
counteract the bone density decrease and thus can assure an assisted healing where the
formation rate is enhanced, the formation/resorption will be improved or even normal
bone density can be obtained in the new bone as well as in the neighboring region where
these agents are diffusing. In normal conditions, these biological active agents will diffuse
during and after the healing process (Figure 8b,c) and the distribution of the bone density
in this area will be similar with the one presented in Figure 8c. Similar approaches were
also proposed in the patent application RO129822 (A2) [74] which use zinc as the active
ion enhancing bone formation, but this approach can be applied also for developing anti-
osteoporotic agents such as strontium ranelate. These drug delivery systems can be in solid
or gel form, the solids will be implanted after surgical intervention as presented in Figure
8b and, if necessary, metallic supports can be used to take over the mechanical loadings
while gels can be injected into the defect.

 

Figure 8. Schematic representation of bone grafting, healing and bone density distribution: (a) fracture; (b) bone grafting
and healing; (c) bone density distribution.
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Osteoporosis is classified into primary and secondary [6]:
Primary osteoporosis or postmenopausal osteoporosis appears after menopause. Type

1 affects more trabecular than cortical bone, as seen mainly in vertebral and distal radius
fractures. It can affect men also, arising in midlife with vertebral fractures or low BMD
by DXA. In men, genetic causes may involve genes for IGF-I18 or estrogen metabolism.
Type 2 is found in both genders after age 70. Both types of bone are affected, commonly
resulting in fractures of the proximal femur, in addition to vertebrae and radii. There are
differences in aging-associated changes between genders, as women lose trabeculae and
have greater spacing between trabeculae, and men only have thinning of trabeculae as they
age. Quantitative computed tomography with finite element analysis have shown that
women lose more cortical bone in vertebrae. Men have larger bones at peak bone mass;
and with aging, more periosteal bone is deposited in long bones. These differences may
explain why men fracture later in life than women [6].

Secondary osteoporosis affects both genders. The initiation of corticosteroid therapy
is usually the cause of secondary osteoporosis, namely glucocorticoid-induced osteoporo-
sis, which increase fracture risk as early as three months following oral glucocorticoid
treatment [6].

Typical osteoporotic drugs act by either inhibiting bone resorption or favoring bone
formation [7]. Currently, therapy for osteoporosis utilize anti-resorptive or anabolic drugs,
which determine inconsistent effects on bone mass and fracture incidence [68]. Authorized
treatment by FDA for osteoporosis includes the bisphosphonates (alendronate, risedronate
and zoledronic acid), the more recent anti-resorptive antibody denosumab and the anabolic
agent teriparatide. Bisphosphonates have been connected to bone osteonecrosis [71].
Ibandronate is also available, while strontium ranelate is approved to be used in over
70 countries but not approved by the FDA [6].

Bisphosphonates are a class of drugs that adjust the increased activity of the osteoclasts,
and along selective estrogen receptor modulators (SERMs), calcitonin, denosumab and
strontium ranelate, are included in the wider group of anti-resorbers. Differently from
the catabolic drugs, anabolic drugs favor bone formation and include teriparatide and
PTH analog [7].

Delivering a pair of drugs, with a complimentary action on bone dynamics has
been considered, mostly with BPs and BMP-2—BPs and PTH being another combination.
Simultaneous use of pro-anabolic and anti-catabolic drugs aims to aid impaired healing in
osteoporotic patients [52].

New drugs against osteoporosis such as denosumab (targeting RANKL/RANK/OPG
pathway) and romosozumab (targeting Wnt signaling cascades), are monitored for cardio-
vascular outcomes. One meta-analysis indicates that denosumab usage did not increase
the risk of major adverse cardiovascular events among patients with primary osteoporo-
sis over a period of 12 to 36 months but romosozumab might raise concerns [75], but
after a re-analysis was performed, both Denosumab and Romosozumab association with
cardiovascular outcomes was dismissed [76].

Romosozumab is a monoclonal antibody that inhibits sclerostin, an extracellular
Wnt inhibitor secreted mainly by osteocytes [77], with a double effect of enhancing bone
formation and diminishing bone resorption [75].

Clinical trials of romosozumab show that it is well tolerated and effective in fracture
risk reduction, possessing great therapeutical potential for osteoporosis but still has some
limitations by the fact that its anabolic potency is restricted to a few months of therapy,
after which the large bone mass gaining is diminished. A possible strategy might be the
usage of other drugs as well to sustain the bone mass gaining [78].

Odanacatib is an inhibitor of cathepsin K (CatK), and is very active, selective and
sensitive, capable increasing bone formation and implant osseointegration and hinder bone
loss in osteoporotic conditions. Osteoclasts perform bone degradation trough acid secretion
in order to demineralize HA and lysosomal cysteine protease secretion (CatK) in order
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to degrade the bone matrix proteins. Odanacatib does not alter normal differentiation,
migration and polarization of osteoclasts [71].

Increased risk of cardiovascular events, such as stroke, made odanacatib less attractive
for future use against osteoporosis [75,79], even though it was proved beneficial for risk
reductions of fractures in postmenopausal osteoporosis [75]. Other similar drugs such
as balicatib, relacatib and dual cathepsin S/K inhibitor SAR114137 were discarded after
adverse effects were observed [79].

Statins are not specific for treating osteoporosis but their capacity to inhibit the HMG-
CoA reductase pathway determine an increased bone metabolism [22] and by increasing
BMP-2 expression determine healing [52], but their efficiency is still debated.

Clinical reports indicate intrinsic weak bone architecture and impaired osteointegra-
tive ability as the lead cause of implant non-union and ejection. Worrying is also the
negative effect osteoporosis has on previously osteointegrated implants [7], including
degradable bone graft substitutes [43]. Implants used in osteoporotic fractures need to
sustain, alongside mechanical support, a way to counteract the pathology of osteoporosis,
thus, aiding bone regeneration. Consequently, local delivering of therapeutic agents that
can increase osteointegration, osteogenesis while simultaneously regulate bone remodeling
may prove advantageous [7].

8. Strontium Ranelate

Strontium (Sr) is an alkaline earth metal, present in the human body as a trace element,
with chemical and physical properties comparable to those of calcium [23]. It is stored
in the bone [33] where is stimulates cell growth, hindering bone resorption, opposing
osteoporosis [55] and improving both cortical and trabecular bone structures [23]. It has
been reported as a key factor in bone remodeling, being linked to both the stimulation of
bone formation and hindering of bone resorption [80]. This beneficial double effect it has
on bone turnover has been so far used to some extent against osteoporosis [43]. It has the
capability to promote bone regeneration while reducing the frequency of fractures in animal
models [23] even in small doses [43]. Sr ions have strong bone-seeking properties and
often act in the human body similarly to calcium [69] but due to its higher atomic weight,
incorporation of Sr ions reinforces the bone through increasing its mass and density [35]. Sr
has attracted attention for potential use against osteoporosis as Sr ions increase osteoblast
proliferation and reduce osteoclast activity, respectively [7].

Strontium ions have demonstrated effects both in vitro and in vivo studies [43], and is
believed to lie in the Sr2+ capability to enhance osteoblast-related gene expression and the
alkaline phosphatase (ALP) activity of mesenchymal stem cells (MSCs) [55], together with
inhibiting the differentiation of osteoclasts [3]. ALP is considered a marker of osteogenic
differentiation [28].

Sr hinders the formation of a ruffled border by the pre-osteoclast cells, thus hinder-
ing its maturation and resorption ability. Sr controls calcium sensing receptor activity
by increasing calcium concentration in the microenvironment, resulting in an enhanced
osteogenesis by osteoblast cells. Advanced osteogenic ability (ALP activity) of Sr doped
CPCs is indicated by rat OB sarcoma cells model [7]. Sr doped HA/chitosan nanohy-
brid scaffolds display increased ALP activity, extracellular matrix mineralization, and
osteoinductivity [63].

Sr ions promote protein synthesis for both collagen and non-collagen and osteoblastic
growth [35] together with the inhibition of osteoclast differentiation and resorption activity,
causing a denser and larger bone [23]. Considering this, Sr is believed to be effective in im-
proving the properties of materials, especially bioactivity and biocompatibility, stimulating
bone regeneration [80] and being effective against osteoporosis. Through increased expres-
sion of angiogenic factors such as VEGF and Ang-1, Sr promotes neovascularization [21].

Strontium ranelate is considered effective in fighting fragility fractures through im-
proving the biomechanical properties of bone [5] reducing the risk of fractures in osteo-
porotic patients [69]. In contrast to other anti-osteoporotic drugs, Sr has a beneficial effect
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on the cortical bone, as its mass and thickness increase the following treatment with Sr in
animal and clinical studies [23]. It was indicated to consequently reduce the chances of
vertebral and hip fracture in elderly woman [35]. Sr has been proved effective in vitro in
reducing osteoclast differentiation, activity and bone resorption and increasing osteoblast
differentiation [70]. The metabolic activity of osteoblasts is enhanced in the presence of
strontium ions, while the activity of the osteoclasts is reduced depending on the concen-
tration of strontium in the microenvironment [43]. Inhibited activity of osteoclast in the
presence of Sr is due to reduced synthesis of matrix metalloproteinase coupled with control
of osteoprotegerin-RANKL pathway [81].

The mechanisms through which Sr can stimulate new bone formation are the CaR/ERK1/2
and Wnt signaling pathways. Wnt/β-catenin signaling is essential in the bone development
and homeostasis. Wnt/β-catenin signaling is activated by Sr2+, which promotes new bone
formation by inhibiting the osteoclasts and stimulating osteoblasts through nuclear factor
NFATC1. Sr2+ concentration levels may lead to different results of new bone formation
and side effects, meaning that accumulation of Sr2+ should be considered when applied
to humans [33].

Cn-NFAT signaling is identified as a mechanism involved in strontium ranelate (SrRan)
in vitro displayed osteoblastic stimulatory effects. This involves the activation of Cn-
NFATc1 and components of canonical and non-canonical Wnt signaling, making this
molecular mechanism the novelty through which SrRan enhanced osteoblastogenesis
is explained [68].

Drugs containing strontium show significant effects in the prevention and treatment of
osteoporosis [7]. Sr administered as SrRan is a known remedy against primary osteoporosis
and difficult fracture healing, being approved for treatment many countries [43]. SrRan
influences bone formation through a dual mechanism, by signaling osteoblasts to produce
bone and inhibition of osteoclast mediated bone resorption [28]. SrRan in vitro results
confirm its dual mechanism and in vivo was shown to determine an advantageous bone
balance in experimental osteopenic models. In clinical usage it was also shown to decrease
in patients with primary osteoporosis the risk of vertebral and non-vertebral fractures [68],
femoral bone fractures also being positively impacted [63]. SrRan remains the main option
for cases of severe osteoporosis [81].

SrRan is used for its gastric tolerability, physicochemical characteristics, bioavailability
of Sr [82] and to decrease Sr side effects [83].

As SrRan rebalance bone remodeling by increasing bone formation and decreasing
bone resorption [5,23,72], it is considered conducive to new bone formation and studies
indicate a beneficial effect of SrRan on all parameters related to bone quality and strength [5].
Profiting of its both antiresorptive and anabolic properties, it can increase and stabilize
BMD [70]. Its dual mechanism of action is favorable to osteoporotic fracture repair, in
contrast with other drugs such as bisphosphonates, which have no effects on bone growth
and repair of resorption sites of osteoporotic bone and can cause secondary effects such
as inflammatory disease and osteonecrosis [28]. Osteoclasts might not be inhibited as in
regular solely anti-resorptive treatment with bisphosphonates [43].

SrRan administrated orally in a daily dose of 2 g seems to be a safe approach and
effective in decreasing the risk of vertebral fractures in postmenopausal osteoporosis
patients [33,72] and documented to improve BMD, similar to other anti-osteoporotic drugs
such as bisphosphonates, selective estrogen receptor modulators (SERMs), parathyroid
hormone (PTH), and denosumab [23]. Among them, only Sr has a dual mechanism of action:
stimulating new bone formation and reducing bone resorption [8,9], while increasing bone
strength and decreasing fracture incidence [23]. Strontium ranelate increased BMD similar
in both genders, both having fewer fractures after Sr administration [6]. Due to its anti-
osteoporotic effect, ongoing treatment after the fracture occurs has a beneficial effect [23].

Despite all the shown benefits, systemic administration requires a high dose and
prolonged drug administration period [7] and can lead to serious adverse effects in os-
teoporotic patients such as myocardial infarction, venous thromboembolism [43], and
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skin rashes [7]. The bioavailability of Sr via oral administration is about 25%, making
local delivery with the aid of a biomaterial more effective [83]. The safety of SrRan has
been questioned after the EMA found that its use increases the risk of heart problems in
postmenopausal osteoporotic patients [84].

The Sr treatment is of particular concern because of its cardiovascular risk [84] and
is restricted although it is still prescribed to patients who have no other suitable treat-
ment [23], therefore the controlled local release of Sr is decisive as it has a great impact on
biological processes [80]. It is not recommended in patients suffering the following condi-
tions: peripheral vascular disease, ischemic heart, cerebrovascular disease, or uncontrolled
hypertension [6]. Local release from scaffolds can prevent the side effects [43] as long-term
administration is required for Sr to be effective. Research proved that local delivery at the
injured site of a low dose of Sr is beneficial for osteoporotic bone healing and has clinical
therapeutic importance [7]. In order to decrease the administered drug dose and bypass the
adverse side effects, the design of a durable local SrRan delivery system would be clinically
important [70]. The use of a low dose is not anticipated to induce persisting adverse side
effects and delivering SrRan locally at the defect site through implanted scaffolds, may be
a better strategy comparing to oral treatment [7].

In induced osteoporosis models of supercritical rat bone defects, Sr released from
SrRan loaded bioactive glass, CPCs, calcium silicate and collagen sponges implanted had
a visible accelerated bone regeneration effect depending on concentration [43]. Other
osteoporotic models using rats and sheep proved the safety and efficacy of low dose Sr
loaded implants (10%) [7]. Sr-containing CPCs has been described to improve bioactivity
and biocompatibility, promote osteoblast proliferation and differentiation, and enable
deposition of apatite, resulting an increased mechanical strength of the bone–scaffold
interface, in both types of bone [80]. Chemical resemblance of Ca and Sr contribute in the
development of Sr containing HA (SrHA) scaffolds [7].

Sr substituted calcium phosphates can impact in vitro the differentiation and activ-
ity of osteoclasts and osteoblasts [43] and SrHA demonstrates osteoinduction and high
solubility, making the incorporation of Sr into HA beneficial for improving bioactivity [55].

Improved Sr and Ca release was noticed for SrHA in comparison to stoichiomet-
ric HA granules, which is expected to further healing in vivo through the anabolic and
anti-catabolic properties of Sr [67]. When SrHA was added to an allograft it aided the
healing of the area around the implant, a fact proved by the extended volume of new
bone formed in the respective area, and delayed resorption [85]. Released Sr ions from the
biomaterial should stimulate genesis of osteoblasts through ion release or indirectly by
increased presence and activity of osteoclasts after material resorption, leading afterwards
to osteoblasts stimulation [43].

SrHA coatings at Sr concentrations of 5%, 10%, and 20% showed increased implant
osteointegration, improved trabecular microstructure around the implant, and better fix-
ation based on the molar ratio of Sr ions. The results for Ti implants show that Sr could
enhance new bone formation on implant surfaces, thus, improve osteointegration with
the aid of SrHA and the 20% Sr loaded coating, and proved to be the most beneficial for
implant osteointegration among the tested variant in osteoporotic rats [69].

Strontium was added into CPCs to augment their osteoconductivity and accelerate
their degradation. Studies indicated that in vitro the rates of osteoblastic cell prolifera-
tion are enhanced and in vivo degradation is faster and osteoconductivity is better [53].
Beneficial effects of SrHA on bone mass at interface between implant and bone has been
observed in healthy rabbit segmental bone defect model. Some sources indicate a daily
dose of 2 mg/per body weight of SrRan in treating osteoporosis systemically [7].

Studies suggest that Sr loaded CPCs induce faster hydroxyapatite growth, high per-
centage in vitro cell viability and superior durability than the Sr free samples, in the case of
Sr replacement of Ca, up to 5% in sol-gel bioactive ceramics with improvements on the pro-
liferation rate of the cell line of human osteosarcoma [35]. It is much harder in vivo to trace
and monitor the release, distribution, and accumulations of drugs. High concentrations
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can be monitored with magnetic resonance imaging (MRI) shortly after implantation, but
postmortem examinations remain the most precise approach [83].

In the SrHA coating, Sr ions replace a part of Ca ions leading to an improved disso-
lution of the SrHA coating, thus, increasing the concentration of Sr, Ca, and phosphorus
ions near implant surfaces. Their presence in the microenvironment improve osteoblast
activity and new bone development into the implant surfaces [69]. While Sr can prove
beneficial, high concentrations can have a negative impact [80]. Recommended concentra-
tions range between 1% and 10% for osteoporotic applications. Using 10% SrHA scaffold
to enhance in vitro osteoblast differentiation means a release of 0.11 mM Sr ions/mg is ex-
pected, enough to sustain a therapeutic effect in osteoporotic bone healing [7]. The reported
minimum dose for in vitro conditions was 0.1 mM for osteoblast activation and 1 mM for
osteoclast inhibition [83]. In addition, material properties such as strength, degradability,
handling, and component release can be modified by loading with Sr compounds and
these properties frequently have non-linear dependence on Sr concentration [43].

SrRan can be encapsulated, also, in PLA matrix using s/o/w and s/w1/o/w2 tech-
niques, the latter being used in order to create sustainable SrRan delivery systems up to
24 wt% SrRan content, with observed precipitation of biomimetic calcium phosphate on
the surface and in the pores of the delivery systems [70].

9. Conclusions

Osteointegration of implants and weakened regeneration potential of the host bone
remain challenges to be overcome in osteoporotic fracture healing. Functionalized scaffolds
capable of improving osteointegration and fast healing are of great importance for osteo-
porotic patients who have a lower number of osteoprogenitor cells. Loco-regional delivery
of anti-resorptive and/or osteogenic factors at the defect site may have significant clinical
applications for the recovery of fractured osteoporotic bones. Throughout this review,
we have tried to resume the current state of research and the strategies for bone healing
scaffolds and the future perspectives in the case of osteoporotic fractures by incorporation
of biological active agents such as strontium ranelate in bioceramic/biopolymer composite
bone scaffolds. The loco-regional delivery of SrRan can be suitable for administration
because the systemic toxicity and especially the cardiovascular adverse effects can be
reduced/removed but additional research will be necessary to evaluate the in vivo, short
and long-term toxicity. According to the literature it is evident that, even if many researches
were already done, many additional studies are necessary to reach optimal formulations.
Along with the strontium-based formulations, some other biological active agents are
usually used in the therapy of the osteoporosis and thus can be loaded in grafting materials
to control the ratio between formation and resorption.
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Abstract: Introduction: Awareness of psoriasis-related comorbidities has been established in the current
guidelines; however, evidence regarding the association of bone density or bone fragility with psoriatic
disease remains inconclusive. Methods: We conducted a systematic review and meta-analysis to
assess bone mineral density and the risk of osteoporosis and fractures in patients with psoriatic
disease, including those with cutaneous psoriasis and psoriatic arthritis. We searched electronic
databases for published observational studies. A meta-analysis was performed using the random-effect
model. Pooled estimates and their confidence intervals (CIs) were calculated. Small-study effects were
examined using the Doi plot and Luis Furuya–Kanamori index. Results: The analysis of the standardized
mean difference in the absolute value of bone mineral density at different measuring sites (lumbar
spine, femoral neck, and total hip) revealed no significant difference between patients with psoriatic
disease and non-psoriatic controls. The pooled results of the adjusted odds ratios (ORs) demonstrated
no increased risk of osteoporosis in patients with psoriatic disease. Notably, patients with psoriatic
disease had a higher OR of developing bone fractures (adjusted OR: 1.09; 95% CI: 1.06 to 1.12; I2: 0%).
Conclusion: Patients with psoriatic disease may be more likely to develop fractures compared with
non-psoriatic controls. This higher risk for fracture may not necessarily be associated with lower bone
mineral density nor a higher risk for osteoporosis.

Keywords: bone mineral density; osteoporosis; fracture; bone fragility; psoriasis; psoriatic arthritis;
meta-analysis

1. Introduction

Cutaneous psoriasis and psoriatic arthritis (PsA) are chronic inflammatory disorders recognized
on the spectrum of psoriatic disease [1–3]. Genetic and immunologic similarities identified in both
the affected skin and joints implicate shared mechanisms in psoriatic disease [4–7]. Therefore, it is
reasonable to consider combining the management of patients with cutaneous psoriasis and PsA
in clinical practice due to the common pathophysiological process [8,9]. With an improvement in
molecular biology and immunopathology, abnormal bone remodeling discovered in experimental
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and clinical research has prompted attention toward bone health in psoriatic disease [10–12].
Although the current guidelines on psoriatic comorbidities do not include bone health [13] recent
studies have indicated that patients with psoriatic disease may be at an increased risk of osteoporosis
and fractures [14]. However, the evidence regarding the association of psoriatic disease and bone
fragility remains inconclusive.

Reduction in bone mineral density (BMD) in patients with psoriatic disease has been reported in
a previous systematic review [15]. The prevalence of osteoporosis in patients with psoriatic disease
was reported to be 1.4–68.8% in some studies [15–17]. Moreover, patients with psoriatic disease were
shown to have a higher risk of developing bone fractures [18,19]. In contrast, other studies reported
negative results. Harrison et al., and Busquets et al., revealed no apparent associations between low
BMD and psoriatic disease upon clinical observation [20,21]. In several studies, no increased risk
of fractures was observed in patients with psoriatic disease than in non-psoriatic controls [22,23].
A complicated and unclear mechanism of bone quality and bone fragility in psoriatic disease may
contribute to the controversy above. Additionally, bone fragility and bone strength may be considered
beyond bone density alone, making the situation far more complicated [24].

Since the study population, sample sizes, and study designs in individual studies were
heterogenous, a comprehensive literature review with meta-analysis is warranted to yield the overall
effects. Therefore, in the present study we aimed to perform a systematic review and meta-analysis of
observational studies to determine the BMD and fracture risk in adult patients with psoriatic disease.

2. Materials and Methods

We conducted this systematic review and meta-analysis in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [25] and the Meta-Analyses
of Observational Studies in Epidemiology (MOOSE) guidelines [26]. We registered our protocol at
INPLASY.COM(registration number: INPLASY202080106). Two investigators (TL Chen and JW Lu)
independently searched for articles, collated data, and evaluated the quality of the qualifying studies.
In cases of discrepancies between the investigators, a third author (YW Huang) was consulted to reach
a consensus.

2.1. Literature Investigation and Search Strategy

We searched electronic databases (PubMed, Embase, Cochrane Library, and Web of Science)
and Chinese medical databases (Airiti Library and Chinese National Knowledge Infrastructure
databases) systemically for studies published from the inception of the relevant database until
15 September 2020. In brief, we used the following terms: “psoriasis”, “psoriatic arthritis”, “bone mineral
density”, “osteoporosis”, and “fracture”. The search strategies were modified for the requirements
of individual databases, and the details are described in Methods in the Supplementary Materials.
Studies in languages other than English or Chinese were excluded. Furthermore, we supplemented our
search by examining the reference lists or bibliographies of the available review articles and relevant
meta-analyses for additional candidates.

2.2. Study Selection and Eligibility Criteria

Peer-reviewed scientific articles were considered for inclusion. Studies in preprint status and those
published in open access journals that were absent on the Directory of Open Access Journals (DOAJ) were
considered non-peer-reviewed articles and, thus, were excluded. Studies that fulfilled the following
criteria were included: (1) those with observational study design (cross-sectional, case-control,
or cohort studies); (2) those in which target participants were adults diagnosed with psoriatic disease
(cutaneous psoriasis or PsA) based on clinical or histological information; (3) those in which comparison
groups included adult controls without psoriatic disease; (4) those in which the outcomes comprised
the absolute value of BMD and/or the effect estimates of osteoporosis or fractures; and (5) those in
which BMD was assessed at lower extremities (e.g., lumbar spine, femoral neck, etc.) using dual-energy
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X-ray absorptiometry (DXA), ultrasound bone density measurements, or other effective methods.
Case reports, case series, review articles, and abstracts from conference proceedings were excluded.
We also excluded animal studies or studies performed in laboratory settings.

2.3. Data Extraction and Outcome of Interest

We extracted data regarding the following items: first author, publication year, study design,
geographical location, study population (cutaneous psoriasis, PsA, or both), sample size,
patient characteristics (age, sex, and body mass index), characteristics of psoriatic disease
(disease duration and the usage of potential drugs that may affect bone formation),
BMD measurements (device, site, and outcomes), and reported outcomes of osteoporosis and fractures.
Systemic corticosteroids, methotrexate, and anti-tumor necrosis factor (TNF)-α agents were considered
potential drugs that could be related to bone quality and fragility [27–29]. The conflict of interest study
was also listed for each study. The primary endpoint was the absolute value of BMD. The secondary
endpoints included effect estimates regarding osteoporosis and fractures.

2.4. Qualitative Systematic Review

A modified Newcastle–Ottawa Scale (NOS) for non-randomized studies was utilized
for methodological quality appraisal of the included studies [30,31]; it consists of the following
three domains: the selection of study groups, comparability of study groups, and ascertainment of
the outcome of interest. Modified NOS for observational studies were demonstrated in Tables S1–S3 in
the Supplementary Materials.

2.5. Data Synthesis and Statistical Analysis

Considering the heterogeneity of the study populations, we calculated the pooled estimates
and their confidence intervals (CIs) using the DerSimonian and Laird random-effects model [32].
For continuous outcomes (absolute value of BMD), we calculated the standardized mean differences
(SMDs) and 95% CIs. SMD was considered because different manufactural modalities were
used across studies. For dichotomous outcomes (risk estimates of osteoporosis and fractures),
we calculated estimated odds ratios (ORs) and 95% CIs. We focused mainly on the pooled results using
maximally-adjusted estimates [33]. However, we still demonstrate the unadjusted ORs for emphasizing
the influence of confounding bias [34]. Furthermore, if the enrolled study number of each outcome was
less than ten and the pooled effect was statistically significant, modified Hartung–Knapp/Sidik–Jonkman
(HKSJ) adjustment was applied to control type I errors and avoid inaccurate CIs [35–37]. We contacted
the authors for the desired effect estimates and relevant information for studies that did not report
the data available for pooling.

Between-study heterogeneity was quantified using the I2 statistics [38]. An I2 value ≥50%
represents substantial heterogeneity. To explore the potential sources of heterogeneity apart from
random error, we conducted several predefined subgroup analyses according to the site of BMD
measurement, study population, study design, geographic location, age of participants, body mass
index (BMI), disease duration, potential osteoporotic/anti-osteoporotic drugs use, and study quality
according to NOS.

We also performed a sensitivity analysis to evaluate the influence of each study on the overall
effect by omitting them individually. All statistical tests were two-sided, and p-value < 0.05 was
considered statistically significant. The present meta-analysis was performed using Stata v16 (StataCorp,
College Station, TX, USA).

2.6. Small-Study Effects

Potential small-study effects, such as publication bias, were examined using Doi plots, a recently
developed graphical and alternative method [39]. It has been demonstrated to improve visualized
asymmetry with treatment effects on the x-axis and a normal rank-based Z-score on the y-axis. Doi plot
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asymmetry was quantified using the Luis Furuya–Kanamori (LFK) index, based on the rank-based
measure of precision (Z-score) instead of the standard error in funnel plots [39]. LFK indices less than
±1, greater than ±1 but less than ±2, or greater than ±2 were considered to represent no, minor, or major
asymmetry, respectively [39]. Moreover, the LFK index has been demonstrated to outperform Egger’s
regression test for possible small-study effects, especially when the study number is small. We applied
the Doi plot and LFK index to detect potential small-study effects in several outcomes of interest,
which may be ignored by the inapplicability of funnel plots and quantitative approaches, such as
the Egger’s p test. MetaXL v5.3 (EpiGear International Pty Ltd., Sunrise Beach, Queensland, Australia)
was used to generate the Doi plots and calculate the LFK indices [39].

3. Results

3.1. Search Results

The selection and detailed identification processes are summarized in Figure 1. A total of 3300
unique publications fulfilled the initial screening. We removed 950 duplicates, and the titles and abstracts
of the remaining studies were screened for inclusion. The full text of 201 studies was retrieved;
of them, 15 met the inclusion criteria. Ultimately, 15 observational studies were included in this
quantitative meta-analysis.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram of the process of screening and including the studies.

3.2. Characteristics of Qualifying Studies

Table S4 outlines the characteristics of the 15 observational studies [16,18,19,22,23,40–49]. A total
of 1,277,673 participants, investigated between 2009 and 2020, were evaluated. The demographic
data and the reported outcomes of interest were summarized. Female-predominant sex distribution
could be observed in most of the studies. The participants were mostly categorized as overweight
(25 ≤ BMI < 29.9) or obese (BMI ≥ 30) [50].

After critical appraisal of the studies, eight studies were judged to have “high quality” because
they scored ≥7 points on the NOS. Additionally, seven articles were deemed to have “moderate quality
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(scored 4–6 points)”, whereas no studies were considered to have “low quality (scored ≤3 points)”.
The results of the appraisal are also summarized in Table S4. Two of the enrolled studies declared their
conflict of interest with either an institution or company and two studies did not mention their funding
source or conflict of interest.

3.3. Pooled Effects of the Primary Outcome

In terms of the overall effect regarding the absolute BMD value, patients with psoriatic disease
demonstrated no significantly decreased SMD despite different sites of measurement (SMD in lumbar
spine: 0.07; 95% CI: −0.19 to 0.32; I2: 73.8%; SMD at femoral neck: −0.08; 95% CI: −0.36 to 0.20; I2: 72.3%;
SMD at total hip: −0.05; 95% CI: −0.22 to 0.13; I2: 34.7%; Figure 2). Subgroup analysis in Table 1
revealed that the age of patients might be a moderator in lumbar spine BMD. After omitting the papers
individually for sensitivity analysis, SMD results were similar to the above.

 
Figure 2. Forest plots of the standardized mean difference (SMD) in absolute bone mineral density.
The plots are presented in subgroups of (A) lumbar spine, (B) femoral neck, and (C) total hip. CI,
confidence interval.
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3.4. Pooled Effects of Secondary Outcomes

As presented in Figure 3A, psoriatic patients tended to have a higher risk of developing osteoporosis
before adjusting confounding factors (unadjusted OR: 1.35; 95% CI: 1.02–1.78, I2: 76.4%). However,
after adjustment, patients with psoriatic disease were not likely to possess high ORs of developing
osteoporosis (adjusted OR: 1.33; 95% CI: 0.78–2.26; I2: 92.7%) compared with the non-psoriatic controls.
In Figure 3B, psoriatic patients were not likely to develop fractures before confounding adjustment
(unadjusted OR: 1.16; 95% CI: 0.86–1.57; I2: 81.0%), but after adjusting for confounding factors,
they possessed higher ORs of developing fractures compared with the non-psoriatic controls (adjusted
OR: 1.09; 95% CI: 1.06–1.12; I2: 0%).

  

Figure 3. Forest plots of the unadjusted and adjusted odds ratio (OR) of osteoporosis (A) and fractures
(B). CI, confidence interval.

We focused on the adjusted estimates for drawing conclusions and compared them to
the unadjusted estimates. The results were opposite before and after confounding adjustment, indicating
the substantial role of confounding bias in terms of the overall effect size. Sensitivity analysis yielded
similar results, making our pooled effects robust.

3.5. Heterogeneity and Small-Study Effects

Substantial heterogeneity was indicated in nearly all outcomes, except for the group regarding
total hip BMD and the adjusted OR of fracture. Subgroup analyses revealed that psoriatic patients’ age
might serve as a possible moderator in the primary outcome.

Small-study effects were detected using the Doi plot and LFK index. Major asymmetry was
indicated in the subgroups of the femoral neck (LFK index: −2.60; Figure S1) in terms of the absolute
value of BMD. Minor asymmetry was seen in the lumbar spine group regarding BMD (LFK index:
−1.76; Figure S2) and in the adjusted outcome of osteoporosis (LFK index: 1.59; Figure S3). On the other
hand, no asymmetry in the Doi plot was observed in the total hip group regarding BMD (LFK index:
0.60) and in the adjusted outcome of fracture (LFK index: −0.13), respectively.4. Discussion

Despite numerous studies concerning bone involvement in the investigative field of psoriatic
disease, the findings remain controversial. In this systematic review and meta-analysis, we demonstrated
no significant association between psoriatic disease and the absolute value of BMD in the lumbar
spine, femoral neck, or total hip. Additionally, patients with psoriatic disease did not have higher
risks of developing osteoporosis than the controls; nevertheless, they did have increased OR of
sustaining fractures.

A fragility fracture is defined as a pathological fracture that results from low energy insults [51].
It is believed that fractures are associated with decreased bone strength, which reflects the integration of
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both bone quality and bone density [52]. However, the modalities measuring areal BMD (i.e., DXA) have
limited ability to determine bone strength since they have limitations in measuring bone quality, such as
microarchitecture, mineralization, collagen cross-links, crystal size, and marrow composition [53,54].
Therefore, osteoporosis defined by DXA may not reflect the actual bone strength reduction and may
not serve as an accurate predictor for fractures. This inference may explain why psoriatic patients had
increased fracture risk but displayed no association in BMD and osteoporosis in our meta-analysis.

Another explanation for our results is that the increased fracture risk may be attributed to reduced
bone quality, namely, the depletion in bone microarchitecture and demineralization. Simon et al. [55]
reported that the cortical and trabecular volumetric BMD was significantly decreased in the psoriatic
population. Pfeil et al. [56] demonstrated periarticular demineralization in psoriatic disease by measuring
the Metacarpal Index at the metacarpal bones. Further in vivo or in vitro experiments and clinical
observation are required to clarify the pathogenic process.

Since the pathogenesis of psoriatic disease is complex and multifactorial, potential moderators
were identified. Our subgroup analysis found that age may be a potential moderator for the analysis of
BMD. Based on previous studies, aging may be related to bone loss with complex interaction between
genetic, hormonal, biochemical, and environmental factors [57]. According to the World Health
Organization, psoriasis most affects people at the age of 50–69 years [58]. In our study, the lumbar
spine BMD increased in this age group, whereas it decreased in patients aged less than 50 years.

Apart from age, several possible confounding factors may affect our results. Previous studies
suggested that low bone density in psoriatic disease was identified exclusively in men, usually less
affected by bone destruction [16,17]. In contrast, one study reported that there was an increased BMD
with postmenopausal women [59]. Hence, the sex of the patients may be a potential confounding
factor. Additionally, chronic use of drugs that affect bone formation may also act as a confounding
factor in our analysis. Systemic corticosteroids, methotrexate, and anti-TNF-α agents were reported to
be either osteoporotic or anti-osteoporotic [27–29]. Finally, the body mass index of patients can also be
considered a confounding factor. Epidemiologic research has indicated positive associations between
obesity and bone health [60]; while adiposity and weight gain are associated with higher psoriasis
risks [61].

Methodological problems regarding the representation of unpublished studies may have a
considerable impact on the decision-making in clinical practice [62]. Concerns have been raised about
the Egger’s asymmetry test and its power to detect asymmetry when the number of studies is small.
We then used Doi plot and LFK index to evaluate small-study effects. Compared with the Egger’s p test,
the LFK index had a superior area under the receiver operating characteristic curve (0.58 to 0.75 vs. 0.74
to 0.88, respectively) as well as higher sensitivity (18.5% to 43.0% vs. 71.3% to 72.1%, respectively) [39].
In contrast, the specificity is higher with the Egger’s p test (87.6% to 90.0% vs. 64.7–87.1%, respectively).

To the best of our knowledge, this is the first meta-analysis of observational studies to evaluate
the BMD, osteoporosis, and fracture risk in adult patients with psoriatic disease (psoriasis and PsA).
This analysis included not only osteoporosis and fracture risks, but also BMD measurements at
different sites. This allowed us to estimate the total effect size with large sample size and a higher
statistical power. Furthermore, we performed an up-to-date literature search and enrolled in the latest
studies in the analysis. We applied sensitivity analyses after omitting each study one at a time,
and the pooled results were robust with few changes. We used the novel Doi plot and LFK index to
detect small-study effects.

There were some limitations in our studies. First, the inconsistency due to high between-study
heterogeneity was observed. We were not able to perform meta-regression due to the availability
of <10 studies in each outcome. Although it was a time-consuming effort, we used subgroup
analysis to identify moderators in observational studies. Second, our study results could only
explain the relationship between psoriatic disease and BMD, osteoporosis, and fractures. Further
studies regarding pathogenetic clarification may be necessary. Third, while the LFK index has been
demonstrated to discriminate asymmetry better and has higher sensitivity than the Egger’s p-value,
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its specificity is lower than that of the latter. Finally, the opposite results in the secondary outcomes
revealed a crucial issue in terms of confounding factors in our enrolled studies, which can introduce
bias; therefore, our results should be interpreted with caution.

4. Conclusions

Our results indicate that patients with psoriatic disease may be more likely to develop fractures
compared with non-psoriatic controls. This higher risk for fracture may not necessarily associated
with lower BMD nor a higher risk of osteoporosis. Future studies are warranted to establish stronger
evidence regarding the understanding of bone strength and bone quality in patients with psoriasis or
PsA. Based on our findings, we suggest that preventive measures for fractures may be beneficial in
current clinical practice for such patients.
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spine BMD; Figure S3: Doi plot and LFK index of osteoporosis.
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