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ABSTRACT

Osteoporosis in premenopausal women and men younger than 50 years is challenging to diagnose and treat. There are many bar-
riers to optimal management of osteoporosis in younger adults, further enhanced by a limited research focus on this cohort. Herein
we describe dilemmas commonly encountered in diagnosis, investigation, and management of osteoporosis in younger adults. We
also provide a suggested framework, based on the limited available evidence and supported by clinical experience, for the diagnosis,
assessment, and management of osteoporosis in this cohort. © 2021 The Authors. JBMR Plus published by Wiley Periodicals LLC on

behalf of American Society for Bone and Mineral Research.
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Introduction

O steoporosis has historically been a disease associated with
postmenopausal women and elderly men. The high frac-
ture incidence and associated mortality'” has led to a research
focus on postmenopausal osteoporosis, with therapeutics tai-
lored to this population. Fractures and osteoporosis in younger
adults (YAs: premenopausal women and men aged <50 years)
are less common but do occur in the setting of chronic disease,
medications that affect bone metabolism, and other risk fac-
tors.?) Although rare, idiopathic osteoporosis (IOP) with no iden-
tifiable secondary cause is also associated with abnormal bone
microarchitecture.®’

Dilemma 1: The pathophysiology of fracture in YAs is poorly
understood.

Dilemma 2: The BMD criteria for diagnosis of osteoporosis in
YAs are debated. Osteoporosis in young adults can be diagnosed
on the basis of low-trauma fracture. In contrast, bone mineral
density (BMD) criteria for diagnosis are debated. The 2019 Inter-
national Society for Clinical Densitometry Position (ISCD) recom-
mends against the use of dual-energy X-ray absorptiometry
(DXA) alone in diagnosing osteoporosis in men and women
<50 years of age,” and states that the use of a Z-score < —2
on DXA can be used as a marker of “low BMD” in YAs. In contrast,

the International Osteoporosis Foundation (IOF) recommends
the use of T-score < —2.5 on DXA at the lumbar spine or hip to
diagnose osteoporosis in YAs with a known secondary cause of
osteoporosis,® consistent with the World Health Organization
criteria for osteoporosis in postmenopausal women and
older men. The lack of united and consistent guidance on
the diagnosis of osteoporosis in YAs adds a barrier to optimal
osteoporosis care.

Dilemma 3: Optimal investigations for the diagnosis and
monitoring of osteoporosis in YAs are unclear.

Dilemma 4: Best practice management of osteoporosis or low
bone density in YAs is poorly understood due to scarcity of
focused research. This is also reflected in the lack of guidelines
that address risk stratification for fracture and osteoporosis in YAs.

Objective

We provide a systematic overview of the current understanding
of the physiology of bone accrual and factors affecting peak
bone mass, the potential secondary causes of osteoporosis that
may disrupt the attainment of optimal peak bone mass and
also accelerate bone loss, and the entity of IOP. We also discuss
the current dilemmas in the diagnosis, risk stratification, and
management of osteoporosis in YAs.
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Methods

A literature search for articles published in the English Language
between January 2000 and August 2021 was conducted using
predetermined keywords (see Appendix S1) on PubMed,
Embase, and Web of Science. This timeframe was chosen to iden-
tify the most relevant research findings published in recent
times. A manual search of cited references in relevant articles
was also conducted to identify further studies. Following full-text
review, relevant and eligible articles were included in this narra-
tive review; systematic reviews that included studies outside of
the selected time range were not excluded.

Physiology of bone accrual and bone mass trajectory in
healthy adolescents and adults

Sex steroids play a major role in bone accrual across the lifespan.
Estrogen decreases osteoclast activity and increases osteoblast
activation (Fig. 1)’ This action is partly actioned by osteoprote-
gerin (OPG), which is increased in the presence of estrogen and
inhibits receptor activator nuclear factor kB ligand (RANKL),
which would otherwise activate osteoclasts. Estrogen also has
effects on the inflammatory cytokines interleukin-1 (IL-1), IL-
6,” granulocyte colony-stimulating factor (G-CSF), macrophage
colony stimulating factor (M-CSF), and prostaglandin E2 (PG-
E2), all of which act to increase bone resorption.(s) Testosterone
inhibits osteoblast apoptosis, increases proliferation, and pro-
motes apoptosis of osteoclasts.

Bone growth accelerates during puberty. High-resolution
peripheral quantitative computed tomography (HRpQCT) stud-
ies demonstrate that postpubertal girls have higher cortical den-
sity at the radius, whereas postpubertal boys have higher
trabecular volume and larger cortical cross-sectional areas than
girls. Postpuberty, mature girls and boys have increased cortical
BMD and less cortical porosity than their less mature counter-
parts within each sex.®) The increased trabecular bone parame-
ters are a phenomenon thought to be driven by both
testosterone and insulin-like growth factor-1 (IGF-1). This sup-
ports the observation that men achieve higher peak bone mass
secondary to the development of larger bones through greater
periosteal apposition.

Genetic, biological, environmental, and lifestyle factors all
modify peak bone mass in YAs. Low body weight,®'® delayed
puberty,®'" and lack of weight-bearing physical activity®'?
are associated with lower areal (aBMD) or volumetric BMD
(vBMD). Physically active male adolescents develop greater total
area at the distal tibia and adjusted torsional tibial strength, and
physically active females develop greater cortical area and den-
sity as well as trabecular content at the tibia compared to inac-
tive adolescents."” Tobacco smoking is also associated with
reduced spinal and hip aBMD as well as reduced tibial trabecular
vBMD."?

Normal pregnancy and lactation are associated with rapid
asymptomatic decreases in BMD followed by recovery during
and after weaning. Interpretation of BMD results obtained after
pregnancy in premenopausal women should take into account
these normal and expected changes. Some studies suggest that
reproductive changes may ultimately have lasting structural
benefits. In a cohort of young women,® a history of pregnancy
was associated with higher spine aBMD and vBMD. Pregnancy
and breastfeeding history also do not appear to increase risk of
postmenopausal osteoporosis. In an analysis of data from
>92,000 women included in the Women’s Health Initiative

Observational Study and followed for a mean of 7.9 years, inci-
dent hip fracture was not associated with number of pregnan-
cies, or duration of breastfeeding in adjusted analyses,"® and
breastfeeding history was associated with 16% lower risk of hip
fracture.

Declines in bone mass, especially trabecular vBMD loss, com-
mences from the third decade of life in both sexes, and are accel-
erated postmenopause in women.'® Cortical bone loss
commences from the fifth to sixth decade of life. Postmeno-
pausal women experience increased bone resorption and tra-
becular loss, whereas men experience trabecular thinning due
to reduced bone formation, with age. By late menopause cortical
bone density, absolute cortical zone thickness, trabecular bone
density, and the relative bone volume as part of total volume
are all reduced, even in healthy women."”

Dilemma 1: Gaps in understanding the pathophysiology
of osteoporosis in YAs

Secondary osteoporosis in YAs

Chronic disease during childhood and young adulthood can
interfere with accrual of peak bone mass through various mech-
anisms. Increased exposure to inflammatory cytokines, poor
nutrition, weight loss, hypogonadism, and other disease-specific
mechanisms promote bone loss. The most common etiologies
for bone loss in YAs are listed in Table 1 and are discussed below.

Glucocorticoid-induced osteoporosis

Glucocorticoid-induced osteoporosis (GIO) can occur in the con-
text of excess glucocorticoids due to Cushing syndrome'® and
in those prescribed long-term, moderate-dose to high-dose glu-
cocorticoids (equivalent to =5 mg prednisolone for =3 months).
Treatment of the underlying disease is recommended in those
with endogenous Cushing syndrome.

Glucocorticoids induce increased bone resorption and reduce
bone formation"” through impairment of osteoblast maturation
and osteoclast apoptosis.'® Many interventional studies have
been performed to identify suitable therapy for GIO, although
almost none examined the effects of these agents exclusively
in a younger adult cohort. Zoledronic acid (ZA) has proven effi-
cacy in treating GIO."® Denosumab®*?" increases spinal and
femoral neck BMD and is superior to risedronate. Teriparatide is
superior to risedronate®? and alendronate,®® and improves
fracture risk in addition to benefits in aBMD and vBMD. Teripara-
tide remained superior when outcomes were assessed in post-
menopausal and premenopausal women separately.(z‘” In
premenopausal patients with GIO and systemic lupus erythema-
tosus (SLE), alendronate and calcium increased spine and hip
BMD significantly more than calcium alone, or concurrent
calcium and calcitriol supplementation.®® Intravenous pamidro-
nate improved spinal and hip BMD over 12 months in 16 preme-
nopausal women with connective tissue disease and GIO.?® A
systematic review and network meta-analysis of 27 randomized
controlled trials (RCTs) demonstrated that teriparatide, risedro-
nate, and etidronate were effective in preventing vertebral frac-
ture in patients with GIO, compared with calcium and vitamin D;
fracture data for denosumab were unavailable. Teriparatide,
zoledronic acid, risedronate, alendronate, and etidronate
improved spinal BMD in GIO compared with calcium and
vitamin D, whereas calcitonin did not; alendronate and raloxi-
fene improved femoral neck BMD.?” A more recent systematic
review of denosumab treatment in GIO demonstrated an
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Fig. 1. Physiological bone accrual in young adulthood. Estrogen inhibits pro-inflammatory cytokines and osteoclast action while promoting osteoblast
function. Testosterone promotes osteoblast function by inhibiting apoptosis and inhibits osteoclast function. IGF-1, parathyroid hormone also promote
bone accrual, in addition to other hormonal and mechanical influences which regulate the attainment of bone mass in young adult years.

increase in spinal (4.59%) and total hip (2.54%) BMD at was more efficacious than bisphosphonates at increasing
12 months.?® When compared to bisphosphonates, denosu- femoral neck BMD at 12 months (0.97%); fracture data was
mab increased spinal BMD by 2.17% at 12 months. Denosumab not available. The study by Lambrinoudaki and colleagues,®®
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Table 1. Conditions that Increase Risk of Osteoporosis in Youn-
ger Adults

Inflammatory/autoimmune disease

« Systemic lupus erythematosus

+ Rheumatoid arthritis

« Cystic fibrosis

+ Crohn’s disease

+ Ulcerative colitis

« Ankylosing spondylitis

Endocrine dysfunction

+ Cushing’s syndrome (iatrogenic or due to organic pathology)
+ Hypogonadism and functional hypothalamic amenorrhea
+ Type 1 diabetes mellitus

« Growth hormone deficiency

+ Hyperthyroidism

+ Hyperparathyroidism

« Complete androgen insensitivity

+ Subtherapeutic transgender hormone therapy
Malabsorptive disease

+ Celiac disease

Psychiatric disease

« Schizophrenia

+ Anorexia nervosa

Other

« Cancer and cancer-treatment

« Gastric bypass surgery

+ Thalassemia

+ Human immunodeficiency virus

+ Systemic mastocytosis

+ Solid organ or bone marrow stem cell transplant

investigating the efficacy of calcitriol and calcium supplementa-
tion in SLE, was the only study included in the meta-analysis
which exclusively evaluated YAs, and demonstrated no benefit.
Five others assessed populations with a mean age <50 years.
These demonstrated that risedronate protected against spinal
aBMD loss in GIO in rheumatologic disease,®*%*" and was supe-
rior to calcium and vitamin D supplementation alone in Crohn’s
disease.®? Calcium and vitamin D supplementation alone was
not beneficial at 1 year in patients with Crohn’s disease®® and
neither was ibandronate in comparison with placebo, in SLE.®%

Endocrine dysfunction

Hypogonadism is an established risk factor for bone loss. Prema-
ture ovarian insufficiency, primary testicular failure due to condi-
tions including Klinefelter syndrome, and hypogonadotropic
hypogonadism cause bone loss. Impact on BMD and fracture risk
is particularly increased in men and women who are diagnosed
late, or where there is a delay in commencing hormone replace-
ment therapy.e‘s) Although driven by hypogonadism, bone loss
in these individuals is multifactorial due to the impact of these
diseases on body composition and other associated comorbid-
ities. The effects of these pathologies on bone health are outside
the scope of this review. The musculoskeletal effects of prema-
ture ovarian insufficiency have been reviewed elsewhere.®%3”)
Similarly, hypogonadism in the setting of cancer treatment is
a risk factor for fragility fracture.*®3% Use of gonadotropin-
releasing hormone agonists, aromatase inhibitors, chemothera-
peutic agents such as cyclophosphamide, gonadectomy, and
pelvic or cranial radiotherapy increases risk of bone loss.

Evidence for prevention of bone loss with intervention in YAs
are limited. In premenopausal women with breast cancer, com-
bined aerobic and circuit training can prevent bone loss at the
femoral neck.“? Six-monthly ZA also prevents bone loss associ-
ated with concurrent aromatase inhibition and ovarian suppres-
sion in premenopausal women,®" whereas 3-monthly
administration prevents bone loss secondary to chemotherapy-
induced ovarian failure.“? Weight-bearing exercise, and optimi-
zation of calcium and vitamin D is currently recommended in
women receiving endocrine therapy for estrogen-receptor posi-
tive breast cancer.*® ZA is recommended if Z-score is < —2 at
any site or if annual bone loss is >5%. ZA also preserved BMD
in a small group of adults including men with testicular cancer
and lymphoma. However, like most studies, this included men
from a broad age range (21-78 years).“?

Functional hypothalamic amenorrhea is another complex
cause of osteoporosis in young, female adults and can affect elite
athletes. Suppression of the hypothalamic-pituitary-gonadal axis
is responsible for the disruption to menstruation, estrogen bal-
ance, and bone accrual and turnover. At non-weight-bearing
sites, amenorrheic adolescent and YA females have lower stiff-
ness and failure load than eumenorrheic controls.“® Transder-
mal estrogen replacement following adequate nutrition and
weight restoration to healthy, pre-amenorrheic levels benefit
these women and are recommended.“® However, the use of
the oral contraceptive pill does not appear to benefit bone
health.“®*”

Type 1 diabetes mellitus (TTDM) results in increased fracture
risk in YAs.“® In a systematic review and meta-analysis, relative
risk of hip fracture was 4.4 in young and middle-aged adults with
T1DM. Reduced aBMD is not always present, despite increased
fragility fracture.*® Young women with T1DM also have reduced
tibial trabecular density and cortical thickness.*® In YAs, long-
term glycated hemoglobin (A1c) levels correlate with fracture
prevalence.“? However, other than case reports, there are cur-
rently no studies that examine the effect of anti-resorptive ther-
apy in YAs with TIDM.

Hyperthyroidism is also associated with reduced BMD in
young premenopausal women,®" and correction of hyperthy-
roidism is recommended. Childhood-onset growth hormone
deficiency untreated since completion of skeletal growth is asso-
ciated with reduced tibial cortical and trabecular vBMD as well as
increased trabecular separation.®?

Complete androgen insensitivity syndrome (CAIS), most com-
monly 46XY DSD, is caused by mutations in the androgen recep-
tor, resulting in complete androgen resistance in androgen-
dependent tissues. Despite hormone replacement therapy for a
mean of 17.4 years, reduced spinal, femoral neck, and total body
BMD is noted in women with CAIS who have undergone gonad-
ectomy during their early adolescence.®® Oral and transdermal
estrogen replacement therapy (2 mg transdermal estradiol or
2 mg oral estradiol valerate) was associated with a small but sig-
nificant (4.2%) improvement in spinal aBMD over 6 years, in a
small subgroup of women in this cohort. Femoral neck and total
body BMD were unaffected.

The field of bone health in transgender men and women is
gathering momentum. Transwomen appear to gain aBMD with
hormonal therapy, whereas reports of both bone loss and stabil-
ity have been reported in transmen.®*>> A systematic review
and meta-analysis found no significant change in aBMD in
transmen following hormonal therapy®®; however, the quality
of evidence was low. Screening for osteoporosis is recom-
mended in those who cease therapy or are noncompliant.®”
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For transwomen considered low risk (ie, no prior fragility fracture
or other clinical risk factors for osteoporosis, adherent to gender-
affirming hormone therapy regardless of gonadectomy status),
screening is recommended at 60 years of age; consideration of
DXA at commencement of hormonal therapy is recommended
for others.®”

Anorexia nervosa

YAs with anorexia nervosa (AN) have multiple risk factors for
bone loss, including low body weight, poor nutrition, hypogonad-
ism, and other hormonal abnormalities. Compared with healthy
controls, young women with AN have considerably lower number
of trabeculae and higher trabecular separation, similar to the find-
ings observed in postmenopausal women." In adolescents and
young women, AN is associated with resistance to axial and bend-
ing loads on hip structural analysis (HSA).®® A study of men with
eating disorders, aged 18 to 65 years confirmed low spinal and
hip BMD in men with AN.®® Disease duration, lower body mass
index (BMI), muscle mass, and vitamin D levels were associated
with low BMD.®® Reduced trabecular bone score (TBS), identified
in 13% of women in a subgroup with AN and lower BMI than the
rest of the cohort, suggests worsened bone quality in those with
lower weight.®® Improvement of BMD in these women are chal-
lenging, and rely on weight restoration®®~*® and resumption of
menses.®?%¥ A cross-sectional study of women revealed that
moderate-intensity exercise while unwell with active AN worsens
BMD. In contrast, in patients who have recovered from AN, lifetime
moderate-intensity exercise levels had a positive effect on BMD.®*
The oral contraceptive pill was found not to be beneficial in restor-
ing bone in young women.®® Although the effects of transdermal
estradiol have not been consistent,®? there is evidence for aBMD
improvements with doses of 0.045 to 0.1 mg 17B estradiol in addi-
tion to cyclical progesterone in girls®” and young women.®® Fur-
thermore, an RCT of risedronate, transdermal testosterone at
150 pg daily, combination therapy, or double placebo in 77 young
women with AN demonstrated improvements in spine (3%) and
hip (2%) BMD over 12 months in those treated with risedronate.”
Transdermal testosterone did not have a detectable response. Ter-
iparatide increased spinal aBMD at 6 months in women (mean +
standard deviation [SD] age 47 + 2.7 years) with AN.©® Benefits
for testosterone, anabolic, and anti-resorptive therapy in men with
AN are not well-documented.

Autoimmune or inflammatory disease

YAs with inflammatory disease are at risk of osteoporosis and
fracture due to changes caused by the underlying disease and
increased exposure to inflammatory cytokines and medications
that promote bone loss.

In premenopausal women with SLE, osteopenia or osteoporo-
sis is highly prevalent.®® Premenopausal women experience
greater loss of hip aBMD as well as cortical area and thickness
over 24 months, compared with healthy premenopausal
women. Increased cortical porosity is also noted.”” SLE has been
shown to contribute to bone loss, even in the absence of gluco-
corticoid exposure.”" This study, however, included adults aged
>50 years (mean 46 years). In a subgroup analysis of premeno-
pausal women, significant effects of SLE on cortical bone was
identified. Total hip aBMD and radial cortical area was reduced
in premenopausal women unexposed to glucocorticoids, while
cortical area and thickness was reduced in those exposed. The
utility of anti-resorptive and anabolic therapy in treating osteo-
porosis in SLE are derived from studies investigating GIO and

were discussed under section heading ‘Glucocorticoid-induced
osteoporosis’.

Inflammatory bowel disease (IBD) affects YAs, with a signifi-
cant impact on bone health. GIO,”? malabsorption in the setting
of gut inflammation and bowel resection,”? and hypogonad-
ism"”* are additional risk factors for bone loss. Many studies
include YAs, but do not exclusively study them. In a cohort of
adults with a mean age of 40.6 years, osteopenia and osteoporo-
sis was prevalent in >50% of individuals with IBD.Y? In compar-
ison with a healthy population, a >40% increased prevalence of
vertebral and hip fractures was observed, even following sub-
group analysis of YA cohorts.”* Minimization of glucocorticoids
and preferential use of tumor necrosis factor a (TNF-o)
blockers”® may help preserve bone; however, studies that eval-
uate the effect of these interventions in YAs are required.

YAs with cystic fibrosis (CF) have higher risk of fracture, secondary
to malabsorption of calcium and vitamin D® lower body
weight”” delayed puberty,”” GIO,”” poor nutrition,”® limited
physical function,”® chronic inflammation, and underlying impact
of the CF transmembrane conductance regular (CFTR) gene muta-
tion.®? Up to 52% of YAs with CF may have associated bone dis-
ease, 182 with a higher prevalence noted in cohorts of patients
with end-stage lung disease.”® The severity of disease as measured
by forced expiratory volume in 1 second (FEV1) on lung function
testing, also correlates with spinal aBMD.”*#® Markers of bone for-
mation correlate negatively with IL-6 and C-reactive protein (CRP),
highlighting the impact of inflammation. HRpQCT studies demon-
strate reduced trabecular vBMD, thickness, and number, and greater
trabecular separation.®? Current guidelines recommend DXA in all
adults and children aged >8 years of age if FEV1 is <50% predicted,
glucocorticoid use is equivalent to 5 mg daily prednisolone for
=90 days/year, or in the event of pubertal delay or history of frac-
ture.® For T-scores or Z-scores < —2, consideration of bisphospho-
nates is recommended after nutritional deficiencies and pulmonary
and endocrine pathology have been optimized. Fractures may lead
to consideration of anabolic osteoporosis therapy in YAs. Utility of
targeted CFTR therapy on bone parameters are underway. lvacaftor
treatment is associated with increases in cortical bone inpatients
aged 19 to 75 years with G551D mutations of the CFTR gene.®®

Systemic mastocytosis is a rare cause of osteoporosis in YAs.
However, case series of fractures in YAs with systemic mastocyto-
sis do exist, and consideration as a secondary cause of osteopo-
rosis is recommended.®”

Hematologic disease

There is irrefutable evidence that transfusion-dependent thalas-
semia major results in osteoporosis and increased fracture risk.
Risk factors for low BMD in this group include hypogonadism,
marrow expansion, iron toxicity and chelators, and increased
bone turnover. The contribution of renal dysfunction to bone
disease in thalassemia is also evolving, with renal tubular dys-
function and hypercalciuria associated with the chelating agent
deferasirox.®® Individuals should also be screened and treated
for vitamin D deficiency. Optimizing red blood cell transfusion
and the addition of bisphosphonates (once osteomalacia is
excluded) assist with bone preservation.®? Correction of hypo-
gonadism is important and supported by the available literature,
but the optimal dose and route for hormone therapy is unclear.

Malabsorptive disorders

Untreated celiac disease is associated with increased fracture risk
by up to 43% and abnormal bone microarchitecture.®”
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Malabsorption secondary to celiac disease also causes vitamin D
deficiency. Although a gluten-free diet, and vitamin D and cal-
cium supplementation®’ improve bone microarchitecture,
complete restoration was not observed.

Human immunodeficiency virus

A systematic review and meta-analysis has revealed a 50%
higher fracture risk in adults with human immunodeficiency
virus (HIV).®? Prior fracture, postmenopausal status, co-infection
with hepatitis C virus, and the presence of an acquired immuno-
deficiency syndrome (AIDS)-defining illness was associated with
an increased fracture risk.®® Antiretroviral therapy, particularly
containing tenofovir disoproxil fumarate, is also associated with
increased risk of bone loss, although studies included adults
aged >50 years.%*%>

Gastric bypass surgery

Both Roux-en-Y gastric bypass (RYGB) surgery and sleeve gas-
trectomy contribute to bone loss. In an observational study of
premenopausal women who underwent RYGB or sleeve gastrec-
tomy, spinal and hip aBMD loss was significant and persistent
(~18% total loss in BMD).®® Increased fracture rates are also
reported, up to 15 years post-bariatric surgery in a group of
adults aged 44 4 10 years at the time of surgery.®” Because
the bone loss persists at 6 months despite weight stabilization,
it is hypothesized that hormonal influences contribute to ongo-
ing deterioration in bone.®®

Solid organ and bone marrow stem cell transplantation

Studies which exclusively investigate YAs are limited in this pop-
ulation. In stem cell transplantation (SCT) recipients for hemato-
logical malignancies, early loss of BMD at the femoral neck
compared with the lumbar spine®® persists for 127°9 to
36"°" months. This is further highlighted in a study of 47 adults
with a mean age of 43 years at the time of bone marrow trans-
plant (73% of women were premenopausal), because the devel-
opment of osteopenia or osteoporosis at the hip was identified
in up to 47% of patients by 12 to 14 months following transplan-
tation."°? Glucocorticoid therapy, exposure to chemotherapeu-
tic agents such as cyclosporine A,°? and chronic graft versus
host disease is associated with bone loss. Three doses of
3-monthly intravenous ZA infusions improve spinal and femoral
aBMD (9.8% and 6.47%, respectively), 12 months following first
infusion'": oral risedronate also protects spine BMD compared
with controls.

Solid-organ transplant is associated with increased fracture and
BMD loss especially in the first 6 months following transplantation;
bone recovery is observed in some patient post-liver transplant
over a longer-period of time."°? Both alendronate and calcitriol
prevented femoral aBMD loss in adults (aged 18-71 years) post—
cardiac transplant in comparison to an untreated reference group;
no significant difference was identified between the calcitriol-
treated and alendronate-treated groups.’®® In adults aged 18 to
70 years, one infusion of 5 mg ZA and weekly alendronate were
both efficacious in preserving hip aBMD and increasing spinal
aBMD in liver transplant patients, while in cardiac transplant
patients given alendronate, spinal aBMD decreased."*® ZA pro-
tected spinal aBMD in patients with cardiac transplant. Alendronate
failed to protect spinal aBMD."%¥

Psychiatric disorders

Studies in YAs with schizophrenia have revealed lower aBMD
compared with healthy controls. The impact of secondary risk
factors separate from the underlying disease on bone health
has not been delineated. Some studies do demonstrate reduced
BMD"'%) in YAs presenting with their first episode of psychosis,
while others do not."% In a cross-sectional study of YAs with
schizophrenia receiving long-acting risperidone, reduced BMD
was not noted, although a slight but significant increase in
carboxy-terminal cross-linking telopeptide of type 1 collagen
(CTx) levels was observed."%”

Adults prescribed antidepressants such as selective serotonin
reuptake inhibitors (SSRIs) are also at high risk of fracture."®® YAs
with psychiatric disease continue to be an underserved cohort
with multiple risk factors for falls and fracture; their bone disease
and endocrine complications require further elucidation.

IOP

Some patients present with early-onset osteoporosis in the
absence of an identifiable cause. Clinical presentations vary,
and affected men and women may have many different underly-
ing etiologies rather than a unifying single cause. Young adults
presenting with early-onset osteoporosis in the absence of a sec-
ondary cause may also have a primary or genetic etiology of
bone fragility.

Pathophysiology

In premenopausal women with IOP, bone remodeling rate is var-
iable. The lack of consistently low or high bone turnover in IOP
suggests the underlying etiologies are heterogeneous. Osteo-
blast dysfunction is a potential cause of IOP in YAs. A subgroup
with the lowest bone formation were found to have the most
profound microarchitectural deficiencies.®) Lower trabecular
bone mineralization with elevated proteoglycan content and
collagen crosslink ratio quantified through Fourier transform
infrared microspectroscopy of transiliac biopsies also support
the hypothesis of osteoblast dysfunction."°? In HRpQCT studies,
women with IOP had lower trabecular vBMD and tibial cortical
density and thickness."'® The relationship between “plate”-like
and “rod”-like structures within the individual trabeculae, which
correlate with bone strength, is also impaired. In IOP, there are
reduced trabecular plates and rods as well as connections
between these structures, potentially leading to a less dense, less
connected structure, leading to reduced bone strength."'"
Importantly, although women with IOP and fracture had lower
aBMD than controls, the mean Z-score for spinal aBMD was
> -2 suggesting that mechanisms other than low aBMD
may be contributing to the bone fragility or poor bone quality.

In men, transiliac biopsies demonstrate reduced cortical and
trabecular bone volume with no change in cortical porosity, con-
sistent with reduced osteoblast availability."'? Sclerostin, an
inhibitor osteoblast differentiation and the Wnt signaling path-
way for bone formation does not appear to be responsible
because levels were lower in men with IOP.""® Low IGF-1 levels
have, however, been reported, and may have a role in IOP in
men.¥

Increased bone marrow adiposity’'® has been described in
premenopausal women with IOP. Their implications for bone
health in this cohort require further evaluation.

A genetic basis for the pathophysiology of IOP has been sug-
gested. Reported family history of osteoporosis is common in
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premenopausal IOP.""® Twin studies and observations that sons
and brothers of men with IOP aged <65 years have a high prev-
alence of low spinal aBMD""'” support this hypothesis. Single
nucleotide polymorphisms at the osteonectin gene!''® and
mutations at a few other genetic loci"'® including the LRP5 gene
have been suggested as potential culprits."® However, the
mechanisms through which these variants affect bone are is
yet unclear—whether it is through an effect on bone accrual,
peak bone mass, or early age-related bone loss. Interestingly,
adults with LRP5 variants have reduced tibial and radial trabecu-
lar number and lower hip aBMD than at the spine, whereas those
with LRP6 variants have lower spinal aBMD.""?"

Monogenetic etiologies of early-onset osteoporosis

Monogenetic or primary osteoporosis classically presents in
childhood. However, clinical severity of some genetic forms of
osteoporosis can be variable, and patients can have an initial pre-
sentation in young adulthood. Presentation with multiple
fraqility fractures in YA may lead to consideration and evaluation
for primary osteoporosis or monogenetic disorders, such as
osteogenesis imperfecta, hypophosphatasia syndromes, X-
linked osteoporosis, and osteoporosis-pseudoglioma syndrome.
Although rare, there is clearly defined increased risk of fracture in
these syndromes.

Some patients with IOP may have an as yet undiagnosed pri-
mary or monogenetic cause of osteoporosis. In a study of
123 men and women with IOP, candidate gene sequencing iden-
tified 11 patients with rare or novel variants in COL1A2, PLS3,
WNT1, or DKK1, plus an additional 16 patients with very rare or
novel variants in LRP5.7%? In a cohort of 75 women with IOP or
idiopathic low bone mass, whole-exome sequencing identified
eight subjects with heterozygous likely pathogenic variants or
variants of undetermined significance in relevant genes (LRP5,
PLS3, FKBP10, SLC34A3, and HGD)."?? Some variants identified
pointed to defects in bone formation, whereas others pointed
to high bone turnover etiologies. Of note, the great majority of
subjects had no identifiable genetic etiology. Future research
may identify new genetic causes of IOP.

Pregnancy and lactation associated osteoporosis

Pregnancy and lactation are associated with physiologic
changes in bone mass and increased calcium demand. Rarely,
fraqgility fractures occur in the context of these normal and
expected changes. This condition, pregnancy and lactation asso-
ciated osteoporosis (PLO), is characterized by spontaneous or
fragility fractures, commonly affecting the spine and other tra-
becular sites, during late pregnancy or lactation. Etiology and
predisposing factors require elucidation and are under investiga-
tion. Most reported cases have no known secondary cause of
osteoporosis. In a recently described cohort of >100 women with
PLO, 70% were primiparous, 95% were diagnosed during lacta-
tion, and >85% presented with vertebral fractures (mean num-
ber of fractures 4 + 2)."?® Longitudinal follow-up over a
median of 6 years suggested ongoing high fracture risk. Case
reports have described benefits of bisphosphonates for women
with PLO. In an observational study, 12 months of teriparatide
led to increases (15.5 + 6.6%) in spinal aBMD in 27 women trea-
ted, significantly more than increases seen in five untreated con-
trols (7.5 & 7.1).7%% Other, smaller studies of teriparatide have
demonstrated similar results at the spine and hip, following
12 to 24 months of treatment.>)

Dilemma 2: The BMD criteria for the diagnosis of
osteoporosis in YAs is unclear

The ISCD and IOF recommend diagnosis of low BMD or osteopo-
rosis based on Z-scores or T-scores, respectively, in YAs with
underlying secondary causes.** Others have recommended
against diagnosing osteoporosis in the absence of fragility frac-
tures.®> However, the latter raises challenges of its own, because
treatment following fracture, rather than fracture primary pre-
vention, is prioritized. To add complexity, studies reporting the
magnitude of fracture risk in isolated low BMD measured by a
Z-score < —2 are very limited.

Dilemma 3: Optimal investigations for the diagnosis and
monitoring of osteoporosis in YAs are unclear

Geographical and ethnic variation in aBMD in YAs requires due
consideration. Singaporean Chinese premenopausal women
aged 40 to 50 years have higher spinal aBMD compared with
women of similar age from white, Japanese, Korean, and Thai
populations."?® Radial cortical thickness and trabecular bone
indices such as thickness, bone volume fraction, and plate bone
volume are lower in white premenopausal women compared to
Chinese-American women."?” It is known that the absolute frac-
ture risk at any given BMD differs between ethnic groups in post-
menopausal women; it is less clear, however, whether this
discrepancy also affects YAs.'?®

It is also important to appreciate that adults with chronic dis-
ease may sustain fragility fractures in the absence of low aBMD
on DXA. This is especially true in chronic disease where up to
30% of individuals with fracture have normal aBMD.!'?°-"32 This
is a significant limitation of current fracture risk assessment tools
as used by health care providers.

There are also implications of diagnosing and managing oste-
oporosis using DXA in populations with skeletal variations that
may impact DXA outcome. Short stature occurs commonly in
CF and other childhood illnesses that affect growth and can lead
to underestimated bone density on DXA, because it measures
aBMD, not vBMD, and is therefore unable to adjust for height-
related changes. Rheumatological diseases such as ankylosing
spondylitis affect the lumbar skeleton and can result in inaccu-
rate outputs from DXA scans. This is especially true in advanced
disease, when fracture risk may be even higher.

Advanced analyses such as TBS and HSA have demonstrated
utility in researching the impact of chronic disease on bone qual-
ity and structure. However, there is insufficient evidence to rec-
ommend incorporation into routine clinical practice.

The utility of alternate modalities to DXA, such as HRpQCT and
calcaneal ultrasound has also been assessed in smaller cohorts of
younger adults. Evaluation of HRpQCT in 54 YAs demonstrated
strong correlations between trabecular parameters of bone vol-
ume fraction, number, and separation, as well as tibial cortical
thickness and micro-finite element analysis with that of transiliac
biopsy findings."*® Although emerging research continues to
demonstrate the utility of HRpQCT in understanding microarch-
itecture in bone, it remains a research tool and is not widely avail-
able for clinical use. Calcaneal ultrasound is presented as a
potential screening tool for osteoporosis, particularly in settings
where accessibility to routine imaging techniques is limited. Cor-
tical speed of sound levels on calcaneal ultrasound correlates
with cortical tissue mineral density on HRpQCT.""*# The correla-
tion with spinal or hip aBMD is, however, limited. Although calca-
neal ultrasound may provide information specific to cortical
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bone abnormalities, it is important to appreciate that these
parameters have not shown optimal correlation with transiliac
biopsy findings, and therefore its clinical utility remains limited.

Although some of these challenges with use of DXA are also
acknowledged in older adults, it is important to appreciate that
the underlying etiologies for osteoporosis in YAs are heteroge-
neous, resulting in the competing effects on reduced peak bone
mass, ongoing bone accrual, and increased bone resorption. As a
result, DXA may be a poorer predictor of fracture risk in YAs.
There is also lack of prospective data delineating the relationship
between BMD and fracture risk in YAs. Investigation of the utility
of supplementary DXA analyses such as HSA and TBS as well as
novel imaging modalities such as HRpQCT will inform whether
this dilemma can be addressed through newer imaging
methods.

The Fracture Risk Assessment Tool (FRAX®) and the Garvan
fracture risk calculators cannot be used to assess fracture risk in
YAs. FRAX!">® has been validated for use in adults =40 years of
age, and the Garvan fracture risk calculator™® in adults
>50 years of age. Limited studies have demonstrated the appli-
cability of FRAX in subpopulations of younger adults with
chronic disease; however, a clear gap in available risk assessment
tools for YAs remains.

Dilemma 4: The optimal management of osteoporosis in
YAs is unclear

Current management of osteoporosis in YAs relies heavily on
studies that include postmenopausal women and older men.
As demonstrated in Table 2, very few studies investigate the effi-
cacy and safety of available therapies specifically in YAs. Most
available studies use surrogate markers for fracture, such as
aBMD or HRpQCT parameters.

Safety of available therapy in premenopausal women and men

Anti-osteoporosis therapies are not approved for use in pregnant
or lactating women. Use of bisphosphonates is cautioned in pre-
menopausal women due to a theoretical teratogenic effect,
because bisphosphonates cross the placenta. Animal studies
have demonstrated potential adverse impact on fetal long-bone
growth with exposure to bisphosphonates.!'¢®

A review of 36 women who were exposed to bisphosphonates
duriSecondary osteoporosis ng or in the 6 weeks prior to preg-
nancy revealed no increase in congenital abnormalities in the
offspring, compared with offspring of healthy women and
women with systemic disease unexposed to bisphospho-
nates."®® This is consistent with another review that evaluated
51 women exposed to bisphosphonates prior to or during preg-
nancy; no teratogenic effects were identified.""’” A case-series
reported 20% rate of congenital abnormalities; however, no con-
trol group was available.'”"

Teriparatide has even more limited safety data in premeno-
pausal women, although lack of skeletal retention is reassuring.
Ethical considerations clearly limit the plausibility of RCTs to
assess the safety of these therapies in women planning for preg-
nancy. The lack of safety data does, however, complicate the
management of osteoporosis in YAs.

Therapeutics for IOP

Weight-bearing exercise has recognized benefits in assisting in
the management of postmenopausal osteoporosis. In a small
cohort of premenopausal women with IOP, 30 minutes of

aerobic exercise three times a week and one to two sessions of
strength and aerobic training per week resulted in increased spi-
nal aBMD.["7?

The benefits of alendronate, parathyroid (PTH) analogues, and
denosumab have been evaluated in IOP. In middle-aged men
with IOP in the setting of low BMD or fragility fractures, alendro-
nate in addition to calcium and vitamin D increased spinal aBMD
(2.7%/year)."”® Increases at the total hip were also noted, but
not at the femoral neck."”® Treatment with PTH analogues in a
small group of men (aged 30-68 years) with IOP led to improve-
ments in both the femoral neck (2.9%) and spinal aBMD.""”%
Studies focusing on younger men and fracture risk, are limited.

In premenopausal women with IOP, teriparatide increased
aBMD by 5.5% and significantly more than placebo at 6 months
in a phase Il RCT.""”> Teriparatide also increased cancellous and
endocortical bone forming rates 3.3-fold and fourfold respec-
tively, at 3 months.'”> Increases in aBMD and TBS persisted at
24 months, with average spine BMD increases of 13.2%.7%
Phase Il studies for denosumab therapy post-teriparatide treat-
ment are under way. Safety of denosumab and the appropriate
consolidation therapy to prevent rebound vertebral fractures fol-
lowing denosumab cessation in YAs also requires due
consideration.

Suggested approach to osteoporosis in YAs

In the absence of a substantial body of research, the following
recommendations are based on currently available evidence
and clinical experience. Figure 2 provides an algorithm for the
appropriate assessment and management of osteoporosis
in YAs.

As noted in Fig. 2, we recommend that all YAs with fragility
fracture (excluding fractures of the skull and digits) undergo clin-
ical and biochemical (Table 3) assessment for causes of second-
ary osteoporosis, and assessment with DXA. Where possible,
use of local normative data for YAs, referenced for sex, is recom-
mended to negate the impact of variation due to sex and ethnic-
ity. As the significance of idiopathic low BMD is yet to be
elucidated, we recommend against screening YAs with DXA in
the absence of fragility fracture or established risk factors for
fracture.

We suggest a diagnosis of osteoporosis in YAs if either of the
following criteria are met:

1 Fragility fracture in the setting of chronic disease/medication
exposure (Table 1)

2 BMD of Z-score <2 or T-score < —2.5 at the lumbar spine or
hip in the setting of chronic disease/medication exposure
(Table 1) regardless of fracture status.

The role of BMD in the diagnosis of osteoporosis in YA with
fractures in the absence of clinical risk factors is unclear. Given
previously described evidence to support the presence of micro-
architectural abnormalities in YAs with fragility fracture and vary-
ing aBMD (with average aBMD Z-scores > —2.0 at the spine and
hip) in the absence of clinical risk factors, consideration of fragil-
ity fracture alone as a diagnostic criterion for osteoporosis in YAs
is relevant. Further research to investigate the implications of
unexplained fragility fracture without low BMD in YAs is required.

A distinction between sites of fragility fracture have not been
made, other than to exclude the skull and digits, because preme-
nopausal fracture at various sites, including ankle, wrist, and leg,
have been associated with increased risk of postmenopausal
fracture.'’® However, we acknowledge that some fractures,
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Premenopausal women and men aged <50 years with a fragility fracture OR a chronic disease/medication exposure
increasing fracture risk (Table 1)

Initial A!sessment
Assessment of comorbidities and  Assessment of traditional risk Investigations
medications factors * Biochemical and hormonal
* Presence of an underlying chronic ¢ Smoking evaluation to screen for secondary
disease * Alcohol >2 standard units daily causes of osteoporosis
* Presence of chronic kidney or liver <« Low BMI (<19 kg/m?) *  DXA scan — spine and proximal
disease * History of low BMI/significant femur
* Medications increasing fracture risk weight loss in
o Glucocorticoids equivalent to >5mg adolescent/young adult years
daily prednisolone for >3 months, < History of or current
first-generation antiepileptic drugs, amenorrhea in women
PPIs, aromatase inhibitors, + History of parental hip fracture
chemotherapy » History of osteoporosis in first-
* Pelvic and cranial irradiation degree relatives
* Gonadectomy or medications that
suppress gonadal function.
Diagnosis

Osteoporosis: 1) Fragility fracture OR 2) BMD Z-score <-2
in the setting of chronic disease/medication exposure

Initial Ma&agement

* Vitamin D supplementation (aiming for >20ng/mL)

* Increase dietary calcium to 1000mg daily; otherwise use calcium supplementation

*  Smoking cessation

*  Weight-bearing exercise

» Investigate for, and treat, any underlying chronic disease

» Consider sex-steroid replacement in hypogonadal men and women, in the absence of contraindications
* Individualise therapy based on underlying chronic disease

Fracture Risk Stratification & Further Management

High Risk Patients Lower Risk Patients
Identification Identification
*  Fragility fracture * BMD Z-score <-2 in the setting of
*  Z-score <-2.0 AND underlying chronic disease, without fragility
* GIO with ongoing exposure to fracture or glucocorticoid use
moderate-high dose
glucocorticoids or Management
e Other chronic disease with *  As for Initial Management
worsening BMD on subsequent
DXA
Management

* Anabolic or anti-resorptive therapy¥, in the
absence of contraindications

Ongoing Management

*  DXA after 1-2 years to monitor trajectory over time and/or the response to therapy
e The frequency of DXA scans will depend on the initial fracture risk

PPI: proton pump inhibitor; DXA: dual x-ray absorptiometry

» Treatment recommendations apply to pre-menopausal women who are not pregnant/lactating.

#1t is important to inform patients whether these agents have current approval in young men and women in the country
of concern, as this does vary globally. These recommendations are based on available efficacy data in small trials in
young adults, clinical experience and safety and efficacy data widely available in treating post-menopausal osteoporosis.
§ In the context of insufficient data to support safe-transition or cessation from denosumab without risk of spontaneous
vertebral fractures, bisphosphonates may be preferred in this cohort, especially given their younger age.

~ All women of reproductive age commencing therapy needs counselling regarding the potential theoretical teratogenic
effects of these medications, the benefits for the woman’s bone health and appropriate use of effective contraception. If
planning to conceive within 12 months, therapy should not be prescribed. Further discussion regarding the known effects
of pregnancy and lactation on bone health is also indicated.

Fig. 2. Osteoporosis management in premenopausal women and men aged <50 years.
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Table 3. Recommended Biochemical Screening for Secondary
Osteoporosis in Younger Adults

Parameters related to bone mineralization and accrual

Vitamin D level, PTH, Corrected calcium, magnesium, phosphate

Screening for secondary causes

LH, FSH, prolactin, estradiol or testosterone

Urea, electrolytes and creatinine

Liver function tests

Serum protein electrophoresis

Serum tryptase

Anti-tissue transglutaminase antibodies

TSH, T4

HbA1c

ESR

Bone specific ALP

Selective screening, based on clinical history and
examination

24-Hour urinary cortisol (if Cushing's syndrome suspected)

24-Hour urinary calcium (in those with a history of renal stones)

Growth hormone, IGF-1 levels

Hepatitis and HIV serology

ALP = alkaline phosphatase; ESR = erythrocyte sedimentation rate;
FSH = follicle-stimulating hormone; HbA1c = glycated hemoglobin
Alc; HIV = human immunodeficiency virus; IGF-1 = insulin like growth
factor-1; LH = luteinizing hormone; PTH = parathyroid hormone; T4 =
free thyroxine; TSH = thyroid stimulating hormone.

such as at the hip, spine, radius, or humerus, are more clinically
significant.

In YAs with secondary osteoporosis, optimization of existing
risk factors for bone loss is recommended in the first instance
(see Fig. 2). This may include optimization of vitamin D levels
and dietary or supplemental calcium intake, commencement of
weight-bearing exercise and correction of hypogonadism if safe
to do so, correction of factors such as hypercalciuria if relevant,
reducing exposure to offending medications, and optimization
of the underlying disease.

In patients with high risk of fracture, however, such as those
who have sustained fractures at major sites (such as the hip or
vertebrae), multiple osteoporotic fractures, or osteoporotic frac-
tures in the presence of chronic disease, or those who have sig-
nificant loss of bone (>5% or 0.045 g/cm? per year of aBMD at
the lumbar spine or total hip/femoral neck), consideration of
anti-osteoporosis therapy would be prudent. Anabolic therapy
may be especially suitable for those patients with very high risk
of fracture (Fig. 2) and those with multiple fractures or fracture
at major sites such as the vertebrae or hip. However, prescription
is likely to be affected by regional factors such as cost and avail-
ability. Alternatively, anti-resorptive therapy can be considered.

In women of reproductive age, discussion of family planning is
of the utmost importance prior to commencing anti-
osteoporotic therapy. In considering anti-resorptive therapy, oral
bisphosphonates are preferred over intravenous therapy or
denosumab, given the shorter half-life of risedronate and the
absence of rebound fracture risk following withdrawal. Patient
education of the potential adverse effects anti-resorptives on
the fetus and offspring skeleton is needed. Anti-resorptive ther-
apy should not be commenced in women planning to conceive
within the next 12 months. Clinical experience suggests that oral
bisphosphonate therapies, provided they are ceased at least

12 months prior to conception, are not associated with increased
risk of teratogenicity.

Implications for further research

Further research into the incidence, risk stratification, and man-
agement of YAs is clearly needed. The implications of and the
pathophysiology underlying idiopathic fracture in YAs need to
be characterized. The significance of isolated low BMD in YAs is
as yet unclear. Certainly, available data suggest that there is
abnormal bone microarchitecture in these individuals. However,
their long-term fracture risk and thus an intervention threshold,
has not been established.

Targeted tools for fracture risk calculation and guidance on
the optimal methods of diagnosing and monitoring osteoporo-
sis in YAs are needed. Fracture risk assessment tools should ide-
ally take into consideration the presence of different chronic
diseases, sex, and ethnicity.

Research on the safety and efficacy of therapeutic agents in
this cohort is currently limited. Furthermore, the benefits and dis-
advantages of the current common practice of preferential use
of anti-resorptives over anabolic therapy in YAs requires
elucidation.

Dedicated research into the above areas of clinical need will
assist in the development of guidelines, which would benefit
both YA patients and their healthcare professionals.

Conclusion

Fragility fractures in YAs are uncommon. However, an increasing
body of research demonstrates pathological bone microarchi-
tecture and/or low aBMD with or without fracture in a subpopu-
lation of young men and women. Although the implications of
idiopathic low BMD on long-term fragility fracture risk are less
well-established, fractures in those with IOP and in those with
or without chronic disease warrant expert management. A stron-
ger research focus into optimizing the diagnosis, monitoring,
and management of osteoporosis in YAs is now needed.
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