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Abstract

Atopic dermatitis (AD) has been linked to osteoporosis and fractures, but the strength,
mechanisms, treatment implications, and clinical significance of this relationship remain
uncertain. This review critically assesses epidemiological and osteoimmunological evidence
connecting AD with skeletal fragility and proposes a lifespan-based, risk-adapted screening
framework. A recent cohort-based meta-analysis found associations between AD and
osteoporosis (odds ratio [OR], 1.56) and any fracture (OR, 1.08), although heterogeneity
was substantial. Risk appeared higher with severe or long-standing disease and reflected
interactions among inflammatory, therapeutic, nutritional, behavioral, and age-related
factors. Systemic glucocorticoids were the clearest modifiable treatment-related risk, but
did not fully account for the association. The RANK-RANKL-osteoprotegerin system and
IL-4, IL-13, IL-31, and IL-33 offer biological plausibility, although their skeletal effects are
context-dependent and supported primarily by indirect or preclinical evidence. Available
data do not show that dupilumab causes osteoporosis. Emerging pediatric findings suggest
improvements in growth and bone-related biomarkers, but provide no evidence of fracture
prevention. AD alone does not warrant universal DXA screening. Assessment should be
individualized based on age, history of fragility fractures, disease severity and duration,
cumulative systemic glucocorticoid exposure, nutritional status, physical activity, muscle
function, and falls. Prospective studies combining standardized AD phenotyping with
longitudinal imaging, biomarkers, and adjudicated fractures are needed.
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1. Introduction

Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin disease that can
begin in infancy, persist into adulthood, or first present later in life. Its clinical expression
reflects a dynamic interaction among epidermal-barrier dysfunction, microbial dysbiosis,
neuroimmune signaling, and immune polarization, with type 2 pathways predominating
in many—but not all—phenotypes [1-5]. This biological heterogeneity, together with a
substantial burden of pruritus, sleep loss, psychosocial impairment, and treatment exposure,
has shifted the conceptual model of AD from an isolated dermatosis toward a systemic,
life-course disorder with clinically relevant extracutaneous comorbidities [6-10].

Bone fragility has emerged as one of the least resolved components of this expanded
comorbidity spectrum [11-13]. The association is clinically important because AD frequently
develops before attainment of peak bone mass, may persist for decades of skeletal remodeling,
and often coexists with factors that can impair bone health, including systemic glucocorticoid
exposure, reduced physical activity, nutritional restriction, vitamin D insufficiency, and chronic
sleep disruption. Conversely, osteoporosis and fracture are age-dependent outcomes whose
interpretation requires attention to sex, menopausal status, growth, skeletal maturation, and
the distinction between bone mineral density (BMD) and bone quality. A single, uniform
explanation for the AD-bone relationship is therefore unlikely.

The epidemiologic signal is nevertheless increasingly consistent. Systematic reviews
and meta-analyses published since 2020 have linked AD with lower BMD, osteopenia or
osteoporosis, and fractures, while population-based studies have extended these observa-
tions to children, young adults, and older adults [12-32]. The most recent meta-analysis
restricted to cohort studies reported a pooled odds ratio of 1.56 for osteoporosis and 1.08 for
any fracture in people with AD, although between-study heterogeneity remained substan-
tial [31]. Individual cohorts also suggest that risk is not evenly distributed: greater disease
severity, longer duration, older age, and systemic corticosteroid use repeatedly identify
higher-risk subgroups [14-18,24-26,30]. At the same time, variation in case definitions,
exposure ascertainment, fracture coding, BMD testing, disease severity, and adjustment for
lifestyle and medication creates uncertainty about the magnitude—and, more importantly,
the causality—of the association.

A plausible biological bridge is provided by osteoimmunology. Bone remodeling depends
on coordinated communication among osteoblast-lineage cells, osteocytes, osteoclasts, and
immune cells, with the receptor activator of nuclear factor kappa-B (RANK)-RANK ligand
(RANKL)-osteoprotegerin (OPG) axis serving as a central final pathway of osteoclast differen-
tiation and bone resorption [33-43]. In older women with AD, the circulating RANKL/OPG
ratio has been reported to correlate with disease severity, providing a direct, although cross-
sectional, link between cutaneous inflammation and a skeletal remodeling signal [14,22]. Yet
the cytokine biology is not unidirectional. IL-4 and IL-13 can suppress osteoclastogenesis,
promote anti-inflammatory macrophage phenotypes, or increase OPG in several experimental
systems [38,39,42,44 ], whereas excessive or context-dependent type 2 inflammation can pro-
duce different effects, including enhanced osteoclastogenesis in allergic inflammation [45-47].
IL-31 and IL-33 add further complexity because their effects vary across target cells, tissues,
disease models, and inflammatory milieus [34,36,40,41]. These findings support biological
plausibility, but most derive from non-AD or preclinical models and should not be interpreted
as proof of a direct cytokine-to-fracture pathway in patients.

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660

30f48

Non-inflammatory mediators may be equally important. Oral glucocorticoids have well-
established adverse effects on osteoblast survival, bone formation, calcium balance, muscle
function, and fracture risk, and contemporary osteoporosis guidance treats prolonged
exposure as a major secondary cause requiring active risk assessment [48-50]. In AD
cohorts, oral corticosteroid exposure partly modifies, but does not consistently abolish, the
observed fracture association [17,25,26]. Evidence regarding topical corticosteroids is more
reassuring but remains limited by confounding factors such as disease severity, cumulative
dose, body-surface area, and potency [19,21]. Nutritional restriction and vitamin D status
introduce a second layer of ambiguity: recent meta-analyses of vitamin D supplementation
in AD reach differing conclusions regarding improvements in skin severity, while evidence
from dietary interventions remains heterogeneous [51-54]. Reduced exercise capacity,
lower weekly activity, maladaptive lifestyle behavior, and sleep disturbance may further
influence muscle-bone loading, falls, and overall skeletal health [55-57]. Current guidelines
favor targeted systemic therapies, including biologics targeting IL-4/IL-13 signaling and
Janus kinase (JAK) inhibitors, over prolonged systemic glucocorticoid use in patients with
moderate-to-severe AD [58-61]. From a skeletal perspective, these agents may offer indirect
benefits by reducing glucocorticoid exposure and improving inflammatory control, physical
activity, sleep, and nutritional status. However, their direct effects on bone remodeling
remain incompletely understood. IL-4 and IL-13 can inhibit osteoclast differentiation in
experimental models, raising theoretical questions about the consequences of blocking these
pathways [38,39,42,44]. Emerging pediatric evidence suggests that dupilumab treatment
may improve linear growth and bone formation-related biomarkers, although effects on
BMD and fracture risk have not been established [59]. Selective IL-13 inhibitors and JAK
inhibitors may also influence immune-bone interactions, but longitudinal clinical evidence
evaluating their skeletal effects in AD remains limited. Thus, targeted therapies may reduce
glucocorticoid-associated skeletal risk without necessarily exerting direct osteoprotective
effects, as discussed further in Section 6.

Targeted therapy creates a therapeutic paradox. Effective control of AD may improve
sleep, mobility, nutrition, and quality of life and may reduce reliance on systemic gluco-
corticoids, all of which could favor bone health. Conversely, IL-4/IL-13 blockade disrupts
cytokine signaling with context-dependent effects on skeletal remodeling, rendering simple
mechanistic predictions unreliable [38,39,42,46,47]. Long-term dupilumab studies and
pharmacovigilance analyses provide broad safety reassurance, but they were not designed
to detect changes in BMD, bone microarchitecture, or incident fragility fractures [58-64].
Notably, a 2026 post hoc pediatric analysis associated dupilumab treatment with improved
linear growth and favorable changes in bone biomarkers [59]. This finding is clinically
encouraging, but it does not establish an antifracture effect and cannot be extrapolated to
adult or older populations. Within the review window, no prospective adult study was
identified that combined baseline and follow-up DXA, standardized bone turnover markers,
fracture adjudication, and an appropriate untreated or active comparator.

The diagnostic question is therefore not whether every patient with AD should un-
dergo DXA, but which patients are sufficiently enriched for skeletal risk to justify evalua-
tion. General osteoporosis recommendations prioritize age, sex, menopausal status, prior
fragility fracture, and validated clinical risk assessment, whereas glucocorticoid-associated
osteoporosis follows a distinct pathway [48,50,65-69]. DXA interpretation must also be
age-appropriate: Z-scores, rather than T-scores, are central in children, premenopausal
women, and younger men, and low BMD alone does not carry the same diagnostic meaning
across these groups [67,68]. Current dermatology guidelines acknowledge bone-related co-
morbidity but do not yet provide a validated AD-specific screening algorithm [7,9,10,60,61].
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Against this background, the present review critically synthesizes literature published
from 1 January 2020 through 31 July 2026. Its objectives are to define the strength and
limitations of the epidemiologic association between AD, low BMD, osteoporosis, and frac-
ture; distinguish disease-related inflammation from lifestyle-, nutritional-, and treatment-
mediated risk; examine the context-dependent skeletal implications of type 2 cytokines and
targeted therapy; and develop an age-sensitive, risk-adapted framework for clinical assess-
ment and future research. By integrating population evidence with osteoimmunology and
therapeutic data, the review aims to move the field from a broad statement of association
toward clinically testable risk stratification.

2. Review Methodology
2.1. Review Design and Objectives

This study was designed as a critical narrative review supported by a structured literature
search. The methodology was selected to accommodate the heterogeneity of the available
evidence, which included population-based cohorts, cross-sectional studies, clinical trials,
systematic reviews, meta-analyses, mechanistic investigations, pharmacovigilance analyses,
clinical guidelines, and translational studies. Because the included publications differed
substantially in population characteristics, skeletal outcomes, AD definitions, follow-up
duration, and analytical methods, no additional quantitative pooling was performed.

The review was structured around five complementary evidence domains: (1) epidemio-
logic associations between AD and low BMD, osteoporosis, or fracture; (2) osteoimmunological
mechanisms potentially linking cutaneous inflammation with bone remodeling; (3) treatment-
and lifestyle-related modifiers of skeletal risk; (4) the potential skeletal implications of targeted
therapy; and (5) age-sensitive diagnostic assessment and risk-adapted screening.

2.2. Literature Search Strategy

A structured search of PubMed/MEDLINE was conducted for articles first published
between 1 January 2020 and 31 July 2026. Crossref records, journal websites, and publisher
platforms were subsequently consulted to verify bibliographic metadata, publication dates,
article status, pagination, and DOI accuracy. The reference lists of relevant systematic
reviews, meta-analyses, guidelines, and key original studies were also manually screened
to identify additional eligible publications.

The search strategy combined controlled vocabulary, when available, with free-text
terms related to AD and skeletal health. The principal search concepts included: “atopic
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atopic eczema,” and “eczema”; “osteoporosis,

e

dermatitis, osteopenia,” “bone mineral

density,” “bone fragility,” “fracture,” “fragility fracture,” “bone turnover,” and “bone remod-

., o4

eling”; “osteoimmunology,” “osteoclast,” “osteoblast,” “osteocyte,” “RANK,” “RANKL,”
and “osteoprotegerin”; “interleukin-4 (IL-4),” “IL-13,” “IL-31,” “IL-33,” and “type 2 inflam-

", u

mation”; “glucocorticoids,

i ” i

corticosteroids,” “vitamin D,” “nutrition,” “dietary restriction,”

i v, 4 ” o

“physical activity,” “exercise,” and “sleep”; “dupilumab,” “biologic therapy,” “targeted
therapy,” “JAK inhibitor,” and “systemic therapy”; and “dual-energy X-ray absorptiometry,”
“DXA,” “T-score,” “Z-score,” “screening,” and “fracture risk assessment.”

Search terms were combined using the Boolean operators “AND” and “OR.” Broader
searches were initially used to identify epidemiologic and clinical evidence, followed
by targeted searches addressing specific mechanisms, treatments, risk modifiers, and

diagnostic considerations.

2.3. Eligibility Criteria and Study Selection

Publications were considered eligible when they met at least one of the following criteria:
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e Evaluated BMD, osteopenia, osteoporosis, fracture incidence, fracture risk, bone
turnover markers, or skeletal growth in patients with AD;

e Investigated clinical factors that could modify skeletal risk in AD, including disease
severity, disease duration, age, systemic or topical corticosteroid exposure, physical
activity, nutrition, vitamin D status, or sleep disturbance;

e Examined immune pathways relevant to both AD and bone remodeling, particularly
the RANK-RANKL-OPG system and the effects of IL-4, IL-13, IL-31, or IL-33;

e  Assessed the long-term efficacy or safety of targeted AD therapy and reported outcomes
potentially relevant to skeletal health, growth, or bone biomarkers;

e Provided current guidance on AD management, osteoporosis prevention, DXA inter-
pretation, or fracture-risk assessment; or

e  Contributed directly to the development of an age-sensitive and risk-adapted approach
to skeletal evaluation.

Priority was given to original cohort studies, population-based investigations, controlled
clinical studies, systematic reviews, meta-analyses, and evidence-based clinical guidelines.
Mechanistic studies performed in non-AD inflammatory conditions, cell cultures, or animal
models were included only when they addressed pathways directly relevant to the proposed
AD-bone relationship. Such evidence was interpreted as biologically informative rather
than as direct clinical proof.

Articles were excluded if they were first published before 1 January 2020, did not
provide information relevant to AD or skeletal biology, represented duplicate reports
without additional data, or lacked sufficient methodological or bibliographic information
for evaluation. Two frequently cited papers assigned to 2020 print issues but first published
online in 2019 were excluded to preserve the predefined first-publication window.

Following removal of duplicate or clearly irrelevant records, titles and abstracts were
screened for relevance. Potentially eligible publications were then assessed through their
abstracts, full texts when available, and verified journal records.

2.4. Evidence Extraction and Thematic Synthesis

For each included publication, the following information was considered where applica-
ble: study design, country or data source, sample size, age group, definition and severity of
AD, duration of follow-up, corticosteroid or targeted-therapy exposure, skeletal outcome,
method of BMD assessment, fracture definition, covariates included in adjusted analyses,
principal effect estimates, and major limitations.

The evidence was organized into six predefined thematic categories:

e AD context, pathogenesis, and comorbidity framing;

e  Direct clinical and epidemiologic evidence concerning AD and bone health;
e  Osteoimmunology and type 2 cytokine mechanisms;

e  Treatment-, nutritional-, behavioral-, and lifestyle-related risk modifiers;

o  Targeted therapy and potential skeletal implications; and

e Diagnostic assessment and risk-adapted screening.

Evidence synthesis emphasized consistency across study designs, temporality, dose-
or severity-related patterns, biological plausibility, and the extent to which associations
persisted after adjustment for age, sex, corticosteroid exposure, comorbidities, and lifestyle
factors. Particular attention was given to distinguishing association from causation and
to separating disease-related inflammation from treatment exposure and behavioral or
nutritional mediators.

Clinical and preclinical evidence was not assigned equivalent evidentiary weight.
Population-based longitudinal studies and meta-analyses were prioritized when evalu-
ating osteoporosis and fracture risk, whereas experimental studies were used primarily
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to assess mechanistic plausibility. Similarly, pharmacovigilance signals and uncontrolled
long-term extension studies were interpreted with caution because they were not designed
to detect changes in BMD or fracture incidence.

2.5. Methodological Limitations

This review was narrative rather than systematic and was not prospectively registered.
Formal risk-of-bias instruments were not uniformly applied due to the considerable het-
erogeneity of the included evidence, which ranged from experimental studies and clinical
guidelines to retrospective database analyses and prospective cohort studies. The search
was centered on PubMed/MEDLINE and was supplemented by manual citation screening
and publisher-level verification; therefore, relevant publications indexed exclusively in other
databases may have been missed.

Additional limitations arose from the underlying literature. Definitions of AD, osteo-
porosis, osteopenia, and fracture varied across studies, and disease severity was frequently
inferred from treatment patterns or diagnostic codes rather than standardized clinical scores.
BMD measurements were not universally available, corticosteroid exposure was inconsis-
tently quantified, and residual confounding by physical activity, nutrition, smoking, body
composition, sleep disturbance, and comorbid disease remained possible. These limitations
were explicitly considered when interpreting the strength, clinical relevance, and causal
implications of the available evidence.

This review was conducted as a narrative review and therefore did not follow the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. No
formal meta-analysis, quantitative evidence grading, or systematic risk-of-bias assessment
of the included studies was performed.

During manuscript preparation, generative artificial intelligence tools, including Chat-
GPT (GPT-5.5, OpenAl) and Claude (Claude Sonnet 5, Anthropic), were used to assist
with the organization and structuring of the review, synthesis and presentation of relevant
literature, language editing and refinement, verification and formatting of bibliographic
references according to the journal’s requirements, and the creation and refinement of
figures and graphical illustrations.

These tools were used exclusively as supportive instruments and not as autonomous
sources of scientific evidence. All scientific statements, bibliographic references, and Al-
assisted content were critically reviewed, verified against the original scientific literature
where applicable, and edited by the authors. The authors retain full responsibility for the
accuracy, integrity, scientific content, and conclusions of the manuscript.

3. Epidemiological and Clinical Evidence Linking Atopic Dermatitis to
Bone Fragility
3.1. Evidence from Systematic Reviews and Meta-Analyses

The relationship between AD and skeletal health has been evaluated through several
systematic reviews and meta-analyses, although their conclusions must be interpreted
in the context of marked clinical and methodological heterogeneity [12,13,23,31]. The
included studies varied in age distribution, AD definition, disease severity, duration of
follow-up, corticosteroid exposure, and methods for identifying osteoporosis or fractures.
Some investigations used DXA-derived measurements, whereas others relied on diagnostic
codes, insurance claims, electronic health records, or self-reported outcomes. Consequently,
the available evidence describes a consistent epidemiologic signal but does not establish a
uniform biological effect across all patients with AD.

A 2021 systematic review concluded that AD may be associated with impaired bone
health across different age groups but emphasized the limited number of studies with
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direct BMD measurements and adequate control of disease severity, medication expo-
sure, and lifestyle-related confounders [12]. A contemporaneous meta-analysis found that
adults with AD had higher odds of osteoporosis (OR 1.95, 95% CI 1.18-3.23), osteopenia
(OR 1.90, 95% CI1.51-2.38), and fracture (OR 1.13, 95% CI 1.05-1.22) than individuals
without AD [13]. Nevertheless, the primary studies included in that analysis were hetero-
geneous and frequently differed in their definitions of AD and skeletal outcomes.

A subsequent meta-analysis with trial sequential analysis supported an association
between AD and fracture but similarly noted that the available evidence was derived
predominantly from observational datasets [23]. More recently, a 2026 meta-analysis
restricted to cohort studies included 10 studies involving between several hundred and more
than 2 million patients with AD [31]. The pooled analysis indicated an increased likelihood
of osteoporosis (OR 1.56, 95% CI 1.14-2.13) and a smaller increase in the likelihood of any
fracture (OR 1.08, 95% CI 1.05-1.10). However, heterogeneity was considerable for both
osteoporosis and fracture outcomes, with I? values of 99.9% and 82.1%, respectively [31].
These estimates therefore represent average associations across clinically diverse populations
rather than a uniform risk applicable to every patient with AD.

The discrepancy between the relatively stronger association with osteoporosis and the
more modest association with fracture is clinically relevant. Fracture is determined not only by
BMD but also by bone microarchitecture, age, falls, muscle function, medication use, trauma
exposure, and competing comorbidities. Conversely, osteoporosis diagnoses in administrative
databases may be influenced by healthcare utilization and the likelihood of undergoing DXA.
The two outcomes should therefore remain analytically distinct rather than being treated as
interchangeable manifestations of a single AD-associated skeletal phenotype.

The substantial statistical heterogeneity observed in the available meta-analyses, par-
ticularly for osteoporosis (I = 99.9%) and overall fracture risk (I> = 82.1%), limits the
generalizability of pooled estimates [31]. Differences in age distribution, disease severity,
cumulative glucocorticoid exposure, diagnostic definitions, and adjustment for potential
confounders may contribute to this variability. Consequently, these findings should be
interpreted as epidemiological associations rather than evidence of a direct causal effect of
AD-related inflammation on skeletal deterioration. Although osteoimmunological mecha-
nisms provide biological plausibility, their independent contribution to clinically relevant
bone loss and fractures remains unconfirmed.

3.2. Bone Mineral Density and Osteoporosis Across the Lifespan

Evidence concerning BMD is not uniform across age groups. This is particularly impor-
tant because AD often begins before peak bone mass is achieved but may persist into later
adulthood, when age-related bone loss becomes increasingly relevant. The interpretation
of low BMD must therefore account for growth, sex, menopausal status, body composition,
and the appropriate use of Z-scores or T-scores.

In young adults, the available evidence does not support a generalized reduction in BMD
among all individuals with AD. In a Korean population-based analysis of men younger
than 50 years and premenopausal women, the overall prevalence of low BMD, defined by a
Z-score of —2.0 or lower, did not differ significantly between participants with and without
AD. Lumbar-spine BMD was modestly lower among men with AD, but low BMD was
not more prevalent in the AD group as a whole. Within the AD population, early disease
onset, longer disease duration, lower body mass index, lower vitamin D concentrations,
and selected socioeconomic or reproductive factors were associated with lower BMD [16].
These results argue against considering AD alone sufficient to identify young adults at high
skeletal risk and instead support a risk-enrichment model based on disease history and
conventional bone-related factors.
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Additional hypothesis-generating evidence was presented in meeting abstract P1067, which
reported a 12-month cross-sectional comparison of 120 adults with moderate-to-severe AD
and 120 healthy controls. Osteoporosis was identified in 25% of patients with AD versus
10% of controls, while osteopenia was reported in 40% versus 22%, respectively. Longer
disease duration, higher Eczema Area and Severity Index scores, and systemic corticosteroid
exposure were associated with less favorable skeletal outcomes. However, because these
findings were reported only in abstract form, with limited information regarding participant
selection, confounder adjustment, DXA interpretation, and model specification, they should
be considered preliminary and require confirmation in a full peer-reviewed publication [70].

Pediatric studies present an additional interpretive challenge. Fractures in children are
commonly traumatic and cannot automatically be classified as fragility fractures. More-
over, skeletal growth, pubertal development, nutritional status, physical activity, and body
size strongly influence BMD. Observational studies have nevertheless identified a small
increase in fracture incidence among children with AD [18,20]. In a Korean matched co-
hort, children with AD had an approximately 8% higher adjusted risk of fracture than
unaffected children, with associations reported for skull and facial, truncal, and distal-limb
fractures [18]. Systemic corticosteroid prescriptions, antihistamine exposure, and infant
feeding characteristics were among the factors that contributed to the observed relationship.
These findings suggest that childhood fracture risk may reflect a combination of disease
severity, medication exposure, behavior, nutrition, and accidental injury rather than isolated
deterioration of bone strength.

The contribution of topical corticosteroids remains uncertain but appears less concerning
than that of systemic therapy. A pediatric population-based study found no convincing
evidence that topical corticosteroid exposure independently increased fracture risk [19]. In
adults, a randomized comparison of topical corticosteroid and tacrolimus treatment evalu-
ated insulin sensitivity and bone homeostasis without establishing a clinically important
adverse skeletal effect attributable to appropriately used topical corticosteroids [21]. Never-
theless, cumulative potency, treated body-surface area, exposure duration, adherence, and
the potential for systemic absorption remain difficult to quantify in retrospective datasets.

Among older adults, the distinction between BMD and fracture becomes particularly
evident. In a retrospective study of patients aged at least 45 years who underwent DXA,
BMD was similar between patients with AD and matched controls. AD was not signifi-
cantly associated with fractures at all skeletal sites (adjusted HR 2.55, 95% CI 0.72-9.01),
but an association was observed for incident vertebral fractures (adjusted HR 6.80, 95%
CI 1.77-26.17) during a relatively short follow-up period [24]. The wide confidence inter-
vals, small AD sample size, and limited number of events limit the precision of this estimate.
Nevertheless, the coexistence of similar BMD and greater vertebral fracture incidence raises
the possibility that DXA alone may not capture all relevant aspects of skeletal vulnerability
in older patients with AD.

3.3. Fracture Risk and Anatomical Patterns

Population-based studies generally support a modestly increased fracture risk in AD,
but the magnitude varies according to disease severity, age, anatomical site, and study
design [15,17,20,24,27,30,31]. In a nationwide matched cohort, the 16-year cumulative
incidence of fracture was 8.043% in patients with AD and 7.366% in controls [15]. Severe
AD was independently associated with fracture (adjusted HR 1.31, 95% CI 1.08-1.59),
suggesting that fracture risk may be concentrated among patients with a greater cumulative
inflammatory or treatment burden.

The most recent cohort-based meta-analysis found that the association varied by fracture
site [31]. Vertebral fractures showed a pooled OR of 1.14 (95% CI 1.08-1.20), whereas
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lower-limb fractures had an OR of 1.11 (95% CI 1.08-1.13). These differences may reflect
variations in trabecular and cortical bone vulnerability, falls, mobility, trauma patterns, and
outcome ascertainment. However, the modest effect sizes and residual heterogeneity do
not support using the fracture site alone to infer an AD-specific skeletal mechanism.

Large healthcare database studies have strengthened temporal evidence by identifying
fracture events after AD diagnosis [17,20,27,30]. The longitudinal nature of these investi-
gations reduces, but does not eliminate, concerns regarding reverse causation. Diagnostic
coding cannot consistently distinguish low-energy fragility fractures from high-energy
traumatic injuries, and administrative records frequently lack DXA values, bone turnover
markers, cumulative inflammatory activity, falls, and detailed medication adherence. In-
creased healthcare contact among patients with AD may also raise the probability that
osteoporosis or minor fractures are diagnosed and recorded.

Recent studies in adults and older populations further indicate that AD-related skeletal
risk cannot be interpreted independently of the broader comorbidity profile [24,29,30].
Patients with persistent or severe AD may have a higher prevalence of sleep disturbance,
depression, reduced physical activity, obesity, smoking, cardiovascular disease, and use of
medications that influence falls or bone metabolism. A prospective UK Biobank investigation
of allergic diseases also demonstrated that skeletal associations were not uniform across
atopic conditions, with the strongest signals observed for asthma and cumulative allergic
disease burden rather than for every allergic phenotype individually [32]. This reinforces
the need to avoid extrapolating findings from one allergic disorder to another without
disease-specific analyses.

3.4. Disease Severity, Duration, and Treatment Exposure

Disease severity appears to be one of the most reproducible modifiers of fracture risk.
Cohort studies and meta-analytic subgroup analyses have reported progressively greater
fracture risk in patients with more severe AD [15,17,22,30,31]. However, disease severity
is commonly defined indirectly through prescriptions, specialist consultations, hospital
diagnoses, or use of systemic treatment. These proxies may capture both inflammatory
burden and treatment intensity, making their individual contributions difficult to separate.

Duration and age at onset may also be important. In young adults, early-onset and longer-
lasting AD were associated with low BMD within the affected population, even though AD
was not associated with a higher overall prevalence of low BMD relative to controls [16].
Long-standing disease may influence skeletal health through cumulative inflammation, re-
peated glucocorticoid exposure, prolonged sleep disturbance, physical inactivity, nutritional
restriction, or failure to achieve optimal peak bone mass. Nevertheless, longitudinal studies
beginning in childhood and incorporating repeated DXA examinations are lacking.

Systemic glucocorticoid exposure is an established cause of secondary osteoporosis and
represents a major potential mediator of the AD—fracture relationship [25,26,48-50]. In the
nationwide cohort reported by Lin et al., both topical corticosteroid exposure and systemic
corticosteroid doses of at least 10 mg/day were associated with fracture, with a stronger
association for systemic treatment [15]. Such results must be interpreted cautiously because
treatment intensity is also a marker of disease severity.

Importantly, a population-based analysis specifically evaluating oral corticosteroids
concluded that only a limited proportion of the association between atopic eczema and
major osteoporotic fracture was explained by oral corticosteroid exposure [17]. This finding
suggests that systemic glucocorticoids are clinically important but unlikely to represent
the sole explanation for the observed epidemiologic association. In contrast, appropriately
used topical corticosteroids have not consistently been associated with fracture in pediatric
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cohorts [19]. The overall evidence therefore supports distinguishing systemic exposure
from topical treatment rather than grouping all corticosteroid use into a single risk category.

Recent claims-based analyses confirm that systemic glucocorticoids are still used in AD,
despite guideline recommendations favoring more targeted long-term strategies [25,26].
Their harms are likely to depend on cumulative dose, treatment duration, frequency of
repeated courses, baseline fracture risk, age, menopausal status, and concomitant medica-
tions. Studies that classify exposure only as present or absent may therefore underestimate
clinically relevant dose-response relationships.

The principal clinical studies evaluating bone mineral density, osteoporosis, and fracture
outcomes in patients with AD are summarized in Table 1.

Table 1. Clinical and epidemiological studies evaluating the association between AD and bone fragility.

Bone-Related

Interpretation and

Study Design and Population Outcomes Main Findings Principal Limitations
Most included studies Supports an overall
Svstematic review of suggested an association association but highlights
Y . .. BMD, osteopenia, between AD and impaired substantial heterogeneity
Mukovozov observational studies in . ) . . )
osteoporosis, bone health, particularly in in populations, outcome

etal., 2021 [12]

children and adults
with AD

and fractures

adults and patients with
more severe disease, although
findings were not uniform.

definitions, disease severity,
and adjustment for
corticosteroid exposure.

AD was associated with
osteoporosis (OR 1.95, 95%

Provides quantitative
evidence of increased
skeletal risk, but the

Wu et al., fgj::f:g:lc ;esv(l)iw and IS;X;VOBI(\)/?S;i(S)steOpema, CI 1.18-3.23), osteopenia estimates were derived
2021 [13] observatio};al studies and frpac ture; (OR 1.90, 95% CI11.51-2.38), predominantly from
and fractures (OR 1.13,95%  heterogeneous
CI 1.05-1.22). observational and
cross-sectional studies.
Serum RANKL levels and Provides a mechanistic
Cross-sectional Ir}:(fr{e{eil:de%i/t(})‘liGDrzsseri ¢ signal connecting AD
biomarker study of Serum RANKL, OPG, The association was most Y severity with
Sakai et al., patients with AD, with ~ and RANKL/OPG apparent among older osteoclastogenic
2021 [14] subgroup analyses ratio; history of PP & ) regulation, but the small,
. . women, and elevated ratios . .
according to osteoporosis or fracture . . cross-sectional design
were observed in patients
age and sex with osteoporosis precludes temporal or
or fractureg causal inference.
Fractures occurred in 4.12% Large population and
of patients with AD and long follow—uP Subp orta
Nationwide matched 3.78% of controls. The H;(;iiitlsz oic;a;cle?]r;,r o
. retrospective cohort; Incident fractures and 16-year cumulative b Y
Linetal., . . . L o disease; claims-based
2021 [15] 36,855 patients with AD  anatomi- incidence was 8.043% versus diaenoses. residual
and 147,420 individuals  cal fracture sites 7.366%, respectively. Severe con%oun di,n and
without AD AD was associated with incomplete %iinical
higher fracture risk (HR Characrtjeriza tion
1.31,95% CI 1.08-1.59). remain limitations.
Overall low-BMD prevalence
did not differ signi};icantly Suggests that AD alone may
. . not reduce BMD in young
. between participants with .
Cross-sectional study . . 1 adults and that disease
. Lumbar spine and and without AD. Within the . o
Kim et al., of young Korean adults femoral BMD: low AD eroun, earlier onset duration and constitutional
2021 [16] using population-based ! roup, / factors may identify

health and DXA data

BMD and osteoporosis

longer disease duration, and
lower BMI were associated
with less favorable

bone measurements.

susceptible subgroups. The
cross-sectional design limits
causal interpretation.
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Table 1. Cont.

Bone-Related

Interpretation and

Stud Design and Population Main Findings
y 8 4 Outcomes 8 Principal Limitations

Indicates that systemic

Adults with atopic eczema . sy

. . corticosteroids are

. . had an increased risk of .

Major osteoporotic . relevant but unlikely to
. fractures, with stronger .
Population-based fractures and fractures o account for the entire
Matthewman associations in more severe

etal.,, 2022 [17]

matched cohort using
UK primary-care data

at specific anatomical
sites; mediation by
oral corticosteroids

disease. Oral corticosteroid
exposure explained only a
limited proportion of the
observed association.

fracture signal. Residual
confounding and outcome
misclassification inherent
to routine

data are possible.

Nationwide pediatric

Incident fractures and

Children with AD had a
modestly higher fracture
rate than children without

The large sample supports
a small pediatric
association, but
participants were

. <
2%;; t[ ? 51;]’ cohort including associated clinicaland ~ AD (adjusted RR 1.08, 95% ;12;12 ﬁiﬁz i(;l;irra:g:ure
145,704 children social factors CI1.05-1.10). The .
L . fully characterized, and
association was observed in .
traumatic fractures could
both sexes.
not always be separated
from fragility fractures.
Reassuring regarding
appropriately prescribed
Topical corticosteroid use EZE 15:11 Zﬁ?‘zn;?t; sure
Population-based Fractures in relation to ~ was not associated with a P post
Imhof et al., L . . . assessment and limited
pediatric cohort of topical clinically meaningful . .
2022 [19] ) ) . . . . L information on adherence,
patients with AD corticosteroid exposure increase in pediatric
) treated body surface area,
fracture risk. .
and cumulative
absorption
remain relevant.
Temporal ordering
Children who developed strengthens the evidence,
Korean nationwide AD had a modest increase but administrative data
Leeetal, birth cohort with 1:3 Incident fractures after  in subsequent fracture cannot adequately
2023 [20] propensity-score development of AD incidence compared with distinguish bone fragility
matching matched children from fractures related to
without AD. physical activity or
accidental trauma.
Provides controlled
Randomized controlled Sh01.rt-term t'oplcal . evidence against a major
. . corticosteroid treatment did  short-term skeletal effect
study in adults with . . . . .
. . Bone-homeostasis not produce a clinically of topical corticosteroids;
Gether et al., AD comparing topical . . L .
. i markers and important deterioration in treatment duration and
2023 [21] corticosteroid . .
. . metabolic outcomes the evaluated measures of sample size were
treatment with topical . . -
. bone homeostasis compared insufficient to evaluate
tacrolimus . . ;
with tacrolimus. osteoporosis or
fracture outcomes.
The pooled evidence Trial sequential analysis
. strengthened the
supported an increased
1 . . assessment of the
fracture risk in patients with accumulated evidence
Zhou et al., Meta-analysis and trial . AD, although the . -
. . Overall fracture risk . but conclusions remained
2023 [23] sequential analysis magnitude of the

association was modest and
the available studies
remained heterogeneous.

dependent on
observational studies and
variable adjustment for
confounders.

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660

12 of 48

Table 1. Cont.

Bone-Related

Interpretation and

Design and Population Main Findin
Study esign and Populatio Outcomes a dings Principal Limitations
After propensity-score Suggests that fracture risk,
. matching, BMD was similar  particularly vertebral risk,
Retrospective
hospital-based studv of between groups. AD was may not be fully captured
) P y BMD, FRAX estimates,  not significantly associated =~ by BMD. The small
Hsiao et al., adults aged >45 years; . . .
2024 [24] 50 patients with AD and incident with fractures at all sites number of fractures, short
p osteoporotic fractures (HR 2.55,95% CI10.72-9.01), follow-up, and wide
and 386 controls ; : .
undereoing DXA but vertebral fracture risk confidence intervals
gomg was increased (HR 6.80, require cautious
95% C11.77-26.17). interpretation.
Longer cumulative oral .
. . ; . Supports cumulative
Nationwide corticosteroid use was . Lo
o1 . 1 . systemic glucocorticoid
longitudinal cohort of ) associated with increasing "
. Osteoporosis, fractures, . exposure as a modifiable
Jang et al., adults with AD ) ) risks of several adverse .
. and multiple systemic . . skeletal risk factor;
2024 [25] evaluating long-term outcomes, including . T
. . safety outcomes : confounding by indication
oral corticosteroid osteoporosis and fractures, .
, and AD severity cannot be
exposure compared with
completely excluded.
shorter exposure.
Systemic glucocorticoids Demonstrates the
. remained frequently used real-world relevance of
. . Patterns of systemic . . . .
Claims-data analysis of o despite recommendations potentially avoidable
. , ) glucocorticoid use and . . s
Hagenstrom patients with AD . limiting their role, and glucocorticoid exposure,
. . associated harms, . .
etal., 2024 [26]  receiving systemic . . greater exposure was but claims data provide
) . including ) ) : S !
glucocorticosteroids associated with an increased  limited information on

skeletal outcomes

burden of treatment-related
adverse outcomes.

disease activity, adherence,
and lifestyle confounders.

Matthewman
etal., 2024 [27]

Seventy-one matched
cohort analyses using
UK primary-care
records; up to 3.6
million people with
eczema and 16.8
million comparators

Broad health outcomes,
including osteoporosis
and fractures

Atopic eczema was
associated with multiple
adverse health outcomes,
including skeletal
endpoints, with generally
stronger associations in
more severe disease.

An extremely large
sample size and a
consistent analytical
framework facilitate
comparisons across
outcomes; multiplicity,
coding accuracy, and
residual confounding
limit causal interpretation.

Lemeshow et al.,
2025 [29]

Retrospective cohort
study using the US
Optum electronic
health records database

Incident disease events,
including osteoporosis
and fractures

Adults with AD showed
increased rates of several
subsequent comorbidities,
including bone-related
outcomes, compared with
adults without AD; risks
varied according to disease
and treatment
characteristics.

Extends the association to
a large contemporary US
population, but outcome
identification relied on
electronic records and
may be influenced by
healthcare utilization and
surveillance bias.

Chiesa Fuxench
etal., 2025 [30]

Population-based UK
adult cohort

Opverall and site-specific
incident fractures;
analyses according to
AD severity

Adults with AD had a
modestly increased fracture
risk, with stronger
associations among patients
with more severe disease
and variation across
anatomical fracture sites.

Supports a severity
gradient but remains
vulnerable to residual
confounding by
glucocorticoid exposure,
BMI, physical activity,
falls, and other
osteoporosis
determinants.
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Table 1. Cont.

Bone-Related

Interpretation and

Study Design and Population Outcomes Main Findings Principal Limitations
AD was associated with
osteoporosis (OR 1.56, 95%
CI 1.14-2.13), any fracture Confirms a modest
Osteoporosis, any (OR 1.08,95% CI11.05-1.10), population-level
Liu et al. Meta-analysis of 10 fracture. ver t(lebral vertebral fracture (OR 1.14), association but shows that
2026 [ 31]’ cohort studies fracture, and and lower-limb fracture (OR  osteoporosis estimates
lower-li;nb fracture 1.11). Heterogeneity was vary markedly across
considerable for studies; pooled results do
osteoporosis (I2 = 99.9%) not establish causality.
and overall fractures
(12 = 82.1%).
Provides prospective
Allergic disease burden was  evidence for an
associated with subsequent  allergy—bone relationship
Prospective UK Hospital-recorded skeletal outcomes, but but should not be
Peng et al., Biobank cohort of older P is and mai associations differed interpreted as AD-specific
2026 [32] adults with osteoporosis ;an MO petween allergic proof because of
allergic diseases osteoporotic fractures phenotypes; the strongest overlapping allergic
signals were not consistently  conditions and
attributable to AD alone. hospital-recorded
outcome ascertainment.
Osteoporosis was reported
Twelve-month in 25% of patients with AD ~ Hypothesis-generating
cross-sectional study; versus 10% of Zg?trols, and con}flere:rlce l:zfabs’cratc‘c
’ ) osteopenia in 40% versus without sufficien
Mitroi et al., éé? 6an ui;srs%: ictlh E)S)::;_d:ilil;e; d 22%. Longer disease methodological detail or
2025 [70] mo der};te- to-severe AD osteogorosis duration, higher EASI full peer-reviewed

and 120 healthy
controls

scores, and systemic
corticosteroid use were
associated with less
favorable outcomes.

reporting; not included in
the formal evidence base
or quantitative synthesis.

Abbreviations: AD, atopic dermatitis; BMD, bone mineral density; CI, confidence interval; DXA,
dual-energy X-ray absorptiometry; FRAX, Fracture Risk Assessment Tool; OPG, osteoprotegerin; OR,
odds ratio; RANKL, receptor activator of nuclear factor-«B ligand; RR, risk ratio.

Collectively, these studies support a modest but clinically relevant association between

AD and bone fragility, while substantial methodological heterogeneity and the influence of

disease severity, age, treatment exposure, and conventional skeletal risk factors preclude a

simple causal interpretation.

3.5. Clinical Interpretation of the Epidemiologic Evidence

Taken together, current evidence supports an association between AD and skeletal

outcomes, but the effect is heterogeneous and generally modest at the population level. The

most defensible interpretation is not that AD uniformly causes osteoporosis, but that it may

contribute to a multifactorial skeletal-risk phenotype in susceptible subgroups. Patients

with severe or long-standing disease, repeated systemic glucocorticoid exposure, low body

mass index, nutritional restriction, low vitamin D status, reduced physical activity, sleep

disturbance, older age, or additional conventional osteoporosis risk factors are likely to

account for a substantial proportion of the observed burden.

Several findings argue against an overly simplified disease-to-bone pathway. Low BMD

was not more prevalent among all young adults with AD [16]; older patients may experience

vertebral fractures despite BMD values similar to those of controls [24]; oral corticosteroids

explained only part of the fracture association [17]; and the magnitude of risk varied sub-
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stantially across fracture sites, age groups, and severity strata [ 18,20,31]. These observations
suggest that BMD, bone quality, falls, trauma, inflammation, treatment, and lifestyle may
contribute differently throughout the lifespan.

The epidemiologic literature also does not currently justify universal DXA screening
solely on the basis of an AD diagnosis. Instead, the evidence supports targeted skeletal
assessment in patients whose AD coexists with established clinical risk factors or indicators
of cumulative disease burden. This risk-adapted interpretation is consistent with the modest
pooled fracture estimate, the pronounced between-study heterogeneity, and the absence of
validated AD-specific screening thresholds.

Future studies should combine standardized AD severity measurements with cumula-
tive treatment exposure, repeated DXA, age-appropriate Z-score or T-score interpretation,
trabecular bone score or other measures of bone quality, standardized bone turnover mark-
ers, falls assessment, and adjudicated low-trauma fractures. Prospective designs should
also evaluate whether effective long-term control of AD reduces skeletal risk through im-
proved mobility, sleep, nutrition, and reduced systemic glucocorticoid exposure. Until
such evidence becomes available, the association between AD and bone fragility should be
regarded as clinically relevant but heterogeneous, multifactorial, and not yet proven to be
directly causal.

4. Osteoimmunological Mechanisms Linking Atopic Dermatitis to
Bone Remodeling
4.1. Bone Remodeling as an Immune-Regulated Process

Bone is a metabolically active tissue maintained through continuous coupling between
osteoclastic resorption and osteoblastic formation. Osteocytes coordinate much of this
process by sensing mechanical and hormonal signals and by regulating the availability of
RANKL. Binding of RANKL to its receptor RANK on osteoclast precursors activates signal-
ing pathways—including NF-xB, mitogen-activated protein kinases, and nuclear factor of
activated T cells 1—that promote osteoclast differentiation, survival, and bone-resorptive
activity. OPG, a soluble decoy receptor produced primarily by cells of the osteoblastic
lineage, prevents RANKL-RANK interaction and thereby restrains osteoclastogenesis. Con-
sequently, the balance between RANKL and OPG is more informative than either mediator
considered in isolation [33,35,37,43].

The immune and skeletal systems share numerous cellular populations and signaling
mediators. Activated T cells, B cells, macrophages, dendritic cells, and stromal cells can
influence RANKL expression or produce cytokines that regulate osteoclast and osteoblast
activity. Pro-inflammatory mediators such as tumor necrosis factor-oa (TNF-«), IL-1B,
IL-6, and IL-17 generally favor osteoclastogenesis, whereas other cytokines may exert anti-
resorptive, anabolic, or context-dependent effects. Chronic inflammatory diseases can
therefore impair bone strength by shifting remodeling toward resorption, suppressing bone
formation, or disrupting the normal coupling of these processes [34,37,43].

AD differs immunologically from classic osteoclastogenic disorders such as rheumatoid
arthritis. Its dominant cytokine profile is usually type 2-skewed, particularly during the
acute phase, although chronic and severe disease may involve broader immune activation,
including type 1, type 17, and type 22 pathways. The skeletal consequences of AD cannot
therefore be inferred from a single cytokine or from a simple “inflammation causes bone
loss” model. Instead, they probably reflect the combined effects of disease phenotype,
inflammatory duration, age, hormonal environment, treatment exposure, nutrition, physical
activity, and mechanical loading.
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4.2. The Context-Dependent Effects of IL-4 and IL-13

IL-4 and IL-13 are central mediators of type 2 inflammation in AD. Both signal through
receptor complexes containing the IL-4 receptor-« subunit, activate Janus kinase-signal
transducer and activator of transcription pathways, and contribute to epidermal barrier
dysfunction, pruritus, microbial susceptibility, and chronic cutaneous inflammation. Their
effects on bone, however, are biologically complex.

Experimental studies have frequently shown that IL-4 can suppress osteoclast differen-
tiation by interfering with RANKL-induced signaling and by promoting an alternatively
activated, anti-inflammatory macrophage phenotype. IL-4 has also reduced osteolysis in mod-
els of cartilage-debris inflammation, wear-particle disease, and periodontitis [38,39,44]. IL-13
may similarly inhibit bone erosion under certain inflammatory conditions, partly through in-
creased OPG expression and attenuation of osteoclastogenic signaling [42]. These observations
challenge the assumption that type 2 cytokines are intrinsically detrimental to bone.

Their effects nevertheless depend on cytokine concentration, exposure duration, tissue
compartment, cellular differentiation stage, and the surrounding inflammatory milieu. In
a model of food-allergic enteropathy, an excessive IL-4 environment enhanced osteoclas-
togenesis and altered inflammatory-cell differentiation, illustrating that sustained type 2
polarization may become osteoclastogenic under specific biological conditions [47]. More-
over, cytokines that inhibit isolated osteoclast precursors in vitro may produce different net
effects in vivo when acting simultaneously on osteoblasts, stromal cells, immune popula-
tions, intestinal absorption, endocrine pathways, and skeletal muscle.

Accordingly, the association between AD and osteoporosis should not be attributed
directly to elevated IL-4 or IL-13 concentrations. Current evidence supports a bidirectional
and context-dependent model in which type 2 signaling may be locally anti-osteoclastogenic
in some settings but contribute indirectly—or occasionally directly—to skeletal deterio-
ration when excessive, persistent, or accompanied by other inflammatory and metabolic
disturbances [34,37,43,46,47].

4.3. The IL-33/IL-31 Axis: A Potential Interface Between Pruritus, Inflammation, and Bone

IL-33 is an epithelial alarmin released in response to tissue stress or damage and is
implicated in the initiation and amplification of type 2 immune responses. In AD, IL-33 can
activate group 2 innate lymphoid cells, mast cells, eosinophils, and T-helper 2 cells. It may
also promote IL-31 production, thereby linking epithelial damage and immune activation
with pruritus. Because IL-31 is strongly associated with itch and sleep disturbance, the IL-
33/IL-31 axis provides a plausible interface between cutaneous inflammation, neuroimmune
signaling, behavioral changes, and skeletal health [36].

The direct skeletal actions of this axis remain incompletely defined. IL-33 has inhibited
RANKL-dependent osteoclastogenesis in several experimental systems, and its administration
or preserved signaling has reduced bone resorption in selected models of inflammatory or
mechanically induced bone loss [36,40,41]. Conversely, circulating IL-31 has been associated
with reduced bone mineral density in osteoporosis, and prolonged IL-31-dominant signaling
has been proposed to promote osteoclastogenesis. The biological relationship may there-
fore involve a regulatory imbalance: IL-33 may exert anti-resorptive effects in bone while
simultaneously promoting type 2 inflammation and IL-31 production in immune tissues [36].

Translation of these observations to AD requires caution. Much of the available evidence
derives from osteoporosis cohorts, periodontal models, or experimental systems rather than
from patients with AD undergoing longitudinal skeletal assessment. Moreover, circulating
cytokine concentrations may not accurately represent signaling within skin, bone marrow, or
the bone-remodeling compartment. The IL-33/IL-31 axis should consequently be regarded
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as a mechanistically credible research pathway rather than a clinically validated mediator
of AD-associated fractures.

4.4. Inflammation Beyond the Type 2 Axis

Although IL-4 and IL-13 dominate many AD phenotypes, chronic disease is immunolog-
ically heterogeneous. Persistent barrier disruption, microbial dysbiosis, repeated infection,
and tissue injury can recruit additional inflammatory pathways. Cytokines such as TNF-,
IL-1B, IL-6, and IL-17 may increase RANKL expression, amplify osteoclast differentiation,
and suppress osteoblast function, particularly when inflammation becomes sustained or
systemic [37,43].

Experimental evidence further suggests that systemic type 2 inflammation associated
with AD can aggravate inflammatory bone destruction outside the skin. In an AD-associated
model of periodontitis, systemic type 2 inflammation intensified periodontal disease and
local tissue damage [45]. This observation supports the existence of biologically relevant
communication between inflamed skin and distant musculoskeletal or periodontal tissues.
However, periodontal bone loss is driven by a highly specialized microbial and mechan-
ical environment and cannot be considered equivalent to generalized osteoporosis. The
findings demonstrate systemic inflammatory potential but do not establish that cutaneous
inflammation directly causes axial or appendicular bone loss in humans.

AD may also affect skeletal health through inflammatory effects on muscle. Chronic
inflammation, sleep fragmentation, pain, and reduced physical activity may diminish
muscle mass or performance, reduce mechanical stimulation of bone, and increase fall
susceptibility. RANK-RANKL-OPG signaling participates in muscle-bone communication
as well as osteoclast regulation, further emphasizing that fracture risk cannot be reduced to
bone mineral density alone [33]. Nevertheless, direct evidence linking AD-specific cytokine
profiles to sarcopenia, impaired bone-muscle crosstalk, and incident fragility fractures
remains limited.

4.5. Growth, Peak Bone Mass, and Lifespan Considerations

The clinical significance of inflammatory interference with bone remodeling varies across
the lifespan. During childhood and adolescence, impaired linear growth, delayed skeletal matu-
ration, dietary restriction, low body mass, reduced physical activity, and systemic glucocorticoid
exposure may prevent attainment of optimal peak bone mass. Even modest disturbances sus-
tained during critical growth periods may therefore influence skeletal reserve later in life. The
potential roles of IL-4 and IL-13 signaling in growth and osteoimmunology have attracted par-
ticular interest, but current evidence does not establish that pharmacological inhibition of these
cytokines improves final height or peak bone mass [46].

In adults, persistent inflammation and cumulative treatment exposure may accelerate
remodeling imbalance or interact with reproductive, endocrine, and lifestyle determinants.
In older adults, the same disease-related influences are superimposed on age-related bone
loss, sarcopenia, impaired balance, polypharmacy, and increased fall risk. Thus, a compara-
ble inflammatory exposure may have different skeletal consequences in a child acquiring
bone mass, a young adult maintaining peak bone mass, and an older adult experiencing
accelerated cortical and trabecular deterioration.

These age-dependent mechanisms also affect interpretation of dual-energy X-ray ab-
sorptiometry. In growing individuals, reduced bone size or delayed maturation can lower
areal bone mineral density without necessarily indicating the same biological process as
postmenopausal osteoporosis. Mechanistic hypotheses must therefore be integrated with
age-appropriate densitometric interpretation rather than inferred solely from an isolated
low measurement.
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4.6. An Integrated Mechanistic Model

An important distinction should be made between experimental evidence supporting the
biological plausibility of immune-bone interactions and direct clinical evidence in patients
with AD. The effects of IL-4, IL-13, IL-31, and IL-33 on osteoclast differentiation, osteoblast
activity, and RANK-RANKL-OPG signaling have been investigated predominantly in cell
cultures, animal models, or inflammatory conditions other than AD [34,36,38-42,44-47].
In contrast, direct clinical evidence in AD remains limited. The association between disease
severity and circulating RANKL/OPG levels reported by Sakai et al. [14] provides a relevant
clinical observation, but its cross-sectional design precludes causal inference. Furthermore,
circulating biomarkers do not necessarily reflect bone-tissue remodeling or predict future
fractures. Thus, the proposed osteoimmunological mechanisms should be regarded as
biologically plausible hypotheses rather than established causal pathways linking AD to
osteoporosis.

Available evidence supports a multilevel model rather than a single causal pathway.
First, chronic cutaneous and systemic immune activation may alter RANKL-RANK-OPG
signaling and the balance between osteoclast and osteoblast activity. Second, the skeletal
effects of IL-4, IL-13, IL-31, and IL-33 are context-dependent and may vary with cytokine
concentration, disease chronicity, cellular environment, and coexisting inflammatory sig-
nals. Third, AD can indirectly influence bone through sleep disruption, reduced activity,
nutritional restriction, low body mass, glucocorticoid exposure, muscle impairment, and
falls. Finally, age and baseline skeletal reserve determine whether these exposures impair
peak bone acquisition, accelerate adult bone loss, or translate into fractures.

This framework reconciles the apparently paradoxical evidence that type 2 cytokines may
inhibit osteoclastogenesis experimentally while patients with severe AD can still demon-
strate increased skeletal risk. The paradox does not require IL-4 or IL-13 to act as universal
osteoclastogenic mediators. Instead, the net clinical phenotype emerges from interactions
among immune signaling, treatment, behavior, nutrition, endocrine status, muscle function,
and the mechanical environment.

The proposed direct and indirect pathways linking AD to altered bone remodeling and
increased skeletal fragility are depicted in Figure 1.
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Figure 1. Mechanistic osteoimmunological framework linking atopic dermatitis to bone fragility.
Atopic dermatitis (AD) may contribute to bone fragility through multiple interacting pathways. Core
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disease features, including skin-barrier dysfunction, microbial dysbiosis, chronic pruritus, prolonged
disease duration, and systemic immune activation, may promote type 2 cytokine signaling (IL-4,
IL-13, IL-31, IL-33), broader inflammatory activation in more severe disease (including TNF-«, IL-1p,
IL-6, and IL-17), and indirect clinical consequences such as sleep disruption, reduced physical activity
and skeletal loading, nutritional compromise, impaired growth or low BMI, systemic glucocorticoid
exposure, and increased fall risk. These factors may converge on the bone remodeling unit by
influencing the RANKL/RANK/osteoprotegerin (OPG) axis, osteoclast differentiation and resorption,
osteoblast-mediated bone formation, and osteocyte signaling. The resulting skeletal consequences
may include reduced peak bone mass, accelerated bone loss, altered bone quality, osteopenia or
osteoporosis, and fragility fractures. Solid arrows indicate pathways with relatively stronger biological
or clinical support, whereas dashed arrows indicate indirect, experimental, or incompletely validated
mechanisms. Most cytokine-to-bone evidence remains preclinical or indirect, and no single AD-
specific pathway has been definitively established as causal.

Importantly, no currently available human study has demonstrated a complete causal
chain from AD-specific cytokine activity to altered bone remodeling, longitudinal bone
loss, and subsequent fragility fracture. Most mechanistic evidence is preclinical, indirect, or
extrapolated from other inflammatory conditions. Osteoimmunology therefore provides
biological plausibility for the epidemiological association, but it does not by itself establish
causality or justify cytokine-targeted therapy as a treatment for osteoporosis. Prospective
studies that combine standardized AD activity measures, circulating and tissue biomarkers,
bone turnover markers, age-appropriate imaging, treatment exposure, muscle assessment,
and incident low-trauma fractures are needed to validate the proposed pathways.

5. Modifiable and Treatment-Related Determinants of Bone Fragility

The skeletal phenotype associated with atopic dermatitis is unlikely to result exclu-
sively from cutaneous inflammation. AD commonly coexists with behavioral, nutritional,
metabolic, and treatment-related exposures that may impair bone acquisition, accelerate
bone loss, or increase the likelihood that reduced bone strength results in fracture. Some of
these factors may act as confounders of the epidemiological association, whereas others
may mediate or modify the effect of AD on skeletal outcomes. Their relative contribution
varies according to disease severity, age, cuamulative exposure, and baseline skeletal reserve.

5.1. Systemic Glucocorticoid Exposure

Systemic glucocorticoids represent the most clearly established treatment-related deter-
minant of skeletal fragility. Although contemporary AD guidelines discourage their routine
or prolonged use, oral or parenteral glucocorticoids continue to be prescribed for severe
flares, rapid symptom control, or situations in which access to targeted therapies is limited.
Repeated short courses may also produce substantial cumulative exposure even when no
single treatment period is prolonged [25,26].

Glucocorticoids affect both components of bone remodeling. They suppress osteoblast
differentiation, promote osteoblast and osteocyte apoptosis, reduce bone matrix synthesis,
and impair maintenance of the osteocyte network. Simultaneously, they can prolong osteo-
clast survival during the initial phase of exposure, resulting in rapid bone loss. Additional
effects include reduced intestinal calcium absorption, increased renal calcium loss, suppres-
sion of the gonadal and growth hormone axes, muscle wasting, and increased fall risk [49].
Fracture risk may consequently increase rapidly and exceed that predicted by BMD alone.

Current recommendations for glucocorticoid-induced osteoporosis emphasize early
fracture-risk assessment in adults initiating or continuing prednisone-equivalent doses of at
least 2.5 mg/day for more than three months. Assessment should consider dose, duration,
and pattern of exposure; previous fractures; age; body weight; smoking and alcohol use;
hypogonadism; falls; and other causes of secondary osteoporosis. In adults aged >40 years,
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clinical evaluation can be combined with FRAX and DXA, including vertebral fracture
assessment or spinal imaging when indicated. In younger adults, children, and adolescents,
interpretation must account for age, growth, pubertal development, and the limitations of
conventional fracture-risk algorithms [48,50].

These principles are directly relevant to patients with AD who receive repeated or
prolonged systemic glucocorticoids. However, systemic therapy does not appear to explain
the entire AD—fracture association. Population-based analyses have reported residual
fracture risk after adjustment for oral corticosteroid exposure, while topical corticosteroid
studies have generally been more reassuring [17,19,21]. Systemic glucocorticoids should
therefore be considered an important and preventable component of risk rather than the
sole causal explanation.

The interaction between disease activity and treatment exposure is illustrated by meet-
ing abstract P1066, which described a 38-year-old woman with a 25-year history of AD,
increasing corticosteroid use, reduced physical activity, back and hip pain, and DXA-defined
osteoporosis. Elevated bone-turnover markers were reported despite normal calcium and
vitamin D concentrations. Although an individual case cannot establish either the indepen-
dent contribution of AD inflammation or a causal effect of corticosteroids, it illustrates the
cumulative clinical phenotype in which long disease duration, repeated treatment exposure,
and inactivity coexist [71].

Topical corticosteroids should not be grouped automatically with systemic glucocorti-
coids. Systemic absorption varies with potency, treated surface area, treatment duration,
occlusion, age, and barrier integrity, but routine topical use generally results in substan-
tially lower exposure. Current evidence does not support avoiding appropriate topical
anti-inflammatory treatment because of an assumed fracture risk. Inadequately controlled
AD could itself increase systemic inflammation, sleep disturbance, physical inactivity, and
the subsequent requirement for systemic rescue therapy.

5.2. Vitamin D Status: Shared Marker, Potential Mediator, or Therapeutic Target?

Vitamin D is relevant to both epidermal and skeletal biology. It contributes to calcium
and phosphate homeostasis, bone mineralization, immune regulation, keratinocyte differen-
tiation, antimicrobial defense, and maintenance of the epidermal barrier. Several character-
istics of patients with AD—including reduced outdoor activity, sun avoidance, darker skin
pigmentation, restrictive diets, obesity or low body mass, and chronic inflammation—may
influence serum 25-hydroxyvitamin D concentrations.

Meta-analytic evidence indicates that lower serum 25-hydroxyvitamin D levels are asso-
ciated with greater AD severity and that supplementation may modestly improve clinical
severity scores in some populations [51-53]. However, these findings do not establish vita-
min D deficiency as a cause of AD, nor do improvements in dermatitis severity demonstrate
prevention of osteoporosis or fractures. Reverse causation is possible because patients with
severe disease may spend less time outdoors, modify their diets, or differ systematically
from those with mild disease.

The effects of vitamin D supplementation on AD have also been heterogeneous. Dif-
ferences in baseline vitamin D status, age, latitude, season, dose, treatment duration, and
clinical severity contribute to inconsistent results across trials [51-53]. Supplementation
may be most rational when biochemical deficiency, insufficient intake, impaired absorption,
or elevated skeletal risk is documented. Routine high-dose supplementation solely because
a patient has AD is not supported by current evidence.

From a bone-health perspective, vitamin D should be assessed within the broader
context of calcium intake, nutritional adequacy, renal and hepatic function, malabsorption,
medication exposure, and fracture risk. Correction of deficiency is important for normal
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mineral metabolism, particularly in patients receiving systemic glucocorticoids, but vitamin
D alone is insufficient treatment for individuals at high or very high fracture risk [48,50].

5.3. Dietary Restriction, Food Allergy, and Nutritional Adequacy

Food allergy and perceived food-triggered eczema frequently lead patients or caregivers
to eliminate milk, eggs, wheat, nuts, or other nutrient-dense foods. When medically in-
dicated and supervised, elimination diets may be necessary. Unstructured or prolonged
restriction without confirmed food allergy, however, can reduce the intake of calcium,
vitamin D, protein, phosphorus, magnesium, and total energy.

The skeletal impact may be particularly important during childhood and adolescence,
when nutritional insufficiency can impair linear growth and peak bone-mass acquisition.
Low weight or reduced lean mass may further decrease mechanical loading of bone. In
adults and older individuals, inadequate protein and energy intake may contribute to
sarcopenia, frailty, and falls. These consequences may occur even when DXA measurements
do not yet meet conventional thresholds for osteoporosis.

Randomized dietary-intervention studies in children with AD but without food allergy
have not established broad elimination diets as an effective routine treatment for cutaneous
symptoms [54]. Dietary exclusions should therefore be based on an appropriate allergy
evaluation rather than on AD alone. When major food groups are removed, nutritional
monitoring and replacement of calcium, vitamin D, protein, and other relevant nutrients
should be considered.

Obesity may also complicate interpretation. Higher body weight can increase areal BMD
through increased mechanical loading but may coexist with low vitamin D levels, poor diet
quality, physical inactivity, and impaired balance. Conversely, low BMI is a recognized fracture-
risk factor and was associated with less favorable BMD among young adults with AD [16].
Body weight should thus be interpreted alongside body composition, muscle function, nutri-
tional status, and age, rather than as an isolated protective or harmful characteristic.

5.4. Physical Activity, Mechanical Loading, and Muscle-Bone Interactions

Weight-bearing activity and muscle contraction are essential stimuli for bone acquisi-
tion and maintenance. Physical activity also improves balance, coordination, and muscle
strength, thereby reducing the risk of fall-related fractures. AD may interfere with these
protective mechanisms through pruritus, sweating-induced discomfort, visible lesions,
embarrassment, sleep deprivation, or avoidance of sports and outdoor activities.

Adolescents with AD have demonstrated lower peak exercise-load capacity and lower exer-
cise volume than unaffected peers [55]. Although these findings do not demonstrate reduced
BMD or increased fracture risk, they identify a plausible pathway through which persistent
disease during growth could diminish bone-loading stimuli and compromise cardiometabolic
and musculoskeletal fitness. Reduced exercise may be especially relevant in patients with
severe disease, obesity, asthma, sleep disturbance, or psychological comorbidity.

Lifestyle studies also suggest that some patients with AD have suboptimal patterns
of physical activity and other health behaviors [56]. Nevertheless, the available evidence
is primarily cross-sectional and susceptible to reverse causation: severe AD may reduce
activity, while physical inactivity may worsen general health without directly influencing
cutaneous disease. Objective longitudinal studies that combine accelerometry, muscle
strength testing, body composition, DXA, and fracture outcomes are needed.

Clinical advice should emphasize individualized, tolerable weight-bearing and resis-
tance activities. Disease control, breathable clothing, appropriate use of emollients, temper-
ature regulation, and prompt removal of sweat may help patients remain active. Exercise
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recommendations should account for age, baseline fitness, fracture history, systemic gluco-
corticoid exposure, and coexisting musculoskeletal disease.

5.5. Pruritus, Sleep Disturbance, and Falls

Sleep disturbance is one of the most burdensome systemic consequences of AD. Nocturnal
pruritus, scratching, altered skin temperature, and circadian variation in inflammatory media-
tors can delay sleep onset and cause repeated awakenings. Sleep impairment may persist even
when visible disease activity improves and can affect both patients and caregivers [57].

Several indirect mechanisms could link sleep disturbance to skeletal fragility. Chronic
sleep restriction may alter endocrine and metabolic pathways relevant to bone turnover,
reduce daytime physical activity, impair muscle recovery, and increase fatigue. In older
adults, nocturnal awakenings, sedating antihistamines, anxiolytics, antidepressants, or
other centrally acting medications may increase instability and fall risk. Scratching-related
awakenings, followed by walking in darkness, may pose an additional practical hazard.

However, direct evidence demonstrating that AD-related sleep disturbance causes osteo-
porosis or fractures is currently lacking. Sleep should therefore be considered a clinically
relevant potential mediator and fall-risk modifier rather than a proven mechanism of bone
loss. Assessment may include pruritus severity, nocturnal awakenings, daytime somnolence,
sedating medication use, balance impairment, and previous falls, particularly in older or
frail patients.

5.6. Smoking, Alcohol, and Other Lifestyle Factors

Smoking and excessive alcohol consumption are established risk factors for osteoporo-
sis and fractures in the general population. They may influence bone through impaired
osteoblast function, altered calcium and vitamin D metabolism, endocrine effects, reduced
muscle quality, and increased susceptibility to falls. These exposures should be incorpo-
rated into skeletal-risk assessment irrespective of whether they are more prevalent among
patients with AD.

The relationship between AD and lifestyle behavior is heterogeneous. Psychological dis-
tress, anxiety, depression, sleep disturbance, and reduced quality of life may promote unhealthy
coping behaviors in some patients, whereas health-conscious behavior may reduce exposure
in others [56]. Observational associations must therefore be interpreted without assuming
that AD directly causes smoking, alcohol consumption, or physical inactivity.

Other relevant factors include low calcium and protein intake, limited sunlight exposure,
prolonged immobilization, early menopause, hypogonadism, thyroid or parathyroid disease,
malabsorption, chronic kidney or liver disease, and concurrent medications that impair
bone or increase falls. These conventional determinants may contribute more strongly to an
individual patient’s absolute fracture risk than AD itself.

5.7. Shift Work, Occupational Stress, and Circadian Disruption

Shift work may represent an underrecognized modifier of skeletal risk in patients with
AD. Rotating three-shift schedules, night work, irregular recovery periods, and occupational
stress can disrupt circadian organization, reduce sleep duration and quality, alter meal
timing, and limit opportunities for regular physical activity and sunlight exposure. These
effects may compound several of the behavioral and metabolic pathways already implicated
in both AD severity and impaired bone health.

For patients with AD, working at night or on rapidly rotating schedules may be particu-
larly relevant because pruritus and sleep fragmentation can already interfere with restorative
sleep [57]. Circadian misalignment, occupational stress, heat exposure, sweating, protective
clothing, and limited access to appropriate skin care during working hours may additionally
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contribute to poorer disease control. In turn, worsening symptoms may increase fatigue,
reduce exercise tolerance, and promote intermittent use of systemic glucocorticoids or
sedating medications.

Irregular work schedules may also affect nutritional behavior. Skipped meals, eating
during the biological night, reduced dietary quality, and limited outdoor activity could
contribute to inadequate calcium or vitamin D intake, unfavorable body composition, and
reduced mechanical loading of bone. The combination of nocturnal work, sleep deprivation,
and sedating medication may be especially important in occupations involving physical
hazards, because it could increase fall and injury risk independently of BMD.

Nevertheless, direct evidence specifically linking shift work to osteoporosis or fragility
fractures in patients with AD is currently lacking. Shift work should therefore be regarded as
a potential contextual and occupational risk modifier rather than an established AD-specific
determinant of bone loss. In clinical practice, occupational history may be considered in
patients with moderate-to-severe AD, particularly when rotating or night work coexists
with persistent sleep disturbance, low physical activity, nutritional irregularity, systemic
glucocorticoid exposure, or previous falls [56,57].

5.8. A Cumulative Risk Model

The modifiable determinants of skeletal fragility in AD are likely to operate cumulatively.
A young patient with mild, well-controlled disease, adequate nutrition, normal growth, reg-
ular physical activity, and no systemic glucocorticoid exposure is unlikely to have the same
skeletal risk as an older patient with severe long-standing AD, repeated oral glucocorticoid
courses, low BMI, vitamin D deficiency, impaired sleep, sarcopenia, and previous falls.

These exposures can also reinforce one another. Severe pruritus may disrupt sleep,
which reduces daytime activity and muscle performance. Lower activity decreases me-
chanical loading of bone, while systemic glucocorticoids can further impair bone formation
and muscle strength. Restrictive diets may compound low body mass and vitamin D defi-
ciency. In older adults, the combined effect may increase both skeletal vulnerability and the
likelihood of falling.

A similar cumulative pattern was described in [72]. A 40-year-old woman with 15 years
of moderate-to-severe AD, recurrent oral corticosteroid treatment, reduced physical activity,
and ongoing systemic inflammation was found to have lumbar-spine osteoporosis. The
authors attributed the skeletal phenotype to the combined effects of chronic disease activity,
corticosteroid exposure, and reduced mechanical loading. This interpretation is clinically
plausible but remains descriptive because the relative contribution of each factor could not
be determined from a single case [72].

This cumulative model has two clinical implications. First, the presence of AD alone
should not automatically trigger a diagnosis of osteoporosis or universal DXA screening.
Second, bone-health assessment should not be limited to systemic glucocorticoid use. A
risk-adapted approach should integrate disease severity and duration with age, fracture
history, cumulative treatment exposure, nutritional status, body composition, physical
activity, sleep, falls, and conventional osteoporosis risk factors. Such an approach is more
consistent with the multifactorial evidence than either attributing skeletal risk entirely to
inflammation or dismissing it as a consequence of glucocorticoid therapy alone.

6. Targeted Systemic Therapy and the Bone Paradox

The expansion of biologic and small-molecule therapies has transformed the manage-
ment of moderate-to-severe atopic dermatitis. This therapeutic shift is also relevant to bone
health because effective long-term disease control may reduce systemic inflammation, pruri-
tus, sleep disruption, physical inactivity, nutritional impairment, and exposure to systemic
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glucocorticoids. Conversely, targeted inhibition of cytokines involved in bone remodeling
raises theoretical concerns about unintended skeletal effects. The resulting balance between
improved disease control and direct immunological modulation constitutes a therapeutic
paradox that is particularly relevant to dupilumab.

6.1. From Broad Immunosuppression to Targeted Disease Control

Conventional systemic treatments for AD include systemic glucocorticoids, cyclosporine,
methotrexate, azathioprine, and mycophenolate mofetil. These agents differ substantially in
mechanism, treatment duration, monitoring requirements, and toxicity. Among them, sys-
temic glucocorticoids have the clearest adverse skeletal profile, whereas evidence regarding
the long-term effects of other conventional immunosuppressants on BMD or fracture risk
in AD remains limited.

Current American and European guidelines recommend targeted systemic therapies
for eligible patients with moderate-to-severe disease and advise against the routine use
of systemic glucocorticoids [60,61]. From a skeletal perspective, this transition may be
beneficial even if a targeted drug has no direct anabolic effect on bone. A glucocorticoid-
sparing strategy can reduce one of the most clinically important modifiable contributors
to secondary osteoporosis while improving disease control sufficiently to restore sleep,
physical activity, nutrition, and quality of life.

However, evidence that a therapy improves AD should not automatically be interpreted
as evidence that it prevents osteoporosis [58,60-62,64]. Most pivotal trials and long-term
extension studies were designed primarily around cutaneous endpoints, including the
Eczema Area and Severity Index, Investigator’s Global Assessment, pruritus scores, and
quality-of-life measures [58,60-62,64]. With the notable exception of a recent post hoc pedi-
atric analysis evaluating linear growth and bone-related biomarkers [59], DXA, vertebral
imaging, bone microarchitecture, bone turnover markers, falls, and fragility fractures were
generally not prespecified as outcomes. Consequently, the comparative skeletal effects of
systemic AD therapies remain largely unknown [60,61,64].

6.2. Dupilumab and the IL-4/1L-13 Signaling Paradox

Dupilumab is a fully human monoclonal antibody directed against the IL-4 receptor-o
subunit, thereby inhibiting signaling by both IL-4 and IL-13. It is strongly recommended for
adults with moderate-to-severe AD who are candidates for systemic therapy and is approved
across a broad pediatric age range [60,61]. Long-term extension and real-world studies have
demonstrated sustained disease control with a generally consistent safety profile [58,62,64].

The theoretical bone paradox arises because IL-4 and IL-13 can inhibit osteoclastoge-
nesis under several experimental conditions [38,39,42,44]. Blocking their signaling could
therefore be hypothesized to remove an anti-resorptive influence. Such an interpretation,
however, is overly simplistic. As discussed in Section 4, the skeletal actions of type 2 cy-
tokines vary with concentration, timing, target-cell population, inflammatory environment,
and experimental model [37,43,46,47 . Excessive or chronic type 2 inflammation may ex-
ert distinct net effects compared with physiological cytokine signaling, and findings from
isolated bone-cell systems cannot be translated directly to patients with AD [34,37,43,46,47].

This theoretical concern was reflected in [73 ], which described a 52-year-old woman with
long-standing AD who developed back pain and DXA-defined osteoporosis six months
after initiating dupilumab. Normal calcium and vitamin D concentrations, along with
elevated bone turnover markers, were reported. The temporal sequence prompted the
authors to hypothesize that modulation of IL-4/IL-13 might influence bone remodeling.
However, the absence of serial pretreatment DXA measurements, detailed baseline fracture-
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risk assessment, menopausal and hormonal characterization, and an untreated comparator
prevents attribution of the skeletal finding to dupilumab [73].

In clinical practice, dupilumab simultaneously suppresses chronic inflammation, im-
proves the epidermal barrier, reduces pruritus, restores sleep, and may enable greater
physical activity and more adequate nutrition. It can also reduce the need for systemic
glucocorticoids. These indirect effects could outweigh any theoretical consequence of IL-
4/IL-13 inhibition within the bone-remodeling compartment. The net skeletal effect must
therefore be established empirically rather than inferred solely from cytokine biology.

6.3. Adult Evidence: Long-Term Safety Without Dedicated Skeletal Endpoints

A five-year open-label extension study in adults with moderate-to-severe AD demon-
strated sustained clinical effectiveness and a long-term safety profile consistent with pre-
vious dupilumab studies [58]. Importantly, osteoporosis and fractures did not emerge as
established treatment-related safety concerns. Nevertheless, absence of a prominent safety
signal is not equivalent to proof of skeletal neutrality or benefit.

The adult dupilumab program has not provided a comprehensive longitudinal as-
sessment that incorporates baseline and follow-up DXA, vertebral fracture assessment,
trabecular bone score, bone turnover biomarkers, falls, and adjudicated fragility fractures.
Trial participants may also differ from patients encountered in routine practice, particularly
older adults with pre-existing osteoporosis, prolonged systemic glucocorticoid exposure,
multimorbidity, or frailty.

Consequently, current evidence from adults is reassuring but incomplete. There is
no robust clinical evidence that dupilumab causes osteoporosis, accelerates bone loss, or
increases the risk of fragility fractures. Equally, there is insufficient evidence to prescribe
dupilumab specifically to improve BMD or prevent fractures.

6.4. Pediatric Evidence: Growth and Bone Biomarkers

The pediatric setting is particularly important because severe AD can occur during
periods of rapid linear growth and peak bone-mass acquisition. Chronic inflammation, sleep
disruption, nutritional restriction, reduced activity, and systemic glucocorticoid exposure
may all interfere with growth and skeletal development.

Long-term studies in children aged 6 months to 5 years have demonstrated sustained
clinical benefit and an acceptable safety profile with dupilumab treatment [62]. A broader
systematic review of pediatric evidence similarly found favorable efficacy and quality-of-life
outcomes, without identifying osteoporosis or impaired skeletal development as established
adverse effects [64]. However, follow-up durations remain short compared with the time
required to assess peak bone mass or adult fracture outcomes.

More directly relevant evidence emerged from a 2026 post hoc analysis of a phase 3
randomized, placebo-controlled trial and its open-label extension. Dupilumab treatment
was associated with improvements in linear growth measures and favorable changes in bone-
related biomarkers among children with AD [59]. These findings support the possibility
that controlling severe type 2 inflammation and reducing its systemic consequences may
facilitate recovery of normal growth and bone formation.

Nevertheless, several qualifications are essential. The analysis was post hoc, bone out-
comes were not the primary endpoints of the original trial, and biochemical markers are
not equivalent to DXA-measured bone mass, bone microarchitecture, or fracture reduction.
Changes in growth and biomarkers may reflect improved disease control, nutrition, sleep,
and physical activity; reduced glucocorticoid exposure; direct cytokine effects; or a combi-
nation of these mechanisms. The study therefore provides an encouraging clinical signal
rather than definitive evidence of an osteoprotective effect.
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6.5. Pharmacovigilance Signals and the Risk of Misinterpretation

Spontaneous reporting databases are valuable for detecting uncommon or unexpected
adverse event signals after a medication enters widespread use. An analysis of the US
Food and Drug Administration Adverse Event Reporting System identified established and
potential adverse-event signals associated with dupilumab [63]. Such analyses can generate
hypotheses but cannot determine incidence, relative risk, or causality.

Reports submitted to pharmacovigilance databases are influenced by stimulated re-
porting, duplicate entries, missing clinical information, selective documentation, and the
absence of an appropriate untreated comparator [63]. They frequently lack information
on baseline osteoporosis, previous fractures, cumulative glucocorticoid exposure, disease
severity, age, menopausal status, nutritional status, falls, and concomitant medications [63].
Severe AD itself and its treatment history may also be associated with increased skeletal
risk, creating substantial potential for confounding by indication [13,17,25,26,31].

A second individual observation was reported in [74]. A 45-year-old man with severe AD
developed musculoskeletal discomfort and was found to have DXA-defined osteoporosis (T-
score —2.8) after approximately 18 months of dupilumab treatment. The abstract reported
normal calcium and vitamin D concentrations, elevated bone resorption markers, and
no history of systemic corticosteroid use, thyroid disease, or other recognized secondary
causes of osteoporosis. Although this case is noteworthy because several conventional
risk factors were reportedly absent, a single post-treatment DXA measurement cannot
establish that bone loss developed during therapy or that dupilumab was responsible.
Information regarding pretreatment BMD, family history, BMI, gonadal status, smoking,
alcohol consumption, physical activity, and other potentially occult secondary causes was
unavailable or insufficiently detailed [74].

Therefore, an osteoporosis or fracture report occurring during dupilumab therapy should
not automatically be interpreted as an adverse effect caused by IL-4/IL-13 blockade [31,
58,63]. Temporal coexistence is insufficient to distinguish drug toxicity from background
disease risk, pre-existing skeletal vulnerability, previous systemic glucocorticoid exposure,
or an unrelated traumatic event [17,25,26,31,63]. A pharmacovigilance signal should be
regarded as hypothesis-generating and requires confirmation through comparative cohort
studies or prospectively designed skeletal safety investigations [63].

6.6. Other Biologics and Janus Kinase Inhibitors

Other targeted treatments for AD include biologics directed against IL-13 and oral Janus
kinase (JAK) inhibitors. Current guidelines strongly recommend several of these agents
for appropriately selected adults with moderate-to-severe disease [60,61]. Their effects
on bone health remain poorly characterized because skeletal endpoints have rarely been
incorporated into AD clinical trials.

Selective IL-13 inhibition raises mechanistic questions similar to those surrounding
dupilumab, but no consistent clinical signal currently indicates increased risk of osteoporosis
or fractures. JAK inhibitors influence multiple cytokine pathways and may, in theory,
modify immune-bone interactions more broadly. However, their clinical safety assessment
has focused primarily on infections, laboratory abnormalities, thromboembolic events,
cardiovascular outcomes, and malignancy rather than on longitudinal skeletal health.

Differences among targeted therapies should not be inferred exclusively from their
molecular targets. The net bone effect may depend on the magnitude of disease control,
reduction in glucocorticoid use, improvement in activity and nutrition, age, baseline fracture
risk, and treatment duration. Direct comparative studies with standardized bone outcomes
are required before a hierarchy of skeletal safety or benefit can be proposed.

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660

26 of 48

The potential direct and indirect skeletal implications of systemic therapies used for

moderate-to-severe AD are summarized in Table 2.

Table 2. Potential skeletal implications of systemic therapies used in atopic dermatitis.

Therapeutic
Class or Agent

Principal Mechanism
or Therapeutic Role

Potential Adverse
Skeletal Pathways

Potential Protective or
Indirect
Skeletal Effects

Current Clinical
Evidence and Practical
Interpretation

Broad suppression of
inflammatory and

Reduced osteoblast
differentiation and
bone formation;
osteoblast and
osteocyte apoptosis;

Rapid suppression of
severe inflammation,

The clearest
treatment-related
skeletal hazard in AD.
Repeated courses and
cumulative exposure

Systemic immune pathways; early increase in but benefits are may increase the risk of
glucocorticoids occasionally used for osteoclast survival; generally transientand  osteoporosis and
rapid control of impaired calcium relapse may occur fractures [25,26,48-50].
severe flares absorption; after withdrawal Current AD guidelines
hypogonadism; muscle recommend against
wasting and increased routine or
fall risk prolonged use [60,61].
Experimental an
perimental and Direct AD-specific
. e transplant-related . .
Calcineurin inhibition . 1o evidence regarding
: . evidence suggests that ~ Rapid disease control .
with suppression of . BMD and fractures is
S high or prolonged may restore sleep and . -
. T-cell activation; ‘ - insufficient. Treatment
Cyclosporine exposure may increase  activity and reduce . . .
generally used for . o is usually time-limited,
. bone turnover; renal systemic glucocorticoid .
rapid, short-term . . and renal function and
dysfunction may requirements .
control of severe AD N . blood pressure require
indirectly disturb o
) . monitoring [60,61].
mineral metabolism
No convincing
High oncological doses 'eV1dence demonstrate.zs
) ) increased osteoporosis
can impair bone . . . . .
. . . : Steroid-sparing disease  or fracture risk with
Antimetabolite with formation; rare
. . - control may reduce standard low-dose
immunomodulatory insufficiency fractures g
. ) . glucocorticoid treatment for AD.
Methotrexate effects; conventional have been described in . -
. ) exposure and improve  Skeletal monitoring
steroid-sparing other treated L .
. . activity and should be guided by
systemic therapy populations, but . . o )
quality of life the patient’s underlying
relevance to low-dose ) .
. . risk profile rather than
AD therapy is uncertain
by methotrexate
exposure alone [60,61].
AD- ifi
No well-established b spectiic
. . longitudinal BMD and
direct osteotoxic
. fracture data are
. . mechanism at standard .
Purine-antagonist : . lacking. Bone
. . dermatological doses; May provide .
S immunosuppression X : . surveillance should be
Azathioprine . long-term illness and steroid-sparing control . .
affecting lymphocyte . . ; guided by conventional
. : concomitant in selected patients .
proliferation o risk factors and
glucocorticoids may )
concomitant
confound observed o
glucocorticoid
skeletal outcomes
exposure [60,61].
Direct skeletal toxicity
is not established;
s N . No adequate
Inhibition of inosine evidence from . . e
. Steroid-sparing control ~ AD-specific evidence
monophosphate transplant populations .
. . may reduce exposure to  supports either adverse
Mycophenolate mofetil ~ dehydrogenase and is strongly confounded . .
o agents with clearer or protective effects on
lymphocyte by glucocorticoids, -
i : . skeletal toxicity BMD or
proliferation organ dysfunction, and

other
immunosuppressants

fractures [60,61].
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Table 2. Cont.

Therapeutic
Class or Agent

Principal Mechanism
or Therapeutic Role

Potential Adverse
Skeletal Pathways

Potential Protective or
Indirect
Skeletal Effects

Current Clinical
Evidence and Practical
Interpretation

Dupilumab

IL-4 receptor-o
blockade, inhibiting
both IL-4 and

IL-13 signaling

Theoretical concern
that inhibition could
remove
anti-osteoclastogenic
effects observed for IL-4
and IL-13 in selected
experimental models;
clinical relevance

is unproven

Sustained disease
control; reduced
pruritus and sleep
disruption; improved
activity and nutrition;
reduced systemic
glucocorticoid
requirements; possible
improvement in
pediatric growth and
bone-formation
biomarkers

Long-term adult and
pediatric data have not
established
osteoporosis or
fractures as
treatment-related safety
concerns [58,62,64]. A
2026 post hoc pediatric
analysis reported
improved linear growth
and favorable changes
in bone biomarkers
[59], but no definitive
effect on BMD or
fractures has

been demonstrated.

Selective IL-13

Selective neutralization

IL-13 can suppress
osteoclastogenic
signaling and increase
OPG expression
experimentally; the

Effective disease
control may improve
sleep, activity, nutrition,

No consistent clinical
evidence currently
links selective IL-13
inhibition with
osteoporosis or
fractures. Dedicated

inhibi f IL-13 signali i
inhibitors © 3 signaling consequences of a?i:)iii(;s;}és’cemm skeletal studies are
long-term selective gx osure unavailable; risk should
inhibition in humans P not be inferred from
remain uncertain cytokine biology
alone [60,61].
AD trials have focused
Broad cytokine on infection, laboratory
modulation could abnormalities,
Intracellular inhibition theoretically affect Rap{d disease and Cardlovasgular events,
of JAK-dependent osteoclasts, osteoblasts,  pruritus control may thrombosis, and
o . ~oeb muscle, and improve sleep, physical ~malignancy rather than
JAK inhibitors signaling downstream | .
. immune-bone function, and skeletal outcomes. No
of multiple - o 1
. communication; glucocorticoid AD-specific hierarchy
cytokine receptors L . :
treatment-specific avoidance of osteoporosis or
clinical relevance fracture risk can
remains unclear currently be
established [60,61].
May improve AD No evidence supports
Repeated ultraviolet without systemic phototherapy
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Table 2. Cont.

Therapeutic
Class or Agent

Principal Mechanism
or Therapeutic Role

Potential Adverse
Skeletal Pathways

Potential Protective or
Indirect
Skeletal Effects

Current Clinical
Evidence and Practical
Interpretation

Effective targeted
systemic treatment as a
therapeutic strategy

Sustained control of
moderate-to-severe AD
using an appropriately
selected biologic or
small-molecule agent

Unknown long-term
skeletal effects because
DXA, bone
microarchitecture, and
fractures are rarely
prespecified

Reduction of
inflammation, pruritus,
sleep loss, inactivity,
nutritional impairment,
and systemic
glucocorticoid

Targeted therapy may
reduce several
mediators of bone
fragility, but
improvement in AD
should not be equated
with proven fracture
prevention. Treatment
selection should be
individualized

trial outcomes exposure according to overall
efficacy, safety,
comorbidities, age, and
baseline

skeletal risk [58-64].

Abbreviations: AD, atopic dermatitis; BMD, bone mineral density; DXA, dual-energy X-ray absorp-
tiometry; IL, interleukin; JAK, Janus kinase; OPG, osteoprotegerin.

Overall, systemic glucocorticoids remain the treatment class with the most clearly estab-
lished adverse skeletal effects, whereas the bone consequences of conventional immuno-
suppressants, biologics, and JAK inhibitors remain insufficiently characterized. Targeted
therapies may indirectly improve skeletal health through sustained disease control and
glucocorticoid avoidance, but current evidence does not justify assigning them either osteo-
protective or osteotoxic properties.

6.7. Therapeutic Selection in Patients with Elevated Skeletal Risk

The presence of osteoporosis or increased fracture risk should encourage individualized
systemic treatment rather than therapeutic undertreatment of AD. Persistently uncontrolled
disease may perpetuate sleep disturbance, inactivity, restrictive eating, systemic inflamma-
tion, and repeated glucocorticoid rescue courses. Effective steroid-sparing treatment may
therefore be part of a broader bone-risk reduction strategy.

For patients with previous fragility fractures, low BMD, prolonged glucocorticoid exposure,
impaired growth, or multiple conventional risk factors, baseline skeletal evaluation should
be determined by age and absolute risk rather than by dupilumab exposure alone. Existing
osteoporosis should be managed according to established bone-health recommendations,
without assuming that control of AD will be sufficient to reverse skeletal disease.

Available evidence does not justify additional DXA monitoring solely because dupilumab
has been initiated. Monitoring should instead be guided by conventional indications for
osteoporosis, systemic glucocorticoid exposure, life stage, previous fractures, and the cumu-
lative risk profile described in Section 5. Conversely, an incident low-trauma fracture during
targeted therapy warrants clinical evaluation but should not be attributed automatically to
the medication.

6.8. Research Priorities

Future trials of systemic AD therapies should prospectively incorporate skeletal out-
comes in selected high-risk populations. Pediatric studies should assess height velocity,
pubertal stage, nutritional status, body composition, bone-age—appropriate DXA measure-
ments, and relevant bone-turnover markers. Adult studies should include baseline and

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660

29 of 48

longitudinal DXA, vertebral fracture assessment, trabecular bone score where available,
muscle function, falls, and adjudicated low-trauma fractures.

Analyses should document cumulative systemic glucocorticoid exposure before and dur-
ing targeted treatment. They should also account for disease severity, physical activity, BMI,
vitamin D status, dietary restriction, smoking, menopause, and concomitant medications.
Comparisons among untreated active disease, conventional systemic therapy, biologics, and
JAK inhibitors would help distinguish the skeletal effects attributable to disease control
from those attributable to a particular molecular intervention.

At present, the most defensible interpretation is that effective targeted treatment may
reduce several indirect determinants of bone fragility and facilitate avoidance of glucocorti-
coids. Dupilumab has not been demonstrated to cause osteoporosis, and emerging pediatric
findings suggest potential improvement in growth and bone-related biomarkers [59]. These
observations remain insufficient, however, to establish a direct osteoprotective effect or to
replace conventional fracture-risk assessment and osteoporosis management.

Overall, currently available evidence does not establish either a protective or a detrimen-
tal effect of dupilumab on fracture incidence in patients with AD. Although improvements
in disease control, reduced systemic glucocorticoid exposure, and favorable changes in
pediatric growth-related biomarkers may suggest potential indirect skeletal benefits, these
observations cannot be considered evidence of fracture prevention [58,59]. Conversely,
isolated reports of osteoporosis during dupilumab treatment do not establish treatment-
related bone toxicity. Prospective longitudinal studies incorporating baseline and follow-up
DXA measurements, standardized bone turnover markers, appropriate comparator groups,
and adjudicated fragility fractures are needed to determine the long-term skeletal effects of
dupilumab and other targeted therapies.

7. Risk-Adapted Screening and Clinical Assessment

The available evidence does not support universal osteoporosis screening solely on
the basis of an AD diagnosis. Although meta-analyses indicate modestly increased risks
of osteoporosis and fractures, absolute risk is heterogeneous and depends substantially
on age, sex, disease severity, systemic glucocorticoid exposure, nutritional status, body
composition, physical activity, comorbidities, and previous fractures [13,31]. Screening
should therefore follow a risk-adapted model that integrates AD-related exposures with
established osteoporosis recommendations [65,66,69].

7.1. Principles of Risk-Adapted Assessment

The objective of screening is not merely to identify a low DXA value but to detect
individuals in whom skeletal assessment could alter clinical management. AD should be
viewed as a potential risk-enhancing condition rather than as an independent indication for
DXA in every patient.

A practical assessment begins with three questions:

e  Has the patient already experienced a fragility fracture?

e  Does the patient meet established age- or sex-based indications for osteoporosis screening?

e  Are AD-related or treatment-related factors sufficiently important to justify earlier
investigation?

A history of hip or vertebral fragility fracture establishes a high-risk clinical phenotype
irrespective of whether BMD is in the osteoporotic range. Other fractures occurring after
minimal trauma should prompt evaluation for osteoporosis and secondary causes, partic-
ularly in adults aged >50 years [65,66]. Vertebral fractures may remain clinically silent;
height loss, new kyphosis, or persistent thoracic or lumbar pain should therefore raise
suspicion even without a documented traumatic event.

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660

30 of 48

AD-specific assessment should include disease onset, duration, severity, flare frequency,
body-surface involvement, sleep disturbance, physical limitations, dietary restrictions, and
history of systemic therapy. Particular attention should be paid to cumulative oral or
parenteral glucocorticoid exposure, including repeated short courses that patients may not
recognize as long-term treatment.

7.2. Initial Clinical Risk Evaluation

A structured history should document conventional osteoporosis and fracture-risk
factors: previous low-trauma fracture; parental history of hip fracture; menopause and
age at menopause; hypogonadism or menstrual disturbance; low BMI, weight loss, or
impaired growth; smoking and excessive alcohol consumption; reduced mobility or physical
inactivity; recurrent falls or impaired balance; low calcium or protein intake; vitamin D
deficiency or limited sunlight exposure; malabsorption or restrictive diets; chronic kidney,
liver, endocrine, gastrointestinal, or inflammatory disease; medications that impair bone or
increase fall risk; systemic glucocorticoid dose, duration, pattern, and cumulative exposure.

For patients with AD, additional questions should address food avoidance, nocturnal
pruritus, daytime fatigue, sedating medication use, avoidance of exercise because of sweat-
ing or embarrassment, and work patterns that disrupt sleep or regular meals. Shift work
does not currently represent an independent indication for DXA, but it may strengthen
concern when combined with sleep disruption, low activity, nutritional irregularity, falls,
and other established risk factors.

Physical examination may identify height loss, kyphosis, low body mass, muscle weak-
ness, impaired balance, gait instability, signs of endocrine disease, or delayed growth and
puberty. Height should be compared with previous measurements whenever possible. In
children and adolescents, a longitudinal growth trajectory is more informative than a single
measurement.

7.3. Who Should Undergo DXA?

General population recommendations remain the foundation of screening. Current guid-
ance supports DXA screening in women aged >65 years and in younger postmenopausal
women whose clinical risk assessment indicates increased fracture risk [65,66,69]. Some pro-
fessional guidelines also recommend testing men aged >70 years and younger men with
significant risk factors [65,66]. The 2025 US Preventive Services Task Force concluded that
evidence remains insufficient to determine the balance of benefits and harms of population
screening in men, emphasizing the distinction between the absence of evidence for universal
screening and the need for individualized testing in high-risk clinical settings [69].

AD itself should not automatically lower these thresholds. Earlier DXA may nevertheless
be appropriate when AD coexists with one or more major skeletal-risk determinants, partic-
ularly: previous fragility fracture; repeated or prolonged systemic glucocorticoid exposure;
severe, persistent, or long-standing disease accompanied by additional risk factors; early
menopause or hypogonadism; low BMI or substantial weight loss; prolonged nutritional
restriction or malabsorption; impaired growth or delayed puberty; recurrent falls, sarcope-
nia, or reduced mobility; radiographic osteopenia or suspected vertebral compression; a
disorder or medication independently associated with secondary osteoporosis.

For adults initiating or continuing systemic glucocorticoid therapy at a prednisone-
equivalent dose of >2.5 mg/day for more than 3 months, early fracture risk and BMD as-
sessment should follow the glucocorticoid-induced osteoporosis recommendations [48,50].
Risk may also be clinically meaningful after recurrent high-dose courses, even when contin-
uous exposure does not exceed three months. Dose history should therefore be evaluated
cumulatively rather than through a simple current-use variable.
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There is no evidence supporting baseline or serial DXA solely because dupilumab or
another targeted AD therapy is initiated. Patients receiving these agents should undergo
skeletal assessment based on their age, fracture history, prior glucocorticoid exposure, and
overall risk profile.

7.4. DXA Acquisition and Interpretation in Adults

Central DXA of the lumbar spine and hip remains the standard method for measuring
areal BMD. In postmenopausal women and men aged >50 years, T-scores are used for
diagnostic classification. A T-score of —2.5 or lower at an accepted skeletal site is consistent
with osteoporosis, while values between —1.0 and —2.5 indicate low bone mass. However,
fracture risk exists along a continuum, and many fragility fractures occur in individuals
whose BMD does not reach the osteoporotic threshold [65-67].

In premenopausal women and men younger than 50 years, Z-scores are generally pre-
ferred. A Z-score of —2.0 or lower is described as “below the expected range for age,”
whereas a value above —2.0 is “within the expected range for age” [67]. Osteoporosis
should not be diagnosed in younger adults from BMD alone without considering fragility
fractures, secondary causes, and the clinical context.

Interpretation may be affected by degenerative spinal changes, vertebral deformity, vascular
calcification, previous surgery, positioning, and differences between DXA devices. Apparent
preservation of lumbar BMD in an older patient does not exclude osteoporosis when degener-
ative disease artificially elevates the measurement. Hip values, vertebral imaging, and clinical
fracture history may provide more reliable information in such circumstances.

The observation that older patients with AD may experience vertebral fractures despite
similar BMD to controls suggests that DXA does not capture all dimensions of skeletal
strength [24]. Bone microarchitecture, falls, muscle function, and cumulative exposure may
contribute independently. A normal or mildly reduced BMD should therefore not end the
evaluation of a patient with a convincing fragility-fracture phenotype.

7.5. Pediatric and Adolescent Assessment

Routine DXA screening is not justified for all children with AD. Most childhood fractures
occur during normal physical activity or after trauma, and their interpretation differs
fundamentally from that of fragility fractures in older adults [ 18,20,75]. Investigation should
be considered when AD coexists with clinically significant risk factors, such as recurrent
low-trauma fractures, vertebral compression fractures, impaired growth, delayed puberty,
low body weight, prolonged nutritional restriction, chronic systemic glucocorticoid therapy,
reduced mobility, or another disorder or treatment affecting bone metabolism [48,75].

In children and adolescents, Z-scores—not T-scores—should be used. DXA results must
be interpreted in relation to age, sex, body size, pubertal stage, and growth [75]. Short
stature may artifactually lower areal BMD because DXA is a two-dimensional technique and
smaller bones contain less mineral within the projected area. Height-adjusted measures
or bone mineral apparent density may therefore be required. The preferred skeletal sites
generally include the posterior-anterior lumbar spine and the total body, less the head,
depending on the clinical circumstances, the availability of appropriate reference data, and
local pediatric expertise [75].

A low pediatric BMD value alone is insufficient to diagnose osteoporosis. A low-trauma
vertebral compression fracture is highly significant, whereas the number, anatomical lo-
cation, and trauma mechanism of long-bone fractures must be evaluated alongside BMD
and the underlying clinical condition. Referral to a pediatric bone specialist is appropriate
when interpretation is uncertain, a primary or secondary bone disorder is suspected, or
pharmacological treatment is being considered [75].
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The emerging observation that dupilumab may improve growth and bone-related
biomarkers in children with moderate-to-severe AD is encouraging but does not elimi-
nate the need to investigate persistent growth failure, recurrent fractures, or substantial
glucocorticoid exposure [59]. Improvement in skin disease should not be assumed to
automatically normalize skeletal development.

7.6. Vertebral Fracture Assessment and Additional Imaging

Vertebral fracture assessment performed with DXA or conventional lateral spinal radio-
graphy may identify previously unrecognized vertebral compression fractures. It should be
considered when clinical features raise suspicion, including: historical height loss or pro-
gressive loss of stature; unexplained back pain; kyphosis; systemic glucocorticoid exposure;
low BMD combined with advanced age; a previous nonvertebral fragility fracture.

The presence of a vertebral fracture may substantially change risk classification and
treatment decisions, even when BMD is not in the osteoporotic range [65,66]. This is
especially relevant to older patients with AD because preliminary evidence suggests that
vertebral fractures may be disproportionately represented [24,31].

In selected adults, trabecular bone score may offer additional insight into lumbar-spine
texture and fracture risk, but it should not replace BMD or clinical assessment. Quanti-
tative computed tomography and other imaging modalities may be useful in specialized
circumstances but are not appropriate for routine AD-related screening.

7.7. Laboratory Evaluation for Secondary Causes

Laboratory testing should be guided by clinical context rather than performed indis-
criminately in every patient with AD. In individuals with low BMD, fragility fractures,
impaired growth, or substantial glucocorticoid exposure, an initial evaluation may include:
complete blood count; serum calcium, phosphate, creatinine, and alkaline phosphatase;
liver-function tests; serum 25-hydroxyvitamin D; thyroid-stimulating hormone; parathy-
roid hormone when calcium or vitamin D abnormalities are present; additional tests for
malabsorption, hypogonadism, inflammatory disease, or monoclonal gammopathy when
clinically indicated.

In pediatric patients, calcium, phosphate, alkaline phosphatase, vitamin D status, renal
function, pubertal development, and dietary intake require age-appropriate interpretation.
Bone-turnover markers may be difficult to interpret during growth because physiological
remodeling varies substantially with age and puberty.

Bone-turnover markers can provide information about remodeling and treatment
response in selected adults but are not diagnostic of osteoporosis. Likewise, serum
RANKL, OPG, IL-4, IL-13, IL-31, and IL-33 should currently be regarded as research
biomarkers. Their measurement is not standardized for routine clinical decision-making in
patients with AD [14,36,46].

7.8. Fracture-Risk Tools and Their Limitations

FRAX estimates the 10-year probability of hip and major osteoporotic fractures using
clinical risk factors, with or without femoral-neck BMD. It can support treatment deci-
sions in age-appropriate adults but has several limitations in the AD population. AD
is not included as a specific variable, and the tool does not directly account for disease
severity, pruritus, sleep disruption, nutritional restriction, recurrent falls, or intermittent
courses of glucocorticoids.

FRAX includes glucocorticoid exposure as a dichotomous variable, although dose ad-
justment can be applied in some circumstances. It may underestimate risk in patients
receiving high doses, repeated courses, or prolonged therapy and in those with frequent
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falls, multiple recent fractures, or substantial frailty [48,50,65,66]. The calculated probability
should therefore support—not replace—clinical judgment.

FRAX is not validated for children or adolescents and should not be applied to pediatric
AD. Itsrole is also limited in younger adults, in whom absolute 10-year fracture probabilities
may remain low despite clinically important secondary bone disease.

7.9. Follow-Up DXA and Longitudinal Monitoring

Repeat DXA should be performed only when the result is expected to influence manage-
ment. Fixed annual testing is unnecessary for every patient with AD. Follow-up intervals
should be individualized according to baseline BMD, age, fracture risk, systemic glucocorti-
coid exposure, treatment initiation or change, and the anticipated rate of bone loss [68].

When repeat testing is indicated, comparison should ideally be performed using the
same DXA facility and device. Changes should be interpreted using the facility-specific
least significant change rather than assuming any numerical difference is biologically mean-
ingful [67,68]. Small changes may reflect measurement variability, positioning, differences
in analysis, or artifacts.

Shorter monitoring intervals may be appropriate in circumstances associated with rapid
skeletal change, including high-dose systemic glucocorticoid therapy, major weight loss, newly
diagnosed malabsorption, or initiation of osteoporosis treatment. Longer intervals are reason-
able when BMD is stable, risk factors are unchanged, and no new fracture has occurred.

An incident fragility fracture, substantial height loss, new systemic glucocorticoid expo-
sure, or major change in clinical risk should trigger reassessment irrespective of the planned
DXA interval. Changes in AD treatment alone do not mandate repeat DXA unless they
materially alter the patient’s overall skeletal-risk profile.

7.10. A Proposed Clinical Algorithm for Patients with AD

Importantly, the proposed algorithm represents an evidence-informed clinical frame-
work developed by the authors rather than a validated AD-specific screening tool. Its founda-
tion consists of established osteoporosis guidelines addressing age- and sex-based screening,
previous fragility fractures, glucocorticoid-induced osteoporosis, and age-appropriate DXA
interpretation [48,50,65-69]. By contrast, the incorporation of AD severity, disease duration,
cumulative inflammatory burden, and associated lifestyle factors as additional risk modi-
fiers reflects expert interpretation of the available observational and mechanistic evidence.
No prospectively validated algorithm or AD-specific DXA threshold is currently available.
Accordingly, the proposed pathway should support individualized clinical judgment rather
than replace established osteoporosis screening recommendations.

A practical risk-adapted pathway can be organized into four stages.

Stage 1: Identify established screening indications. Patients should first be assessed
according to age-, sex-, and guideline-based recommendations for osteoporosis. Previous
hip or vertebral fragility fracture, known osteoporosis, or another major secondary cause
should prompt direct evaluation and management [65,66,69].

Stage 2: Identify AD-related risk enhancers. These include severe or long-standing
disease, systemic glucocorticoid exposure, low BMI, nutritional restriction, vitamin D
deficiency, impaired growth, reduced activity, sleep disturbance, falls, sarcopenia, and
occupational schedules that aggravate these factors.

Stage 3: Select age-appropriate investigations. Adults at increased risk may require DXA
of the hip and lumbar spine, fracture-risk assessment, vertebral imaging, and laboratory
evaluation for secondary causes. Children require growth- and size-adjusted assessment,
with specialist interpretation when DXA is performed.
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Patient with
atopic dermatitis

Stage 4: Intervene according to absolute risk. Management may include minimizing
systemic glucocorticoid exposure, optimizing AD control, correcting nutritional deficiencies,
promoting weight-bearing and resistance activities, reducing fall risk, addressing sleep and
occupational factors, and initiating osteoporosis treatment when conventional criteria are met.

This model avoids two opposite errors: indiscriminate DXA testing of every patient with AD
and failure to recognize high-risk individuals because AD is considered exclusively a cutaneous
disease. The purpose of risk-adapted screening is not to redefine AD as a direct cause of
osteoporosis, but to identify combinations of inflammatory, therapeutic, lifestyle, occupational,
and conventional factors that make clinically significant skeletal fragility more likely.

The proposed risk-adapted pathway for skeletal assessment and management in patients
with AD is illustrated in Figure 2.

Established indications for skeletal evaluation

prior fragility fracture E Risk-adapted v Education and prevention
cll1r0nic or re%eated systemic skeletal @ exercise / loading
glucocorticoid exposure

assessment ® adequate calcium and protein
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This is an author-proposed, evidence-informed framework.
No prospectively validated AD-specific screening algorithm currently exists.

Use age-appropriate interpretation:
Z-scores in children/adolescents;
T-scores in postmenopausal women and men 250 years.

Figure 2. Mechanistic-clinical framework for skeletal assessment in atopic dermatitis. This figure
presents an author-proposed, evidence-informed framework for skeletal assessment in patients with
atopic dermatitis. The approach integrates established indications for bone health evaluation—such
as prior fragility fracture, chronic or repeated systemic glucocorticoid exposure, postmenopausal
status or men aged >50 years meeting standard osteoporosis criteria, and clinical suspicion of sec-
ondary osteoporosis—with AD-related risk modifiers, including inflammatory burden, nutritional
and lifestyle factors, functional burden, and life-stage or growth-related considerations. These clinical
modifiers are supported by a mechanistic rationale involving inflammation, RANKL/RANK/OPG
imbalance, reduced loading, nutritional compromise, glucocorticoid exposure, and fall risk, all of
which may contribute to bone loss and skeletal fragility. Based on the combined risk profile, patients
may be stratified into lower-, intermediate-, or higher-risk groups to guide management ranging from
education and prevention, to targeted evaluation, to comprehensive work-up. This framework is
intended to support individualized clinical judgment and does not represent a prospectively validated
AD-specific screening algorithm. Age-appropriate interpretation of bone mineral density remains
essential, including Z-scores in children and adolescents and T-scores in postmenopausal women and
men aged >50 years.
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8. Discussion
8.1. Principal Findings

This review indicates that AD is associated with a modest increase in osteoporosis and
fracture risk, but the relationship is heterogeneous, multifactorial, and not necessarily causal.
The most recent cohort-based meta-analysis reported approximately 56% higher odds of
osteoporosis and 8% higher odds of any fracture among individuals with AD [31]. The
difference between these effect estimates is clinically and methodologically important. Os-
teoporosis diagnoses may be influenced by selective DXA testing and healthcare utilization,
whereas fractures are more objective outcomes but include events caused by trauma, falls,
and behavioral exposure rather than skeletal fragility alone.

Earlier meta-analytic evidence similarly identified increased risks of low BMD, osteope-
nia, osteoporosis, and fractures [13]. Nevertheless, individual studies have produced
inconsistent results. Some large population-based cohorts reported modestly higher frac-
ture rates, particularly in patients with severe disease [15,17,18,20,27,30], whereas studies
incorporating direct BMD assessment have not consistently demonstrated lower BMD in
patients with AD [16,24]. These findings suggest that fracture susceptibility may not be
explained exclusively by reduced areal BMD.

The overall evidence supports five principal conclusions. First, the skeletal risk associ-
ated with AD is probably concentrated in susceptible subgroups rather than distributed
uniformly across all patients. Second, disease severity and duration appear to be relevant
modifiers, although their measurement remains inconsistent. Third, systemic glucocorti-
coid exposure is an important but incomplete explanation. Fourth, osteoimmunological
pathways provide biological plausibility but do not yet establish a direct cytokine-mediated
causal mechanism. Finally, current evidence favors risk-adapted clinical assessment over
universal DXA screening based solely on AD.

8.2. Interpreting the Association Between AD and Bone Fragility

The distinction between association and causation is central to interpreting the literature.
Patients with AD differ from unaffected comparators in numerous characteristics that may
independently influence bone and fracture risk. These include systemic glucocorticoid
exposure, lower physical activity, sleep disruption, dietary restriction, altered body com-
position, vitamin D deficiency, psychological comorbidity, sedating medication use, and
increased healthcare contact.

Residual confounding is therefore likely even in well-designed cohort studies. Adminis-
trative datasets frequently lack standardized measures of AD activity, lifetime treatment
exposure, diet, physical activity, falls, menopause, muscle function, and trauma mechanism.
Severe disease is commonly defined through prescriptions or specialist care, meaning that
apparent severity gradients may partly reflect treatment intensity or healthcare utilization.

Surveillance bias may also contribute to the association with diagnosed osteoporosis.
Patients with chronic inflammatory disease or systemic glucocorticoid exposure may be
more likely to undergo DXA and receive an osteoporosis code. Conversely, osteoporosis may
remain undetected in comparators who do not undergo screening. Fractures are less sensi-
tive to this form of bias, but coding-based studies may not distinguish low-trauma fragility
fractures from sports injuries, occupational trauma, or accidental childhood fractures.

The substantial heterogeneity reported in meta-analyses supports this interpretation.
In the 2026 analysis, heterogeneity reached 99.9% for osteoporosis and 82.1% for overall
fractures [31]. A pooled association obtained under such conditions should be interpreted as
an average across clinically dissimilar populations rather than as a uniform effect applicable
to every patient with AD.
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Nevertheless, heterogeneity does not invalidate the association. Similar findings across
different countries, age groups, databases, and study designs suggest that the signal is
unlikely to be explained entirely by chance [12,13,23,31]. The key question is therefore not
whether AD is statistically associated with skeletal outcomes, but which combination of
disease, treatment, and patient characteristics yields a clinically meaningful absolute risk.

8.3. BMD and Fracture Risk Are Related but Not Interchangeable

The discordance between BMD and fracture findings is one of the most informative
features of the current evidence. Young adults with AD did not demonstrate a significantly
higher overall prevalence of low BMD, although earlier disease onset, longer duration, and
lower BMI were associated with less favorable measurements within the AD population [16].
Similarly, a study of older adults reported comparable BMD after matching but a higher
risk of vertebral fractures, although estimates were based on few events and had wide
confidence intervals [24].

Several explanations are possible. First, DXA measures areal BMD but does not fully cap-
ture trabecular microarchitecture, cortical porosity, bone-material properties, or remodeling
dynamics. Second, fracture risk reflects both skeletal strength and the probability of trauma
or falling. Sleep deprivation, sedating medications, impaired balance, muscle weakness,
and occupational hazards could increase fractures without materially reducing BMD. Third,
lumbar BMD may be artificially elevated in older adults by degenerative changes, potentially
obscuring underlying skeletal fragility.

Fracture location is also relevant. The relatively consistent signals for vertebral and
lower-limb fractures require confirmation, as these outcomes may arise from different
mechanisms [24,31]. Vertebral fractures are more suggestive of skeletal fragility but can
remain undiagnosed, whereas lower-limb fractures may be influenced more strongly by
falls, physical activity, and trauma exposure.

Future studies should therefore avoid treating osteoporosis codes, low BMD, and frac-
tures as equivalent outcomes. Combining DXA with vertebral imaging, trabecular bone
score, muscle assessment, falls, and adjudicated trauma mechanism would provide a more
complete skeletal phenotype.

8.4. Disease Activity, Glucocorticoids, and Lifestyle: Competing or Complementary Explanations?

Systemic glucocorticoids have an established adverse effect on bone and represent
the most clinically actionable contributor to skeletal risk [48-50]. Their continued use
in AD is concerning because repeated short courses can generate substantial cumulative
exposure [25,26]. However, studies that adjust for oral glucocorticoids suggest that they
account for only part of the observed association [17].

This residual risk should not automatically be attributed to systemic inflammation. Glu-
cocorticoid exposure is difficult to quantify accurately, particularly when prescriptions occur
across different healthcare settings or before entry into a database. Prescription records do
not confirm adherence, whereas current-use variables may fail to capture cumulative prior
exposure. Confounding by indication also remains important because patients receiving
glucocorticoids generally have more severe disease.

Disease severity, treatment, and lifestyle should therefore be considered complementary
rather than mutually exclusive explanations. Severe AD may increase inflammatory burden
while simultaneously worsening sleep, reducing activity, promoting dietary restriction, and
increasing the likelihood of systemic rescue treatment. These pathways can interact and
reinforce one another over time.

Topical corticosteroids should be distinguished clearly from systemic exposure. Pediatric
cohort data and controlled adult evidence have not demonstrated a clinically important ad-
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verse skeletal effect from the appropriate use of topical treatment [19,21]. Excessive concern
regarding topical corticosteroids may produce undertreatment, persistent inflammation,
sleep loss, and eventual escalation to systemic therapy. The clinically appropriate strategy is
effective topical disease control with attention to potency, treated surface area, duration, and
patient age—not avoidance based on an assumed equivalence with oral glucocorticoids.

Lifestyle factors further complicate causal interpretation. Lower exercise capacity has
been reported in adolescents with AD, but whether this translates into impaired peak bone
mass is unknown [55]. Vitamin D concentrations may be lower in more severe disease,
yet supplementation trials have primarily assessed dermatitis severity rather than bone
outcomes [51-53]. Similarly, sleep disturbance is common and clinically important, but its
direct contribution to fracture risk in AD has not been quantified [57].

Shift work and occupational stress may amplify sleep, dietary, and physical activity
disturbances, particularly among patients working rotating three-shift schedules. However,
no current evidence demonstrates an AD-specific interaction between shift work and osteo-
porosis. These exposures are best interpreted as contextual modifiers within a cumulative
risk model.

8.5. The Osteoimmunological and Therapeutic Paradox

The RANK-RANKL-OPG system provides a biologically plausible interface between
chronic inflammation and bone remodeling [33,35,37,43]. The reported correlation between
AD severity and the serum RANKL/OPG ratio, particularly in older women, is consistent
with increased osteoclastogenic potential [14]. Nevertheless, circulating biomarker mea-
surements cannot determine whether the signal originates from skin, bone, immune cells,
or another tissue, nor whether it predicts subsequent bone loss or fractures.

The roles of IL-4 and IL-13 illustrate the hazards of linear mechanistic interpretation. Both
cytokines can suppress osteoclastogenesis and promote anti-inflammatory macrophage
phenotypes in experimental systems [38,39,42,44]. Yet excessive IL-4 signaling has en-
hanced osteoclast formation in a model of food-allergic enteropathy [47]. These apparently
contradictory findings may reflect differences in concentration, exposure duration, tissue
environment, cell-differentiation stage, and associated inflammatory signals.

The IL-33/IL-31 axis is similarly complex. IL-33 has demonstrated anti-osteoclastogenic
effects in selected models, whereas IL-31 has been associated with low BMD and may connect
type 2 inflammation with pruritus and sleep disruption [36,40,41]. Most of this evidence
is preclinical or derived from conditions other than AD and should not be interpreted as
confirmation of an AD-specific cytokine—fracture pathway.

This complexity is directly relevant to dupilumab. Because IL-4 and IL-13 can experimentally
inhibit osteoclastogenesis, blockade of their shared receptor could theoretically remove an
osteoprotective signal [38,39,42,44,46]. Conversely, effective treatment may reduce AD-related
inflammation and barrier dysfunction, improve pruritus, sleep, quality of life, and physical
functioning, and facilitate avoidance of systemic glucocorticoids [58,60—62,64]. The net clinical
effect on bone cannot therefore be predicted from receptor pharmacology alone [37,43,46].

Available adult and pediatric safety data have not established osteoporosis or fractures
as adverse effects of dupilumab [58,62,64]. Moreover, a 2026 post hoc pediatric analysis
reported improved linear growth and favorable changes in bone-related biomarkers during
treatment [59]. These findings argue against a simple model in which IL-4/IL-13 blockade
necessarily damages bone.

However, the pediatric analysis does not prove that dupilumab increases BMD or pre-
vents fractures. Biomarker and growth changes may result from improved overall health
rather than from a direct effect on bone. Similarly, pharmacovigilance reports cannot es-
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tablish causality because they lack appropriate denominators and detailed adjustment for
baseline osteoporosis, disease severity, falls, and previous glucocorticoid exposure [63].

The two dupilumab-associated osteoporosis cases presented in [73,74] further illustrate
this interpretative problem. Both observations generated a biologically plausible hypothesis
based on the temporal relationship between treatment and the diagnosis of osteoporosis, but
neither included a pretreatment DXA trajectory nor a sufficiently detailed baseline skeletal
risk assessment. They should therefore stimulate prospective monitoring studies rather
than support classification of osteoporosis as a demonstrated adverse effect of dupilumab.

The most defensible conclusion is therefore that dupilumab has not been shown to cause
osteoporosis and may indirectly support skeletal health through disease control and glucocor-
ticoid sparing. Evidence remains insufficient to classify it as directly osteoprotective.

8.6. A Lifespan Perspective

The clinical meaning of skeletal risk differs substantially across life stages. In childhood
and adolescence, the primary concern is not conventional postmenopausal osteoporosis but
impaired growth and failure to achieve optimal peak bone mass. Severe disease, restricted
nutrition, low body weight, reduced activity, delayed puberty, and glucocorticoid exposure
may have consequences that are not captured adequately by short-term fracture incidence.

Pediatric fracture studies have reported modest associations with AD [18,20], but child-
hood fractures are common and frequently traumatic. Without information on trauma
mechanism, bone size, growth, and pubertal stage, increased fracture incidence cannot be as-
sumed to represent osteoporosis. DXA interpretation also requires Z-scores and adjustment
for growth and body size; applying adult T-score thresholds would be inappropriate.

In younger adults, low absolute fracture risk may obscure early biological effects. Disease
duration, low BMI, nutritional deficiency, and previous glucocorticoid exposure may be
more informative than chronological age alone [16]. Premenopausal women and men
younger than 50 years require clinical interpretation based on Z-scores, secondary causes,
and fracture history rather than BMD classification alone [67].

In older adults, AD-related factors are superimposed on menopause, age-related bone
loss, sarcopenia, multimorbidity, polypharmacy, and falls. A modest relative risk may
correspond to a clinically meaningful absolute increase in this population. Vertebral imaging
and fall assessment may be particularly important when BMD appears relatively preserved,
but clinical suspicion remains high [24].

8.7. Implications for Screening and Clinical Practice

No guideline currently recommends universal DXA screening for all patients with
AD. The available association, although reproducible, is insufficiently specific and too
heterogeneous to justify such an approach. Universal testing could increase costs, incidental
findings, and inappropriate labeling, particularly in young individuals whose absolute
fracture risk is low.

Conversely, ignoring bone health entirely may miss clinically important risk in patients
with severe disease, systemic glucocorticoid exposure, low BMI, nutritional restriction,
growth impairment, menopause, sarcopenia, falls, or previous fractures. The proposed
algorithm in Figure 2 is intended to identify these higher-risk combinations.

Established osteoporosis recommendations should remain the foundation of clinical
assessment [65,66,69]. AD functions as a potential risk enhancer that may justify closer
evaluation when combined with conventional determinants. The strongest indication for
early assessment remains a previous fragility fracture or clinically meaningful systemic
glucocorticoid exposure [48,50].
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DXA results should always be interpreted according to age and life stage [67]. A normal
BMD does not exclude skeletal fragility in a patient with a vertebral or other low-trauma
fracture, while a low areal BMD in a short child does not independently establish osteo-
porosis. Repeat testing should be individualized and performed only when the result is
expected to influence management [68].

Clinical prevention should emphasize effective AD control, avoidance of unnecessary
systemic glucocorticoids, adequate calcium and protein intake, correction of vitamin D
deficiency, maintenance of healthy body weight, resistance and weight-bearing activity,
sleep optimization, and fall prevention. These measures benefit general health even when a
direct AD-bone causal pathway cannot be demonstrated.

8.8. Strengths and Limitations of the Review

A strength of this review is its integrated assessment of epidemiological, mechanistic,
therapeutic, and diagnostic evidence published between January 2020 and July 2026. The
review does not treat osteoporosis, BMD, and fractures as interchangeable outcomes and
explicitly distinguishes direct clinical evidence from preclinical or extrapolated osteoim-
munological data. It also incorporates a lifespan perspective and proposes a risk-adapted
clinical framework rather than universal screening.

Particular attention was given to the therapeutic paradox surrounding IL-4/IL-13 in-
hibition. Emerging pediatric data were integrated without interpreting improvements in
growth or bone biomarkers as evidence of fracture prevention [59]. Pharmacovigilance
findings were treated as hypothesis-generating rather than causal evidence [63]. The meet-
ing abstracts that motivated the review were similarly used to frame research questions and
were not included as peer-reviewed evidence.

Several limitations must also be acknowledged. This was a critical narrative review with a
structured search rather than a prospectively registered systematic review. Study selection,
data extraction, and evidence synthesis were not performed by multiple independent
reviewers, and a uniform risk-of-bias instrument was not applied. The search was centered
on PubMed/MEDLINE, supplemented by reference screening and metadata verification,
and may have missed eligible studies indexed exclusively in other databases.

Quantitative pooling was not repeated because recent meta-analyses were available [13,23,31].
Consequently, this review cannot determine whether alternative analytical decisions would
change the pooled estimates. Publication bias and selective reporting remain possible,
particularly for small biomarker or mechanistic studies.

The clinical literature was heterogeneous in age, AD definition, severity classification,
treatment exposure, comparator selection, and outcome ascertainment. Many studies relied
on administrative diagnoses and could not distinguish fragility fractures from traumatic
fractures. Direct evidence regarding bone microarchitecture, muscle function, falls, and
longitudinal BMD change was sparse.

Mechanistic interpretation was limited by reliance on experimental models, periodontal
disease, allergic enteropathy, rheumatoid arthritis, and general osteoporosis research. These
data establish biological plausibility but cannot confirm that identical pathways determine
fracture risk in human AD. Finally, evidence concerning the skeletal effects of targeted
therapy remains insufficient because bone outcomes were rarely prespecified in clinical trials.
The meeting abstracts cited in this review were deliberately treated as hypotheses: [70]
provided a preliminary cross-sectional clinical signal; [71,72] illustrated the coexistence of
chronic disease activity, corticosteroid exposure, and reduced physical activity; and [73,74]
raised questions regarding IL-4/IL-13 inhibition and bone remodeling.

Overall, this review supports recognition of bone fragility as a potentially relevant co-
morbidity in selected patients with AD, but it also demonstrates why the association should
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not be reduced to a single cytokine, treatment, or screening rule. The most appropriate
clinical response is an individualized assessment based on cumulative absolute risk, while
future research should determine whether AD-specific variables improve prediction beyond
established determinants of osteoporosis.

9. Research Gaps and Future Directions

Despite increasing evidence of an association between atopic dermatitis and skeletal
fragility, major uncertainties remain regarding causality, susceptible phenotypes, treatment
effects, and optimal screening. Current evidence is dominated by retrospective cohorts,
administrative databases, cross-sectional BMD studies, and meta-analyses of heterogeneous
observational data [12,13,23,31]. The next stage of research should move beyond establish-
ing whether an association exists and determine which patients are at clinically meaningful
risk, through which pathways, and whether that risk can be modified.

9.1. Moving from Association to Causal Inference

The principal challenge is disentangling the effects of AD from those of systemic gluco-
corticoids, low BMI, nutritional restriction, reduced activity, sleep disturbance, comorbid
allergic disease, socioeconomic factors, and healthcare utilization. Administrative databases
can adjust only for variables that are recorded reliably, and disease severity is frequently
inferred from prescriptions or healthcare encounters rather than measured directly.

Future epidemiological studies should use incident AD cohorts with active comparators,
validated disease-severity measures, time-updated treatment exposure, and clearly defined
skeletal outcomes. Analyses should distinguish low-trauma fractures from fractures caused
by major trauma and should evaluate vertebral, hip, wrist, humeral, pelvic, and lower-limb
fractures separately. Negative-control outcomes, propensity methods, marginal structural
models, and mediation analyses could help clarify the respective contributions of disease
activity and treatment.

Causal triangulation across different research designs would be particularly valuable.
Concordant findings from longitudinal cohorts, mechanistic studies, treatment-response
analyses, and genetically informed approaches would provide stronger evidence than any
single design. At present, the available literature supports an association but does not
demonstrate that AD-specific inflammation directly causes osteoporosis.

9.2. Standardized Definition of the Skeletal Phenotype

Bone health should not be represented by a single outcome. BMD, osteoporosis di-
agnoses, bone microarchitecture, vertebral deformities, bone turnover markers, muscle
function, falls, and fractures capture distinct dimensions of skeletal fragility. Future studies
should define these outcomes prospectively and report them separately.

A standardized skeletal assessment could include: lumbar-spine and hip DXA in adults;
age-appropriate DXA sites and Z-scores in children; vertebral fracture assessment or spinal
imaging; trabecular bone score where technically appropriate; serum bone-formation and
resorption markers; height, weight, body composition, and muscle strength; falls and
balance assessment; adjudicated low-trauma fractures.

Repeated measurement is essential. A cross-sectional difference in BMD cannot establish
whether AD preceded bone loss, while a fracture outcome without baseline skeletal assess-
ment cannot determine whether the event reflects reduced BMD, impaired bone quality,
trauma exposure, or falls. Longitudinal designs should therefore combine imaging and
clinical outcomes rather than relying exclusively on diagnostic codes.
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9.3. Defining High-Risk AD Phenotypes

The modest pooled increase in fracture risk probably conceals substantial variation
among patients [13,31]. Clinically important risk may be concentrated in distinct phenotypes
rather than distributed uniformly across the AD population.

Potential high-risk profiles include: severe and persistent AD with extensive body-
surface involvement; early-onset disease continuing through peak bone-mass acquisition;
repeated or prolonged systemic glucocorticoid exposure; older women with long disease
duration and elevated conventional risk; low BMI, restricted diets, or documented vitamin
D deficiency; impaired growth or delayed puberty; reduced physical activity, sarcopenia, or
recurrent falls; severe pruritus and chronic sleep disruption; multiple atopic diseases or
other systemic inflammatory comorbidities; rotating shift work combined with circadian
disruption and unfavorable lifestyle factors.

These candidate phenotypes require external validation. Studies should evaluate
whether the combination of several moderate risk enhancers predicts skeletal outcomes
more accurately than AD severity or glucocorticoid exposure alone.

9.4. Prospective Osteoimmunological Phenotyping

The RANK-RANKL-OPG system provides a plausible interface between cutaneous
inflammation and bone remodeling, but human AD data remain limited [14,22]. Future
studies should combine clinical disease measures with serum or tissue biomarkers and
longitudinal skeletal outcomes.

Candidate panels may include RANKL, OPG, bone-specific alkaline phosphatase, pro-
collagen type I N-terminal propeptide, C-terminal telopeptide, calcium, phosphate, parathy-
roid hormone, and 25-hydroxyvitamin D. Inflammatory profiling could include IL-4, IL-13,
IL-31, IL-33, TNF-&, IL-6, and additional mediators reflecting the heterogeneity of chronic
AD [33-47].

A major methodological requirement is temporal alignment. Biomarkers, AD sever-
ity, medication exposure, diet, physical activity, and bone-turnover measures should be
collected at the same time points. Otherwise, correlations between isolated cytokine mea-
surements and BMD may be difficult to interpret biologically. Laboratory methods, sample
timing, fasting status, season, and preanalytical conditions should also be standardized.

These biomarkers should initially be evaluated as research tools rather than clinical
screening tests. Demonstrating an association with AD severity is insufficient; a useful
biomarker would need to predict longitudinal bone loss or fractures beyond conventional
risk factors and produce clinically meaningful improvement in risk classification.

9.5. Pediatric Growth and Peak Bone-Mass Acquisition

Children and adolescents represent a priority population because skeletal consequences
may emerge before conventional osteoporosis becomes detectable. Research should distin-
guish transient effects on growth from persistent failure to achieve genetic height potential
or optimal peak bone mass.

Prospective pediatric cohorts should measure height velocity, pubertal development,
dietary intake, physical activity, body composition, systemic glucocorticoid exposure, and
age-adjusted skeletal parameters. DXA interpretation should account for short stature and
delayed maturation, and fractures should be classified according to anatomical site, trauma
mechanism, and recurrence.

The reported improvement in growth measures and bone-related biomarkers during
dupilumab therapy supports a hypothesis for future investigation [59]. Confirmation
will require prespecified skeletal endpoints, appropriate controls, longer follow-up, and
assessment of whether early changes translate into improved peak bone mass. It will also
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be necessary to separate the effects of cytokine inhibition from those of improved sleep,
nutrition, and activity, as well as reduced glucocorticoid exposure.

9.6. Comparative Skeletal Effects of Systemic Therapies

Current therapeutic evidence cannot determine whether biologics, JAK inhibitors, or
conventional immunosuppressants differ in their long-term skeletal effects. Randomized
trials are unlikely to be powered for fractures, but bone-focused substudies and prospective
registries could address this gap.

Relevant comparisons should include: active uncontrolled disease versus effective sys-
temic treatment; conventional immunosuppression versus targeted therapy; dupilumab
versus selective IL-13 inhibition; biologics versus JAK inhibitors; patients with and without
previous systemic glucocorticoid exposure; continuous targeted treatment versus discontin-
uation or treatment switching.

Outcomes should include changes in BMD, bone-turnover markers, body composition,
muscle strength, falls, and fractures. Analyses must account for baseline differences because
patients selected for particular therapies may vary in age, disease severity, comorbidity, and
previous treatment exposure.

Pharmacovigilance analyses may identify hypotheses but should not be used in isolation
to classify a therapy as osteotoxic [63]. Any skeletal signal requires confirmation with
exposed and unexposed comparison groups, reliable denominator data, and adjustment
for baseline risk.

9.7. Sleep, Circadian, and Occupational Dimensions

Sleep disturbance is a recognized burden of AD, but its role in skeletal outcomes remains
largely unexplored [57]. Future studies should use validated sleep questionnaires, actigra-
phy, and objective activity measures to determine whether persistent nocturnal pruritus
predicts reduced physical activity, impaired muscle function, falls, or bone loss.

Occupational variables should also be incorporated selectively. Shift schedule, cumula-
tive night-work exposure, rotation speed, work intensity, heat exposure, protective clothing,
opportunities for regular meals, and workplace access to skin care may influence both AD
control and lifestyle-related skeletal risk. These variables are especially relevant in workers
with severe disease, repeated systemic glucocorticoid treatment, or chronic sleep restriction.

The objective is not to establish shift work as an AD-specific cause of osteoporosis
but to determine whether occupational circumstances amplify a cumulative risk profile.
Such research could support practical interventions involving schedule adaptation, sleep
optimization, regular nutrition, physical activity, and occupational-health surveillance.

9.8. Development and Validation of a Risk-Prediction Model

Existing fracture-risk tools do not include AD severity, pruritus, nutritional restriction, or
intermittent glucocorticoid exposure. However, adding disease-specific variables is justified
only if they improve prediction beyond established factors.

A proposed AD-specific model could initially evaluate: age and sex; menopausal or
gonadal status; previous fragility fracture; BMI and body composition; AD duration and
validated severity; cumulative systemic glucocorticoid dose; physical activity and muscle
function; falls; dietary restriction and vitamin D status; sleep disturbance; conventional
FRAX variables.

Model development should use sufficiently large prospective cohorts, penalized regres-
sion or other appropriate methods to reduce overfitting, and internal validation through
bootstrapping or cross-validation. External validation in geographically and ethnically
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distinct populations would be essential. Calibration and clinical utility should be evaluated
alongside discrimination.

A risk model should not be developed merely to produce a statistically significant score. It
should identify patients whose management would change—for example, those who should
undergo earlier DXA, vertebral imaging, laboratory evaluation, or fall-prevention assessment.

9.9. Digital Monitoring and Precision Prevention

Digital tools could improve the measurement of fluctuating AD severity and lifestyle
exposures. Patient-reported symptom applications, wearable activity monitoring, sleep
tracking, and electronic medication records may provide more accurate longitudinal expo-
sure data than isolated clinic visits.

An integrated platform could combine AD activity, pruritus, sleep, physical activity,
glucocorticoid use, nutritional indicators, falls, and BMD results. Such systems could
identify periods of increased vulnerability, including severe flares accompanied by systemic
treatment, inactivity, and sleep loss. Nevertheless, predictive algorithms must be validated
prospectively and should not replace clinical assessment.

Precision prevention should remain clinically interpretable. Potential interventions
include glucocorticoid avoidance, correction of nutritional deficiencies, maintenance of
healthy body weight, resistance and weight-bearing activity, sleep optimization, fall pre-
vention, and guideline-based osteoporosis therapy. The aim is to match the intensity of
surveillance and prevention to absolute risk rather than to create unnecessary testing in
patients with uncomplicated AD.

9.10. From Hypothesis-Generating Abstracts to Confirmatory Evidence

The meeting abstracts that motivated this review highlight a clinically plausible yet
insufficiently studied relationship. Their principal value lies in identifying emerging ob-
servations, therapeutic paradoxes, and research questions. Because meeting abstracts
frequently provide limited methodological detail and may not undergo the same review
process as full publications, they should not be used to establish prevalence estimates,
causal pathways, treatment-related harm, or screening recommendations.

Future full-length reports should provide clearly defined cohorts, comparator groups,
AD severity, cumulative treatment exposure, age-appropriate bone assessment, adjustment
for confounders, and transparent statistical methods. Prospective registration and publi-
cation of negative findings would reduce selective reporting and help determine whether
preliminary signals are reproducible.

9.11. Translational Priorities
The immediate research priorities can be summarized as follows:

e  Prospective lifespan cohorts combining standardized AD severity with repeated
skeletal assessment.

e  Precise quantification of cumulative systemic glucocorticoid exposure.

e Validation of high-risk clinical phenotypes rather than universal screening.

e  Bone-focused studies of dupilumab, selective IL-13 inhibitors, and JAK inhibitors.

e  Pediatric studies evaluating growth, puberty, and peak bone-mass acquisition.

e Integration of sleep, physical activity, nutrition, muscle function, falls, and occupational
schedules.

e  Validation of osteoimmunological biomarkers against longitudinal bone loss and fractures.

e  Development and external validation of a clinically actionable risk-prediction model.

Addressing these priorities would shift the field from broad epidemiological association
toward mechanistically informed and risk-adapted prevention. Until such evidence becomes
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available, clinical management should combine effective control of AD with established
principles of bone health, avoidance of unnecessary systemic glucocorticoids, and targeted
skeletal evaluation in patients with additional risk factors.

10. Conclusions

Current evidence supports a modest but clinically relevant association between AD
and osteoporosis and fracture risk, particularly in patients with severe or long-standing
disease and additional skeletal risk factors. This relationship is heterogeneous and cannot
be attributed to a single mechanism. Chronic inflammation, systemic glucocorticoid expo-
sure, nutritional restriction, low BMI, vitamin D deficiency, reduced physical activity, sleep
disruption, muscle impairment, falls, and occupational or circadian stress may interact
across the lifespan to influence bone strength. Osteoimmunological pathways involving the
RANK-RANKL-OPG system and type 2 cytokines provide biological plausibility, but their
net skeletal effects are context-dependent and remain incompletely validated in human
AD. Available evidence does not demonstrate that dupilumab causes osteoporosis. On
the contrary, emerging pediatric findings suggest potential improvements in linear growth
and bone-related biomarkers, although these observations do not yet establish a direct
osteoprotective effect or fracture prevention. AD alone is not sufficient to justify universal
DXA screening. Skeletal assessment should be individualized based on age, prior fragility
fractures, disease severity and duration, cumulative systemic glucocorticoid exposure, nu-
tritional and hormonal status, physical activity, muscle function, falls, and established osteo-
porosis recommendations. Particular attention is warranted during growth, after prolonged
or repeated systemic glucocorticoid treatment, and in older or otherwise vulnerable patients.
Effective control of AD, avoidance of unnecessary systemic glucocorticoids, correction of
nutritional deficiencies, maintenance of healthy body composition, regular weight-bearing
and resistance activity, sleep optimization, and fall prevention constitute the most appropri-
ate current preventive strategy. Prospective longitudinal studies integrating standardized
AD phenotyping, treatment exposure, age-appropriate imaging, bone-turnover biomarkers,
muscle assessment, and adjudicated fragility fractures are required to determine causality
and validate AD-specific screening approaches.

Author Contributions: Conceptualization, A.-R.B.C. and M.-Z.A.; methodology, A.-R.B.C., L.B,,
M.V.B. and M.-Z.A.; validation, M.V.B. and D.C.C.; resources, R.P. and G.G.M.; data curation, R.P.
and G.G.M.; writing—original draft preparation, V.P. and A.-S.S.-1.; writing—review and editing, V.P.
and A.-S.S.-L; supervision, M.V.B. and D.C.C.; project administration, L.B. All authors have read and
agreed to the published version of the manuscript.

Funding: The Article Processing Charges were funded by the University of Medicine and Pharmacy
of Craiova, Romania.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon reasonable request.

Acknowledgments: The authors acknowledge the assistance of generative artificial intelligence tools,
including ChatGPT (OpenAl, GPT-5.5) and Claude (Claude Sonnet 5, Anthropic), in supporting
manuscript organization, language refinement, and the preparation of graphical illustrations. All Al-
assisted materials were critically reviewed and validated by the authors, who retain full responsibility
for the scientific content and conclusions of this work.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660 45 of 48

References

1. Langan, S.M.; Irvine, A.D.; Weidinger, S. Atopic dermatitis. Lancet 2020, 396, 345-360, Correction in Lancet 2020, 396, 758.
[CrossRef]

2. Stander, S. Atopic Dermatitis. N. Engl. J. Med. 2021, 384, 1136-1143. [CrossRef]

3. Bieber, T. Atopic dermatitis: An expanding therapeutic pipeline for a complex disease. Nat. Rev. Drug Discov. 2022, 21, 21-40.
[CrossRef]

4. Galli, E.; Cinicola, B.; Carello, R.; Caimmi, S.; Brindisi, G.; De Castro, G.; Zicari, A.M.; Tosca, M.A.; Manti, S.; Martelli, A.; et al.
Atopic dermatitis. Acta Biomed. 2020, 91, €2020011. [CrossRef]

5. Raimondo, A.; Lembo, S. Atopic Dermatitis: Epidemiology and Clinical Phenotypes. Dermatol. Pract. Concept. 2021, 11, €2021146.
[CrossRef]

6. Carrascosa, J.; Morillas-Lahuerta, V. Comorbidities in Atopic Dermatitis: An Update and Review of Controversies. Actas
Dermosifiliogr. 2020, 111, 481-486. [CrossRef]

7. Davis, D.M.R.; Drucker, A.M.; Alikhan, A.; Bercovitch, L.; Cohen, D.E.; Darr, ].M.; Eichenfield, L.F.; Frazer-Green, L.; Paller,
AS,; Silverberg, J.I; et al. American Academy of Dermatology Guidelines: Awareness of comorbidities associated with atopic
dermatitis in adults. J. Am. Acad. Dermatol. 2022, 86, 1335-1336.e18. [CrossRef]

8. Weidinger, S.; Aoki, V.; Dhar, S.; Dlova, N.C.; Kabashima, K.; Ma, L.; Flohr, C.; Irvine, A.D. Atopic dermatitis. Nat. Rev. Dis.
Primers 2026, 12, 36, Correction in Nat. Rev. Dis. Primers 2026, 12, 41. [CrossRef]

9. Sidbury, R.; Alikhan, A.; Bercovitch, L.; Cohen, D.E.; Darr, ].M.; Drucker, A.M.; Eichenfield, L.F.; Frazer-Green, L.; Paller, A.S.;
Schwarzenberger, K.; et al. Guidelines of care for the primary prevention of atopic dermatitis and awareness of comorbid
conditions in pediatric atopic dermatitis. J. Am. Acad. Dermatol. 2026, 95, 124.e1-124.e19. [CrossRef]

10. Narla, S; Silverberg, J.I. Comorbidities of atopic dermatitis in adults and children. J. Am. Acad. Dermatol. 2026, 94, S10-S13.
[CrossRef]

11.  Sirufo, M.M; De Pietro, F; Bassino, E.M.; Ginaldi, L.; De Martinis, M. Osteoporosis in Skin Diseases. Int. J. Mol. Sci. 2020, 21, 4749.
[CrossRef]

12. Mukovozov, I.; Morra, D.; Giustini, D.; Tadrous, M.; Cheung, A.; Drucker, A. Atopic dermatitis and bone health: A systematic
review. J. Eur. Acad. Dermatol. Venereol. 2021, 35, 615-628. [CrossRef]

13.  Wu, D,; Wu, X.D.; Zhou, X.; Huang, W.; Luo, C.; Liu, Y. Bone mineral density, osteopenia, osteoporosis, and fracture risk in
patients with atopic dermatitis: A systematic review and meta-analysis. Ann. Transl. Med. 2021, 9, 40. [CrossRef]

14. Sakai, T.; Herrmann, N.; Maintz, L.; Niimm, T.J.; Welchowski, T.; Bieber, T. Serum receptor activator of nuclear factor kappa-B
ligand/osteoprotegerin ratio correlates with severity and suggests fracture’s risk in older women with atopic dermatitis. Allergy
2021, 76, 3220-3223. [CrossRef]

15. Lin, TL; Wu, C.Y,; Yen, J].Y,; Juan, CK.; Chang, Y.L.; Ho, HJ.; Chen, Y.-J. Fracture risks in patients with atopic dermatitis. Ann.
Allergy Asthma Immunol. 2021, 127, 667-673.€2. [CrossRef]

16. Kim, S.; Choi, J.; Cho, M.K,; Kim, N.H.; Kim, S.G.; Kim, K.J. Bone mineral density and osteoporosis risk in young adults with
atopic dermatitis. Sci. Rep. 2021, 11, 24228. [CrossRef]

17.  Matthewman, J.; Mansfield, K.E.; Prieto-Alhambra, D.; Mulick, A.R.; Smeeth, L.; Lowe, K.E.; Silverwood, R.J.; Langan, S.M. Atopic
Eczema-Associated Fracture Risk and Oral Corticosteroids: A Population-Based Cohort Study. . Allergy Clin. Immunol. Pract.
2022, 10, 257-266.€8. [CrossRef]

18. Ha, EK; Kim, ].H.; Kwak, ].H; Lee, S.; Cha, H.R.; Chung, E.H.; Han, M.Y. Association of clinical and social factors with risk of
fracture in children with atopic dermatitis. Pediatr. Allergy Immunol. 2022, 33, €13712. [CrossRef]

19. Imhof, R.L.; Weaver, A.L.; St Sauver, J.; Hand, J.; Davis, D.M.R.; Tollefson, M.M. Association between topical corticosteroid use
and fracture risk among pediatric patients with atopic dermatitis. J. Am. Acad. Dermatol. 2022, 87, 409—-411. [CrossRef]

20. Lee, S.W,; Shin, Y.H.; Shin, J.I; Kang, S.M.; Abuabara, K.; Hwang, J.; Shin, J.U.; Noh, H.; Kim, S.; Heo, C.Y,; et al. Fracture incidence
in children after developing atopic dermatitis: A Korean nationwide birth cohort study. Allergy 2023, 78, 871-875. [ CrossRef]

21.  Gether, L.; Storgaard, H.; Kezic, S.; Jakasa, I.; Hartmann, B.; Skov-Jeppesen, K.; Holst, ].J.; Pedersen, A.].; Forman, J.; van Hall,
G.; et al. Effects of topical corticosteroid versus tacrolimus on insulin sensitivity and bone homeostasis in adults with atopic
dermatitis—A randomized controlled study. Allergy 2023, 78, 1964-1979. [CrossRef]

22.  Sakai, T. Fracture risks and their mechanisms in atopic dermatitis, focusing on receptor activator of nuclear factor kappa-B ligand.
Clin. Exp. Dermatol. 2023, 48, 1209-1213. [CrossRef]

23.  Zhou, B,; Liang, S.; Shang, S.; Xiang, L.; Zhou, K.; Wu, S.; Li, L. Evaluation of bone fracture risks in patients with atopic dermatitis:
Meta-analysis and trial sequential analysis. Postep. Dermatol. Alergol. 2023, 40, 699-701. [CrossRef]

24. Hsiao, Y.Y,; Chen, YH.; Chen, YYW.; Tang, K.T. The Fracture Risk of Elderly Patients with Atopic Dermatitis. Dermatitis 2024, 35, 380-385.
[CrossRef]

25. Jang, Y.H.; Choi, E.Y,; Lee, H.; Woo, J.; Park, S.; Noh, Y.; Jeon, J.-Y.; Yoo, E.-Y,; Shin, J.-Y.; Lee, Y.W. Long-Term Use of Oral

Corticosteroids and Safety Outcomes for Patients with Atopic Dermatitis. JAMA Netw. Open 2024, 7, €2423563. [ CrossRef]

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.1016/S0140-6736(20)31286-1
https://doi.org/10.1056/NEJMra2023911
https://doi.org/10.1038/s41573-021-00266-6
https://doi.org/10.23750/abm.v91i11-S.10313
https://doi.org/10.5826/dpc.1104a146
https://doi.org/10.1016/j.adengl.2020.04.012
https://doi.org/10.1016/j.jaad.2022.01.009
https://doi.org/10.1038/s41572-026-00703-z
https://doi.org/10.1016/j.jaad.2026.02.114
https://doi.org/10.1016/j.jaad.2025.10.043
https://doi.org/10.3390/ijms21134749
https://doi.org/10.1111/jdv.16895
https://doi.org/10.21037/atm-20-4708
https://doi.org/10.1111/all.14971
https://doi.org/10.1016/j.anai.2021.09.004
https://doi.org/10.1038/s41598-021-03630-z
https://doi.org/10.1016/j.jaip.2021.09.026
https://doi.org/10.1111/pai.13712
https://doi.org/10.1016/j.jaad.2021.08.030
https://doi.org/10.1111/all.15577
https://doi.org/10.1111/all.15690
https://doi.org/10.1093/ced/llad220
https://doi.org/10.5114/ada.2023.132244
https://doi.org/10.1089/derm.2023.0174
https://doi.org/10.1001/jamanetworkopen.2024.23563
https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660 46 of 48

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hagenstrom, K.; Klinger, T.; Miiller, K.; Willers, C.; Augustin, M. Utilization and related harms of systemic glucocorticosteroids
for atopic dermatitis: Claims data analysis. Br. J. Dermatol. 2024, 191, 719-727. [ CrossRef]

Matthewman, J.; Schultze, A.; Strongman, H.; Bhaskaran, K.; Roberts, A.; Denaxas, S.; Mansfield, K.E.; Langan, S.M. Cohort
studies on 71 outcomes among people with atopic eczema in UK primary care data. Nat. Commun. 2024, 15, 9573. [CrossRef]
Papa, V.; Pomi, F.L.; Minciullo, PL.; Borgia, F.; Gangemi, S. Skin Disorders and Osteoporosis: Unraveling the Interplay Between
Vitamin D, Microbiota, and Epigenetics Within the Skin-Bone Axis. Int. J. Mol. Sci. 2024, 26, 179. [CrossRef]

Lemeshow, A.R.; Egeberg, A.; Edwards, T.; Schachterle, S.E.; Romero, W.; Myers, D.E.; Vyas, S.; Silverberg, J.I. The Association
Between Atopic Dermatitis and Select Disease Events in Adults in the United States: A Retrospective Cohort Study in the Optum
Electronic Health Records Database. Dermatol. Ther. 2025, 15, 1371-1390. [CrossRef]

Chiesa Fuxench, Z.C.; Wan, J.; Wang, S.; Syed, M.N.; Shin, D.B.; Abuabara, K.; Lemeshow, A.R.; Gelfand, ].M. Fracture risk
among adults with atopic dermatitis: A population-based cohort study in the United Kingdom. J. Eur. Acad. Dermatol. Venereol.
2025, 39, e816-e819. [CrossRef]

Liu, H.; Ru, H.; Yu, P.; Wei, W.,; Wang, S. Atopic dermatitis and the risk of osteoporosis and fractures: A meta-analysis of cohort
studies. Ann. Med. 2026, 58, 2607193. [CrossRef]

Peng, C.; Chen, B.; Chen, Z.; Chen, H,; Yi, Z. Associations of allergic diseases with incident hospital-recorded osteoporosis and
major osteoporotic fracture in older adults: A prospective cohort study in the UK Biobank. BMC Geriatr. 2026, 26, 1031. [ CrossRef]
Ono, T,; Hayashi, M.; Sasaki, F.; Nakashima, T. RANKL biology: Bone metabolism, the immune system, and beyond. Inflamm.
Regen. 2020, 40, 2. [CrossRef]

Sirufo, M.M.; Suppa, M.; Ginaldi, L.; De Martinis, M. Does Allergy Break Bones? Osteoporosis and Its Connection to Allergy. Int.
J. Mol. Sci. 2020, 21, 712. [CrossRef]

Kitaura, H.; Marahleh, A.; Ohori, F.; Noguchi, T.; Shen, WR.; Qi, J.; Nara, Y.; Pramusita, A.; Kinjo, R.; Mizoguchi, I. Osteocyte-
Related Cytokines Regulate Osteoclast Formation and Bone Resorption. Int. J. Mol. Sci. 2020, 21, 5169. [CrossRef]

De Martinis, M.; Sirufo, M.M.; Suppa, M.; Ginaldi, L. IL-33/IL-31 Axis in Osteoporosis. Int. J. Mol. Sci. 2020, 21, 1239. [CrossRef]
Zhou, P; Zheng, T.; Zhao, B. Cytokine-mediated immunomodulation of osteoclastogenesis. Bone 2022, 164, 116540. [CrossRef]
[PubMed |

von Kaeppler, E.P.; Wang, Q.; Raghu, H.; Bloom, M.S.; Wong, H.; Robinson, W.H. Interleukin 4 promotes anti-inflammatory
macrophages that clear cartilage debris and inhibits osteoclast development to protect against osteoarthritis. Clin. Immunol.
2021, 229, 108784. [CrossRef]

Pajarinen, J.; Lin, T.; Nabeshima, A.; Sato, T.; Gibon, E.; Jamsen, E.; Khan, TN.; Yao, Z.; Goodman, S.B. Interleukin-4 repairs wear
particle-induced osteolysis by modulating macrophage polarization and bone turnover. J. Biomed. Mater. Res. A 2021, 109, 1512-1520.
[CrossRef]

Louisy, A.; Geoffroy, V.; Halgand, B.; Lapérine, O.; Catros, J.; Lesclous, P.; Cloitre, A. Interleukin-33 Deficiency Exacerbates Bone
Loss Associated with Porphyromonas Gingivalis-Induced Experimental Periodontitis in Female Mice. Cell Physiol. Biochem.
2022, 56, 270-281. [CrossRef]

Dong, X.; Feng, J.; Li, B.; Bai, D.; Xu, H. Inhibition of osteoclastogenesis by interleukin-33 administration in the periodontal
ligament under mechanical loading. J. Periodontal Res. 2022, 57, 1003-1013. [CrossRef]

Chen, Z.; Cheng, Z.; Tang, Z.; Li, M.; Tang, X.; Zhang, H.; Sun, L. Interleukin-13 reduces bone erosion in rheumatoid arthritis by
up-regulating osteoprotegerin expression in fibroblast-like synoviocytes: An in vitro and in vivo study. Clin. Exp. Rheumatol.
2023, 41,2151-2161. [CrossRef]

Xu, J.; Yu, L.; Liu, F; Wan, L.; Deng, Z. The effect of cytokines on osteoblasts and osteoclasts in bone remodeling in osteoporosis:
A review. Front. Immunol. 2023, 14, 1222129. [CrossRef]

Teixeira, ].F.L.; Henning, P.; Magalhdes, F.A.C.; Coletto-Nunes, G.; Floriano-Marcelino, T.; Westerlund, A.; Movérare-Skrtic, S.;
Oliveira, G.J.; Lerner, U.H.; Souza, PP.C. Osteoprotective effect by interleukin-4 (IL-4) on lipoprotein-induced periodontitis.
Cytokine 2023, 172, 156399. [CrossRef]

Liu, Y,; Wang, Z.; Jiang, W.; Ma, Y.; Wang, H.; Xue, Y; Li, Y.; Gao, X.; Hao, J.; Wang, Y.; et al. Systemic Type 2 Inflammation-
Associated Atopic Dermatitis Exacerbates Periodontitis. Int. Arch. Allergy Immunol. 2024, 185, 84-98. [CrossRef]

Furci, F.; Scaramozzino, M.U.; Furci, A.; Chello, C.; Parisella, E.R.; Pelaia, C.; Caruso, C.; Tammaro, A. Growth and Osteoimmunol-
ogy in Atopic Dermatitis: A Review of the Potential Role of the Double Inhibition of IL-4 and IL-13 Signaling. Biologics 2026, 6, 13.
[CrossRef]

Soga, K.; Hoshino, T.; Tamai, M.; Itoh, A.; Uno, S.; Nishitsuji, K.; Hashiguchi, M.; Nakamura, S.; Isogaki, R.; Takane, K.; et al.
Excessive IL-4 environment enhances osteoclastogenesis and modulates inflammatory cell differentiation in bone loss associated
with food allergic enteropathy. Allergol. Int. 2026, 75, 267-277. [ CrossRef]

Humphrey, M.B.; Russell, L.; Danila, M.I; Fink, H.A,; Guyatt, G.; Cannon, M.; Caplan, L.; Gore, S.; Grossman, J.; Hansen, K.E.; et al.
2022 American College of Rheumatology Guideline for the Prevention and Treatment of Glucocorticoid-Induced Osteoporosis.
Arthritis Rheumatol. 2023, 75,2088-2102. [CrossRef]

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.1093/bjd/ljae250
https://doi.org/10.1038/s41467-024-54035-1
https://doi.org/10.3390/ijms26010179
https://doi.org/10.1007/s13555-025-01375-5
https://doi.org/10.1111/jdv.20728
https://doi.org/10.1080/07853890.2025.2607193
https://doi.org/10.1186/s12877-026-07748-5
https://doi.org/10.1186/s41232-019-0111-3
https://doi.org/10.3390/ijms21030712
https://doi.org/10.3390/ijms21145169
https://doi.org/10.3390/ijms21041239
https://doi.org/10.1016/j.bone.2022.116540
https://www.ncbi.nlm.nih.gov/pubmed/36031187
https://doi.org/10.1016/j.clim.2021.108784
https://doi.org/10.1002/jbm.a.37142
https://doi.org/10.33594/000000532
https://doi.org/10.1111/jre.13039
https://doi.org/10.55563/clinexprheumatol/b96n1e
https://doi.org/10.3389/fimmu.2023.1222129
https://doi.org/10.1016/j.cyto.2023.156399
https://doi.org/10.1159/000533434
https://doi.org/10.3390/biologics6020013
https://doi.org/10.1016/j.alit.2025.11.007
https://doi.org/10.1002/art.42646
https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660 47 of 48

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wang, T.; Liu, X.; He, C. Glucocorticoid-induced autophagy and apoptosis in bone. Apoptosis 2020, 25, 157-168. [CrossRef]
Laurent, M.R.; Goemaere, S.; Verroken, C.; Bergmann, P; Body, ].J.; Bruyere, O.; Cavalier, E.; Rozenberg, S.; Lapauw, B.; Gielen, E.
Prevention and Treatment of Glucocorticoid-Induced Osteoporosis in Adults: Consensus Recommendations from the Belgian
Bone Club. Front. Endocrinol. 2022, 13, 908727. [CrossRef]

Ng, J.C.; Yew, Y.W. Effect of Vitamin D Serum Levels and Supplementation on Atopic Dermatitis: A Systematic Review and
Meta-analysis. Am. J. Clin. Dermatol. 2022, 23, 267-275. [ CrossRef]

Park, J.S.; Kim, M.; Sol, I.S.; Lee, K.S.; Park, S.; Yang, H.]J.; Lee, E. Effect of Vitamin D on the Treatment of Atopic Dermatitis with
Consideration of Heterogeneities: Meta-Analysis of Randomized Controlled Trials. Allergy Asthma Immunol. Res. 2023, 15, 262.
[CrossRef]

Nielsen, A.Y.; Hoj, S.; Thomsen, S.F.; Meteran, H. Vitamin D Supplementation for Treating Atopic Dermatitis in Children and
Adults: A Systematic Review and Meta-Analysis. Nutrients 2024, 16, 4128. [CrossRef]

Vassilopoulou, E.; Comotti, A.; Douladiris, N.; Konstantinou, G.; Zuberbier, T.; Alberti, I.; Agostoni, C.; Canani, R.B.; Bocsan,
L.C,; Corsello, A,; et al. A systematic review and meta-analysis of nutritional and dietary interventions in randomized controlled
trials for skin symptoms in children with atopic dermatitis and without food allergy: An EAACI task force report. Allergy
2024, 79, 1708-1724. [CrossRef]

Yang, TH.; Chen, P.C,; Lin, Y.C,; Lee, Y.Y.; Tseng, Y.H.; Chang, W.H.; Chang, L.-S.; Lin, C.-H.; Kuo, H.-C. Adolescents with Atopic
Dermatitis Have Lower Peak Exercise Load Capacity and Exercise Volume Compared with Unaffected Peers. Int. J. Environ. Res.
Public Health 2022, 19, 10285. [CrossRef]

Rotter, G.; Teut, M; Binting, S.; Michalsen, A.; Ortiz, M.; Brinkhaus, B. Lifestyle Behaviors in Patients with Atopic Dermatitis:
Results of a Cross-Sectional Study following a Randomized Controlled Trial. Complement. Med. Res. 2022, 29, 419-428. [ CrossRef]
Bawany, F.; Northcott, C.A.; Beck, L.A.; Pigeon, W.R. Sleep Disturbances and Atopic Dermatitis: Relationships, Methods for
Assessment, and Therapies. J. Allergy Clin. Immunol. Pract. 2021, 9, 1488-1500. [CrossRef]

Beck, L.A.; Bissonnette, R.; Deleuran, M.; Nakahara, T.; Galus, R.; Coleman, A.; Gherardi, G.; Xiao, J.; Dingman, R.; Xu, C,;
et al. Dupilumab in Adults with Moderate to Severe Atopic Dermatitis: A 5-Year Open-Label Extension Study. JAMA Dermatol.
2024, 160, 805-812. [CrossRef]

Irvine, A.D,; Paller, A.S.; Siegfried, E.C.; Cork, M.].; Beck, L.A,; Eichenfield, L.F.; Swanson, L.; Hamon, S.C.; Horowitz, J.E.; Farrell,
A.B.; et al. Dupilumab treatment improves linear growth and bone biomarkers in children with atopic dermatitis: Post hoc
analysis of a phase 3 randomized, placebo-controlled clinical trial and an open-label extension study. J. Am. Acad. Dermatol.
2026, 95, 1324-1334. [CrossRef]

Davis, D.M.R.; Drucker, A.M.; Alikhan, A.; Bercovitch, L.; Cohen, D.E.; Darr, ].M.; Eichenfield, L.F.; Frazer-Green, L.; Paller, A.S.;
Schwarzenberger, K.; et al. Guidelines of care for the management of atopic dermatitis in adults with phototherapy and systemic
therapies. J. Am. Acad. Dermatol. 2024, 90, e43-e56. [CrossRef]

Wollenberg, A.; Kinberger, M.; Arents, B.; Aszodi, N.; Valle, G.A.; Barbarot, S.; Bieber, T.; Brough, H.; Pinton, P.C.; Christen-Zach,
S.; et al. European guideline (EuroGuiDerm) on atopic eczema: Part [—Systemic therapy. J. Eur. Acad. Dermatol. Venereol.
2022, 36, 1409-1431. [CrossRef]

Paller, A.S.; Siegfried, E.C.; Simpson, E.L.; Cork, M.].; Sidbury, R.; Chen, .H.; Khokhar, F.A ; Xiao, J.; Dubost-Brama, A.; Bansal, A.
Dupilumab Safety and Efficacy up to 1 Year in Children Aged 6 Months to 5 Years with Atopic Dermatitis: Results from a Phase 3
Open-Label Extension Study. Am. J. Clin. Dermatol. 2024, 25, 655-668. [ CrossRef]

Gao, H.; Cao, L; Liu, C. Analysis and mining of Dupilumab adverse events based on FAERS database. Sci. Rep. 2025, 15, 8597.
[CrossRef]

Surma, J.; Currier, J.; Doyle, D.; Maddock, M.; Aguilar, N. Efficacy, Safety, Quality of Life, and Adherence of Dupilumab in
Pediatric Atopic Dermatitis: A Systematic Review. Clin. Drug Investig. 2026, 46, 931-964. [CrossRef]

LeBoff, M.S.; Greenspan, S.L.; Insogna, K.L.; Lewiecki, E.M.; Saag, K.G.; Singer, A.].; Siris, E.S. The clinician’s guide to prevention
and treatment of osteoporosis. Osteoporos. Int. 2022, 33, 2049-2102. [CrossRef] [PubMed ]

Gregson, C.L.; Armstrong, D.J.; Bowden, J.; Cooper, C.; Edwards, J.; Gittoes, N.J.L.; Harvey, N.; Kanis, J.; Leyland, S.; Low, R.; et al.
UK clinical guideline for the prevention and treatment of osteoporosis. Arch. Osteoporos. 2022, 17, 58. [ CrossRef]

Krueger, D.; Tanner, S.B.; Szalat, A.; Malabanan, A.; Prout, T.; Lau, A.; Rosen, H.N.; Shuhart, C. DXA Reporting Updates: 2023
Official Positions of the International Society for Clinical Densitometry. J. Clin. Densitom. 2024, 27, 101437. [CrossRef]

Gani, L.U; Sritara, C.; Blank, R.D.; Chen, W.; Gilmour, J.; Dhaliwal, R.; Gill, R. Follow-up Bone Mineral Density Testing: 2023
Official Positions of the International Society for Clinical Densitometry. J. Clin. Densitom. 2024, 27, 101440, Corrigendum in J. Clin.
Densitom. 2024, 28, 101540. [ CrossRef]

US Preventive Services Task Force. Screening for Osteoporosis to Prevent Fractures: US Preventive Services Task Force Recom-
mendation Statement. JAMA 2025, 333, 498-508. [CrossRef]

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.1007/s10495-020-01599-0
https://doi.org/10.3389/fendo.2022.908727
https://doi.org/10.1007/s40257-022-00677-0
https://doi.org/10.4168/aair.2023.15.2.262
https://doi.org/10.3390/nu16234128
https://doi.org/10.1111/all.16160
https://doi.org/10.3390/ijerph191610285
https://doi.org/10.1159/000527107
https://doi.org/10.1016/j.jaip.2020.12.007
https://doi.org/10.1001/jamadermatol.2024.1536
https://doi.org/10.1016/j.jaad.2026.07.006
https://doi.org/10.1016/j.jaad.2023.08.102
https://doi.org/10.1111/jdv.18345
https://doi.org/10.1007/s40257-024-00859-y
https://doi.org/10.1038/s41598-025-92330-z
https://doi.org/10.1007/s40261-026-01573-9
https://doi.org/10.1007/s00198-021-05900-y
https://www.ncbi.nlm.nih.gov/pubmed/35478046
https://doi.org/10.1007/s11657-022-01061-5
https://doi.org/10.1016/j.jocd.2023.101437
https://doi.org/10.1016/j.jocd.2023.101440
https://doi.org/10.1001/jama.2024.27154
https://doi.org/10.3390/diagnostics16213660

Diagnostics 2026, 16, 3660 48 of 48

70.

71.

72.

73.

74.

75.

Mitroi, G.G.; Bugdld, N.M.; Preda, S.A.; Albulescu, D.M.; Boicea, A.; Mitroi, G.; Mitroi, M.R. Exploring the Link Between
Chronic Atopic Dermatitis and Osteoporosis: A Cross-Sectional Study. World Congress on Osteoporosis, Osteoarthritis and
Musculoskeletal Diseases (WCO-IOF-ESCEO 2025). Aging Clin. Exp. Res. 2025, 37, 523-524. [CrossRef]

Mitroi, G.G.; Bugala, N.M.; Preda, S.A.; Albulescu, D.M.; Boicea, A.; Mitroi, G.; Mitroi, M.R. Atopic Dermatitis and Osteoporosis:
A Case Report on the Potential Link Between Chronic Inflammation and Bone Health. World Congress on Osteoporosis,
Osteoarthritis and Musculoskeletal Diseases (WCO-IOF-ESCEO 2025). Aging Clin. Exp. Res. 2025, 37, 523. [CrossRef]

Mitroi, G.G.; Bugdld, N.M.; Preda, S.A.; Albulescu, D.M.; Boicea, A.; Mitroi, G.; Mitroi, M.R. Dermatitis and Osteoporosis: A Case
Report of Chronic Inflammation Leading to Bone Loss. World Congress on Osteoporosis, Osteoarthritis and Musculoskeletal
Diseases (WCO-IOF-ESCEO 2025). Aging Clin. Exp. Res. 2025, 37, 523-524. [CrossRef]

Mitroi, G.G.; Bugdld, N.M.; Preda, S.A.; Albulescu, D.M.; Boicea, A.; Mitroi, G.; Mitroi, M.R. Interleukin-4 and Interleukin-13
Modulation in Atopic Dermatitis and Its Association with Osteoporosis. World Congress on Osteoporosis, Osteoarthritis and
Musculoskeletal Diseases (WCO-IOF-ESCEO 2025). Aging Clin. Exp. Res. 2025, 37, 522. [CrossRef]

Mitroi, G.G.; Bugald, N.M.; Preda, S.A.; Albulescu, D.M.; Boicea, A.; Mitroi, G.; Mitroi, M.R. Dupilumab Therapy in Atopic
Dermatitis and the Onset of Osteoporosis. World Congress on Osteoporosis, Osteoarthritis and Musculoskeletal Diseases
(WCO-IOF-ESCEO 2025). Aging Clin. Exp. Res. 2025, 37, 522-523. [CrossRef]

Ward, L.M. A Practical Guide to the Diagnosis and Management of Osteoporosis in Childhood and Adolescence. Front. Endocrinol.
2024, 14, 1266986. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics16213660


https://doi.org/10.1007/s40520-025-03119-z
https://doi.org/10.1007/s40520-025-03119-z
https://doi.org/10.1007/s40520-025-03119-z
https://doi.org/10.1007/s40520-025-03119-z
https://doi.org/10.1007/s40520-025-03119-z
https://doi.org/10.3389/fendo.2023.1266986
https://doi.org/10.3390/diagnostics16213660

	Introduction 
	Review Methodology 
	Review Design and Objectives 
	Literature Search Strategy 
	Eligibility Criteria and Study Selection 
	Evidence Extraction and Thematic Synthesis 
	Methodological Limitations 

	Epidemiological and Clinical Evidence Linking Atopic Dermatitis to Bone Fragility 
	Evidence from Systematic Reviews and Meta-Analyses 
	Bone Mineral Density and Osteoporosis Across the Lifespan 
	Fracture Risk and Anatomical Patterns 
	Disease Severity, Duration, and Treatment Exposure 
	Clinical Interpretation of the Epidemiologic Evidence 

	Osteoimmunological Mechanisms Linking Atopic Dermatitis to Bone Remodeling 
	Bone Remodeling as an Immune-Regulated Process 
	The Context-Dependent Effects of IL-4 and IL-13 
	The IL-33/IL-31 Axis: A Potential Interface Between Pruritus, Inflammation, and Bone 
	Inflammation Beyond the Type 2 Axis 
	Growth, Peak Bone Mass, and Lifespan Considerations 
	An Integrated Mechanistic Model 

	Modifiable and Treatment-Related Determinants of Bone Fragility 
	Systemic Glucocorticoid Exposure 
	Vitamin D Status: Shared Marker, Potential Mediator, or Therapeutic Target? 
	Dietary Restriction, Food Allergy, and Nutritional Adequacy 
	Physical Activity, Mechanical Loading, and Muscle–Bone Interactions 
	Pruritus, Sleep Disturbance, and Falls 
	Smoking, Alcohol, and Other Lifestyle Factors 
	Shift Work, Occupational Stress, and Circadian Disruption 
	A Cumulative Risk Model 

	Targeted Systemic Therapy and the Bone Paradox 
	From Broad Immunosuppression to Targeted Disease Control 
	Dupilumab and the IL-4/IL-13 Signaling Paradox 
	Adult Evidence: Long-Term Safety Without Dedicated Skeletal Endpoints 
	Pediatric Evidence: Growth and Bone Biomarkers 
	Pharmacovigilance Signals and the Risk of Misinterpretation 
	Other Biologics and Janus Kinase Inhibitors 
	Therapeutic Selection in Patients with Elevated Skeletal Risk 
	Research Priorities 

	Risk-Adapted Screening and Clinical Assessment 
	Principles of Risk-Adapted Assessment 
	Initial Clinical Risk Evaluation 
	Who Should Undergo DXA? 
	DXA Acquisition and Interpretation in Adults 
	Pediatric and Adolescent Assessment 
	Vertebral Fracture Assessment and Additional Imaging 
	Laboratory Evaluation for Secondary Causes 
	Fracture-Risk Tools and Their Limitations 
	Follow-Up DXA and Longitudinal Monitoring 
	A Proposed Clinical Algorithm for Patients with AD 

	Discussion 
	Principal Findings 
	Interpreting the Association Between AD and Bone Fragility 
	BMD and Fracture Risk Are Related but Not Interchangeable 
	Disease Activity, Glucocorticoids, and Lifestyle: Competing or Complementary Explanations? 
	The Osteoimmunological and Therapeutic Paradox 
	A Lifespan Perspective 
	Implications for Screening and Clinical Practice 
	Strengths and Limitations of the Review 

	Research Gaps and Future Directions 
	Moving from Association to Causal Inference 
	Standardized Definition of the Skeletal Phenotype 
	Defining High-Risk AD Phenotypes 
	Prospective Osteoimmunological Phenotyping 
	Pediatric Growth and Peak Bone-Mass Acquisition 
	Comparative Skeletal Effects of Systemic Therapies 
	Sleep, Circadian, and Occupational Dimensions 
	Development and Validation of a Risk-Prediction Model 
	Digital Monitoring and Precision Prevention 
	From Hypothesis-Generating Abstracts to Confirmatory Evidence 
	Translational Priorities 

	Conclusions 
	References



