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Abstract

Background: Benign paroxysmal positional vertigo (BPPV) is treated as a purely mechanical disorder
of displaced otoconia, yet this model alone does not readily account for spontaneous otoconia
detachment, bilateral or multicanal disease, high recurrence rates, or the clustering of BPPV with
systemic metabolic conditions in a subset of patients. Objective: To propose and structure a unifying
mechanistic model — the Metabolic Matrix Hypothesis — linking systemic metabolic states to otoconial
fragility, and to derive testable predictions. Methods: Hypothesis-generating narrative and theoretical
synthesis — not a systematic review or meta-analysis — of otoconial matrix biology, otolithic membrane
anchoring, endolymph chemistry, and the dispersed clinical literature on metabolic risk factors for
BPPV. Evidence supporting each proposed pathway is graded narratively as established clinical
association, experimental or animal evidence, mechanistic inference, or speculative extension.
Conclusions: In a biologically distinct subset of patients, recurrent idiopathic BPPV may represent the
mechanical expression of a systemic metabolic fragility of the otoconia—otolithic membrane—
endolymph unit. Vitamin D deficiency, estrogen withdrawal, osteoporosis, insulin resistance, oxidative
stress, thyroid autoimmunity, and microvascular insufficiency may act as convergent entry points into
impaired matrix resilience rather than independent risks. The model generates testable predictions and
a clinically accessible metabolic evaluation for recurrent, bilateral, or multicanal disease,
complementing repositioning maneuvers.

Keywords: benign paroxysmal positional vertigo; otoconia; otolithic membrane; vitamin D; otolin-1;
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1. Introduction

Benign paroxysmal positional vertigo (BPPV) is the most common cause of vestibular vertigo, and its
core mechanism is not in dispute: otoconia — biomineralized calcium carbonate particles that normally
rest on the utricular macula — become displaced into one or more semicircular canals, where they
generate aberrant endolymph flow or ampullary deflection during head movement and produce the
characteristic positional nystagmus and vertigo [1,2], a presentation now codified in the Barany
Society’s international diagnostic criteria [3].

Canalith repositioning resolves the great majority of individual episodes [2], yet the mechanical account
does not by itself account for several everyday observations. Reported recurrence ranges from roughly
15% to more than 50% at one year, and reaches 50-80% over longer follow-up in some series [4].
Many cases are idiopathic, arising without any identifiable precipitant. Incidence and recurrence both
rise with age and concentrate in women, in the postmenopausal years, and in patients with
osteoporosis, vitamin D deficiency, diabetes mellitus or thyroid autoimmunity — none of which has an
obvious mechanical link to a loose crystal [4—6]. Bilateral and multicanal disease, which imply diffuse
utricular instability rather than a single focal event, likewise cluster in patients with systemic metabolic
disease [5].
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These questions are sharpened by clinical observation. Published cohorts report that recurrence is
common and that a substantial minority of patients have multicanal involvement, with recurrence rising
through middle age rather than in simple proportion to it [3,4,5]. What the published cohorts share is an
omission rather than a finding: none characterizes patients metabolically at the index episode, which is
precisely the gap this hypothesis sets out to address.

The unifying question is therefore not how otoconia move once dislodged, but why they dislodge at all,
and why some patients dislodge them again and again. We argue that, in a definable subset, part of the
answer is biological rather than purely accidental: a systemic metabolic vulnerability of the otoconia—
otolithic membrane—endolymph unit.

A clutch of very recent studies has independently reinforced this metabolic reading. A large otolith-
function study using vestibular-evoked myogenic potentials (VEMPSs) identified age, free thyroxine,
glycemic control, and HDL cholesterol as correlates of saccular and utricular integrity [7], and an
epidemiological analysis tied primary hyperparathyroidism—a disorder of systemic calcium handling—
to an elevated prevalence of BPPV [8]. Both converge on the same metabolic suspects, yet each
examines them singly and stops at the threshold of mechanism, explicitly leaving undefined the path
from a systemic exposure to a fragile otoconial complex. The present work takes that next step: rather
than cataloguing associations one at a time, it integrates them into a single mechanistic chain centered
on the otoconia—otolithic membrane—endolymph unit, and recasts that chain as a set of falsifiable
predictions and a research agenda.

2. Scope, Article Type, and Methods

This article is a narrative and theoretical review written to generate a hypothesis. It is not a systematic
review or a meta-analysis: no protocol was registered, no effect estimates were pooled, and the
literature was not appraised against a formal grading instrument. Its purpose is to assemble dispersed
evidence into a single mechanistic proposition and to state that proposition in a form that can be tested
and refuted.

Literature was identified by searching PubMed/MEDLINE, Europe PMC, and Google Scholar from
database inception to June 2026, combining the terms benign paroxysmal positional vertigo, BPPV,
recurrence, otoconia, otoconin-90, otolin-1, otolithic membrane, endolymph, calcium, vitamin D,
estrogen, menopause, osteoporosis, bone mineral density, insulin resistance, diabetes, oxidative
stress, thyroid, autoimmunity, hypertension, and microvascular. Reference lists of retrieved articles
were then searched iteratively (citation snowballing) until no further relevant primary sources emerged.
Searches were restricted to English-language publications.

Selection was purposive rather than exhaustive. Priority was given, in order, to human clinical studies
(randomized trials, meta-analyses and systematic reviews first), to human histopathological and
temporal-bone material, and to mechanistic animal or in vitro work where no human equivalent exists.
A study was included when it bore on otoconial or otolithic-membrane integrity, on endolymph
composition, or on a systemic metabolic exposure plausibly connected to either. Case reports and non-
peer-reviewed sources were not used to support the model, and studies confined to post-traumatic,
post-surgical or post-neuritis BPPV were excluded from it.

Conflicting evidence is reported rather than resolved: where meta-analyses disagree, both results are
given and the discrepancy is discussed (Sections 4.1 and 4.9). Throughout the text, each claim is
labelled by the kind of evidence that supports it — an established clinical association, experimental or
animal evidence, a mechanistic inference, or a speculative extension — and Table 1 summarizes that
grading for every pathway the model invokes.

Target phenotype. The model is proposed for a defined subset and not for BPPV in general: idiopathic
disease with at least two discrete, separately treated episodes within twelve months. Bilateral or
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multicanal involvement is regarded as supportive of the phenotype but is not required for it. Post-
traumatic, post-surgical, post-neuritis and vestibular migraine-associated positional vertigo are
excluded, as is any case with an identifiable structural, inflammatory or ototoxic precipitant. Because
the model concerns the fragility of the otoconia—otolithic membrane—endolymph unit rather than the
behaviour of a crystal once free, it is agnostic as to whether the resulting disease presents as
canalithiasis or as cupulolithiasis; both are compatible with it.

3. Biology of the Otoconial Complex

3.1 Otoconia as biomineralized matrix structures

Otoconia are not inert crystals. Each is a composite biomineral — a calcite (CaCOs) core built upon and
held together by an organic protein matrix [9]. That matrix depends on a set of structural proteins —
otoconin-90 (0C90), otolin-1, otogelin and otogelin-like, a- and B-tectorin, otoancorin, otolith matrix
protein-1 (OMP-1), cochlin, otopetrin 1 and 2 (OTOP1/2) and plasma-membrane calcium ATPase 2
(PMCA2) — which govern calcium carbonate nucleation, crystal morphology and the fidelity of
mineralization, and which sustain the otoconium long after development [9]. OC90 is the principal
soluble matrix protein and the essential organizer of the matrix: its loss yields grossly abnormal
otoconia [10], and OC90 is also required to recruit otolin into the matrix [11]. In vitro, recombinant OC90
facilitates calcite nucleation, restrains growth kinetics and shapes crystal morphology toward the form
typical of otoconia [12]. Otolin-1 — a collagen-like glycoprotein unique to the inner ear — assembles
into higher-order oligomers that scaffold mineralization [13], while the matrix as a whole recruits
component proteins and sequesters calcium in a spatially specific manner during development [14].
That calcium-sequestering role is itself dual: the matrix provides a local reservoir of calcium for
otoconial formation and maintenance, while buffering the peri-cellular calcium that, left high, would
impair hair-cell function [14]. Both otolin-1 and OC90 modulate calcite crystal morphology in vitro, with
otolin-1 acting as an active nucleator rather than passive glue [15,16]. Mineralization fidelity therefore
depends closely on matrix integrity: if the expression or function of these proteins is impaired —
congenitally or through later metabolic insult — the structural quality of the otoconium in adult life could
be compromised, yielding crystals more prone to dissolution and fragmentation.

3.2 Otolithic membrane anchoring and its failure

The otoconia do not lie free. They are embedded in the otolithic membrane — a layered viscoelastic
structure overlying the macula, in which the otoconia sit in a loose superficial filament network above a
gelatinous layer and a deeper subcupular meshwork that couples to the hair-cell processes — and are
held by a protein-mediated anchoring system in which otolin-1 plays a dual role: it forms the fine fibrils
that interconnect adjacent otoconia and it builds the subsurface layer that anchors them to the gel
[11,17,18]. These fibrils grow out of the rhombohedral faces of the otoconia into a flexible,
interconnected network [17], and the matrix proteins OMP-1 and otolin-1 are required for normal otolith
growth and for correct anchoring onto the sensory maculae [19]. Channels that traverse the otoconial
cortex permit exchange of material between the endolymph and the mineral interior [11], offering a
route by which the systemic ionic and metabolic environment can reach the crystal itself.

This anchoring system is where age and biology appear to fail. Imnmunogold studies show that, by mid-
life, the otoconial subsurface layer demineralizes, weakening or abolishing the anchoring of the
interconnecting fibrils; otoconia then lose their attachment to one another and to the gel and may be
released into the endolymph by minor mechanical disturbance, from where they translocate into the
semicircular canals [11]. Degeneration of this kind has been documented directly in human utricular
otoconia [20,21], and material recovered surgically from the posterior canal in BPPV contains not
isolated crystals alone but fragments of the utricular otolithic membrane with attached and detached
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otoconia [1] — consistent with failure of the membrane—otoconia complex as a unit rather than of single
crystals breaking from an intact bed.

Two further lines of evidence indicate that the otoconial mineral is subject to ongoing but limited
maintenance rather than being inert, and is therefore exposed to systemic influence. The insoluble
organic matrix normally shields the calcite from dissolution and confers long-term mineral stability [22].
Moreover, under altered gravity, otoconia visibly remodel: longer-duration spaceflight is associated
with apparent mass addition to the outer shell, whereas hypergravity produces destructive thinning of
the shell and cavitation of the core [23]; and tracer studies show calcium exchange at the crystal
surfaces of adult otoconia, indicating a turnover that is real but slow and surface-restricted rather than
the brisk remodeling of bone [24]. Together these observations shift the explanatory weight from the
wandering crystal to the matrix that should have held it — and to the metabolic determinants of that
matrix.

A genetic dimension reinforces that otoconial integrity is biologically determined rather than a matter of
mechanical chance. Familial clustering of recurrent BPPV is well recognized, and a frameshift variant in
the clustered protocadherin gene PCDHGAL0 has been identified as a strong candidate in familial
recurrent disease; because the cells that carry it normally produce otoconial proteins, the variant is
predicted to compromise otoconia formation and maintenance, is associated with earlier onset, and
may help explain the poor durability of repositioning in some patients [25]. Such heritable contributors
lie outside the present model, which concerns acquired, modifiable fragility, but they make the same
essential point from another direction: a less resilient otoconial apparatus, however it arises, is what
lowers the threshold for the disease.
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Figure 1. Original schematic of the otolithic membrane and the underlying macular sensory epithelium. Otoconia form the
otoconial layer above a gelatinous layer and a subcupular meshwork, interconnected and anchored by otolin-1 fibrils. Type |
hair cells (enclosed by an afferent nerve calyx) and type Il hair cells, flanked by supporting cells, project stereocilia and a
single kinocilium into the membrane, with afferent fibers converging below. Age- and metabolism-related demineralization of
the subsurface anchoring layer is proposed to loosen the otoconia—membrane complex and release otoconia into the
semicircular canals. Drawn by the author; the layered organization and hair-cell morphology follow classical descriptions of
the vestibular maculae [18].

3.3 Endolymph chemistry and otoconia dissolution

Endolymph in the canals is low in calcium, and that low level is not incidental but actively maintained:
the plasma-membrane calcium pump PMCAZ2 in the hair-cell stereocilia extrudes calcium into the
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endolymph [26], while the endolymphatic sac behaves as a 'calciostatic' organ that senses and handles
calcium through the calcium-sensing receptor and TRP channels — machinery whose disturbance is
implicated in inner-ear fluid disorders [27]. More precisely, this low calcium is held down by active
reabsorption out of the lumen through the apical epithelial calcium channels transient receptor potential
vanilloid type 5 and type 6 (TRPV5 and TRPV®6) of the canal, utricular and saccular epithelia, with
basolateral extrusion by calcium-ATPases and sodium—calcium exchange [28]; this absorptive system
is responsive to active vitamin D (at the transcript level) and is inhibited by luminal acidification, so that
a fall in endolymph pH itself raises endolymph calcium [29]. Against that actively regulated background,
classic experiments showed that displaced otoconia gradually dissolve in this milieu — a plausible
basis for spontaneous recovery — and that raising endolymph calcium slows that dissolution, so
calcium balance helps set the natural history of an episode [30]. The mineral stays intact only while the
surrounding endolymph remains saturated with respect to its constituent ions: the solubility product of
calcium carbonate sets the calcium and carbonate concentrations required for stability, and a shift in
either — through pH change, ionic dilution, or complexation — begins dissolution [22]. More recent
modeling extends this to carbonate/bicarbonate balance and pH — the latter set partly by carbonic
anhydrase, whose activity in the inner ear has been demonstrated in the cochlea [31] and by systemic
acid—base status — quantities that a systemic metabolic disturbance could shift [32], and in vitro work
confirms that pH and ionic changes alter how human and artificial otoconia dissolve and fragment [22].
Endolymph chemistry is thus a credible mediator between the body’s metabolic state and the fate of a
displaced crystal.

4. Metabolic Associations with BPPV: Converging Evidence

4.1 Vitamin D deficiency and calcium metabolism

The firmest metabolic link is to vitamin D, proposed as a contributor to BPPV more than a decade ago
[33]. A randomized trial showed that supplementing vitamin D (with calcium) cut recurrence in patients
whose serum levels were subnormal [34], and later systematic reviews and meta-analyses have upheld
both the association and the case for supplementing deficient patients with recurrent disease [35]. The
evidence is not unanimous: one meta-analysis failed to establish a link with the occurrence of BPPV,
yet still found low vitamin D significantly more common among patients with recurrent episodes [36] —
a pattern that fits a model in which vitamin D matters specifically for recurrence rather than for the first
event. A local action is plausible: the vitamin D receptor is expressed in vestibular epithelium, and mice
lacking either the receptor or its activating enzyme la-hydroxylase develop vestibular dysfunction with
disorganized otoconial mineralization [37]. Vitamin D status is in turn bound up with osteoporosis and
bone turnover, themselves independently tied to BPPV [38].

4.2 Estrogen deficiency, osteoporosis, and anchoring protein expression

Osteoporosis and the postmenopausal state recur throughout the observational and meta-analytic
literature as risk factors, including in older women specifically [38,39,40,41], and meta-analysis links
reduced bone mineral density to BPPV [42]. Bone turnover is also relevant at the biochemical level:
idiopathic BPPV patients tend to show higher markers of bone turnover, and these track vitamin D
status [43].

The more direct and mechanistically informative link is hormonal. Estrogen acts on the vestibular
maculae through nuclear estrogen receptors — the [3 subtype (estrogen receptor 3, ESR2) appearing
to be the critical mediator — to sustain the expression of otoconial matrix and anchoring proteins such
as otoconin-90 and otolin-1. When estrogen is withdrawn experimentally by ovariectomy, this
regulation fails: expression of these component and anchoring proteins falls, otoconia are less well
maintained and less firmly anchored to the membrane, and aberrant matrix-protein expression even
generates ectopic debris within the ampulla [44]. Estrogen is also antioxidant, so its loss raises
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oxidative markers in the utricle and disorganizes the otoconial layer — changes reversed by estrogen
supplementation (estradiol) or by treatment with the selective estrogen-receptor modulator raloxifene
[45], linking estrogen withdrawal to the oxidative-stress mechanism discussed below. Progesterone
declines alongside estrogen at menopause and its receptors are present in vestibular tissue, but its
specific role in otoconial maintenance is far less well defined; estrogen is the characterized actor.
Menopausal women with BPPV show markedly greater falls in plasma estrogen and progesterone than
those without it [46].

This is the most direct evidence available that a systemic hormonal state can degrade the biology of
otoconial maintenance and anchoring — through reduced matrix-protein synthesis and increased
oxidative damage — rather than merely shifting serum calcium. In postmenopausal women the
convergence of vitamin D deficiency, estrogen withdrawal and accelerated bone turnover may
therefore define a particularly fragile otoconial phenotype, consistent with the demographic in which
BPPV and its recurrence are concentrated [39,46,47].

4.3 Otolin-1 as a biomarker of matrix degeneration

If the otoconial matrix really degrades, it might leave a measurable trace. Otolin-1 is an inner-ear matrix
glycoprotein that exits the endolymph across the labyrinth—blood barrier into the systemic circulation,
which makes it measurable in serum [48]. Its blood level rises with age, in parallel with the age-related
demineralization of otoconia [49], and is related to vitamin D status [50]. Against that baseline, serum
otolin-1 is raised in BPPV relative to controls across several studies and in meta-analysis [51], higher
levels predict recurrence [52], and a head-to-head comparison found otolin-1 more clearly associated
with BPPV than OC90, with serum otolin-1 within patients varying inversely with vitamin D status —
tying the degradation marker directly to the metabolic axis [53]. Otolin-1 is not yet a validated routine
assay, but its behavior is consistent with matrix degeneration — rather than simple mechanical bad luck
— driving a share of cases.

4.4 Glucose-insulin dysregulation and inflammation

Metabolic dysregulation enters by a second door. Hyperinsulinemia and hyperglycemia have been
linked to recurrence of idiopathic BPPV [54], combined analyses connect diabetes and hypothyroidism
to the disease [55], and a transcriptomic study identified genes and pathways shared between
recurrent BPPV and type 2 diabetes, pointing to immune-mediated inflammation as a common thread
[56]. The plausible intermediaries are labyrinthine microangiopathy, low-grade inflammation, oxidative
stress and disturbed calcium handling. The status of this strand should be stated plainly: the clinical link
between glycemic dysregulation and recurrent BPPV is observational and, as set out in Section 4.9,
substantially confounded by age and adiposity. The intermediaries proposed above are mechanistic
inference rather than demonstrated pathway, and none has yet been shown to act upon otoconial
matrix or endolymph in a diabetic patient.

4.5 Oxidative stress

Oxidative status is also altered in BPPV, with reported changes in trace elements and oxidative
markers [57,58] and reduced circulating antioxidants — uric acid, bilirubin, albumin and creatinine —
suggesting a thinner antioxidant reserve [59]. Combining vitamin D with antioxidants has been
proposed as recurrence prophylaxis [47]. Against a background of metabolic syndrome, aging,
vascular disease or diabetes, oxidative stress is a biologically reasonable cofactor. This remains the
weakest of the clinical strands. The human studies are small, largely single-centre and cross-sectional;
they measure systemic surrogate markers rather than inner-ear oxidative damage; and reverse
causation cannot be excluded, since an acute vertiginous illness may itself perturb antioxidant status.
Oxidative stress is best regarded here as a biologically plausible cofactor rather than an established
contributor.
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4.6 Thyroid autoimmunity

Finally, the thyroid, where two distinct routes are plausible rather than a simple mechanical deposit.
Hypothyroidism and Hashimoto thyroiditis have repeatedly been associated with BPPV and its
recurrence [60,55]. Hormonally, thyroid hormone helps regulate calcium metabolism and the
maintenance of neurosensory tissue, and the vestibular microenvironment is sensitive to its fluctuation,
so hypothyroidism could predispose to otoconial degeneration [55]. Immunologically, the inner ear is
itself an immunocompetent organ — in human temporal bones the endolymphatic sac carries resident
macrophages and innate-immune machinery and processes antigens reaching the labyrinth from
nearby structures [61] — so a systemic autoimmune diathesis could in principle act there. An early and
narrow version of this idea invoked immune-complex deposition with mechanical irritation of
labyrinthine receptors [62]; the more telling observation is that the association with autoimmune
thyroiditis holds even in euthyroid patients, independent of thyroid function — implicating the
autoimmune process itself, with the anti-thyroid-peroxidase and anti-thyroglobulin antibodies serving
as its marker rather than hormone deficiency [63]. What is actually attacked in the inner ear is not
settled: in immune-mediated inner-ear disease, circulating antibodies have been described against
inner-ear proteins such as cochlin, B-tectorin and heat-shock protein 70, and against antigens
expressed in the saccular and utricular walls, none of them thyroid-specific [64]. No thyroid
autoantibody has been shown to bind a defined otoconial or macular target, so the realistic mechanism
is either molecular mimicry between thyroid and inner-ear antigens or, more probably, bystander
immune-mediated inflammation of an immunocompetent labyrinth rather than a specific antibody
attack. The thyroid therefore plausibly acts through two separate doors, hormonal and autoimmune,
both converging on the inner-ear environment rather than on a single deposit damaging the macula.
Two qualifications are essential. First, the epidemiological association is observational and vulnerable
to detection bias, since patients already under endocrine follow-up are more likely to have both
conditions recorded. Second, the immunological route is inference rather than demonstration: no
thyroid autoantibody has been shown to bind an otoconial or macular target, and the human temporal-
bone work establishes only that the endolymphatic sac is immunologically competent, not that it is
attacked in thyroid autoimmunity. Of the two doors, the hormonal one is the better supported; the
autoimmune one remains a hypothesis.

4.7 Vascular and microvascular insufficiency

The inner ear is an end-organ: its entire blood supply derives from the labyrinthine (internal auditory)
artery, a terminal vessel with minimal collateral circulation, so the utricular macula and the endolymph-
maintaining dark cells depend on continuous, stable perfusion and tolerate vascular compromise
poorly. The labyrinth is therefore vulnerable at both ends of the blood-pressure spectrum. Sustained
hypertension drives microangiopathy — arteriolar thickening, luminal narrowing and atherosclerosis of
the labyrinthine territory — that chronically lowers perfusion and erodes autoregulatory reserve;
conversely, hypotension and orthostatic hypotension reduce perfusion pressure in a vessel that has no
collateral supply to compensate, producing transient ischemia. Either way, the macula receives
inadequate or unstable delivery of oxygen, calcium and vitamin D metabolites, and dark-cell regulation
of endolymph ionic balance is impaired. Consistent with this, vascular risk factors recur across the
literature — hypertension, hypotension, hyperlipidemia, diabetes and cardiovascular disease associate
with BPPV and, more consistently, with its recurrence, although occurrence-level evidence is mixed
[4,5,65]. Vascular insufficiency is therefore not a separate pathway but another route into the same
shared vulnerability, degrading both otoconial maintenance and the endolymph chemistry on which
crystal stability depends (Section 3.3). The evidence here is associative and among the most
confounded in this review: hypertension, hyperlipidemia and dysglycemia cluster with age, with
adiposity and with one another, and few of the available studies adjust adequately for that clustering
(Section 4.9). The end-artery argument is anatomically sound but has not been demonstrated to
operate in BPPV, and is offered as mechanistic inference rather than as established pathway.
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4.8 Vitamin K2, magnesium, and the calcium-handling axis

This section is a hypothesis-level extension, not a recommendation for practice: neither vitamin K2 nor
magnesium has been studied in BPPV, and nothing in it should be read as an evidence-based
intervention for recurrence. Because vitamin D sits at the center of the calcium argument (Section 4.1),
it bears noting that vitamin D does not act alone: it operates within a cofactor network whose other
members are mechanistically pertinent and clinically modifiable. Vitamin K2 (menaquinone) is the
cofactor for y-carboxylation of vitamin K-dependent Gla proteins: carboxylated osteocalcin, an
osteoblast product whose synthesis is itself induced by vitamin D, binds calcium into the bone matrix,
whereas carboxylated matrix Gla protein restrains calcium deposition in soft tissue and vessel walls.
When vitamin K2 is insufficient these proteins remain undercarboxylated, so vitamin D-driven calcium
is less efficiently directed into bone and more available for ectopic deposition [66]. Magnesium, in turn,
is required to activate vitamin D itself — the hydroxylating enzymes in liver and kidney are magnesium-
dependent, so magnesium deficiency blunts the response to vitamin D and is corrected by repletion —
and is independently necessary for bone mineralization while acting as a physiological calcium
antagonist and membrane stabilizer that restrains calcium-driven depolarization [67]. The otoconial
matrix proteins (otoconin-90, otolin-1) are not themselves vitamin K-dependent Gla proteins, so any
role for these cofactors in otoconia would be indirect — exerted through systemic calcium partitioning,
bone turnover (Section 4.2), vascular integrity (Section 4.7) and the endolymph calcium balance that
governs crystal stability (Section 3.3) — and remains untested in BPPV. The practical implication is
nonetheless concrete: correcting vitamin D for recurrence prevention is likely to be most rational when
magnesium sufficiency and vitamin K2 status are weighed alongside it, so that mobilized calcium is
steered toward bone rather than toward the vasculature or other soft tissue. This is a hypothesis-level
extension, offered to be tested rather than assumed.

4.9 Confounding, contradictory evidence, and interpretation

The associations assembled above share a structural weakness that must be stated before they are
integrated. Almost all are cross-sectional or retrospective, and almost all concern exposures that rise
with age and gather in the same people. Age, female sex, menopausal status, adiposity and
multimorbidity are common causes both of BPPV and of vitamin D deficiency, osteoporosis,
hypertension, dyslipidemia, dysglycemia and thyroid disease, so an unadjusted association between
any one of them and BPPV is weak evidence of a specific link. Few of the studies cited here adjust
beyond age and sex, and several do not adjust at all.

Two further biases run in the same direction. Detection bias inflates associations with conditions that
bring patients into regular medical contact — thyroid disease and diabetes especially — because both the
exposure and a positional vertigo are more likely to be recorded in someone already under follow-up.
Publication bias, considered again in Section 9, favours positive reports in a field where negative
metabolic findings are unlikely to be written up. The true effect sizes are therefore probably smaller, and
less consistent, than the assembled literature suggests.

The contradictions deserve their weight rather than smoothing. For vitamin D, a widely cited meta-
analysis found no association with the occurrence of BPPV even while confirming one with recurrence
[36]. For thyroid disease, the association with hypothyroidism is not reproduced in every series, and its
persistence in euthyroid autoimmune patients [63], while supporting an immune route, correspondingly
weakens the simpler hormonal explanation offered in Section 4.6. Vascular risk factors associate more
consistently with recurrence than with occurrence [4,5,65], which fits the present model but fits residual
confounding by age equally well. Reported oxidative markers differ between studies in both direction
and analyte. No single strand would carry the hypothesis; the argument rests on their convergence, and
convergence among confounded associations is a weaker form of evidence than convergence among
independent ones.



The model should accordingly be read as a proposal about a subgroup rather than as a demonstrated
mechanism. Its value lies in the specific and refutable predictions set out in Section 6, not in the
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strength of any individual association reviewed here.

Table 1. Strength of evidence for each pathway invoked by the Metabolic Matrix Hypothesis. Evidence type refers to the best
available study design; status distinguishes pathways supported by human clinical data from those that remain mechanistic

inference or speculative extension.
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Metabolic factor | Best available Proposed Strength Clinical Status
evidence mechanism relevance
Vitamin D Randomized trial; | Reduced calcium | Moderate for Repletion Established
deficiency meta-analyses availability; recurrence; reasonable in association;
(human) vitamin D inconsistent for deficient recurrent | mechanism partly
receptor occurrence patients experimental
expressed in
vestibular
epithelium
Estrogen Human Reduced Moderate Explains Association
withdrawal / observational; otoconin-90 and demographic established,;
menopause ovariectomy otolin-1 concentration; no | mechanism
models (animal) expression; BPPV-specific animal-
impaired hormonal experimental
anchoring; indication
oxidative damage
Osteoporosis / Meta-analyses Shared calcium Moderate Densitometry Association
low bone mineral (human) and bone- where otherwise established,;
density turnover pathway indicated mechanism
inferred
Serum otolin-1 Case-control Leakage of Moderate; no Research use Association
studies; meta- degraded matrix validated only established;
analysis (human) protein into the threshold clinical use
circulation hypothetical
Glucose-insulin Observational; Microangiopathy; Weak to Standard Association
dysregulation transcriptomic low-grade moderate; metabolic care probable;
(human) inflammation; confounded by only mechanism
disturbed calcium | age and adiposity inferred
handling
Oxidative stress Small case- Reduced Weak Research Mechanistic
control studies antioxidant inference
(human) reserve; matrix
damage
Thyroid Observational, Bystander Weak to Test where Association
autoimmunity including inflammation in moderate; clinically indicated | probable; immune
euthyroid patients | an detection bias mechanism
(human) immunocompeten | likely speculative
t labyrinth; no
defined otoconial
autoantigen
Vascular / Observational, End-artery Weak to Standard Mechanistic
microvascular mixed results vulnerability; moderate; heavily | cardiovascular inference
insufficiency (human) impaired dark-cell | confounded care only
regulation
Vitamin K2 and Indirect only Systemic calcium | Very weak; None; not a Speculative
magnesium (bone and partitioning; untested in BPPV | BPPV extension
vascular vitamin D recommendation
literature); none activation
in BPPV
Genetic Single family- Impaired Weak; familial Research Hypothetical;
susceptibility based study otoconial protein rather than outside the
(PCDHGA10) (human) production acquired acquired model

Grading criteria. Strength of evidence was rated on an ordinal scheme applied consistently across rows rather than by a formal
instrument. Moderate denotes human evidence including at least one randomized trial or meta-analysis and reasonably
consistent across studies; weak to moderate denotes replicated human observational evidence that is inconsistent or
substantially confounded; weak denotes few or small human studies, or surrogate outcomes only; very weak denotes an
exposure that has not been measured in BPPV at all. Ratings took account, in order, of the best available study design, the
species and system studied, consistency between studies, whether the exposure has been examined in BPPV, and
vulnerability to confounding (Section 4.9). This is not a GRADE assessment: risk of bias, heterogeneity and funnel-plot
asymmetry were not evaluated at study level, and the ratings are relative to one another within this table rather than calibrated

against an external standard.
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5. The Hypothesis

We propose that recurrent idiopathic BPPV — especially when bilateral, multicanal, postmenopausal,
or accompanied by metabolic disease — represents, in a distinct subgroup, the mechanical expression
of a systemic metabolic fragility of the otoconia—otolithic membrane—endolymph unit.

Vitamin D deficiency, estrogen deficiency, osteoporosis, insulin resistance, oxidative stress, low-grade
inflammation, thyroid autoimmunity, and microvascular dysfunction may converge on a shared
biological vulnerability: impaired structural integrity of otoconial matrix anchoring proteins, defective
calcium carbonate biomineralization, weakening of the otolithic membrane, and altered endolymph ion
chemistry. This systemic fragility lowers the threshold for otoconia detachment, promotes membrane—
otoconia complex fragmentation, impairs endolymph-mediated dissolution, and may in that way drive
recurrence.

This does not displace the mechanical model; it sits beneath it. The displacement event still occurs —
but it occurs more readily, more often, and in more canals at once when the otoconial complex is
biologically weakened. Recurrent idiopathic BPPV is thereby reframed not as an accident of anatomy
but as a phenotype of metabolic vulnerability. Nor does it claim to account for every recurrent case.
Some idiopathic BPPV will remain stochastic, or the ordinary consequence of age-related otoconial
degeneration, with no identifiable systemic contribution; the model asserts only that a definable
subgroup exists in which such a contribution is present and measurable.

SYSTEMIC METABOLIC DRIVERS

Vitamin D deficiency - Estrogen deficiency - Insulin resistance
Osteoporosis - Oxidative stress - Thyroid autoimmunity
Microvascular dysfunction - Low-grade inflammation

I

INNER-EAR BIOLOGICAL EFFECTS

Reduced anchoring-protein expression (otolin-1, OC90,
otoancorin, otogelin) - Impaired CaCOj3 biomineralization
Altered endolymph Ca2*/HCO;~/pH balance
Otolithic membrane structural fragility

I

OTOCONIAL CONSEQUENCES

Increased detachment from the utricular macula
Membrane—otoconia complex fragmentation
Impaired dissolution in semicircular-canal endolymph

I

CLINICAL PHENOTYPE

Recurrent idiopathic BPPV - Bilateral / multicanal BPPV
Higher recurrence after repositioning
BPPV clustering with metabolic comorbidity

J

Figure 2. Proposed convergent pathways in the Metabolic Matrix Hypothesis of recurrent BPPV. Diverse systemic metabolic
states are proposed to converge on a shared reduction in the structural and biochemical resilience of the otoconia—otolithic
membrane—endolymph unit, lowering the threshold for otoconia detachment, fragmentation and recurrence. The model
complements, rather than replaces, the established mechanical (canalithiasis/cupulolithiasis) explanation.
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6. Predictions and Testable Hypotheses

1. Patients with recurrent idiopathic BPPV will show higher rates of vitamin D deficiency,
osteopenia/osteoporosis, insulin resistance, and thyroid autoimmunity than single-episode patients or
controls, independent of age and sex.

2. Patients with bilateral or multicanal BPPV will carry a greater metabolic risk burden than those with
unilateral, single-canal disease.

3. Serum otolin-1 will be higher in recurrent than in single-episode BPPV and will track recurrence
frequency or a composite metabolic burden score.

4. Vestibular evoked myogenic potentials (VEMPs) will reveal greater utricular and saccular
dysfunction in patients with the proposed metabolic phenotype.

5. Correcting modifiable metabolic factors — vitamin D repletion in deficient patients being the most
immediate target — will reduce recurrence beyond what repositioning achieves alone.

6. Conversely, factors plausible on general vascular or oxidative grounds but peripheral to matrix
integrity and calcium handling — homocysteine, vitamin B12, and folate — should show no consistent
association with BPPV; the studies that have measured them report none [68], distinguishing this
model from the claim that metabolic disturbance of any kind raises risk.

7. Proposed Research Framework

The hypothesis is testable with a three-group prospective design: (A) recurrent idiopathic BPPV
meeting the phenotype defined in Section 2 (at least two discrete episodes within twelve months); (B)
single-episode idiopathic BPPV; and (C) age- and sex-matched controls without BPPV.

Clinically accessible metabolic panel: 25-hydroxyvitamin D (25-OH vitamin D), calcium, phosphate,
magnesium, parathyroid hormone (PTH), creatinine with estimated glomerular filtration rate (eGFR);
glycated hemoglobin (HbAlc), fasting glucose, fasting insulin with the homeostatic model assessment
of insulin resistance (HOMA-IR); lipid profile including the triglyceride to high-density lipoprotein
cholesterol (TG/HDL) ratio; thyroid-stimulating hormone (TSH), free thyroxine (free T4), free
triiodothyronine (free T3), anti-thyroid peroxidase (anti-TPO) and anti-thyroglobulin antibodies; C-
reactive protein (CRP), uric acid, albumin; body mass index (BMI), waist circumference, blood
pressure; dual-energy X-ray absorptiometry (DXA) when clinically indicated.

Functional assessment: cervical and ocular VEMP; Dix-Hallpike, supine roll, and straight head-
hanging tests for full canal-involvement mapping (posterior, lateral and anterior canals).

The rationale for including vestibular evoked myogenic potentials (VEMPS) needs stating, since their
relationship to BPPV is indirect. They are proposed here as markers of otolith-organ vulnerability:
cervical and ocular VEMPs index saccular and utricular pathway function and can disclose subclinical
macular dysfunction in patients who are asymptomatic between episodes. They are not offered as
diagnostic tests for BPPV, which remains a diagnosis made from positional nystagmus, nor as
validated predictors of recurrence, for which no such marker yet exists. Their purpose in this framework
is narrower and falsifiable: to establish whether the proposed metabolic phenotype is accompanied by
measurable otolith-organ impairment between attacks. If the model is correct, recurrent patients
carrying the metabolic burden should show poorer interictal otolith function than recurrent patients
without it.

Research biomarkers (where available): serum otolin-1 and OC90.

Characterizing patients metabolically at the index episode and again at recurrence is the logical next
step. Published cohorts describe recurrence rates and multicanal involvement in detail, but none
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reports systematic metabolic phenotyping at the index episode [4,5,65]; it is that omission, rather than
any positive finding, which defines the opportunity.

8. Clinical Implications

Canalith repositioning remains the first-line treatment for benign paroxysmal positional vertigo, and
nothing proposed here alters that. Metabolic assessment is an adjunctive strategy directed at
recurrence, appropriate only where clinically indicated — that is, in patients meeting the phenotype
defined in Section 2: recurrent idiopathic disease, particularly when bilateral or multicanal, in
postmenopausal women, older patients, or those with established metabolic disease. A broad
metabolic panel is not indicated for BPPV in general, and still less after a single episode.

Within that group the available tests fall into three tiers, which should not be conflated. First, supported
by direct evidence in BPPV: serum 25-hydroxyvitamin D, with repletion where deficient, this being the
only metabolic intervention so far tested in a randomized trial and upheld in meta-analysis [34,35].
Second, justified by general medical comorbidity assessment rather than by BPPV-specific evidence:
bone-metabolism assessment and densitometry where otherwise indicated [38], fasting glucose and
glycated hemoglobin [54,55], thyroid function and autoimmunity in the appropriate clinical context
[55,60], and cardiovascular risk profiling [56]. These are worth doing because they constitute good
general medicine in the patients concerned, not because correcting them has been shown to prevent
BPPV. Third, proposed for research only: serum otolin-1 and otoconin-90, vestibular evoked myogenic
potentials, and magnesium and vitamin K2 status (Section 4.8), none of which has established clinical
utility in this disease.

Repositioning maneuvers remain the primary, evidence-based treatment for the episode itself.
Metabolic correction is proposed only as an adjunct aimed at long-term recurrence — not as a
substitute for resolving acute vertigo.

9. Limitations

Most metabolic associations with BPPV are observational, and causality is unproven for the majority of
the proposed pathways. They are, moreover, mutually confounded: age, sex, menopausal status and
adiposity are common causes both of the disease and of most of the exposures, and few studies adjust
adequately for them (Section 4.9). Publication bias is likely to have inflated some of the associations on
which this synthesis draws, since negative metabolic findings in BPPV are unlikely to reach print.

Several links in the mechanistic chain rest on animal or in vitro work with no human equivalent — the
estrogen-withdrawal, endolymph-calcium and vitamin D receptor data in particular — and their
extrapolation to human disease is an assumption rather than a finding. The integrity of the human
utricular gel and the in vivo expression of otoconial matrix proteins cannot currently be measured
outside research settings, and endolymph composition cannot be sampled directly in living patients
under ordinary clinical conditions, so the central claim of the model is not at present directly testable in
humans. Otolin-1 remains without a validated assay or an established clinical threshold, and its
specificity for matrix degeneration is unproven.

The proposed phenotype is expressly a subset of idiopathic recurrent disease: the model does not
apply to post-traumatic, post-surgical, post-neuritis or migraine-associated positional vertigo, and it
does not hold that every recurrent idiopathic case is metabolically driven. Many will remain stochastic,
or simply age-related, with no identifiable systemic contribution.

Finally, there is a risk in the proposal itself. To frame a common, treatable and mechanically resolvable
condition as a marker of systemic metabolic fragility invites over-investigation and over-medicalization
— further tests, incidental findings and avoidable anxiety — in patients whose vertigo would be
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resolved by a repositioning maneuver. Until the predictions set out in Section 6 have been tested
prospectively, the evaluation proposed here should remain narrow, confined to the defined phenotype,
and secondary to treating the episode.

10. Conclusions

The mechanical model of BPPV is correct and clinically indispensable; it simply does not, by itself,
explain why otoconia come loose in some patients, why recurrence is so common, or why the disease
keeps company with systemic metabolic disorders. We propose that, in a biologically distinct subgroup,
recurrent idiopathic BPPV is the mechanical expression of a systemic metabolic fragility of the
otoconia—otolithic membrane—endolymph unit, and that the familiar associations — vitamin D
deficiency, estrogen withdrawal, insulin resistance, oxidative stress, thyroid autoimmunity — are not so
many independent risks but convergent routes into one shared vulnerability: a less resilient otoconial
matrix and otolithic membrane. The model invokes no new biology; it asks only that established
metabolic pathways, known otoconial biology, and existing clinical associations be read together rather
than apart. The next step is prospective validation through accessible metabolic phenotyping in well-
characterized cohorts. The claim is deliberately bounded: it concerns a subgroup, not the disease as a
whole, and it complements the mechanical account rather than competing with it. Whether that
subgroup is real, and how large it is, are empirical questions that the predictions above are designed to
settle.
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