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Abstract

Postural Orthostatic Tachycardia Syndrome (POTS) has emerged as a frequent and disabling component of post-coronavirus disease 2019 (post-
COVID-19) syndrome. Its heterogeneous manifestations — spanning autonomic, cardiovascular, immunologic, and metabolic dysfunction — sug-
gest a systems-level disturbance rather than an isolated disorder. Traditional single-pathway models cannot explain the persistence and intercon-
nectivity of these symptoms.

Aim. This study introduces the Homeostatic Instability Model (HIM) as a unifying framework to conceptualize post-COVID-19 POTS as a sys-
tems biology phenomenon characterized by the collapse of integrated physiological resilience.

Materials and methods. A comprehensive literature synthesis was conducted using peer-reviewed studies published between January 2020
and October 2025. Evidence from autonomic regulation, immune activation, endothelial function, and mitochondrial metabolism was integrated
to identify recurrent feedback loops driving chronic dysautonomia.

Results. The HIM describes how severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection initiates self-reinforcing cycles of dys-
function involving autoantibody-mediated receptor signaling, endothelial inflammation, microvascular hypoxia, and mitochondrial oxidative
stress. These processes destabilize autonomic control and energy homeostasis, preventing recovery of physiological equilibrium. Clinically, this
instability manifests as orthostatic intolerance, tachycardia, fatigue, and cognitive impairment.

Conclusion. The HIM reframes post-COVID-19 POTS from a symptom-based condition to a systemic resilience disorder. It emphasizes restora-
tion of network stability through integrated interventions — targeting autonomic retraining, endothelial repair, and metabolic rebalancing —
rather than symptomatic suppression. HIM provides a mechanistic basis for developing diagnostics and therapies aimed at rebuilding systemic
coherence in post-viral dysautonomia.

Keywords: Long COVID, POTS, resilience medicine, systems integration, network physiology, post-viral dysautonomia.

For citation: Abdel-Sater Kh.A. The homeostatic instability model: reframing post-COVID-19 POTS as a systems-level failure of resilience. Clin-
ical review for general practice. 2026; 7 (5): 57—62 (In Russ.). DOI: 10.47407/kr2026.7.5.00841

Mopgenb romeocTtaTnyeckom HeCcTabunbHOCT: nepeocmbiciieHne
NOCTKOBNAHOIoO CMHAPOMa HOCTypaHbHOVI OpTOCTaTVI'-IeCKOI‘/‘I TaXnkapamm
KaK ocnlabneHusn yCTOVIqMBOCTM Ha CUCTEMHOM ypPOBHE€

Xanep A. A6genb-Catep™”

YuusepcuteTr Myta, Anb-Kapak, Mopranusa
*Kabdelsater@mutah.edu.jo

AHHOMayun

CHH/IpOM TIOCTYpasIbHOH oprocraTiueckoit Taxukapanu (CIIOT) — 3To HIMPOKO pacIpOCTPAaHEHHBIN HHBAIAAM3UPYIONTUI KOMIIOHEHT [TOCTKO-
BH/JIHOTO cHHZpOoMa. Ero pasHooOpasHble IPOsABIEHHs, 8 UMEHHO — TUCOYHKIUA BEreTaTHBHON HEPBHOM CUCTEMBI, CEPAEYHO-COCYIUCTON U M-
MYHHOU CHCTEM, IT03BOJIAIOT IIPE/IIIOIOKUTD HAJTMUNE CUCTEMHOH, a He U30JIMPOBAHHOM maTos1oruu. TpagiuinOHHO UCTIOIb3yeMble MOJIEIH OT-
JIeJIBHBIX IIyTel He MOTYT OOBSICHUTD IEPCUCTEHIINIO i B3AUMOCBSI3b ATUX CUMIITOMOB.

IJeaw. B Hacrositieit pabore mpeicTaBIeHa MoiesIb ToMeocTaTuuyeckoi HectabuapHocTH (Homeostatic Instability Model, HIM) kak o6beauHs0-
11as OCHOBA /I KOHIlenTyanusanuu nocrkosugHoro CIIOT — cucremHoro 6uostornyeckoro ¢peHOMeHa, XapakTepu3yeMoro Kpaxom oo1ei ¢u-
3HMOJIOTUYECKOU YCTOUUHBOCTH.

Mamepuaast u mMemoodsl. BBIIOIHEH BCECTOPOHHHUH aHAIN3 JIUTEPATYPHl — IPOILIEIINX PEleH3UPOBAHUE PE3YJIbTATOB HCCIIEAOBAHUH,
OITyOJIMKOBAHHBIX € AHBAPSA 2020 T. 10 OKTAOPH 2025 T. JJaHHBIE 0 BereTaTUBHOHN PeryJIAluY, aKTUBAIUH UMMYHHOH CHCTEMBbI, SHI0TeINATBHON
(GYHKIMH 1 MUTOXOHIPUAJILHOM MeTabou3Me ObLIH 00'beIMHEHBI C LIEJIbI0 ONIPE/IEIUTh BKIIIOUAIOIINECs pa3 32 pa30oM MeXaHU3MbI 00paTHOM
CBS13H, KOTOPBIE ABJIAIOTCS IBHIKYIIEH CHIIOH XPOHUYECKOTO BEreTaTUBHOTO PACCTPOICTBA.

Pezyavmamut. HIM onuceiBaer, kak Boi3aBaHHasg SARS-CoV-2 nHdekIusa 3amyckaeT caMOyCHINBAIOIINeCs UKIIbI JUCHYHKINU, B KOTOpbIE
BOBJIEYEHBI OIIOCPe/IOBAaHHAA AyTOAHTUTEIAMHY PeleNTOPHASA CUTHAIN3AIINA, SH/I0TeTHaIbHAA JUCHYHKINA, CBA3AHHAA ¢ HApyIIEeHHEM MUKPO-
LIUPKYJIAIUY THIOKCUS U MUTOXOH/IPUAIBHBIN OKUCJIUTENIBHBIN CTpecc. YKa3aHHBIE IPOIIECCHI /1eCTaOMIM3HUPYIOT BETeTATUBHYIO PETYJIAINI0 1
9HEPreTUYeCKUN roMeocras, IPeNATCTBYs BOCCTAHOBJIEHUIO (PU3MOJIOIHMYECKOro paBHOBecHA. KIIMHUUYECKMMU IPOABJIEHUAMM TaKOW HecTa-
OIJIBHOCTH SIBJISIIOTCS OPTOCTATUYECKAsl TUIIOTEH3US, TAXUKAP/Hs, 00Ilee HeIOMOTaHNe U KOTHUTUBHbIE HaPyIIIeHUs.

3axarouenue. Mojieb roMeoCTaTHYECKOH HECTaOMIBHOCTH [TO3BOJIIET U3MEHUTD KOHIenuio noctkoBuiHoro CIIOT — ¢ cocrosiHus ¢ ompe-
JleJIeHHBIMU CHUMIITOMAaMHU Ha CUCTEMHOe HapylleHue yerodyuBocty. OHaA IO4epKUBAET BaKHOCTh BOCCTAHOBJIEHUA 0011el cTabUIBHOCTH I10-
CPEeZICTBOM ITPUMEHEHHUsI KOMILJIEKCHBIX Mep, HAIIPABJIEHHBIX HA HOPMaJIH3aI[1ii0 pabOThl BEreTaTHBHON HEPBHOH CHCTEMbI, BOCCTAHOBJIEHUE DH-
Jlotendst U MeTabosimdyecKoro 6asaHca, BMECTO 1o/iaBiaeHus cuMinToMoB. HIM co3/iaeT MeXaHHUCTHYECKYI0 OCHOBY /IJIsI pa3pab0OTKU JTUATHOCTH-
YEeCKHUX U TepalleBTUYECKUX CPEJICTB JIJIsI BOCCTAHOBJIEHHS COIVIACOBAHHOCTU (DYHKIIMOHMPOBAHUSA CUCTEM OPraHU3Ma IIPU IOCTBUPYCHBIX Bere-
TaTUBHBIX PACCTPOUCTBAX.

Knaoueswte caosa: nonr-kosupa, CIIOT, ajjlantanoHHasi MeAUIIMHA, CUCTEMHAS MHTETPANus, 001as GU3U0JIOTHs, IOCTBUPYCHOE BEreTaTHB-
HO€e PaccTpOHCTBO.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has
revealed a broad spectrum of post-acute sequelae, collec-
tively termed Long COVID, characterized by persistent,
multi-organ dysfunction beyond four weeks after infection.
Among its most debilitating manifestations is Postural Or-
thostatic Tachycardia Syndrome (POTS) — a measurable
form of autonomic dysregulation manifesting as orthostatic
intolerance, tachycardia (=30 bpm in adults), dyspnea,
chest pain, fatigue, and cognitive impairment [1] (Fig. 1).

Fig. 1. Overview of multisystem symptoms in Long COVID and POTS
highlighting cardiovascular, neurological, and systemic domains.
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Post-COVID-19 POTS affects approximately 2—14% of sur-
vivors and up to 61% of patients attending post-acute seque-
lae clinics [2], corresponding to an estimated global burden
of 500,000 — 3 million cases [3]. The overall prevalence of
Long COVID varies globally — 35% in Asia, 39% in Europe,
30% in North America, and 51% in South America — and re-
mains substantial over time, persisting in 35% of individu-
als at one year and nearly 47% after two years [4]. Such
variability reflects differences in study design, population
characteristics, and healthcare access, as well as the influ-
ence of viral variants and vaccination status. Reported risk
factors for both Long COVID and POTS include severe
acute infection, older age, female sex, lack of vaccination,
and infection by early SARS-CoV-2 (severe acute respira-
tory syndrome coronavirus 2) variants [5].

Importantly, post-COVID-19 POTS is a distinct clinical
entity rather than a simple recurrence of classic POTS. Evi-
dence suggests that it arises from systemic dysregulation in-
volving crosstalk between autonomic, immune, endothelial,
and metabolic systems [6]. Mechanistic contributors in-
clude autoantibody-mediated G-protein-coupled receptor
dysfunction [7], viral persistence and neuro-inflammation
[2], angiotensin-converting enzyme 2 (ACE2)-related en-
dothelial injury [8], renin-angiotensin-aldosterone system
(RAAS) dysregulation [9], and gut—brain axis disruption
[10]. These interconnected disruptions point toward a
broader systems collapse — forming the basis of the pro-
posed Homeostatic Instability Model (HIM).

Despite progress in identifying these mechanisms, cur-
rent therapies targeting isolated pathways have shown lim-
ited benefit, underscoring the need for an integrative model
that explains how these multi-system disturbances con-
verge and perpetuate chronic physiological disequilibrium.

Accordingly, this article aims to: define the conceptual
foundation of the HIM as a unifying systems framework de-
scribing how autonomic, immune, endothelial, and meta-
bolic networks lose adaptive control following SARS-CoV-2
infection. Elucidate the feedback-loop architecture through
which viral-induced perturbations sustain chronic auto-
nomic dysfunction, trapping the body in a maladaptive
equilibrium. And reorient diagnostic and therapeutic
strategies toward restoring system resilience rather than
suppressing isolated symptoms, promoting integrative in-
terventions that recalibrate dysregulated physiological
axes.

Materials and methods

A narrative review was conducted to synthesize the evolv-
ing literature on post-COVID-19 POTS. PubMed, Scopus,
and Web of Science were systematically searched for Eng-
lish-language articles published between January 2020 and
October 2025 using combinations of the terms “Postural
Orthostatic Tachycardia Syndrome,” “POTS,” “dysautono-
mia,” “SARS-CoV-2,” and “COVID-19.” Inclusion criteria
comprised original peer-reviewed studies involving adults
or adolescents with post-COVID dysautonomia, while non—
peer-reviewed articles, editorials, and purely theoretical
commentaries were excluded.

A narrative synthesis was chosen over a systematic review
due to the mechanistic heterogeneity and early stage of evi-
dence, with the primary goal of integrating findings from
basic science, translational models, and clinical observa-
tions into a coherent conceptual framework rather than
performing a quantitative meta-analysis; accordingly, for-
mal systematic review standards (e.g., PRISMA) and risk-
of-bias assessments were not applied.

While this approach may limit replicability, it enhances
conceptual synthesis by enabling cross-disciplinary integra-
tion. To minimize bias, only high-quality, peer-reviewed
studies were prioritized, emphasizing mechanistic consis-
tency across independent reports. Given the rapidly evolv-
ing evidence base, the proposed HIM should be regarded as
a dynamic framework, open to ongoing validation and re-
finement in future research.

Results and discussion

Mechanistic foundations of the homeostatic

instability model

Long COVID arises from interdependent mechanisms —
viral persistence, immune dysregulation, endothelial dys-
function, and metabolic failure — that form self-reinforcing
feedback loops sustaining maladaptive physiology (Fig. 2).
These processes interact to create cycles of inflammation,
tissue injury, and autonomic instability that underpin
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Fig. 2. Mechanistic overview of Long COVID and post-COVID POTS,
highlighting interdependent feedback.
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chronic symptoms [11]. These interlocked loops — illus-
trated in Fig. 2 — form the core of the HIM framework.

1. Infectious persistence loop

Incomplete viral clearance is supported by the detection
of SARS-CoV-2 RNA and proteins in blood, feces, and tis-
sues up to 12 months’ post-infection [12]. Persistent anti-
gens, especially the SARS-CoV-2 spike protein, can drive
ongoing immune activation by triggering NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3)-mediated pro-
inflammatory signaling and promoting interleukin-1 beta
(IL-1B) production [13]. Impaired viral clearance likely re-
flects immune evasion, cluster of differentiation 8 positive
(CD8*) T cell exhaustion, and viral persistence within im-
munologically tolerant niches such as the gut [14]. Latent
virus reactivation — particularly Epstein—Barr virus and hu-
man herpesvirus 6 (HHV-6) — occurs in up to 40% of Long
COVID patients, contributing to fatigue and neuropsychi-
atric symptoms [15]. SARS-CoV-2-mediated interferon sup-
pression promotes reactivation, while EBV may reciprocally
enhance SARS-CoV-2 infectivity by upregulating ACE2, in-
ducing chronic inflammation and potentially triggering au-
toimmunity [16].

2. Immune—autonomic cross-talk

Immune dysregulation and autoimmunity are central
mechanisms. Long COVID patients demonstrate persistent
T-cell activation, reduced natural killer cell cytotoxicity, and
prolonged antigen-driven inflammation [17]. Molecular
mimicry, bystander activation, and epitope spreading may
explain the emergence of autoantibodies targeting adrener-
gic, cholinergic, and endothelial receptors, driving neuro-
logical and cardiovascular dysfunction [18].

3. Gut-brain axis disruption

SARS-CoV-2-induced gut dysbiosis amplifies systemic
inflammation. Intestinal epithelial disruption reduces
beneficial bacteria (e.g., Faecalibacterium, Bifidobac-
terium) and enriches proinflammatory taxa (e.g., Entero-
coccus) [19]. Loss of short-chain fatty acids such as bu-
tyrate impairs barrier integrity, promotes T helper 17 /

Regulatory T cell imbalance, and contributes to neuroin-
flammation and fatigue [20].

4. Endothelial-mitochondrial coupling failure

Endothelial injury. Persistent endothelial dysfunction
and coagulation abnormalities produce sustained microvas-
cular injury and thrombosis. Complement activation de-
grades the endothelial glycocalyx, increases von Willebrand
factor and Factor VIII, creating a prothrombotic milieu
[21]. Platelet—neutrophil aggregates and neutrophil extra-
cellular trap formation maintain vascular inflammation and
microthrombosis, correlating with cognitive and cardiovas-
cular symptoms [22].

Mitochondrial dysfunction. Impaired oxidative
phosphorylation shifts energy metabolism toward anaero-
bic pathways, explaining post-exertional malaise and cogni-
tive fatigue [23]. Mitochondrial oxidative stress activates
nuclear factor kappa-B (NF-xB) , linking metabolic failure
with chronic inflammation [24]. SARS-CoV-2 proteins dis-
rupt mitochondrial antiviral signaling, further impairing
energy metabolism and immune balance [25].

Cross-talk failure. Endothelial and mitochondrial dys-
function interact to exacerbate systemic instability, con-
tributing to persistent autonomic and metabolic dysregula-
tion.

5. RAAS and fluid dynamics breakdown

Integrating these findings, the HIM conceptualizes post-
COVID POTS as a cascade of interdependent feedback loops
leading to systemic instability. Autoantibodies targeting
adrenergic and cholinergic receptors, RAAS imbalance, en-
dothelial injury, and brainstem involvement collectively im-
pair autonomic regulation, producing hallmark POTS
symptoms [15]. Secondary stressors — cytokine storms, de-
hydration, and deconditioning — exacerbate hypovolemia
and sympathetic overdrive [10].

Post-COVID POTS may result from low blood volume and
a deconditioned heart. Fever and prolonged bed rest con-
tribute to hypovolemia and cardiovascular deconditioning,
while RAAS dysfunction — characterized by low renin and al-
dosterone despite low blood volume — reflects ACE2 disrup-
tion and impaired fluid homeostasis. Compensatory tachy-
cardia arises in response to reduced stroke volume [26].

The HIM framework emphasizes that Long COVID is not
a single-organ disorder but a systems biology condition dri-
ven by interlocking mechanisms of immune, metabolic, en-
dothelial, and autonomic dysregulation [27]. By conceptu-
alizing these interdependent feedback loops, HIM provides
a mechanistic foundation for understanding chronic dysau-
tonomia and guiding resilience-focused interventions.

Towards a new diagnostics: biomarkers and
multi-system assessment of systemic resilience

Diagnosing post-COVID-19 POTS is challenging due to
symptom overlap with other post-viral fatigue and auto-
nomic syndromes, necessitating a structured, multi-dimen-
sional framework. A stepwise approach — integrating clini-
cal assessment, exclusion of secondary causes, confirma-
tory autonomic testing, and biomarker exploration — is es-
sential [10] (Fig. 3).
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Fig. 3. Diagnostic framework for post-COVID-19 POTS.
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1. Comprehensive clinical assessment

Diagnosis begins with a detailed clinical evaluation, fo-
cusing on the temporal link between SARS-CoV-2 infection
and symptom onset. Key manifestations — including ortho-
static intolerance, palpitations, fatigue, cognitive dysfunc-
tion (“brain fog”), and lightheadedness — should be docu-
mented as a unified symptom cluster, noting triggers and
diurnal variability [1]. Medications affecting heart rate or
autonomic tone (e.g., beta-blockers, anticholinergics, or
adrenergic stimulants) must be reviewed to prevent con-
founding results. This groundwork supports subsequent
objective testing and helps differentiate POTS from other
autonomic or cardiovascular disorders [28].

2. Exclusion of secondary and alternative etiologies

Systematic exclusion of secondary causes and mimicking
disorders is pivotal. Laboratory evaluations typically in-
clude complete blood count, comprehensive metabolic
panel, and thyroid function to rule out anemia, electrolyte
disturbances, and thyroid dysfunction [2].

Additional assessments — morning cortisol, plasma cate-
cholamines, and 24-hour urinary sodium — detect adrenal
or volume-regulatory abnormalities [29]. Cardiopulmonary
symptoms warrant electrocardiogram (ECG), serum tro-
ponin, and transthoracic echocardiography to exclude

structural heart disease or myocarditis, with advanced
imaging [cardiac magnetic resonance imaging (MRI) or
computed tomography (CT) pulmonary angiography] as
needed [12]. This ensures that a POTS diagnosis reflects a
primary dysautonomic mechanism rather than secondary
systemic illness.

3. Autonomic function testing and diagnostic confirma-
tion

After excluding secondary causes, autonomic testing is
central to confirming post-COVID-19 POTS. The head-up
tilt test or active standing test detects orthostatic heart
rate abnormalities and reproduces characteristic symptoms
[28]. Diagnostic criteria include a sustained HR increase
>30 bpm (or =120 bpm absolute) within 10 minutes of
standing without orthostatic hypotension, alongside symp-
tom reproduction [29]. Complementary assessments —
heart rate variability, Valsalva maneuver, and sudomotor
testing — further delineate autonomic integrity [30].

Table 1 summarizes key autonomic tests, thresholds, du-
ration, characteristic findings, and references for clinical
practice. Measurement of standing plasma catecholamines
supports phenotyping into hyperadrenergic, neuropathic, or
hypovolemic subtypes, which carry distinct therapeutic im-
plications [16, 31]. Multimodal testing — including continu-
ous tilt monitoring, 24-hour ECG, ambulatory blood pressure
monitoring, exercise ECG, echocardiography, and specialized
autonomic tests — enhances diagnostic precision [32, 33].

4. Emerging biomarkers and mechanistic mapping

Biomarker discovery is expanding mechanistic insights
into post-COVID-19 POTS [31]. Candidate biomarkers in-
clude elevated standing norepinephrine (hyperadrenergic
phenotype), persistent proinflammatory cytokines (im-
mune activation), and functional autoantibodies against
adrenergic and muscarinic receptors (autoimmune dysau-
tonomia) [15].

These biomarkers align with the HIM: autoantibodies re-
flect immune feedback loop disruption, cytokine patterns
indicate inflammatory loops, and norepinephrine dysregu-
lation represents autonomic loops. Integrating molecular
data with clinical and physiological assessments moves di-
agnosis from exclusion toward mechanistic specificity, en-
abling precision-targeted interventions.

Table 1. Key autonomic function tests for post-COVID-19 POTS: thresholds, duration, findings, and references

Test Threshold Duration Key findings Reference
Head-up tilt test ;'Esgfjt;m bpm (=120 bpm 10 min fzg\sﬁ::}i;eproduction, orthostatic [28, 29]
Active stand test HR rise =30 bpm 10 min Symptom reproduction [28, 29]
HRV analysis Reduced RMSSD, SDNN Continuous Autonomic dysregulation [30, 32]
Valsalva maneuver Exaggerated Phase IV overshoot | <1 min Hyperadrenergic pattern [31]
Sudomotor testing Reduced sweat response Variable Neuropathic POTS [31]
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5. Toward an integrated diagnostic pathway

The optimal diagnostic approach layers: (1) comprehen-
sive clinical assessment, (2) exclusion of secondary causes,
(3) autonomic testing, and (4) incorporation of biomarker
or imaging data where available. This structured framework
maximizes diagnostic accuracy and supports early identifi-
cation of post-COVID-19 autonomic sequelae [34]. A uni-
fied model bridging bedside evaluation with emerging mol-
ecular diagnostics provides a foundation for personalized
management of post-COVID-19 POTS [35].

Therapeutic approaches: multimodal resilience

restoration

Management of post-COVID-19 POTS requires a multi-
disciplinary, phenotype-based approach, integrating
lifestyle, pharmacologic, and mechanistic-targeted strate-
gies to restore autonomic and systemic resilience [36].
Treatment follows established POTS principles, emphasiz-
ing individualized care guided by clinical phenotype, bio-
marker profiles, and systemic assessment.

1. Lifestyle and non-pharmacologic interventions

Key non-pharmacologic strategies target volume ex-
pansion, autonomic modulation, and mitochondr-
ial support. Table 2 summarizes the main interventions
and their mechanistic targets.

2. Pharmacologic management

Pharmacologic therapy is considered for patients with
persistent debilitating symptoms, individualized ac-
cording to phenotype (tachycardic, hypovolemic, hypera-
drenergic). Table 3 classifies agents by mechanism and evi-
dence strength.

3. Pathophysiology-targeted therapies

Therapies aimed at underlying mechanisms of Long
COVID and POTS include:

Antiviral approaches. Persistent viral reservoirs
may contribute to pathogenesis. Nirmatrelvir/ritonavir is
under investigation for prolonged or personalized dosing
[45].

Table 2. Summary of non-pharmacologic interventions by mechanistic target

Intervention Mechanistic Target Key Notes Reference

Gradefi postural transitions & head-of-bed Hemodynamic stability Avoid sudden upright posturg; hea}d-of—bed elevation (37]

elevation (~10 cm) reduces nocturnal diuresis

Hydration & sodium supplementation Volume expansion 2-3L fde.s/day; 10-12 g{day sodium; monitor for [12,38]
hypertension/electrolyte imbalance

Cpmpressmn therapy (stockings, abdominal Venous return 30-40 mmHg stoc_kmgs;_10 mmHg abdominal binder; 21, 38]

binders) reduces splanchnic pooling

Exercise & physical reconditioning Autonomic conditioning Start s_eml-r_ecumbent_; progress to upright [39]
aerobic/resistance training

Autonomic retraining, mindfulness, . . - .

biofeedback, psychological support Autonomic modulation Supports resilience and stress adaptation [28, 35]

Nutritional & mitochondrial supplements Mitochondrial function Antioxidants; may improve energy metabolism [40]

Table 3. Pharmacologic interventions for post-COVID-19 POTS

Drug/Class Mechanism Indication IEe\cte!Ience Reference

B?blockers (propranolol, Heart rat.e reduction, hyperadrenergic Tachycardia B [16]

bisoprolol) modulation

Ivabradine Selective sinus node inhibition Tachycardia with hypotension B [3]

Fludrocortisone Volume expansion Hypovolemic POTS B [41]

Midodrine Peripheral vasoconstriction Hypovolemic/neuropathic POTS B [42]

Desmopressin, droxidopa, h | f

IV saline Short-term volume support Refractory symptoms C [38]

Pyridostigmine Cholinergic enhancement Autonomic modulation B [1]

Clonidine, a-methyldopa Sympathetic modulation Hyperadrenergic POTS B [1]

SSRIs/SNRlIs Central vasoconstriction Orthostatic intolerance C [43]

Modafinil, methylphenidate Cognitive fatigue Fatigue, brain fog @ [12]

NSAIDs Postprandial hypotension Symptomatic support C [44]
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Immunomodulatory therapies. Targeting IL-6,
IL-1f3, interferon, tumor necrosis factor, Janus Ki-
nase (JAK) pathways (e.g., baricitinib, IVIG,
plasmapheresis). Ongoing trials include baricitinib
for neurocognitive impairment (REVERSE-LC;
NCT06631287) [46].

Microbiota-targeted interventions: Gut dysbiosis
influences systemic inflammation. Probiotics (e.g., Lacti-
plantibacillus plantarum 299v), multi-strain formulations
(SIMo1), and fecal microbiota transplantation are under in-
vestigation; prospective urban rural epidemiology — low-
carbohydrate study (NCT06643299) examines long-term
benefits [47].

Mitochondrial supportive therapies. Supple-
ments such as antioxidants, creatine, pyrrolo-
quinoline quinone, omega-3 fatty acids, and
branched-chain amino acids support energy me-
tabolism. Gut—mitochondria axis modulation
through probiotics/prebiotics may further en-
hance outcomes [40].

Anticoagulation/antiplatelet therapy. Targeting
microthrombosis and endothelial dysfunction. Short-term
aspirin, clopidogrel, or apixaban may reduce microclot bur-
den; therapy should be individualized based on coagula-
tion/inflammation biomarkers [48].

4. Integrative and future directions

Management of POTS is increasingly framed as multi-
modal resilience restoration, addressing not only
heart-rate control but systemic recalibration across auto-
nomic, immune, endothelial, and metabolic domains [15].
Future strategies under investigation include vagal nerve
stimulation, low-dose naltrexone, targeted antioxidants,
and endothelial-protective agents.

Optimal outcomes emerge from multimodal synergy —
combining low-dose pharmacotherapy, exercise recondi-
tioning, cognitive-behavioral therapy, and metabolic opti-
mization. This resilience-oriented framework holds
promise for restoring adaptive homeostasis and improving
long-term recovery in post-COVID-19 POTS.

A Roadmap for validation and future directions

Translating the HIM from conceptual framework to clinical
utility requires a structured, multi-phase validation approach.
Future research should begin with deep phenotyping and
longitudinal studies tracking patients from acute infection
through chronic phases, mapping the progression of systemic
instability and identifying resilience biomarkers via multi-
omics profiling and autonomic assessments.

Mechanistic investigations employing high-resolu-
tion physiological monitoring and computational modeling

can clarify feedback loops among autonomic, immune, en-
dothelial, and metabolic systems. Building on these in-
sights, adaptive interventional trials should stratify
patients according to their dominant instability profile —
whether autoimmune, endothelial, or metabolic — and test
targeted, multimodal therapies designed to restore
systemic resilience. Success metrics should extend beyond
symptom reduction to include objective restoration of
physiological coherence across systems.

Collaborative, cross-disciplinary efforts integrat-
ing neurology, immunology, vascular biology, and systems
physiology are essential to validate HIM and translate
mechanistic understanding into clinical practice.

Ultimately, this work represents a systems-medicine
shift — from symptom control to resilience engi-
neering — which may redefine therapeutic goals for
post-viral dysautonomia, aligning directly with the
overarching theme of homeostatic instability and resilience
failure.

Conclusion

Post-COVID-19 POTS illustrates how a transient viral in-
sult can trigger chronic, systems-level failure. The HIM re-
frames POTS as a network pathology — an emergent col-
lapse of interconnected autonomic, immune, endothelial,
and metabolic loops — rather than a discrete autonomic de-
fect. HIM explains why diverse findings — autoantibodies,
hypovolemia, mitochondrial stress, microcirculatory dys-
function — converge into a single clinical phenotype and ac-
counts for the relapsing, fluctuating nature of symptoms.

Therapeutically, this perspective shifts the focus from
symptom suppression to resilience restoration, integrating
pharmacologic modulation of adrenergic tone, endothelial
protection, mitochondrial support, and neuroimmune re-
calibration with rehabilitation strategies encompassing au-
tonomic retraining and metabolic conditioning.

For validation, HIM advocates a structured roadmap:

1. Quantify multi-axis instability via HRV, endothelial,
immune, and metabolic biomarkers.

2. Apply network modeling to simulate recovery trajecto-
ries.

3. Conduct clinical trials assessing improvements in re-
silience indices rather than isolated parameters.

Operationalizing HIM through longitudinal biomarker
panels and computational network mapping promises to es-
tablish a new diagnostic and therapeutic paradigm for post-
viral dysautonomia.
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