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ABSTRACT 

Background. Low triiodothyronine status has been described in a wide range of physiological and patho-

logical conditions, including energy restriction, critical illness, and systemic inflammation. In the literature, 

these alterations are commonly referred to as the low T3 state. Traditionally, they have been interpreted within 

the framework of the Non-Thyroidal Illness Syndrome (NTIS). However, accumulating experimental and clin-

ical evidence suggests that a similar biochemical phenotype may arise in different systemic contexts through 

distinct regulatory mechanisms. Thus, low triiodothyronine status may be considered a context-dependent phe-

notype of systemic adaptation that develops under diverse metabolic and immune conditions. 

Aim. To summarize current pathophysiological concepts of low triiodothyronine status in systemic inflam-

matory and metabolic stress, to analyze their limitations, and to propose an integrative context-dependent 

model of thyroid adaptation. 

Materials and Methods. The study is a literature review. A bibliographic analysis of scientific literature 

published between 2015 and 2025 was conducted using the PubMed, Scopus, ScienceDirect, Google Scholar, 

and MEDLINE databases. The following keywords were used: adaptive physiological processes, deiodinases, 

thyroid hormones, energy metabolism, cytokines, and allostatic load. Clinical, experimental, and review stud-

ies meeting contemporary evidence-based medicine standards were included in the analysis. The study was 

conducted as a private initiative of the authors, without grant support and state registration of the topic. 

Research Ethics. This review was conducted using previously published studies performed in accordance 

with current bioethical standards. 

Results. Analysis of the literature indicates that most current concepts interpret low T3 either as an energy-

saving adaptive response or as a marker of disease severity. At the same time, the role of the immune system 

as an active regulatory component of thyroid homeostasis remains insufficiently addressed. The present review 

proposes a context-dependent model of thyroid adaptation, according to which an identical biochemical phe-

notype of low T3 may develop under different systemic conditions – energy deficit or systemic inflammation – 

through distinct regulatory mechanisms. Particular attention is given to the integration of neuroendocrine, met-

abolic, and immune signals, including the roles of cytokines, deiodinases, and the potential involvement of 

iodine-dependent mechanisms of innate immunity. A central element of the proposed model may be the func-

tional interaction between the thyroid axis and phagocytic activity. 

Conclusions. Low triiodothyronine status should be considered a context-dependent phenotype of systemic 

adaptation that emerges from interactions between metabolic, immune, and neuroendocrine regulatory pro-

cesses. The proposed model expands current understanding of the mechanisms underlying low T3 and provides 

a conceptual framework for future mechanistic and clinical studies. 
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 Introduction 

Low circulating Triiodothyronine (T₃) levels 

are a common metabolic feature observed under 

conditions of systemic stress of various origins. 

This phenomenon has been well documented in 

severe infections, sepsis, trauma, and a range of 

chronic diseases [1–4]. At the same time, both ex-

perimental and clinical evidence, including early 
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observations during starvation [3; 5], suggests that 

a similar hormonal pattern may also develop in the 

absence of systemic inflammation. In this context, 

reduced serum T₃ can be viewed as part of a broa-

der neuroendocrine-metabolic adaptation, medi-

ated by different regulatory mechanisms depend-

ing on metabolic and immune conditions [1; 2]. 

Current understanding of thyroid hormone me-

tabolism at the tissue level – including the role of 

deiodinases, cytokine signaling, and neuroendo-

crine regulation – indicates that changes in thyroid 

homeostasis are part of complex adaptive re-

sponses [4–8]. In this review, the term "low T₃ 

state" is used as a general concept describing re-

duced T₃ levels across different physiological and 

pathological settings. In the presence of systemic 

inflammation, this corresponds to Low T₃ Syn-

drome (LT3S) or Non-Thyroidal Illness Syn-

drome (NTIS) [1–3], whereas in conditions of en-

ergy deficiency it may represent an adaptive met-

abolic variant of the low T₃ state. 

Thus, reduced T₃ levels can be viewed as a con-

text-dependent adaptive phenotype shaped by 

metabolic and immune signals. In this review, we 

propose a model in which a similar hormonal pro-

file may arise both in energy deficiency and in sys-

temic inflammation through distinct regulatory 

mechanisms. 

 

Aim and Objectives 

The aim of this study was to summarize cur-

rent pathophysiological concepts of the low triio-

dothyronine state in systemic inflammatory and 

metabolic stress conditions and to propose an in-

tegrative, context-dependent model of thyroid ad-

aptation. 

To achieve this aim, we addressed the follow-

ing objectives: 

1) to review experimental and clinical data on 

changes in thyroid homeostasis during systemic 

inflammation and critical illness; 

2) to summarize the role of metabolic factors, 

particularly energy deficiency, in the development 

of the low T₃ state; 

3) to examine regulatory mechanisms at the 

level of tissue thyroid hormone metabolism, in-

cluding deiodinase activity, cytokine signaling, 

and neuroendocrine interactions; 

4) to compare the characteristics of low T₃ in 

metabolic versus inflammatory stress; 

5) to propose a conceptual model of context-

dependent thyroid adaptation integrating meta-

bolic, immune, and neuroendocrine mechanisms. 

 Materials and Methods 

This study is based on a narrative review of the 

literature on thyroid homeostasis in systemic in-

flammatory and metabolic stress conditions. Lit-

erature search was performed using PubMed, Sco-

pus, ScienceDirect, Google Scholar, and MED-

LINE, covering the period from 2015 to 2025. The 

search included the following keywords and their 

combinations: adaptive physiology, deiodinases, 

thyroid hormones, energy metabolism, cytokines, 

and allostatic load. 

We included clinical, experimental, and review 

studies addressing changes in thyroid hormone 

regulation in systemic inflammation, critical ill-

ness, energy deficiency, and related metabolic 

stress conditions. Preference was given to peer-re-

viewed publications indexed in major scientific 

databases. The selected studies were analyzed in 

the context of current understanding of tissue thy-

roid hormone metabolism, deiodinase activity, cy-

tokine-mediated regulation, and neuroendocrine-

metabolic interactions. Data were synthesized us-

ing a qualitative analytical approach. 

Results 

1. Evolution of concepts of thyroid homeosta-

sis regulation under stress 

Current understanding of the low triiodothyro-

nine state in different stress contexts – particularly 

under conditions of energy restriction and sys-

temic inflammation – has developed within broa-

der concepts of internal regulation and adaptation. 

The foundations of these approaches were laid by 

Claude Bernard (1878) [11], who introduced the 

concept of the milieu intérieur as the relative sta-

bility of the internal environment required for cel-

lular function. This idea was further developed by 

Walter B. Cannon (1932) [12], who formulated 

the concept of homeostasis and emphasized the 

role of feedback mechanisms as a universal prin-

ciple of physiological regulation. 

A major step forward came with the conceptu-

alization of adaptation as a systemic response to 

stress within the framework of the general adapta-

tion syndrome proposed by Hans Selye (1936; 

1946) [13; 14]. In this model, the Hypothalamic–

Pituitary–Adrenal (HPA) and Hypothalamic–Pi-

tuitary–Thyroid (HPT) axes were viewed as key 

components of neuroendocrine integration, coor-

dinating metabolic and hormonal responses to var-

ious stressors. 

Advances in integrative physiology have sig-

nificantly expanded these concepts, showing that 

the regulation of thyroid homeostasis under stress  
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is a multi-level process involving interactions be-

tween neuroendocrine, metabolic, and immune sig-

nals (Fig. 1). In particular, activation of the HPA 

axis may be driven not only by classical neural 

mechanisms but also by mediators of the func-

tional system that becomes dominant in a given 

physiological or pathological context [15; 16]. For 

example, during psycho-emotional stress, neuro-

transmitter-mediated regulation plays a central 

role, whereas in inflammatory conditions, cyto-

kine-driven immune signaling pathways become 

the primary drivers [1; 17]. 

 

 
 

Fig. 1. Evolution of concepts of thyroid  

homeostasis regulation under stress 

 
 

Within this framework, thyroid-related chan-

ges observed under stress conditions should not be 

viewed solely as isolated endocrine disturbances, 

but rather as part of broader adaptive processes in 

which the systemic metabolic or inflammatory 

context modulates both neuroendocrine regulation 

and tissue-level thyroid hormone metabolism. 

Current concepts of the low T₃ state have evol-

ved alongside general theories of physiological 

regulation – from the early idea of internal stabi-

lity to modern models of context-dependent endo-

crine adaptation. 

 2. Metabolic-adaptive variant of low T₃ in en-

ergy deficiency 

In this context, thyroid adaptation can be vie-

wed as a variable, context-dependent process. Un-

der conditions of reduced energy availability, de-

creased T₃ levels are primarily associated with 

adaptive energy conservation, driven by reduced 

triiodothyronine production with relatively pre-

served metabolic clearance of the hormone [18; 

19]. 

This hormonal profile is generally interpreted 

as a manifestation of adaptive metabolic remodel-

ing of thyroid regulation. Reduced circulating T₃ 

is accompanied by changes in peripheral thyroid 

hormone metabolism, contributing to a decrease in 

basal metabolic rate and overall energy expendi-

ture. In this setting, low T₃ may act as a regulatory 

mechanism of energy conservation, aligning en-

docrine function with energy availability and sup-

porting a reduction in total metabolic demands. 

In quantitative terms, in healthy adults with ca-

loric restriction, serum total T₃ levels typically de-

crease by [20–30]% within the first week of fast-

ing, reaching values of [0.6–1.0] nmol/L com-

pared to a reference range of [1.2–2.2] nmol/L, 

whereas in septic patients with low T₃ syndrome 

(NTIS), total T₃ levels may fall to [0.4–0.8] 

nmol/L despite similar absolute reductions, with 

concomitant elevation of reverse T₃ (rT₃) exceed-

ing 0.6 nmol/L. These quantitative differences, to-

gether with distinct cytokine profiles (e.g., IL-6 

> 50 pg/mL in sepsis vs. < 5 pg/mL in fasting), 

provide biochemical support for distinguishing 

the two phenotypes. 

Such changes have been described, for examp-

le, in athletes with Relative Energy Deficiency in 

Sport (RED-S), where decreased T₃ levels are in-

terpreted as part of a systemic adaptive response 

to chronic energy deficiency [20; 21]. In this con-

text, the low T₃ phenotype reflects a predomi-

nantly energy-conserving mode of thyroid regula-

tion aimed at optimizing the use of available me-

tabolic resources. 

In contrast to this metabolic-adaptive variant, 

reduced T₃ levels in systemic inflammation arise 

within a different regulatory framework, charac-

terized by immune activation, cytokine signaling, 

and alterations in tissue-level thyroid hormone 

metabolism. 

3. Immunometabolic phenotype of low T₃ in 

systemic inflammation 

In contrast to the metabolic-adaptive variant 

observed during energy deficiency, the low T₃ 

state in systemic inflammation develops within  
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a fundamentally different regulatory context char-

acterized by immune activation and profound met-

abolic reprogramming. In this setting, alterations 

in thyroid hormone homeostasis are largely driven 

by tissue-specific regulation of thyroid hormone 

signaling rather than by systemic endocrine chan-

ges alone. 

A central feature of this process is the remode-

ling of intracellular thyroid hormone metabolism, 

mediated by changes in deiodinase activity, par-

ticularly increased type 3 deiodinase (D3)-de-

pendent inactivation of T₃ and altered type 2 de-

iodinase (D2)-mediated local activation [7; 8; 17]. 

In parallel, inflammation-associated cytokine sig-

naling modulates thyroid hormone transport and 

receptor expression in target tissues, including 

cells of the innate immune system, thereby reshap-

ing local thyroid hormone action in a context-de-

pendent manner [17]. 

Beyond classical endocrine pathways, emerg-

ing evidence suggests that components of the in-

nate immune response directly interact with iodi-

ne-dependent biochemical systems. For instance, 

myeloperoxidase-mediated pathways in neutro-

phils utilize iodine-related substrates as part of an-

timicrobial defense mechanisms, further linking 

thyroid-related biochemical processes with im-

mune function [22]. Although these pathways are 

not primary drivers of systemic thyroid hormone 

changes, they underscore the integration of thy-

roid-related mechanisms into host defense. 

Collectively, these alterations in local thyroid 

hormone metabolism and signaling are consistent 

with the framework of NTIS, in which reduced 

circulating T₃ reflects increased tissue-level inac-

tivation and redistribution of thyroid hormone ac-

tion rather than primary thyroid dysfunction [23]. 

At the systemic level, this state is frequently asso-

ciated with a shift toward catabolic metabolism, 

including enhanced substrate mobilization and the 

development of negative nitrogen balance, reflect-

ing the broader metabolic demands of critical ill-

ness [1; 5; 24]. 

Taken together, the low T₃ phenotype in sys-

temic inflammation represents an immunometa-

bolic state in which endocrine, immune, and met-

abolic pathways converge to prioritize host de-

fense and substrate redistribution. This phenotype 

is therefore mechanistically and functionally dis-

tinct from the energy-conserving low T₃ state ob-

served in conditions of energy deficiency. 

 

 4. Two context-dependent phenotypes of low 

T₃ 

Available evidence suggests that the low triio-

dothyronine state does not represent a single path-

ophysiological syndrome, but rather reflects at 

least two distinct adaptive modes of thyroid regu-

lation. 

Under conditions of energy deficiency, redu-

ced T₃ levels reflect a metabolically economical 

adaptation aimed at decreasing energy expendi-

ture and optimizing the use of available metabolic 

resources. In this context, thyroid-related changes 

can be interpreted as part of a systemic metabolic 

adaptation that aligns endocrine regulation with 

energy availability. 

In contrast, during systemic inflammation, low 

T₃ develops in the setting of immunometabolic ac-

tivation and profound metabolic reprogramming. 

In this context, alterations in thyroid hormone sta-

tus may be linked to the redistribution of meta-

bolic resources toward effector mechanisms of in-

nate immunity, including iodine-dependent halo-

genation processes in phagocytic cells, as well as 

to increased tissue metabolism and clearance of 

thyroid hormones [17; 22; 23]. This regulatory 

pattern is likely more energy-demanding and less 

stable from the perspective of systemic adaptation, 

which may partly explain the association between 

low T₃ levels and the severity of critical illness. 

Within this framework, two principal variants 

of the low T₃ phenotype can be distinguished: 

firstly, an energy-deficit–associated, metabolica-

lly economical phenotype (low T₃ state; fasting/ 

RED-S); and secondly, an inflammation-associ-

ated, immunometabolic phenotype (LТ₃S, NTIS). 

These variants differ in their underlying regu-

latory mechanisms, tissue-level thyroid hormone 

metabolism, and the contribution of local hormone 

clearance [7; 8; 23] (Table). 

The following sources were used to compile 

the Table: for iodine-dependent immune mecha-

nisms in phagocytes – Klebanoff S.J. (2005) [22]; 

for stability of adaptation – metabolically eco-

nomical phenotype is relatively stable based on 

studies of prolonged caloric restriction (Spaulding 

S.W. et al. (1976) [18]; Chopra I.J. et al. (1975) 

[19]), while the immunometabolic phenotype is 

less stable and more closely linked to illness se-

verity (Van den Berghe G. (2021) [23]; Fliers E. 

et al. (2015) [1]). Other rows are derived from the 

cited reviews [1; 4; 7; 8; 17; 23]. 
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Table. Context-dependent phenotypes of low T₃ 
 

Characteristic 
Metabolically economical 

phenotype (low T₃) 

Immunometabolic phenotype (LТ₃S 

(NTIS) 

Systemic context Energy deficiency Systemic inflammation and critical illness 

Typical clinical  

settings 

Fasting, caloric restriction, RED-S,  

prolonged exercise  
Infections, sepsis, trauma, critical illness 

Functional  

orientation 

Metabolic energy conservation and opti-

mization of energy utilization 

Immunometabolic reprogramming  

and support of inflammatory responses 

Key regulatory  

signals 

Reduced energy availability; alterations 

in leptin, insulin, and metabolic signals 

Cytokines (IL-6, TNF-α)  

and other inflammatory mediators 

Neuroendocrine  

integration 

Modulation of the HPT axis according to 

energy availability 

Interaction between HPT and HPA axes; 

cytokine-mediated regulation 

Systemic metabolic 

effects 

Decreased basal metabolic rate and en-

ergy expenditure 

Redistribution of metabolic resources  

toward immune effector mechanisms 

Tissue thyroid hor-

mone metabolism 

Predominantly reduced T₃ production 

with relatively preserved clearance 

Enhanced tissue-level regulation  

and increased thyroid hormone clearance 

Cellular  

mechanisms 
Energy-conserving metabolic adaptation 

Activation of innate immune cells and  

alterations in thyroid hormone signaling 

Iodine-dependent 

immune  

mechanisms 

Not a primary feature 

Possible involvement of iodine-depend-

ent halogenation processes in phagocytic 

cells 

Stability  

of adaptation 
Relatively stable adaptive metabolic state 

More demanding and potentially unstable 

regulatory state 

Clinical significance Adaptive metabolic response 
May be associated with the severity of 

critical illness 

 

Notes: RED-S – relative energy deficiency in sport; LT₃S – low T₃ syndrome;  

NTIS – non-thyroidal illness syndrome; HPT axis – hypothalamic–pituitary–thyroid axis;  

HPA axis – hypothalamic–pituitary–adrenal axis; IL-6 – interleukin-6;  

TNF-α – tumor necrosis factor alpha. 

 

Context-dependent variants of the low T₃ state 

define distinct adaptive modes of thyroid regula-

tion under energy deficiency and systemic inflam-

mation. Thus, the low T₃ state can be interpreted 

 as a context-dependent phenotype of systemic ad-

aptation, arising from the interplay between meta-

bolic, immune, and neuroendocrine regulatory me-

chanisms (Fig. 2). 

 

 
Fig. 2. Context-dependent integration of metabolic, immune, and thyroid regulation 

 

Notes: T₃ – triiodothyronine; T₄ – thyroxine; ATP – adenosine triphosphate. 
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Energy metabolism, immune activity, and thy-

roid regulation constitute an integrated adaptive 

network. Metabolic, immune, and neuroendocrine 

signals collectively maintain internal equilibrium 

across a continuum ranging from homeostasis to 

allostatic adaptation and, under sustained stress, to 

exhaustion. This coordinated interplay governs the 

integration of energy expenditure, immune func-

tion, and еndocrine regulation. 

Integrated interactions between metabolic, im-

mune, thyroid, and iodine-dependent pathways sha-

pe context-dependent adaptation, resulting in dis-

tinct energy-conserving and immunometabolic low 

T₃ phenotypes under conditions of energy defi-

ciency and systemic inflammation. 

In clinical practice, energy deficiency and sys-

temic inflammation may co-exist, for example, in 

critically ill patients with prolonged fasting or in 

malnourished individuals with sepsis. Under such 

mixed conditions, the low T₃ phenotype likely re-

flects overlapping features of both adaptive mo-

des, with cytokine-driven immune activation do-

minating early while an additional energy-conser-

ving component may emerge during prolonged ca-

tabolism. The relative contribution of each mech-

anism may depend on the predominant systemic 

stressor and its duration, a concept that requires 

further experimental investigation. 

5. Potential role of iodine in thyroid-immune 

system interactions 

An important aspect is the role of iodine as a 

shared biochemical substrate linking thyroid hor-

mone synthesis and effector mechanisms of innate 

immunity. In the thyroid gland, iodide is trans-

ported via the sodium-iodide symporter and incor-

porated into thyroid hormones through organifica-

tion mediated by thyroid peroxidase. In parallel, 

in cells of the innate immune system, particularly 

neutrophils, the myeloperoxidase system utilizes 

halides, including iodide, to generate reactive hal-

ogen species involved in microbicidal activity 

[22].  

At the level of tissue thyroid hormone metabo-

lism, systemic inflammation is associated with al-

terations in deiodinase activity, thyroid hormone 

transport, and receptor signaling, leading to a re-

distribution of thyroid hormone action across tis-

sues [7; 8; 17; 23]. In this context, a functional re-

distribution of the systemic iodine pool between 

the thyroid and immune systems may occur, 

driven by increased demand of immune cells for 

halide-dependent reactions [24–26]. Such redistri-

bution, together with enhanced local inactivation 

of T₃ and changes in tissue-level thyroid hormone  

 clearance, may reflect an allostatic reconfigura-

tion of thyroid hormone homeostasis during sys-

temic inflammation [15; 23]. 

Thus, iodine should be considered not only as 

a substrate for thyroid hormone synthesis but also 

as a potential mediator of immunoendocrine inte-

gration, contributing to context-dependent modu-

lation of thyroid regulation. 

6. Context-dependent model of low T₃ forma-

tion 

Synthesis of current evidence indicates that al-

terations in thyroid hormone status across differ-

ent stress conditions should not be interpreted as 

manifestations of a single pathophysiological syn-

drome, but rather as context-dependent adaptive 

mechanisms shaped by dominant metabolic or im-

mune signals [2; 17; 23]. 

Available experimental and clinical data sup-

port the distinction of at least two major variants 

of low T₃: firstly, a metabolically economical phe-

notype associated with reduced energy availabil-

ity; and secondly, an immunometabolic phenotype 

linked to systemic inflammation [1; 17; 23]. 

Within this framework, thyroid homeostasis 

can be viewed as part of a broader immune-neuro-

endocrine-metabolic adaptive network integrating 

signals of energy balance, immune activation, and 

stress responses [2; 15; 17]. Based on this concept, 

a context-dependent model of low triiodothyro-

nine formation is proposed (Fig. 3). Reduced T₃ 

levels arise from multilevel regulatory remodeling: 

systemic stress contexts (e.g., energy deficiency or 

inflammation) act as initiating signals; neuroendo-

crine integration is mediated by interactions be-

tween hypothalamic-pituitary axes, cytokine sig-

naling, and metabolic regulators; and tissue-level 

changes involve reprogramming of thyroid hor-

mone metabolism, including alterations in deiodi-

nase activity, transport, and cellular responsive-

ness [4; 7; 8]. 

Discussion 

Reduced T₃ levels may develop under different 

systemic conditions. In states of energy defi-

ciency, low T₃ reflects a metabolically economical 

adaptive mode aimed at reducing overall energy 

expenditure. In contrast, during systemic inflam-

mation, an immunometabolic phenotype (NTIS) 

emerges, characterized by cytokine-mediated im-

mune activation, redistribution of metabolic re-

sources, and enhanced tissue-level metabolism of 

thyroid hormones. With prolonged inflammatory 

stress, this phenotype may be accompanied by ex-

haustion of the adaptive capacity of the thyroid 

system. 
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Fig. 3. Context-dependent model of low triiodothyronine formation 

 

Notes: T₃ – triiodothyronine; T₄ – thyroxine; IL-6 – interleukin-6; TNF-α – tumor necrosis factor alpha; 

NTIS – non-thyroidal illness syndrome; DIO – deiodinase (iodothyronine deiodinase). 

 

 

This results in a context-dependent low T₃ phe-

notype whose functional significance varies with 

the systemic metabolic or immune environment. 

Accordingly, the low triiodothyronine state should 

be interpreted not as a single pathophysiological 

entity, but as an adaptive endocrine phenotype 

arising from the interaction of metabolic, immune, 

and neuroendocrine regulatory mechanisms. In 

summary, this model links metabolism, immunity, 

and thyroid function. 

Conclusions 

1. The low triiodothyronine state represents 

a context-dependent phenotype of systemic adap-

tation rather than a unitary endocrine syndrome, 

emerging from the interplay of metabolic, im-

mune, and neuroendocrine regulation.  

2. In energy deficiency, reduced T₃ reflects 

a metabolically economical adaptation that con-

serves energy and aligns thyroid function with en-

ergy availability, whereas in systemic inflamma-

tion it arises within an immunometabolic context 

characterized by tissue-specific remodeling of 

thyroid hormone metabolism.  

3. Low T₃ may serve as an integrative marker 

of systemic adaptation, reflecting the balance be-

tween energy demand, immune activation, and 

neuroendocrine control.  

 4. The proposed model provides a conceptual 

framework linking thyroid regulation with meta-

bolic and inflammatory processes and may guide 

future research into distinct low T₃ phenotypes. 

5. The proposed model is intended both as  

a framework for interpreting existing experiment-

tal and clinical data and as a source of testable pre-

dictions. First, the two low T₃ phenotypes should 

be distinguishable by specific biomarker profiles 

as proposed above. Second, experimental induc-

tion of energy deficiency in healthy volunteers 

will produce a T₃ reduction without significant el-

evation of inflammatory cytokines or reverse T₃. 

Third, blockade of inflammatory cytokines such 

as IL-6 or TNF-α antagonists in septic animal 

models will attenuate the decline in T₃ indepen-

dently of nutritional status. These predictions pro-

vide a basis for future mechanistic and clinical 

studies to validate the model. 

Prospects for Further Research 

Further studies should elucidate context-de-

pendent mechanisms of low T₃ regulation, with 

particular focus on tissue-level thyroid hormone 

metabolism and thyroid-immune interactions. 

This may improve the clinical interpretation of 

thyroid alterations across diverse systemic condi-

tions. 
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