
Thyroid hormone is essential for the normal develop-
ment of many human tissues and regulates the metabo-
lism of virtually all cells and organs of the human body 
throughout life. Hypothyroidism, the clinical condition 
of thyroid hormone deficiency, is a common disorder in 
the general population. Overt hypothyroidism is defined 
by thyroid-stimulating hormone (TSH) levels above the 
upper limit of the reference range while levels of free 
thyroxine (fT4) are below the lower limit of the refer-
ence range. The reference range is typically statistically 
defined by the 2.5th and 97.5th percentiles of the meas-
ured circulating thyroid hormone values in populations 
defined as healthy. In subclinical hypothyroidism, TSH 
levels are elevated but fT4 levels are still within the refer-
ence range. Untreated hypothyroidism, especially overt 
hypothyroidism, can lead to serious adverse effects on 
multiple organ systems, both in the short and long term. 
Most adult patients with hypothyroidism have acquired 
hypothyroidism, which originates either in the thyroid 
(primary hypothyroidism) or in the pituitary or hypo-
thalamus (central hypothyroidism). Hypothyroidism 
can also result from severe iodine deficiency because 
the synthesis of thyroid hormone requires the trace 

element iodine. Chronic autoimmune thyroid disease, 
Hashimoto thyroiditis, is the most common cause 
of primary hypothyroidism in iodine-replete areas. 
Because thyroid hormone is also essential for multiple 
aspects of normal development in childhood, most 
developed countries have established neonatal screen-
ing programmes to detect congenital hypothyroidism 
(prevalence of 1 in 500–3,000 newborns, depending 
on ethnicity)1,2 as well as programmes to prevent severe 
iodine deficiency (for example, universal salt iodization).

The onset of hypothyroidism is insidious in most 
cases and symptoms may present late in the disease 
process. Symptoms are generally non-specific and the 
most common include fatigue, cold intolerance and con-
stipation. As a consequence, there is a large variation 
in clinical presentation and the presence of symptoms 
has a low sensitivity and positive predictive value (that 
is, symptoms are not specific to hypothyroidism) for 
diagnosis. Therefore, detection of high TSH and low fT4 
levels is the hallmark of diagnosis3 (Fig. 1).

Levothyroxine (LT4), a synthetic form of T4 that is the 
mainstay of treatment for hypothyroidism, is the third 
most commonly prescribed drug in the United States, 
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with over 100 million prescriptions4,5. Data from com-
mercially insured patients revealed that an estimated 
7% of the population have an active LT4 prescription, 
with 30% of patients displaying normal thyroid func-
tion values at initiation of therapy6. After normalization 
of TSH and fT4 concentrations, up to 15% of patients 
treated with LT4 continue to have persistent complaints, 
which may require evaluation for alternative diagnoses7. 
In this Primer, we discuss the pathophysiology, diagno-
sis, optimal treatment and quality of life of patients with 
hypothyroidism as well as current knowledge gaps and 
research priorities.

Epidemiology
Primary hypothyroidism. Primary hypothyroidism is 
a common disorder worldwide (Fig. 2a; Supplementary 
Table 1), with iodine deficiency and Hashimoto thy-
roiditis as the principal causes. Other less common 
causes of primary hypothyroidism include congeni-
tal, drug-related, iatrogenic and infiltrative diseases 
(Table 1). Prevalence estimates from the general pop-
ulation typically do not distinguish between causes of 
primary hypothyroidism and depend on several factors, 
including the population studied and the definition 
used (for example, whether subclinical hypothyroidism 
is included). In the USA, National Health and Nutrition 
Examination Survey data showed a prevalence of hypo-
thyroidism (both overt and subclinical) of 4.6%8. A US 
screening study showed a prevalence of 0.4% and 9% for 
overt and subclinical hypothyroidism, respectively, with 
the latter increasing to over 20% among women 75 years 
of age or older9. In a meta-analysis from Europe, the 
prevalence of overt and subclinical hypothyroidism was 
0.37% and 3.8%, respectively, including both diagnosed 
and undiagnosed cases, and the estimated incidence of 
hypothyroidism was 226 cases per 100,000 individuals 
per year10.

Primary hypothyroidism prevalence is highest in 
populations with high iodine intake or severe iodine defi-
ciency as compared with populations with a sufficient 
iodine status11 (Fig. 2b). The prevalence decreases with 
the declining severity of iodine deficiency and increases 
as iodine intake shifts from mild deficiency to optimal 
or excessive intake. Furthermore, improvement in iodine 

status also increases thyroid antibody positivity12 and 
therefore the risk of Hashimoto thyroiditis.

Hypothyroidism occurrence is dependent on genetic, 
inherent (for example, sex) and environmental factors. 
A meta-analysis of genome-wide association studies 
(GWAS), which included more than 70,000 participants 
from 22 cohorts, identified 42 loci for circulating TSH 
levels within the reference range13. Only 7 of these  
42 loci were linked to hypothyroidism, including thyroid 
peroxidase (TPO), which encodes an enzyme crucial 
for the synthesis of thyroid hormone13. Individuals with  
a TSH-based genetic risk score in the highest quartile 
had a 2.5-fold increased odds of hypothyroidism com-
pared with individuals with a genetic risk score in the 
lowest quartile13. No differences were found between 
men and women in genetic variants for TSH and fT4 
in sex-stratified GWAS meta-analyses13. Nevertheless, 
the risk of developing primary hypothyroidism is up 
to tenfold higher in women than in men, suggesting an 
important contribution of non-genetic factors14.

TPO antibody concentrations are lower in smok-
ers than in non-smokers15,16. Furthermore, TSH levels 
are lower in current smokers than in former smokers, 
and lower in former smokers than in never smokers15,16. 
Smoking initiation results in a significant decrease in 
serum TSH levels after 1 year in men. Obesity is asso-
ciated with higher serum TSH levels in adults and chil-
dren, although the directionality of the relationship is 
under discussion and may even be bidirectional17,18. 
Children born small for gestational age have higher 
serum TSH levels than children born appropriate for 
gestational age and are consequently more often diag-
nosed with subclinical hypothyroidism19. Environmental 
factors that have been implicated in hypothyroidism and 
Hashimoto thyroiditis include vitamin D and selenium 
deficiency, and moderate alcohol intake16.

Central and peripheral hypothyroidism. Central hypo-
thyroidism is a rare disorder that may be due to sec-
ondary hypothyroidism (pathology of the pituitary) or 
due to tertiary hypothyroidism (pathology of the hypo-
thalamus) and can be congenital or acquired (Table 1). 
Incidence estimates for congenital central hypothy-
roidism range from 1:21,000 to 1:160,000 (reFs20,21), 
with variability attributed at least in part to differences 
in neonatal diagnostic strategies. The most common 
causes of central hypothyroidism in adults include 
pituitary adenoma, infiltrative disease and radiother-
apy. Increased use of immune-checkpoint inhibitors 
in the setting of cancer treatment over the past decade 
has resulted in a surge in hypophysitis-related central 
hypothyroidism, although the exact mechanisms are 
still poorly understood22. Peripheral hypothyroidism 
(that is, extra-thyroidal) denotes a diverse group of dis-
orders with defects that reduce the effectiveness of thy-
roid hormone through altered cell membrane transport 
and metabolism. These rare disorders may be caused 
by (congenital) genetic alterations causing decreased 
sensitivity to the biological activity of chemically intact 
hormones and typically tissue-specific hypothyroidism. 
Another example of peripheral hypothyroidism is con-
sumptive hypothyroidism, which is due to an increased 
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expression of type 3 iodothyronine deiodinase (DIO3, 
an enzyme that inactivates thyroid hormone) in tumours 
(for example, gastrointestinal stromal tumours)23.

Mechanisms/pathophysiology
Physiological aspects. Thyroid hormone production 
and release are regulated by a very sensitive feedback 
loop, the hypothalamus–pituitary–thyroid axis (Fig. 3). 
Thyrotropin-releasing hormone (TRH) produced in the 
hypothalamus controls production of TSH by the ante-
rior pituitary gland. TSH in turn regulates the production 
and secretion of the two forms of thyroid hormone by  
the thyroid gland: T4 and the more bioactive hormone 
triiodothyronine (T3)24. Serum TSH levels follow a circa-
dian rhythm: levels are highest between 9 pm and 5 am 
and lowest between 4 pm and 7 pm (reF.25). The thyroid 
gland secretes predominantly T4 and, to a lesser extent, 
T3, which accounts for up to only ~20% of circulating T3. 
The remaining T3 is produced by peripheral tissues, such 
as liver and skeletal muscle, by the activating enzymes 
type 1 and type 2 iodothyronine deiodinase (DIO1 
and DIO2, respectively), which cleave an iodine atom 
from T4 (reF.26). Most circulating T4 and T3 is bound to 
transport proteins such as thyroxine-binding globulin 
(TBG), transthyretin and albumin. Only ~0.02% of T4 
and ~0.2% of T3 are present in an unbound form and 
this fT4 and free T3 (fT3) can be measured for diagnostic 
purposes27.

Most biological activities of thyroid hormone are 
mediated by binding of T3 to the nuclear T3 receptors 
(TRs), which bind to thyroid response elements (TREs) 
in thyroid hormone-responsive genes and modulate 
their expression. The two thyroid receptor genes THRA 
and THRB encode thyroid hormone receptor-α (TRα; 

also known as THRα) and TRβ (also known as THRβ), 
respectively. Alternative splicing and different promoter 
usage results in the production of three THRα and 
three THRβ isoforms, of which TRα1, TRβ1 and TRβ2 
bind to T3. TRα1 and TRβ1 are ubiquitously expressed, 
TRα1 preferentially in brain, heart, and bone and TRβ1 
preferentially in liver, kidney and thyroid. TRβ2 has a 
more restricted expression pattern but is the predom-
inant isoform expressed in the pituitary gland and is 
thereby essential for the negative regulation of TSH28. 
Intracellular T3 concentrations strongly determine the 
biological activity of thyroid hormone. Different pro-
cesses are involved in the regulation of intracellular thy-
roid hormone concentrations, such as the fT4 and fT3 
concentrations in serum, the activity of the intracellular 
DIO1, DIO2 and DIO3 enzymes that can activate or 
inactivate thyroid hormone, and transporter proteins  
at the cell membrane that facilitate uptake and efflux of 
T4 and T3. Only fT4 and fT3 are available for transport 
into thyroid hormone-target cells29–31.

Primary hypothyroidism. Primary hypothyroidism has 
various causes, mostly affecting thyrocyte function, and 
a wide range of underlying pathophysiological mecha-
nisms (Table 1). Chronic autoimmune thyroiditis is the 
most common cause of primary hypothyroidism and 
most typically manifests as Hashimoto thyroiditis. Many 
factors potentially contribute to and might interact in 
the development of chronic autoimmune thyroiditis, 
including genetic and environmental factors, micro-
nutrients (mainly iodine and selenium), drugs, infil-
tration and/or infection, immune system defects (for 
example, polyglandular syndromes), and molecular 
mimicry between microbial and host antigens32. High 
concentrations of anti-thyroid antibodies (predomi-
nantly anti-TPO (TPOAb) and antithyroglobulin anti-
bodies) are present in most patients with autoimmune 
thyroiditis but also occur in ~10% of the euthyroid gen-
eral population8. In pregnancy, TPOAb positivity is seen 
in 2–17% of women and may accompany higher serum 
TSH levels during the first trimester14. In more than 
40% of pregnant women with thyroid autoimmunity, 
serum fT4 concentration falls in the hypothyroid range 
during late pregnancy, which may complicate diagnos-
ing overt hypothyroidism during the third trimester33. 
This is due to inadequate maternal thyroid capacity in 
response to increased demands in thyroid hormone 
production imposed by stimulation of the thyroid by 
human chorionic gonadotropin, increases in TBG, and 
changes in placental deiodination and renal clearance 
of iodine during pregnancy34. The rates of miscarriages 
and preterm delivery are increased in pregnant women 
with thyroid autoimmunity35. A negative association of 
TPOAb positivity during pregnancy with neurodevel-
opment of offspring has been suggested but needs to be 
further investigated36.

Chronic autoimmune thyroiditis has been attributed 
to failure of T cell-mediated inflammatory responses 
through complex mechanisms involving antigen- 
presenting T cells and B cells, amongst others (Fig. 4). 
Infiltration of thyroid tissue by lymphocytes, mainly  
T helper 1 (TH1) cells, can directly alter thyroid follicular  
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Fig. 1 | Common symptoms and signs associated with hypothyroidism. Most symptoms 
attributed to hypothyroidism are common in the general population and are non-specific. 
Less common symptoms of hypothyroidism (not shown) include dry skin (when severe,  
a non-pitting oedema termed myxoedema), hoarseness, anaemia (usually normochromic 
and normocytic but occasionally macrocytic), increased thrombosis risk (due to impaired 
coagulation and fibrinolysis) and various neurological (carpal tunnel syndrome and 
encephalopathy), musculoskeletal (myalgia and increased serum creatine kinase levels) 
and metabolic (hyponatraemia and increase in serum creatine kinase levels) symptoms.
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cell function through the actions of IL-1, TNF and 
IFNγ37,38. Chemokines (small chemoattractant molecules 
that are structurally similar to cytokines) have also been 
implicated in thyroid infiltration, which may be induced 
by IFNγ39.

Iodine is an essential micronutrient and is crucial for 
the biosynthesis of thyroid hormone. Both iodine defi-
ciency and iodine excess may cause hypothyroidism but 
overt hypothyroidism mainly occurs in the context of 
severe iodine deficiency and is commonly accompa-
nied by goitre40. A high dietary intake of iodine is well 
tolerated in most individuals, but following exposure 
to high iodine levels in high-risk individuals (such as 
those who are prone to Hashimoto thyroiditis), the syn-
thesis of thyroid hormone can be inhibited by the so- 
called Wolff–Chaikoff effect without resumption of 
iodine organification after a few days41. Hypothyroidism 
with or without goitre may therefore be observed 

following chronic administration of large doses of iodine 
from iodinated contrast material, the heavily iodinated 
antiarrhythmic amiodarone, the topical antiseptic 
povidone-iodine or iodine-containing thyroid supple-
ments that are available without prescription42. Optimal 
functioning of the thyroid gland is also dependent on the 
essential trace element selenium, which directly affects 
thyroid hormone metabolism and redox processes43; 
insufficient selenium intake is associated with elevated 
risk of thyroid disease44.

Both internal and external irradiation of the thyroid 
gland may cause hypothyroidism. Radioactive iodine 
(131I) therapy may be administered for treatment of hyper-
thyroidism or thyroid cancer. Ablative doses of radio iodine 
recommended to treat Graves disease (autoimmune 
hyperthyroidism) cause permanent hypothyroidism in 
most patients45. Radioiodine treatment of toxic nodu-
lar goitre or non-toxic nodular goitre (enlarged thyroid  

Iodine intake
Insufficient (mUIC <100 μg/l)
Adequate (mUIC 100–299 μg/l)
Excessive (mUIC ≥300 μg/l)
No recent data available

Hypothyroidism
prevalence (%)

0.2–0.5
>0.5–1.0
>1.0–2.0
>2.0
No data

a

b

Fig. 2 | Global prevalence of overt hypothyroidism and iodine status. a | Worldwide prevalence of overt hypothyroid-
ism based on epidemiological studies (Supplementary Table 1). The median value was calculated for countries for which 
data are available from multiple studies. b | Global iodine nutrition status in 2021 (reF.186) based on iodine intake in the 
general population as assessed by median urinary iodine concentration (mUIC) in school-aged children from studies  
conducted between 2005 and 2020.

Wolff–Chaikoff effect
The phenomenon that consists 
of the acute inhibition of  
iodine organification in thyroid 
follicles and thyroid hormone 
release due to iodine excess.

Iodine organification
The incorporation of iodine 
into thyroglobulin.
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with or without hyperthyroidism, respectively) results in 
hypothyroidism in ~25% of patients46,47. External radia-
tion with doses ≥25 Gy (2,500 rad) to the head and neck 
region for malignant tumours may cause permanent 
hypothyroidism in >50% of patients48. Total thyroidectomy 
or near-total thyroidectomy in the context of thyroid can-
cer, Graves disease or multinodular goitre treatment  
are important causes of iatrogenic overt hypothyroid-
ism. subtotal thyroidectomy results in hypothyroidism  
in ~50% of patients49.

Other causes of hypothyroidism include tran-
sient thyroiditis or forms of destructive thyroiditis. 
Postpartum thyroiditis with subsequent hypothyroid-
ism is common, resulting in an estimated prevalence 
of postpartum thyroid dysfunction of 2–10%50. Overt 
and subclinical hypothyroidism are seen in 14–27% of 
patients with primary thyroid lymphoma and 30–40%  
of patients with Reidel thyroiditis51–53. Hypothyroidism 

due to thyroid infection with Pneumocystis jirovecii, 
tuberculosis and brucellosis have been reported54,55. 
COVID-19-related thyroid dysfunction has been 
reported, with hypothyroidism mainly described as a 
consequence of subacute thyroiditis, although the exact 
mechanism is not yet clear56. Hypothyroidism is also more 
common in patients with other autoimmune diseases, 
particularly type 1 diabetes mellitus, autoimmune gas-
tric atrophy and coeliac disease (for example, occurring  
as part of autoimmune poly-endocrinopathies).

Hypothyroidism may occur following administration 
of a range of medications through various processes  
that interfere with endogenous thyroid function57. 
For example, 20% of patients treated with lithium will 
develop hypothyroidism. Lithium increases intrathy-
roidal iodine content, diminishes coupling of iodo-
tyrosine residues to T4 and T3, and inhibits thyroid 
hormone release58. Hypothyroidism occurs in 5–15% of 

Table 1 | Hypothyroidism aetiology and pathogenetic mechanisms

Aetiology Mechanism/pathophysiology

Primary hypothyroidism (thyroid)

Chronic autoimmune thyroiditis 
(Hashimoto thyroiditis)

Failure of T cell-mediated inflammatory response, cytokine release, infiltration 
of the thyroid by lymphocytes and development of fibrotic tissue in the thyroid

Disturbed iodine metabolism Iodine deficiency leads to decreased thyroid hormone production

Iodine excess leads to thyroid hypofunction in patients with underlying 
primary thyroid disease

Irradiation and/or thyroidectomy Ablation of thyroid cells

Genetic disease Loss of function, pathogenetic variants

Infiltrative diseases and lymphoma Infiltration of various cells or materials, granuloma and fibrosis formation,  
and thyroid cell destruction

Infection and/or inflammation Thyroid cell destruction (most recently COVID-19 infection)

Medicationsa Lithium: increased intrathyroid iodine content, decreased coupling  
of iodotyrosine and hormone release

IFNα and IL-2: possible activation of autoimmune process

Tyrosine kinase inhibitors: multiple mechanisms described, including effects 
on thyroid hormone metabolism and transport, and destructive thyroiditis

Immune-checkpoint inhibitors: immune-related adverse events, including 
primary hypothyroidism, sometimes preceded by thyroiditis

Industrial and environmental agents Interference in various steps of intrathyroidal metabolism

Central hypothyroidism (hypothalamic or pituitary)

Pituitary or hypothalamic lesions  
and/or damage

Heterogeneous mechanisms leading to altered secretion of TSH by 
thyrotrophs and/or bioactivity of TSH, involving both hypothalamic  
and pituitary structures, usually combined with other pituitary hormone 
deficiencies, including surgery, head trauma, neoplastic lesions, apoplexy, 
pituitary necrosis, (partial) empty sella, infiltrative lesions or irradiations

Infection and/or inflammation Infectious (for example, tuberculosis) or inflammatory (for example, 
sarcoidosis) causes leading to pituitary or hypothalamic infiltration or 
hypophysitis (for example, due to immune-checkpoint inhibitors)

Congenital Midline defects, Rathke pouch cyst or genetic mutation; congenital genetic 
mutations rarely cause isolated central hypothyroidism but are more often 
part of combined pituitary hormone deficiencies and the most common 
defective genes are PROP1 and POU1F1

Peripheral hypothyroidism (peripheral tissues)

Consumptive hypothyroidism Increased expression of type 3 iodothyronine deiodinase (for example,  
by tumour cells)

Resistance to thyroid hormone Tissue-specific hypothyroidism owing to decreased sensitivity to thyroid 
hormone (resulting from mutations in, for example, MCT8, THRA or THRB)

TSH, thyroid-stimulating hormone. aSee also Table 2.

Total thyroidectomy
removal of the entire thyroid 
gland.

Near-total thyroidectomy
removal of most of the thyroid 
gland except for <1 g of  
thyroid tissue to minimize risk 
of damaging the recurrent 
laryngeal nerve.

Subtotal thyroidectomy
removal of most of the thyroid 
gland except for ~4–8 g of 
tissue to maintain euthyroidism.
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individuals receiving amiodarone59. Clinically relevant 
thyroid dysfunction occurs in 58% and 32% of patients 
treated with IFNα and IL-2, respectively, in part due to 
activation of autoimmune processes60. Hypothyroidism 
occurs in 18–52% of patients receiving tyrosine kinase 
inhibitor therapy61. Immune-checkpoint inhibitors 
are associated with immune-related adverse events, 
including thyroid dysfunction and hypophysitis, which 

can lead to central hypothyroidism. More than 20% of 
patients treated with anti-CTLA4 or anti-PD1 mono-
clonal antibodies, but mainly with both in combination, 
develop either thyroiditis, with potentially subsequent 
hypothyroidism, or primary hypothyroidism62, and up 
to 15% develop hypophysitis63,64.

Cigarette smoking causes a decrease in serum TSH 
and TPOAb levels and a decreased risk of hypothyroid-
ism in patients with underlying chronic autoimmune 
thyroiditis15. Numerous naturally occurring environ-
mental chemicals, herbicides, pesticides and indus-
trial chemicals have been reported to cause thyroid 
hypofunction65.

Congenital primary hypothyroidism may be caused 
by an absent, underdeveloped or ectopic thyroid gland 
(dysgenesis) or by defective thyroid hormone biosynthe-
sis (dyshormonogenesis). Mutations in TSHR, FOXE1, 
NKX2-1, PAX8 and NKX2-5 have been implicated in 
thyroid dysgenesis and those in SLC5A5, TPO, DUOX2, 
DUOXA2, SLC6A4 and DHEAL1 have been implicated 
in dyshormonogenesis. Most cases of congenital hypo-
thyroidism are due to thyroid ectopy, with fewer than 5% 
of cases attributable to a mutation in a gene involved in 
differentiation, migration or growth of the thyroid66,67.

Central and peripheral hypothyroidism. Central hypo-
thyroidism is characterized by insufficient stimulation of 
the normal thyroid gland by TSH, resulting in a defect 
in thyroid hormone production. Congenital central 
hypothyroidism is very rare, whereas acquired disease is 
more common, occurs mainly in adults, has a variable 
pathogenesis and is most frequently caused by pituitary 
adenoma (Table 1). In most cases, the thyrotroph defect 
is combined with multiple other hormone deficiencies68. 
The concentration of serum TSH is often within the ref-
erence range in patients with central hypothyroidism but 
the secreted TSH isoform, although immunoreactive, has 
severely impaired biological activity. Therefore, the com-
bination of inappropriately normal serum TSH and low 
circulating fT4 levels is common in patients with central 
hypothyroidism69. In addition, transient or reversible 
forms of the disease may occur in patients with prolonged 
thyrotoxicosis, newborns of hyperthyroid mothers, and 
individuals treated with somatostatin, glucocorticoids, 
antineoplastic agents or dopaminergic compounds68–70.

Peripheral hypothyroidism denotes a diverse group 
of disorders with defects that reduce the effective-
ness of thyroid hormone through altered cell mem-
brane transport and metabolism and are rare causes of 
hypothyroidism71. These disorders include consumptive 
hypothyroidism (for example, upregulation of DIO3 in 
tumour cells) as well as tissue-specific hypothyroid-
ism due to decreased sensitivity to thyroid hormone in 
patients with mutations in, for example, MCT8, THRA 
or THRB, each of which contribute to a specific set of 
clinical signs and symptoms.

Diagnosis, screening and prevention
Common symptoms and clinical presentation. Hypo-
thyroidism has clinical implications for nearly all 
organs and can therefore be associated with a multi-
tude of symptoms of varying severity, depending on the 

Pituitary 
gland

Hypothalamus

Somatostatin

Central
modulators

TRH neuron

T
3

T
3

T
4

DIO2

TRH

Target cell

Thyroid 
gland

T
3

T
3

T
4

T
4

DIO2

TSH

T
3

T
4

DIO2

Tanycyte

T
3

TRE

TRs

Nucleus

Target
cell

Fig. 3 | Regulation of thyroid function. Thyrotropin-releasing hormone (TRH) neurons 
receive various central modulators and other inputs. Thyroid hormone receptor-β2 (TRβ2) 
expressed in TRH neurons mediates feedback regulation by thyroid hormones. Type 2 
iodothyronine deiodinase (DIO2) is required for the production of the active thyroid hor-
mone triiodothyronine (T3) from thyroxine (T4). Production and release of thyroid-stimulating 
hormone (TSH) from the anterior pituitary is modulated by both thyroid hormones and 
TRH. In the periphery, only the free fraction of thyroid hormones can be transported into 
target cells. The effects of thyroid hormones are mediated via interaction of the active 
hormone T3 with the nuclear T3 receptor, which together bind to thyroid response 
elements (TREs) and modulate the expression of thyroid hormone-responsive genes. 
TRs, nuclear T3 receptors. Adapted from reFs187,188, Springer Nature Limited.

Thyrotroph
anterior pituitary cells that 
produce thyroid-stimulating 
hormone in response to 
thyrotropin-releasing hormone 
from hypothalamic thyrotropin- 
releasing hormone-producing 
neurons.

6 | Article citation ID:            (2022) 8:30  www.nature.com/nrdp

P r i m e r

0123456789();: 



degree of thyroid hormone deficiency, irrespective of  
the cause72.

Almost all of the manifestations associated with 
hypothyroidism are either due to a generalized reduc-
tion of metabolic processes (for example, symptoms 
such as fatigue, cold intolerance, bradycardia and weight 
gain) or to accumulation of matrix glycosaminoglycans 
in tissue interstitial spaces (leading to coarse hair and 
hoarseness of voice). The symptoms of hypothy roidism 
can range from mild, with few or almost no symptoms 
(especially in subclinical hypothyroidism) to very 
severe (including presentation with life-threatening 
myxoedema coma). The onset of hypothyroidism in most 
cases is insidious and, therefore, symptoms and signs  
can be vague, wide-ranging and present late in the dis-
ease process, thus making it difficult to distinguish from 
other conditions. One of the most common symptoms is 
fatigue or tiredness. Other common symptoms include 
dry skin, weight gain and constipation (Fig. 1). Reduced 
gastrointestinal tract and gallbladder motility73 have 
been suggested as underlying mechanisms for con-
stipation, gallbladder hypotonia and bile duct stone 
formation in hypothyroidism. Mild hepatocellular dys-
function may occur and hypothyroidism is considered 
a risk factor for non-alcoholic fatty liver disease and 
occasional steatohepatitis74. Impaired glomerular 
function, changes in renal tubular function, impaired 
free water clearance and hyponatraemia have all been 
described in hypothyroidism75. Overt hypothyroid-
ism in adults can contribute to entrapment neuropa-
thies (such as carpal tunnel syndrome) and metabolic 
poly neuropathies, impaired memory, poor concen-
tration, musculoskeletal symptoms, sleep apnoea, 
depression, and other psychiatric disturbances76. Severe 
and sustained hypothyroidism results in increased 
vascular resistance, decreased cardiac output, and 
decreased left ventricular function77. Other cardio-
vascular effects include myocardial injury, pericardial 
effusion and elements of metabolic syndrome, includ-
ing hypertension, increased waist circumference and  
dyslipidaemia78,79.

However, most symptoms and signs associated with 
hypothyroidism are non-specific and do not by their 
presence confirm the diagnosis. Furthermore, a number 

of the common symptoms attributed to hypothyroidism 
have a high prevalence in adults80. For example, in a 
study of individuals attending a health fair, 12% of indi-
viduals with overt hypothyroidism, 7.4% of those with 
mild (or subclinical) hypothyroidism and 7.7% of those 
who were euthyroid reported hypothyroid symptoms9. 
Thus, the presence of symptoms of hypothyroidism 
alone has a low sensitivity and positive predictive value. 
Furthermore, it is uncertain how many of the symptoms 
attributed to hypothyroidism (such as fatigue or weight 
gain) might be related to ageing, particularly as serum 
TSH levels have been suggested to increase with age81. 
In fact, an increased severity of symptoms might predict 
hypothyroidism as a study reported a likelihood ratio of 
8.7 for the presence of hypothyroidism when patients 
reported changes in seven or more symptoms in the pre-
vious year3. Nevertheless, utilizing symptoms alone to 
diagnose hypothyroidism would lead to an unacceptably 
high proportion of euthyroid individuals being falsely 
diagnosed with hypothyroidism82,83. Patients with hypo-
thyroidism might present with one or more symptoms of 
hypothyroidism or when abnormal thyroid test results 
are noted as part of routine screening tests in the set-
ting of other medical conditions such as dyslipidaemia, 
atrial fibrillation, cognitive decline, unexplained weight 
gain or subfertility. As thyroid function testing is fre-
quently ordered, it is not surprising that many individ-
uals are diagnosed with incidental, usually subclinical, 
hypothyroidism84. Diagnosing hypothyroidism is par-
ticularly challenging in pregnant women and in chil-
dren. In pregnancy, patients with hypothyroidism may 
present with one or more symptoms that are typically 
associated with hypothyroidism (for example, tiredness 
or weight gain) but may be misattributed to the preg-
nancy itself. In practice, especially in regions without 
screening strategies, most women are diagnosed late in 
the course of pregnancy, either incidentally or due to 
screening for thyroid dysfunction in those presenting 
with associated complications such as gestational hyper-
tension or pre-eclampsia85,86. Because of the importance 
of thyroid hormone for normal brain development in 
early life, gestational hypothyroidism caused by iodine 
deficiency, untreated or undiagnosed overt hypothy-
roidism during pregnancy, and untreated congenital 
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Myxoedema coma
severe hypothyroidism result-
ing in a loss of homeostasis, 
often presenting as altered 
mental state, hypothermia, 
hypotension, hyponatraemia 
and other symptoms, which 
can lead to coma.
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hypothyroidism can cause severe neurocognitive and 
psychomotor dysfunction in offspring. Cretinism, a con-
dition caused by a severe gestational iodine deficiency, 
is characterized by severely stunted physical and mental 
growth in early childhood87. In children, prolonged and 
severe overt hypothyroidism might present not only with 
the typical symptoms observed in adults (such as fatigue, 
unexplained weight gain or cold intolerance) but also 
with goitre, delayed growth or delayed puberty88.

Myxoedema coma. Myxoedema coma is the most 
extreme form of hypothyroidism and can progress 
to death unless diagnosed and treated promptly. 
Myxoedema coma has a mortality rate of 50–60%; thus, 
early recognition is vital89. Myxoedema coma might 
present de novo or, more likely, might be precipitated 
in a patient with hypothyroidism by a number of drugs, 
systemic illnesses (such as pneumonia) or other causes89. 
Myxoedema coma is more commonly seen in older 
women in winter and might present with the typical 
signs of severe hypothyroidism as well as hypothermia, 
hyponatraemia, hypercarbia and hypoxaemia. It is crit-
ical that treatment with thyroid hormone therapy is ini-
tiated promptly, ideally in an intensive care unit setting89. 
However, the type of thyroid hormone to administer 
(thyroxine, triiodothyronine or both) is unclear. In addi-
tion to thyroid hormone therapy, adjunctive measures, 
such as ventilation, warming, fluids, antibiotics, vaso-
pressor agents and corticosteroids, are equally essential 
for survival89.

Diagnostic workflow. Prior to the advent of biochemi-
cal testing of thyroid function, symptoms and signs of 
hypothyroidism were the mainstays of hypothyroidism 
diagnosis. The presence of signs such as delayed ankle 
reflexes, low basal metabolic rate and bradycardia helped 
to confirm the diagnosis but both mild and severe forms 
of hypothyroidism were likely under-recognized.

The advent of assays for estimating thyroid function 
(initially the levels of circulating thyroid hormones in the 
1950s and then TSH in the 1960s) was a game-changer. 
The ability to measure serum TSH and thyroid hor-
mone levels (initially by radio-immunoassays and later 
by immunoassays) meant that milder forms could be 
detected and also that patients could be treated with 
much lower doses of thyroid hormone90.

Biochemical testing of thyroid function, usually with 
third-generation immunoassays, currently remains the 
cornerstone of accurate diagnosis of thyroid dysfunc-
tion. Measurement of serum TSH levels is the most reli-
able marker for assessing thyroid status in most patients, 
provided that pituitary disease is excluded and patients 
are not on medications that alter TSH secretion. There 
is a log-linear relationship between TSH and thyrox-
ine: a twofold decrease in fT4 levels is associated with 
a 100-fold increase in circulating TSH91. However, the 
TSH–fT4 relationship might be non-linear in some indi-
viduals and influenced by age, sex, smoking and TPOAb 
status16. An abnormal circulating TSH level is the earliest 
indicator of thyroid dysfunction as the hypothalamus 
and pituitary register that fT4 has changed from its genet-
ically determined set point for a particular individual92. 

There are various patterns of thyroid function tests to 
help diagnose thyroid dysfunction (Fig. 5).

Measuring circulating markers of thyroid autoim-
munity (TPOAb or anti-thyroglobulin antibodies) or 
detecting a diffusely hypoechogenic, heterogeneous 
pattern by ultrasonography are not required to diag-
nose hypothyroidism but may be useful to confirm  
autoimmunity as the underlying cause.

Differential diagnosis. As the symptoms of hypothyroid-
ism are non-specific and variable, many other conditions 
with similar presentations should be considered (box 1). 
True subclinical hypothyroidism must be distinguished 
from the recovery phase of non-thyroidal illness when 
serum TSH levels are often transiently elevated (having 
been low or normal during the acute phase) and serum 
fT4 levels are usually normal93. For patients with apparent 
subclinical hypothyroidism, it is therefore recommended 
that thyroid function should be retested after 8–12 weeks 
to determine whether the TSH elevation is persistent. 
Observational studies showed that 30–50% of individ-
uals who initially had high serum TSH levels have nor-
mal levels on retesting94. Interference with the laboratory 
analytes, usually by human anti-animal antibodies, can 
also lead to a diagnostic conundrum. Overestimation of 
TSH levels due to interference with the TSH assay or 
the presence of macro-TSH can lead to misdiagnosed 
hypothyroidism95. Rarely, individuals with resistance to 
thyroid hormone due to THRB mutation (high TSH and 
high fT4 levels), or TSH or TRH resistance (normal fT4 
levels), can occasionally be misdiagnosed with hypothy-
roidism. A lack of typical hypothyroidism symptoms or 
an unusual pattern of thyroid function test results should 
lead to the diagnosis being questioned.

Screening for hypothyroidism. Screening for hypothy-
roidism entails assessing thyroid function in asympto-
matic individuals who are not known to have thyroid 
dysfunction but are at risk of having thyroid disease. 
Despite the high prevalence of hypothyroidism in the 
general population, easy diagnosis (by a simple serum 
TSH test) and availability of cheap treatment, there is 
no evidence that early detection and treatment improves 
clinical outcomes. Some organizations, such as the 
American Thyroid Association, American Association 
of Clinical Endocrinologists and the Latin American 
Thyroid Society, recommend screening at different 
intervals among individuals above a particular age, 
ranging from every 5 years for individuals >35 years of 
age to an unspecified period for individuals ≥60 years  
of age, particularly among women96,97. However, in 1996, 
the Royal College of Physicians in the UK concluded 
that screening of the general population is unjustified 
given the low number of overt hypothyroidism cases 
detected with screening98. Similarly, in 2015, the US 
Preventive Services Task Force concluded that the avail-
able evidence was inadequate to determine the balance 
of benefits and harms of screening99. A potential expla-
nation for the variation in screening strategies among 
different organizations could be differences in emphasis. 
Screening could potentially identify many individuals 
with mildly increased serum TSH levels, particularly 
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among older individuals or those with obesity, but robust 
evidence that treatment is beneficial is lacking. However, 
individuals at high risk of thyroid dysfunction might 
benefit from screening, including those with risk factors 
for hypothyroidism (for example, goitre, previous treat-
ment for hyperthyroidism such as radioactive iodine 
therapy or partial thyroidectomy, a history of neck irra-
diation, on medications affecting thyroid function, or 
the presence of other autoimmune diseases). Screening 
for hypothyroidism should be considered in patients 
with dyslipidaemia, hyponatraemia, unexplained high 
levels of muscle enzymes, macrocytic anaemia, or peri-
cardial or pleural effusions without any other cause97. 
Furthermore, individuals at high risk of developing thy-
roid disease, such as those with Down syndrome, Turner 
syndrome or pituitary disease, should also be assessed 
regularly for the development of hypothyroidism.

In women of childbearing age, targeted case-finding 
for thyroid dysfunction should be considered in 
pregnant women from areas of moderate to severe 
iodine deficiency, women with symptoms potentially 
attributable to thyroid dysfunction, those with a per-
sonal and/or family history of thyroid disease, or in 
women with recurrent miscarriage or unexplained 
infertility97. In pregnancy, screening for milder forms of 

hypothyroidism is controversial and remains a matter of 
debate owing to the possibility of overtreatment and the 
lack of evidence that treatment of mild thyroid dysfunc-
tion with thyroid hormones improves neurocognitive 
outcomes in offspring100,101.

The benefit of screening for congenital hypothy-
roidism in newborns using dried blood spot tests for 
thyroid function is beyond doubt; this has been one of 
the major success stories of newborn screening pro-
grammes. Congenital hypothyroidism is one of the most 
common preventable causes of intellectual impairment. 
As most infants with this condition have no obvious 
clinical manifestations and no family history, it is not 
possible to target a high-risk group. Universal newborn 
screening programmes are available in many countries 
and have led to normal or near-normal neurocognitive 
outcomes in the majority of infants with congenital 
hypothyroidism102.

Dietary modifications to prevent hypothyroidism in 
individuals at risk. Universal salt iodization has been 
successful in reducing hypothyroidism in areas where 
severe iodine deficiency was previously prevalent11. 
Even so, iodine deficiency remains an important public 
health concern despite global efforts to combat it with  
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Fig. 5 |  Proposed algorithm for diagnosing and managing 
hypothyroidism. The first step in assessing a patient with suspected primary 
hypothyroidism is to measure serum thyroid-stimulating hormone (TSH) 
levels. If serum TSH levels are persistently elevated, peripheral thyroid 
hormone levels should be measured to differentiate between subclinical and 
overt hypothyroidism. Levothyroxine (LT4) therapy should be initiated for all 
patients with overt hypothyroidism. LT4 treatment might be initiated for 
persistently subclinical hypothyroidism in patients who are ≤70 years of age, 
who have symptoms potentially caused by hypothyroidism, with 
cardiovascular risk factors, goitre, positive thyroid peroxidase antibody 
(TPOAb), are planning pregnancy, and/or have a serum TSH level persistently 
>10 mIU/l. Most patients with subclinical hypothyroidism and over 70 years 

of age can be monitored without therapy. Patients with subclinical 
hypothyroidism not started on LT4 therapy should have their thyroid 
function monitored periodically. A low serum TSH level together with low 
peripheral thyroid hormone levels raises suspicion of central hypothyroidism 
and pituitary function should be assessed. Elevated serum TSH with elevated 
peripheral thyroid hormone levels can be due to assay interference, a 
TSH-secreting pituitary adenoma (TSHoma), resistance to thyroid hormone 
(RTH) or familial dysalbuminaemic hyperthyroxinaemia (FDH). CVD, 
cardiovascular disease; fT3, free triiodothyronine; fT4, free thyroxine. aCentral 
hypothyroidism can present with a normal TSH level and a low fT4 level. In 
individuals with a high risk of central hypothyroidism (for example, pituitary 
adenoma), simultaneous measurement of TSH and fT4 is recommended.
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iodization programmes. Adequate intake of iodine  
is important for all individuals but might be especially 
important in those with underlying autoimmune thy-
roid disease as iodine deficiency may trigger or worsen 
hypothyroidism11. The recommended daily dose of 
iodine is 90 μg for pre-school children, 120 μg for school 
children, 150 μg in adults and 250 μg in pregnancy103. 
Chronic excessive iodine intake can also cause alter-
ations in thyroid function — usually increased serum 
TSH levels — in susceptible individuals. Maintaining 
an optimal iodine intake is crucial, particularly in 
pregnancy104.

Selenium supplementation may reduce TPOAb lev-
els in patients with autoimmune thyroid disease in the 
short to medium term105. However, the clinical relevance  
of TPOAb reduction is unclear and the long-term safety of  
selenium supplementation is yet to be established. There 
is insufficient evidence that such therapy normalizes 
increased serum TSH levels in individuals with chronic 
autoimmune thyroid disease106.

Management
Thyroid hormone replacement with LT4. LT4 therapy is 
the mainstay of treatment for hypothyroidism. Treatment 
can reduce tissue manifestations and improve quality of 
life and might also benefit neurodevelopment in infants 
and young children. Typical full replacement doses in 
adults are 1.6 µg/kg/day (reF.7). Lower starting doses 
might be used in older individuals, those with mild 
hypothyroidism or those with untreated cardiovascu-
lar disease. Because weight-based dosing might over-
estimate the requirements of individuals with obesity, 
BMI-adjusted dosing algorithms have been developed107. 
In patients with primary hypothyroidism, treatment is 
targeted to the normalization of serum TSH levels. In 
patients with central hypothyroidism, serum TSH levels 

are largely uninformative and treatment should instead 
target a serum fT4 level in the upper half of the reference 
range108. Treatment leads to resolution of hypothyroidism 
symptoms in most patients, although the non-specific 
nature of symptoms means that they could also be due 
to other causes. Serum TSH levels should be monitored  
6 weeks after initiation of treatment or any change in 
dose and then every 6–12 months thereafter. Thyroid 
hormone under-replacement and over-replacement (out-
side the setting of thyroid cancer, when TSH-suppressive 
dosing might be desired to reduce the risk for tumour 
recurrence) should be avoided owing to the potential 
for cardiac and bone toxicity and the increased mortal-
ity risk108–110. LT4 should be taken consistently, ideally 
60 min before breakfast but taking LT4 30 min before 
breakfast or at bedtime on an empty stomach is also 
acceptable111. TSH levels should be monitored after 
starting or stopping medications that might interfere 
with LT4 absorption, binding or metabolism57 (Table 2). 
Malabsorption of LT4 might also occur following bari-
atric surgery or owing to gastrointestinal disorders.  
In patients with malabsorption, treatment with liq-
uid rather than tablet LT4 formulations might help to  
stabilize TSH levels112.

Treatment of subclinical hypothyroidism in adults. 
The risk for progression from subclinical to overt 
hypothyroidism is ~2–4% annually and is more likely 
when patients have postitive TPOAb113. Elevated serum 
TSH levels, particularly >10 mIU/l, are associated with 
increased cardiovascular and mortality risks114,115. 
However, no consensus currently exists as to whether 
subclinical hypothyroidism requires treatment. Trials 
of LT4 in individuals ≥65 years of age have found no 
clear symptomatic benefit116,117. Similarly, a trial of LT4 
in patients with acute myocardial infarction and sub-
clinical hypothyroidism found no improvement in left 
ventricular function118. A meta-analysis suggested that 
LT4 might decrease mortality in patients with subclin-
ical hypothyroidism aged <65–70 years old but not in 
older individuals119. Although one guideline recom-
mends against treatment when TSH levels are <20 mIU/l 
(reF.120), most authors suggest individualized consid-
eration of low-dose LT4 in patients, especially those  
≤70 years of age, who have symptoms potentially refer-
able to hypothyroidism, cardiovascular risk factors, 
goitre, positive TPOAb, are planning pregnancy, and/or  
have a serum TSH level persistently >10 mIU/l 
(reFs97,121–123) (Fig. 5).

Treatment in pregnant women. The developing fetus 
relies entirely on maternal thyroid hormones during 
critical phases of early brain development (usually before 
gestation weeks 16–20). Untreated overt hypothyroid-
ism in pregnancy is associated with increased risks for 
miscarriage, preterm delivery, gestational hypertension, 
pre-eclampsia, low birthweight, fetal death and impaired 
child intellectual development97,124. Overt hypothyroid-
ism in pregnancy requires prompt LT4 initiation34,125. 
Whether milder forms of maternal thyroid hypofunction 
require treatment in pregnancy remains controversial. 
Maternal subclinical hypothyroidism is associated with 

Box 1 | Differential diagnoses of hypothyroidism based on similar presenting 
symptoms

Endocrine conditions
•	Addison disease: may present  

with increased thyroid-stimulating 
hormone levels that normalize after 
glucocorticoid replacement is 
commenced

•	Obesity (particularly if associated with 
obstructive sleep apnoea)

•	Menopause

•	Hypopituitarism

•	Type 1 diabetes mellitus

•	Hypercalcaemia

Autoimmune conditions
•	Coeliac disease

•	Pernicious anaemia

•	Rheumatoid arthritis

Chronic end organ damage 
conditions
•	Chronic kidney  

disease

•	Chronic liver disease

•	Chronic heart failure

Haematological conditions
•	Iron deficiency anaemia

•	Multiple myeloma

Nutritional deficiencies
•	Vitamin B1, B12 or D deficiency

•	Folate deficiency

Mental health conditions
•	Depression

•	Anxiety

•	Chronic stress

•	Poor sleep pattern

Others
•	Chronic fatigue syndrome

•	Fibromyalgia

•	Post-viral syndromes

•	Dementia
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increased risks for pregnancy loss, placental abruption, 
premature rupture of membranes, preterm delivery, and 
neonatal death126,127. Maternal hypothyroxinaemia (low 
fT4 in the setting of normal serum TSH levels) has also 
been associated with adverse obstetric and child neu-
rodevelopmental outcomes126,128. However, clinical trials 
to date have not clearly shown a benefit of LT4 treatment 
for subclinical hypothyroidism or hypothyroxinaemia in 
pregnancy129–131. Current recommendations in clinical 
practice guidelines are variable (Table 3). Most pregnant 
women on LT4 therapy will require an increase in LT4 
dosing (25–30% as soon as pregnancy is diagnosed) to 
maintain euthyroidism during gestation, when serum 
TBG levels are markedly increased and thyroid hormone 
is rapidly metabolized by placental DIO3. Serum TSH 
levels should be closely monitored, approximately every 
4 weeks during the first half of gestation34. In pregnancy 
and the pre-conception period, LT4 dosing should target 
a serum TSH level of <2.5 mIU/l (reFs34,125).

Treatment of women with subfertility. Small random-
ized trials have demonstrated that LT4 treatment 
started before conception improves assisted reproduc-
tive technology outcomes when the baseline TSH level 
is >4.0 mIU/l, particularly in women who are positive for 
TPOAb132. The recommended TSH target level in treated 
women is <2.5 mIU/l (reF.133). Although overt hypo-
thyroidism should always be treated, it is not known 
whether pre-conception treatment of subclinical hypo-
thyroidism improves fertility or pregnancy outcomes in 
women who conceive without assisted reproduction134.

Treatment in infants and children. Because thyroid 
hormone is important for normal growth and neuro-
development in early life, infants with congenital hypo-
thyroidism are unable to produce an adequate amount 
of thyroid hormones to maintain physiological tissue 

levels after birth and require rapid initiation of LT4 
therapy within the first 2 weeks after delivery. Starting 
LT4 doses in infants should be 10–15 µg/kg daily7. 
Follow-up laboratory and clinical evaluations should 
occur every 1–2 weeks until the serum TSH level nor-
malizes, every 1–3 months until 12 months of age, and 
then every few months thereafter until growth is com-
pleted. Therapy should be targeted to keep the serum 
TSH within the age-specific reference range in children 
with primary hypothyroidism and fT4 in the upper half 
of the reference range in children with central hypothy-
roidism. In children without a clear underlying cause of 
permanent congenital hypothyroidism, re-evaluation 
of the pituitary–thyroid axis should be performed at 
about 3 years of age to determine whether ongoing LT4 
treatment is needed.

Younger children require higher doses of LT4 per 
kilogram of body weight than older children: 4–6 µg/kg  
is recommended from 1–3 years of age, 3–5 µg/kg from 
3–10 years of age, and 2–4 µg/kg for 10–16 years of age7. 
Most children with subclinical hypothyroidism do not 
progress to overt hypothyroidism and most are asymp-
tomatic. Treatment of subclinical hypothyroidism in 
children over 3 years of age is generally considered only 
when serum TSH levels are >10 mIU/l, particularly in 
the setting of TPOAb positivity, hyperlipidaemia135 or 
concerns about growth velocity136. Children with milder 
TSH elevation can be monitored without therapy137.

Treatment in older patients. Individuals >65–70 years of 
age are at increased risk of adverse effects from excessive 
LT4 dosing, including cardiac arrhythmia, progressive 
heart failure, increased bone turnover leading to osteo-
porosis, catabolic muscle loss, impaired quality of life 
and increased mortality138. Therefore, it is often recom-
mended to start with low LT4 doses (25–50 µg daily) 
and to titrate doses gradually in individuals >65 years 
of age, particularly in those with known cardiovascular 
disease. There may be a physiological increase in serum 
TSH levels with normal ageing139, which argues against 
treatment of modest TSH elevations in older patients. 
If therapy for subclinical hypothyroidism is elected, it 
is particularly important to confirm the persistence of 
TSH elevations above age-appropriate levels over time 
prior to treatment initiation as thyroid function might 
normalize spontaneously in almost 50% of individuals 
≥65 years of age140. It is also important to avoid overtreat-
ment and targeting a serum TSH levels of 4–6 mIU/l has 
been advocated in patients >70 years of age7.

Challenges in treatment. A minority of patients 
feel unwell on LT4 despite optimal TSH levels141. 
Normalization of serum TSH level typically might not 
fully normalize serum T3 levels, and it is plausible that 
persistent symptoms on LT4 monotherapy might result 
from low systemic or tissue-specific T3 levels, particu-
larly in individuals with polymorphisms in DIO2, who 
might not efficiently convert T4 into the active hormone 
T3 (reF.142). Although multiple trials have examined 
whether therapy with a combination of LT4 and liothy-
ronine (LT3; a synthetic form of T3) improves quality 
of life, results are inconclusive141. Combination T3 and 

Table 2 | Medications that alter thyroid hormone absorption, binding or 
metabolism

Medications Mechanism Effect on LT4 
requirements

Calcium carbonate, calcium 
citrate or calcium acetate; 
ferrous sulfate; proton-pump 
inhibitors; aluminium hydroxide; 
sucralfate; raloxifene; bile acid 
sequestrants

Decreased LT4 absorption Increased  
(if LT4 doses 
not taken  
4 h apart)

Phenytoin; phenobarbital; 
carbamazepine; rifampin; 
ryrosine kinase inhibitors

Increased thyroid hormone 
metabolism

Increased

Bile acid sequestrants Reduced enterohepatic thyroid 
hormone circulation

Increased

Oral oestrogens; selective 
oestrogen receptor modulators; 
mitotane; opiates; 5-fluorouracil

Increased thyroxine-binding 
globulin levels

Increased

Androgens; nicotinic acid; 
chronic glucocorticoid therapy; 
danazol; l-asparaginase

Decreased thyroxine-binding 
globulin levels

Decreased

Amiodarone Inhibition of 5ʹ-deiodination 
(inhibits production of T3 from T4)

Increased

LT4, levothyroxine; T3, triiodothyronine; T4,thyroxine.
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T4 therapy can be tried in individual patients who feel 
unwell on LT4 alone as long as they are closely monitored 
and other causes for symptoms have been excluded143. 
However, there is agreement that T3-containing ther-
apies should not be used in pregnancy34,97,125,143 or in 
young children144. During gestation, maternal T3 does 
not reach the fetal brain and thus treatment of pregnant 
women with T3-containing therapies incurs a risk for 
fetal hypothyroidism and impaired brain development, 
even when maternal TSH level is normalized. The effects 
of T3 administration on brain development in paediat-
ric patients have not been studied. Hypothyroidism 
following postpartum thyroiditis is common and may 
be transient. Therefore, withdrawal of LT4 therapy after  
6–12 months might be appropriate in these cases.

Quality of life
Overt hypothyroidism is a chronic disease that might 
be associated with a decrease in health-related quality 
of life (HRQOL)145,146. Although several instruments are 
available to evaluate HRQOL in patients with thyroid 
disease, the 84-item instrument Thyroid Patient Related 
Outcome (ThyPRO) is the most commonly used and has 
been identified as the most appropriate tool for patients 
with hypothyroidism147. ThyPRO has good respon-
siveness for the detection of relevant treatment effects 
for use in clinical trials148,149. A 39-item shortened ver-
sion, ThyPRO-39, is currently available and includes a  
composite measure score to evaluate HRQOL150.

ThyPRO scores in patients with untreated overt 
and subclinical hypothyroidism show that HRQOL is 
severely impacted in these patients compared with the 
general population145. After 6 months of LT4 treatment, 
improvement in HRQOL is observed but full recovery 
is not achieved. These results are in agreement with 
observational studies that report persistence of hypo-
thyroid symptoms after treatment with LT4 (reFs151–156). 
Persistence of residual symptoms in patients with hypo-
thyroidism after treatment has been described in up to 
15% of patients145,155,157 and has been attributed to the ina-
bility of LT4 monotherapy to fully restore tissue-specific 
euthyroidism. Factors unrelated to thyroid dysfunction, 
such as the stigma and the labelling effect of receiv-
ing the diagnosis of a chronic disease158, the need to 
take medications every day, or even a specific effect of 

autoimmunity on HRQOL145,157, have also been hypoth-
esized to contribute to reduced HRQOL. However, it is 
important to highlight that these persistent symptoms 
might also be related to the presence of other chronic 
diseases or even to the medication used to treat these 
comorbidities.

Three meta-analyses of randomized, placebo- 
controlled trials in patients with hypothyroidism repor-
ted no difference in HRQOL using only LT4 compared 
with a combination of LT4 and LT3 (reFs159–161). There 
was also no improvement in HRQOL using different 
doses of LT4 (reFs162–164) or desiccated thyroid extract165. 
Another meta-analysis showed no difference in clini-
cal outcomes, including quality of life, between adults 
with hypothyroidism treated with combination LT4 and 
LT3 therapy and those treated with LT4 monotherapy 
(although a higher proportion of patients preferred 
combination therapy); however, the evidence was of 
low-to-moderate quality159. Of note, most randomized 
controlled trials were limited by small sample sizes162–172. 
Furthermore, men have been under-represented in many 
studies. Only a few trials have used HRQOL167,169,172 or 
thyroid-specific HRQOL instruments162,163,165,166,171,172  
as the primary outcome. Furthermore, trials have 
included participants with variable underlying causes 
of hypothyroidism163,165,166,169,171,172.

The TRUST trial is the largest trial to compare LT4 
versus placebo for the treatment of subclinical hypo-
thyroidism using ThyPRO as the main outcome in 
individuals ≥65 years of age. This trial demonstrated 
no clear benefit of LT4 treatment on HRQOL during  
1 year of follow-up117. A meta-analysis of 21 randomized 
controlled trials conducted between 1984 and 2017, 
including the TRUST Trial, reported similar findings173. 
A more recent analysis that combined data from the 
TRUST study and the IEMO 80-plus study did not 
show any benefits of treatment of subclinical hypothy-
roidism in individuals ≥80 years of age116. However, in 
both TRUST and IEMO, the HRQOL score at baseline 
of included individuals with subclinical hypothyroidism 
was better than in the general population, which might 
have compromised the ability to detect an improvement 
in HRQOL after treatment174.

The benefit of thyroid hormone treatment for sub-
clinical hypothyroidism in younger adults remains 

Table 3 | Clinical guidelines for LT4 treatment of thyroid disease in pregnancy

Organization (year  
of recommendations)

Subclinical hypothyroidism Isolated maternal 
hypothyroxinaemia

Ref.

American College of Obstetrics 
and Gynecology (2020)

Do not treat Not discussed 125

American Thyroid Association 
(2017)

Treat if TSH level >10 mIU/l or if positive 
for TPOAb

Consider treating if TSH level >4 mIU/l 
without TPOAb positivity

Do not treat 34

American Society for 
Reproductive Medicine (2015)

Treat with LT4 Not discussed 134

European Thyroid Association 
(2014)

Treat with LT4 Consider LT4 treatment if isolated 
hypothyroxinaemia is detected in 
the first trimester

137

LT4, levothyroxine; TPOAb, thyroid peroxidase antibody; TSH, thyroid-stimulating hormone.
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unclear as previous findings suggest a differential effect 
of treatment on HRQOL dependent on age175, whereas 
the majority of high-quality randomized controlled trials 
were performed in older people116,117. Although studies 
have consistently underlined the issue of residual symp-
toms in treated patients with hypothyroidism155, it is 
unclear what the underlying mechanisms are and how 
to tackle this issue in a personalized manner.

Outlook
Although the causes and consequences of hypothy-
roidism were initially described over a century ago90, 
essential information regarding prevalence, genetic 
causes, environmental factors, and thresholds for diag-
nosis, treatment and management optimization for  
hypothyroidism are still limited.

Prevalence and incidence data for primary hypo-
thyroidism are lacking for many regions around the 
world. Furthermore, despite the importance of new-
born screening programmes for the early detection and 
treatment of congenital hypothyroidism, over 70% of the 
world population is not screened at birth, hampering 
estimates of congenital hypothyroidism occurrence176 
and, more importantly, hampering timely treatment. 
With ever-changing risk factors for thyroid disease  
(for example, iodine nutrition status and ageing popula-
tions), researchers, clinicians and policymakers require 
available and up-to-date statistics.

The heritability of TSH levels has been estimated at 
65% while, in the largest GWAS to date all 42 significant 
associations together accounted for 33% of the genetic 
variance in TSH levels, displaying clear polygenicity13. 
While increasing the sample size in future GWAS will 
contribute to the search for the missing heritability, 
improved techniques (such as whole-genome sequenc-
ing) are expected to have a substantial impact as well. In 
addition to genetic and inherent factors (for example, 
sex), environmental risk factors, including smoking and 
BMI, are known to influence thyroid function. However, 
the variability explained by age, sex, smoking, BMI, 
TPOAb levels and alcohol use combined only accounts 
for ~7% of TSH and 5% fT4 variation16. Therefore, study 
of other risk factors, including endocrine-disrupting 
chemicals, is needed to determine their contribution to 
thyroid dysfunction, perhaps starting at pre-conception 
or conception.

Optimal iodine intake is required to avoid hypothy-
roidism. Although salt iodization has been implemented 
in more than 120 countries worldwide, mild-to-moderate 
iodine deficiency is still a public health problem in many 
regions. Additionally, salt is increasingly consumed from 
commercially processed foods that typically do not 
use fortified salt, leading to shifts in iodine status at a 
national and regional level. Salt iodization programmes 
require careful monitoring to avoid either population 
iodine deficiency or excess177. The groups most vulner-
able to iodine deficiency are young infants, especially up 
to 6 months of age, and pregnant and lactating women 
as iodine deficiency in utero and in early life may lead 
to cognitive impairment in offspring. Low iodine intake 
by lactating mothers leads to low breast milk iodine con-
tent, which is important as this might be the only source 

of iodine for neonates up to 6 months of age178. Several 
national surveys suggest that many pregnant women 
currently have an insufficient iodine intake179. In a study 
in pregnant women from the UK, the median urinary 
iodine concentration was 85.3 μg/l, classifying this group 
as iodine deficient179. WHO recommends that optimal 
iodine nutrition in pregnant women is achieved when 
the median urinary iodine concentration in women  
is 150–249 μg/l (outside of pregnancy, this value is  
100–199 µg/l). Achieving the recommended iodine 
intake in pregnancy remains a challenge.

Hypothyroidism in pregnancy poses particular chal-
lenges with regard to diagnosis and, subsequently, treat-
ment thresholds. Maternal subclinical hypothyroidism 
has been reported in ~4% of all pregnancies180 and has 
been suggested to be adversely related to pregnancy 
outcomes and child development181. However, to date, 
consensus is lacking regarding serum TSH thresholds 
for treatment initiation and discussion concerning the 
definition of thyroid dysfunction in pregnancy is ongoing.

Diagnosis of hypothyroidism relies on laboratory 
measurements of serum TSH and fT4 levels. Reference 
ranges of TSH and fT4, defined by the 2.5th and 97.5th 
percentiles, have been criticized owing to their arbi-
trary nature and that they do not consider the potential 
long-term risk of serious diseases99. Both subclinical and 
overt hypothyroidism as well as low-to-normal thyroid 
function, have been associated with an increased risk of 
coronary heart disease and cardiovascular risk factors 
such as non-alcoholic fatty liver disease. These asso-
ciations have been replicated in large collaborations 
involving individual participant-level meta-analyses 
of longitudinal cohort studies115 but also in multiple 
Mendelian randomization studies, underlining the 
causal relationship17,182. To date, it has proved difficult to 
incorporate adverse clinical outcomes in the definition 
of subclinical hypothyroidism. However, identifying rel-
evant cut-offs of serum TSH and fT4 levels is imperative 
for a clinically meaningful definition of hypothyroidism 
and establishing potential treatment thresholds.

Furthermore, age-specific cut-offs for serum TSH 
levels have been suggested to avoid overtreatment of 
older individuals, particularly in the context of sub-
clinical hypothyroidism140. This notion is based on the 
assumption that TSH levels increase with ageing. To 
date, three cohorts have investigated serum TSH levels 
longitudinally, with conflicting results16,81,183. Two stud-
ies, one from Australia (n = 1,100)184 and the other from 
the USA (n = 834)81,183, found that serum TSH levels 
increase with age, while a study from the Netherlands 
(n = 1,225) reported no change in TSH level with increas-
ing age16. Furthermore, the Australian study showed that 
the increase in serum TSH levels over time was smallest 
in people with the highest TSH level at baseline184. These 
discrepant findings warrant further research in larger 
populations of community-dwelling adults to identify 
relevant age-specific cut-offs.

Thyroid hormones undergo tissue-specific metab-
olism, including deiodination, sulfation, glucuroni-
dation, deamination and decarboxylation, thereby 
producing a wide variety and quantity of thyroid hor-
mone metabolites184. In animal studies and a few human 
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studies with a small sample size, different thyroid hor-
mone metabolites have distinct effects on the cardiovas-
cular system and cardiovascular risk factors185. However, 
to date, information is lacking on the importance of 
these thyroid hormone metabolites in predicting out-
comes in patients with cardiovascular disease and their 
potential usefulness as determinants of cardiovascular 
disease incidence in the general population, including 
in individuals with hypothyroidism.

Residual symptoms and other hypothyroidism man-
ifestations in patients treated for hypothyroidism have 
been attributed to the inability of LT4 monotherapy to 
restore truly normal thyroid physiology, especially a nor-
mal serum T4 to T3 ratio. Therefore, several trials have 
investigated the effectiveness of LT3 and LT4 combina-
tion therapy, with mixed results. This inconsistency has 
been attributed to generally small sample sizes and the 
potential variability in the proportion of participants 
carrying the DIO2T92A single-nucleotide polymorphism 

(SNP). Unresponsiveness to monotherapy in a subset 
of patients with hypothyroidism is hypothesized to be 
related to the presence of this SNP, which reduces the 
activity of DIO2 and therefore decreases the conversion 
of T4 into T3. However, in a meta-analysis assessing the 
effect of combination therapy, none of the included stud-
ies reported the proportion of patients with this SNP159. 
The T3-4-Hypo trial (NL74281.078.21), a national 
randomized, placebo-controlled, double-blind, multi-
centre trial of LT4 and LT3 combination therapy in the 
Netherlands in patients with autoimmune hypothyroid-
ism, with an anticipated target size of 600 participants, 
might provide more information about the potential 
benefit of combination therapy in the future. Whether 
LT4 therapy in combination with slow-release LT3 
would be beneficial is not clear, especially as the safety 
of long-term therapy has yet to be investigated.
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