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1  | INTRODUC TION

Prevalence of cognitive impairment and dementia substantially in-
creases with ageing, especially in the oldest old population.1 Thyroid 
disorders are also prevalent in the elderly population, with the prev-
alence of hypo- and hyperthyroidism reaching 30% and 10% respec-
tively.2,3 It has been long noted that disorders of thyroid function 
can lead to cognitive impairment. Therefore, thyroid dysfunctions 
are important and potentially modifiable risk factors of cognitive im-
pairment in the older individuals.4

Thyroid dysfunctions can be categorised based on the serum lev-
els of thyroid hormones (thyroxine [T4] and triiodothyronine [T3]) and 

thyroid-stimulating hormone (TSH) level as: overt hypothyroidism: 
decreased T4/T3 levels and increased TSH; overt hyperthyroidism: 
increased T4/T3 and decreased TSH; subclinical hypothyroidism: nor-
mal T4/T3 levels with increased TSH; and subclinical hyperthyroid-
ism: normal T4/T3 levels and decreased TSH level.4 The association of 
hypo- or hyperthyroidism with cognition and behaviour has been in-
vestigated in many experimental animal studies,5-7 and also in human 
observational and experimental studies, as well as clinical trials.8-11

The objectives of this review are:

•	 To provide a summary of the spectrum of cognitive and be-
havioural impairments related to thyroid disorders
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•	 To review the difference between the manifestations of autoim-
mune thyroid disorders with other causes of thyroid hormonal 
dysregulation

•	 To review the potential mechanisms of the association between 
thyroid disorders and cognition based on the available serological 
biomarkers, structural and functional imaging studies, as well as 
post-mortem brain pathological evaluation

•	 To evaluate the effects of non-modifiable variables including 
gender and ethnicity on the association of thyroid disorders and 
cognition/behaviour

•	 To provide evidence-based suggestions regarding the optimal 
treatment of thyroid disorders and to clarify the limitations of the 
available evidence

•	 To propose directions for the future studies

We searched various combinations of these key words: thy-
roid, hyperthyroidism, Graves, Hashimoto, hypothyroidism, 
mechanism, environment, gender, elderly, age, cognition, be-
haviour, 3-Iodothyronamine (T1AM) in PubMed, Science Direct 
and Google scholar. After screening the studies based on their 
title, we read the abstracts and only included studies that dis-
cussed cognitive/behavioural effects of thyroid diseases as their 
main focus of the study. In total, we included 106 studies and 23 
reviews. We then compared and summarised the research char-
acteristics of the studies and their findings. Based on this gath-
ered information, we compiled an integrative review to provide 
an overview and to identify the weaknesses and strength of the 
available evidence.

2  | COGNITIVE AND BEHAVIOUR AL 
SYMPTOMS OF THYROID DYSFUNC TION

2.1 | Overt hypothyroidism

Previous studies have reported an association between hypo-
thyroidism and impairment in general cognition, memory, atten-
tion/concentration, perceptual function, language, psychomotor 
speed and executive function. Impaired verbal memory is the 
most consistently reported impairment.9,12 Hypothyroidism asso-
ciated behavioural symptoms are similar to those seen in primary 
depressive and anxiety disorders.8,9,13,14 There are also rare cases 
of severe hypothyroidism that manifest with agitation and frank 
psychosis.15-17

Improvement of cognitive and behavioural symptoms have been 
reported after treatment with T4,18-20 although other studies have 
reported residual behavioural/cognitive difficulties. This includes 
poor results in mental health summary scales, lower performance 
in complex attention and poor verbal memory.20-23 These finding 
might suggest nonreversible effects of thyroid hormonal deficiency 
on brain structures, or lower efficacy/central nervous system (CNS) 
bioavailability of pharmacologically replaced thyroid hormone com-
pared to normal pituitary thyroid axis function.4

2.2 | Overt hyperthyroidism

Most of the studies have reported impaired attention/concentra-
tion, verbal memory and executive function that could be reversed 
with treatment.10,24 However, residual attention deficit following 
successful treatment has been reported.25 Patients are usually irri-
table, agitated and jittery; they might have a clinical picture similar to 
mania, although a fully developed mania is rare. Thyroid storm, a rare 
manifestation of severe hyperthyroidism, might present with agita-
tion, delirium and restlessness.26 A higher incidence of behavioural 
disorders such as depression, generalised anxiety and bipolar mood 
disorders have been reported in patients with hyperthyroidism.27-30 
Less commonly, thyrotoxicosis might lead to apathy. This happens 
most commonly but not exclusively in the elderly population. These 
patients present with apathy, lethargy, weight loss and depressed 
mood.26

Beta adrenergic blockers can rapidly control irritability and anx-
iety related to this condition and the behavioural symptoms are re-
versible with more definitive treatment.10

2.3 | Subclinical hypothyroidism

Subclinical hypothyroidism has a less clear association with cogni-
tive and behavioural impairment. Large population-based studies 
have failed to show cognitive impairment in those with subclini-
cal hypothyroidism,31-34 although smaller studies that used more 
sensitive cognitive assessment tools, have reported impairment 
in memory and executive function.9,35,36 A systematic review and 
meta-analysis provided evidence for a significant association be-
tween subclinical hypothyroidism and cognitive impairment in pa-
tients younger than 75 years old but not older participants.37 This 
finding might point to a possible age difference in the effects of thy-
roid hormonal dysregulation on the brain structure or function. An 
alternative explanation came from a large population-based study 
in the US (15,277 disease-free individuals older than 12  years). It 
showed that TSH distribution progressively shifts toward higher lev-
els with advancing age.38 Therefore, the lack of association between 
cognition and dichotomised (normal/abnormal) TSH in patients older 
than 75 years might be the result of a higher TSH cut-off value in this 
group. Also, double-blind, placebo-controlled clinical trials that used 
detailed cognitive assessments failed to demonstrate improvement 
of cognitive performance after 12 months of T4 treatment in sub-
clinical hypothyroidism.39,40 Selection bias is a potential explanation 
for this outcome because these studies had only selected very mild 
cases of subclinical hypothyroidism (TSH median 7.1 [6.2–9.7 mIU L-

1) in the first study and TSH mean ± SD [5.57 ± 1.68 mIU L-1] in the 
second).

Regarding behavioural symptoms, some studies have reported 
higher prevalence of depression and anxiety in subclinical hypothy-
roidism compared to normal population41,42 and an improvement 
with T4 treatment,42 whereasothers have failed to show increased 
symptoms in those with subclinical hypothyroidism.32,43
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2.4 | Subclinical hyperthyroidism

Similar to subclinical hypothyroidism, some studies have shown 
cognitive impairment in these patients44-46 and some have not.32,34 
Most consistently, studies have reported an association between 
development of dementia in elderly patients and subclinical hyper-
thyroidism.47,48 However, a double-blind placebo-controlled cross-
over study of 56 well-controlled hypothyroid patients (52 females) 
who were treated with different doses of T4 to induce subclinical 
hypo- or hyperthyroidism,49 as well as another similar study on 19 
hypothyroid patients, failed to demonstrate a decline in cognitive 
performance with either condition after 8-12 weeks.21

Similar to subclinical hypothyroidism, some studies have sug-
gested irritability, depression and anxiety-related symptoms are 
prevalent in subclinical hyperthyroidism14,44 but others have not 
found any significant difference in those symptoms between sub-
clinical hyperthyroid and euthyroid subjects,31,32 Meanwhile, ran-
domised double-blind, placebo-controlled clinical trials did not 
report any improvement in those symptoms with treatment.39,40

3  | THYROID HORMONAL ALTER ATIONS 
WITHIN THE EUTHYROID R ANGE

Because the correlation between overt hypo and hyperthyroid-
ism and cognition/behaviour has been described extensively in the 
literature and the correction of overt abnormalities is part of the 
routine practice, we put more emphasis on the alterations of thy-
roid hormone levels within normal range. Given that recent studies 
have shown that T3, T4 and TSH normal levels might change with 
ageing,50 investigating continuous rather than dichotomised values 
might be more relevant especially in the older population. Based on 
the available evidence, the serum concentration of total and free 
T4 (fT4) remains relatively stable but the T3 level shows a decline, 
whereas the production of both T3 and T4 decreases with ageing. 
This might be a result of slower degradation of T4 in older individu-
als.51 At the same time, the distribution of TSH concentration shifts 
toward higher levels despite the relatively stable concentrations of 
fT4.38,52

Some previous studies have shown a decrease in cognitive abil-
ities with higher levels of T4 within the reference range,50,53-56 al-
though others have failed to show any significant association.57,58 
Table 1 summarises the available literature on the subject.

In summary, studies have shown different and often conflicting 
results. Each study used a unique sample population, methodology, 
and end point, which might be one reason for the observed discrep-
ancies. It is also conceivable that thyroid impairments might affect 
degenerative brain diseases differentially and therefore more selec-
tive studies might be required to characterise the effects of thyroid 
impairments on different neurodegenerative pathologies. Also, even 
if the subjects do not have known thyroid disease, they might have 
genetic variability in their thyroid hormone receptors that causes this 
discrepancy in cognitive function (see the discussion in the section 

on possible mechanisms further below). Genetic variants of thyroid 
hormone receptors can cause unresponsiveness to treatment with 
T4 as discussed in section on pathological findings further below. 
Also, there might be some irreversible damage related to hypothy-
roidism that does not resolve with hormone replacement, based on 
animal studies suggesting excessive gliosis and impaired response 
to injury in brain during period of hypothyroidism. Genetic varia-
tion in the enzyme responsible for activation of thyroid hormone in 
brain cells also might be a contributing factor. Moreover, considering 
noticeable changes of TSH level distributions with ageing, using an 
age-specific TSH reference range or measuring fT4 levels instead of 
TSH might prevent over diagnosis of subclinical hypothyroidism and 
the potential hazard of over treatment with thyroid hormones in the 
elderly population.

4  | AUTOIMMUNIT Y AGAINST THYROID 
AND ITS A SSOCIATION WITH COGNITIVE/
BEHAVIOUR AL ABNORMALITIES

Anti-thyroid peroxidase (TPO) and anti-thyroid-stimulating hormone 
receptor (TSHR) antibodies (Ab) are the most common thyroid auto-
immune Ab. These Ab are associated with relatively distinct clinical 
syndromes of Hashimoto thyroiditis (anti-TPO) and Grave's disease 
(GD) (anti-TSHR).

Hashimoto's encephalitis (HE) or steroid responsive encepha-
lopathy associated with autoimmune thyroiditis (SREAT) is char-
acterised by high levels of thyroid autoantibodies (TAA) in blood/
cerebrospinal fluid (CSF) and response to glucocorticoid treat-
ment.59 A population-based cohort reported increasing annual in-
cidence of Hashimoto's thyroiditis (HT) from 6.5/100 000 in 1935 
to 69/100 000 in 1967 in the female population.60 The largest re-
view of patients with neurological or psychiatric symptoms of SREAT 
(n = 251) revealed the most prevalent symptoms were seizures (47% 
of patients), confusion (46%), speech disorders (37%), memory im-
pairment (43%) and persecutory delusions (25%). Chronic memory 
impairment and psychiatric symptoms were the only presenting fea-
ture of 11% and 10% of the cases, respectively. Some 73% of pa-
tients were female and 32% had history of thyroid disorder (78% HT 
and 22% GD). Of those with available Ab results, 34% and 7%, re-
spectively, were seropositive only for anti-TPO or anti-thyroglobulin 
(Tg), and 69% were positive for both Ab. In CSF (available for 53 pa-
tients), anti-TPO, anti-Tg or both had been found in 19%, 4% and 53% 
of the patients, respectively. Serum or CSF results for anti-TSHR Ab 
were not reported. Some 82% of patients showed electroencepha-
logram abnormalities (mostly generalised slowing). Most of the cases 
had normal TSH levels (median TSH of 2 mU L-1).

GD is the other known thyroid auto-immune condition with cog-
nitive/behavioural complications. GD is characterised by the pres-
ence of TSHR Ab and is the most prevalent cause of hyperthyroidism 
in iodine-sufficient countries such as the USA.2

A study showed significantly higher anxiety and depressive 
symptoms in 31 untreated GD patients (age range 18-60  years) 
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compared to their age-matched controls, which resolved on treat-
ment with methimazole. They also had considerably worse cognitive 
abilities in block design, picture agreement and forced face recall 
tests that, despite a relatively large effect size, did not reach statis-
tical significance after correction for multiple comparisons because 
the study had a small sample size.10 A functional magnetic resonance 
imaging (MRI) study of GD patients with a similar cognitive profile 
showed abnormal spontaneous activity of the left medial frontal 
gyrus that correlated positively with anxiety score and negatively 
with processing speed compared to healthy controls. All of the par-
ticipants were seropositive for TSHR Ab and also anti-TPO Ab.30

Both TPO and TSHR Ab are also common in euthyroid individ-
uals with no clear clinical impairment. The prevalence of anti-TPO 
Ab positivity increases with age, even in a healthy population; anti-
TPO Ab is positive in 13% of the healthy population overall, although 
the prevalence increases from 6% in a teenage population to more 
than 24% in individuals older than 80 years.61 Previous studies in-
vestigating the relevance of these Ab to development of cognitive 
or behavioural impairments in euthyroid individuals have produced 
conflicting results. Some studies have shown worse cognition and 
behaviour in euthyroid patients with anti-TPO Ab. One study found 
euthyroid patients with history of HT (n = 26, age: 46 ± 1.9 years) 
had worse executive function, visual, verbal and working mem-
ory, and attention/concentration than euthyroid patients receiving 
T4 treatment for goiter or surgical thyroid resection (n  =  25, age: 
49.8 ± 1.9 years).62 In other studies and compared to general popula-
tion, HE patients with positive anti-TPO had worse results in evalua-
tion of somatisation, obsessive-compulsive symptoms, depression,63 
social isolation, physical, emotional and social role functioning, gen-
eral health perceptions and pain.64,65 Adopting a different approach, 
another study found that, among a small group of participants with 
controlled thyroid disease, patients with abnormal cognitive test re-
sults had significantly higher levels of anti-TPO Ab (13 HT patients 
and 12 cases with other thyroid disorders; mean ages of 43 and 
47 years, respectively).66 Also, the presence of anti-TPO predicted 
poorer psychosocial well being as measured by the 36-Item Short 
Form Survey questionnaire.65 It is noteworthy that one study found 
the presence of anti-TPO Ab to be associated with increased grey 
matter density in the right amygdala and enhanced connectivity be-
tween the subcallosal and parahippocampal areas.67

By contrast, in another study (n = 11, age range: 22-82 years), 
euthyroid patients with higher anti-TPO-titers and Hashimoto's 
had better long-term outcomes based on the Glasgow Outcome 
Scale Extended score.68 Moreover, a large population-based cross-
sectional study (n = 3253, age range: 55-85 years),69 as well as a pro-
spective study on elderly population (n = 255, mean age:80 years),70 
showed no association between anti-TPO seropositivity and cogni-
tive decline, both at baseline and after 13 months of follow-up.

In terms of mechanism of action of these Ab, TSHR Ab stimulates 
production of TSH and thyroid hormones, whereas anti-TPO Ab 
block thyroid hormone synthesis.71 An experimental study on human 
brain autopsies (n = 5) showed reactivity to TSHR Ab in cell bodies 
and axons of large neurones in frontal, motor, sensory, occipital, 

cingulate and parieto-occipito-temporal regions, as well as vascular 
endothelial cells of cingulate gyrus.72 Some studies have suggested 
that thyroid dysregulation affects brain vascular system. One study 
showed lower perfusion of brain in hypothyroid patients73 in regions 
including the frontal lobes74 and posterior cingulate gyrus.75 In an-
other study, high fT4 levels and positive anti-thyroid Ab were as-
sociated with terminal internal carotid artery stenosis (n = 30, age 
< 65years).76 In another study of euthyroid stroke patients younger 
than 55 years old, elevated anti-TPO Ab was associated with higher 
rates of intracranial internal carotid stenosis (odds ratio  =  5.3, 
n = 351, 252 males, mean age = 47).77 Furthermore, a relationship 
between GD and moyamoya vasculopathy (MMD) (progressive oc-
clusive vasculopathy of internal carotid, middle and anterior cerebral 
arteries) has been reported. Interestingly, according to one study, 
aggressive treatment with anti-thyroid medication was sufficient 
to stop the progression of MMD and prevent its recurrence (eight 
females, age range 19-48 years).78 Also, in one study, anti-TPO 
positivity predicted an unfavourable stroke outcome (n = 763, 121 
anti-TPO + patients).79

Other studies have stipulated that thyroid Ab might exert their 
deleterious effect indirectly through activation of anti-gangliosid80 
or other anti-neuronal Ab,81 especially those against two antigens: 
dimethylargininase-I (DDAHI), an enzyme regulating nitric oxide 
metAbolism, and aldehyde reductase-I (AKRIA), a cytoprotective 
enzyme. Therefore, it has been suggested that the presence of Ab 
against DDAHI and AKRIA can be considered biomarkers of CNS in-
volvement in Hashimoto's patients.82

Changes in cytokines and related changes in neurotransmitters 
might also have a role in CNS dysfunction of patients with autoim-
mune thyroid disorders (AITD). Previous studies showed that these 
patients had an increased levels of monocyte cytokines (eg, mono-
cyte chemoattractant protein-1) and T lymphocyte cytokines (eg, in-
terferon gamma and tumor necrosis factor α), especially in patients 
with positive family history of hypothyroidism.83,84 Also, it has been 
shown that treatment leads to decrease in interleukin-12 (a marker 
of T helper 1 activation).85

Environmental factors are also potentially important in devel-
opment of AITDs and their cognitive effects. Review of studies 
concerning the effects of selenium (Se) on thyroid function and au-
toimmunity showed that Se deficiency increases the oxidative stress 
in the thyroid gland leading to inflammation.86 In addition, patients 
with AITDs showed improvement of cognitive and behavioural 
symptoms after Se supplementation, as well as decreased levels of 
anti-TPO and anti-TSHR Ab.87 Selenium deficiency is more prevalent 
in areas with low Se content in the soil such as central Africa and 
some European countries.

Overall studies had explained the relationship between auto-
immune thyroid disorders and altered brain functions by following 
various mechanisms: the effect of autoantibodies on neuroglial 
structure, vasculopathy, interference with cytokine/neurotrans-
mitter balance and related environmental factors. In summary, an 
association between autoimmune thyroid diseases and cognitive/
behavioural changes has been observed, although this association 
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is likely to be multifactorial. The worse cognitive function observed 
in patient with autoimmune thyroid diseases compared to those 
with thyroid resection indicates a causal effect for the Ab or neu-
roinflammation. The exact mechanism of the effect of autoimmunity 
is, however, difficult to establish as a result of a limited number of 
pathological evaluations of the brain.

5  | POSSIBLE MECHANISMS OF THE 
A SSOCIATION BET WEEN THYROID 
DYSFUNC TIONS AND COGNITION

5.1 | Pathological findings

The relationship between brain and thyroid is complex. On one 
hand, thyroid hormonal signalling is regulated via the hypothalamus 
and pituitary axis and on the other hand, thyroid hormones (mainly 
T3) are important players in the functions of the brain. Thyroid hor-
mones (TH) require a complex transport mechanism to cross the 
blood-brain barrier (BBB) and enter their target cells. Impairment of 
any of these mechanisms can lead to disruption of thyroid depend-
ent brain functions despite apparently normal blood hormonal lev-
els. Organic anion transporter 1 (OATP1) transports T4 through the 
BBB and has an extensive expression in capillaries throughout the 
brain.88 Also, both T3 and T4 require special transporters to enter 
their target cells. Brain has several TH transporters with monocar-
boxylate transporter8 (MCT8) being the most important with high 
affinity for T3. A mutation in MCT8 gene causes an X-linked disor-
der presenting with severe mental retardation and movement disor-
der.89 The biological activity of TH in target cells is determined by 
intracellular levels of T3, which are mostly dependent on the activity 
of the iodothyronine deiodinases converting T4 to T3. A polymor-
phism in iodothyronine deiodinase genes had been shown in a subset 
of hypothyroid patients who had a suboptimal clinical response to T4 
treatment alone.90 Moreover, cognitively impaired patients carrying 
this polymorphism had lower circulating levels of T3.91

Thyroid hormones have nuclear receptors (TR) with six isoforms 
with three of them having prominent expression in the brain. TRs 
are ligand-activated transcription factors that have three T3-binding 
isoforms: TRβ1, β2 (alternatively spliced product of one gene) and 
TRα1 from a separate gene. TRα2 has a different C-terminal exten-
sion and does not bind to T3; it acts as a dominant inhibitor for other 
TRs by competing for DNA binding sites.92 In rats, TRα1 is expressed 
predominantly in brain, heart and skeletal muscle. TRβ2 is expressed 
in the brain, retina and inner ear. TRβ3 is present in kidney, liver and 
lung, whereas TRβ1 is more widely expressed.93 Based on immuno-
reactivity to T3R, different parts of the brain are categorised into 
three groups: (i) strong: olfactory bulb, hippocampus, dentate gyrus, 
amygdala and neocortex (layers III to VI), Purkinje cells, internal 
granular layer and some cells in the molecular layer of cerebellum 
and lateral mammillary nucleus; (ii) intermediate: hypothalamus and 
central grey matter of brain stem; (iii) weak: thalamus, caudate, pall-
idum, substantia nigra and the interpeduncular nucleus. TRs are also 

present in astrocytes, oligodendrocytes and epithelial cells in white 
matter and choroid plexus.94

T1AM, a thyroid hormone metabolite, has been shown to be 
influential on the effects of thyroid hormone in the CNS. It inhib-
its T4 uptake by OATP1C1, a transporter of T4 through the BBB, in 
a dose-dependent manner. It also inhibits transport of T4 >T3 via 
MCT8, a most specific thyroid hormone transporter, through the 
BBB. This suggests a regulatory role on thyroid hormone delivery to 
CNS for this protein.95 T1AM is not a nuclear thyroid hormone ligand 
but activates trace amine-associated receptor1 (TAAR1) and also 
binds to alpha A2 adrenergic receptor, apolipoprotein B100, mito-
chondrial ATP synthase and membrane monoamine transporters,96 
which suggests a role for T1AM in ‘orchestrated signalling events 
and physiological responses’.97 Based on animal models, TAAR1 is 
widely expressed in the brain tissue responsible for cognition and 
emotions, including the prefrontal cortex, hippocampal formation 
and amygdala. It modulates learning and memory process with pro-
learning effects and might have a neuroprotective effect against 
amyloid toxicity in a mouse model of Alzheimer's disease (AD).98 
Studies using recombinant selective agonist of TAAR1 showed that 
TAAR1 activation reduced the basal firing activity of dopaminergic 
neurones in the ventral tegmental area with a close functional link 
to D2 dopamine receptor.97 T1AM is distributed throughout vari-
ous organs, including the CNS. Systemic administration of T1AM 
increases the levels in the CNS, suggesting that it crosses the BBB. 
Its cerebral level is critically regulated within the brain likely through 
metabolism by the enzyme monoamine oxidase B.99 These findings 
suggest that thyroid hormone metabolites other than T3/T4 also 
have important effects on brain function and might need to be taken 
in account when explaining the association of thyroid hormones with 
cognition/behaviour.

Animal studies have further helped identify potential biological 
implications of thyroid hormones. In one study, thyroidectomised 
rats showed impaired late-phase long-term potentiation (L-LTP) in 
the CA1 region of hippocampus. Immunoblot analysis of area CA1 
illustrated the reversal of hypothyroid-induced reduction of sig-
nalling molecules (eg, cyclic AMP) with treatment. Such signalling 
is essential for L-LTP, learning and memory.100 Moreover, experi-
mental rodent studies have shown that the combination of T3-TRα 
is required for the progression of neural stem/progenitor cells to-
ward neuroblasts. These cells are present in adult brain in the sub-
ventricular zone and dentate gyrus of the hippocampus to support 
memory formation, as well as affect modulation and the response 
to brain injury (eg, trauma) by proliferation, and also survival and 
differentiation to migrating neuroblasts. Therefore, their deficiency 
can explain decreased neuronal plasticity in the dentate gyrus and 
a loss of hippocampus dependent memory formation in adult hy-
pothyroid rodents.101,102 An absence of TRα2 leading to overex-
pression of TRα1 had also been shown to reduce the survival rate 
of postmitotic neuroblasts, suggesting that unliganded TRα1 might 
have a role in decline of hippocampal neurogenesis in hypothyroid 
adults.103 Short-term hypothyroidism resulted in a reduction of the 
number of proliferating cells in the subgranular zone of the dentate 
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gyrus and hypoplastic dendrites in neuroblasts, which was reversible 
with T4 treatment.104 Some hippocampal functions such as classical 
conditioning were reversible after treatment of short-term hypothy-
roidism in rats, although some synaptic plasticity during memory 
formation was not reversible.6

In addition, T3, via TRα1, appears to exert a bimodal effect on 
oligodendrocyte precursor cells (OPC); in the early postnatal period, 
its effect on Purkinje cells and astrocytes results in the secretion of 
neurotrophic factors indirectly promoting the maturation of prolif-
erating OPCs. Later and in adult mice, T3 causes complete arrest of 
OPC proliferation.105 OPC reactivation can be seen in demyelinat-
ing incidents.106 OPCs also remain capable of proliferation in ALS, 
although they can only differentiate to oligodendrocytes, and not 
neurones or astrocytes.107

Changes in the neurotransmitter composition of specific parts 
of the brain is another mechanism proposed for the cognitive and 
behavioural symptoms of TH dysregulation. Animal studies have re-
ported changes in the release pattern of acetylcholine and mono-
amines in hippocampus and frontal cortex of experimentally induced 
hypo- and hyperthyroid rats along with the related functional 
changes.7,108

Elevated levels of monoamines such as noradrenaline in hyper-
thyroidism were also observed to be associated with neuropsychiat-
ric manifestations.109 Elevated levels of these metabolites are seen 
at symptom onset and their level decreased along with clinical an 
improvement in those with hyperthyroidism with psychosis.

Human brain autopsy studies have shown conflicting results 
regarding TH dysregulation and associated pathological changes. 
Autopsy of male Japanese participants of The Honolulu-Asia Aging 
Study (age range of 71-93 years at inclusion) reported an association 
between high normal fT4 levels and an increased risk of dementia 
overall, including AD. The study also reported increased neocorti-
cal amyloid plaques and neurofibrillary tangles in participants with 
high normal fT4 but did not find any association between TSH levels 
and dementia or Alzheimer's pathology.56 An important limitation 
of the study was that it only included men, especially considering 
the fact that both dementia and TH dysregulations are more com-
mon in women. On the other hand, a study based on the National 
Alzheimer's Coordinating Center's uniform dataset, which included 
almost 30 000 elderly participants, did not find an association be-
tween history of treated hypothyroidism and AD pathology. The 
only brain pathological finding associated with treated hypothyroid-
ism was severe atherosclerosis. There was also a significant asso-
ciation between treated hypothyroidism and vascular risk factors 
comprising hypercholesterolaemia and atrial fibrillation, and also 
pathological evidence of gross infarcts in autopsied brains.110 A clear 
limitation of the study was the lack of an evaluation or reporting of 
serum T4/T3 levels.

The T3 level in the CSF was higher in patients with patholog-
ical diagnosis of hippocampal sclerosis of ageing compared to AD 
patients and control subjects in an autopsy study despite no signif-
icant serum T3 level difference between the subjects.111 One study 
compared CSF levels of thyroid hormone derivatives between 15 

AD, 10 frontotemporal dementia patients, and 10 control subjects 
with normal cognition. Serum thyroid hormone levels were normal 
in all of the subjects. There was a significant negative correlation be-
tween reverse T3 level and the reverse T3/T3 ratio and Mini-Mental 
State Examination score in AD patients.112 An evaluation of serum 
and CSF concentration of T3/T4 and TSH in 14 hypothyroid patients 
before and after treatment showed a comparable increase in serum 
and CSF levels of T4 but the T3 level in the CSF remained unchanged 
despite increase in serum levels.113 Overall, these studies suggest 
that serum thyroid hormone levels do not correlate with CSF levels 
in a linear fashion and this might have a role in the residual CNS dys-
function observed in patients with thyroid disease despite success-
ful treatment based on serum hormone levels.

5.2 | Imaging findings

In a population-based longitudinal study of 489 elderly participants, 
there was no relation between TSH levels and MRI-measured hip-
pocampal or amygdala atrophy, although higher levels of T3/T4 
were associated with more severe atrophy of the hippocampus and 
amygdala.114

A fluorodeoxyglucose-positron emission tomography (FDG-PET) 
study of 12 hyperthyroid (untreated GD) patients showed decreased 
glucose metabolism in the uncus and inferior temporal gyrus (lim-
bic system) compared to 20 age- and gender-matched controls. 
Moreover, the posterior cingulate gyrus showed increased metabo-
lism that was positively correlated with free T3 (fT3)/fT4 levels and 
both anxiety and depression scores.115 In another FDG-PET study 
on 10 untreated GD patients (mean ± SD age, 38.7 ± 9.3 years; five 
women) and 20 healthy controls, severity of depression and anxiety 
correlated positively with inferior temporal and parietal gyri hyper-
metabolism.116 In addition, lower grey matter volumes in the bilat-
eral hippocampus, parahippocampal gyrus and left temporal pole 
had been shown in 51 untreated hyperthyroid adults compared to 
51 normal control using voxel-based morphometry of 3D high reso-
lution MRI ( mean age 30 years).117

Another PET study (14 cases and 10 controls; age range 18-
55 years) showed lower glucose metabolism in the bilateral hippo-
campus, amygdala, peri-genual anterior cingulate cortex and right 
posterior cingulate gyrus in patients with hypothyroidism experi-
encing cognitive and behavioural symptoms. The changes reversed 
after treatment.118

An MR spectroscopy study evaluated 18 patients with hypothy-
roidism, 18 with hyperthyroidism, and 18 age- and gender-matched 
healthy controls. It showed elevated levels of glutamate in the pos-
terior cingulate cortex of hypothyroid patients and the opposite pat-
tern in hyperthyroidism. Glutamate levels in the cortex correlated 
with total and fT3 levels in serum. Hypothyroid patients also had 
elevated choline levels in these cortical areas. Glutamate is an ex-
citatory neurotransmitter and its clearance by astrocytes is neces-
sary for neuroprotection. An increase in choline level might be a sign 
of astrocyte proliferation.119 T3 had been shown to modulate gene 
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expression of glutamate transporters, causing an increase in clear-
ance of glutamate by astrocytes in rats.120 In another study of 11 eu-
thyroid, 16 hyper- and 11 subclinical hypothyroid patients (age range 
17-47 years), functional MRI in subclinical hypothyroid patients with 
impaired working memory showed loss of activation of the bilateral 
middle/inferior frontal gyri, bilateral dorsolateral prefrontal cortex, 
supplementary motor area and anterior cingulate cortex during the 
n-back task compared to normal and hyperthyroid patients. These 
changes normalised after 6 months of treatment with T4.121 In sum-
mary, the T3/T4 level has a more clear association with changes in 
brain structure and function compared to TSH. Moreover, both high 
and low T3/T4 levels are associated with unfavourable changes.

We have summarised our proposed mechanisms of relationship 
between thyroid dysregulations and cognition as a conceptual model 
in Figure 1. Thyroid hormone levels change in a spectrum and, even 
within the normal limits, changes in T4/T3 levels have been shown 
to be associated with changes in brain structure and function. These 
changes are more pronounced in both overt hypo- and hyperthyroid-
ism. A higher level of thyroid hormone is associated with increased 
sympathetic tone and brain atrophy. It can also be associated with 
vascular narrowing and moyamoya type vasculopathy causing stroke 
in the right genetic/epigenetic context. On the other hand, low thy-
roid hormone is associated with other vascular risk factors and might 
cause atherosclerosis, independently leading to cerebrovascular 

events. Animal studies on brain changes in the setting of hypothy-
roidism showed impaired response to brain injury such as traumatic 
events, impaired memory formation and excessive gliosis even in 
the adult brain. Furthermore, hyper- and hypothyroidism have been 
shown to be associated with inflammatory response that can be in-
fluential in the observed brain dysfunction. Thyroid autoantibodies 
are present in euthyroid population and patients with autoimmune 
thyroid conditions regardless of thyroid function based on thyroid 
hormone level. These Ab are present in the CSF of patients with cog-
nitive/behavioural symptoms in the context of autoimmune thyroid 
diseases. Observational pathological studies have shown receptors 
for some of these Ab in brain tissue. Therefore, there might be a role 
for them in the observed neurological dysfunctions related to auto-
immune thyroid diseases. However, this has been subject to ongoing 
debate considering the possibility of other, unknown autoimmune 
CNS diseases that can merely be coexistent with autoimmune thy-
roid disease in the subset of patients with neurological dysfunctions.

6  | THYROID HORMONES AND 
COGNITION IN WOMEN

As discussed, AITDs and thyroid hormonal dysregulation in gen-
eral are more prevalent in women.59,110 Collectively, various types 

F I G U R E  1   Proposed mechanisms of 
the effect of thyroid dysregulations on 
adult brain. Left side: effects on brain 
parenchyma leading to cortical atrophy/
malfunction, gliosis and impaired response 
to injury. Right side: effects on brain 
vasculature leading to brain vascular 
events. Ab, antibodies; T4, thyroxine; 
TPO, thyroid peroxidase; TSHR, thyroid-
stimulating hormone receptor; OPC, 
oligodendrocyte precursor cell
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of dementia are also more prevalent in women.1 Therefore, further 
sex-specific exploration of the relation between thyroid dysregula-
tion and cognition is warranted.

A cross-sectional study evaluated the correlation between fT4, 
TSH and anti-thyroid Ab levels and cognitive function in 383 post-
menopausal women aged 50-65  years who were at least 2  years 
past their last menstruation. Their TSH and T4 levels were within the 
normal range (mean = 1.91 mU L-1 and 14.76 pmol L-1, respectively). 
The mean neurocognitive scores of the study population were 
below normal average. Their worst performances were in executive 
function, processing speed and complex attention. More than 50% 
of them had lower than normal scores in more than one domain of 
cognition. There was a significant negative correlation between the 
level of anti-thyroid Ab and cognitive ability, as well as a negative 
correlation between fT4 level and cognitive function.122 In an elderly 
female population (aged 65 years and older), 82% of the population 
had cognitive deficit in at least one domain.123

6.1 | Effect of ethnicity

Although the vast majority of the studies have been on Caucasian 
population, studies on other ethnic groups have also shown similar 
associations between thyroid hormonal dysregulation and cogni-
tion/behaviour. The main difference compared to Caucasians ap-
pears to be in the prevalence of thyroid dysregulation and other 
related conditions. A population-based cross-sectional study on 
apparently normal Mexican participants (n  =  1750, 40% female, 
age over 60  years), showed an increased risk of mild cognitive 
impairment in patients with hypo- and hyperthyroidism.124 Also, 
a study on 10  362 Brazilian participants without known thyroid 
dysregulation reported lower executive function in participants 
with low-normal TSH levels.125 In a study on Chinese participants 
(77 cognitively normal, 64 mild cognitive impairment and 154 AD 
patients, aged > 50 years), fT3 levels were significantly higher in 
patients with Alzheimer type dementia and the odds ratio of AD 
was significantly higher in those with low-normal TSH levels.48 
Moreover, moyamoya vasculopathy, which is reported to be as-
sociated with hyperthyroidism in general and GD in particular, is 
more prevalent in Asian and Mexican populations.78 Except for one 
population-based study to develop an ethnicity specific TSH refer-
ence range,38 no large study on African or African-Americans could 
be found concerning thyroid hormonal dysregulation and its brain 
related consequences.

6.2 | Future direction of research

In conclusion, based on the available evidence, higher levels of 
thyroid hormones even within the normal range are associated 
with cognitive and behavioural changes and a detectable struc-
tural change in the brain. Hypothyroidism has also been shown to 
be associated with vascular pathologies of the brain. In addition, 

because the fT4 level remains stable with ageing but the normal 
TSH level is age-dependent, it is reasonable to use fT4 for screen-
ing and monitoring treatment of thyroid hormonal dysregulation 
instead of TSH.

Moreover, the presence of anti-thyroid Ab is another indepen-
dent risk factor for cognitive/behavioural and structural changes.

A well-designed long-term cohort study on middle-aged healthy 
age-matched men and women in two separate groups might provide 
the opportunity to recognise the pattern and temporal order of the 
changes in TH, TSH and autoantibodies with ageing. The baseline 
information of those participants will help to establish possible ge-
netic or environmental risk factors that make certain part of the pop-
ulation more susceptible to thyroid hormonal dysregulation and its 
cognitive/behavioural effects.

In addition, a double-blind clinical trial with different set goals for 
TH levels within a normal range will enable us to compare cognitive 
outcomes and determine the safest therapeutic goal for treatment 
of patients with thyroid hormonal dysregulation.

AUTHOR CONTRIBUTIONS
Manizhe Eslami-Amirabadi: Conceptualisation; Data curation; 
Formal analysis; Investigation; Methodology; Project administration; 
Writing – original draft; Writing –  review & editing. Seyed Ahmad 
Sajjadi: Conceptualisation; Supervision; Validation; Writing – review 
& editing.

PEER RE VIE W
The peer review history for this article is available at https://publo​
ns.com/publo​n/10.1111/jne.12948.

ORCID
Manizhe Eslami-Amirabadi   https://orcid.
org/0000-0002-2166-2439 

R E FE R E N C E S
	 1.	 Pierce AL, Kawas CH. Dementia in the oldest old: beyond 

Alzheimer disease. PLoS Medicine. 2017;14:10-13. https://doi.
org/10.1371/journ​al.pmed.1002263

	 2.	 Vanderpump MPJ. The epidemiology of thyroid disease. Br Med 
Bull. 2011;99:39–51.

	 3.	 Verburg FA, Grelle I, Tatschner K, Reiners C, Luster M. Prevalence 
of thyroid disorders in elderly people in Germany: a screening 
study in a country with endemic goitre. NuklearMedizin. 2017;56:9-
13. https://doi.org/10.3413/Nukme​d-0852-16-10

	 4.	 Samuels MH. Thyroid disease and cognition. Endocrinol Metab 
Clin North Am. 2014;43:529-543. https://doi.org/10.1016/j.
ecl.2014.02.006

	 5.	 Koromilas C, Liapi C, Schulpis KH, Kalafatakis K, Zarros A, Tsakiris 
S. Structural and functional alterations in the hippocampus due to 
hypothyroidism. Metab Brain Dis. 2010;25:339-354. https://doi.
org/10.1007/s1101​1-010-9208-8

	 6.	 Fernández-Lamo I, Montero-Pedrazuela A, Delgado-García JM, 
Guadaño-Ferraz A, Gruart A. Effects of thyroid hormone replace-
ment on associative learning and hippocampal synaptic plasticity 
in adult hypothyroid rats. Eur J Neurosci. 2009;30:679-692.

	 7.	 Carageorgiou H, Pantos C, Zarros A, et al. Changes in acetyl-
cholinesterase, Na+, K+-ATPase, and Mg2+-ATPase activities 

https://publons.com/publon/10.1111/jne.12948
https://publons.com/publon/10.1111/jne.12948
https://orcid.org/0000-0002-2166-2439
https://orcid.org/0000-0002-2166-2439
https://orcid.org/0000-0002-2166-2439
https://doi.org/10.1371/journal.pmed.1002263
https://doi.org/10.1371/journal.pmed.1002263
https://doi.org/10.3413/Nukmed-0852-16-10
https://doi.org/10.1016/j.ecl.2014.02.006
https://doi.org/10.1016/j.ecl.2014.02.006
https://doi.org/10.1007/s11011-010-9208-8
https://doi.org/10.1007/s11011-010-9208-8


10 of 13  |     ESLAMI-AMIRABADI and  SAJJADI

in the frontal cortex and the hippocampus of hyper- and hypo-
thyroid adult rats. Metabolism. 2007;56:1104-1110. https://doi.
org/10.1016/j.metab​ol.2007.04.003

	 8.	 Davis JD, Tremont G. Neuropsychiatric aspects of hypothyroidism 
and treatment reversibility. Minerva Endocrinol. 2007;32, 49-65.

	 9.	 Correia N, Mullally S, Cooke G, et al. Evidence for a specific de-
fect in hippocampal memory in overt and subclinical hypothy-
roidism. J Clin Endocrinol Metab. 2009;94:3789-3797. https://doi.
org/10.1210/jc.2008-2702

	 10.	 Vogel A, Elberling TV, Hørding M, et al. Affective symptoms 
and cognitive functions in the acute phase of Graves’ thyrotox-
icosis. Psychoneuroendocrinology. 2007;32:36-43. https://doi.
org/10.1016/j.psyne​uen.2006.09.012

	 11.	 Brabant G, Münte F. Effect of experimental thyrotoxicosis on 
brain gray matter : a voxel-based morphometry study. Eur Thyroid 
J. 2015;4(suppl 1):113-118. https://doi.org/10.1159/00039​8793

	 12.	 Miller KJ, Parsons TD, Whybrow PC, et al. Verbal memory re-
trieval deficits associated with untreated hypothyroidism. J 
Neuropsychiatry Clin Neurosci. 2007;19:132-136. https://doi.
org/10.1176/jnp.2007.19.2.132

	 13.	 Constant EL, Adam S, Seron X, Bruyer R, Seghers A, Daumerie 
C. Anxiety and depression, attention, and executive functions in 
hypothyroidism. J Int Neuropsychol Soc. 2005;11:535. https://doi.
org/10.1017/S1355​61770​5050642

	 14.	 Gulseren S, Gulseren L, Hekimsoy Z, Cetinay P, Ozen C, Tokatlioglu 
B. Depression, anxiety, health-related quality of life, and dis-
ability in patients with overt and subclinical thyroid dysfunc-
tion. Arch Med Res. 2006;37:133-139. https://doi.org/10.1016/j.
arcmed.2005.05.008

	 15.	 Neal JM, Yuhico RJO. “Myxedema madness” associated with 
newly diagnosed hypothyroidism and obstructive sleep apnea. 
J Clin Sleep Med. 2012;08:717-718. https://doi.org/10.5664/
jcsm.2274

	 16.	 Ueno S, Tsuboi S, Fujimaki M, et al. Acute psychosis as an initial 
manifestation of hypothyroidism: a case report. J Med Case Rep. 
2015;9:1-3. https://doi.org/10.1186/s1325​6-015-0744-z

	 17.	 Moeller KE, Goswami R, Larsen LM. Myxedema madness rapidly 
reversed with levothyroxine. J Clin Psychiatry. 2009;70:1607-1608. 
https://doi.org/10.4088/JCP.08l04​958yel

	 18.	 Miller KJ, Parsons TD, Whybrow PC, et al. Memory improvement 
with treatment of hypothyroidism. Int J Neurosci. 2006;116:895-
906. https://doi.org/10.1080/00207​45060​0550154

	 19.	 Kramer CK, Von Mühlen D, Kritz-Silverstein D, Barrett-Connor 
E. Treated hypothyroidism, cognitive function, and depressed 
mood in old age: the Rancho Bernardo Study. Eur J Endocrinol. 
2009;161:917-921. https://doi.org/10.1530/EJE-09-0606

	 20.	 Smith CD, Grondin R, LeMaster W, Martin B, Gold BT, Ain KB. 
Reversible cognitive, motor, and driving impairments in severe 
hypothyroidism. Thyroid. 2015;25:28-36. https://doi.org/10.1089/
thy.2014.0371

	 21.	 Samuels MH, Schuff KG, Carlson NE, Carello P, Janowsky JS. 
Health status, mood, and cognition in experimentally induced sub-
clinical hypothyroidism. J Clin Endocrinol Metab. 2007;92:2545-
2551. https://doi.org/10.1210/jc.2007-0011

	 22.	 Saravanan P, Chau WF, Roberts N, Vedhara K, Greenwood R, 
Dayan CM. Psychological well-being in patients on “adequate” 
doses of L-thyroxine: results of a large, controlled community-
based questionnaire study. Clin Endocrinol (Oxf). 2002;57, 577-585. 
https://doi.org/10.1046/j.1365-2265.2002.01654.x

	 23.	 Wekking EM, Appelhof BC, Fliers E, et al. Cognitive functioning and 
well-being in euthyroid patients on thyroxine replacement therapy 
for primary hypothyroidism. Eur J Endocrinol. 2005;153:747-753. 
https://doi.org/10.1530/eje.1.02025

	 24.	 Yudiarto FL, Muliadi L, Moeljanto D, Hartono B. Neuropsychological 
findings in hyperthyroid patients. Acta Med Indones. 2006;38:6-10.

	 25.	 Fahrenfort JJ, Wilterdink AML, Van Der Veen EA. Long-term re-
sidual complaints and psychosocial sequelae after remission of 
hyperthyroidism. Psychoneuroendocrinology. 2000;25:201-211. 
https://doi.org/10.1016/S0306​-4530(99)00050​-5

	 26.	 Brownlie BEW, Rae AM, Walshe JWB, Wells JE. Psychoses as-
sociated with thyrotoxicosis - “thyrotoxic psychosis”. A report of 
18 cases, with statistical analysis of incidence. Eur J Endocrinol. 
2000;142:438-444. https://doi.org/10.1530/eje.0.1420438

	 27.	 Brandt F, Thvilum M, Almind D, et al. Hyperthyroidism and psychi-
atric morbidity: Evidence from a Danish nationwide register study. 
Eur J Endocrinol. 2014;170:341-348. https://doi.org/10.1530/
EJE-13-0708

	 28.	 Hu L-Y, Shen C-C, Hu Y-W, et al. Hyperthyroidism and risk for bi-
polar disorders: a nationwide population-based study. PLoS One. 
2013;8:e73057. https://doi.org/10.1371/journ​al.pone.0073057

	 29.	 Chattopadhyay C, Chakrabarti N, Ghosh S. An assessment of psy-
chiatric disturbances in graves disease in a medical college in east-
ern India. Niger J Clin Pract. 2012;15:276. https://doi.org/10.4103/
1119-3077.100620

	 30.	 Zhi M, Hou Z, We Q, Zhang Y, Li L, Yuan Y. Abnormal spontaneous 
brain activity is associated with impaired emotion and cognition in 
hyperthyroidism: a rs-fMRI study. Behav Brain Res. 2018;351:188-
194. https://doi.org/10.1016/j.bbr.2018.05.020

	 31.	 Engum A, Bjøro T, Mykletun A, Dahl A. An association between 
depression, anxiety and thyroid function  –  a clinical fact or an 
artefact? Acta Psychiatr Scand. 2002;106:27-34. https://doi.
org/10.1034/j.1600-0447.2002.01250.x

	 32.	 Roberts LM, Pattison H, Roalfe A, et al. Is subclinical thyroid 
dysfunction in the elderly associated with depression or cog-
nitive dysfunction? Ann Intern Med. 2006;145:573. https://doi.
org/10.7326/0003-4819-145-8-20061​0170-00006

	 33.	 Bell RJ, Rivera-Woll L, Davison SL, Topliss DJ, Donath S, Davis 
SR. Well-being, health-related quality of life and cardiovascular 
disease risk profile in women with subclinical thyroid disease – a 
community-based study. Clin Endocrinol (Oxf). 2007;66:548-556. 
https://doi.org/10.1111/j.1365-2265.2007.02771.x

	 34.	 de Jongh RT, Lips P, van Schoor NM, et al. Endogenous subclinical 
thyroid disorders, physical and cognitive function, depression, and 
mortality in older individuals. Eur J Endocrinol. 2011;165:545-554. 
https://doi.org/10.1530/EJE-11-0430

	 35.	 Baldini IMarina, Vita A, Mauri MC, et al. Psychopathological and 
cognitive features in subclinical hypothyroidism. Prog Neuro-
Psychopharmacology Biol Psychiatry. 1997;21:925-935. https://doi.
org/10.1016/S0278​-5846(97)00089​-4

	 36.	 Bono G, Fancellu R, Blandini F, Santoro G, Mauri M. Cognitive and 
affective status in mild hypothyroidism and interactions with L-
thyroxine treatment. Acta Neurol Scand. 2004;110:59-66. https://
doi.org/10.1111/j.1600-0404.2004.00262.x

	 37.	 Pasqualetti G, Pagano G, Rengo G, Ferrara N, Monzani F. Subclinical 
Hypothyroidism and Cognitive Impairment: Systematic Review 
and Meta-Analysis. J Clin Endocrinol Metab. 2015;100:4240-4248. 
https://doi.org/10.1210/jc.2015-2046

	 38.	 Boucai L, Hollowell JG, Surks MI. An approach for development of 
age-, gender-, and ethnicity-specific thyrotropin reference limits. 
Thyroid. 2011;21:5-11. https://doi.org/10.1089/thy.2010.0092

	 39.	 Parle J, Roberts L, Wilson S, et al. A randomized controlled trial 
of the effect of thyroxine replacement on cognitive function in 
community-living elderly subjects with subclinical hypothyroid-
ism: The Birmingham elderly thyroid study. J Clin Endocrinol Metab. 
2010;95:3623-3632. https://doi.org/10.1210/jc.2009-2571

	 40.	 Jorde R, Waterloo K, Storhaug H, Nyrnes A, Sundsfjord J, Jenssen 
TG. Neuropsychological function and symptoms in subjects with 
subclinical hypothyroidism and the effect of thyroxine treatment. J 
Clin Endocrinol Metab. 2006;91:145-153. https://doi.org/10.1210/
jc.2005-1775

https://doi.org/10.1016/j.metabol.2007.04.003
https://doi.org/10.1016/j.metabol.2007.04.003
https://doi.org/10.1210/jc.2008-2702
https://doi.org/10.1210/jc.2008-2702
https://doi.org/10.1016/j.psyneuen.2006.09.012
https://doi.org/10.1016/j.psyneuen.2006.09.012
https://doi.org/10.1159/000398793
https://doi.org/10.1176/jnp.2007.19.2.132
https://doi.org/10.1176/jnp.2007.19.2.132
https://doi.org/10.1017/S1355617705050642
https://doi.org/10.1017/S1355617705050642
https://doi.org/10.1016/j.arcmed.2005.05.008
https://doi.org/10.1016/j.arcmed.2005.05.008
https://doi.org/10.5664/jcsm.2274
https://doi.org/10.5664/jcsm.2274
https://doi.org/10.1186/s13256-015-0744-z
https://doi.org/10.4088/JCP.08l04958yel
https://doi.org/10.1080/00207450600550154
https://doi.org/10.1530/EJE-09-0606
https://doi.org/10.1089/thy.2014.0371
https://doi.org/10.1089/thy.2014.0371
https://doi.org/10.1210/jc.2007-0011
https://doi.org/10.1046/j.1365-2265.2002.01654.x
https://doi.org/10.1530/eje.1.02025
https://doi.org/10.1016/S0306-4530(99)00050-5
https://doi.org/10.1530/eje.0.1420438
https://doi.org/10.1530/EJE-13-0708
https://doi.org/10.1530/EJE-13-0708
https://doi.org/10.1371/journal.pone.0073057
https://doi.org/10.4103/1119-3077.100620
https://doi.org/10.4103/1119-3077.100620
https://doi.org/10.1016/j.bbr.2018.05.020
https://doi.org/10.1034/j.1600-0447.2002.01250.x
https://doi.org/10.1034/j.1600-0447.2002.01250.x
https://doi.org/10.7326/0003-4819-145-8-200610170-00006
https://doi.org/10.7326/0003-4819-145-8-200610170-00006
https://doi.org/10.1111/j.1365-2265.2007.02771.x
https://doi.org/10.1530/EJE-11-0430
https://doi.org/10.1016/S0278-5846(97)00089-4
https://doi.org/10.1016/S0278-5846(97)00089-4
https://doi.org/10.1111/j.1600-0404.2004.00262.x
https://doi.org/10.1111/j.1600-0404.2004.00262.x
https://doi.org/10.1210/jc.2015-2046
https://doi.org/10.1089/thy.2010.0092
https://doi.org/10.1210/jc.2009-2571
https://doi.org/10.1210/jc.2005-1775
https://doi.org/10.1210/jc.2005-1775


     |  11 of 13ESLAMI-AMIRABADI and SAJJADI

	 41.	 Demartini B, Ranieri R, Masu A, Selle V, Scarone S, Gambini O. 
Depressive symptoms and major depressive disorder in patients 
affected by subclinical hypothyroidism: a cross-sectional study. 
J Nerv Ment Dis. 2014;202:603-607. https://doi.org/10.1097/
NMD.00000​00000​000168

	 42.	 e Silva SO, Chan IT, Lobo Santos MA, et al. Impact of thyroid sta-
tus and age on comprehensive geriatric assessment. Endocrine. 
2014;47:255-265. https://doi.org/10.1007/s1202​0-013-0077-x

	 43.	 Kim J-M, Stewart R, Kim S-Y, et al. Thyroid stimulating hormone, 
cognitive impairment and depression in an older Korean popula-
tion. Psychiatry Investig. 2010;7:264. https://doi.org/10.4306/
pi.2010.7.4.264

	 44.	 Ceresini G, Lauretani F, Maggio M, et al. Thyroid function abnor-
malities and cognitive impairment in the elderly. Results of the 
InCHIANTI study. J Am Geriatr Soc. 2010;57:89-93. https://doi.
org/10.1111/j.1532-5415.2008.02080.x.Thyroid

	 45.	 Beydoun MA, Beydoun HA, Rostant OS, et al. Thyroid hormones 
are associated with longitudinal cognitive change in an urban adult 
population. Neurobiol Aging. 2015;36:3056-3066. https://doi.
org/10.1016/j.neuro​biola​ging.2015.08.002

	 46.	 Beydoun MA, Beydoun HA, Kitner-Triolo MH, Kaufman JS, Evans 
MK, Zonderman AB. Thyroid hormones are associated with cog-
nitive function: moderation by sex, race, and depressive symp-
toms. J Clin Endocrinol Metab. 2013;98:3470-3481. https://doi.
org/10.1210/jc.2013-1813

	 47.	 Rieben C, Segna D, da Costa BR, et al. Subclinical Thyroid 
Dysfunction and the Risk of Cognitive Decline: a Meta-
Analysis of Prospective Cohort Studies. J Clin Endocrinol Metab. 
2016;101:4945-4954. https://doi.org/10.1210/jc.2016-2129

	 48.	 Hu Y, Wang Z, Guo Q, Cheng W, Chen Y. Is thyroid status associated 
with cognitive impairment in elderly patients in China? BMC Endocr 
Disord. 2016;16:11. https://doi.org/10.1186/s1290​2-016-0092-z

	 49.	 Walsh JP, Ward LC, Burke V, et al. Small changes in thyroxine dos-
age do not produce measurable changes in hypothyroid symptoms, 
well-being, or quality of life: Results of a double-blind, randomized 
clinical trial. J Clin Endocrinol Metab. 2006;91:2624-2630. https://
doi.org/10.1210/jc.2006-0099

	 50.	 Yeap BB, Alfonso H, Chubb SAP, et al. Higher free thyroxine levels 
predict increased incidence of dementia in older men: the health in 
men study. J Clin Endocrinol Metab. 2012;97:E2230-E2237. https://
doi.org/10.1210/jc.2012-2108

	 51.	 Bégin ME, Langlois MF, Lorrain D, Cunnane SC. Thyroid function 
and cognition during aging. Curr Gerontol Geriatr Res. 2008;2008:1-
11. https://doi.org/10.1155/2008/474868

	 52.	 Bremner AP, Feddema P, Leedman PJ, et al. Age-related changes 
in thyroid function: a longitudinal study of a community-based 
cohort. J Clin Endocrinol Metab. 2012;97:1554-1562. https://doi.
org/10.1210/jc.2011-3020

	 53.	 Hogervorst E, Huppert F, Matthews FE, Brayne C. Thyroid func-
tion and cognitive decline in the MRC cognitive function and age-
ing study. Psychoneuroendocrinology. 2008;33:1013-1022. https://
doi.org/10.1016/j.psyne​uen.2008.05.008

	 54.	 Forti P, Olivelli V, Rietti E, et al. Serum thyroid-stimulating hor-
mone as a predictor of cognitive impairment in an elderly cohort. 
Gerontology. 2012;58:41-49. https://doi.org/10.1159/00032​4522

	 55.	 Tan TS, Beiser A, Vasan RS, et al. Thyroid function and the risk 
of Alzheimer disease: The framingham study. Arch Intern Med. 
2008;168:1514-1520.

	 56.	 de Jong FJ, Masaki K, Chen H, et al. Thyroid function, the risk 
of dementia and neuropathologic changes: The Honolulu-Asia 
Aging Study. Neurobiol Aging. 2009;30:600-606. https://doi.
org/10.1016/j.neuro​biola​ging.2007.07.019

	 57.	 Castellano C-A, Laurin D, Langlois M-F, et al. Thyroid function and 
cognition in the euthyroid elderly: A case-control study embedded 
in quebec longitudinal study - nuage. Psychoneuroendocrinology. 

2013;38:1772-1776. https://doi.org/10.1016/j.psyne​
uen.2013.02.013

	 58.	 Booth T, Deary IJ, Starr JM. Thyroid stimulating hormone, free 
thyroxine and cognitive ability in old age: The Lothian birth cohort 
study 1936. Psychoneuroendocrinology. 2013;38:597-601. https://
doi.org/10.1016/j.psyne​uen.2012.07.018

	 59.	 Laurent C, Capron J, Quillerou B, et al. Steroid-responsive en-
cephalopathy associated with autoimmune thyroiditis (SREAT): 
Characteristics, treatment and outcome in 251 cases from the 
literature. Autoimmun Rev. 2016;15:1129-1133. https://doi.
org/10.1016/j.autrev.2016.09.008

	 60.	 Furszyfer J, Kurland LT, McConahey WM, Woolner LB, Elveback 
LR. Epidemiologic aspects of Hashimoto’s thyroiditis and Graves’ 
disease in rochester, minnesota (1935–1967), with special refer-
ence to temporal trends. Metabolism. 1972;21:197-204. https://
doi.org/10.1016/0026-0495(72)90041​-8

	 61.	 Surks MI, Hollowell JG. Age-specific distribution of serum thy-
rotropin and antithyroid antibodies in the U.S. population: 
Implications for the prevalence of subclinical hypothyroidism. J Clin 
Endocrinol Metab. 2007;92:4575-4582. https://doi.org/10.1210/
jc.2007-1499

	 62.	 Leyhe T, Müssig K, Weinert C, et al. Increased occurrence of 
weaknesses in attention testing in patients with Hashimoto’s 
thyroiditis compared to patients with other thyroid illnesses. 
Psychoneuroendocrinology. 2008;33:1432-1436. https://doi.
org/10.1016/j.psyne​uen.2008.08.009

	 63.	 Müssig K, Künle A, Säuberlich A-L, et al. Thyroid peroxidase anti-
body positivity is associated with symptomatic distress in patients 
with Hashimoto’s thyroiditis. Brain Behav Immun. 2012;26:559-
563. https://doi.org/10.1016/j.bbi.2012.01.006

	 64.	 Bianchi GP, Zaccheroni V, Solaroli E, et al. Health-related quality 
of life in patients with thyroid disorders: A study based on Short-
Form 36 and Nottingham Health Profile Questionnaires. Qual 
Life Res. 2004;13:45-54. https://doi.org/10.1023/B:QURE.00000​
15315.35184.66

	 65.	 Ott J, Promberger R, Kober F, et al. Hashimoto’s thyroiditis affects 
symptom load and quality of life unrelated to hypothyroidism: a 
prospective case-control study in women undergoing thyroid-
ectomy for Benign Goiter. Thyroid. 2011;21:161-167. https://doi.
org/10.1089/thy.2010.0191

	 66.	 Leyhe T, Ethofer T, Bretscher J, et al. Low performance in atten-
tion testing is associated with reduced grey matter density of the 
left inferior frontal gyrus in euthyroid patients with Hashimoto’s 
thyroiditis. Brain Behav Immun. 2013;27:33-37. https://doi.
org/10.1016/j.bbi.2012.09.007

	 67.	 Quinque EM, Karger S, Arélin K, Schroeter ML, Kratzsch J, 
Villringer A. Structural and functional MRI study of the brain, cog-
nition and mood in long-term adequately treated Hashimoto’s thy-
roiditis. Psychoneuroendocrinology. 2014;42:188-198. https://doi.
org/10.1016/j.psyne​uen.2014.01.015

	 68.	 Litmeier S, Prüss H, Witsch E, Witsch J. Initial serum thyroid per-
oxidase antibodies and long-term outcomes in SREAT. Acta Neurol 
Scand. 2016;134:452-457. https://doi.org/10.1111/ane.12556

	 69.	 Napthali K, Boyle M, Tran H, et al. Thyroid antibodies, autoim-
munity and cognitive decline: is there a population-based link? 
Dement Geriatr Cogn Dis Extra. 2014;4:140-146. https://doi.
org/10.1159/00036​2716

	 70.	 Regal PJ. Antithyroid antibodies, cognition and instrumen-
tal activities of daily living in the elderly. Int J Geriatr Psychiatry. 
2012;27:1317-1318. https://doi.org/10.1002/gps.3767

	 71.	 Davies T, Marians R, Latif R. The TSH receptor reveals itself. J Clin 
Invest. 2002;110:161-164. https://doi.org/10.1172/JCI02​16234

	 72.	 Moodley K, Botha J, Raidoo DM, Naidoo S. Immuno-localisation of 
anti-thyroid antibodies in adult human cerebral cortex. J Neurol Sci. 
2011;302:114-117. https://doi.org/10.1016/j.jns.2010.11.027

https://doi.org/10.1097/NMD.0000000000000168
https://doi.org/10.1097/NMD.0000000000000168
https://doi.org/10.1007/s12020-013-0077-x
https://doi.org/10.4306/pi.2010.7.4.264
https://doi.org/10.4306/pi.2010.7.4.264
https://doi.org/10.1111/j.1532-5415.2008.02080.x.Thyroid
https://doi.org/10.1111/j.1532-5415.2008.02080.x.Thyroid
https://doi.org/10.1016/j.neurobiolaging.2015.08.002
https://doi.org/10.1016/j.neurobiolaging.2015.08.002
https://doi.org/10.1210/jc.2013-1813
https://doi.org/10.1210/jc.2013-1813
https://doi.org/10.1210/jc.2016-2129
https://doi.org/10.1186/s12902-016-0092-z
https://doi.org/10.1210/jc.2006-0099
https://doi.org/10.1210/jc.2006-0099
https://doi.org/10.1210/jc.2012-2108
https://doi.org/10.1210/jc.2012-2108
https://doi.org/10.1155/2008/474868
https://doi.org/10.1210/jc.2011-3020
https://doi.org/10.1210/jc.2011-3020
https://doi.org/10.1016/j.psyneuen.2008.05.008
https://doi.org/10.1016/j.psyneuen.2008.05.008
https://doi.org/10.1159/000324522
https://doi.org/10.1016/j.neurobiolaging.2007.07.019
https://doi.org/10.1016/j.neurobiolaging.2007.07.019
https://doi.org/10.1016/j.psyneuen.2013.02.013
https://doi.org/10.1016/j.psyneuen.2013.02.013
https://doi.org/10.1016/j.psyneuen.2012.07.018
https://doi.org/10.1016/j.psyneuen.2012.07.018
https://doi.org/10.1016/j.autrev.2016.09.008
https://doi.org/10.1016/j.autrev.2016.09.008
https://doi.org/10.1016/0026-0495(72)90041-8
https://doi.org/10.1016/0026-0495(72)90041-8
https://doi.org/10.1210/jc.2007-1499
https://doi.org/10.1210/jc.2007-1499
https://doi.org/10.1016/j.psyneuen.2008.08.009
https://doi.org/10.1016/j.psyneuen.2008.08.009
https://doi.org/10.1016/j.bbi.2012.01.006
https://doi.org/10.1023/B:QURE.0000015315.35184.66
https://doi.org/10.1023/B:QURE.0000015315.35184.66
https://doi.org/10.1089/thy.2010.0191
https://doi.org/10.1089/thy.2010.0191
https://doi.org/10.1016/j.bbi.2012.09.007
https://doi.org/10.1016/j.bbi.2012.09.007
https://doi.org/10.1016/j.psyneuen.2014.01.015
https://doi.org/10.1016/j.psyneuen.2014.01.015
https://doi.org/10.1111/ane.12556
https://doi.org/10.1159/000362716
https://doi.org/10.1159/000362716
https://doi.org/10.1002/gps.3767
https://doi.org/10.1172/JCI0216234
https://doi.org/10.1016/j.jns.2010.11.027


12 of 13  |     ESLAMI-AMIRABADI and  SAJJADI

	 73.	 Kaya M, Cermik TF, Bedel D, Kutucu Y, Tuglu C, Yigitbasi ÖN. 
Assessment of alterations in regional cerebral blood flow in 
patients with hypothyroidism due to Hashimoto’s thyroiditis. J 
Endocrinol Invest. 2007;30:491-496. https://doi.org/10.1007/
BF033​46333

	 74.	 Piga M, Serra A, Deiana L, et al. Brain perfusion abnormalities in 
patients with euthyroid autoimmune thyroiditis. Eur J Nucl Med 
Mol Imaging. 2004;31:1639-1644. https://doi.org/10.1007/s0025​
9-004-1625-7

	 75.	 Zettinig G, Asenbaum S, Fueger BJ, et al. Increased prevalence 
of sublinical brain perfusion abnormalities in patients with auto-
immune thyroiditis: evidence of Hashimoto’s encephalitis? Clin 
Endocrinol (Oxf). 2003;59:637-643.

	 76.	 Tanaka M, Sakaguchi M, Yagita Y, et al. Thyroid antibodies are 
associated with stenotic lesions in the terminal portion of the in-
ternal carotid artery. Eur J Neurol. 2014;21:867-873. https://doi.
org/10.1111/ene.12397

	 77.	 Shi Z, Zhang X, Chen Z, Liebeskind DS, Lou M. Elevated thyroid 
autoantibodies and intracranial stenosis in stroke at an early age. 
Int J Stroke. 2014;9:735-740. https://doi.org/10.1111/ijs.12177

	 78.	 Shah NH, Khandelwal P, Gordon-Perue G, et al. Acute thyrotoxi-
cosis of Graves disease associated with moyamoya vasculopathy 
and stroke in Latin American women: a case series and review 
of the literature. World Neurosurg. 2016;92:95-107. https://doi.
org/10.1016/j.wneu.2016.04.122

	 79.	 Cho H-J, Kim S-S, Sung S-M, Jung D-S. Impact of thyroid auto-
antibodies on functional outcome in patients with acute ischemic 
stroke. J Stroke Cerebrovasc Dis. 2014;23:1915-1920. https://doi.
org/10.1016/j.jstro​kecer​ebrov​asdis.2014.02.008

	 80.	 Müssig K, Leyhe T, Holzmüller S, et al. Increased prevalence of 
antibodies to central nervous system tissue and gangliosides 
in Hashimoto’s thyroiditis compared to other thyroid illnesses. 
Psychoneuroendocrinology. 2009;34:1252-1256. https://doi.
org/10.1016/j.psyne​uen.2009.03.011

	 81.	 Oide T, Tokuda T, Yazaki M, et al. Anti-neuronal autoantibody in 
Hashimoto’s encephalopathy: Neuropathological, immunohisto-
chemical, and biochemical analysis of two patients. J Neurol Sci. 
2004;217:7-12. https://doi.org/10.1016/j.jns.2003.08.005

	 82.	 Gini B, Laura L, Riccardo C, et al. Novel autoantigens recognized 
by CSF IgG from Hashimoto’s encephalitis revealed by a pro-
teomic approach. J Neuroimmunol. 2008;196:153-158. https://doi.
org/10.1016/j.jneur​oim.2008.02.015

	 83.	 Kokkotou E, Marafelia P, Mantzos EI, Tritos NA. Serum mono-
cyte chemoattractant protein-1 is increased in chronic autoim-
mune thyroiditis. Metabolism. 2002;51:1489-1493. https://doi.
org/10.1053/meta.2002.34717

	 84.	 Karanikas G, Schuetz M, Wahl K, et al. Relation of anti-TPO au-
toantibody titre and T-lymphocyte cytokine production patterns 
in Hashimoto’s thyroiditis. Clin Endocrinol (Oxf). 2005;63:191-196. 
https://doi.org/10.1111/j.1365-2265.2005.02324.x

	 85.	 Guclu F, Ozmen B, Kirmaz C, et al. Down-regulation of the auto-
aggressive processes in patients with hypothyroid Hashimoto’s 
thyroiditis following substitutive treatment with L-thyroxine. 
Eur Cytokine Netw. 2009;20:27-32. https://doi.org/10.1684/
ecn.2009.0147

	 86.	 Hamilton RT, Rettberg JR, Mao Z, et al. Hippocampal respon-
siveness to 17β-estradiol and equol after long-term ovariectomy: 
Implication for a therapeutic window of opportunity. Brain Res. 
2011;1379:11-22. https://doi.org/10.1016/j.brain​res.2011.01.029

	 87.	 Drutel A, Archambeaud F, Caron P. Selenium and the thyroid gland: 
more good news for clinicians. Clin Endocrinol (Oxf). 2013;78:155-
164. https://doi.org/10.1111/cen.12066

	 88.	 Jansen J, Friesema ECH, Milici C, Visser TJ. Thyroid hormone 
transporters in health and disease. Thyroid. 2005;15:757-768. 
https://doi.org/10.1089/thy.2005.15.757

	 89.	 Gagliardi L, Nataren N, Feng J, et al. Allan-Herndon-Dudley syn-
drome with unusual profound sensorineural hearing loss. Am J 
Med Genet Part A. 2015;167:1872-1876. https://doi.org/10.1002/
ajmg.a.37075

	 90.	 Panicker V, Saravanan P, Vaidya B, et al. Common variation in the 
DIO2 gene predicts baseline psychological well-being and re-
sponse to combination thyroxine plus triiodothyronine therapy in 
hypothyroid patients. J Clin Endocrinol Metab. 2009;94:1623-1629. 
https://doi.org/10.1210/jc.2008-1301

	 91.	 Luo M, Zhou X, Zou T, Keyim K, Dong L. Type II deiodinase poly-
morphisms and serum thyroid hormone levels in patients with mild 
cognitive impairment. Genet Mol Res Mol Res. 2015;14:5407-5416. 
https://doi.org/10.4238/2015.May.22.10

	 92.	 Brent GA. Mechanisms of thyroid hormone action. J Clin Invest. 
2012;122:3035-3043. https://doi.org/10.1172/JCI60047

	 93.	 Cheng SY, Leonard JL, Davis PJ. Molecular aspects of thyroid 
hormone actions. Endocr Rev. 2010;31:139-170. https://doi.
org/10.1210/er.2009-0007

	 94.	 Puymirat J, Miehe M, Marchand R, Sarlieve L, Dussault JH. 
Immunocytochemical localization of thyroid hormone recep-
tors in the adult rat brain. Thyroid. 1991;1:173-184. https://doi.
org/10.1089/thy.1991.1.173

	 95.	 Ianculescu AG, Friesema ECH, Visser TJ, Giacomini KM, Scanlan 
TS. Transport of thyroid hormones is selectively inhibited 
by 3-iodothyronamine. Mol Biosyst. 2010;6:140. https://doi.
org/10.1039/b926588k

	 96.	 Zucchi R, Accorroni A, Chiellini G. Update on 3-iodothyronamine 
and its neurological and metabolic actions. Front Physiol. 
2014;5:402. https://doi.org/10.3389/fphys.2014.00402

	 97.	 Chiellini G, Bellusci L, Sabatini M, Zucchi R. Thyronamines and 
analogues – the route from rediscovery to translational research 
on thyronergic amines. Mol Cell Endocrinol. 2017;458:149-155. 
https://doi.org/10.1016/j.mce.2017.01.002

	 98.	 Rutigliano G, Accorroni A, Zucchi R. The case for TAAR1 as a 
modulator of central nervous system function. Front Pharmacol. 
2018;8:987. https://doi.org/10.3389/fphar.2017.00987

	 99.	 Laurino A, Landucci E, Raimondi L. Central effects of 
3-iodothyronamine reveal a novel role for mitochondrial mono-
amine oxidases. Front Endocrinol (Lausanne). 2018;9:290. https://
doi.org/10.3389/fendo.2018.00290

	100.	 Alzoubi KH, Gerges NZ, Aleisa AM, Alkadhi KA. Levothyroxin 
restores hypothyroidism-induced impairment of hippocampus-
dependent learning and memory: Behavioral, electrophysiological, 
and molecular studies. Hippocampus. 2009;19:66-78. https://doi.
org/10.1002/hipo.20476

	101.	 López-Juárez A, Remaud S, Hassani Z, et al. Thyroid hormone sig-
naling acts as a neurogenic switch by repressing Sox2 in the adult 
neural stem cell niche. Cell Stem Cell. 2012;10:531-543. https://doi.
org/10.1016/j.stem.2012.04.008

	102.	 Kapoor R, Desouza LA, Nanavaty IN, Kernie SG, Vaidya VA. 
Thyroid hormone accelerates the differentiation of adult hip-
pocampal progenitors. J Neuroendocrinol. 2012;24:1259-1271. 
https://doi.org/10.1111/j.1365-2826.2012.02329.x

	103.	 Kapoor R, van Hogerlinden M, Wallis K, et al. Unliganded thy-
roid hormone receptor alpha1 impairs adult hippocampal neuro-
genesis. FASEB J. 2010;24, 4793-4805. https://doi.org/10.1096/
fj.10-161802

	104.	 Montero-Pedrazuela A, Venero C, Lavado-Autric R, et al. 
Modulation of adult hippocampal neurogenesis by thyroid hor-
mones: Implications in depressive-like behavior. Mol Psychiatry. 
2006;11:361-371. https://doi.org/10.1038/sj.mp.4001802

	105.	 Picou F, Fauquier T, Chatonnet F, Flamant F. A bimodal influence 
of thyroid hormone on cerebellum oligodendrocyte differentia-
tion. Mol Endocrinol. 2012;26:608-618. https://doi.org/10.1210/
me.2011-1316

https://doi.org/10.1007/BF03346333
https://doi.org/10.1007/BF03346333
https://doi.org/10.1007/s00259-004-1625-7
https://doi.org/10.1007/s00259-004-1625-7
https://doi.org/10.1111/ene.12397
https://doi.org/10.1111/ene.12397
https://doi.org/10.1111/ijs.12177
https://doi.org/10.1016/j.wneu.2016.04.122
https://doi.org/10.1016/j.wneu.2016.04.122
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.02.008
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.02.008
https://doi.org/10.1016/j.psyneuen.2009.03.011
https://doi.org/10.1016/j.psyneuen.2009.03.011
https://doi.org/10.1016/j.jns.2003.08.005
https://doi.org/10.1016/j.jneuroim.2008.02.015
https://doi.org/10.1016/j.jneuroim.2008.02.015
https://doi.org/10.1053/meta.2002.34717
https://doi.org/10.1053/meta.2002.34717
https://doi.org/10.1111/j.1365-2265.2005.02324.x
https://doi.org/10.1684/ecn.2009.0147
https://doi.org/10.1684/ecn.2009.0147
https://doi.org/10.1016/j.brainres.2011.01.029
https://doi.org/10.1111/cen.12066
https://doi.org/10.1089/thy.2005.15.757
https://doi.org/10.1002/ajmg.a.37075
https://doi.org/10.1002/ajmg.a.37075
https://doi.org/10.1210/jc.2008-1301
https://doi.org/10.4238/2015.May.22.10
https://doi.org/10.1172/JCI60047
https://doi.org/10.1210/er.2009-0007
https://doi.org/10.1210/er.2009-0007
https://doi.org/10.1089/thy.1991.1.173
https://doi.org/10.1089/thy.1991.1.173
https://doi.org/10.1039/b926588k
https://doi.org/10.1039/b926588k
https://doi.org/10.3389/fphys.2014.00402
https://doi.org/10.1016/j.mce.2017.01.002
https://doi.org/10.3389/fphar.2017.00987
https://doi.org/10.3389/fendo.2018.00290
https://doi.org/10.3389/fendo.2018.00290
https://doi.org/10.1002/hipo.20476
https://doi.org/10.1002/hipo.20476
https://doi.org/10.1016/j.stem.2012.04.008
https://doi.org/10.1016/j.stem.2012.04.008
https://doi.org/10.1111/j.1365-2826.2012.02329.x
https://doi.org/10.1096/fj.10-161802
https://doi.org/10.1096/fj.10-161802
https://doi.org/10.1038/sj.mp.4001802
https://doi.org/10.1210/me.2011-1316
https://doi.org/10.1210/me.2011-1316


     |  13 of 13ESLAMI-AMIRABADI and SAJJADI

	106.	 Tripathi RB, Rivers LE, Young KM, Jamen F, Richardson WD. NG2 
glia generate new oligodendrocytes but few astrocytes in a mu-
rine experimental autoimmune encephalomyelitis model of demy-
elinating disease. J Neurosci. 2010;30:16383-16390. https://doi.
org/10.1523/JNEUR​OSCI.3411-10.2010

	107.	 Kang SH, Fukaya M, Yang JK, Rothstein JD, Bergles DE. NG2+ 
CNS glial progenitors remain committed to the oligodendrocyte 
lineage in postnatal life and following neurodegeneration. Neuron. 
2010;68:668-681. https://doi.org/10.1016/j.neuron.2010.09.009

	108.	 Tousson E, Ibrahim W, Arafa N, Akela MA. Monoamine concentra-
tions changes in the PTU-induced hypothyroid rat brain and the 
ameliorating role of folic acid. Hum Exp Toxicol. 2012;31:282-289. 
https://doi.org/10.1177/09603​27111​405863

	109.	 Horikoshi S, Miura I, Kunii Y, et al. Hashimoto encephalopathy 
with high plasma monoamine metabolite levels: a case report. 
Neuropsychiatr Dis Treat. 2017;13:1043. https://doi.org/10.2147/
NDT.S131356

	110.	 Brenowitz WD, Han F, Kukull WA, Nelson PT. Treated hypothyroid-
ism is associated with cerebrovascular disease but not Alzheimer’s 
disease pathology in older adults. Neurobiol Aging. 2018;62:64-71. 
https://doi.org/10.1016/j.neuro​biola​ging.2017.10.004

	111.	 Nelson PT, Katsumata Y, Nho K, et al. Genomics and CSF analyses 
implicate thyroid hormone in hippocampal sclerosis of aging. Acta 
Neuropathol. 2016;132:841-858. https://doi.org/10.1007/s0040​
1-016-1641-2

	112.	 Accorroni A, Giorgi FS, Donzelli R, et al. Thyroid hormone levels in 
the cerebrospinal fluid correlate with disease severity in euthyroid 
patients with Alzheimer’s disease. Endocrine. 2017;55:981-984. 
https://doi.org/10.1007/s1202​0-016-0897-6

	113.	 Sjöberg S, Eriksson M, Werner S, Bjellerup P, Nordin C. L-thyroxine 
treatment in primary hypothyroidism does not increase the content 
of free triiodothyronine in cerebrospinal fluid: A pilot study. Scand 
J Clin Lab Invest. 2011;71:63-67. https://doi.org/10.3109/00365​
513.2010.541931

	114.	 de Jong FJ, den Heijer T, Visser TJ, et al. Thyroid hormones, demen-
tia, and atrophy of the medial temporal lobe. J Clin Endocrinol Metab. 
2006;91:2569-2573. https://doi.org/10.1210/jc.2006-0449

	115.	 Schreckenberger MF, Egle UT, Drecker S, et al. Positron emis-
sion tomography reveals correlations between brain metabolism 
and mood changes in hyperthyroidism. J Clin Endocrinol Metab. 
2006;91:4786-4791. https://doi.org/10.1210/jc.2006-0573

	116.	 Miao Q, Zhang S, Guan YH, et al. Reversible changes in brain 
glucose metabolism following thyroid function normalization in 
hyperthyroidism. AJNR Am J Neuroradiol. 2011;32:1034-1042. 
https://doi.org/10.3174/ajnr.A2449

	117.	 Zhang W, Song L, Yin X, et al. Grey matter abnormalities in un-
treated hyperthyroidism: A voxel-based morphometry study using 

the DARTEL approach. Eur J Radiol. 2014;83:e43-e48. https://doi.
org/10.1016/j.ejrad.2013.09.019

	118.	 Bauer M, Silverman DHS, Schlagenhauf F, et al. Brain glucose me-
tabolism in hypothyroidism: a positron emission tomography study 
before and after thyroid hormone replacement therapy. J Clin 
Endocrinol Metab. 2009;94:2922-2929. https://doi.org/10.1210/
jc.2008-2235

	119.	 Zhang Q, Bai Z, Gong Y, et al. Monitoring glutamate levels in the 
posterior cingulate cortex of thyroid dysfunction patients with 
TE-averaged PRESS at 3T. Magn Reson Imaging. 2015;33:774-778. 
https://doi.org/10.1016/j.mri.2015.03.004

	120.	 Mendes-de-Aguiar CBN, Alchini R, Decker H, Alvarez-Silva M, 
Tasca CI, Trentin AG. Thyroid hormone increases astrocytic glu-
tamate uptake and protects astrocytes and neurons against glu-
tamate toxicity. J Neurosci Res. 2008;86:3117-3125. https://doi.
org/10.1002/jnr.21755

	121.	 Zhu D-F, Wang Z-X, Zhang D-R, et al. fMRI revealed neural sub-
strate for reversible working memory dysfunction in subclin-
ical hypothyroidism. Brain. 2006;129:2923-2930. https://doi.
org/10.1093/brain/​awl215

	122.	 Gujski M, Pinkas J, Witczak M, Owoc A, Bojar I. Models of cogni-
tive functions with respect to selected parameters of functional 
state of the thyroid gland in post-menopausal women. Endokrynol 
Pol. 2017;68:290-298. https://doi.org/10.5603/EP.2017.0022

	123.	 Rapp SR, Legault C, Henderson VW, et al. Subtypes of mild cog-
nitive impairment in older postmenopausal women: The women 
s health initiative memory study. Alzheimer Dis Assoc Disord. 
2010;24:248-255. https://doi.org/10.1097/WAD.0b013​e3181​
d715d5

	124.	 Juárez-Cedillo T, Basurto-Acevedo L, Vega-García S, et al. 
Prevalence of thyroid dysfunction and its impact on cognition 
in older mexican adults: (SADEM study). J Endocrinol Invest. 
2017;40:945-952. https://doi.org/10.1007/s4061​8-017-0654-6

	125.	 Szlejf C, Suemoto CK, Santos IS, et al. Thyrotropin level and cog-
nitive performance: Baseline results from the ELSA-Brasil Study. 
Psychoneuroendocrinology. 2017;2018:152-158. https://doi.
org/10.1016/j.psyne​uen.2017.10.017

How to cite this article: Eslami-Amirabadi M, Sajjadi SA. The 
relation between thyroid dysregulation and impaired 
cognition/behaviour: An integrative review. J 
Neuroendocrinol. 2021;33:e12948. https://doi.org/10.1111/
jne.12948

https://doi.org/10.1523/JNEUROSCI.3411-10.2010
https://doi.org/10.1523/JNEUROSCI.3411-10.2010
https://doi.org/10.1016/j.neuron.2010.09.009
https://doi.org/10.1177/0960327111405863
https://doi.org/10.2147/NDT.S131356
https://doi.org/10.2147/NDT.S131356
https://doi.org/10.1016/j.neurobiolaging.2017.10.004
https://doi.org/10.1007/s00401-016-1641-2
https://doi.org/10.1007/s00401-016-1641-2
https://doi.org/10.1007/s12020-016-0897-6
https://doi.org/10.3109/00365513.2010.541931
https://doi.org/10.3109/00365513.2010.541931
https://doi.org/10.1210/jc.2006-0449
https://doi.org/10.1210/jc.2006-0573
https://doi.org/10.3174/ajnr.A2449
https://doi.org/10.1016/j.ejrad.2013.09.019
https://doi.org/10.1016/j.ejrad.2013.09.019
https://doi.org/10.1210/jc.2008-2235
https://doi.org/10.1210/jc.2008-2235
https://doi.org/10.1016/j.mri.2015.03.004
https://doi.org/10.1002/jnr.21755
https://doi.org/10.1002/jnr.21755
https://doi.org/10.1093/brain/awl215
https://doi.org/10.1093/brain/awl215
https://doi.org/10.5603/EP.2017.0022
https://doi.org/10.1097/WAD.0b013e3181d715d5
https://doi.org/10.1097/WAD.0b013e3181d715d5
https://doi.org/10.1007/s40618-017-0654-6
https://doi.org/10.1016/j.psyneuen.2017.10.017
https://doi.org/10.1016/j.psyneuen.2017.10.017
https://doi.org/10.1111/jne.12948
https://doi.org/10.1111/jne.12948

