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Background: Given thyroid hormone (TH)’s essential role 
in multiple aspects of early brain development, children with 
congenital hypothyroidism (CH) detected and treated early 
may still display subtle cognitive and behavioral impairments 
as well as brain abnormalities. However, effects on their corti-
cal development are not yet known. We used an automated 
neuroimaging technique to determine if these children differ 
in cortical thickness (CT) from typically developing controls 
(TDC) and if the regions showing CT differences reflect severity 
of initial hypothyroidism and predict later neuropsychological 
functioning.
Methods: FreeSurfer Image Analysis Suite was used on 
archived MRI scans from 41 CH and 42 TDC children aged 9–16 
y. Vertex-based procedures were used to compare groups and 
perform correlations between CT and indices of disease sever-
ity and neuropsychological outcome.
Results: The CH group showed multiple regions of corti-
cal thinning or cortical thickening within right and left hemi-
spheres relative to TDC. CT values were significantly correlated 
with early T4 and thyroid-stimulating hormone (TSH) levels 
and current neuropsychological test indices.
Conclusion: The developing cortex is sensitive to early TH 
loss in CH. Different patterns of cortical thinning or cortical 
thickening among brain regions may reflect timing of TH defi-
ciency relative to timing of cortical development.

Congenital hypothyroidism (CH) is a pediatric endocrine 
disorder that affects ~1 in 2,500 newborns (1) and is 

caused by a perinatal lack of thyroid hormone (TH). CH arises 
from abnormal development or function of the thyroid gland 
that produces TH or in a small proportion of cases, a defect in 
the hypothalamus or pituitary, which regulate the thyroid (2). 
Because TH is critical for many aspects of early brain devel-
opment, CH was formerly a leading cause of mental retarda-
tion due to its long period before diagnosis and treatment 
(3). Since the advent of newborn screening, most affected yet 
asymptomatic children are now diagnosed and treated right 
after birth. However, they are still at risk for suboptimal devel-
opment due to their brief period of TH deficiency. A consider-
able body of research on these children has shown that they 

have reduced IQ (3), poor school performance (4), behavior 
problems (5), and mild to moderate cognitive difficulties in 
language, visuospatial, sensorimotor, memory, and attention 
areas (6).

Rodent models of early hypothyroidism have been instru-
mental in pinpointing the specific manifestations of early TH 
deficiency within the developing brain. When TH is missing, 
fundamental neurobiological processes such as neurogenesis, 
neuronal migration, synaptogenesis, and myelination develop 
atypically (7), while structures such as hippocampus (8), stria-
tum (9), and cortex (10,11) are abnormal. Within the cortex, a 
late gestational/early postnatal TH insufficiency is associated 
with disturbed corticogenesis due to abnormal asymmetric 
division of neurons migrating toward the cortical surface (12). 
Since this aspect of corticogenesis gives rise to the particular 
cytoarchitectural feature known as cortical thickness (CT), it 
is possible that this may also be abnormal in children with CH.

Advances in neuroimaging now make it possible to evalu-
ate human cortical morphology. A commonly used tool is 
FreeSurfer Image Analysis Suite (Laboratory for Computational 
Neuroimaging, Martinos Center for Biomedical Imaging, 
Charlestown, MA), which via a set of automated algorithms, 
precisely reproduces gray/white and pial surfaces and mea-
sures CT by the distance between corresponding vertices on 
both surfaces (13). Research using this technique has shown 
distinct CT abnormalities in various pediatric conditions 
including autism (14), prematurity (15), attention deficit 
hyperactivity disorder (ADHD) (16), and fetal alcohol spec-
trum disorder (17).

Previously, we reported that children with CH show struc-
tural and/or functional abnormalities of the hippocam-
pus (18,19) but their cortex was not investigated. Therefore, 
we performed FreeSurfer (Laboratory for Computational 
Neuroimaging, Martinos Center for Biomedical Imaging) 
analyses on archived MRI scans of CH and typically develop-
ing control (TDC) groups. Our goals were to (i) identify brain 
regions where groups differed in CT, (ii) evaluate the rela-
tionships between patterns of cortical thinning or thickening 
and CH severity, and (iii) examine the relationships between 
CT and cognitive abilities in CH. We hypothesized that the 
CH group will exhibit distinct CT abnormalities that will be 
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associated both with severity of initial hypothyroidism and 
current weaknesses in neuropsychological functioning.

RESULTS
Demographic, Neuropsychological, and Biomedical Results
Table  1 presents demographic and neuropsychological test 
findings of CH and TDC groups. Groups did not differ in 
age, sex, handedness, socioeconomic status, or intracranial, 
gray matter, white matter, or cerebrospinal fluid volumes. CH 
scored significantly below TDC on the Wechsler Abbreviated 
Scale of Intelligence (WASI) Full Scale IQ, Vocabulary, and 
Matrix Reasoning (20) but not on the Rey-Osterrieth Complex 
Figure Test (REY-O) (21).
Table 2 contains biomedical data for the CH group. Findings 

revealed a mean ± SD thyroxine value at diagnosis (T4dx) of 
58.9 ± 39.4 nmol/l, which is in the hypothyroid range (nor-
mal range = 65.0–165 nmol/l). Their thyroid stimulating hor-
mone levels at diagnosis (TSHdx) were well above normal 
(median  =  265.1 mU/l; normal range  =  0.5–5.0 mU/l) and 

quite variable (range = 14.5–1,182 mU/l), with two cases hav-
ing TSHdx values above 1,000 mU/l. Most children began 
treatment within 2 wk of birth (median = 13 d; range = 7–63 d) 
and their mean ± SD starting dose of L-T4 was 10.38 ± 1.35 µg/
kg, with 71% of dosages above 10 µg/kg/day.

Cortical Morphometry Results
Table  3 lists the regions that differentiated CH and TDC 
groups while Figure 1 provides their CT-difference maps. As 
per heat bars, regions showing significant thinning in CH (i.e., 
CH<TDC) are depicted in blue and significant thickening, in 
red (CH>TDC). These results are based on 41 CH cases and 42 
TDC since one CH child’s scan was excluded due to excessive 
motion.

Relative to TDC, CH demonstrated significant thinning 
in four left- and seven right-hemisphere regions. These were 
located in: (i) frontal and temporal poles and superior fron-
tal gyri bilaterally, (ii) superior parietal gyrus of the left hemi-
sphere, and (iii) middle frontal gyrus and sulcus, inferior 
temporal gyrus, and precuneus of the right hemisphere. In 
contrast, CH demonstrated significant thickening relative to 
TDC in the left central sulcus, supramarginal sulcus, calcarine 
sulcus, and occipital pole and the right medial orbitofrontal 
and middle and superior occipital sulci. Most regions showing 
thinning in CH were gyri, whereas all regions showing thick-
ening were sulci.

Effects of Early Disease Indices
Table  4 presents the significant correlations between CT 
and T4dx while Figure 2 presents brain maps showing sig-
nificant correlations with T4dx. Figure 3 also shows sample 
positive and negative correlations for left lateral fissure and 
right posctentral gyrus respectively. Note that in brain-map 
figures of correlations, colors are based on heat bars and rep-
resent strength and direction of the correlation, not degree of 
thinning/thickening (as in Figure 1). Since a low T4dx value 
signifies severe hypothyroidism and a higher value, normal-
to-near normal TH levels, regions shown in red (positive 
correlation) indicate the cortex is thinner than normal when 
hypothyroidism was more severe and regions in blue (nega-
tive correlation), a thicker than normal cortex. The follow-
ing regions were thinner among the CH children with lower 
T4dx values (positive correlation): superior frontal gyrus 
bilaterally, cingulate gyrus, lateral fissure posterior segment, 
and superior temporal gyrus of the left hemisphere, and rec-
tus gyrus and inferior parietal gyrus of the right hemisphere. 
In contrast, the following regions were thicker when T4dx 
values were low (negative correlation): left middle frontal 
sulcus and calcarine sulcus and right postcentral gyrus and 
inferior temporal sulcus.
Table  5 shows opposite effects for TSHdx, which when 

high signifies severe hypothyroidism. Thus in Figure 4, red 
indicates regions of increased thickening with more severe 
hypothyroidism and blue, regions of increased thinning. 
Figure  5 additionally provides sample correlations for a 
region showing thickening and one showing thinning. Only 

Table 1.  Mean (± SD) demographic and neuropsychological test 
data for CH and control groups

CH group  
(n = 42)

Control group 
(n = 42) P value

Age (years) 12.4 ± 1.8 12.0 ± 1.6 ns

Sex (males) 20 20 ns

Socioeconomic  
status levela

1.9 ± 0.92 2.0 ± 0.94 ns

Handedness (% RH)b 83 88 ns

Intracranial volume 1,709.6 ± 179.0c 1,735.8 ± 188.0 ns

Gray matter volume 847.8 ± 96.0c 869.4 ± 84.5 ns

White matter volume 428.0 ± 56.8c 420.3 ± 45.4 ns

Cerebrospinal fluid 
volume

433.8 ± 98.7c 446.1 ± 131.5 ns

IQ 105.5 ± 10.1 115.8 ± 9.8 0.000

WASI vocabulary 10.8 ± 2.3 13.2 ± 2.5 0.000

WASI matrix reasoning 11.1 ± 1.8 12.2 ± 1.6 0.004

REY-O copyd −0.421 ± 1.1 −0.178 ± 1.0 ns

REY-O delayedd −0.980 ± 1.2 −0.538 ± 1.0 ns

REY-O, Rey-Osterrieth Complex Figure Test; WASI, Wechsler Abbreviated Scale of 
Intelligence.
aRange = 1 (highest) to 5 (lowest). bHandedness of one CH and two controls were 
unknown. cn = 41 as one CH scan was excluded from analyses due to excessive motion. 
dCH group, n = 41; control group, n = 38.

Table 2.  Congenital hypothyroidism group’s biomedical data at time 
of diagnosis

Value Range
Normal 
range

T4dx (nmol/l)a 58.9 ± 39.4 8–161 65–165

TSHdx (mU/l)b 265.1 14.47–1181.9 (107–536c) 0.5–5.0

Age (days) at start 
of treatmenta

16.8 ± 13.3 7–63 —

Starting dose (µg/kg)a 10.38 ± 1.35 8.33–13.5 —
aData presented as mean ± SD. bData presented as median. cIntraquartile range.
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Table 3.  FreeSurfer findings showing regions significantly differentiating CH and control groups in cortical thicknessa

Hemisphere Lobe/region Structure
Talairach 

coordinates (x,y,z) # vertices Size (mm2) P value

CH < Control

Left Frontal Rostral middle frontal sulcus (frontal pole) −21, 56, −1 142 108.6 0.0002

Frontal Superior frontal gyrus −7, 12.5, 53 128 69.0 0.0072

Parietal Superior parietal gyrus −12, −57, 57 170 73.8 0.0044

Temporal Temporal pole −32, −3, −31.5 118 60.1 0.0204

Right Frontal Middle frontal gyrus 38, 50, −4 126 99.6 0.0004

Frontal Middle frontal sulcus 33, 31, 28 153 80.3 0.0016

Frontal Superior frontal gyrus 9, 25, 52 290 135.7 0.0002

Frontal Frontal pole 18, 57, 10 144 119.4 0.0002

Parietal Precuneus 6, −59, 53 186 75.7 0.0034

Temporal Temporal pole 34, −3, −36 173 99.3 0.0004

Temporal Inferior temporal gyrus 56.5, −50, −11 74 57.4 0.0406

CH > Control

Left Central Central sulcus −35, −25, 45 178 57.9 0.0252

Occipital Calcarine sulcus −14, −67, 10.5 94 56.3 0.0306

Occipital Pericalcarine sulcus (occipital pole) −15, −92, −1 90 75.1 0.0040

Parietal Inferior parietal (supramarginal sulcus) −44, −23, 22 138 57.6 0.0264

Right Frontal Medial orbitofrontal sulcus 14, 27, −19 110 58.8 0.0334

Occipital Middle occipital sulcus 28, −83, 7 171 114.3 0.0002

Occipital Superior occipital sulcus 27, −64, 27 308 144.4 0.0002
CH, congenital hypothyroidism.
aSignificance is at the P ≤ 0.05 level.

Figure 1.  FreeSurfer (Laboratory for Computational Neuroimaging, Martinos Center for Biomedical Imaging, Charlestown, MA) difference map for 
cortical thickness. Red tones denote regions where congenital hypothyroidism (CH) participants are thicker relative to typically developing controls 
(TDC). Blue shades denote regions where CH participants are thinner relative to TDC. Left hemisphere lateral (a) and medial (b) views; right hemisphere 
lateral (c) and medial (d) views. A P value of ≤0.05 was used for statistical significance.
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two regions were found to be thinner when TSHdx values 
were higher signifying more severe hypothyroidism: right 
middle frontal sulcus and right parieto-occipital sulcus 
(Figure 5). In contrast, 16 regions were found to be thicker 

in CH than controls (Table  5): left paracentral gyrus (3 
regions), precentral gyrus, superior frontal gyrus (Figure 5), 
cingulate sulcus, calcarine sulcus, intraparietal sulcus, and 
temporal pole and right superior frontal gyrus (3 regions), 

Table 4.  Regions showing significant correlations between T4 at diagnosis and cortical thicknessa

Hemisphere Lobe/region Structure
Talairach 

coordinates (x,y,z) # vertices Size (mm2) P value

T4 positively correlated with CT

Left Frontal Superior frontal gyrus −15, 19, 52 91 56.6 0.0220

Frontal/Parietal Cingulate gyrus −5, 4, 30 158 56.9 0.0216

Occipital/Parietal Lateral fissure (posterior segment) −41, −37, 20.5 236 89.3 0.0006

Temporal Superior temporal gyrus −51, 5, −17 91 76.5 0.0016

Right Frontal Rectus gyrus 7, 51, −16 91 57.5 0.0214

Frontal Superior frontal gyrus 8, −3, 55 124 65.3 0.0074

Parietal Inferior parietal gyrus (angular) 41, −60, 43 143 70.5 0.0040

T4 negatively correlated with CT

Left Frontal Middle frontal sulcus −27, 45, 4 153 89.2 0.0006

Occipital Calcarine sulcus −15, −91, 4 73 59.0 0.0158

Right Parietal Postcentral gyrus 56.5, −13, 37 211 84.1 0.0008

Temporal Inferior temporal sulcus 51, −55, 2 102 57.7 0.0210

CH, congenital hypothyroidism; CT, cortical thickness.
aPositive correlation indicates lower T4 (more severe CH) at diagnosis leads to thinning of cortical regions listed, negative correlation indicates lower T4 at diagnosis leads to thickening. 
P value for significance is <0.05.

Figure 2.  Correlation with T4 at diagnosis. Left hemisphere lateral (a) and medial (b) views; right hemisphere lateral (c) and medial (d) views; red tones 
indicate regions of thinning with low T4dx; blue shades show regions of thickening when child was more hypothyroid (i.e., T4dx was lower).
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cingulate sulcus, middle occipital gyrus, postcentral gyrus, 
and superior temporal sulcus.

In addition, a subgroup analysis compared athyrosis (n = 13) 
and ectopic (n = 20) etiologic subgroups; the dyshormonogen-
esis subgroup was not included due to its small number of cases. 
Results revealed that the right occipital pole was significantly 
thinner in the athyrotic group (P = 0.0002). Conversely, these 

children showed thickening in diverse regions of both hemi-
spheres relative to those with ectopic glands (see Figure 6): left 
middle frontal gyrus (P = 0.049) and collateral transverse sul-
cus (P = 0.026) and right occipito-temporal gyrus (two regions, 
P = 0.009 and P = 0.003), superior occipital gyrus (P = 0.0002), 
intraparietal sulcus (P  =  0.0066), and inferior parietal gyrus 
(P = 0.015).

Figure 3.  Sample positive (a) and negative (b) correlations showing regions that were thinner (red) or thicker (blue) when T4dx values were lower. Figure 
on left is of left lateral fissure posterior segment (−41 −37 20.5), 236 vertices, P = 0.0006; figure on right is of right postcentral gyrus (56.5 −13 37), 211 
vertices, P = 0.0008. Horizontal axis shows children’s T4 values at diagnosis (lower = worse); vertical axis shows cortical thickness in mm.
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Table 5.  Regions showing significant correlations between TSH at diagnosis and cortical thicknessa

Hemisphere Lobe/region Structure
Talairach 

coordinates (x,y,z) # vertices Size (mm2) P value

TSH negatively correlated with CT

Right Frontal Middle frontal sulcus 26.5, 38, 24 100 59.9 0.0150

Occipital/Parietal Parieto-occipital sulcus 21, −66, 29 110 69.5 0.0044

TSH positively correlated with CT

Left Central Paracentral gyrus −4, −36, 60 179 75.1 0.0018

Central Paracentral gyrus −7, −20, 68 159 64.4 0.0086

Central Paracentral gyrus −18, −38, 67 139 60.6 0.0128

Frontal Cingulate sulcus −12, 16.5, 30 287 117.6 0.0002

Frontal Precentral gyrus −31.5, −15, 63 173 73.7 0.0024

Frontal Superior frontal gyrus −7, 20.5, 52 149 79.1 0.0012

Occipital Calcarine sulcus −15, −90, 1 105 84.0 0.0004

Parietal Intraparietal sulcus −20, −60, 36 155 70.5 0.0042

Temporal Temporal pole −32, 12.5, −31 132 68.9 0.0048

Right Frontal Superior frontal gyrus 10, 62, 9 150 113.1 0.0002

Frontal Superior frontal gyrus 11, 52, 28 158 95.7 0.0002

Frontal Superior frontal gyrus 12, 41, 39 104 59.4 0.0156

Frontal/Parietal Cingulate sulcus 11, 6, 35 221 85.8 0.0006

Occipital Middle occipital gyrus 38, −76, 18 94 62.5 0.0106

Parietal Postcentral gyrus 56, −12, 39 236 56.2 0.0006

Temporal Superior temporal sulcus 51, −39, −2 139 63.6 0.0088

CH, congenital hypothyroidism; CT, cortical thickness; TSH, thyroid-stimulating hormone.
aNegative correlation indicates higher TSH (more severe CH) at diagnosis causes thinning of cortical regions listed, positive correlation indicates higher TSH at diagnosis leads to 
thickening; P value for significance is <0.05.
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Correlations With Neuropsychological Test Results
Table  6 lists, for CH children, the significant correlations 
between CT and neuropsychological test results on tasks dif-
ferentiating groups (see Table 1). All correlations were nega-
tive signifying worse performance when cortices were thicker. 
For full-scale IQ, lower scores were associated with thickening 
of the left superior frontal gyrus and rectus gyrus and right 
orbital gyrus, and at a trend level (P < 0.01), left middle fron-
tal, anterior cingulate gyrus, collateral sulcus, and another 

but different region of the right orbital gyrus. Lower WASI 
Vocabulary scores were associated with thickening of the left 
middle and superior frontal gyri, left collateral transverse sul-
cus, and right orbital gyrus. Lower WASI Matrix Reasoning 
scores were associated with thickening of the left middle fron-
tal sulcus, superior frontal gyrus, and collateral sulcus, and 
right precentral sulcus, rectus gyrus, and lingual gyrus and at 
a trend level, another region of the right rectus gyrus and right 
orbital gyrus and paracentral sulcus.

Figure 4.  Correlation with thyroid-stimulating hormone (TSH) at diagnosis. Left hemisphere lateral (a) and medial (b) views; right hemisphere lateral 
(c) and medial (d) views; blue shades indicate regions of thinning with high TSH; red tones indicate regions of thickening when TSH was high.
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Figure 5.  Sample positive (a) and negative (b) correlations showing regions that were thicker (red) or thinner (blue) when child was more hypothyroid 
(i.e., TSHdx was higher). Figure on left is of right superior frontal gyrus (10 62 9), 150 vertices, P = 0.0002; figure on right is of right parieto-occipital sulcus 
(21 −66 29), 110 vertices, P = 0.004. Horizontal axis shows children’s TSH values at diagnosis (higher = worse); vertical axis shows cortical thickness in mil-
limeters. TSH, thyroid-stimulating hormone.
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Figure 6.  Comparison of cortical thickness between athyrotic and ectopic etiology subgroups. Red tones denote regions where athyrotic individuals 
are thicker relative to ectopic and blue shades where they are thinner. Left hemisphere lateral (a) and inferior (b) views; right hemisphere lateral (c) and 
medial (d) views. A P value of ≤0.05 was used for statistical significance.
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Table 6.  Regions showing significant correlations between neuropsychological test results and cortical thickness

Hemisphere
Lobe/ 
region Region

Talairach 
coordinates (x,y,z) # vertices Size (mm2) P value

WASI full-2 IQ score
Left Frontal Anterior cingulate gyrus −6, 33, 8 143 77.3 0.0076

Frontal Middle frontal gyrus −33, 13, 48 110 72.9 0.0116
Frontal Rectus gyrus −7, 31, −21 175 94.5 0.0016
Frontal Superior frontal gyrus −8, 39, 29 153 107.5 0.0004
Temporal Collateral sulcus −42, −33, −15 156 87.5 0.0036

Right Frontal Orbital gyrus 6, 48, −21 206 130.1 0.0004
Frontal Orbital gyrus 37, 46, −6 128 89.2 0.0044

WASI vocabulary scaled score
Left Frontal Middle frontal gyrus −34, 16, 48 170 109.7 0.0002

Frontal Superior frontal gyrus −7, 34, 48 171 113.3 0.0002
Temporal Collateral transverse sulcus −42, −19, −23 465 250.8 0.0002

Right Frontal Orbital gyrus 6, 47, −21 307 205.7 0.0002
WASI matrix reasoning scaled score
Left Frontal Middle frontal sulcus −32, 34, 25 107 76.9 0.0006

Frontal Superior frontal gyrus −7, 35, 28 225 156.5 0.0004
Occipital Collateral sulcus −23, −79, 0 125 104.2 0.0004

Right Central Paracentral sulcus 14, −36, 62 189 70.3 0.0136
Frontal Orbital gyrus 38, 45, −6 107 80.8 0.0044
Frontal Precentral sulcus 27, −8, 58 207 99.8 0.0008
Frontal Rectus gyrus 5, 26, −21 169 76.3 0.0060
Frontal Rectus gyrus 6, 13, −13 282 133.8 0.0004
Occipital Lingual gyrus 7, −75, 3 106 106.5 0.0008

Note: all correlations are negative. P value for significance is <0.05.
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DISCUSSION
Our study sought to determine whether children with CH 
exhibit atypical cortical morphology, specifically abnormal CT, 
and if this reflects early hypothyroidism severity and later cog-
nitive outcome. Compared with normothyroid controls, CH 
showed cortical thinning and cortical thickening in multiple 
regions of both hemispheres. Thinning was confined mainly 
to frontal, parietal, and temporal lobes, whereas thickening 
occurred throughout the cortex and primarily within sulci. 
Some, but not all, regions differentiating groups showed cor-
relations with indices of initial disease severity, as measured 
by T4 and TSH levels at diagnosis, as well as CH etiology. 
Furthermore, cortical thickening of frontal, temporal, and 
occipital regions in CH was associated with poorer cognitive 
outcome.

Cortical thinning was observed in 11 regions of the fron-
tal, parietal, and temporal lobes, primarily gyri or poles. These 
included the superior and middle frontal gyri and frontal pole, 
inferior temporal gyrus and temporal poles, and superior pari-
etal gyrus and precuneus. Most effects were bilateral although 
some were confined to only the left (e.g., superior parietal 
gyrus) or right hemispheres (e.g., inferior temporal gyrus, 
precuneus). Cortical thinning related to initial hypothyroid-
ism severity was seen in frontal and temporal regions, usually 
bilaterally. A comparison of athyrotic and ectopic etiological 
subgroups showed those with athyrosis exhibited greater thin-
ning of the right occipital pole. As this is an early developing 
region (22), this effect may reflect greater availability of TH 
during gestation in the ectopic subgroup whose ectopic gland 
functioned partially vs. the athyrotic group whose gland was 
absent. Current observations on cortical thinning in general 
may be explained by findings from Mohan et al. (12) showing 
rodents with early TH deprivation had abnormal corticogen-
esis which reflected fewer neurons at the cortical plate.

Children with CH also showed cortical thickening in central 
(e.g., left central sulcus) and posterior (e.g., calcarine sulcus, 
middle and superior occipital sulci, occipital pole) regions. In 
contrast to thinning that was affected by perinatal hypothyroid-
ism in only a handful of structures, thickening was observed 
more extensively and in both gyri and sulci. Our findings 
revealed thickening in the cingulate sulci and precentral, para-
central, and postcentral gyri of either or both hemispheres. 
When we examined CH etiology effects, children with athyro-
sis showed diverse thickening across multiple brain regions vs. 
children with ectopic glands. These findings may be attributed 
to the abnormal cortical migration patterns seen in rodents 
rendered hypothyroid gestationally wherein radial migration 
effects were decreased and tangential migration effects were 
increased (7). As some neurons ended up elsewhere than 
destined, certain cortical regions had a reduced number of 
neurons and others nearby, more than the requisite number 
of neurons. This concurs with our finding that CH had thin-
ning in the superior frontal gyrus and thickening in the middle 
frontal sulcus. Current findings are also consistent findings of 
local migration abnormalities in sensorimotor, auditory, and 
visuospatial cortices of TH-deprived rodents (11,23).

Alternatively, increased CT in CH may have arisen from 
disturbances in eliminating transitory ipsi- and contra-lateral 
connections within the cortex because of the lengthened period 
of maturation from their hypothyroidism (24). In other words, 
cortical thickening may represent a more juvenile pattern of 
brain development than seen in TDC. Additionally, some neu-
rons failing to reach the cortical plate may have remained in 
lower layers or even the white matter, thus giving the appear-
ance of an abnormally long—and hence thicker—cortex (11). 
Also, these migrational failures could lead to heterotopias, as 
observed in autism (25), which coincidentally is also associated 
with gestational TH insufficiency (26). Another possibility is 
that increased cortical thickening reflects reduced pruning due 
to attenuated apoptosis or programmed cell death, as seen in 
TH-deficient rodents (12). Moreover, events beyond the time 
of peak hypothyroidism (i.e., right after birth) may also be con-
tributing to findings. For example, the duration of hypothy-
roidism until euthyroidism is achieved may be manifested later 
in infancy when some brain networks are becoming refined 
(27). As with thinning, comparison of athyrotic and ectopic 
subgroups showed differences primarily in posterior regions. 
This may reflect earlier neurodevelopmental effects in gesta-
tion when some TH was available for the ectopic but not athy-
rotic subgroup (6).

Our findings of different association patterns between 
regions showing thinning or thickening and early hypothy-
roidism severity (low T4dx or high TSHdx) may reflect the 
particular developmental stage of a specific structure when 
TH was measured, given nonuniform brain development and 
need for TH within the brain. Since brain development usu-
ally proceeds in a posterior-to-anterior fashion (28) and may 
differ between hemispheres (29), our observation that groups 
differed most and correlations were strongest in frontal regions 
and the right hemisphere may signify these brain regions were 
undergoing maximal development at the time of greatest TH 
deficiency in our sample.

Several explanations may also account for the discrepancies 
in correlations between CT and T4dx vs. TSHdx. First, both 
hormones operate at different levels given that TSH reflects 
availability of hormone within the brain, whereas T4 reflects 
hormone in serum and not necessarily at the neuronal level 
given the number of steps needed to convert T4 to T3 (30) 
and transport T4/T3 across membranes within the brain (31). 
These steps, which can differ among individuals, were not cur-
rently measured.

Incomplete overlap between the group and correlational 
analysis results may reflect that for group analyses, effects 
were somewhat muted by including less affected CH children, 
who are also contributing the large variance seen in the cor-
relational analyses. Since more regions showed thinning in 
the between-group comparisons than correlations with indi-
ces of severity at time of diagnosis (viz., at ~2 wk of life), it 
is possible that other factors such as when the hypothyroid-
ism first appeared or how long it lasted may be accounting for 
the group differences. Because the frontal lobes need TH last 
during development (32), observed frontal thinning in CH 
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may reflect a deficiency of TH long after time of diagnosis but 
before euthyroidism was ultimately achieved. Likewise, more 
posterior effects when etiologic CH subgroups were contrasted 
may reflect the gestational loss of TH experienced by the athy-
rotic subgroup primarily.

It is also possible that the observed CH thinning and thick-
ening may reflect events at time of brain scanning, not infancy, 
including a slower continuous rate of neurodevelopmental 
maturation. Since adolescence is when critical CT changes 
occur that reflect thickening followed by thinning, the CH 
group's effects may reflect their experiencing a potentially 
slower rate of maturation. This could be set in motion by their 
early TH loss or by lengthy periods of low TH between sched-
uled endocrine clinic visits and receiving dose increments. 
Shaw et al. (22) reported a relationship between CT and age 
whereby some cortical regions showed a continuous linear 
increase in CT and others showed a curvilinear relationship 
reflecting thickening followed by thinning. Furthermore, age 
when peak thickening occurred and thinning began was seen 
to differ among brain regions (22) with some as early as age 
6 (right occipital pole) and others as late as age 15 (bilateral 
superior temporal gyrus) or even age 18 (bilateral insula). Our 
diverse effects may therefore reflect what proportion of each 
group is transitioning from a mode of predominantly thicken-
ing to one of predominantly thinning. Interestingly, when we 
conducted a post-hoc analysis using the ages of peak CT cited 
by Shaw et al. (22), those regions where CH showed thicken-
ing relative to TDC were ones with earlier peaks than those 
showing thinning relative to TDC. Consequently for earlier 
developing regions, CH were lagging behind TDC and still 
undergoing thickening, and for later developing regions, they 
had not yet achieved the same degree of thinning as TDC, and 
so appeared thicker.

Several research groups have reported sexual dimor-
phisms in CT for certain regions, although effects are incon-
sistent and differ by brain region (33). Sowell et al. (34), for 
example, reported females had thicker cortices than males in 
right inferior parietal and posterior temporal regions and, to 
a lesser degree, left posterior temporal and left ventral fron-
tal regions; in contrast, males demonstrated greater cortical 
thickening than females in right anterior temporal and orbito-
frontal regions. Because our sample was matched for sex and 
had roughly similar distributions of males and females, it is 
unlikely that sex differences between groups can account for 
our findings. Nevertheless, as recent evidence on rodents sug-
gests the possibility of a sex difference in molecular response to 
TH deficiency within the brains of male vs. female mice (35), 
analyses of sex differences are certainly warranted for future 
CT studies on this population.

Recently, a number of studies using FreeSurfer (Laboratory 
for Computational Neuroimaging, Martinos Center for 
Biomedical Imaging) or a similar tool have been conducted on 
other populations of the same age range as ours. For exam-
ple, cortical thinning was seen in 22q11.2 deletion syndrome 
(36) and autism (14) and cortical thickening in fetal alcohol 

spectrum disorder (17) and ADHD (37) while both thin-
ning and thickening were seen in autism (38), prematurity 
(15), and ADHD (16). Although it is not readily clear what 
accounts for this variation, even within the same disorder, this 
may reflect the particular analytic tool, statistical approach, 
or sample characteristics (e.g., age range, sex composition). 
Nevertheless among these other clinical populations, no clear 
pattern emerges as to when effects of insult (e.g., prenatal, 
postnatal) or onset of disorder (infancy, childhood) affect cor-
tical morphology.

Since the advent of newborn screening, extensive research 
has revealed the early TH deficiency in CH contributes to a 
variety of persisting cognitive deficits in language, sensorimo-
tor, visuospatial, memory, and attention areas. We currently 
observed CT abnormalities in many brain regions known to 
be associated with these abilities. For example, weaknesses in 
sensorimotor skills, which rely on an intact primary somato-
sensory cortex, concur with our findings of cortical thickening 
in the left central sulcus. Similarly, our observation of thinning 
within the left superior parietal gyrus and right precuneus in 
CH is consistent with their visuospatial difficulties (39,40). 
Likewise, CH deficits on lower-order and higher-order visual 
perception tasks (39) may reflect cortical abnormalities in tem-
poral and occipital regions, as indicated by thinning in their 
right inferior temporal region and thickening in their left cal-
carine sulcus and right middle and superior occipital sulcus, 
all of which are known to support visuoperceptual abilities. 
Also, our findings of bilateral cortical thinning in middle and 
superior frontal regions may explain CH weaknesses on work-
ing memory tasks (41).

Limitations
Our sample included a few CH participants who lacked TH 
data and several late-treated cases who were diagnosed out 
of country, missed by the screening program, or assigned 
to wait until T4 levels dropped below normal. Our TDC 
group may have been biased since some particularly inter-
ested in participating in research had higher-than-normal 
functioning while others had an undisclosed problem (e.g., 
past concussion) for which mothers were seeking a free scan. 
Our broad age range may have occurred when marked CT 
changes reflecting thickening followed by thinning took 
place (22); thus some CT variability may be reflecting exactly 
when the child was tested, not the condition. Also, extrane-
ous information (e.g., enrichment) can influence CT results, 
particularly given our findings of larger hippocampi among 
CH children who received music training (42); such influ-
ences were not recorded presently. Although we compared 
only athyrotic and ectopic subgroups given the small number 
of cases with dyshormonogensis, the latter group who tends 
to be treated relatively late, may have been driving some of 
the group results. Additionally, correlations were computed 
only with TSHdx and T4dx and not other indices of earlier 
or later TH loss (e.g., bone age, time to euthyroidism), or 
current TH levels. For TDC, TH data were obtained for only 
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a subset (i.e., participants in one of the three studies), none 
of whom were hypothyroid.

Regarding our methods, we were limited to just a handful 
of tests common across the various studies from which our 
large sample was derived. Consequently, we could not exam-
ine for critical structure-function correlations. In addition, 
FreeSurfer (Laboratory for Computational Neuroimaging, 
Martinos Center for Biomedical Imaging) is limited by 
(i) being a strictly automated technique that can over- or 
underestimate some regions, (ii) using an adult brain atlas 
for regional parcellation when our subjects were pre- or 
early adolescent, and (iii) labelling clusters of peak differ-
ence or correlation separately despite some falling in very 
close proximity. Also, we did not examine for other aspects 
of cortical morphology that may also be sensitive to lack of 
TH such as surface area or gyrification. Results from these 
further analyses will be forthcoming in a future paper.

Conclusion
This study provides novel evidence showing human cortical 
development is definitely compromised by CH. Relative to 
TDC, children with CH were seen to exhibit both cortical thin-
ning and cortical thickening in diverse brain regions subserving 
some of the deficient abilities of this population. Additionally, 
some regions showing abnormal cortical morphology were 
those directly correlated with severity of hypothyroidism at 
diagnosis while increased CT in some brain regions was associ-
ated with poorer neuropsychological outcome. Overall, the cur-
rent research fills a critical knowledge gap by showing that the 
brief but circumscribed period of TH deficiency that children 
with CH still undergo has an impact on their cortical develop-
ment. Moreover, as our findings are consistent with those on 
animals showing abnormalities in asymmetrical division and 
neuronal migration, this offers an explanatory mechanism 
for the suboptimal outcome seen in CH. Directions for future 
research include examining CT differences in all CH etiologies, 
sex differences, exact age and stage of pubertal development at 
time of scanning, as well as other cortical morphology metrics.

METHODS
Participants
The CH group consisted of 42 participants (20 males and 22 
females) from three prior studies, each involving a neuroimaging 
component. Participants ranged in age from 9.3 to 16.8 y and were 
derived from a longitudinal cohort followed since birth or were 
recruited recently from the Endocrine Clinic at The Hospital for 
Sick Children (SickKids). Although the majority of cases were diag-
nosed by the Ontario newborn screening program and treated very 
early in life, a few children were diagnosed out of country and only 
first treated at about 1 mo of age while one Ontario-born boy was 
missed by the newborn screening program and did not start treat-
ment until 62 d. Several others with very mild TSH elevations were 
followed only until their T4 levels fell below normal, and then were 
treated. For most children, medical charts contained the requisite 
information on CH etiology, T4dx and TSHdx, age at treatment 
onset, and initial treatment dose. Thirteen children had athyrosis, 
20 had ectopic glands, and 7 had dyshormonogenesis; etiology was 
unknown in two cases.

The control sample, which originally consisted of 52 participants 
from the same three studies as the CH group, was derived either from 

our longitudinal cohort born 1996 to 2001 or recently recruited by 
local advertising. Eligibility was based on a prescreening telephone 
interview with parents to establish if their child (i) was free of major 
health problems (including an endocrine abnormality), (ii) did not 
have a learning disability, attention disorder, head injury, or a con-
traindication to scanning (e.g., braces or dental implants), and (iii) 
was willing to undergo scanning. Only children whose scans showed 
neither excessive motion nor an incidental finding in the neuroradi-
ologist’s report were included. From these, 42 were selected to match 
those in the CH group for sex and age range.

Procedures for the various studies from that the scans were retrieved 
were approved by the SickKids Research Ethics Board. Informed con-
sent was obtained from parents of all children who participated in 
the studies.

Tests and Measures
All children received a variety of neuropsychological tests, that 
depended on the particular study from which they were ascertained. 
Across studies, the only tests in common were the WASI, based on 
Vocabulary and Matrix Reasoning subtests, and the REY-O. WASI 
Vocabulary assesses expressive word knowledge by having the child 
define words and concepts presented orally or pictorially while WASI 
Matrix Reasoning assesses nonverbal reasoning by requiring the child 
to identify from four choices, one that completes a figure or pattern. 
Scores are given as T-scores (mean = 50; SD = 10) while their com-
bination is converted to a standard score (mean = 100; SD = 15) that 
serves as an approximation of IQ. REY-O requires reproducing a 
complex abstract figure (copy condition) in sight and after a 20-min 
delay (delayed condition); results are given as Z-scores (mean  =  0; 
SD = 1) based on normative data provided. Handedness was recorded 
in all children except one CH and two TDC.

Tests were administered by psychometrists and advanced graduate 
students uniformly trained in the procedures and masked to partici-
pant group.

MRI Acquisition and Analysis
All imaging took place in the 1.5 Tesla GE Signa Excite research 
scanner at SickKids. Total scan time was 1 h per child to allow for 
acquisition of the various sequences for each study, as well as the 
neuroradiological scans. For current purposes, we used an anatomi-
cal Inversion Recovery Prepared T1-weighted FSPGR sequence with 
the following acquisition parameters: repetition time = 10.09 ms, echo 
time = 4.2 ms, inversion time = 400 ms, flip angle = 20°, and acquisi-
tion matrix = 256 × 192 mm. Voxel sizes were 0.9375 × 0.9375 mm and 
slice thickness was 1.5 mm.

Automated cortical reconstruction of the T1-weighted images was 
performed on a Linux Fedora operating system using FreeSurfer ver-
sion 4.4 (Laboratory for Computational Neuroimaging, Martinos 
Center for Biomedical Imaging), which is widely documented and 
freely available online. Processing involved several stages described 
at length (13). Briefly, this included transformation of each subject’s 
native brain into Talairach space, intensity normalization, removal 
of nonbrain tissue, and segmentation of the gray matter/white mat-
ter (GM/WM) tissue. Every cortex was also manually inspected for 
quality control. Cortical thickness was calculated as the shortest dis-
tance between the pial surface and GM/WM boundary at each vertex 
of the entire cortical mantle of each hemisphere. Also provided by 
FreeSurfer (Laboratory for Computational Neuroimaging, Martinos 
Center for Biomedical Imaging) was a measure of intracranial, gray 
matter, white matter, and cerebrospinal fluid volume for each subject.

Data Management and Statistical Plan
We adopted an intent-to-treat model approach, whereby every case 
entered was included. Since only 27 children in the CH group had com-
plete biomedical data, we needed to replace any missing biomedical 
information. We used a systematic multi-facetted approach that approx-
imated each child’s biology from data in his or her medical chart and 
took into account the initial degree of severity, which is known to vary 
by etiology (43). For five cases with a TSHdx but a free T4 instead of 
total T4dx (since the first set of blood tests were obtained at an outside 
lab not SickKids), we estimated their T4dx by computing a total:free T4 
ratio from child’s next SickKids visit and applied this back to the free 
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T4dx value. For six cases with a TSHdx value but neither a total T4 or 
free T4 value at diagnosis (three athyrosis, one dyshormonogenesis, two 
ectopic), we performed regressions between TSHdx and total T4dx for 
all members of each etiological group and then used resulting regression 
parameters to derive total T4 values from child’s TSHdx value. For cases 
lacking both T4 and TSH data (n = 4), we used the child’s etiological 
group mean values, if known (n = 3), or the total sample’s mean values if 
etiology was not known (n = 1).

Chi-square and independent samples t-tests served to compare 
groups for demographic and neuropsychological test results using 
SPSSv21. Although we planned to adjust for age or sex differences 
using covariates, this was not done as these parameters did not signifi-
cantly differentiate groups. MRI data were statistically analyzed within 
FreeSurfer (Laboratory for Computational Neuroimaging, Martinos 
Center for Biomedical Imaging) using a general linear model at the 
vertex-wise level on left and right hemispheres separately. Two-tailed 
t-tests served to compare groups and etiologic subgroups while cor-
relations were performed between regional CT values and biomedical 
(T4dx, TSHdx) and behavioral indices (WASI IQ, Vocabulary, Matrix 
Reasoning, and REY-O Copy and Delayed). A cluster-wise procedure 
using the Monte Carlo Null-Z simulation (44) with 5,000 permuta-
tions was used to correct maps for multiple comparisons; a threshold 
of P < 0.05 was allowed. For all analyses, the Destrieux Atlas was used 
to identify locations of significant clusters (45).
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