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Thyroid hormone is essential for normal brain development
including structures critical for visual processing. While chick
and rodent models have demonstrated abnormal visual develop-
ment following prenatal thyroid hormone loss, comparable data
do not exist in the human. To determine whether human infants
with intrauterine and early postnatal thyroid hormone insuffi-
ciencies have compromised visual abilities, we investigated con-
trast sensitivity and visual acuity development in 13 infant
offspring of women with hypothyroidism during pregnancy
(HYPO), 16 preterm infants born between 32 and 35 weeks
gestation, 12 infants with congenital hypothyroidism (CH), and
20 typically developing infants. All were assessed with the sweep
visual evoked potential technique at 3, 4.5, and 6 months (cor-
rected) age. Results showed significantly reduced contrast sen-
sitivity but normal visual acuity in HYPO and CH groups relative
to controls (p � 0.003 and p � 0.05 respectively). Stratification
of the HYPO group into subgroups based on maternal TSH levels
during the first half of pregnancy revealed lower contrast sensi-

tivities for infants whose mothers’ TSH values were above than
below the median (p � 0.05). In the CH group, those with an
absent thyroid gland and/or a newborn TSH value above 200
mIU/L had lower contrast sensitivities than did those with other
etiologies or TSH levels below 100 mIU/L (p � 0.05). There
were no significant effects involving the preterm group. These
results indicate that thyroid hormone is important for human
visual development. (Pediatr Res 57: 902–907, 2005)

Abbreviations
CH, congenital hypothyroidism
COD, coefficient of determination
HSC, The Hospital for Sick Children
HYPO, maternal hypothyroidism
PREM, preterm birth
TH, thyroid hormone
VEP, visual evoked potential

Thyroid hormone (TH) is essential for normal brain devel-
opment (1). A lack of TH during fetal or early postnatal life is
associated with specific brain damage. This includes abnormal
neuronal proliferation and migration (2,3), decreased dendritic
densities and synaptic profiles (4), impaired synaptic transmis-
sion (5), and reduced myelination (6). TH acts by regulating
specific brain genes (7) through the formation of a nuclear recep-

tor complex (8), which serves to up- or down-regulate specific
genes (9) via a variety of signaling mechanisms (10,11). Because
TH-regulated gene activity varies spatially and temporally in the
brain (12), different types of deficits will follow from a loss of TH
at different stages of development (13,14).
In the retina, TH is needed (15–17) for the differentiation of

cones versus rods (18,19), specific cone subtypes (20), and
retinal oligodendrocyte precursor cells (21) and for the pro-
duction of essential proteins (22,23). Animal models demon-
strate that when TH is lacking at a particular time prenatally,
visual development and functioning will be impaired (20).
Although comparable evidence is not available on humans,
visual processing deficits in children with prenatal or neonatal
TH insufficiencies (24,25) suggest that the human visual sys-
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tem may also be vulnerable to an early lack of TH
insufficiency.
Even though negative feedback regulation of the fetal thy-

roid by the hypothalamus and pituitary does not commence
until midgestation (26), the presence of TH receptors in human
fetal brain tissue in the first trimester (27) suggests that TH is
probably needed well before the fetal thyroid is functional. TH
of maternal origin is evident in coelomic fluid from the start of
pregnancy (28), and by the end of pregnancy, maternal TH may
still account for as much as 30% of the fetal TH supply (29).
Maternal hypothyroidism, congenital hypothyroidism (CH),
and preterm birth, which represent conditions involving an
insufficient TH supply, allow one to assess the impact of
insufficient TH on the developing visual system. In maternal
hypothyroidism, the effects are most salient in early pregnancy,
when the fetus’s own TH supply is not yet available (30).
Correlations between maternal TH levels in early pregnancy
and the child’s subsequent outcome signify that adequate levels
of maternal TH are necessary for normal offspring neurodevel-
opment (31,32). Because children with CH do not produce
enough TH on their own and the mother’s thyroid cannot fulfill
all of their third-trimester TH needs, they may experience TH
insufficiency in the latter part of gestation (33). Also, because
these children lack TH postnatally until replacement hormone
takes effect (34), they may manifest further cognitive deficits
(35). Children who are born preterm, who have a severed
maternal thyroid supply before their own glands are fully
competent (36), may exhibit low TH levels at birth, and these
remain low or even decline ex utero (37,38). Low TH levels in
preterm infants have also been associated with later suboptimal
neurodevelopment (39,40).
In this article, we describe how a lack of TH during preg-

nancy or early life affects children’s contrast sensitivity and
visual acuity development. These core visual abilities were
chosen because of their different developmental trajectories
(41), and they are differentially compromised in certain pedi-
atric conditions (42–44). We hypothesized that because ma-
ternal hypothyroidism, CH, and preterm birth each involve a
different time period of TH insufficiency, they may have a
different impact on contrast sensitivity and visual acuity
development.

METHODS

Three groups of infants with TH insufficiency and typically developing
control subjects were tested at 3, 4.5, and 6 mo (corrected) age at The Hospital
for Sick Children (HSC; Toronto, Ontario, Canada). Testers were masked to
infant group status. Prior to testing, informal consent was obtained from all
parents who received a full debriefing of procedures in accordance with the
Declaration of Helsinki. The Research Ethics Board at HSC formally approved
all procedures.

Participants. From an original sample of 102 infants tested once minimally,
74 infants who participated in all three sessions were considered for this study.
All of their mothers had a normal pregnancy, delivery, and, except for the
preterm group, a full-term pregnancy. All children were free of neonatal or
birth complications or neonatal disease (except for hypothyroidism in the CH
group). From a total of 74 infants who fit these criteria, an additional 13 were
eliminated because mothers reported taking medications for other illnesses
during pregnancy (e.g. fluvoxamine for depression; n � 6), children took
medications for illnesses in infancy (n � 4), and technical difficulties (e.g.
software malfunction) or children were fussy and noncompliant (n � 3). The
final sample size of 61 infants included 13 offspring of hypothyroid women

(HYPO), 12 with CH, 16 who were born preterm (PREM), and 20 control
subjects.

The HYPO group was recruited from data sheets for the period from April
1999 to October 2000 of the Motherisk Clinic, which provides antenatal
counseling on the risks of maternal illnesses, medications, and substances of
abuse to the fetus. All mothers had called this clinic to inquire about hypo-
thyroidism predating (n � 10) or acquired during (n � 3) pregnancy. Although
all were treated with L-thyroxine, their dosages were generally insufficient
because all had raised TSH levels in the first and/or second trimester (45), and
a few also had elevated TSH levels throughout pregnancy. The CH group
consisted of infants who were identified through the Ontario newborn screen-
ing program between January 2000 and December 2001 on the basis of a TSH
value �20 mIU/L (mean � 150.5 mIU/L; range � 20–400) at 2–3 d of life
(46). Except for two children who were treated by a local pediatric endocri-
nologist, all were followed in the Endocrine Clinic at HSC and received an
initial replacement therapy dose of ~10 �g/kg L-thyroxine at a median age of
9 d (range � 6–25 d). Technetium scanning identified five with athyreosis, five
with an ectopic gland, and two with dyshormonogenesis. The PREM group
was born between September 2000 and May 2001 at 32–35 wk gestation in the
level II nursery of Sunnybrook and Women’s College Health Sciences Centre
in Toronto. All were screened to be free of any gross neonatal complications
(e.g. prematurity, bronchopulmonary dysplasia, intraventricular hemorrhage).
Control subjects had normal TSH levels at birth and were born to women with
no signs of hypothyroidism during pregnancy. For eight control infants,
mothers were recruited from a local obstetrician, who measured their TSH
levels at 12 wk of pregnancy (range � 1.15–2.14 mIU/L). The remaining 12
control infants were born between May and December 2000 at Sunnybrook
and Women’s College Health Sciences Centre and were recruited from the
level I neonatal nursery monthly birth lists, which had been previously
screened by a neonatologist (E.A.) to be free of neonatal or perinatal compli-
cations. Of the families listed, ~25% who lived in the central Toronto area were
invited to participate, and of these, ~20% agreed to participate in the study.

Sweep visual evoked potentials. Visual evoked potentials (VEPs) (47) were
measured using the International 10–20 system (48). Active electrodes were
placed over the infant’s scalp at O1, OZ, and O2, and at CZ (reference) and Pz
(ground). The analogue electroencephalograph signal was amplified using a
Grass Model 12 Data Acquisition System. Analogue to digital signal conver-
sion, data acquisition, and stimulus presentation all were controlled using the
PowerDiva (49) software system. The sweep VEP technique estimated contrast
sensitivity and grating acuity by tracking the amplitude of the steady-state
evoked response to a black-and-white sine wave (striped) grating, which
increased in contrast or spatial frequency. Thresholds were determined by
performing a linear regression over a range of increasing or decreasing
response values to zero amplitude.

During testing, each infant sat on his or her parent’s lap 70 cm from a 17”
(43 cm) monochrome video monitor. Black and white gratings changed in
contrast or spatial frequency over the course of a 10-s interval. Gratings were
phase-reversed 12 times per second (modulation frequency � 6 Hz) and
subtended a visual angle of 21° by 21°. Mean luminance was 105 cd/m2. A
small toy, which was dangled ~2 cm from the screen, served to direct the
infant’s attention to the monitor.

For each infant, three to five thresholds were obtained per session. Sweep
ranges were age appropriate (50), and order of conditions was randomized. To
be scorable, all evoked responses had to meet the following criteria: 1) average
amplitude of the response frequency exceeded noise by a factor of three (51);
2) phase of response was constant or synchronized with stimulus onset, or
phase could lag progressively as spatial frequency increased or as contrast
decreased (52); and 3) the peak amplitude of the signal was significantly above
zero at the p � 0.05 level using the circular T2 statistic (52), which tests the
consistency of the amplitude and phase of the averaged responses.

For deriving the dependent variables, thresholds were fitted with a negative
exponential function (41) y � ce�ax, where y equals contrast sensitivity and x
equals spatial frequency (Fig. 1). Four variables were obtained per session: 1)
peak sensitivity (c) or the highest log contrast sensitivity; 2) the high spatial
frequency roll-off (a) or rate at which contrast sensitivity is reduced as spatial
frequency increases; 3) coefficient of determination (COD) or the fit of the
negative exponential model; and 4) grating acuity (acuity limit of the contrast
sensitivity function) obtained in the 80% spatial frequency condition. Because
the COD distribution was heavily skewed, this variable was transformed (53)
whereby y � 2arcsine(�p), where p was the infant’s COD score.

Eye examination. Eye examinations involved undilated retinoscopy using
the Mohindra technique, an approach that shows good correlation to dilated
measurement (54). Mean sphere equivalent and cylindrical error were mea-
sured at one of the infant’s three visits. Fundus ophthalmoscopy showed no
abnormality in any infants.

Data analyses. VEP data were analyzed using a mixed-model repeated-
measures ANOVA with groups as the between-subjects variable and age as the

903THYROID HORMONE AND CONTRAST SENSITIVITY



within-subjects variable, with repeated-measures analyses using the Green-
house and Geisser adjustment. Significant group main effects were analyzed
using pairwise F tests with controls. T tests served to compare subgroups of
infants.

RESULTS

Demographic information. Groups did not differ in sex
distribution (Table 1) or maternal or socioeconomic status
(data not shown). Except for CH, no differences in newborn
TSH levels were seen. For the subgroup of HYPO mothers
with TSH information, significantly elevated levels (p � 0.01)
compared with control subjects were observed.
Between-group analyses.Mean log peak contrast sensitivity

scores ranged from 1.75 to 2.2 log units. ANOVA revealed a
significant main effect of Group (F � 3.62, df � 3,57, p �
0.018), which reflected the reduced peak contrast sensitivities
for HYPO and CH relative to control subjects (F � 9.36, df �
1,32, p � 0.003; and F � 4.08, df � 1,31, p � 0.04,
respectively). For HYPO, the difference was ~0.20 log units
and for CH was 0.15 log units. There were no effects of age or
group � age interaction. Figure 2 shows that after 3 mo of age,
peak contrast sensitivity values did not change.
Table 2 presents the groups’ roll-off and visual acuity pa-

rameters. For roll-off, only age was significant (F � 4.68, df �
1.9, 110, p � 0.01), which reflected a generalized increase at
higher spatial frequencies. This effect was somewhat larger
between 4.5 and 6 mo of age than between 3 and 4.5 mo
(means across groups: 3 mo � �0.59 � 0.03; 4.5 mo � �0.61
� 0.04; 6 mo � �0.52 � 0.04). An effect of age was also
observed for visual acuity (F � 22.9, df � 1.9, 111.2, p �
0.001), reflecting a linear increase in acuity between 3 and 6
mo of age (F � 41.5, df � 1,57, p � 0.001). Although the
group main effect and interactions were not significant for

PREM, these infants showed a trend toward mildly reduced
visual acuity (p � 0.065) at 6 mo of age (see Table 2).
For COD, all effects were significant. The age effect (F �

5.16, df � 1.9, 113, p � 0.007) reflected a linear increase in r2

with age (F � 6.27, df � 1,57, p � 0.015). The group effect
(F � 3.29, df � 3,57, p � 0.03) and group � age interaction
(F � 2.2, df � 5.9, 113.2, p � 0.048) reflected the lower COD
scores by HYPO and CH (but not PREM) relative to controls
(see Fig. 3). This effect was particularly evident at 3 mo of age
(HYPO: F � 4.37, df � 1,32, p � 0.04; CH: F � 18.19, df �
1,31, p � 0.001). The poorer fit of the data to the curve for
HYPO and CH groups reflected their reduced contrast sensi-
tivity at the low spatial frequency end of the function (data not
shown). These results therefore signify that the data of 3-mo-
old children in the HYPO and CH groups did not adequately fit
the exponential model of the contrast sensitivity function. A
similar trend was also noted at 4.5 mo for the CH group (F �
3.11, df � 1,31, p � 0.08).
Within-group analyses. To determine whether factors

within the HYPO and CH groups contributed to reduced peak
contrast sensitivities, we used a median split procedure. Infants

Figure 1. Sample contrast sensitivity function.

Table 1. Demographic characteristics of clinical and control groups (SDs)

Factor
HYPO
(n � 13)

CH
(n � 12)

PREM
(n � 16)

Control
(n � 20)

Maternal TSH (first/second trimester) 5.72 (1.87) 1.55 (0.41)
Maternal free thyroxine 14.52 (1.16)
% Male 46.2 50 40 51.4
Screening TSH (infants) 6.19 (0.63) 157.8 (32.7) 4.03 (0.73) 4.14 (0.45)

Figure 2. Mean peak contrast sensitivity values by group and age. Results are
presented as log peak sensitivities in cycles per degree. HYPO (n � 13; �);
CH (n � 12; ); PREM (n � 16; ); and control subjects (n � 20; □).

Table 2. Mean roll-off parameter and grating acuity by age in
clinical and control groups

Factor
HYPO
(n � 13)

CH
(n � 12)

PREM
(n � 16)

Control
(n � 20)

Roll-off parameter
3 mo �0.533 �0.591 �0.640 �0.605
4.5 mo �0.577 �0.560 �0.639 �0.643
6 mo �0.471 �0.519 �0.589 �0.521

Grating acuity
3 mo 6.70 6.07 6.66 7.12
4.5 mo 7.30 7.20 6.66 7.39
6 mo 8.86 8.81 7.70 9.02
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in the HYPO group were stratified into subgroups on the basis
of mothers’ mean TSH values (range: 3.28–7.83 mIU/L) dur-
ing the first and/or second trimester of pregnancy. The more
severe group had mothers with TSH values between 5.53 and
7.83 mIU/L, and the less severe subgroup had mothers with
values �5.53 mIU/L. ANOVA revealed a significant group �
age interaction (F � 3.94, df � 2,22, p � 0.05) but no
independent effects of group or age with the interaction reflect-
ing an increase with age in peak sensitivity in the less severe
group and the opposite trend for the more severe group (see
Fig. 4). A similar set of analyses on COD scores revealed no
effects, suggesting that the fit of the negative exponential curve
is insensitive to severity of maternal thyroid disease. Finally,
an identical analysis stratifying those with available data in the
HYPO group according to maternal free thyroxine levels dur-
ing pregnancy yielded no significant group differences.
The CH group was stratified by the child’s initial hypothy-

roidism severity, with the more severe subgroup consisting of
six infants with either athyreosis or TSH �200 mIU/L and the
less severe subgroup with a lingual gland or dyshormonogen-
esis and having TSH values �100 mIU/L. A one-tailed t-test
revealed that these groups differed significantly in log peak

sensitivity, reflecting the lower scores at 6 mo of age of the
more severe CH subgroup (1.8 versus 2.08; t � 2.62, df � 11,
p � 0.05) (Fig. 5). There were no differences in COD scores
(Fig. 5).
Refractive Error. To determine whether contrast sensitivity

effects could be explained by optical factors, we also compared
groups as to sphere equivalent and cylindrical errors. Refrac-
tive errors (Table 3) were not different among the groups.
Values are comparable to those reported in another study of
typically developing infants.

DISCUSSION

Present findings support our hypothesis of differences from
normal in contrast sensitivity and visual acuity development in
children of hypothyroid mothers, children with CH, and chil-
dren who were born preterm at low risk. We found that
compared with typically developing children, 3- to 6-mo-old
infants whose mothers had preexisting or de novo hypothyroid-
ism in pregnancy or who themselves had CH showed reduced
contrast sensitivity at low spatial frequencies. In contrast,
children who were born preterm (between 32 and 35 wk
gestation) had normal contrast sensitivity but showed a trend
toward weaker visual acuity. Children of hypothyroid women
had large contrast sensitivity deficits when mothers had high
TSH levels in the first half of pregnancy, as did children who
had CH and an absent thyroid gland or very elevated TSH
levels at birth. In both groups, the fit of the contrast sensitivity
function was abnormal at 3 mo of age (and persisted until 4.5
mo in the CH group), suggesting an additional transient loss of
sensitivity at the lowest spatial frequencies.
These findings therefore signify that adequate levels of TH

are needed throughout pregnancy to ensure normal contrast
sensitivity development, particularly at low spatial frequencies.
Because the maternal hypothyroid group had the strongest
deficit of the three clinical groups, adequate TH seems espe-
cially necessary during early pregnancy. Children with severe
CH also showed reduced contrast sensitivity (but to a lesser
degree than HYPO), indicating that TH is additionally needed
during the third trimester for proper development. The normal
maternal TH contribution in the CH group was not enough to
offset their fetal thyroid hormone insufficiency because many

Figure 3. Mean COD scores by group and age. Because the COD distribution
was heavily skewed, this variable was transformed, whereby y � 2arcsine(�p),
where p was the infant’s COD score. HYPO (53) (n � 13; �); CH (n � 12; ??);
PREM (n � 16; ??); and control subjects (n � 20; □).

Figure 4. Contrast sensitivities by severity of maternal hypothyroidism. �,
more severe group (n � 7); ??, less severe (n � 6) group.

Figure 5. Contrast sensitivities by severity of congenital hypothyroidism. �,
more severe group (n � 6); ??, less severe group (n � 6).
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children had elevated TSH levels at birth. Children with less
severe CH had primarily postnatal hypothyroidism and attained
normal contrast sensitivity functioning, suggesting that con-
trast sensitivity does not seem to be vulnerable to a postnatal
lack of TH.
Preterm infants who were born between 32 and 35 wk

gestation had typical contrast sensitivity development but had
mildly weaker visual acuity. Rooman et al. (37) suggested that
the fetal thyroid is able to assume adequate function and has
less need for maternal supplementation after 33 wk gestation.
Because even the youngest preterm infants in our study (i.e. 32
wk gestation) showed no deficits, these infants likely had
sufficient TH for the normal development of contrast sensitiv-
ity. Indeed, “low-risk” preterm infants have better acuity rel-
ative to age-matched term infants (55), possibly as a result of
their greater visual experience. Because all groups displayed
age-appropriate refractive error, observed differences in acuity
cannot be attributed to optical factors.
According to Norcia et al. (41), peak contrast sensitivity is

adult-like by 3 mo of age and improves little over the remain-
der of the first year. Our findings on typically developing
infants are similar, showing no major changes in peak contrast
sensitivity between 3 and 6 mo of age. However, there were
contrast sensitivity changes in the HYPO and CH groups
between 3 and 6 mo of age. In both groups, those with the most
severe conditions showed contrast sensitivity reductions at 6
mo, with the less severe infants showing no deficit or some
recovery. This finding suggests that only the severely affected
infants have persisting deficits, whereas those who are less
severely affected manifest only delays in development.
Animal studies have shown that TH is necessary for the

development of primary visual structures—the retina, magno-
cellular neurons in the lateral geniculate nucleus of the thala-
mus, and the primary visual cortex (19)—with timing being
earlier for retina than for thalamus and for thalamus than for
cortex (13). Given that TH is important for neurodevelopmen-
tal processes along this pathway, a lack of TH during these
periods would disrupt such development (13,14). Because the
HYPO group had the most compromised contrast sensitivity,
this suggests that the effects of TH loss on development was
likely disrupted at retinal and/or thalamic levels. Milder defi-
cits in the CH group suggests cortical disruption. Unfortu-
nately, because the VEP represents a cortical response to visual
stimuli (56) and reflects processing along the entire pathway, it
cannot specify the neuroanatomic levels of a deficit. Further
testing using electroretinograms and developmental visual marker
tasks (57,58) may serve to identify affected neuroanatomic sites.

Although this is the first study of its kind to compare models
of human TH insufficiency at a basic functional level, it is
limited for several reasons. Our small sample sizes may have
reduced the ability to detect differences on variables other than
peak contrast sensitivity and so not allow for in-depth analysis
of within-group differences. A median split procedure that was
used to stratify infants into more versus less severely affected
subgroups did not permit determination of the TSH levels that
define impairment or the critical period for deficits to occur.
Because most mothers were under the care of family doctors
and clinical community endocrinologists, who measured TSH
mainly and at varying intervals and frequencies, we were not
able to control when exactly thyroid hormones were measured.
Subanalyses that are based on TSH values may not be ideal
because TSH does not predict later infant outcome as well as
does free thyroxine (48). Finally, because the sweep VEP is not
ideal for estimating results of individual subjects, conclusions
about timing effects for specific cases were limited.
Nevertheless, our results do demonstrate that adequate levels

of TH are necessary throughout pregnancy for normal human
contrast sensitivity development. Although the critical period
extends throughout gestation, insufficient TH during early
pregnancy produces a strong and persisting contrast sensitivity
deficit. The clinical relevance of present findings awaits further
testing (currently ongoing) that will determine specific cogni-
tive dysfunctions. Given previous findings that showed subop-
timal visuospatial and visuomotor abilities in thyroid-
insufficient infants, these particular abilities may be dependent
on normal contrast sensitivity functioning.

CONCLUSION

In conclusion, present findings suggest that TH is definitely
necessary for human visual development, and some effects of
TH loss during pregnancy may manifest in structures that are
critical for visual processing.
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Table 3. Refractive error results of clinical and control groups

Variable
HYPO
(n � 13)

CH
(n � 12)

PREM
(n � 16)

Control
(n � 20)

Sphere equivalent
Mean 2.11 1.48 1.79 1.84
SD 0.77 1.01 1.10 1.20

Cylindrical error
Mean 0.717 0.650 0.846 0.563
SD 0.421 0.709 0.608 0.549
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