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Abstract

Visuospatial processing is accomplished in distinct neuroanatomic pathways. One such pathway, known as the
wherepathway, involves a dorsal route through magnocellular thalamic cells to occipital and parietal cortices and
conveys location and motion information. A second pathway, known awhia¢pathway, involves a ventral route
through parvocellular thalamic cells to occipital and temporal cortices and conveys color and form information. The
wherepathway is thought to be responsible for processing spatial relationships whikhgipathway is

responsible for object identification. Children with early-treated congenital hypothyroidism (CH) who exhibit
selective visuospatial deficits may provide a good model to study the differential development of these pathways.
Because children with CH lacked thyroid hormone at a time when needed by developing brain regions such as the
parietal cortex, these children may be affected to a greater degree on tasks tapeiegut notwhatpathway
processing. We tested this hypothesis via retrospective analysis of their performance on 6 spatial tasks. Compared
were 49 adolescents with CH and 49 matched control participants. On the basis of confirmatory factor analysis,
tasks were assigned to eithehereor whatpathway groupings. A repeated measures ANOVA showed the CH group
was impaired relative to a normal comparison group onlywerepathway tasks. Regression analyses indicated

that severity of early hypothyroidism was the strongest predictaviedfrepathway processing but had no effect on
whatpathway tasks. It is concluded that thyroid hormone is required during late gestation and early life for the
normal development of th&hereaspects of visuospatial processinglNS 2001,7, 556-562.)
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INTRODUCTION that the performance of monkeys on a landmark discrimi-

nation task assessing spatial relations (e.g., choosing the

T_he eX|stt¢r;ce of segregatedfn?laroangtt)or;lcl patr:v;/ays df%rovered food well closer to the tall cylinder) was disrupted
visuospatial processing was Tirst described aimost two e1"ollowing posterior parietal cortex lesions, whereas perfor-

cades ago in studies of primates (Mishkin et al., 1983) an(?nance on a delayed nonmatching-to-sample task assessing

humans with circumscribed brain lesions from stroke OTobject recognition was unaffected; the opposite effects oc-

other injury (De Renzi, 1982; Goodale & Milner, 1992; ; :
. . " curred from inferotemporal cortex lesions. More recently,
Wilson et al., 1997). Such studies demonstrated that mforPET (Haxby et al., 1994; Kosslyn et al., 1990; McIntosh

mation pertaining to object location and motion is pro- et al., 1994) and fMRI studies (Ungerleider, 1995) have

cessed primarily via a dorsal route through the POSIeriop ,htirmed the existence of these pathways in normal adult

parietal lobe, whereas information about object Identlf'ca'humans who use a dorsal route for location information and

tion Is proc;essgd via a ventral route through th'e.strlate COT3 ventral route for object identification (Ungerleider & Mish-
tex to the inferior temporal cortex (Hubel & Livingstone, é(in 1982)

1987). For example, Ungerleider and Mishkin (1982) showe The animal literature additionally reveals visuospatial in-

formation is originally segregated in retinal parasol and

) i i midget cells, which then project spatial or visual informa-
Reprint requests to: Joanne Rovet, Ph.D., Brain and Behavior Pro:

gram, The Hospital for Sick Children, 555 University Avenue, Toronto tion to magnoceI|U|ar (M) or parvocellular (P) cells in the
ON M5G1X8, Canada. E-mail: joanne.rovet@sickkids.on.ca lateral geniculate nucleus (LGN) of the thalamus. Because

556

https://doi.org/10.1017/51355617701755038 Published online by Cambridge University Press


https://doi.org/10.1017/S1355617701755038

Visuospatial processing in congenital hypothyroidism 557

of the unique physiological properties of M and P cells,model to study the differential development of visuospatial
these each convey different kinds of information and theprocessing pathways.
two neuroanatomic pathways have come to be known as the The visuospatial deficits of children with CH reflect
M and P pathways. M cells, which have a much larger retheir lack of thyroid hormone prior to and at the time of
ceptive field than P cells (de Monsasterio & Gouras, 1975pirth (Rovet et al., 1992). From studies of animals, it is
Hubel & Livingstone, 1987), are more sensitive to changeknown that thyroid hormone is essential for a number of
and low contrast frequencies (Derrington & Lennie, 1984),major neurobiological processes (for reviews, see Bernal
whereas P cells being smaller are more sensitive to higl&k Nunez, 1995; Porterfield & Hendrich, 1993) including
spatial contrasts (Merigan & Eskin, 1986). Also, M cells neurogenesis (Nicholson & Altman, 1972), axon and den-
have faster latencies than P cells, whereas P cells are bettarite formation (Legrand, 1984), and myelination (Ros-
able to sustain a response (Schiller, 1998; Schiller & Mal-man et al., 1972). Typically affected by an early lack of
peli, 1978). This segregation of activities also continueghyroid hormone are the cerebellum, hippocampus, and
past the LGN to different layers of the striate cortex andcaudate, as well as parietal cortex and thalamus belonging
beyond, with a dorsal occipital-parietal path for direction,to the M pathway (Bernal & Nunez, 1995). Thyroid hor-
motion, and velocity information (Desimone & Unger- mone functions by regulating genes (Binder et al., 1985;
leider, 1989; Maunsell & Newsome, 1987) and a ventralFarsetti et al., 1992; see also Porterfield & Stein, 1994),
occipitotemporal path for color, texture and shape informathe transcriptional products of which are the essential pro-
tion (Sereno, et al., 1995). Furthermore, there is cross-talkeins that underlie the above neurobiological events (Ber-
between pathways (Merigan & Maunsell, 1993) and feednal & Nunez, 1995). Gene regulation is accomplished by
back from other structures such as the frontal lobes (Ungeithe formation of a nuclear receptor complex between thy-
leider, 1995). roid hormone and a thyroid hormone receptor (Brent, 1994).
M and P cells of the LGN also differ in their rates of de- This complex in turn activates (or deactivates) specific
velopment (Hickey, 1977), as do the M and P pathways themgenes (de Viljder et al., 1997). Studies by Bradley et al.
selves with M-pathway development preceding P (Distler etal(1992) have shown that in the rat, thyroid hormone recep-
1996). In human infants, the ability to track stimuli by de- tors have distinct patterns of spatiotemporal expression
tecting motion and coarse visual detail (M-pathway activi-during neurodevelopment with more dense distribution in
ties) appears as early as 2 months of age (Columbo, 199ppsterior than anterior cortical regions and importantly for
Johnson et al., 1998; Norcia et al., 1990), in contrast to obthis paper, more for M than P LGN cells (Bradley et al.,
ject recognition (P-pathway activities) that appears some1989). This observation prompted our hypothesis that the
what later at 3 months of age (Richards, 1997; Rose, 1983Vyisuospatial impairment of children with CH may be se-
Less is known about the development of these pathways atlactive for tasks that draw more heavily on dorsal stream
higher more cognitive level or about abnormal pathway de-or whereprocesses than ventral streamvdrat processes.
velopmentin children with selective visuospatial deficits. Re-  To test this hypothesis, we conducted a retrospective analy-
cent studies of children with adrenoleukodystrophies (Esis of the visuospatial task performance in adolescents di-
Shapiro, personal communication, January 1996), extremelggnosed with CHia newborn screening. These individuals
low birthweight or prematurity (A. Downey & V. Frisk, per- were long-time participants in a prospective follow-up study
sonal communication, April, 1999), and Turner syndromethat included an extensive neuropsychological evaluation
(Buchanan et al., 1998; Rovet & Buchanan, 1999) suggesit adolescence. As part of this assessment, they received
that M-pathway disruptions may be contributing to their spe-multiple visuospatial tasks assessing both spatial orientation
cific deficits. location and object identification components. For present
To identify endocrinologic factors associated M- andpurposes, tasks were grouped according to tivbiere or
P-pathway development, we conducted an analysidhefe  whatpathway requirements. The major questions were, (1)
versuswhat visuospatial abilities in children with early- Do groups differ selectively owhereor whatpathway tasks?
treated congenital hypothyroidism (CH), who were de-and (2) Are effects on pathway performance in the CH group
tected by newborn screening and treated very early in liferelated to severity of the thyroid hormone deficiency?
Although CH was once a leading cause of mental retarda-
tion, newborn screening and immediate treatment have sig-
nificantly reduced the cognitive deficits found in affected METHODS
children. However even with early treatment, children with
CH still show subtle persisting neuromotor (Fuggle et al.,Research Participants
1991) and neurocognitive deficits (Derksen-Lubsen &
Verkerk, 1996), which contribute to early language delays-orty-nine participants with CH (13 boys) were studied at a
(Gottschalk et al., 1994) and later visuospatial, memorymean age of 13.9 1.3 years (range- 12.0-17.4 years).
and attention deficits (Kooistra et al., 1996; Rovet & Alva- These children, who were born between 1976 and 1982,
rez, 1996; Rovet & Ehrlich, 1995; Rovet et al., 1992). Be-represented the majority of the oldest remaining children in
cause their visuospatial deficit varies across tasks (Roveg large cohort identified originally by one or both of two
1999a, 1999b), these children may provide a reasonableeonatal screening programs in Ontario (see Rovet, 1999b,

https://doi.org/10.1017/51355617701755038 Published online by Cambridge University Press


https://doi.org/10.1017/S1355617701755038

558 M. Leneman et al.

for a description). Of the 49 participants, 13 lacked an enadministered in one of four set orders, which were ran-
tire thyroid gland, 23 had an ectopic gland, and 13 had alomly assigned to different subjects. Each test order con-
normally located but dysfunctional gland. Fifty percent of tained four blocks provided before and after the midmorning
the group demonstrated delayed skeletal maturity at diagshack and before and after the midafternoon break. Each
nosis (bone age less than 37 weeks gestation) suggestive loibck contained an equivalent number of tests of compara-
intrauterine hypothyroidism. Their mean thyroxine (T4) level ble difficulty, interest value, and attentional requirements.
at diagnosis was 774 57.2 mmoJL (normal range= 100  The visuospatial tasks were administered in each of the
to 200 mmoy'L), with 34% of the children having a value four blocks, generally toward the end of each. Alunch break
below 40 mmofL. The children were initially treated at and two 15-min snack breaks were provided.
16.4+ 22 days of age with a mean starting dose of-9.3 For each child with CH, the following information was
mg/kg levothyroxine. At time of testing, their mean free T4 recorded from the medical chart: etiology of hypothyroid-
level was 16.2+ 3.0 pmol)/L (normal range= 10 to 23 ism, bone age at diagnosis, age at treatment onset, starting
pmol/L), total T4 level was 113.8 31 mmol/L (normal  dose level, and age at normalization of hypothyroidism (see
range= 65 to 165 nmofL), and TSH was 6.7 9.11 mU/L Rovet et al., 1992). Also recorded were the child’s thyroid
(normal range= 0.5 to 5.0 myL), with 33% of the group  hormone levels at time of testing. An index of initial dis-
having a TSH value above normal. ease severity was derived by computing the average of the
Control participants were 49 healthy adolescents (13 boys)hild’s skeletal maturity converted tozsscore, T4 level at
matched for gender and age (within 6 months) with a childdiagnosis ¢ score), and a weighted score for the child’s
with CH. They were drawn from a large control pool as- etiological group based on the group’s average T4 level at
sessed with the same set of tests as part of an ancillaiagnosis.
study. Their mean age was 14t01.4 years (ranges 11.7

to 17.3 years). )
Data Analysis

Tests and Measures Groups were compared across spatial tests using MANOVA.
A principal components factor analysis with a varimax ro-
As part of a comprehensive neuropsychological evaluationtation was conducted (on control data) to identify relevant
all participants received six measures of visuospatial provisuospatial factors. For all subjects, the averaged standard-
cessing described in Table 1. The overall test battery waied scores of the tests comprising each factor were com-

Table 1. Description of visuospatial tasks

Measure Requirements

Judgement of Line Orientation (Benton et al., 1978) This task requires the identification of lines matching a target within an array
of differently oriented lines. The test is scored according to established
norms.

Block Design (Wechsler, 1974) This timed task requires participants to use patterned cubes to construct a
series of block arrays that conform to a model. Arrays become progressively
more complex with successive trials. The test is scored according to
established norms.

Memory for Human Faces (Denman, 1984) This task presents a card containing 16 black and white faces for a brief
period. After a 1.5-min delay, participants are shown an array of 48 faces and
must identify the original 16 in it. The test is scored according to established
norms.

Picture Completion (Wechsler, 1974) In this task, participants view a series of successively presented cards, each
containing a line drawing of a familiar object in which a feature is missing.

The task is to identify the missing feature by pointing to it. The test is scored
according to established norms.

Mental Rotation (Vandenburg & Kuse, 1978) This is a paper-and-pencil test presenting a target shape and alternative
shapes in different orientations. The task is to identify the shapes matching
the target. The test is scored according to percent of items correctly
identified.

Object Identification (Kimura et al., 1981) This is a visual search task presented on a board containing 86 line drawings
of common objects. Participants view the board for 120 s, following which
they are given in succession 20 cards showing one of the original objects.
Their task is to locate the target items on the board as quickly as possible.
Time to identify the correct object is scored.
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Table 2. Comparison of groups on the six visuospatial tasks 0.4+
CH Control 051 N c
] /) Control
Task M SD M SD  plevel 0'2_3
Line Orientatior? 383 272 496  26.2 .05
Block Desigr? 11.1 28 127 23 .01 §oM
Memory Human 10.8 3.1 98 3.9 n.s. .8 ]
Face$ N O]

Mental Rotatiofi 15.2 9.1 20.7 3.9 .01 § 1
Picture Completioh 9.7 2.7 116 29 01 =7
Object Identificatiod ~ 4.68 1.9 464 1.9 n.s. 5

-0.24
Note.Scored aspercentilesPscaled scored\| = 10; SD= 3), ‘raw score 1
(percent correct)?mean RT. 0.3

04 Where What

pUteId agd .Served as tpadthway ScoriSN.OU’l\eS.ethdata Welgleg. 1. Performance onvhereandwhat pathway processing in
analyzed using a .repea €d measures wi groF‘p_aéH and control groups. Results are presented as averzpades
the between-subjects factor and pathway as the withing..oss tasks within factors.

subjects factor. For the CH group, multiple regression analy-

sis was used to examine the relation between indices of

early hypothyroidism severity, current thyroid hormone lev-man Faces while the third factor, which accounted for 16.2%
els, and pathway scores. of the variance, included Object Identification. Because the
latter two factors reflected different aspectswifatprocess-
RESULTS ing that are known to impli.cate the ventral stream with dif-
ferent projections into the inferotemporal lobe (Clark et al.,
The MANOVA was significan{F(6,84) = 2.92,p < .01]  1996), we combined these results to form a singtatpath-
and reflected the poorer overall performance of childrenyay factor. IndividuaWwhereandwhatpathway composite
with CH. Univariate analyses revealed the groups differedscores were obtained for each participant. A repeated mea-
significantly at thep < .01 level on Picture Completion, sures ANOVA indicated a significant group pathway in-
Mental Rotation, and Block Desigi-[1,89)= 9.13, 8.09,  teractionF(1,95 = 14.24,p < .001], with no main effects
and 7.34 respectively] and at the< .05 level on the Judg-  of group or pathwayPost-hocanalyses revealed the inter-
ment of Line Orientation taskH(1,89) = 4.54]. In each  actionwas due to the significantly poorer performance of chil-
case, the CH group scored lower than the control group (segren with CH onwhere[t(97) = 11.84,p < .001], but not
Table 2). The groups did not differ on the Memory for Hu- whatpathway taskst[97) = .65] (see Fig. 1).
man Faces or Object Identification. To assess the relative impact of the various disease and
A principal components factor analysis showed three sigtreatment indices on performance in the two pathways, hi-
nificantfactors with Eigenvalues above 1.0 (see Table 3). Therarchical multiple regression analyses were computed en-
first factor, which accounted for 44% of the variance and in-tering initial severity, treatment age, age at normalization,
cluded Block Design, Picture Completion, Benton Line Ori- and T4 at time of testing as predictors. The results indicated
entation, and Mental Rotation tests, appearedtorefleete g significant multiple correlation fovhere[ F (1,28 = 7.43,
or M-pathway processing. The second factor, which acp < .01, R? = .210] processing. Thevhereeffect was ac-
counted for 17.4% of the variance, included Memory for Hu-counted for mainly by initial severity of hypothyroidism
[t(47) = 2.5, p < .01, R? = .241] with the other three
predictors contributing minimallyR? = 0, .014, .002, re-

Table 3. Results of factor analysis and individual factor spectively). Forwhat processing, the multiple regression

loading$' was not significant with the four predictors accounting col-
lectively for only 11.7% of the variance. It is interesting to
Where What note that the strongest predictorwhatprocessing was T4

Factor Factor level at time of testing, which accounted for 8.3% of the

Task Loading Task Loading  variance compared to 0.1%, 3.2%, and 0.1% for initial se-

Line Orient 899 Memory for Facds 921 verity, treatment age, and time to normalization.

Mental Rotation .841 Object Identificatién .975

Picture Completion .756

Block Design 714 DISCUSSION

Note.?Based on normal comparison grodppads on Factor 2%loads on
Factor 3.

https://doi.org/10.1017/51355617701755038 Published online by Cambridge University Press

Our initial hypothesis was prompted by the literature show-
ing both a divergence of visuospatial pathways and a dif-


https://doi.org/10.1017/S1355617701755038

560 M. Leneman et al.

ferential distribution of thyroid hormone receptors in cortical later but not earlier hypothyroidism. In particular, we ex-
and subcortical neuroanatomic structures of one of the pupected that performance on these tasks would correlate most
tative visuospatial pathways. We proposed that CH chilstrongly with the index of postnatal hypothyroid duration.
dren, who lack thyroid hormone prior to and shortly afterIndeed, supplementary univariate correlations showed that
birth, would show selective impairments where or  an index ofwhat pathway performance did correlate with
M-pathway development but would have spakgdat or  time until thyroid hormone levels normalized (approximate-
P-pathway development. Our present findings were derivetyy 3 months of age; Rovet et al., 1992)47) = —.297,p <
from retrospective analysis of the visuospatial performance05], but not with indices of earlier thyroid hormone defi-
data of early-treated CH adolescents and a matched consiency. While an alternative explanation for the lack of ef-
parison group, all of whom were tested with multiple spa-fects onwhatpathway performance may reflect the different
tial tasks. The results revealed the CH group performedevels of difficulty of tasks belonging to each of the path-
significantly poorer than control participants on four of the ways, additional analyses showed that 1Q correlated signif-
six tasks representing aspects wliere processing. The icantly with all tasks comprising each factor. Furthermore,
groups did not differ on two tasks thought to invoke thewhen the ANOVA was repeated with IQ as a covariate,
what pathway, namely Object Identification and Memory effects were strengthened for thehere factor and re-
for Human Faces. Factor analysis confirmed these processiained nonsignificant for thehatfactor. Thus, the effects
ing distinctions with one factor representing the tasks prereported here cannot be attributed to task difficulty.
sumed to assesgherepathway processes and the othertwo This study aimed to integrate neuroscience theory of vi-
factors assessing different aspectgvbhitpathway process- sual processing with the role of thyroid hormone in early
ing. When we combined the latter two factors and com-brain development and in so doing provide clinical insights
pared averaged scores within the two main factors, the resultsn the specific sequelae of the brief period of thyroid hor-
showed an interaction reflecting a significant group differ-mone insufficiency. However, there are several limitations
ence on thavherebut not thewhat pathway, with the CH including a retrospective approach and inferences about brain
group performing more poorly owhere structures from test performance. It is recommended that
Our second hypothesis dealt with whetheheretask  rather than use existing clinical taskehatandwherepro-
impairment reflected the timing and severity of thyroid cesses should be studied directly using behavioral para-
hormone deficiency. Multiple regression analyses showedigms that dissociate the pathways (e.g., landmsargample
that severity of initial hypothyroidism was the single stron- matching tasks), as we have done on another population of
gest predictor of poowherepathway performance but had children (Buchanan et al., 1998). In addition, neurophysio-
no effect onwhat pathway performance. This suggestslogical and neuroimaging techniques during visuospatial
that a lack of thyroid hormone during late gestation andprocessing may serve to clarify more precisely those path-
early life (as measured by the severity index) may havevays that are activated or disrupted in this population of
compromisedwhere pathway performance in brain re- children. This information will be invaluable in determin-
gions belonging to the dorsal stream or M-pathway ofing how exactly thyroid hormone affects early human brain
visuospatial processing. These findings are thought to prodevelopment, about which little is presently known.
vide additional support for the notion of distinct segre- From a clinical standpoint, the present results signify
gated visuospatial pathways in children and the differentiathat children with more severe CH at time of diagnosis are
susceptibility of these pathways to neonatal thyroid hor-more likely to have impairments omherepathway tasks,
mone insufficiency. While these findings concur with ani- which have implications for school functioning. We have
mal studies showing brain areas contributing towieere reported elsewhere (Rovet & Ehrlich, 2000) that these same
pathway (namely, parietal cortex and magno cells of thechildren exhibit nonspecific math problems in the early
LGN) have a substantial density of thyroid hormone recepgrades but catch up later in math. However, they continue
tors, the need for neuroimaging studies of children withto perform more poorly than classmates in complex school
CH is clearly indicated in order to determine whether un-subjects such as science and social studies that make con-
derlying structures do develop abnormally. siderable demands on visuospatial processing (e.g., read-
Although our findings suggest no effect of early thyroid ing graphs and maps, applying chemical symbols, viewing
hormone deficiency owhatpathway development, this may biological structures).
reflect the relatively restricted time period when our sample In conclusion, present findings from our cohort of ado-
was lacking thyroid hormone (i.e., from the latter part of lescents with CH who underwent a brief postnatal period of
gestation in about half the cases to the 1st month of earljaypothyroidism showed permanent and selective effects on
life). It is possible that thevhatpathway is also sensitive to visuospatial processing. Primarily affected were their abil-
a lack of hormone, but the critical time window occurs afterities to process spatial location and relational information,
the time of treatment for children in our sample. Based onwhich are known to depend on the dorsal occipitoparietal
developmental findings of infants, P-pathway developmenbr M pathway of the brain. Furthermore, processing in this
lags behind M-pathway development. If this is the case fodomain was predicted by severity of early hypothyroidism.
whatandwhereprocessing distinctions, one would expect While what pathway processing was not affected in these
thatwhattask performance would correlate with indices of children, the vulnerable period may be beyond when they
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were thyroid hormone deficient and, indeed, children whoDerksen-Lubsen, G. & Verkerk, P.H. (1996). Neuropsychologic
took longer to establish normal thyroid hormone levels did developmentin early treated congenital hypothyroidism: Analy-
perform more poorly in this domain. It is suggested that sis of literature dataPediatric ResearcfB9, 561-566.

future studies consider examining structural and functionaPerrington, A.M. & Lennie, P. (1984). Spatial and temporal con-

development of these pathwavs more directly using neuro- frast sensitivities of neurones in lateral geniculate nucleus of
imaging techniques P Y y g macaqueJournal of Physiology357, 219-240.

Desimone, R. & Ungerleider, L.G. (1989). Neural mechanisms of
visual processing in monkeys. In F. Boller & J. Grafman (Eds.),
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