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KEYWORDS Summary This study tested the hypothesis that prenatal androgen levels influence
Handedness; Language hand preferences and language lateralization, two manifestations of neural asym-
lateralization; metry. Participants were individuals with congenital adrenal hyperplasia (CAH, a
Androgen; Sex genetic disorder that results in excess adrenal androgen production beginning pre-

differences; CAH;

natally) (40 females; 29 males) and their unaffected relatives (29 females; 30
Hormones

males) who ranged in age from 12-45 years. The Edinburgh-Crovitz Inventory and
the performance of five simple tasks (the Handedness Activities Test) were the
measures of hand preferences, and a dichotic listening task composed of consonant-
vowel nonsense syllables was the measure of language lateralization. No sex differences
were observed among relative controls in hand preferences or language lateraliza-
tion. Male participants with CAH were less consistently right-handed for writing
than unaffected male relatives, when those who had been forced to switch writing
hands from left to right were considered with left-handers as being not consistently
right-handed. There were no other significant differences between individuals with
CAH and unaffected relatives. These results do not support the hypothesis that pre-
natal androgens influence language lateralization, nor do they support the Gesch-
wind-Behan-Galaburda model that posits a key role for testosterone in the
development of cognitive problems in males, secondary to changes in hemispheric
development and cognitive lateralization. Hormonal influences on handedness,
although not always consistent, may be more likely. However, given that sex dif-
ferences in both language lateralization and handedness are small, it is possible
that limited sample size precludes the detection of consistent group differences.

© 2003 Elsevier Ltd. All rights reserved.
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incidence of left-handedness for writing in men
than in women. Women also are more likely to use
their right hands for performing a greater variety
of tasks than are men (Oldfield, 1971; Calnan and
Richardson, 1976; Schachter et al., 1987; Lansky
et al., 1988). Most right-handed humans are left
hemisphere dominant for language as reflected in
a greater accuracy at reporting verbal information
presented to the right than the left ear (Kimura,
1961a, b). This left hemisphere dominance for
language is not as pronounced in left-handers—a
greater proportion of whom (compared with right-
handers) have either bilateral or right hemisphere
language representation. There is also a small sex
difference such that on average men are more left
lateralized for verbal materials than are women
(Bryden, 1979, 1982; Voyer, 1996). Thus, motoric
lateralization is more pronounced in women and
language lateralization is more pronounced in
men. Whether these are primarily differences in
direction or degree is not known.

One hypothesis regarding the development of
sex differences in language lateralization and
handedness relates to the differing gonadal hor-
mone milieus experienced by males and females
during development. There are two periods during
early human development when males are
exposed to much higher levels of androgens than
are females (Smail et al., 1981). The first period
begins between gestational weeks 8-10 when the
testes start secreting testosterone and peaks
around 13-15 weeks. Levels of testosterone then
decline in males but are still elevated (compared
to females) until gestational week 24 by which
age both sexes have comparable testosterone
levels. The second period occurs in the first six
months of postnatal life when there is a second
testosterone surge in males.

Two lines of evidence support the hypothesis
that androgens and/or their metabolites (includ-
ing estrogens) acting prenatally and/or neonatally
are responsible for neurobehavioral character-
istics that show sex differences: First, in a range
of non-human species, these hormones have dra-
matic effects on behavior during early critical per-
iods when testosterone levels are normally high in
males. Thus, females treated with testosterone
(or estrogen) during these critical periods show
more male-typical behavior and less female-typi-
cal behavior as adults (Goy, 1968; Phoenix, 1974;
Beach, 1975; Beatty, 1979; Goy and McEwen,
1980). Second, studies of humans exposed to
unusual hormonal environments early in develop-
ment (e.g., individuals with congenital adrenal
hyperplasia (CAH), and individuals exposed pre-
natally to diethylstilbestrol (DES), a synthetic
estrogen) have shown that some sex-typical

behaviors are influenced by these alterations
(Collaer and Hines, 1995).

Most cases of CAH result from a genetic
deficiency of the enzyme 21-hydroxylase that is
required for cortisol synthesis (New, 1998). Conse-
quently, beginning prenatally, the precursors of
cortisol are overproduced. These precursors are
shunted into the androgen pathway leading to the
overproduction of testosterone and other adrenal
androgens. CAH due to 21-hydroxylase deficiency
occurs in two forms—the simple virilizing form
and the salt losing form, with the salt-losing form
generally considered to be more severe (New,
1998). Female fetuses with CAH are exposed to
higher than normal levels of androgens, especially
testosterone (Pang et al., 1980; Wudy et al.,
1999). Testosterone levels generally appear to be
normal in male fetuses with CAH (Pang et al.,
1980; Wudy et al., 1999), although a minority may
have elevated testosterone, and levels of a less
potent androgen, androstenedione, also may be
elevated in male fetuses with CAH (Wudy et al.,
1999).

Girls with CAH are more male-typical than other
girls in regard to some sexually differentiated
behaviors including toy, playmate and activity
preferences (Ehrhardt et al., 1968; Ehrhardt &
Baker, 1974; Slijper, 1984; Dittman et al., 1990;
Berenbaum & Hines, 1992; Zucker et al., 1996;
see Hines, 2004, for a review). Boys with CAH
have not been studied as extensively as girls, and,
when they have been studied, psychological out-
comes have been inconsistent. Often no altera-
tions in toy or playmate preferences are seen
(Ehrhardt and Baker, 1974; Berenbaum and Hines,
1992; Hines and Kaufman, 1994). However, one
study reported enhanced (more male-typical)
activity levels in boys with CAH (Ehrhardt and
Baker, 1974). In contrast, reduced male-typical
behavior, particularly ‘‘rough-and-tumble’’ play,
has been reported in some studies of males with
CAH (Hines and Kaufman, 1994; Slijper, 1984), as
has reduced performance on spatial tasks, such as
mental rotations, at which males typically excel
(Hampson et al., 1998; Hines et al., 2003).

Previous studies of handedness and language
lateralization in individuals with CAH have yielded
inconsistent results. Nass et al. (1987) found
increased left-handedness in females with CAH
but not in males with CAH (compared to unaffec-
ted same sex siblings), while Kelso et al. (1999,
2000) found increased left-handedness in females
and males with CAH combined (compared to con-
trols matched for age, sex and socio-economic
status). In contrast, Helleday et al. (1994) found
no differences in language lateralization or hand-



812

G.A. Mathews et al.

edness between females with CAH and controls
matched for age and region of birth. However
Tirosh et al. (1993) found individuals with CAH,
particularly females, to show an increased degree
of language lateralization compared to right-han-
ded, but not left-handed, matched controls. They
also found that 20% of males and females with
CAH were left-handed. Although they did not ana-
lyze these data on handedness statistically, they
assumed this was higher than the incidence of
left-handedness in the population at large.

Studies of females exposed prenatally to DES
also address the issue of hormonal influences on
handedness and language lateralization. With
respect to language lateralization, one study
found male-typical patterns of left hemisphere
dominance for language in DES-exposed women
when compared to their unexposed sisters (Hines
and Shipley, 1984), whereas another found no dif-
ferences between DES-exposed women and their
unexposed sisters (Smith and Hines, 2000). The
evidence for hormonal influences on handedness
in women exposed to DES is more consistent. Two
studies found reduced right hand preferences
(Schachter, 1994; Scheirs and Vingerhoets, 1995)
while a third found increased left-handedness for
writing (Smith and Hines, 2000).

The present study was designed to provide
additional evidence regarding androgenic influ-
ences on handedness and language lateralization,
by looking at a larger sample of CAH individuals
than was available for prior studies. If androgens
are responsible for increased left handedness in
males, then females exposed to exceptionally high
levels of androgens during fetal life, because of
CAH, should show more left handedness. Similarly
for language lateralization—if the greater left
lateralization for language in males reflects the
prenatal action of testosterone, then females who
have been exposed to unusually high levels of
androgens early in development should show
greater language lateralization to the left hemi-
sphere than females do ordinarily. Finally, given
that females exhibit greater right hand pre-
ferences than males, the androgen effect could
make females with CAH less strongly right handed.
Thus, we predicted that females with CAH would
show increased left-handedness, increased left-
hemisphere dominance for verbal materials and
weaker right hand preferences when compared to
unaffected female relatives. Predictions for males
with CAH could not be made with similar confi-
dence for three reasons: 1. it is not clear that
males with CAH experience elevated levels of tes-
tosterone prenatally (Pang et al., 1980; Wudy
et al., 1999); 2. Males with CAH have not typically
been found to show increased male-typical beha-

vior (Collaer and Hines, 1995) and sometimes have
been found to show reduced male-typical behavior
(Slijper, 1984; Hines and Kaufman, 1994; Hampson
et al., 1998; Hines et al., 2003); and 3. In rodents,
when androgen is administered to developing
males it has variable effects, sometimes increas-
ing, sometimes reducing and sometimes having no
influence on sex-typical behaviors (Diamond
et al., 1973; Baum and Schretlen, 1975; Dohler
et al., 1984).

2. Method
2.1. Participants

The 128 participants in this study belonged to one
of four groups: (1) Females with CAH (n = 40); (2)
males with CAH (n = 29); (3) unaffected female
relative controls (n = 29) and (4) unaffected male
relative controls (n = 30).

Individuals with CAH were recruited through
consultant endocrinologists at Middlesex Hospital,
London (n = 35; 22 female, 13 male) and through a
national CAH Support Group in the UK (n = 34; 18
female, 16 male). Unaffected relatives were
recruited through the families of participants with
CAH. This unaffected relative control group was
composed of unaffected siblings (n = 57) and first
cousins (n = 2).

All the CAH families were European except for
one whose ethnicity was Asian (Indian, Pakistani
or Bangladeshi). Information on fathers’ and
mothers’ educational background was available
for 50 and 60 participants with CAH, respectively.
This information was classified on a scale of 1-5,
with 1 representing the lowest level (no secondary
school diploma) and 5 the highest level (education
beyond the Batchelor’s degree). The numbers
(and percentages) of fathers in the five categories
were (1) 10 (20%), (2) 14 (28%), (3) 4 (8%), (4) 10
(20%) and (5) 12 (24%). The numbers (and percen-
tages) of mothers in the five categories were (1)
14 (23%), (2) 24 (40%), (3) 6 (10%), (4) 6 (10%) and
(5) 10 (17%).

The participants were between 12 and 45 years
old. The ranges in age for the four groups were:
(1) females with CAH: 12-44 years (median = 17,
M = 19.5, SD = 7.3); (2) males with CAH: 12-40
years (median = 17, M = 20.27, SD = 8.43); (3)
unaffected female relative controls: 12-32 years
(median = 19, M = 19.26, SD = 5.95) and (4) unaf-
fected male relative controls: 12-45 years
(median = 16, M = 18.00, SD = 6.81).

Sixty seven of the 69 participants with CAH had
21-hydroxylase enzyme deficiency. Medical
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records for the remaining two did not specify the
enzyme deficiency. 60 were salt losers and four
were simple virilizers. Medical records indicating
salt losing status were not available for the
remaining five participants. Written consent was
obtained from all participants. Written parental
consent also was obtained for those participants
under the age of 18 years. Participants received
£50.00 and travel expenses for completing the
test battery.

2.2. Materials and procedure

A six-hour battery of cognitive, motor, physical
and personality tests was administered. In this
paper we report data on language lateralization
and handedness. Other measures are being repor-
ted separately. Handedness was measured using
the Edinburgh-Crovitz Handedness Inventory
(Crovitz and Zenner, 1962; Oldfield, 1971) and
five simple motor tasks. Language lateralization
was measured using a dichotic listening task.

2.2.1. Handedness

The Edinburgh-Crovitz Handedness Inventory
(Crovitz and Zenner, 1962; Oldfield, 1971) con-
tains 15 questions about activities that can be
performed with either the left or the right hand.
Participants indicate the hand they use to perform
each activity on a five-point scale where 1 =
always right hand and 5 = always left hand. Scores
range from 15 (all activities performed exclusively
with the right hand) to 75 (all activities performed
exclusively with the left hand). For the second
measure of handedness (the Handedness Activities
Test), the participants performed five simple
tasks as instructed below:

e Pick up the pencil and write this sentence,
*“The cow jumped over the moon.”’

e Pick up the toothbrush as if you were going to
brush your teeth.

e Take the scissors and cut a square around the
sentence you just wrote.

e Pick up the pencil and draw a ‘happy face’ on
this piece of drawing paper.

e Pick up the ball and gently throw it to me.

For each activity, right hand performance
received a score of one and left hand perform-
ance a score of two. Total scores ranged between
five and 10 with five indicating right-hand per-
formance on all tasks and 10 indicating left-hand
performance on all tasks. Composite handedness
scores were calculated by averaging the standar-
dized scores of the Edinburgh-Crovitz Inventory
and the Handedness Activities Test.

Participants also completed a questionnaire
that included the yes-no item: ‘‘Were you ever
forced to learn to write with your right hand (for
example, by a teacher or parent) or have you ever
switched your dominant hand?’’ Thirty eight
females with CAH, 27 relative control females, 25
males with CAH and 26 relative control males
completed this item.

2.2.2. Dichotic listening

The dichotic listening task consisted of 120 pairs
of consonant-vowel syllables (Berlin et al., 1973)
presented in four sets of 30 pairs. The six stimuli
were the consonants ‘b’, ‘d’, ‘g’, ‘p’, ‘t’, and 'k’
each followed by the vowel ‘a’. In each presen-
tation two syllables from among the six (ba, da,
ga, pa, ta and ka) were presented simultaneously,
one to each ear. Syllables were presented in ran-
dom order and within each set, each syllable was
presented to each ear an equal number of times
and was paired with each other syllable an equal
number of times. In addition, initial headphone
position was randomly assigned and the parti-
cipants reversed their headphones after the first
60 presentations.

Participants were instructed to attend to both
ears and to record both sounds heard. To compute
indices of ear advantage, a count was made of the
number of times that the subject correctly ident-
ified the stimulus presented to each ear. Because
information from the right ear has preferential
access to the left hemisphere and information
from the left ear has preferential access to the
right hemisphere, language lateralization is
reflected in the difference between scores on
items presented to the right and left ears. The
raw difference score is usually adjusted for over-
all performance. As there is no general consensus
that one type of adjustment is better than others
(Kuhn, 1973; Birkett, 1977; Zaidel, 1979; Hellige
et al., 1981; Springer, 1986), the following three
indices were calculated:

e Percent right correct-percent left correct (PRC-
PLC);

e An index of ear advantage computed according
to the formula (R — L)/(R + L) x 100 (Studdert-
Kennedy and Shankweiler, 1970)

e The ‘phi’ coefficient (R — L)/((R + L)(2T — (R +
L))"? (Kuhn, 1973).

Participants also underwent an audiometric
examination. Ascending and descending thresholds
at 250, 500, 1000, 2000, 4000 and 8000 Hz were
assessed to determine the comparability of hear-
ing in both ears. Data from participants whose
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mean right versus left ear thresholds differed by
more than 15dB were excluded from analyses.

2.3. Statistical analyses

Where possible, two-way ANOVAs were used to
evaluate main effects of sex and diagnosis and
their interaction. In addition, planned compar-
isons were conducted to evaluate specific hypoth-
eses. These compared: 1. unaffected males to
unaffected females to assess sex differences in
handedness and language lateralization; 2. female
participants with CAH to unaffected females to
determine if prenatal exposure to high levels of
androgen produced more male-typical patterns of
handedness or language lateralization; and 3.
male participants with CAH to unaffected males
to determine if CAH influenced handedness or lan-
guage lateralization in males. These planned com-
parisons, and other analyses where two-way
ANOVAs were not possible, used one-way ANOVAs,
t-tests, Chi-square, or Fisher’s Exact test, depend-
ing on the nature of the data.

3. Results

3.1. Handedness (See Table 1)

3.1.1. Hand writing

Although more participants with CAH (10% female
and 17.2% male) were left handed for writing than
unaffected relatives (6.9% female and 6.7% male),
differences among the groups were not statisti-
cally significant (using Fisher’s Exact test): For
unaffected female versus male relatives, p = 1.00

Table 1
and male relative control participants

on both handedness measures; females with and
without CAH, p = 1.00 on both handedness mea-
sures; and for males with and without CAH, p =
0.145 on the Edinburgh-Crovitz Inventory and p =
0.254 on the Handedness Activities Test. How-
ever, 16% of male participants with CAH had been
forced to switch from left-handed to right-handed
writing as children, and when those who used
their left hands for writing were included with
those who had been forced to switch from the left
hand, significantly more males with than without
CAH were not consistently right handed (p =
0.042). Female participants with CAH did not dif-
fer from unaffected relative control females on
this combined measure (p = 0.69), nor did unaf-
fected males and unaffected females differ (p =
1.00).

3.1.2. Mean handedness (scores on inventories)
Patterns of results for each of the two handedness
inventories analysed independently were the same
as for the composite score and only results for the
composite are reported here (except for the
direction of handedness results, see below).
Two-way ANOVA vyielded no significant main
effects or interactions for handedness (F1,124) =
0.78, p = 0.380 for sex; F(1,124) = 1.80, p = 0.183
for diagnostic category; and, F (1 124y = 0.007, p =
0.933 for the interaction). Although control
females were slightly more left handed than con-
trol males, and both females and males with CAH
were slightly more left-handed than unaffected
relative controls of the same sex (effect sizes (d) =
0.177, 0.258 and 0.239, in order), planned compar-
isons showed that none of the differences was stat-
istically significant (unaffected male and female

Handedness measures and effect sizes in female and male participants with CAH and unaffected female

Hand used for % Switching  Edinburgh-Cro- Handedness Composite®?
Writing? writing vitz Inventory®  Activities Test® Mean & SD
hands® Mean = SD Mean =+ SD
%RH %LH
(1) CAH female 90.0 10.0 2.6 1.69+1.0 1.11 +0.09 0.038 +1.10
(2) Control female 93.1 6.9 0.0 1.52 +0.65 1.04 +0.16 —0.190 + 0.67
(3) CAH male 82.8 17.2 16.0 1.87 £1.12 1.15+0.31 0213 +1.22
(4) Control male  93.3 6.7 3.9 1.67 +£0.85 1.07 £0.25 —0.046 + 0.957
d(2) & (4) —0.200 —0.146 -0.177
d(1) & (2) 0.206 0.560 0.258
d(3) & (4) 0.203 0.286 0.239

@Assessed using the Handedness Activities Test.

bGroup ns are 38, 27, 25 and 26 for (1)—(4) in order; for all other measures, group ns are 40, 29, 29 and 30 for (1)-(4) in

order.
“Higher score indicate greater left-handedness.

dComposite scores are the average of standardized Edinburgh-Crovitz Inventory and Handedness Activities Test scores.
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relatives (F 570 = 0.45, p = 0.506), females with
CAH and unaffected female relatives (F, 57, =0.97,
p = 0.328), and males with CAH and unaffected
male relatives (F,57) = 0.825, p = 0.367).

A previous study (Nass et al., 1987) found sig-
nificant differences in handedness using paired
comparisons of females with CAH versus their own
unaffected female relatives, even though group
analyses yielded no differences. Therefore, we
conducted a second ANOVA with diagnosis as a
repeated measures factor on the subset of 22
participants with CAH (11 females and 11 males)
who had a relative of the same sex (see Table 2).
This analysis also yielded no significant main
effects or interactions (F,20) = 0.810, p = 0.379
for sex, F(1,20) < 0.001, p = 1.000 for diagnostic
category, and F 0 = 1.537, p = 0.220 for the
interaction). Planned comparisons within each sex
also produced no significant differences (F(q,10) =
1.676, p = 0.225 for females; F,10) = 0.499, p =
0.496 for males).

3.1.3. Direction versus degree of handedness
The above analyses, using mean scores on inven-
tories, do not distinguish degree of handedness
from direction of handedness (for a discussion of
this issue, see McManus, 1983). For example, a
neutral mean score on a handedness inventory
could indicate either that all activities are per-
formed without preference by both hands or that
half the items are performed exclusively by the
right hand and the other half exclusively by the
left.

Direction: To establish whether the groups dif-
fered in the direction of handedness, each item
on the two measures was coded as having been
performed by the right hand exclusively or not.
The resulting data were analysed using Fisher’s
Exact tests (p values reported) and Chi-square
(where participant numbers permitted). No sig-

nificant differences were found in direction of
handedness between unaffected male and female
relatives (p = 0.731 for Edinburgh-Crovitz Inven-
tory; p = 1.000 for Handedness Activities Test),
females with CAH and unaffected female relatives
(x* = 1.474, df = 1, p = 0.225 for Edinburgh-Crovitz
Inventory; p = 0.453 for Handedness Activities
Test), or males with CAH and unaffected male
relatives (p = 1.000 for Edinburgh-Crovitz Inven-
tory; p = 0.181 for Handedness Activities Test).

Degree: To determine if the degree of handed-
ness varied with sex and diagnosis, absolute
values of scores were analysed. Two-way ANOVAs
showed no significant main effects or interactions
(F(1’124) = 023, p= 0.631 for sex; F(1’124) = 245, p=
0.120 for diagnostic category; and, F (1,124) =
0.04, p = 0.840 for the interaction). Planned com-
parisons yielded no significant differences
between unaffected males and females (F 57 =
0.324, p = 0.571), females with and without CAH
(Fi1,67y = 2.049, p = 0.157), or males with and
without CAH (F(4 57y = 0.715, p = 0.401).

3.2. Language lateralization

Means and standard deviations for the variables
derived from the dichotic listening task are pre-
sented in Table 3. Four participants (two females
with CAH, one unaffected male relative and one
unaffected female relative) were excluded from
the analyses because of disparity in right and left
ear thresholds.

3.2.1. Ear scores

The four groups showed the expected right ear
(left hemisphere) advantages. For the comparison
of right and left ear scores, t(7) = 3.348, p = 0.002,
for females with CAH; tys) = 2.403, p = 0.023,
for males with CAH, t«7 = 3.722, p = 0.001, for

Table 2 Handedness measures in female and male participants with CAH and their matched unaffected same sex

relatives
Group n Handedness Measures

ECI HAT Composite

M SD M SD M SD
Females
CAH 11 1.21 0.21 1.00 0.00 -0.32 0.12
Control 11 1.79 0.95 1.11 10.26 0.065 0.97
Males
CAH 11 1.79 1.18 1.16 0.37 0.32 1.35
Control 11 1.61 0.96 1.09 0.30 -0.07 1.05

ECI = Edinburgh-Crovitz Inventory, HAT = Handedness Activities Test, Composite = mean of standardized ECI and
HAT scores. Higher scores indicate more left-hand preferences.
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unaffected female relatives; and tg) = 3.291, p =
0.003 for unaffected male relatives.

3.2.2. Asymmetry indices

For all analyses involving asymmetry indices,
results are reported for (R — L)/(R + L) x 100
because in all cases results were highly similar for
the other two indices and in no case would signifi-
cance be changed by using either of the others.
This particular dichotic listening measure was
selected because prior work suggested that it
revealed a large sex difference (Hines and Shipley,
1984). Two-way ANOVAs vyielded no significant
main effects or interactions (F,120) = 0.045, p =
0.832 for sex, Fy,120) = 0.281, p = 0.597 for diag-
nostic category, and, F,120) = 0.017, p = 0.895
for the interaction). Planned comparisons also
yielded no significant differences between unaf-
fected female and male relatives (F(; 55 = 0.004,
p = 0.952), females with and without CAH (F(q ¢4) =
0.092, p = 0.763), or males with and without CAH
(F1,56) = 0.190, p = 0.665).

Analyses conducted on the sub-sample of parti-
cipants with CAH matched one to one with rela-
tive controls of the same sex showed the same
pattern of results (See Table 4). Neither females
nor males with CAH differed from their same sex
siblings on asymmetry indices (F(,10) = 0.030, p =
0.866 and F(1,9) = 0.025, p = 0.879, respectively).
(This analysis includes one fewer pair of males
than the similar analysis of handedness, because
the unaffected male with asymmetrical hearing
was the brother of a male with CAH).

3.2.3. Direction versus degree of language
lateralization

Standard methods for analysing dichotic listening
data, like those for analyzing data from handed-
ness inventories, confound direction and degree of
asymmetry. Therefore, additional analyses exam-
ined differences in direction and degree of later-
alization separately. These were based on the
directions and the absolute values of the normal-
ized asymmetry index ((R — L)/(R + L) x 100)
scores.

No significant differences were observed in
direction of laterality for unaffected female ver-
sus male relatives (y* = 1.442, df = 1, p = 0.230),
females with and without CAH (% = 1.648, df = 1,
p = 0.199) or males with and without CAH (32 =
0.621, df = 1, p = 0.431). Two-way ANOVAs yiel-
ded no significant main effects or interactions for
degree of asymmetry (Fy 120) = 0.656, p = 0.420
for sex, F(1,120) = 0.889, p = 0.348 for diagnostic
category, and Fq 130y = 3.023, p = 0.085 for the
interaction). Planned comparisons also yielded no
significant differences in degree of laterality for
unaffected female and male relatives (F, 55 =
0.481, p = 0.491), for females with and without
CAH (F(1,64y = 0.339, p = 0.562), and for males
with and without CAH (F(4 56) = 3.359, p = 0.072).

Correlations among the three lateralization
indices and the two handedness measures and
between the lateralization indices and handedness
measures are presented in Table 5. The negative
correlations between handedness and language
lateralization for unaffected male and female
controls are in the expected direction (Kimura,
1961a, b; Smith and Hines, 2000). In contrast, for
males and females with CAH correlations between

Table 3 Right-and left-ear scores, asymmetry indices, and effect sizes in female and male participants with CAH

and unaffected female and male relative controls

Group n Score Asymmetry index

PRC PLC PRC-PLC (R—L)/(R+L) x phi

100

M SD M SD M SD M SD M SD
CAH females 38 51.18 16.41  45.22 12.06 5.96 10.98 5.19  10.52 0.06 0.11
(1)
Con females 28 54.64 18.57 46.43 11.10 8.21 11.68 6.01 11.29 0.08 0.12
)
CAH males (3) 29  44.31 18.12  38.97 13.16 535 11.98 4.499  13.67 0.05 0.12
Con males (4) 29 52.53 18.49 45.69 13.54 6.84 11.19 5.85 9.78 0.07 0.12
d(2) & (4) 0.11 0.06 0.12 0.02 0.08
d(1) & (2) —-0.20 —0.11 —-0.20 —0.08 -0.17
d(3) & (4) —0.45 —0.50 —0.13 —0.12 —0.17

PRC and PLC are percent correct right-ear and left ear, respectively.
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Table 4 Right-and left-ear scores and asymmetry indices in female and male participants with CAH and their

matched unaffected same sex relatives

Group n Score Asymmetry index

PRC PLC PRC-PLC (R—L)/(R+L) x  phi

100

M SD M SD M SD M SD M SD
Females
CAH 11 53.18 15.15 45.69 10.19 7.50 10.44 6.66 10.30 0.08
Control 11 56.82 19.24 46.82 11.26 10.00 14.74  7.39 14.36 0.10
Males
CAH 10 35.92 15.89 34.42 11.16 1.50 10.89 0.09 16.20 0.01
Control 10 43.25 19.86 41.17 14.98 2.08 13.41  0.99 11.19  0.02

PRC and PLC are percent correct right-ear and left ear, respectively.

language lateralization and handedness were posi-
tive. However, none of these correlations was
statistically significant. In addition, there were no
group differences in correlations between either
of the handedness measures (ECI or HAT) and the
asymmetry index, (R — L)/(R + L) x 100) (in all
cases p > 0.05): For unaffected relative female
and male relatives, zs = 0.054 and 0.005, respect-
ively; for females with and without CAH zs = 0.044
and 0.03, respectively; and for males with and
without CAH zs = 0.002 and —0.019, respectively.
As in prior studies, the different lateralization
indices correlated highly with one another (Hellige
et al., 1981; Hines et al., 1992; Smith and Hines,
2000). The two handedness measures also corre-
lated highly.

4. Discussion

This study addressed the hypothesis that exposure
to high levels of androgens prenatally promotes
male-typical patterns of handedness and language
lateralization. The specific predictions were that,
compared to unaffected female relatives, females
with CAH would show (1) increased left-handed-
ness for writing, (2) decreased overall right hand
preferences and (3) increased left hemisphere
dominance for verbal materials. No specific pre-
dictions were made regarding handedness and lan-
guage lateralization in males with and without
CAH, because prenatal androgen levels in male
fetuses with CAH are not completely understood
(Pang et al., 1980; Wudy et al., 1999), and
because although males with CAH do not show
behavioral differences in most respects (Ehrhardt
and Baker, 1974; Berenbaum and Hines, 1992),
they have sometimes been found to show reduced
male-typical behavior (Slijper, 1984; Hines and
Kaufman, 1994; Hampson et al., 1998; Hines

et al., 2003) or increased male-typical behavior
(Ehrhardt and Baker, 1974).

4.1. Handedness

Contrary to our predictions, handwriting, mean
handedness, direction of handedness and degree
of handedness did not differ in female parti-
cipants with and without CAH. However, male
participants with CAH were less likely to be con-
sistently right-handed for writing compared to
unaffected male relatives, although they did not
differ in mean handedness, or in direction or
degree of handedness.

The lack of significantly increased left-handed-
ness in females with CAH resembles the findings
of Helleday et al. (1994) who also did not find dif-
ferences in hand preferences between females
with and without CAH. However Nass et al. (1987)
found increased left-handedness in females with
CAH, and Kelso et al. (1999, 2000) reported a
similar increase in males and females combined.
The present results for females also contrast with
studies showing increased left handedness in
women exposed to DES (a non-steroidal synthetic
estrogen) prenatally (Schachter, 1994; Scheirs and
Vingerhoets, 1995; Smith and Hines, 2000).

The reduced number of consistent right handers
in males with CAH in this study agrees with Kelso
et al.’s (2000) finding of increased left-handed-
ness in males and females with CAH combined. In
addition, our observation that 17% of males with
CAH were left-handed for writing is similar to that
of Tirosh et al. (1993) who found a figure of 20%.
However Nass et al. (1987) did not find any differ-
ences in handedness for males with and without
CAH.

The reasons for these inconsistent findings are
unclear. Chances of detecting existing differences
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Table 5 Correlation among lateralization indices and handedness measures in female and male participants with

CAH and unaffected female and male relative controls

1 2 3 4
PRC-PLC LI-2 phi EC
1. PRC-PLC
CAH females —
Control females -
CAH males =
Control males —
2. LI-2
CAH females 0.98** -
Control females 0.98** —
CAH males 0.96* -
Control males 0.97** =
3. phi
CAH females 1.00** 0.98* -
Control females 1.00** 0.98* -
CAH males 0.99* 0.97* —
Control males 0.99* 0.97* -
4. EC
CAH females 0.18 0.21 0.18 =
Control females -0.18 -0.20 -0.18 -
CAH males 0.10 0.12 0.10 -
Control males 0.09 0.11 0.10 =
5. HAT
CAH females 0.16 0.18 0.16 0.86**
Control females -0.11 -0.14 -0.12 0.91*
CAH males 0.04 0.07 0.05 0.92**
Control males —0.09 -0.07 -0.09 0.90**

PRC and PLC are percent correct right-ear and left ear, respectively; LI-2 represents (R—L)/(R+L) x 100; EC
represents Edinburgh-Crovitz Inventory scores; HAT represents Handedness Activities Test scores.
** p< 0.01. ns = 38 CAH females, 28 control females, 29 CAH males and 29 control males.

increase with sample size, but the numbers of
females with CAH in the studies that found
increased left-handedness were smaller (n = 18 in
Nass et al., 1987, n = 7 in Kelso et al., 1999 and n
= 10 in Kelso et al., 2000), than in the studies
where no increase was found (n = 22 in Helleday
et al., 1994 and n = 40 in the current study).
Nevertheless, a larger sample yet might yield the
predicted results. Other explanations for incon-
sistent results could include differences in the
ages of participants, the types of control parti-
cipants, the proportions of participants with CAH
who were salt wasting versus simple virilizing,
and differences in the acceptance of left-handed-
ness in the countries where the research was
conducted.

Age differences do not appear to clarify the
inconsistent results. Increased left-handedness
was found in CAH females with mean ages of 11.6
years (Nass et al., 1987), 16 years (Kelso et al.,
1999) and 22.3 years (Kelso et al., 2000), whereas
left-handedness was not increased in those with a
mean age of 22.7 years (Helleday et al., 1994) or
19.1 years (the current study).

The inconsistencies are also unlikely to relate to
the type of control group used. For instance, left-
handedness runs in families, raising the possibility
that using relatives as controls precluded detec-
tion of increased left-handedness in females with
CAH. However Nass, et al. (1987) found increased
left-handedness only when females with CAH were
matched one to one with same sex siblings con-
trols. Moreover, of the studies using matched con-
trols, two found increased left-handedness (Kelso
et al., 1999, 2000) and one did not (Helleday
et al., 1994).

One difference between the studies that found
increased left-handedness in females with CAH
(Nass et al., 1987; Kelso et al., 2000) and the two
that did not (Helleday et al., 1994; current study)
is the number of salt wasters versus simple virili-
zers studied, although this seems unlikely to
explain the pattern of results. Fewer salt wasters
were included in the first two studies (66.7% and
60%) than the second two (86.4% and 94.4%) and
Kelso et al. (1999) did not report this information.
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The salt-wasting form of the disorder is con-
sidered to be the more severe form, and so salt-
wasters might be expected to be more, not less,
likely to show altered hand preferences. In
addition, if left-handedness reflects pathological
neural organization (Satz et al., 1985), salt
wasters might be expected to show more left-
handedness than simple virilizers because of the
greater likelihood of brain damage in salt wasters
(during salt wasting crises). However, there is an
absence of increased left-handedness in studies
where there is an over representation of parti-
cipants with salt wasting CAH.

Variability in cross-cultural tolerance of left-
handedness could contribute to the inconsistent
results. The three studies that found increased
left handedness were performed in the USA (Nass
et al., 1987) and Australia (Kelso et al., 1999;
Kelso et al., 2000), whereas the Helleday et al.
(1994) study that failed to find increased left
handedness was conducted in Sweden. In the
present study (conducted in the UK), increased
left-handedness was observed for handwriting in
male participants with CAH only when those parti-
cipants who had been forced to switch to writing
with the right hand were coded as left handed.
Therefore, it is possible that pressures exerted by
parents and/or teachers resulted in fewer left-
handed participants with CAH in our study. This
interpretation is made plausible by previous work
demonstrating that cultural factors influence
handedness (Provins, 1997).

4.2. Language lateralization

All four groups of participants in the current study
showed the expected right ear (left hemisphere)
advantage on the dichotic listening task. How-
ever, like Helleday et al. (1994) we found no dif-
ferences between females with CAH and matched
controls in patterns of performance on the task.
We also found no differences between males with
and without CAH.

Our failure to detect masculinized patterns of
language lateralization in females with CAH may
suggest that prenatal androgens do not influence
this characteristic. However, stronger left hemi-
sphere language lateralization has been demon-
strated in healthy girls with higher levels of
testosterone in second-trimester amniotic fluid
than in girls with lower levels (Grimshaw et al.,
1995). Moreover, Tirosh et al. (1993) found
enhanced language lateralization in individuals,
particularly females, with CAH. Similarly, one
study found male-typical language lateralization
in women exposed to DES prenatally (Hines and
Shipley, 1984), whereas a second did not (Smith
and Hines, 2000). Meta-analysis suggests that

effect sizes for sex differences in language later-
alization are small (Voyer, 1996), and in the cur-
rent study the effect size for male versus
female controls was negligible (d = 0.02-0.12,
depending on the specific asymmetry index).
Thus, extremely large samples may be needed to
provide enough statistical power to detect gona-
dal hormone influences on language lateralization
conistently, assuming that they exist.

4.3. The relationship between handedness
and lateralization

None of the groups showed the expected signifi-
cant negative correlation between hand pre-
ferences and language lateralization. However, in
males and females with CAH this correlation was
positive rather than negative. The expected nega-
tive relationship between language lateralization
and hand preferences was found to be disrupted
in females exposed to DES prenatally, but not in
their unexposed sisters (Smith and Hines, 2000).
This is consistent with the possibility that hor-
mones influence at least one of these character-
istics, thus disrupting the relationship that would
normally be seen between them.

4.4, Implications

The reduced right hand preference in males with
CAH is an enhanced male-typical pattern, since
males generally show weaker right hand pre-
ferences than females (Hines and Gorski, 1985).
Although prior studies generally have not found
the behavior of males with CAH to be even more
male-typical than controls, there is evidence that
they show an enhanced male-typical pattern in a
sexually differentiated physical characteristic.
The ratio of the length of the index finger to the
ring finger is smaller in men than in women
(George, 1930; Manning et al., 2000), and is smal-
ler yet in males with CAH compared to unaffected
male relatives (Brown et al., 2002).

Research on DES-exposed women suggests that
hormonal influences on hand preferences occur
early, prior to week 10 of gestation (Smith and
Hines, 2000). Finger length ratios also are determ-
ined early, probably sometime between weeks 8
and 14 of gestation (Garn et al., 1975). Thus,
males with CAH may show more male-typical hand
preferences and finger length ratios because they
experience elevated androgens early in gestation.
In CAH, the adrenal glands begin to produce excess
androgen prior to week 13 of gestation (Wudy et
al., 1999). Androgens may be elevated as early as
five weeks of gestation because evidence from
clinical practice highlights the importance of
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starting dexamethasone treatment from this age to
prevent genital virilization of females with CAH
(Dorr and Sippell, 1993). The testes in male fetuses
begin to produce testosterone later—by about
week 8 of gestation (Smail et al., 1981), and neural
feedback mechanisms that allow them to reduce
testicular androgen production in response to the
high levels of androgen are operational prenatally
(Brown-Grant et al., 1975). This could explain the
normal levels of testosterone seen in most male
fetuses with CAH later in gestation (Pang et al.,
1980; Wudy et al., 1999), as well as the general
absence of enhanced male-typical development of
sex-related behavioral characteristics in males
with CAH (Collaer and Hines, 1995).

Therefore, it is conceivable that male fetuses
with CAH experience an initial rise in androgens
above normal levels (before testicular androgen
production or neural feedback mechanisms are in
place), masculinizing physical and motor char-
acteristics that develop early in gestation, such as
hand preferences and finger length ratios. Neural
systems underlying sex-related behaviors such as
toy and playmate preferences probably develop
later in gestation, when androgen levels are nor-
mal in males with CAH because of feedback inhi-
bition. As a consequence, males with CAH could
be hyper-masculinized in regard to hand pre-
ferences and finger length ratios, but not in
regard to some aspects of childhood play beha-
viors. Of course, confirmation of these specula-
tions awaits future research providing more
detailed information on hormone levels in male
fetuses with CAH. The behavioral demasculiniza-
tion of males with CAH (of rough and tumble play
behavior (Hines and Kaufman, 1994; Hines et al.,
2003) and spatial abilities (Hampson et al., 1998)
may reflect the severity of the illness that may
override the influence of androgens (Hines and
Kaufman, 1994), or androgen deficits at later
points in time (Hines et al., 2003).

In summary, we found some evidence that pre-
natal exposure to higher than normal levels of
androgens reduces right handedness in males.
However we did not find a similar effect in
females, nor was there evidence indicating that
androgen influenced language lateralization in
either males or females with CAH. Like prior stu-
dies, this provides weak but inconsistent support
for a role for androgen in the development of hand
preferences in humans, and little or no support for
hormonal influences on language lateralization. In
addition, our results do not support the Gesch-
wind-Behan-Galaburda model in which fetal tes-
tosterone levels are hypothesized to influence
development of the cerebral hemispheres, thus
leading to altered language lateralization and

cognitive problems in males (Geschwind and
Behan, 1984; Geschwind and Galaburda, 1987).
Other investigators also have questioned the use-
fulness of this model (McManus and Bryden, 1991;
Bryden et al., 1994).

Finally, the lack of consistent effects in this and
other studies of hormones and lateralization may
relate to the small size of sex differences in lan-
guage lateralization and handedness (d = 0.073 for
language lateralization, d = —0.177 for hand
preferences in the current study and d = 0.062
for verbal measures of language lateralization in
Voyer’s (1996) meta-analysis). Based on these fig-
ures, samples of over 500 (for language lateraliza-
tion) and 175 (for hand preferences) per group
would be required to have conventional levels of
confidence (80%) of detecting group differences,
even if these exist (Cohen, 1988). Given the small
sex differences and the general lack of consistent
effects in this and other studies, hormones would
not appear to be a major determinant of individ-
ual variability in either hand preferences or lan-
guage lateralization.
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