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Al~tract--Using in-vivo magnetic resonance morphometry it was investigated wbetheT the 
midsagittal area of the corpus callosum (CC) would differ between 30 professional musicians 
and 30 age-, sex- and handedness-matched controls. Our analyses revealed that the anterior half of 
the CC was significantly larger in musicians. This difference was due to the larger anterior CC in the 
subgroup of musicians who had begun musical training before the age of 7. Since anatomic studies 
have provided evidence for a positive correlation between midsagittal callosal size and the number 
of fibers crossing through the CC, these data indicate a difference in interhemispheric 
communication and possibly in hemispheric (a)symmetry of sensorimotor areas. Our results are 
also compatible with plastic changes of components of the CC during a maturation period within 
the first decade of human life, similar to those observed in animal studies. 

Key Words: corpus callosum; laterality; magnetic resonance imaging; motor cortex; motor skills; 
music; neuronal plasticity. 

INTRODUCTION 
The corpus callosum (CC) as the main interhemispheric fiber tract plays an important role 
in interhemispheric integration and communication. Gender and handedness differences in 
the anatomy of the CC have been a matter of long-standing dispute. A lesser degree of 
functional lateralization, i.e. increased "ambilaterality" as found in left-handers and in 
subjects with fight-hemisphere language dominance, has been associated with a larger 
midsagittal callosal area [14, 31, 42, 43], although this may still be disputable [26, 40]. 
Nevertheless, group differences in callosal size or shape observed in morphometric studies 
were generally regarded as a neuroanatomical substrate of differences in cerebral 
asymmetry and interhemispheric connectivity [10, 11, 14, 31, 40, 42, 43]. 

Theories to explain these differences in CC morphology include naturally occurring 
regressive events, such as death of neurons and elimination of axon collaterals [8, 28, 44]. 
However, this axonal elimination occurs supposedly prior to most environmental 
influences. Alternatively, it has been proposed that functional maturation of  the CC 
extends into late childhood and adolescence and coincides with the termination of its 
myelination cycle. According to Rakic and Yakovlev [34] and Yakovlev and Lecours [41] 
the CC is one of the latest fiber tracts in the central nervous system to be myelinated. 
Furthermore, in-vivo imaging has revealed that increases of callosal size can be seen at 
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least up to the middle o f  the third decade with a m a x i m u m  during the first decade o f  
h u m a n  life [2, 9, 33]. This presumed progression in ma tu ra t ion  o f  the C C  m a y  also 
cor respond  to a per iod o f  cortical plasticity since cont inuing changes in cortical synapt ic  
density occur  th roughou t  chi ldhood [20, 27]. There  is also a general consensus tha t  
m o v e m e n t  control  and m o t o r  coordinat ion  as well as in te rmanual  t ransfer  o f  sensor imotor  
in format ion  improve  gradual ly  f rom ages 4 to 11 years, an  age span coinciding with 
callosal ma tu ra t ion  [12, 17, 25, 29, 30]. Al though previous reports  a l ready suggested tha t  a 
larger caUosal area  m a y  indicate a higher capaci ty  for  interhemispheric  t ransfer  [10, 40, 42, 
43], a positive correlat ion between midsagit tal  CC area  and the number  of  fibers crossing 
through was only established recently [1]. 

F o r  s tudying possible differences in callosal m o r p h o l o g y  in humans  with p resumed 
differences in interhemispheric  communica t ion ,  the midsagit tal  CC area  and its 
subdivisions were measured  in musicians and  controls  using high-resolut ion in-vivo 

magnet ic  resonance ( M R )  imaging. Recent  functional imaging studies a lready suggested 
tha t  certain abilities unique to musicians relied on specialized cortical representat ions  in 
bo th  hemispheres  and  a more  distr ibuted ne twork  than  similar nonmusica l  opera t ions  [37]. 
Fur the rmore ,  certain cortical areas such as the p r emo to r  cortex and  the supp lementa ry  
m o t o r  a rea  play a par t icular  role in the t empora l  control  o f  sequential  m o t o r  tasks and the 
integrat ion o f  bilateral  m o t o r  behavior  [13, 15]. Both aspects o f  m o t o r  control  are 
especially impor t an t  for  per forming  musicians .  In the current  study, we tested the 
hypothesis  that  early and intensive training in key and string players  m a y  facilitate 
increased and faster  interhemispheric  t ransfer  in order  to pe r fo rm complex sequential  
b imanua l  m o t o r  sequences. Fur thermore ,  the recall o f  s tored m o t o r  p rog rams  could 
require more  and faster interhemispheric  exchange than in those not  ' rout inely '  
pe r fo rming  b imanua l  interactions of  similarly complex m o t o r  sequences. In  a more  
general sense, we also speculated that  due to their intense and  early exposure  to 
ex t raord inary  stimuli musicians m a y  form a part icular ly promis ing group  to disclose 
relat ionships between brain structure and behavior.  

M A T E R I A L S  A N D  M E T H O D S  

Subjects 

We examined 30 professional classical musicians (keyboard or string instrument players, or both) who 
described themselves as right-handers. All of them were students or had just finished training at a music school. 
As a control group, we included 30 subjects matched for sex, age, and handedness. They were taken from our 
database of more than 100 healthy young adults studied with high-resolution MR morphometry who have been 
described elsewhere [23, 39, 40]. Most of them were medical students or young faculty members in university 
hospitals without any musical training. All subjects gave informed consent. To further investigate the proposed 
hypothesis the musicians were divided in subgroups with or without commencement of musical training before 
the age of 7. Gender, age, and body height distributions for the groups of subjects studied here are given in 
Table 1. 

Handedness testing 

Hand preference was assessed with the questionnaire of Witelson [43] which is based on the work of Annett [3]. 
This 12-task inventory defines 'handedness' according to the hand preferred for each task. Consistent right- 
handedness corresponds to performance of all 12 tasks with the right hand, with up to two 'either' hand 
preferences being acceptable. Additionally, each subject's motor performance with the right (R) and left (L) hand, 
as another measure of "handedness", was determined by the maximal index finger tapping rate recorded over 
20 sec, and by a paper-and-pencil hand dominance test (HDT) with three dexterity tasks (tracing lines, dotting 
circles, and tapping on squares), each to be performed with maximal speed and precision over 15see [39]. 
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Table 1. Gender, age, and body height distributions for the groups of subjects studied 
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Age Mean age 
Women Men range ± S.D. 

(n) (n) (years) (years) 

Mean body 
height/ 

S.D. (era) 

All musicians (n = 30) 8 22 21-36 
Musicians with commencement 6 15 21-36 

of training <7 years of age (n=21) 
Musicians with commencement 2 7 21-34 

of training >7 years of age (n = 9) 
Controls (n = 30) 8 22 21-38 

26.1±3.8 179.5±9.6 
25.6±3.7 178.9±10.6 

27.4±3.9 180.9±6.7 

26.5±4.6 178.6±6.8 

Laterality indices ( R -  L)/(R + L) were determined for each hand performance test; negative values indicated left- 
handedness and positive values, right-handedness. 

MR data acquisition and morphometric analyses 
MR imaging using a volumetric fast low-angle shot MR sequence (1.00 x 1.00x 1.17mm voxel size) was 

performed on a 1.5 T system as previously described, after correct parallel alignment of the interhemispheric 
plane of the brain with the sagittal plane of imaging [38--40]. This ensured that the mldsagittal image determined 
by intersecting the aqueduct was selected for digitization of the CC (Fig. 1). Subsequent segmentation of this 
image into brain grey and white matter separated the CC from the surrounding brain tissue and cerebrospinal 
fluid [19]. The total midsagittal callosal area (AO) and 7 CC sub-areas (A1-A7) were determined by a blinded 
observer. The anatomic subdivision into the callosal sub-areas A1-A7 using MR morphometry was done as 
previously reported [24, 40] and corresponds to that originally described by Witelson for postmortem specimen 
[43]. For the present study, only the total CC area (AO), the anterior half of the CC (sub-areas A1-A4 combined), 
and the posterior half of the CC (sub-areas A5-A7 combined) were analyzed (Fig. 2). Inter-observer reliabilities 
for measuring AO in a randomly selected subset (n = 41) of the present sample were r = 0.96 (Pearson correlation) 
and r=  0.91 (intraclass correlation according to Bartko and Carpenter [4]). 

Statistical analysis 
Anatomical differences between musicians and controls were evaluated using the multivariate Hotelling's T 2- 

test with the anterior and posterior CC areas as dependent variables. In case of a significant multivariate 
difference, subsequent alpha-adjusted t-tests for independent samples were performed. In addition, the two 
subgroups of musicians and the controls were compared using a multivariate analysis of variances (MANOVA) 
with the anterior and posterior CC areas as dependent variables. In case of a significant result, subsequent 
univariate analyses of variances (ANOVAs) were performed. For further evaluation of a significant result 
obtained with an ANOVA, critical differences were calculated according to Scheff6 [36]. Because two multivariate 
tests were performed for the same sample, the significance level of P = 0.05 was alpha-adjusted according to Holm 
[18] (i.e. 0.05/0.025). 

R E S U L T S  

A c c o r d i n g  to h a n d  preference  test ing,  three  ma le  m u s i c i a n s  a n d  three  m a l e  con t ro l s  
were n o n - c o n s i s t e n t  r igh t -handers .  Al l  o the r  subjects  were  cons i s t en t  r i gh t -hande r s .  In  
c o n t r a s t  to h a n d  preference ,  a s y m m e t r y  o f  h a n d  m o t o r  p e r f o r m a n c e  d e t e r m i n e d  wi th  the 
index  f inger  t a p p i n g  ra te  a n d  h a n d  d o m i n a n c e  test ( H D T )  differed be tween  m u s i c i a n s  a n d  
con t ro l s ,  the  f o r m e r  s h o w i n g  s ignif icant ly  m o r e  symmet r i c  p e r f o r m a n c e  o f  these dexter i ty  
tasks.  Thus ,  the  fo l lowing  la tera l i ty  indices  emerged  for  m u s i c i a n s  vs con t ro l s  
( m e a n + S . D . ) :  HDT:  0.09__+0.05 vs 0.15___0.07 ( two-s ided  t-tests for  i n d e p e n d e n t  
samples :  t = 3 . 7 8 ,  d . f . = 5 8 ,  P < 0 . 0 1 ) ;  tapping test: 0 . 0 4 + 0 . 0 3  vs 0 . 1 0 + 0 . 0 4  ( t = 2 . 8 0 ,  
d.f. = 58, P < 0 . 0 1 ) .  

The  m u l t i v a r i a t e  Ho t e l l i n g ' s  T2-test  wi th  the an t e r i o r  a n d  pos te r io r  ha lves  o f  the  C C  as 
d e p e n d e n t  va r i ab les  revea led  a s igni f icant  difference in  ca l losa l  a n a t o m y  b e t w e e n  
m u s i c i a n s  a n d  con t ro l s  [ F = 3 . 9 4 ;  d . f . = 2 ,  57; P = 0 . 0 2 5 ] .  The  s u b s e q u e n t l y  p e r f o r m e d  
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t-tests indicated that this effect was due to a size difference in the anterior half of the CC 
(anterior half of the CC: t=2.21; d.f.=58; P=0.031; posterior half of the CC: t=0.80; 
d.f. = 58; P = 0.423). The MANOVA comparing subgroups of musicians with or without 
early commencement of musical training and controls also indicated group differences 
[F = 3.57; d.f. = 4, 112; P = 0.009]. Again, the subsequently calculated ANOVAs revealed a 
significant finding for the anterior CC (anterior half of the CC: F = 5.55; d.f. =2, 57; 
P=0.006; posterior half of the CC: F=1.37; d.f.=2, 57; P=0.263). The subsequently 
performed Scheff~ tests showed a significantly larger anterior callosum in musicians with 
early commencement of musical training compared to controls, and in musicians with 
early commencement of training compared to musicians beginning later (P<0.01) 
(Table 2). 

DISCUSSION 

The current study reveals a size difference in the midsagittal area of the anterior half of 
the CC between controls and musicians with an early age of commencement of musical 
training. Variation in callosal size is generally considered to be a morphological substrate 
of interhemispheric connectivity and of hemispheric (a)symmetry, with more symme- 
trically organized brains having larger callosa [10, 31, 40, 42, 43]. In fact, a very similar 
explanation could account for the findings in muscians, especially with regard to their 
pronounced symmetry of hand motor performance as also demonstrated here. 

The size difference in the anterior half of the CC must be seen in the context of 
anatomical studies by Pandya and Seltzer [32] showing that in the rhesus monkey mainly 
fibers connecting frontal motor-related and prefrontal cortices cross through this part of 
the callosum. It should also be emphasized that Rosen et al. [35] were able to demonstrate 
that the amount of interhemispheric connections between neocortical sensorimotor areas 
increases with increasing cytoarchitectonic volumetric symmetry of these regions in rats. 
In addition, Habib et al. [14] and Cowell et al. [9] found that increases in human callosal 
size explained by developmental changes and handedness effects were most marked in the 
anterior and extreme posterior regions of the CC. This corresponds to findings of La 
Mantia and Rakic [28] that axons crossing through the anterior CC take the longest to 
attain adult size and morphology in the rhesus monkey. Of course, it remains to be 
determined whether the larger CC of musicians with an early commencement of training 
contains a greater total number of fibers, thicker axons, more axon collaterals, stronger 
myelinated axons, or a higher percentage of myelinated axons. So far, there is only one 
study in humans showing a (positive) correlation between midsagittal callosal size and the 
amount of fibers crossing through [1]. Considering these data, the larger anterior CC in 
musicians with a commencement of musical training before the age of 7 must be 
interpreted as a morphological substrate of increased interhemispheric communication 
between frontal cortices (such as the premotor and supplementary motor cortex) 
subserving complex bimanual motor sequences. Our findings fit very well with data 
derived from lesion studies in humans. Herein, unilateral lesions of the premotor as well as 
the supplementary motor cortex severely disturbed rhythm reproduction when patients 
had to use one hand, contralateral or ipsilateral to the lesion, or were required to use both 
hands in an alternating manner [15]. 

An alternative explanation for increased callosal size could be an overrepresentation of 
'anomalously' lateralized persons among musicians who play keyboard or string 
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Fig. I (A, B). Corpus callosum of a musician with early commenc~ncnt of musical training (A) and 
of a nonmusician (B). The midsagittal images, as determined by intersecting the aqueduct, show a 

larger anterior half of the catlosum in the musician. 
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Fig. 2. Anatomical subdivision of the corpus callosum (CC) used in the present study (midsagittal 
section, see Fig. 1): Parallel to the bieommisural line (AC-PC) the maximum anterior-posterior 
length of the CC is determined and divided into equal halves. The cross-sectional CC area anterior 
or posterior to the dividing perpendicular are the anterior and posterior halves of the CC, 

respectively. 

Table 2. Midsagittal area measurements of the corpus caUosum (CC) for the groups of subjects described in 
Table 1. Values are given in mm 2 (mean ± S.D.) 

Total CC Anterior half of Posterior half of 
area CC area* CC areat 

All musicians (n = 30) 687 4- 85 371 4- 46 
Musicians with commencement of training 709 -4- 81 384 4- 42 

<7 years of age (n=21) 
Musicians with commencement of training 637 4- 77 340 4- 43 

>7 years of age (n=9) 
Controls (n = 30) 649 ± 88 344 -4- 48 

3144-43 
321 4-44 

297 4- 38 

305 4- 43 

*Significant differences are those between controls and all musicians, between controls and musicians with early 
commencement of musical training, as well as between the two subgroups of musicians with or without early 
commencement(see Results). 

tNo significant differences (see Results). 

instruments (or both) requiring independent bimanual activity [6, 16]. This might be of 
relevance because others have reported a larger CC in atypically lateralized individuals [14, 
3 I, 42, 43]. In our right-handed sample, however, only tests of hand motor performance 
revealed increased symmetry in musicians, not those of hand preference. This between-test 
difference may well be an effect of intense bimanual practicing of musicians and should not 
be taken as evidence of principal divergence of brain laterality compared to nonmusicians. 

In animal studies of postnatal development of the CC, the number of callosal axons in 
neonates exceeds that of young adults, suggesting that normal development involves the 
remodeling of axonal projections between the two hemispheres with a subsequent 
elimination of callosal axons [7, 21, 28]. However, this reduction in the number of callosal 
axons, which reflects the selective elimination of axon collaterals or callosal neurons 
during the early postnatal period, can be manipulated experimentally by altering sensory 
or motor experience during early development [5, 22]. Other studies of humans and 
nonhumans have suggested a considerable degree of callosal plasticity during brain 
development until adulthood [2, 5, 9, 22, 33, 45]. Thus, during the development of the CC 
and especially of its anterior part "environmental" factors such as intense bimanual motor 
training of musicians could play an important role in the determination of callosal fiber 
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c o m p o s i t i o n  a n d  size. This ,  then,  w o u l d  fit well  wi th in  a c o n c e p t  o f  ce rebra l  p las t ic i ty  as an  

a d a p t i v e  s t r u c t u r a l - f u n c t i o n a l  p rocess  f o l l o w i n g  changes  in s t i m u l a t i o n  in tens i ty .  

Acknowledgements--This study was supported by grants from the Deutsche Forschungsgemeinschaft (SFB 194/ 
A7) and the Hermann and Lilly Schilling Foundation (H.S.). The authors thank Prof. Dr U. M6dder, Institute 
for Diagnostic Radiology, Heinrieh-Heine University, for providing them time in the MRI facility. 

R E F E R E N C E S  

1. Aboitiz, F., Scbeibel, A. B., Fisher, R. S. and Zaidel, E. Fiber composition of the human corpus callosum. 
Brain Res. 598, 143-153, 1992. 

2. Allen, L. S., Richey, M. F., Chai, Y. M. and Gorski, R. A. Sex differences in the corpus callosum of the living 
human being. J. Neurosci. 11, 933-942, 1991. 

3. Annett, M. A classification of hand preference by association analysis. Br. J. Psychol. 61, 303-321, 1970. 
4. Bartko, J. J. and Carpenter, W. T. On the method and theory of reliability. J. Nerv. Ment. Dis. 163, 307-317, 

1976. 
5. Berrebi, A. S., Fitch, R. H., Ralphe, D. L., Denenberg, J. O., Friezdrich, V. L. and Denenberg, V. H. Corpus 

callosum: Region-specific effects of sex, early experience and age. Brain Res. 438, 216-226, 1988. 
6. Christman, S. Handedness in musicians: Bimanual constraints on performance. Brain Cognit. 22, 266-272, 

1993. 
7. Clarke, S., Kraftsik, R., van der Loos, H. and Innocenti, G. M. Forms and measures of adult and developing 

human corpus callosum: Is there sexual dimorphism? J. comp. Neurol. 280, 213-230, 1989. 
8. Cowan, W. M., Faweett, J. W., O'Leary, D. D. M. and Stanfield, B. B. B. Regressive events in neurogenesis. 

Science 225, 258-1265, 1984. 
9. CoweU, P. E., Allen, L. S., Zlatimo, N. S. and Denenberg, V. H. A developmental study of sex and age 

interactions in the human corpus callosum. Devl. Brain Res. 66, 87-192, 1992. 
10. De Lacoste-Utamsing, C. and Holloway, R. L. Sexual dimorphism in the human corpus callosum. Science 

216, 1431-1432, 1982. 
11. De Lacoste, M.-C., Holloway, R. L. and Woodward, D. J. Sex differences in the fetal human corpus 

callosum. Hum. NeurobioL 5, 93-96, 1986. 
12. Denckla, M. Development of motor co-ordination in normal children. Dev. Med. Child NeuroL 16, 729-741, 

1973. 
13. Freund, H.-J. and Hummelsheim, H. Lesions of premotor cortex in man. Brain 108, 697-733, 1985. 
14. Habib, M., Gayraud, D., Oliva, A., Regis, J., Salamon, G. and Khalil, R. Effects of handedness and sex on 

the morphology of the corpus callosum: A study with brain magnetic resonance imaging. Brain Cognit. 16, 
41-61, 1991. 

15. Halsband, U., Ito, N., Tanji, J. and Freund, H.-J. The role ofpremotor cortex and supplementary motor area 
in the temporal control of movement in man. Brain 116, 243-266, 1993. 

16. Hassler, M. and Gupta, D. Functional brain organization, handedness, and immune vulnerability in 
musicians and non-musicians. Neuropsychologia 31, 655-660, 1993. 

17. Hicks, J. A. The acquisition of motor skills in young children. Child Dev. 1, 90-103, 1930. 
18. Holm, S. A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6, 65-70, 1979. 
19. Huang, Y., Knorr, U., Sehlaug, G., Seitz, R. J. and Steinmetz, H: Segmentation of MR images for partial- 

volume-effect correction and individual integration with PET images of the human brain. J. Cereb. Blood 
Flow Metab. 13, S 315, 1993. 

20. Hutterdocher, P. R. Synaptic density in human frontal cortex--Developmental changes and effects of aging. 
Brain Res. 163, 195-205, 1979. 

21. Innocenti, G. M., Fiore, L. and Caminiti, R. Exuberant projection into the corpus callosum from the visual 
cortex of newborn cat. Neurosci. Lett. 4, 237-242, 1977. 

22. Innocenti, G. M. and Frost, D. O. Abnormal visual experience stabilizes juvenile patterns of interhemispheric 
connections. Nature 280, 231-234, 1979. 

23. J~incke, L., Schlaug, G., Huang, Y. and Steinmetz, H. Asymmetry of the planum parietale. NeuroReport 5, 
1161-1163, 1994. 

24. J~incke, L. and Steinmetz, H. Interhemispheric transfer time and corpus callosum size. NeuroReport 5, 2388, 
1994. 

25. Kerr, R. Movement control and maturation in elementary-grade children. Percept. Motor Skills 41, 151-154, 
1975. 

26. Kertesz, A., Polk, M., Howell, J. and Black, S. E. Cerebral dominance, sex and callosal size in MRI. 
Neurology 37, 1385-1388, 1987. 



CORPUS CALLOSUM IN MUSICIANS 1055 

27. Kinney, H. C., Brody, B. A., Kloman, A. S. and GiUes, F. H. Sequence of central nervous system myelination 
in human infancy: II. Patterns of myelination in autopsied infants. J. Neuropathol. exp. Neurol. 47, 217-234, 
1988. 

28. La Manila, A. and Rakic, P. Cytological and quantitative characteristics of four cerebral commissures in the 
rhesus monkey. J. comp. Neurol. 291, 520-537, 1990. 

29. Lassonde, M., Sauetwein, H., Chiccoine, A.-J. and Geoffroy, G. Absence of disconnexion syndrome in 
callosal agenesis and cady callosotomy: Brain reorganization or lack of structural specificity during 
ontogeny? Neuropsychologia 29, 481-493, 1991. 

30. Miiller, K. and H6mberg, V. Development of speed of repetitive movements in children is determined by 
strnctttral changes in corticospinal efferents. Neurosci. Lett. 144, 57-60, 1992. 

31. O'Kusky, J., Strauss, E., Kosaka, B., Wada, J., Li, D., Druhan, M. and Petrie, J. The corpus callosum is 
larger with right-hemisphere cerebral speech dominance. Ann. Neurol. 24, 379-383, 1988. 

32. Pandya, D. N. and Seltzer, B. The topography of commissural fibers. In Two Hemispheres--One Brain. 
Functions of the Corpus Callosum, F. Lepore, M. Ptito and H. H. Jasper (Editors), pp. 47-73. ' Alan R. Liss, 
New York, 1986. 

33. Pujol, J., Vendrell, P., Junqu6, C., Mart'-Vilalta, J. L. and Calxievila, A. When does human brain 
development end? Evidence of corpus callosum growth up to adulthood. Ann. Neurol. 34, 71-75, 1993. 

34. Rakic, P. and Yakovlev, P. I. Development of the corpus callosum and cavum septi in man. J. comp. Neurol. 
132, 45-72, 1968. 

35. Rosen, G. D., Sherman, G. F. and Galaburda, A. M. Interhemispheric connections differ between 
symmetrical and asymmetrical brain regions. Neuroscience 33, 525-533, 1989. 

36. Scheff6, H. A. A method for judging all possible contrasts in the analysis of variance. Biometrika 40, 87-104, 
1953. 

37. Sergent, J., Zuck, E., Terriah, S. and MacDonald, B. Distributed neural network underlying musical sight- 
reading and keyboard performance. Science 257, 106-109, 1992. 

38. Steiumetz, H., Fiirst, G. and Freund, H.-J. Variation of perisylvian and calcarine anatomic landmarks within 
stereotaxic proportional coordinates. Am. J. NeuroradioL 11, 1123-1130, 1990. 

39. Steinmetz, H., Volkmann, J., J/incke, L. and Freund, H.-J. Anatomical left-right asymmetry of language- 
related temporal cortex is different in left- and right-handers. Ann. Neurol. 29, 315-319, 1991. 

40. Steinmetz, H., J/incke, L., Kleinschmidt, A., Schlaug, G., Volkmann, J. and Huang, Y. Sex but no hand 
difference in the isthmus of the corpus callosum. Neurology 42, 749-752, 1992. 

41. Yakovlev, P. I. and Lecours, A. R. The myelogenetic cycles of regional maturation of the brain. In Regional 
Development of the Brain in Early Life, A. Minkowksi (Editor), pp. 3-70. Black-well, Oxford, 1967. 

42. Witelson, S. F. The brain connection: The corpus callosum is larger in left-handers. Science 229, 665-668, 
1985. 

43. Witelson, S. F. Handedness and sex differences in the isthmus and genu of the human corpus callosum. A 
postmortem morphological study. Brain 112, 799-835, 1989. 

44. Witelson, S. F. and Kigar, D. Anatomical development of the corpus callosum in humans: A review with 
reference to sex and cognition. In Brain Lateralization in Children: Developmental Implications, D. L. Molfese 
and S. J. Segalowitz (Editors), pp. 35-57. Guilford Press, New York, 1988. 

45. ZiUes, K. Neuronal plasticity as an adaptive property of the central nervous system. Ann. Anat. 174, 383-391, 
1992. 


