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Using diffusion tensor imaging and tractography to detail the patterns
of interhemispheric connectivity and to determine the length of the
connections, and formulae based on histological results to estimate
degree of connectivity, we show that connection length is negatively
correlated with degree of connectivity in the normal adult brain. The
degree of interhemispheric connectivity—the ratio of interhemi-
spheric connections to total corticocortical projection neurons—was
estimated for each of 5 subregions of the corpus callosum in 22
normal males between 20 and 45 years of age (mean 31.68; standard
deviation 8.75), and the average length of the longest tracts passing
through each point of each subregion was calculated. Regression
analyses were used to assess the relation between connection
length and the degree of connectivity. Connection length was
negatively correlated with degree of connectivity in all 5 subregions,
and the regression was significant in 4 of the 5, with an average r2 of
0.255. This is contrasted with previous analyses of the relation
between brain size and connectivity, and connection length is shown
to be a superior predictor. The results support the hypothesis that
cortical networks are optimized to reduce conduction delays and
cellular costs.

Keywords: brain scaling, connection length, degree of connectivity, optimal
wiring, relative size

Introduction

Variation in brain size, both across species and across

individuals within a species, is associated with variation in the

organization of both gray and white matter. Increases in white

matter volume outpace increases in gray matter volume (Frahm

et al. 1982; Rilling and Insel 1999b; Schlenska 1974; Zhang and

Sejnowski 2000), but increases in gray matter volume outpace

increases in the size of the major white matter bundles that

interconnect the cerebral hemispheres (Jäncke et al. 1997;

Rilling and Insel 1999a). The disproportionate increase in white

matter volume has been interpreted as a consequence of the

high degree of connectivity within the cortex (Allman 2000;

Frahm et al. 1982; Zhang and Sejnowski 2000). The hyposcaling

of the commissural white matter bundles likely reflects

decreases in the degree of interhemispheric connectivity—the

ratio of interhemispheric connections to total corticocortical

projection neurons—with increases in brain size and has been

hypothesized to be due to the increased conduction delays and

cellular costs associated with these fibers (Ringo 1991; Ringo

et al. 1994), which tend to be longer in larger brains

(Braitenberg 2001). The conduction delay associated with

either a myelinated or an unmyelinated axon is primarily

a function of its diameter and length (Waxman 1977). The

conduction delay for long-distance connections must therefore

increase with increases in brain size, unless there is a pro-

portional increase in axon diameter—which appears not to be

the case (Aboitiz, Scheibel, Fisher, et al. 1992; Jerison 1991;

Olivares et al. 2001; Schüz and Preissl 1996)—and the cellular

costs for such connections will increase regardless (Karbowski,

2007). This hypothesis thus predicts a negative correlation

between connection length and degree of connectivity.

Neuroanatomy research to date has only indirectly tested

this prediction. The use of magnetic resonance morphometry

has limited these studies to measures such as brain volume and

cortical surface area; and differences in brain shape would

suggest that these measures are not particularly good indices of

the length of the long-distance connections. This paper reports

on a study that uses diffusion tensor imaging (DTI) to more

directly measure the predicted relation between the length of

the long-distance connections that traverse the corpus

callosum and the degree of interhemispheric connectivity.

Methods

Subjects
A total of 22 normal healthy males ranging between 20 and 45 years of

age (mean 31.68; standard deviation [SD] 8.75) participated in the

study. All subjects gave informed consent, and the study was approved

by the ethics committee at the University of California, San Diego

(UCSD).

Imaging and Image Processing
All subjects were scanned at the UCSD Center for functional magnetic

resonance imaging (fMRI) on a GE Signa EXCITE 3.0T short bore

scanner with an 8-channel array head coil. Four types of images were

acquired from each subject: 1) one set of 3-dimensional T1-weighted

images (fast gradient echo, Spoiled Gradient Recalled; echo time

[TE] = 3.1 ms; flip angle = 12�; number of excitations [NEX] = 1; field of

view [FOV] = 25cm; matrix = 256 3 256); 2) 2 sets of T2-weighted

images (dual spin-echo, EPI; time repetition [TR] = 15 s; TE = 89 ms; 45

axial slices; NEX = 2; FOV = 22 cm; matrix = 128 3 128; resolution

= 1.875 3 1.875 3 3 mm; 3 mm interleaved contiguous slices); 3) 2 sets

of diffusion-weighted images isotropically distributed along 15 directions

(dual spin-echo, echo planar imaging [EPI]; TR = 15 s; TE = 89 ms; 45

axial slices; NEX = 2; FOV = 22 cm; matrix = 128 3 128; resolution

= 1.875 3 1.875 3 3 mm; 3 mm interleaved contiguous slices;

b value = 1400 s/mm2); and 4) fieldmaps matched to the diffusion-

weighted images.

Note that 2 sets of diffusion-weighted images were acquired, each

with a NEX of 2; thus each image was acquired 4 times. Likewise for the

T2-weighted images, which were acquired together with the diffusion-

weighted images.

Fieldmaps were acquired before the first diffusion-weighted images

were acquired, and, in cases where there was between scan motion, an

additional set of fieldmaps was acquired after the second.

The T1-weighted images were converted to AFNI (Cox 1996)—an

open source environment for processing and displaying MRI data—and
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the resulting volume was anterior commissure-posterior commissure

(AC-PC) aligned. The boundary and divisions of the corpus callosum

were then identified on the midsagittal slice of the AC-PC--aligned T1-

weighted images using a semiautomated procedure created for this

project. The boundary and divisions of the corpus callosum were

determined as follows. A point manually inserted at the boundary of the

callosum was used to seed an intensity-based floodfill of the callosum;

additional points were used, in cases where the division between the

callosum and fornix was unclear, to identify the boundary of the

callosum in that region. The outline of the resulting area was then used

as a starting point for an implementation of the active contour algorithm

that smoothed the boundary and moved it to the center of the gradient

at the edge of the callosum. The resulting boundary was then divided

into 5 regions via Clarke’s method (Clarke et al. 1989)—that is, the

midline of the callosum was computed and divided into 5 equal length

segments, and the shortest length lines that cut the callosum at the

points defined by these segments were the regional boundaries. Figure 1

illustrates the subregions arrived at via this procedure.

Four-dimensional volumes were created from both sets of diffusion-

weighted images; software developed by the UCSD Center for fMRI was

used to correct the diffusion-weighted images, using the fieldmaps, of

distortions caused by inhomogeneities in the magnetic field and to

correct for within-scan motion. Using the 3D Slicer DTMRI module

(an open source development project begun at the Massachusetts

Institute of Technology Artificial Intelligence Laboratory and the

Surgical Planning Laboratory at Brigham and Women’s Hospital), the

two 4-dimensional diffusion-weighted volumes were then converted to

diffusion tensor volumes, coregistered using nonlinear tensor-to-tensor

registration (Park et al. 2003), and the resulting tensors averaged across

volumes. The average diffusion tensor volume was then coregistered

with the T1-weighted volume by generating a fractional anisotropy

volume from the tensors, coregistering the fractional anisotropy

volume to the T1-weighted volume, and applying that transform to

the tensor volume.

The nonlinear transformation used to register the 2 tensor volumes

was also used to register the corresponding T2-weighted volumes.

These 2 T2-weighted volumes were then averaged and together with

the T1-weighted volume were processed with freesurfer (BioMedical

Imaging , Charlestown, MA, and CorTech Labs, La Jolla, CA) to obtain

a segmentation. This segmentation provided the cortical gray matter

measures used in the analyses and allowed for the creation of a seed

region for fiber tract generation.

Tracts were seeded along the edge of the white matter where the

white matter was bounded by cortical gray matter. This was achieved

by dilating a mask of the cortical gray matter and retaining the areas

that overlapped with the white matter. Tracts were then generated

from all voxels within this seed region. Tracts were generated using

a modified version of 3D Slicer, which allowed tracts to be terminated

at the midsagittal point of the corpus callosum and to be filtered out if

they terminated elsewhere. Tracts were further constrained by a radius

of curvature limit of 1 mm and a fractional anisotropy threshold of 0.15.

The volume in which the subregions of the callosum had been labeled

was then used to identify the set of fiber tracts that passed through

each subregion of the callosum. Figure 2 shows the set of fiber tracts

produced by this method.

Note that subregion 5 of the callosum consists of both tracts that

originate in occipital and parietal cortices and also a smaller number of

tracts that originate in temporal cortex. Temporal cortex poses

particular difficulties for tractography. Fibers descending from the

splenium cross through thalamocortical connections and intermingle

with noncallosal fibers in the inferior longitudinal fasciculus. Crossing

fibers result in a reduced fractional anisotropy value, which if severe

will result in the early termination of any tracts in that area. Fibers that

run parallel to one another in close proximity—kissing fibers—cannot

be discerned and may result in false tracts. In some subjects, low

fractional anisotropy values due to crossing fibers resulted in very few

tracts descending from the splenium into the temporal lobe; in others,

kissing fibers resulted in a large number of apparently false tracts that

originated in anterior regions of temporal cortex. Tractography was

thus unreliable, and temporal cortex was excluded from the analysis.

The estimate of the number of fibers passing through subregion 5 of the

callosum was based on the percentage of subregion 5 that contained

fibers that originated from other areas of cortex.

The automatic parcellation of the cortex provided by freesurfer was

used to divide the cortex into areas corresponding to the callosal

subregions. A weighted assignment of cortical labels to callosal sub-

regions was made. Cortical labels were assigned to callosal subregions

with weights that reflected their contribution. Their contribution to

a given subregion was defined in terms of the fraction of interhemi-

spheric connections that originate in the area and the fraction of such

connections that pass through the subregion. Because the vast majority

of the fibers that traverse the callosum connect close to the midline,

weighted assignments of medial cortical areas to callosal subregions

summed to 1.0; lateral areas were assumed to produce, at most, one

quarter as many interhemispheric connections, and thus weighted

assignments of these areas to callosal subregions summed to 0.25;

weighted assignments to callosal subregions of areas between summed

to 0.5. Cortical labels for which, consistently across subjects, all tracts

that originated in that cortical area terminated in the same subregion of

the callosum contributed their full weight to that callosal subregion.

Cortical labels for which some tracts that originated in that cortical area

terminated in one callosal subregion, and some in another, contributed

the fraction of their weight to each of the associated subregions that

reflected the division of their contribution of connections. These

cortical divisions are depicted in Figure 3 and detailed in Table 1.

Data Analysis
The hypothesized relationship is a negative correlation between

connection length and degree of connectivity. This prediction was

tested with regression analyses for each subregion of the callosum. The

degree of connectivity was calculated as the ratio of an estimate of

Figure 1. The divisions of the corpus callosum.

Figure 2. The set of tracts that pass through the 5 subregions of the corpus
callosum. The seed region for the tracts is visible in the coronal plane.
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the number of interhemispheric connections in each subregion of the

callosum to an estimate of total corticocortical projection neurons in

the cortical areas connected by the subregion; connection length was

estimated as the average length of the longest 10% of the fibers passing

through each subregion. Note that this definition of degree of connectiv-

ity should not be confused with probabilistic definitions of connectivity,

for example, the probability of a direct connection between 2 neurons

(Karbowski 2001, 2003) or the probability of a direct connection between

2 areas (Changizi and Shimojo 2005; Karbowski 2003).

The midsagittal area of the corpus callosum has been shown to be

a reasonable index of the number of interhemispheric connections

(Aboitiz, Scheibel, Fisher et al. 1992; Aboitiz, Scheibel, and Zaidel 1992).

Studies of axon diameter in the corpus callosum have found that the

diameter of the largest approximately 0.1% of the fibers increases with

brain size but that other populations of fibers do not vary (Aboitiz,

Scheibel and Zaidel 1992; Jerison 1991; Olivares et al. 2001; Schüz and

Preissl 1996). The callosum consists of approximately 190 million fibers

(Tomasch 1954). Thus, the number of interhemispheric connections in

each region can be estimated to be approximately 190 million times the

ratio of the area of that region to the across-subject average total area of

the callosum. This estimate, however, must be corrected for the effects

of age; the callosum continues to grow, at least in posterior regions,

throughout the third decade of life (Pujol et al. 1993), but this growth

represents primarily an increase in myelination, rather than an increase

in the number of axons that comprise it. The area measures of each

subregion are thus adjusted for age effects, and the adjusted measures

are used in the estimate of the number of axons that pass through that

subregion.

The number of corticocortical projection neurons can also be

estimated with reasonable accuracy from gender, age, cortical volume,

and cortical surface area. Across mammals, cortical thickness increases

as the 1/9 power of gray matter volume (Hofman 1985, 1988, 1989),

but neuron density decreases as the –1/3 power of gray matter

(Prothero 1997; Rockel et al. 1980; Tower 1954). Individual variation in

humans does not differ greatly from this pattern, but gender and age

effects must be taken into account. Neocortical neuron number can be

predicted with a 95% tolerance limit of ±24% based on gender, age, gray

matter volume, and cortical surface area (Pakkenberg and Gundersen

1997). The formula is as follows:

Nneurons = 10
9 � exp½–3:406 ð+ 0:031 if maleÞ + ð0:00018 � ageÞ

+ ð0:579 � ln½Volcortex�Þ + ð0:379 � ln½Surfcortex�Þ�:

This formula was used to estimate the number of projection neurons

associated with each of the divisions of cortex, as defined above,

assuming that projection neurons scale with the total number of

neurons. The measures of cortical gray matter volume and cortical

surface area for each cortical area were provided by freesurfer.

The length of the interhemispheric connections was estimated from

the tracts emanating from the gray matter and terminating at the

midsagittal point of the callosum. The measure of length for each

region of the callosum was an average of the lengths associated with

each voxel of that region on the midsagittal slice; the length associated

with each voxel was calculated as the average of the longest 10% of the

fibers terminating at that voxel.

Results

Regressing the cross-sectional area of each subregion of the

callosum against the average length of the connections in that

subregion yielded no significant relationships but showed

a tendency for increased connection length to be associated

with decreasing callosal area. This is shown in Figure 4. Note

that all subregions show a negative correlation between

connection length and callosal area. The significance and r
2

values are given in Table 2.

Regressing the degree of connectivity for subregion i of the

callosum against the average length of the connections passing

through subregion i yielded significant relationships for 4 of

the 5 subregions—all but area 4, roughly the isthmus—with an

average r
2 value of 0.255. The results are shown in Figure 5,

with the significance and r
2 values, as well as the equations for

the regression lines. The significance and r
2 values are also

given in Table 2.

It should be remembered that the values shown in Figure 5,

though plausible—a few percent—are crude estimates based

on the assumption that the number of projection neurons scale

with the total number of neurons and that there is less

interhemispheric connectivity in lateral regions of cortex. But

it is the relative values that are of real interest, and the relative

values should be roughly correct.

Discussion

Using DTI and tractography to detail the patterns of in-

terhemispheric connectivity and to determine the length of the

connections, and formulae based on histological results to

estimate degree of connectivity, we have shown that, for

interhemispheric connectivity, connection length is negatively

correlated with degree of connectivity in the normal adult male

brain. Significant relationships were found in 4 of 5 subregions

of the callosum—the exception being the isthmus—with an

Table 1
The cortical divisions

Note: Cortical labels that were assigned to more than 1 callosal region are shown centered

between those regions; the surface area and volume associated with the cortical label were

divided equally between the associated callosal regions. A fraction prefixed to a cortical label

indicates that only that much of the surface area and volume will be used.

Figure 3. The cortical divisions corresponding to the 5 subregions of the corpus
callosum.
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Figure 4. The relation between the cross-sectional area for a given subregion of the callosum and the average length of the connections passing through that subregion. The
dashed lines show that the correlation is negative—callosum size decreases as connection length increases—in all subregions, though none of the relationships are significant at
P # .05. The significance and r2 values are given in Table 2.

Table 2
The significance and r2 values for the regression analyses, for each of the 5 subregions of the callosum

CC1 CC2 CC3 CC4 CC5

Significance r2 Significance r2 Significance r2 Significance r2 Significance r2

CC vs length 0.194 0.083 0.440 0.030 0.903 0.001 0.982 0.000 0.640 0.011
Connect vs length 0.008 0.304 0.002 0.390 0.015 0.263 0.125 0.114 0.036 0.203

Note: The top row provides the results for regressions of the cross-sectional area of subregion i of the callosum on the average length of the connections passing through subregion i. These values

correspond to the regression plots in Figure 4. The bottom row provides the results for regressions of the degree of connectivity—abbreviated here as connect—for subregion i against the average length

of the connections in subregion i. These values correspond to the regression plots in Figure 5.
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average r
2 value of 0.255 over the 5 regions; thus, on average,

connection length accounted for about 25.5% of the variance in

degree of connectivity. The results concur with the hypothesis

that, due to the increased conduction delays and cellular costs

associated with the long-distance connections, larger brains

should have relatively less long-distance connectivity (Ringo

1991; Ringo et al. 1994). The impact of connection length on

intrahemispheric connectivity, and on area-to-area connectiv-

ity, remains to be tested.

Comparison with previous research relating measures of

brain size to interhemispheric connectivity (Jäncke et al. 1997;

Rauch and Jinkins 1994) shows that connection length is

a considerably better predictor. Rauch and Jinkins (1994)

studied a group of adults between 20 and 87 years of age (mean

36 y, SD not reported). T1-weighted images were used to

measure the callosum and to estimate brain size. The callosum

was traced on the midsagittal slice; the cerebral outline was

traced on the axial and sagittal slices for which cerebral area

was greatest, and the average of these 2 areas was taken as the

measure of brain size. A statistically significant positive

correlation was found between callosal size and brain size,

with an r
2 of 0.211. But the values for callosal size and brain size

were not adjusted for age, though a positive correlation with

age was shown in both cases. Also, though it is primarily the

posterior of the callosum that continues to grow until the

fourth decade of life (Pujol et al. 1993), because the callosum

was not subdivided, the overall correlation is confounded by

the age effect. It is nonetheless noteworthy that the reported

correlation was positive. Our data show a negative, though

nonsignificant, correlation between the cross-sectional area of

each of the regions of the callosum and the length of the tracts

that pass through those regions. The measure of brain size used

by Rauch and Jinkins (1994), however, is known to correlate

poorly with brain volume (de Lacoste et al. 1990) and

Figure 5. The relation between degree of connectivity for subregion i of the callosum—indicated as CCi connectivity—and the average length of the connections passing
through region i. The black regression lines in subregions 1, 2, 3, and 5 indicate that the relationship is significant at P # .05. The equation for each regression line is given in the
lower left corner of each plot, and the significance and r2 values are presented in the upper right corner.
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presumably also correlates poorly with the average length of

the interhemispheric connections.

Jäncke et al. (1997) studied a similar age group (range 18--45;

mean 25.7; SD 4.7) to the group reported on here, but with

both males and females. Using T1-weighted images, they

divided the callosum into 4 regions—the anterior third, the

middle third, the posterior fifth, and the remainder—and

regressed the cross-sectional area of each subregion against

forebrain volume. They report a significant positive correlation

in all 4 regions, with an r
2 reported separately for men in the

middle third and splenium—0.07 and 0.08, respectively——and

an r
2 for men and women together in the anterior third and the

isthmus—0.23 and 0.15, respectively. Again, however, there

was no control for age effects. The same analysis with our data,

but with age-adjusted measures of corpus callosum subregion

area and forebrain volume, and with the callosum divided into

5 subregions, rather than 4, yielded a significant relationship

only in subregion 3—and no marginal relationships—and

r
2 values of 0.002, 0.055, 0.161, 0.000, and 0.078 in subregions

1--5, respectively. That it is subregion 3 that shows a relation

with forebrain volume is interesting; across subjects, subregion

3 has the shortest tracts and shows the least variation in

connection length. But forebrain volume only accounts for

16.1% of the variation in cross-sectional area in subregion 3,

and an average of 3.4% of the variation in the other

4 subregions.

In contrast, as shown in Table 2, regressing the estimate of

the degree of interhemispheric connectivity associated with

subregion i of the callosum against the length of the

interhemispheric connections passing through subregion i

yields significant results in subregions 1, 2, 3, and 5, with

r
2 values of 0.304, 0.390, 0.263, and 0.203, respectively. The

lack of significance in subregion 4 might be due to measure-

ment problems associated with the fornix. The fibers of the

fornix leave the hippocampus at the level of the splenium and

run in a rostromedial direction until they reach the midline

under subregion 4 and curve downward to the mamillary

bodies. Under subregion 4, the fornix can distort the tensors

that determine the path of the tracts that enter the callosum

and so introduce inaccuracies in the estimate of the length of

the tracts passing through subregion 4. The fornix also

confuses the task of identifying the ventral boundary of

subregion 4; and any measurement errors are likely amplified

due to the relative narrowness of the callosum at that point.

The lack of significance in subregion 4 might also be due to an

increase in the proportion of very large diameter fibers

interconnecting the primary sensory areas of the 2 hemi-

spheres. In cross-species analyses, such an association with

brain size has been reported (Olivares et al. 2001; Schüz and

Preissl 1996). The connections between sensory areas pass

through subregion 4 (Hofer and Frahm 2006). In any case,

including subregion 4, an average of 25.5% of the variability in

degree of interhemispheric connectivity associated with each

subregion is accounted for by the length of the interhemispheric

connections.

Moreover, and most relevant to the hypothesis being tested

here, as shown in Figure 5, degree of interhemispheric

connectivity is negatively correlated with the length of the

interhemispheric connections. The strength of this relationship

is even apparent in Figure 4, which shows the regressions of

the cross-sectional area of subregion i on the length of the

connections that pass through subregion i. The hypothesis of

Ringo et al. (1994) predicts that longer connections should be

associated with a lesser degree of connectivity but not

necessarily with absolutely smaller callosa. The importance of

utilizing meaningful relative measures has been demonstrated

elsewhere (Jungers et al. 1995; Smith 2005). Nonetheless,

Figure 4 shows a tendency for longer connections to be

associated with absolutely smaller callosa. Taking into account

which portion of cortex is connected via each subregion of the

callosum, and estimating the degree of connectivity from this

and the histological results of Pakkenberg and Gundersen

(1997), substantially reduces the variability seen in Figure 4 and

strengthens the relationship.

Still more of the variation in the degree of connectivity might

be accounted for if developmental data were available. The shape

of the growth trajectory during early development may have

a substantial impact on connectivity (Lewis and Elman 2008), and

brain growth rates can vary considerably during development.

The impact of connection length on the degree of

connectivity throughout development may, in fact, be an

important part of an account of structural and functional

abnormalities in developmental disorders and possibly of an

account of the behavioral phenotypes. Children with autism

spectrum disorder, for example, undergo a period of brain

overgrowth during the first years of life (Aylward et al. 2002;

Courchesne et al. 2003; Courchesne et al. 2001; Fombonne

et al. 1999; Hazlett et al. 2005; Lainhart et al. 1997; Sparks et al.

2002) and subsequently show structural and functional under-

connectivity (Belmonte et al. 2004; Egaas et al. 1995; Herbert

2005; Just et al. 2004, 2007; Murias et al. 2007). Computational

modeling has shown that the increased conduction delays

presumably accompanying the early brain overgrowth may

account for these findings, with increased conduction delays

leading to decreased functional connectivity and decreased

functional connectivity subsequently leading to decreased

structural connectivity (Lewis and Elman 2008), and in vivo

magnetic resonance imaging studies of children with autism

have related brain size to the relative size of the corpus

callosum (Lewis and Courchesne 2004; Lewis et al. 2003, 2004)

and to changes in the relative size of the callosum (Lewis et al.

2005). Abnormalities in brain size are pervasive in develop-

mental disorders, and thus, the hypothesized effect of

connection length on brain organization might have consider-

able explanatory value.

Additionally, white matter continues to change throughout

life (Courchesne et al. 2000; Ge et al. 2002), and so during

aging in such developmental disorders, in which macrocephaly

may persist into adulthood (Lainhart et al. 1997), as well as in

normal aging, connection length is expected to show a negative

correlation with changes in the degree of connectivity.

Brain size also appears to explain differences in interhemi-

spheric connectivity between genders (Jäncke et al. 1997;

Jäncke and Steinmetz 1998; Luders et al. 2006), as well as

across species (Rilling and Insel 1999a). On average, males have

larger brains than females (Pakkenberg and Gundersen 1997)

and thus longer interhemispheric connections. The results

here suggest that connection length is the relevant aspect of

brain size that lies behind the differences in interhemispheric

connectivity. Further research is needed, however, to confirm

this; in order to eliminate this potential confound, our subject

population was limited to males.

Brain size is also positively correlated with the degree of

sulcul convolution (Im et al. 2008), and sulcal folding has been
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hypothesized to result from the mechanical forces associated

with connectivity, with greater local connectivity driving

a greater degree of sulcul convolution (Van Essen 1997).

Retrograde tract--tracing experiments in adult rhesus monkeys

has supported this link between connectivity and cortical

folding (Hilgetag and Barbas 2006). Thus, the relation between

connection length and degree of connectivity may also explain

patterns of sulcal folding—in humans, and in general.

Connection length is, of course, not the only factor that

might determine the degree of long-distance connectivity.

There is evidence that experience, environment, and genetics

play a substantial role (Lee et al. 2003; Öztürk et al. 2002;

Pfefferbaum et al. 2000; Scamvougeras et al. 2003). But

connection length appears to be a more important factor than

previously suggested. Even with the limited amount of variation

in brain size and connection length in our sample, connection

length accounted for about 25% of the variance in degree of

connectivity. A sample with substantially more variation in

brain size—for example, a cross-species sample—would, we

predict, show a considerably stronger relationship.

Several caveats, however, must be considered. The results

reported here rely on the assumption that the number of

corticocortical projection neurons scales with the total

number of neurons in cortex—similar to the assumption of

Zhang and Sejnowski (2000) that the number of projection

neurons scales with surface area. Additional histological studies

will be required to determine if this is correct. An apparent

decrease in the degree of interhemispheric connectivity would

also be seen if the number of corticocortical projection

neurons did not scale with the total number of neurons. But

the fact that increases in white matter volume outpace

increases in gray matter volume (Frahm et al. 1982; Rilling

and Insel 1999b; Schlenska 1974; Zhang and Sejnowski 2000)

suggests that this is not the case. The impact of the increase in

diameter of the largest fibers of the callosum is also unclear. If

these large-diameter fibers connect to a large number of

neurons, considerable compensation might be achieved

through these increases; and if the branching patterns of

callosal neurons depend on brain size, degree of connectivity

estimates must be adjusted in accord. Also, crossing fibers

interfere with tractrography, and so with measures of the

length of the interhemispheric connections. As mentioned, this

is particularly a problem in the temporal lobe, where fibers

descending from the splenium travel parallel to noncallosal

fibers in the inferior longitudinal fasciculus; thus, the temporal

lobe was eliminated from consideration. But there are also

problems with tractrography elsewhere. Callosal fibers projec-

ting to, or coming from, lateral cortical areas cross with

thalamocortical connections. This will produce low fractional

anisotropy values, and so callosal tracts from lateral cortex may

be truncated and discarded. To the extent that such tracts are

among the longest that comprise a subregion of the callosum,

and are substantially different in length from tracts for which

tractography succeeds, this will introduce inaccuracies in the

length measurements. Callosal fibers projecting to more medial

areas of cortex in frontal, parietal, and occipital lobes may

become confused with thalamocortical connections, as well.

But the longest callosal fibers and the longest thalamocortical

fibers will both originate or terminate at the outermost point of

a gyrus. And finally, in contrast to the hypothesis explored here,

decreases in interhemispheric connectivity—and long-distance

connectivity, generally—might force a compensatory increase

in more local connectivity, and this may give rise to the

increased brain size. Longitudinal studies will be critical to

determining the direction of causation.

But the estimates of degree of connectivity are presumably

a considerable improvement over approaches that ignored the

histological results and the tractography-based estimates of

length an improvement over volumetric measures. Further, the

results here concur with a growing body of evidence that

metabolic costs and processing efficiency constrain the way

the cortex is organized (Achard and Bullmore 2007; Bassett and

Bullmore 2006; Changizi 2001, 2005; Changizi and Shimojo

2005; Chklovskii and Koulakov 2000; Chklovskii et al. 2002;

Harrison et al. 2002; He et al. 2007; Kaiser and Hilgetag 2004;

Karbowski 2001, 2003; Ringo 1991; Ringo et al. 1994; Schüz

and Miller 2002; Sporns and Honey 2006; Sporns and Zwi 2004;

Watts and Strogatz 1998) and support theoretical notions of

how cortical organization should scale (Changizi 2001, 2005;

Changizi and Shimojo 2005; Kaas 2000; Karbowski 2001, 2003;

Ringo 1991; Ringo et al. 1994).
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