
S1 Appendix: Extended Methods and Results 
Diffusion MRI 
The diffusion-weighted MRI (dMRI) connectivity data used to estimate inter-parcel axon totals was described in 
our prior report [1] whose data are available in full at https://doi.org/10.5281/zenodo.4060485. Preprocessed 
imaging data for 1,065 healthy young adults were retrieved from the Human Connectome Project WU-Minn 
consortium 1200 release [2] (https://db.humanconnectome.org). We segmented the cortex into 180 parcels per 
hemisphere following the HCP-MMP1.0 atlas [3] and performed probabilistic tractography using the probtrackX 
tool [4] from FSL [5] using tractography parameters detailed in our prior report [1]. This analysis yielded a 360 x 
360 dMRI connectivity matrix for each participant which provided the example data for applying the method 
presented here. For probtrackX-derived connectivity, the raw unit of dMRI connectivity strength is the number of 
streamlines connecting seed and target regions. The absolute magnitude of this metric is arbitrary as it scales with 
the number of samples drawn from the probability distribution of diffusion parameters in each voxel, in our 
analysis 5,000.  

The individual pairwise streamline counts and fiber tract length matrices for the replication analysis were 
described in [6] whose data are available at https://doi.org/10.5281/zenodo.4733297. These data consist of a 972 
participant subset of the 1,065 WU-Minn HCP participants included in our primary analysis. Arnatkeviciute and 
colleagues similarly segmented the cortex following the HCP-MMP1.0 atlas [3]. In contrast to our primary dataset, 
tractography was performed with MRtrix3 [7] using second-order integration over fiber orientation distributions 
(iFOD2) [8], see [6] for details. When confined to the same participant subset and non-null connections, the 
pairwise tract lengths and log-transformed streamline counts are highly correlated (r2 = 0.78 and r2 = 0.69, 
respectively) between Arnatkeviciute et al. [6] and our study [1]. The rate of exponential decay in the number of 
streamlines vs fiber tract distance is also similar, λ = 26.1 mm in their study vs 23.4 mm in ours, though less 
connectivity variance is explained by distance in their results (r2 = 0.12 vs. r2 = 0.52). Results for these tractography 
data are shown in S1 Fig. 
 

Cross-sectional area of the corpus callosum, white matter volume, and parcel areas 
The HCP WU-Minn consortium 1200 release [2] includes the standard outputs from the FreeSurfer recon-all 
pipeline [9]. With default parameters, this pipeline labels the 1 mm3 voxels of the aseg.mgz volume which contain 

the corpus callosum with a fixed 5mm lateral extent. Dividing the number of callosum-label voxels by 5 yields an 
estimate of its cross-sectional area, in mm2. The total white matter volume is reported in the aseg.stats output 
of mri_segstats. Parcel areas and adjacency were determined [10] on triangular mesh of each participant’s 
reconstructed white matter surface, or white matter – gray matter interface (?h.white). These data were used 
for both the primary and replication analyses. 
 

Cross-sectional fiber packing density in corpus callosum and other hemispheric white matter  
Our estimate of callosal fiber density was based on the electron microscopy (EM) study by Aboitiz and colleagues 
[11] who reported a fiber density of 38 per 100 μm2 or 3.7x105 axons/mm2 after accounting for tissue shrinkage to 
96% volume after Epon fixation [12]. This is consistent with their finding of 2.65x105 axons/mm2 as measured with 
light-microscopy in twenty brains as well, assuming shrinkage to 43% volume for paraffin fixation [12] and an 
estimated ~20% of fibers not detectable with light microscopy [11], as well as the 2.83x10

5
 non-exhaustively 

counted axons per mm
2
 reported in a more recent EM study of callosal axon diameter in two brains [13]. This value 

was derived by dividing the reported mean count of axons per callosal region by the callosal area surveyed, and 
correcting for EM preparation tissue shrinkage. An additional light microscopy study of callosal axon density in 
eleven control cortices reports an average of 1.12x105 myelinated axons per mm2 [14], assuming shrinkage to 
shrinkage to 43% volume. This somewhat lower figure may be explained by the inclusion of four children’s cortices 
in their cohort, or by mis-assumed shrinkage, but all reports are within half an order-of-magnitude of each other.  
 

Distance matched intra- vs. inter-hemispheric dMRI connectivity 
One assumption of the method described in this report is that the dMRI tractography methodology has 
approximately similar sensitivity to callosal and ipsilateral connections. This is difficult to determine without 
ground truth connectivity, as intra- and inter-hemispheric connections may have true anatomical differences. 

https://doi.org/10.5281/zenodo.4060485
https://db.humanconnectome.org/
https://doi.org/10.5281/zenodo.4733297


Nevertheless, we examined distance-matched intra- vs inter-hemispheric connections (Fig 1C) and found no 
statistical evidence that they are different. Pairwise connections were averaged in 15 distance bins, log-
transformed and linear fits obtained for intra- and inter-hemispheric connections. For the overlapping distance 
domain, the intra-hemispheric slope is -0.30, 95% confidence interval = [-0.33 -0.26] with an intercept of 6.18 [5.91 
6.45] and the inter-hemispheric slope is -0.26 [-0.29 -0.24] and intercept of 5.93 [5.72 6.14]; the 95% confidence 
intervals of both parameters are overlapping. In addition, a paired r-test of correlation differences [15] failed to 
reject the null hypothesis, p = 0.58. The parity between distance-matched intra- and inter-hemispheric connections 
also holds when the linear fit is obtained for over the entire distance domain, with an intra-hemispheric slope and 
intercept -.31 [-0.33 -0.28] and 6.24 [6.01 6.46], respectively; -.28 [-0.30 -0.25] and 6.00 [5.78 6.23] for inter-
hemispheric connections. In the replication analysis with alternative tractography data [6] (S1 Fig C) the paired r-
test likewise failed to reject the null hypothesis, p = 0.34. The intra-hemispheric slope and intercept are -.37 [-0.37 
-0.78] and 4.19 [3.25 5.13], respectively; -.25 [-0.30 -0.20] and 3.30 [2.82 3.79] for inter-hemispheric connections. 
 

Estimating axon counts and axon volume from dMRI 
From the histological estimate of callosal fiber density, MRI-derived measures of callosal cross-sectional area and 
white matter connectivity, the conversion factor between dMRI connectivity and physical axons can be estimated 
as follows: 

Eq. 1.1 𝑁𝑐𝑎𝑙𝑙𝑜𝑠𝑢𝑚 = 𝐴𝑐𝑎𝑙𝑙𝑜𝑠𝑢𝑚 ∗ 𝐷𝑐𝑎𝑙𝑙𝑜𝑠𝑢𝑚  

Eq. 1.2 𝐶𝑎𝑥𝑜𝑛 =
𝑁𝑐𝑎𝑙𝑙𝑜𝑠𝑢𝑚

𝑀𝑑𝑀𝑅𝐼
 

Where Acallosum is the cross-sectional area (mm2), Dcallosum is the assumed fiber density (3.7x105 axons/mm2) of 
the corpus callosum, Ncallosum is the estimated total number of callosal fibers, MdMRI is the magnitude of dMRI 
callosal connectivity, in our case, the number of tractography streamlines, and Caxon is the conversion factor from 
dMRI to physical fibers (axons/streamline). 

In addition to connectivity strength, or number of streamlines, the dMRI tractography analysis also yields a 
mean streamline length for every parcel-pair connection. After converting dMRI connectivity strength to physical 
axon count as described above, the total volume of the estimated axons can be calculated as follows: 

Eq. 2.1 𝑊𝑀𝑣𝑜𝑙𝑢𝑚𝑒 = ∑ 𝑙𝑖 ∗ 𝑛𝑖 ∗ 𝐶𝑎𝑥𝑜𝑛 ∗
1

𝐷𝑐𝑎𝑙𝑙𝑜𝑠𝑢𝑚

𝑁𝑝𝑎𝑖𝑟
𝑖=1  

Eq. 2.2 𝑊𝑀𝑣𝑜𝑙𝑢𝑚𝑒 = ∑ 𝑙𝑖 ∗ 𝑛𝑖 ∗
𝐴𝑐𝑎𝑙𝑙𝑜𝑠𝑢𝑚

𝑀𝑑𝑀𝑅𝐼

𝑁𝑝𝑎𝑖𝑟
𝑖=1

 

 
Where WMvolume is the estimated axonal white matter volume (mm3) and Npair is the total number of parcel 

pairs. li and ni are the length (mm) and number of dMRI streamlines in the ith parcel pair. Eq. 2.1 can be simplified 
into Eq. 2.2 by substituting Eqs. 1.1 and 1.2 into 2.1.  
 

Parcel grouping into functional networks 
The parcel ordering and the ten functional networks shown in Fig 1A were defined in our previous report [1] and 
were modified from twelve networks identified by Ji and colleagues in a resting-state fMRI study on the HCP 
cohort [16] by merging the primary and secondary visual networks as well as the ventral and posterior multimodal 
networks.  
 

Effects of sex and age on inter-hemispheric connectivity 
In their histological study of 20 cortices , Aboitiz and colleagues [11] found no significant effects of sex or age on 
the total number of fibers, fiber density, and cross-sectional area of the corpus callosum. As we assume a constant 
fiber density, our estimate of the total number of inter-hemispheric fibers is a linear function of the callosal cross-
sectional area. As the ages of the HCP 1200 cohort are grouped into four broad ranges in the open access data, we 
investigated the effects of sex and age on the estimated number inter-hemispheric axons with 2x4 fixed effects 
ANOVA, treating the age group factor as categorical. Mean and individual values are shown in S2 Fig. Note that 
while the number of pairwise axons is approximately log-normally distributed across areal pairs, it is approximately 
normally distributed across individuals.  

We found that, on average, males have 2.61x10
8
 inter-hemispheric axons, 95% confidence interval = [2.58x10

8
 

2.64x108] and females have 2.50x108 [2.47x108 2.52x108] axons. Participants ages 22-25, 26-30, 31-35, and 36+ 



year old have 2.50x108 [2.46x108 2.55x108], 2.58x108 [2.55x108 2.61x108], 2.55x108 [2.51x108 2.59x108], and 
2.35x108 [2.15x108 2.54x108] axons, respectively. Intervals show bootstrapped 95% confidence. We find no effect 
of sex on the number of inter-hemispheric axons, F1,1064 = 3.471, p = 0.0627. Removing the one female outlier does 
not bring the mean difference into statistical significance, F1,1063 = 3.653, p = 0.0562. The interaction of sex and age 
on the number of inter-hemispheric axons is likewise not significant F3,1064 = 2.282, p = 0.0776. Age does 
significantly affect the number of inter-hemispheric neurons, F3,1064 = 5.100, p = 0.0017. Post-hoc pairwise tests 
show that only the difference between the 22-25 and 26-30 year old age groups is significant, F1,1064 = 7.646, p = 
0.0058. These results are broadly consistent with those of Aboitiz et al. [11]. A more in-depth examination of the 
effects of age on corpus callosum requires a cohort with which includes more older participants as well as more 
precise age values.  
 

Thalamo-cortical fiber volume estimation  
The scope of our previous dMRI tractography study [1] was confined to cortico-cortical (including cortico-
hippocampal) connectivity. In order to estimate the total volume of thalamo-cortical axons, we first calculated the 
number of excitatory thalamic neurons by summing the total number of neurons in the thalamus [17], excluding 
the reticular nucleus, zona incerta, limitans/suprageniculate, and subthalamus, and including from the remainder 
the ~62% proportion of thalamic neurons that are excitatory [18]. The number of such neurons is 22.6x106. We 
assumed that each such thalamic neuron projects a single axon to the cortex, and we allocated these axons to 
cortical parcels in proportion to their area. The inverse callosal packing density was used for effective cross-
sectional area, as with cortico-cortical connections. To estimate the length of thalamo-cortical fiber tracts, for each 
parcel i, we first identified the thalamic voxel nearest to parcel’s centroid. We then used the inter-parcel fiber tract 
length [1] from the centroid of parcel i to the identified parathalamic parcel centroid. To this figure we added the 
Euclidean distance from the parathalamic centroid to the nearest voxel of the thalamus, ensuring that estimated 
thalamo-cortical fiber tract length is always non-zero. As with cortico-cortical connections, the total white matter 
volume of each connection was estimated by taking the product of the number of axons, the effective cross-
sectional area, and the estimated fiber tract length (Eq. 2).  
 

Estimation of proportion of actual inter-areal axons to the number that would be needed for 
complete inter-connectivity 
We estimated that the total number of inter-areal axons is ~2.43x109. Assuming n = 16.34x109 total cortical 
neurons (including interneurons) [19] , the total number of connections needed for complete whole-cortex 
connectivity is n(n-1) = 2.67x1020. We estimated the neural density of the cortex as ~92,300 neurons/mm2 by 
dividing 16.34x109 by 1.77x105 mm2 mean white—gray surface area of the HCP cohort used. The total number of 
connections needed for complete inter-connectivity within each area is approximately 1.18x1018, given by  
 

Eq. 3.1 𝑁𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝐼𝑛𝑡𝑟𝑎−𝑎𝑟𝑒𝑎𝑙 = ∑ (𝐴𝑝𝑎𝑟𝑐𝑒𝑙 ∗ 𝐷𝑛𝑒𝑢𝑟𝑜𝑛)
2𝑁𝑝𝑎𝑟𝑐𝑒𝑙

𝑖=1  

 
Where Aparcel is the area of each parcel and Dneuron the neural density. Subtracting the connections needed for 
within-area inter-connectivity from whole cortex interconnectivity yields 2.66x1020, which is 1.10x1011 times 
greater than the number of inter-areal contacts we calculate with our method. 

 

Number of neurons in non-cortical regions communicating with the cortex 
The number of neurons in different human brain regions has been reviewed by Blinkov and Glexer [20] and von 
Bartheld et al. [21]. The number of neurons in the amygdala have been estimated as ~13x106 [22], striatum as 
~55x106 [23], and thalamus as ~23x106 (thalamocortical, see above). These are the only recipients or targets of 
cortical connections with significant numbers of neurons. Other locations, such those which are the origins of 
serotonin [24], norepinephrine [25], dopamine [26], or acetylcholine [27] afferents to the cortex all have ~50,000 
axons each. Summed together, the number of cells in all of the above structures comes to ~0.5% of the number of 
cortical cells. Direct projections outside of the brain are exceedingly rare, with the number of Betz cells in the 
primary motor cortex [28] or medullary pyramid [29] both estimated as ~100,000. It is difficult to escape the 
conclusion that, at least in humans, the cortex communicates mainly with itself.  
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