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Frontal and Parietal Cortices of Primates: A Spectral and Coherency 
Analysis 
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The spatial relations between selected classes of associ- 
ation and callosal neurons were studied in the frontal and 
parietal lobes of the macaque monkey using retrogradely 
transported fluorescent dyes. Fast blue and nuclear yellow 
were injected in the left frontal (areas 4 and 6) and right 
posterior parietal (area 5) cortices, respectively. These in- 
jections led to the retrograde labeling, in the right frontal 
cortex, of callosal neurons projecting homotopically and as- 
sociation neurons projecting to ipsilateral area 5; in the left 
superior parietal lobule, of callosal neurons projecting to 
contralateral area 5 and association neurons projecting to 
the ipsilateral frontal lobe. In both frontal and parietal cor- 
tices, callosal and association neurons were located in lay- 
ers Ill and V-VI; a few neurons were also found in layer II. 
The contribution of layers V-VI to the callosum was signif- 
icantly higher in areas 4 and 6 than in area 5. Only a small 
number of neurons (less than 1%) were double labeled. 

Spectral analyses were used to characterize the spatial 
periodicities of the distributions of callosal and association 
neurons. In areas 4, 6, and 5, both association and callosal 
spectra were dominated by a strong elevation in the range 
of low spatial frequencies, corresponding to periodicities in 
cell density with a peak-to-peak distance of about 6 mm. 
This indicated an arrangement of these corticocortical cells 
in the form of bands. The latter displayed various shapes 
and orientations and were composed of more discrete as- 
semblies of cell clusters of about 400-l 000 pm width. Their 
presence was revealed in the power spectra by a small el- 
evation in the range of high spatial frequencies. 

The coherency analysis assessed the degree of linear 
relationships for each spatial frequency, and therefore the 
degree of similarity, between callosal and association cell 
distributions, together with their phase relations. Little co- 
herency was found in areas 4 and 6 between bands of cal- 
losal and association neurons, which suggests that the 2 cell 
populations are differently and independently distributed in 
the tangential domain, with no simple phase relations. The 
overall mean coherency was higher in area 5 than in the 
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frontal cortex: callosal and association bands were more 
similar in shape, with more extensive zones of overlap. These 
data indicate that callosal and association neurons share 
common principles of spatial organization despite the great 
regional variability of their interrelations in the tangential 
cortical domain. 

The uneven distribution of callosal and association neu- 
rons determines the existence in the frontal and parietal 
cortices of efferent zones in which a transformation of the 
original cortical information takes place. The transforma- 
tions occurring in the callosal and association outputs of 
these areas are of relevance for the interhemispheric trans- 
fer of motor habits and the interplay of frontal and parietal 
cortices in the control of motor behavior. 

The distribution of the cells of origin of corticocortical pathways 
is nonuniform in both the radial and the tangential domains. 
The radial selectivity of cortical efferent cells, and of other cor- 
tical cells (Rakic, 1974), rests on their time of origin and rate 
of migration. Many studies indicate that a particular tangential 
location is achieved during development from an early exuber- 
ant distribution (Innocenti et al., 1977; Innocenti and Caminiti, 
1980; Chow et al., 198 1; Ivy and Killackey, 1982; Feng and 
Brugge, 1983; Innocenti and Clarke, 1984; Killackey and Cha- 
lupa, 1986). The uneven distribution of efferent neurons, to- 
gether with the systematic variation of functional properties 
across the tangential cortical domain, allows only selected in- 
formation to be part of a given efferent message. The most 
striking example is the distribution of the cells of origin of the 
corpus callosum in primary sensory and motor areas (see In- 
nocenti, 1986, for a review). The preferential location of callosal 
neurons at the “midline representations” of these areas (Ber- 
lucchi, 198 1; Innocenti, 1986) provides the substrate for the 
interhemispheric unification of right and left worlds. This is 
necessary for the unity of sensory and perceptual experiences 
(see Berlucchi, 198 1, for a review). Despite this uniqueness, 
however, in the moregeneral context of corticocortical connec- 
tivity there is no a priori reason to believe that the rules gov- 
erning callosal and association pathways are different. Anatom- 
ical (Caminiti et al., 1985) and physiological (Hubel and Wiesel, 
1967; Gross and Mishkin, 1977; Innocenti, 1980) studies sup- 
port a basic similarity between these 2 sets of connections. De- 
velopmental considerations point to the same conclusion (In- 
nocenti, 1986). The organization of the sources and sinks of 
these pathways may represent a substrate of their similarity. 
Anatomical studies in the monkey indicate that the terminations 
in different cortical areas of callosal (Jones et al., 1975; Shanks 
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Figure I. a, Brain figurine with injection grids. FB and NY were in- 
jected in areas 4 and 6 of the left hemisphere and in area 5 of the right 
hemisphere. Dots indicate the needle penetrations. b, Distribution of 
callosal (crosses) and association (dots) neurons in a representative sag- 
ittal section of area 5, at the level indicated by the broken line in u. 
Asterisks represent alignment points used for flattening the section. 
IPS, intraparietal sulcus; CS, central sulcus. Calibration bar, 1 mm. 

et al., 1975; Kunzle, 1976; Goldman and Nauta, 1977; Rockland 
and Pandya, 1979; Fitzpatrick and Imig, 1980; Caminiti and 
Sbriccoli, 1985; see, however, Killackey et al., 1983) and as- 
sociation (Jones et al., 1975; Goldman and Nauta, 1977; Wong- 
Riley, 1979; Rockland and Pandya, 1979; Goldman-Rakic and 
Schwartz, 1982) fibers is stripe-like. In some fields these callosal 
and association terminal stripes interdigitate (Jones et al., 1979; 
Goldman-Rakic and Schwartz, 1982). In other fields, as in the 
visual cortex (Zeki, 1978; Van Essen et al., 1982), overlap of 
callosal and association terminal fields seems to be the rule. The 
cells of origin of these sets of fibers show a more complex pattern 
of tangential distribution. From the qualitative point of view 
(also depending on the sensitivity of tracers used), waxing and 
waning, patchy, columnar, and striped patterns have been de- 
scribed. Quantitative studies, with spectral analysis (Caminiti 
et al., 1985), have revealed a stripe-like organization formed by 
more discrete periodicities of “columnar” type. In these reports 
(Caminiti et al., 1985, 1988b) the spatial arrangement ofselected 
classes of parietal callosal neurons was compared with that of 
frontoparietal association neurons. However, the reciprocal spa- 

tial relationships between callosal and association “stripes” and 
“columns” in the same area cannot be investigated with a single 
tracer. To date there are excellent qualitative studies in the 
prefrontal cortex and area 7 (Schwartz and Goldman-Rakic, 
1984; Andersen et al., 1985), but quantitative analyses of this 
important aspect of cortical organization are still lacking. 

We adopted a retrograde double-labeling strategy for the iden- 
tification of callosal and association neurons in the frontal and 
posterior parietal cortices. The quantitative evaluation and 
comparison of their distributions were based on spectral and 
coherency analyses. The spectral analysis provides an accurate 
description of the periodic fluctuations in the density of efferent 
cells in the tangential cortical domain as well as a definition of 
the relative importance of these fluctuations. The coherency 
analysis compares 2 different distributions for desired ranges of 
periodicities, expressing the degree to which they are linearly 
related and providing their phase relationships. This analysis 
allows a detailed description of the relative locations of callosal 
and association tangential cell distributions and an objective 
estimate of their degree of similarity. 

Materials and Methods 
The experiments were performed on 2 adult Mucucu fusciculuris mon- 
keys. The animals were anesthetized with sodium pentobarbital(40 mg/ 
kg; i.p.). Surgery was performed under aseptic conditions. A craniotomy 
was first performed dver the frontal lobe of the left hemisphere and 39 
injections of Fast blue (FB, Illing; 5% in sterile saline) with multiple 
release sites (0.8 ~1 each) were made throughout areas 4 and 6 with a 
10 ~1 microsyringe (Fig. la). After 49 d, a second craniotomy was 
performed over the parietal lobe of the right hemisphere and 20 injec- 
tions of nuclear yellow (NY, Illing; 1% in sterile saline) with multiple 
release sites (0.3.~1 each) were made in area 5 of the superior parietal 
lobule (SPL, Fig. la). The injections were generally spaced 2.5 mm apart 
in the tangential domain and were aimed at ensuring a uniform distri- 
bution of tracer. Multiple release sites were used at different depths 
(every 2 mm) to inject the cortex buried in the banks of sulci. The 
injection grids led to a local distribution of dye generally consisting of 
dense central cores surrounded by halos of diffusion. The halos of ad- 
jacent injections were always overlapping; in addition, overlap ofcentral 
cores was often observed. Three days after the NY injections, the ani- 
mals were again anesthetized and perfused with saline followed by buff- 
ered 12% formalin. Upon removal, the brains were cut in blocks and 
stored in a solution of 30% buffered sucrose until they sank (approxi- 
mately 3 d). The brain blocks were cut on a freezing microtome at 40 
pm. Every third section was mounted on slides, air dried, and cover- 
slipped with Entellan. Adjacent sections were stained with cresyl violet. 
The unstained sections were studied with a Leitz fluorescence micro- 
scope using 360 nm and 390 nm excitation wavelengths. 

The injections of fluorescent dyes in the frontal and parietal cortices 
resulted in retrograde labeling of the following populations of cortico- 
cortical neurons: in the frontal cortex (areas 4 and 6), callosal neurons 
projecting homotopically to the contralateral frontal cortex (frontal cal- 
losal neurons) and association cells projecting to ipsilateral area 5 (fron- 
toparietal association neurons); in the parietal cortex (area 5), associa- 
tion neurons projecting to the ipsilateral frontal cortex (parietofrontal 
association neurons) and callosal cells projecting homotopically to con- 
tralateral area 5 (parietal callosal neurons). The cells of origin of het- 
erotopic callosal connections were not considered in this study. 

Data analysis. The distribution of retrogradely labeled neurons was 
plotted at regular intervals (240 pm) in areas 4 and 6 of the right hemi- 
sphere and area 5 of the left hemisphere. The microscope stage was 
connected through potentiometers to a PDP 1 l/23+ minicomputer. 
Two-dimensional (2-D) flattened reconstructions of frontal and parietal 
cortices were generated using a modified version of a method described 
elsewhere (Innocenti, 1980; Caminiti et al., 1985). Briefly, the position 
of each individual labeled cell in the tangential cortical domain was 
computed using a radial segmentation scheme. The labeled cells con- 
tained in each section were projected onto a reference line running 
parallel to the pial surface at a depth constantly proportional to the 
distance between this and the bottom of layer VI. This projection was 
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Table 1. Laminar distribution of callosal and association neurons labeled in frontal and parietal 
cortices 

Frontal cortex (areas 4, 6) Parietal cortex (area 5) 
Supra- lnfra- Supra- Infra- 

Number granular granular Ratio Number granular granular Ratio 

Frontoparietal association cells 
62,234 45,624 16,610 

(73.3%) (26.7%) 
Callosal cells 

16,876 8,727 8,149 
(5 1.7%) (48.3%) 

2.14 

1.07 

Parietofrontal association cells 
15,511 10,581 4,930 2.14 

(68.2%) (31.8%) 
Callosal cells 

7,298 6,061 1,237 4.89 
(83.1%) (16.9%) 

guided by segments mimicking the radial arrangement of cell bodies in 
the cortex. The latter was divided into radial sectors, and the tangential 
position of each cell was determined by the sector into which it fell and 
by its position within that sector. The reference line was then flattened 
and divided into 160~Frn-wide bins. The number of cells contained in 
each bin was expressed by arrayed vertical segments of proportional 
length. Sections were finally aligned on common reference points. 

The purpose of the quantitative analysis was twofold: to quantify the 
periodic nature of the fluctuations in cell densities evident in the flat- 
tened reconstructions, and to study the spatial relationships between 
patterns of different cell populations. Standard spectral analysis pro- 
cedures were used to address the first objective, while coherency analysis 
techniques were introduced to investigate the spatial relationships be- 
tween different cell populations. The binned cell counts along the ros- 
trocaudal dimension of each section were used for the quantitative 
analyses. Histograms of cell numbers versus tangential location were 
computed for each population (callosal and association) in each section 
by counting the number of cells in 160~pm-wide bins. The bin size was 
chosen to maximize the number of cells per bin while maintaining 
sufficient spatial resolution to investigate fluctuations in cell number 
with peak-to-peak distances of around 1 mm. 

The distribution of cells in a section can be divided into components 
which vary regularly and repeatedly in space. These varying components 
can be characterized by their amplitude and their peak-to-peak distances 
(periods). Spectral analysis, the formalization of this decomposition 
process, facilitates the identification of the periodic content of a distri- 
bution. The spectral analysis techniques employed here have been de- 
scribed in detail elsewhere (Caminiti et al., 1985, 1988b; see Appendix 
for a brief description). 

The double-labeling strategy of our experiments allowed not only the 
spectral analysis of the 2 labeled cell populations independently but also 
the analysis of their mutual relationships in the same sections. “Co- 
herency” is a frequency domain measure of the degree of similarity of 
2 distributions in space. At a given Fourier frequency, the periodic 
components of 2 distributions that overlap in space may be either per- 
fectly aligned or out of phase to varying degrees. Phase-is the measure 
of shift between 2 sinusoids of eaual freauencv. The shaoes of 2 dis- 
tributions are very similar and thecoherency value approaches 1 when 
their periodic components have similar phases throughout a given band 
of frequency. If, on the other hand, the phases are not coherent but vary 
widely, the coherency value in that range of frequencies is near zero. It 
follows that for bands of frequencies with low coherency the actual value 
of the phase between the 2 distributions is meaningless. However, for 
high values of coherency the phase between the 2 distributions is rel- 
atively constant and expresses how they are located in space in relation 
to one another. 

The results of the coherency analysis were thus expressed in 2 plots: 
coherency and phase as a function of Fourier frequency. We were in- 
terested in the portions of the frequency domain that exhibit high values 
of coherency. Therefore, we followed the standard practice of using the 
squared coherency, which deemphasizes low values. Squared coherency 
varied between zero and 1, and the phase varied between PH and *. A 
detailed description of the procedures used to calculate the squared 
coherency and phase is given in the Appendix. 

Results 
Laminar distribution of callosal and association neurons in 
the frontal and parietal cortices 
The results obtained were very similar in the 2 animals and 
were based on the localization in the cortex of over 200,000 
labeled cells. Both qualitative and quantitative observations in- 
dicated little interanimal variability. 

The radial distribution of callosal and association neurons 
was uneven in both the frontal and parietal cortices (Figs. 1, 2). 
In the frontal cortex (Fig. 2, left), callosal neurons were mainly 
medium-sized and large pyramidal cells of layers III, V, and 
VI; a few small pyramids were labeled in layers II and IV. 
Association neurons were present in the same layers; in layer 
III they were located more superficially than were the callosal 
neurons. 

The quantitative analysis (Table 1) showed that in areas 4 
and 6 the main difference between these 2 cell populations was 
in the relative contributions of supragranular (II-III) and infra- 
granular (V-VI) layers. [We use the terms supra- and infragran- 
ular layers for descriptive purposes only. A typical granular layer 
(IV) is in fact absent in the frontal cortex.] The ratio of supra- 
granular to infragranular cells was 2.74 for the frontoparietal 
association population and 1.07 for the frontal callosal popu- 
lation. This finding indicates that in the frontal cortex associ- 
ation connections originate mainly from supragranular layers 
whereas callosal connections originate in equal amounts from 
both supra- and infragranular layers. 

In the parietal cortex (Fig. 2, right), callosal and association 
cells were pyramidal cells of layers III, V, and VI; few of them 
were found in laminae II and IV. The ratio of supragranular to 
infragranular cells was 2.14 for the parietofrontal association 
cells, which was similar to that observed for the frontoparietal 
population. The ratio for parietal callosal cells, however, was 
4.9, indicating that, contrary to the case in the frontal cortex, 
the infragranular parietal layers contributed more to the parieto- 
frontal association connection than to the parietal callosal con- 
nection. The supragranular layers contributed at least twice as 
much as did the infragranular layers to the frontoparietal and 
parietofrontal cell populations. These data indicate that the cal- 
losum receives a greater contribution from the infragranular 
layers of the frontal cortex than from those of area 5. Further- 
more, our finding of a regional variability in the laminar dis- 
tribution of callosal cells raises interesting questions about the 
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Figure 2. Radial distribution of cal- 
losal (crosses) and association (dia- 
mends) cells in 2 representative probes 
of cortex from areas 4 (left) and 5 (right), 
as indicated in the insets ofthe sections. 
AS, arcuate sulcus; CS, central sulcus; 
IPS, intraparietal sulcus. Calibration 
bars, 1 mm. 
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nature of interhemispheric messages originating in similar layers 
of different cortical areas. 

Tangential distribution of callosal and association neurons 
An example of the tangential distribution of callosal and asso- 
ciation neurons and their spatial relationships is given in Figure 
1 for a representative section of area 5. Both neuronal popu- 
lations occupied most of the rostrocaudal extent of this area. 
Their distributions waxed and waned in periodic fashion and 
there were no simple phase relations between them. These com- 
plex spatial relationships were analyzed on 2-D maps of the cell 
distributions. 

Frontal cortex. The location of frontal (homotopical) callosal 
cells and frontoparietal association cells was selective in the 
tangential domain (Fig. 3A). At lateral levels, callosal cells oc- 
cupied almost the entire rostrocaudal extent of the frontal lobe, 
from the cortex of the more superficial part of the posterior bank 
of the arcuate sulcus (AS; area 6) to that buried in the rostra1 
bank of the central sulcus (CS; area 4). This region, which con- 
tains the representations of orofacial structures (Woolsey et al., 
1950; Clark and Luschei, 1974; Muakkassa and Strick, 1979; 
McGuinnes et al., 1980; Sessle and Wiesendanger, 1982; Gould 
et al., 1986; Matelli et al., 1986), was devoid of frontoparietal 
association neurons. Gould et al. (1986) described in the owl 

Figure 3. Two-dimensional flattened reconstructions of the tangential distributions of callosal (green) and association (red) cells in A, layers II- 
III of frontal areas 4 and 6; B, layers V-VI of the same areas; C and D, layers II-VI and II-III of the parietal (area 5) cortex. For the generation 
of these maps, labeled neurons in layers II-III and/or V-VI of each section were projected onto a reference line running parallel to the pial surface 
at a depth constantly proportional to the distance between the cortical surface and the bottom of layer VI. The line was then flattened and divided 
in 160~pm-wide bins. The labeled cells contained in each bin were expressed as arrayed vertical segments with length proportional to their number. 
Sections were then aligned on common reference points (the fundus of CS in the frontal maps, the fundus of IPS in the parietal maps) and spaced 
240 pm apart. On each map, left is caudal, up is medial. In the frontal maps (A and B), sets of asterisks indicate, from left to right, the fundus of 
CS, its crown, the crown of the caudal bank of AS, its bottom, and (upper right) the dimple located medially to the medial limb of AS. Therefore, 
adjacent sets of vertically aligned asterisks demarcate, from left to right, the rostra1 bank of CS, the flat exposed part of the precentral gyrus, and 
the caudal bank of AS. Similarly, in the parietal maps (C and D), sets of vertically aligned asterisks represent, from left to right, the bottom of IPS 
and the crown of the rostra1 bank of IPS, so that the rostra1 bank of IPS is shown in the area bordered on each side by sets of asterisks. 
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monkey an additional representation of the digits within this 
area. Moving medially, callosal cells gradually decreased and 
finally vanished from the cortex of the rostra1 bank of CS (area 
4) and the exposed part of the precentral gyrus (areas 4 and 6). 
This region devoid of callosal neurons, which probably corre- 
sponds to part of the hand representation areas, contained in- 
stead many association neurons. At the same mediolateral levels, 
a band of callosal cells was clearly evident more rostrally, in 
the crown and upper part of the posterior bank of the inferior 
limb of AS (area 6). This band of callosal cells flanked a band 
of association neurons running from medial to lateral and from 
rostra1 to caudal. This region of the frontal lobe contains a 
representation of hand and arm separate from that of M 1 (Mat- 
sumara and Kubota, 1979; Muakkassa and Strick, 1979; Matelli 
et al., 1986). The association neurons decreased towards the 
more medial part of the precentral gyrus and were absent in the 
rostra1 bank of CS (area 4). A dense band of labeled association 
cells was observed in the more posterior part of the exposed 
cortex (area 4) up to the crown of the posterior bank of AS (area 
6). This region also contains an arm representation distinct from 
that of area 4 (Muakkassa and Strick, 1979). At the same me- 
diolateral levels, callosal neurons were present throughout the 
rostrocaudal extent of the frontal cortex, being very numerous 
in the rostral’ bank of CS and the exposed surface of area 4. 
Medially, callosal neurons decreased in number in the rostra1 
bank of CS and in the medial adjoining cortex. However, com- 

Quantitative analysis 
The number and density of frontal and parietal callosal and 
association cells varied in periodic fashion. The quantitative 
analyses performed on these cell distributions and the results 
obtained from a representative parietal section (Fig. 1) are shown 
in Figure 4. The density of callosal and association cells varied 
along the tangential extent of the cortex (Fig. 4a). Low- (Fig. 
4b) and high- (Fig. 4c) frequency components were evidenced 
by appropriately filtering the histograms. The relative impor- 
tance of these components was revealed by the Fourier analysis 
(Fig. 4, d, e). The peaks in the spectra below the 20th Fourier 
frequency corresponded to the low-frequency components. The 
peaks at higher Fourier frequencies (20-25) represented the 
components with smaller peak-to-peak distances. This repre- 
sentative section showed that most of the spectral power was 
contained in the low-frequency range (< 20); therefore, the low- 
frequency components were more important than the high-fre- 
quency components in determining the shapes of the cell dis- 
tributions. The squared coherency (Fig. 4f) between callosal and 
association cell populations was relatively high in the low-fre- 
quency range (<20), indicating a similarity of shape of these 2 
cell distributions. In this range of low frequencies the phase was 
approximately zero, indicating that the 2 distributions over- 
lapped. At higher frequencies (21-30) the squared coherency 
dropped to zero, reflecting dissimilarity. A second elevation was 

missural cells were numerous in the exposed part of the pre- present in the squared coherency (Fig. 4f) at higher Fourier 
central gyrus, in the region lying between the upper limb of AS frequencies (30-60). However, the value of squared coherency 
and the edge of the hemisphere. In this part of area 6 their of this second elevation was lower than that observed in the 
distribution was interrupted by a well-sculptured band of as- low-frequency range. This indicates that the 2 cell populations 
sociation cells. The distribution of callosal and association neu- are less similar in the high- than in the low-frequency domain. 
rons in layers V-VI (Fig. 3B) was remarkably similar to that The nonzero phase indicates that the 2 populations are not 
observed in layers II-III. perfectly overlapping in this frequency range. 

Altogether, these findings demonstrated an uneven distribu- Median spectra were computed for all distributions. The me- 
tion of callosal and association neurons that resulted in bands dian estimated spectra of association and callosal cells in the 
of various sizes, shapes, and orientations. These bands were frontal cortex (Fig. 5, a, b) were very similar. They showed a 
mainly separate in the tangential cortical space, with only lim- prominent elevation, including the first 20 Fourier frequencies 
ited regions of overlap. (20 cycles14 1 .O mm), which corresponded to periodicities in cell 

Parietal cortex. The distributions of callosal cells projecting density with peak-to-peak distances of 8 mm. This finding sug- 
homotopically and parietofrontal association neurons in area 5 gests an arrangement of callosal and association cells in the form 
are shown in the 2-D flattened reconstruction of the SPL in ofbands. In the range of shorter periodicities (i.e., higher Fourier 
Figure 3C. In the more lateral part of area 5, association neurons frequencies), smaller but consistent elevations were included 
spanned the rostrocaudal extent of SPL. This region contained between Fourier frequencies 2 l-50. These elevations corre- 
very few callosal neurons. Moving medially, the number of sponded to periodicities with peak-to-peak distances of 0.8-2 
association neurons decreased, whereas that of callosal neurons mm and suggested an arrangement of association and callosal 
increased. The latter cells formed a band throughout most of cells in the form of columns (Jones et al., 1975) of 400-1000 
the rostrocaudal extent of the anterior bank of the intraparietal pm width. The median spectra of the cell distributions in area 
sulcus (IPS). This band merged with a second band running 5 were very similar to those of frontal cortex (Fig. 5, c, 6). In 
roughly parallel to the cytoarchitectonic border between areas 
5 and 2. At the more medial levels of area 5, this second band 
curved caudally to cover most of the rostra1 bank of IPS. In this 
region, association neurons were not numerous and were scat- 
tered without any apparent pattern of distribution. The cortical 
regions of overlap of callosal and association neurons were of 
limited extent. The distribution of callosal and association neu- 
rons labeled in the infragranular layers was coextensive with 
that observed in the supragranular layers. The parietal map 
obtained from cells in layers II-III only (Fig. 30) was very 
similar to that previously described. 

both the frontal and the parietal cortices the spectra of supra- 
and infragranular callosal and association cells were very sim- 
ilar. Given the injection grids adopted (see Materials and Meth- 
ods), artifactual periodicities reflecting an uneven distribution 
of dye at the injection sites would be expected in the range 
around the 16th Fourier frequency. Such periodicities were in- 
deed observed in some spectra. However, very little power was 
contained in this frequency range, indicating a negligible con- 
tribution of these false periodicities to the overall shape of the 
spectrum. 

The coherency analysis provided a measure of the degree of 
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Figure 4. Quantitative analysis for the section shown in Figure 1. Identical analyses were performed for each section. a, Frequency distributions 
of callosal (filled columns) and association (open columns) labeled cells, after flattening the section; bin size is 160 pm. Asterisks, from left to right, 
represent the fundus of IPS and the crown of the rostra1 (upper) bank of IPS. Notice in both distributions a low-frequency component and, 
superimposed, periodicities at higher frequencies. b, Plots of the low-frequency components of the distributions shown in a, after high-frequency 
filtering; here and in c, the continuous line refers to association distribution, the dotted line to callosal distribution. c, Plots of the high-frequency 
components of the distributions shown in a, after low-frequency filtering. d, Power spectrum of the distribution of association cells; notice 2 
consistent elevations: the predominant one, with a peak at the 4th Fourier frequency, including the first 20 Fourier frequencies (20 cycles/41 mm), 
corresponds to periodicities in cell density with a peak-to-peak distance of about 10 mm. Additional smaller elevations, between the 20th and the 
40th Fourier frequencies, correspond to periodicities in cell density with a peak-to-peak distance of more than 1 mm (i.e., to clusters of about 500- 
1000 rrn width). e, Power spectrum of the distribution of callosal cells: the main elevation includes the 1st 20 Fourier frequencies (20 cycles/41 
mm) and corresponds to periodicities in cell density with a peak-to-peak distance of about 7 mm; periodicities at higher spatial frequencies are 
included between the 25th and the 50th Fourier frequencies and correspond to clusters of about 400-800 wrn width.f: Squared coherency between 
callosal and association cell distributions (upper curve) and their phase relationships as a function of Fourier frequency (lower curve). Notice the 
high squared coherency value (0.79) in the domain of the low spatial frequencies, in which callosal and association distributions are very similar, 
and the lower values of squared coherency at higher spatial frequencies, in which the distributions are less similar. 
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Figure 5. Median estimated spectra of the distributions of a, frontal association cells; b, frontal callosal cells; c, parietal association cells; and d, 
parietal callosal cells. Data refer to distributions of cells labeled in layers II-III. These median spectra reflect only the elevations that were consistent 
across sections. A predominant elevation in the domain of the low spatial frequencies (< 20) and additional elevations at higher Fourier frequencies 
(2 l-50) were common features of all spectra. For explanations, see text. 

similarity of callosal and association cell distributions for given 
ranges of frequencies. Squared coherency values from an array 
of individual sections are shown in the frontal lobe in 3-D plots 
comparing supra- and infragranular distributions of association 
cells (Fig. 6). At the range of frequencies (~20) corresponding 
to the arrangement of these cells in the form of bands, the 
comparison between supra- and infragranular association cells 
resulted in the highest coherency value of this study throughout 
most of the mediolateral extent of the frontal lobe (Fig. 6). In 
the same range of frequencies, the mean squared coherency 
value was 0.52, indicating a high degree of similarity between 
supra- and infragranular bands of frontal association cells. At 
this range of frequencies, the phase relation between these dis- 
tributions was equal to zero. We can conclude that in areas 4 
and 6 the bands of association neurons projecting to area 5 from 
supra- and infragranular layers were not only very similar but 
also in register in the rostrocaudal tangential domain. In addi- 
tion, the Fourier analysis showed that some power was con- 
tained in the median estimated spectra at the range of frequen- 

cies (2 l-50 cycles/4 1 mm) corresponding to an arrangement of 
these efferent cells in the form of “columns.” In this range the 
coherency values dropped dramatically in most sections stud- 
ied-as reflected by the mean squared coherency value (0.12)- 
suggesting a lack of similarity between columns of association 
cells in the supra- and infragranular layers; qualitative obser- 
vations on individual sections support the same conclusion. 
Because phase values are meaningless in the absence of coher- 
ency, no conclusions can be drawn about the degree of overlap 
of these clusters across layers. 

Comparison of callosal and association cell distributions in 
frontal areas resulted in very low coherency values at all fre- 
quency ranges of interest and in most of the investigated cortex 
(Fig. 7). The mean squared coherency value was less than 0.1 
at all frequencies. This indicates that, in areas 4 and 6, bands 
and columns of callosal and association cells are distributed 
independently without any obvious and regular phase relation 
between them. 

At the Fourier frequencies relating to the cell bands, coherency 
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values were higher in area 5 than were those observed in the 
frontal lobe, although regional variations did exist (Fig. 8). This 
was reflected in a higher value of mean squared coherency (0.3 1). 
The phase in this range was equal to zero, suggesting that callosal 
and association cell bands had an intermediate degree of sim- 
ilarity and spatial match. In the columnar range of periodicities 
the mean squared coherency value dropped below 0.2, making 
impossible any analysis of the phase relations between callosal 
and association cell columns. 

Discussion 
Laminar organization 
No evidence was found in this study of a laminar segregation 
of callosal versus association neurons in areas 4, 6, and 5. Both 
populations of corticocortical cells were represented by pyra- 
midal neurons of layers III and pyramidal and fusiform cells of 

CYCLES/41 MM 

Figure 6. Pseudo-3-dimensional plot 
of coherency values as a function of 
Fourier frequency for an array of sag- 
ittal sections of the frontal lobe. Squared 
coherency values between distributions 
of associ&ion cells labeled in layers III 
and V-VI. The calibration bar on the 
vertical axis corresponds to a squared 
coherency value of 0.5. Notice that, at 
the range of frequencies (~20) corre- 
sponding to the arrangement of these 
association cells in the form of bands, 
coherency values are high, although with 
regional variations in the tangential do- 
main. This indicates similarity between 
supra- and infragranular bands of as- 
sociation cells. At the range of frequen- 
cies (21-50) corresponding to an ar- 
rangement of these efferent cells in the 
form of clusters, coherency values are 
lower, suggesting little similarity be- 
tween clusters of labeled association cells 
in layer III and layers V-VI. 

layers V-VI. These findings are in agreement with those ob- 
tained in the prefrontal cortex (Schwartz and Goldman-Rakic, 
1984) and in area 7a (Andersen et al., 1985). However, signif- 
icant regional differences were evident in the relative contri- 
bution of supra- and infragranular layers to the callosum. In the 
frontal cortex, callosal neurons were almost equally distributed 
within supra- and infragranular laminae, whereas in the parietal 
cortex they predominated in the supragranular layers. This high 
contribution of infragranular frontal layers, particularly of layer 
V, to the callosum has also been observed by others (Zant and 
Strick, 1978). Double-labeling experiments in the rat motor 
cortex (Catsman-Berrevoets et al., 1980) showed the absence of 
cortical cells bifurcating to the spinal cord and the contralateral 
cortex. Therefore, callosal neurons found in layer V in our study 
probably were not corticospinal neurons with axon collaterals 
projecting to the other hemisphere. The relevant contribution 
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Figure 7. Squared coherency values 
between association and callosal cell 
distributions labeled in layer III of the 
frontal cortex. Notice that coherency 
values are low in most of the mediola- 
teral extent of the cortex and at almost 
all Fourier frequencies. This indicates 
that callosal and association neurons are 
differently and independently distrib- 
uted in the tangential cortical domain. 
For further explanations, see text. 
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Figure 8. Pseudo-3-dimensional plot 
of coherency values as a function of 
Fourier frequency for an array of sag- 
ittal sections of area 5. Data refer to 
coherency between the distributions of 
callosal and association cells labeled in 
layer III. For explanations, see text. 

SQUARED COHERENCY 

LATERAL ----> MEDIAL 

of infragranular frontal cells to the callosum could be related to 
the special role of layer V as the main output layer of motor 
fields to the spinal cord. The presence of callosal neurons in 
layer V could provide the basis for a hypothetical mechanism 
aimed at minimizing possible mismatches between the spinal 
and the interhemispheric messages. 

The laminar distribution of association cells in the frontal 
areas was very similar to that found in the parietal cortex, which 
was in agreement with data on the reciprocal association con- 
nection between the prefrontal cortex and area 7a of the ma- 
caque (Schwartz and Goldman-Rakic, 1984; Andersen et al., 
1985) and suggests the absence of a hierarchical relationship 
between the frontal and parietal fields examined in this study. 

Lack of bifurcated neurons 
The callosal and association neurons labeled in areas 4, 6, and 
5 had a similar morphology and laminar distribution. Never- 
theless, the number of neurons bifurcating ipsi- and contralat- 
erally was extremely low, as evidenced by the very small per- 
centage (less than 1%) of double-labeled cells. The fact that 
callosal and association neurons are different neuronal popu- 
lations seems to be a general rule: similar results were obtained 
in the prefrontal (Schwartz and Goldman-Rakic, 1984) and pos- 
terior parietal (Andersen et al., 1985) cortices of monkey, in 
auditory (Wong and Kelly, 198 1) and somatosensory (Graziosi 
et al., 1982) cortices of cat, and in limbic areas (Sarter and 
Markowitsch, 1985) of rat. An exception to this rule was re- 
ported by Segraves and Innocenti (1985) who found that about 
15% of the callosal neurons of the suprasylvian area of cat that 
projected to contralateral areas 17 and 18 also projected to 
ipsilateral areas 17 and 18. The available data indicate that 
callosal projecting neurons also avoid direct communication 
through axonal bifurcations with subcortical structures (Cats- 
man-Berrevoets et al., 1980; Herron and Miller, 1983; Weber 
et al., 1983). This feature of callosal neurons does not seem to 
apply to other classes of cortical efferent cells, as about 60% of 
corticospinal neurons in the monkey’s somatosensory cortex 
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issue axon collaterals to the cuneate nucleus of the same side 
(Bentivoglio and Rustioni, 1986). 

Tangential organization of callosal and association neurons in 
frontal and parietal cortices 
In the frontal and parietal cortices the cells of origin of callosal 
and association pathways are organized in bands of various 
shapes and orientations. In the spectral analysis their presence 
is indicated by dominant periodicities in cell density of more 
than 4 mm. Callosal and association bands were observed to 
run from medial to lateral and were formed by discrete clusters 
of cells. This discrete organization was evidenced in the power 
spectra by a very small but consistent elevation, which expresses 
periodicities in cell density with peak-to-peak distances of 0.8- 
2 mm. These cell clusters therefore have an average width of 
about 400-1000 pm and may correspond to the commissural 
and association columns first described by Jones et al. (1975). 
Very similar results were obtained in a recent study (M. H. 
Harries and D. I. Pen-et, unpublished observations) in which 
spectral analysis was used to describe the tangential distribution 
of temporal association neurons projecting to the ipsilateral pa- 
rietal cortex. 

The existence of an uneven distribution of callosal and as- 
sociation cells implies that the original cortical information is 
transformed in these frontal and parietal outputs. Similar trans- 
formations occur in all the cortical efferent systems studied so 
far (see Innocenti, 1979, and Caminiti et al., 1985, for a review 
of the literature). In the frontal cortex the callosal and associ- 
ation messages originate from selected parts of areas 4 and 6 
and differ significantly, as evidenced by the quantitative anal- 
ysis. The low coherency between callosal and association cell 
distributions substantiates this finding. On the other hand, a 
high coherency was found between association cells in layers 
II-III and V-VI and between supra- and infragranular distri- 
butions of callosal neurons. This suggests that the information 
addressed to the target territories remains invariant even though 
a given efferent message originates from populations of cortical 
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neurons segregated in depth. In contrast to areas 4 and 6, callosal 
and association bands in area 5 showed a certain degree of 
overlap and therefore a certain similarity. Quantitative analysis 
revealed a higher value of coherency than that observed in the 
frontal cortex. 

The reciprocal spatial relationships between callosal and as- 
sociation cell clusters represent another interesting finding re- 
lated to a more discrete level of organization. At the range of 
frequencies corresponding to these columns, the quantitative 
analysis showed very little coherency in the frontal and parietal 
cortices. This could have been expected given the tangential 
segregation of callosal and association neurons. Coherency anal- 
yses in very discrete cortical regions in which both cell popu- 
lations coexisted showed higher coherency values and phase 
relationships, suggesting an interdigitation between callosal and 
association cell columns similar to that described in the pre- 
frontal cortex (Schwartz and Goldman-Rakic, 1984). No simple 
phase relationship between tangential distributions of callosal 
and association neurons was found in area 7a of the inferior 
parietal lobule (Andersen et al., 1985). In agreement with these 
observations, our study of area 5 suggests a remarkable uni- 
formity in the structural organization of efferent systems across 
different cytoarchitectonic and functional fields of the parietal 
lobe. Together with similar studies in other areas (Schwartz and 
Goldman-Rakic, 1984; Andersen et al., 1985), our data point 
out important regional variations in the way callosal and as- 
sociation neurons are distributed and related to each other in 
the tangential cortical domain. 

The differences in the distribution of callosal and association 
cells can be regarded as a morphological substrate whereby a 
cortical area addresses different messages to different target ter- 
ritories in the same and in the other hemisphere. Despite these 
differences, the similar spatial periodicities underlying these dis- 
tributions reveal the existence of a common organizing principle 
for different corticocortical pathways. 

Callosal and association efferent zones of the frontal and 
parietal cortices 
The uneven distribution of callosal and association neurons and 
their organization in bands determine frontal and parietal ef- 
ferent zones that may play a major role in the shaping of these 
efferent messages. The exact definition of the specific operations 
performed within these zones rests on the comparison of dis- 
tribution patterns of a given class of corticocortical cells with the 
set of functional properties represented in the cortex. This ap- 
proach needs to be extended beyond purely somatotopic aspects 
to other domains of representation of information. It should be 
adopted not only in the “association” cortices, in which maps 
of the periphery cannot account for the properties encoded by 
neuronal populations, but also in cortices that contain fine-grain 
maps of the periphery, such as primary sensory and motor areas. 
Let us consider, for instance, the reciprocal frontoparietal con- 
nection of this study. Comparison of distributions of association 
cells and somatotopy in the areas of origin would only reveal a 
prominent role of information originating in the arm region (see 
also Strick and Kim, 1978; Zarzecki et al., 1978) in the interplay 
of frontal and parietal cortices. Beyond this, speculations con- 
cerning the functions of this association connection can be made 
based on neurophysiological studies of the dynamic properties 
of frontal and parietal neurons (Georgopoulos et al., 1982; Ka- 
laska et al., 1983; Caminiti et al., 1988a). We recently proposed 
(Caminiti et al., 1985) that the association projection from fron- 

tal fields to area 5 may represent an anatomical substrate for 
the transmission to the parietal lobe of information on the cod- 
ing of direction of movement in space. This suggestion rested 
on the analysis of functional properties of populations of frontal 
(Georgopoulos et al., 1982) and parietal (Kalaska et al., 1983) 
neurons and their temporal relations to movement, and was 
also supported by behavioral data (Halsband and Passingham, 
1982). The study by Kalaska et al. (1983) assigned to area 5 a 
role of “spatial comparator,” in which an efferent copy of a 
motor command addressed from the frontal fields is contrasted 
with the dynamic and continuously updated image of movement 
as it evolves in time. Obviously, the outcome of this comparison 
must be addressed through the efferent connections of the su- 
perior parietal lobule to other stations of that distributed system 
(Mountcastle, 1978) that control movement in space. The pari- 
etofrontal association pathway described in this study may rep- 
resent a substrate for returning the outcome of this parietal 
operation to the frontal premotor and motor fields. This would 
allow a comparison between intention and execution that could 
be of relevance for corrective mechanisms and subsequent mo- 
tor behavior. 

Similar considerations apply to the callosal connections of 
frontal and parietal cortices. The callosal system of the superior 
parietal lobule has been described in detail (Caminiti and Sbric- 
coli, 1985) and will be reconsidered here only in relation to 
certain aspects of the interhemispheric transfer of motor be- 
havior. In agreement with other studies, the pattern of frontal 
callosal connections that emerges from our work points up some 
of the main features of that transfer: the relative absence of 
callosal cells in part of the hand and foot representations of M 1 
(Jenny, 1979; Jones et al., 1979; Killackey et al., 1983; Gould 
et al., 1986); the presence of callosal connections in more ros- 
trally and laterally located frontal fields (Gould et al., 1986), in 
which additional representations of the arm and hand have been 
found (in area 6; Muakkassa and Strick, 1979; Gould et al., 
1986; Matelli et al., 1986); the abundance of callosal projecting 
cells in the proximal limb, trunk, and face representations (Jones 
et al., 1979; Gould et al., 1986). This complex and fractionated 
pattern of callosal connections suggests a heterogeneity in the 
structural organization of the frontal lobe that is also evidenced 
by morphological studies (Matelli et al., 1986; Barbas and Pan- 
dya, 1987). In view of a redefinition of certain functional aspects 
of frontal motor fields prompted by the demonstration of mul- 
tiple motor representations (Muakkassa and Strick, 1979; Gould 
et al., 1986), our study, together with the detailed investigation 
of Gould et al. (1986), provides a foundation for a new inter- 
pretation of the pattern of frontal callosal connectivity. This has 
been interpreted according to the “midline rule” (see Berlucchi, 
198 1, and Innocenti, 1986, for a review), based on the obser- 
vation that regions devoted to distal limb movements were 
relatively free of callosal connections (Jones and Powell, 1969; 
Pandya and Vignolo, 197 1; Zant and Strick, 1978; Jenny, 1979; 
Jones et al., 1979; Gould et al., 1986). However, when the 
distribution of callosal neurons has been combined with mi- 
crostimulation methods (Matsumara and Kubota, 1979; Gould 
et al., 1986), callosal connections have been recognized in frontal 
regions devoted to hand movements, in agreement with pre- 
vious data by Shanks et al. (1975), Goldman and Nauta (1977), 
and Jenny (1979). This discrepancy can be explained in part by 
an interpretation of the cal!osal connectivity of this region based 
on a single motor map (Woolsey et al., 1950). It seems, therefore, 
that certain cortical regions devoted to hand movements are 
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where w, = 2rj/n is the jth Fourier frequency and n is the standardized 
number’of observations along each section. The DFf is a complex 
number whose real and imaginary parts represent the coefficients of 
cosine and sine waves, respectively, the sum of which has been least- 
squared fit to the data Y,,. 

The autoperiodogram, F&,), of Y,, is defined as 

Fkm(4 = h/n I &k4 I ‘. (2) 
The autoperiodogram is real valued, and, when smoothed, provides an 
estimate, f,,,(w,), of the spectrum of Y,,. 

The cross periodogram, G,(w,), between cell populations 1 and 2 of 
section k is defined by 

relativelv free of callosal connections, especially in area 4, whereas 
other hand representations are rich in them. bur study.and that 
of Gould et al. (1986) together indicate the existence of multiple 
sources of callosal connections for the interhemispheric transfer 
of manual motor habits in the frontal lobe. These connections 
also may provide an anatomical substrate for the representation 
of ipsilateral hand movements. The existence of neurons related 
to bilateral hand movements in the premotor cortex (Rizzolatti 
et al., 1987; Tanji et al., 1987) supports this hypothesis. In this 
respect, it is worth mentioning that patients who had commis- 
surotomies consistently showed some degree of motor inter- 
manual conflict (Wilson et al., 1977; Bogen, 1979). Further- 
more, in tests devised for ipsilateral motor control, these patients 
were unable to replicate with one hand postures assumed by the 
other hand (Bogen, 1979) or to mimic with the left hand postures 
flashed to the left hemisphere (Gazzaniga et al., 1967). Probably 
more relevant to our discussion is the evidence of long-term 
motor deficits in split-brain patients, who were unable to per- 
form complex bimanual tasks requiring interdependent se- 
quencing of hand movements (Preilowsky, 1975; Zaidel and 
Sperry, 1977). It can be affirmed that frontal motor fields, to- 
gether with the callosal connections originating in the hand rep- 
resentations of Sl and S2 (Caminiti et al., 1979; Manzoni et al., 
1984, 1986) and area 5 (Caminiti and Sbriccoli, 1985; and this 
study), are an important segment of the distributed system that 
controls intermanual transfer. Beyond the limits imposed by an 
interpretation of callosal connectivity based on topographical 
criteria, only physiological studies of the movement parameters 
encoded by frontal callosal neurons will provide a positive image 
of the consequences of commissurotomy on motor behavior. 

Gk-4 = h/n Fd4~&), (3) 

where the asterisk indicates the operation of complex conjugation. The 
cross periodogram is not, in general, real valued. Thus, when smoothed 
(real and imaginary parts being smoothed separately), the resultant es- 
timated cross spectrum, g&,), is also complex valued. 

The magnitude of the cross spectrum, 1 g&,) ( , is a measure of the 
extent to which there are oscillations in the 2 series with constant phase. 
In general, it is more convenient to normalize the magnitude of the 
cross spectrum by the square root of the product of the individual 
autospectra to arrive at the coherency, s,(w,), defined as 

If&,) I 
Sa(4 = [fk,(W,)fkZ(W,)l’~ . (4) 

Because the cross spectrum is smaller than or equal to the product of 
the individual autospectra at all frequencies, the coherency varies be- 
tween zero and 1. A coherency value of 1 indicates a complete linear 
dependency between the 2 series. A value of zero indicates no depen- 
dence. Often, as in our case, we were interested in high values of co- 
herency. For this reason we have used the squared coherency, s*+,), 
which tends to deemphasize low coherency values. The phase of the 
cross spectrum is of interest when the coherency indicates a region of 
constant phase relationship. We have followed standard practice by 
presenting the phase of the cross spectrum along with the plot of co- 
herency (see Fig. 4; Bloomfield, 1976). 

Appendix 
Spectral analysis 
The following steps were used in the calculation of the median nor- 
malized estimated spectra presented in this paper: 

(1) The cell count data are more likely to have a Poisson than a 
Gaussian distribution. A square root transformation was used to make 
the data more Gaussian. 

(2) The mean bin value of each section was subtracted from that 
section to prevent the leakage of a large component at zero frequency 
from obscuring the low-frequency components. 

(3) Split cosine tapering (Bloomfield, 1976) was applied to the initial 
and final 10% of each section to further reduce leakage. 

(4) Each section was padded with zeroes to bring all sections to the 
standard length of 4 1 mm (256 bins) for the purpose of Fourier trans- 
formation. 

Smoothing is an integral part of any coherency calculation. In the 
computations of the auto- and cross spectra used to derive coherency, 
we used 3 passes of a 13-point modified Daniel1 filter (Bloomfield, 1976). 

To measure those features ofthe coherency that were present through- 
out all sections, we calculated the mean squared coherency, s+,), de- 
fined by 

syw,) = l/N 2 $(a,) 
k=, 

where N is the number of sections in that hemisphere. The associated 
phase, b(w,), was computed as the phase of the complex number P, 

(5) A fast Fourier transform (FIT) algorithm was used to calculate 
the discrete Fourier transform (DFT) of the data. 

(6) The periodogram was calculated by squaring the magnitude of the 
DFT. 

P(u,) = 2 cos[(P&)] + i i sin[V&,)], 
k-l k=, 

(7) The estimated spectrum was calculated by smoothing the period- 
ogram with one pass of a seven-point (1234321) moving average. 

(8) The normalized estimated spectrum was calculated by dividing 
each point of the estimated spectrum by the integral of the entire spec- 
trum. 

where N is the number of sections and ‘P&,) is the phase ofthe estimated 
cross spectrum g*(w,). 
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