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Abstract

One dimension of understanding the functions of the prefrontal cortex is knowledge of cortical
connectivity. We have surveyed three aspects of prefrontal cortical connections: local projections
(within the frontal lobe), the termination patterns of long association (post-Rolandic) projections,
and the trajectories of major fiber pathways. The local connections appear to be organized in
relation to dorsal (hippocampal origin) and ventral (paleocortical origin) architectonic trends.
According to the proposal of a dual origin of the cerebral cortex, cortical areas can be traced as
originating from archicortex (hippocampus) on the one hand, and paleocortex, on the other hand,
in a stepwise manner (e.g., Sanides, 1969; Pandya and Yeterian, 1985). Prefrontal areas within
each trend are connected with less architectonically differentiated areas, and, on the other hand,
with more differentiated areas. Such organization may allow for the systematic exchange of
information within each architectonic trend. The long connections of the prefrontal cortex with
post-Rolandic regions seem to be organized preferentially in relation to dorsal and ventral
prefrontal architectonic trends. Prefrontal areas are connected with post-Rolandic auditory, visual
and somatosensory association areas, and with multimodal and paralimbic regions. This long
connectivity likely works in conjunction with local connections to serve prefrontal cortical
functions. The afferent and efferent connections of the prefrontal cortex with post-Rolandic
regions are conveyed by specific long association pathways. These pathways as well appear to be
organized in relation to dorsal and ventral prefrontal architectonic trends. Finally, although
prefrontal areas have preferential connections in relation to dual architectonic trends, it is clear
that there are interconnections between and among areas in each trend, which may provide a
substrate for the overall integrative function of the prefrontal cortex. Prefrontal corticocortical
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connectivity may help to elucidate both region-specific and integrative perspectives on the
functions of the prefrontal cortex.
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trends

The frontal lobe in primates comprises three main sectors: motor cortex, premotor cortex,
and the prefrontal region. Whereas the premotor and motor cortical regions are closely
related to motor programming and movement production per se, the prefrontal region is
neither purely motor nor sensory but rather underlies higher-order control processes of
cognition and emotion (e.g., Fuster, 2008; Stuss and Knight, 2002). The role of the
prefrontal cortex in executive processing is of course effected by means of the interaction of
the various prefrontal cortical areas with post-Rolandic association cortical areas. The
present review will focus on the connectional anatomy of the prefrontal cortex in macaque
monkeys, which underlies the diverse functions of this cortical region. Recent investigations
in humans have demonstrated the relevance of the connectional anatomy of the prefrontal
cortex in nonhuman primates to the organization of the human brain (e.g., Kelly et al.,
2010). Some of these findings will be considered in the final portion of this review.

The prefrontal cortex has been the focus of intensive investigation for well over a century. In
the nineteenth century researchers such as Harlow (1848, 1868), Broca (1865), Ferrier
(1876), and Bianchi (1895) conducted clinical as well as experimental studies of the role of
the frontal cortex in behavior, cognition and emotion. During the nineteenth and twentieth
century, the terms “frontal lobe syndrome” and “frontal lobe personality” came to include a
constellation of behavioral changes, including disinhibition, impaired judgment,
unpredictability, altered emotionality, apathy, loss of motivation, and abnormal executive
function (e.g., Luria, 1973; Meyer, 1974). By the mid-twentieth century, numerous
investigators had attempted to relate particular functions to specific portions of the
prefrontal cortex in both human and nonhuman primates (e.g., Benton, 1991; Luria, 1973,;
Meyer, 1974; Warren and Akert, 1964). In the late twentieth century, greater insight
regarding the specificity of prefrontal functions was provided by the development of new
brain imaging techniques and increasingly sophisticated neuropsychological methodologies
(see, e.g., Fuster, 2008 for review). These approaches have added significantly to our
knowledge of the workings of the prefrontal cortex, yet much remains to be learned.

At the same time, the prefrontal cortex has been examined from a morphological
perspective, i.e., in terms of cortical architecture and connections. Some investigations have
focused on the anatomical demarcation of distinct prefrontal cortical areas (e.g., Barbas and
Pandya, 1989; Bonin and Bailey, 1947; Brodmann, 1909; Carmichael and Price, 1994;
Economo and Koskinas, 1925; Mai et al., 2008; Petrides and Pandya, 1994; Sanides, 1969;
Sarkissov et al., 1955; Vogt and Vogt, 1919; Walker, 1940). Others have detailed the
connectional relationships of prefrontal areas (e.g., Barbas and Pandya, 1989; Carmichael
and Price, 1995a, 1995b; Cavada and Goldman-Rakic, 1989; Jones and Powell, 1970;
Kuypers et al., 1965; Nauta, 1964; Pandya and Kuypers, 1969; Pandya et al., 1971; Petrides
and Pandya, 1999, 2002a, 2002h, 2006, 2007, 2009; Schall et al., 1995; Stanton et al., 1995).
Many of these connectional studies have concentrated on a single area, or a limited number
of areas, within the context of a specific architectonic parcellation map of the prefrontal
cortex. A smaller number of studies have examined prefrontal cortical connectivity from the
perspective of an overall architectonic-connectional framework (e.g., Barbas and Pandya,
1989; Pandya and Yeterian, 1996).
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It has been well established that the prefrontal cortex consists of a large number of distinct
areas with varied architecture and connections. The question arises whether there is an
overall architectonic-connectional theme that underpins the organization of the prefrontal
cortex. A detailed comparison of human and macaque monkey prefrontal cortical
cytoarchitecture has recently been provided by Petrides and Pandya (1994, 1999, 2002a).
This comparison facilitates the translation of macaque monkey connectional findings to the
human prefrontal cortex (see Petrides et al., 2011 in this issue).

The issue of the extent to which architecture is comparable between the monkey and the
human frontal cortex is dealt in the companion paper by Petrides et al. (this issue) that
examines comparative architecture and also considers the problem of drawing inferences
between the human and the macaque monkey brain using different methodologies: diffusion
tensor imaging and resting functional connectivity in the human and direct anatomical
tracing using anterograde and retrograde tracers in the monkey. Many of the details of
macaque monkey neuroanatomy remain to be validated in the human brain and this is a
complex issue as discussed by Petrides et al. in this issue. Nevertheless, the monkey
neuroanatomy provides important hypotheses to be tested and validated in the human brain
using the available imaging methodologies.

In the present review, we focus on the afferent and efferent cortical connectivity of the
prefrontal cortex. We have drawn primarily from experimental studies in our laboratory
while at the same time synthesizing data from many other investigations of prefrontal
cortical connectivity. Collectively, these studies have employed both anterograde (e.g.,
autoradiography and biotinylated dextran amines) and retrograde (e.g., horseradish
peroxidase and fluorescent dyes) tracing methods. In describing the connectivity of the
prefrontal cortex we have used the parcellation and nomenclature of Petrides and Pandya
(1994, 2007) for specific prefrontal areas (Fig. 1). For the remainder of the cerebral
hemisphere, we have defined the cytoarchitectonic areas of the posterior parietal cortex
according to Pandya and Seltzer (1982), the superior temporal gyrus according to Pandya
and Sanides (1973), the inferotemporal cortex and the cortex of the superior temporal sulcus
according to Seltzer and Pandya (1978), the posterior parahippocampal gyrus according to
Rosene and Pandya (1983), and the cingulate cortex and retrosplenial cortex according to
Vogt et al. (1987).

Before considering the cortical connectivity of the prefrontal cortex, it is important to note
that what follows represents a collation of data from numerous studies in monkeys involving
diverse methodologies with relative advantages and limitations, and differing architectonic
schemas. Thus, while offering an overview and perspective on prefrontal corticocortical
relationships, the present discussion is inherently limited by the differences in the data from
which it is drawn. Moreover, we do realize that the functions of the prefrontal cortex depend
on subcortical connectivity as well as on corticocortical relationships. although a
consideration of prefrontal-subcortical relationships is beyond the scope of the present
review. In this regard, the importance of integrating subcortical and cortical connectivity in
attempting to understand the functions of the cerebral cortex has been addressed in detail
recently by Schmahmann and Pandya (2008) and Parvizi (2009).

Local Connectivity of the Prefrontal Cortex

There are several architectonically distinct areas in the prefrontal region. These areas have
specific laminar characteristics, ranging from those with a relatively rudimentary type of cell
distribution and layering (e.g., areas 25 and 13) to those with six highly differentiated
cortical layers (e.g., areas 9/46 and 8A). Moreover, it has been suggested that within the
prefrontal cortex there are two specific architectonic trends, within which four major
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subdivisions have been identified. The most primitive type of cortical subdivision, with
three cortical layers, is termed allocortex. The cortex immediately surrounding the allocortex
is designated as periallocortex, with relatively undifferentiated neuronal distribution among
its layers. Adjoining the periallocortex is a ring of cortices which show an incipient laminar
pattern and are termed proisocortex. From the proisocortex can be traced the so-called iso-
or neocortex, with a well defined, six-layered pattern of lamination. In the frontal lobe, a
dorsal trend originates from the medial prefrontal allocortex and encompasses the medial
and dorsolateral prefrontal regions, and a ventral trend originates from the caudal orbital
allocortex and involves the ventral and ventrolateral prefrontal regions. Prefrontal areas
within each architectonic trend appear to be connected to neighboring cortical areas within
the frontal lobe. More specifically, each area is connected, on the one hand, to one or more
increasingly architectonically differentiated cortical regions, and, on the other hand, to one
or more less differentiated regions (e.g., Barbas and Pandya, 1989; Pandya and Yeterian,
1985).

The local connections of the medial and dorsolateral prefrontal regions

Area 25—This area is located in the ventromedial prefrontal region, below the genu of the
corpus callosum (Fig. 1). It is connected with more differentiated dorsal trend prefrontal
areas 32, 14, 10 and 9, and with area 24 and the cingulate motor area (CMA) primarily on
the medial surface of the frontal lobe. Area 25 also is connected with the ventral trend
paralimbic prefrontal areas, proisocortex (Pro) and area 13 on the orbital frontal surface
(Fig. 2A) (Arikuni et al., 1994; Barbas and Pandya, 1989; Carmichael and Price, 1996a;
Morecraft and VVan Hoesen, 1998; Pandya et al., 1981; Petrides and Pandya, 2007; Vogt and
Pandya, 1987).

Area 32—This area is located in the medial prefrontal region, dorsal to area 25 and rostral
to area 24 (Fig.1). Like area 25, it is connected with more differentiated dorsal trend areas
14, 10 and 9 medially, and 46d and 9/46d on the lateral surface. Area 32 also is connected
with less differentiated areas 24 and 25, and with the cingulate motor area (CMA), area 8B
and the dorsal premotor cortex (area 6DR). Additionally, area 32 is related to ventral trend
area 47/12, and orbital areas Pro, 13 and 11 (Fig. 2B) (Arikuni et al., 1994; Barbas, 1988;
Barbas and Pandya, 1989; Barbas et al., 1999; Carmichael and Price, 1995, 1996a;
Morecraft and Van Hoesen, 1998; Pandya et al., 1981; Petrides and Pandya, 2007; Saleem et
al., 2008; Vogt and Pandya, 1987).

Area 9—This area is located dorsomedially above the cingulate sulcus and extends onto the
dorsolateral surface (Fig. 1). Area 9 is connected with less differentiated dorsal trend areas
32 and 14, as well as with area 24 on the medial surface. It is related to more differentiated
dorsal trend areas 8B, 10, 46d, 9/46d, 8Ad and 6DR. Area 9 is also connected with ventral
trend areas 45, 47/12 and ProM, ventrolaterally, and areas Pro, 13, and 11 on the orbital
frontal surface (Fig. 2C) (Arikuni et al., 1994; Barbas and Pandya, 1989; Barbas et al., 1999;
Bates and Goldman-Rakic, 1993; Carmichael and Price, 1996; Gerbella et al., 2010; Huerta
and Kaas, 1990; Pandya et al., 1981; Petrides and Pandya, 1999, 2002a, 2007; Vogt and
Pandya, 1987; VVogt et al., 1979).

Area 8B—This area is located dorsomedially above the cingulate gyrus and caudal to area
9, and extends onto the lateral surface (Fig. 1). It is connected with less differentiated dorsal
trend areas 14 and 32. Area 8B is also connected with areas 10 and 9, as well as with area 24
on the medial surface and area 6DR dorsolaterally. Like area 9, it is connected with more
differentiated dorsal trend areas 46d, 9/46d and 8Ad. Area 8B is related to ventral trend
areas 47/12 and 45 ventrolaterally, and 11 and 13 on the orbital surface (Fig. 2D) (Arikuni et
al., 1988, 1994; Barbas and Mesulam, 1981, 1985; Barbas and Pandya, 1987, 1989; Gerbella
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et al., 2010; Jacobson and Trojanowski, 1977; Luppino et al., 2003; Petrides and Pandya,
1999, 2002a, 2006, 2007).

Area 10—This area, which is located at the rostral tip of the frontal lobe and extends on its
medial, lateral and ventral surfaces (Fig. 1), is connected with less differentiated dorsal trend
areas 25, 32, 14, 9, 8B and 24. Like areas 9 and 8B, it is connected with more differentiated
dorsal trend areas 46d, 9/46d and 8Ad. Area 10 also is related to ventral trend areas 46v, 45
and 47/12, ventrolaterally, and Pro, 13 and 11 on the orbital frontal surface (Fig. 2E)
(Arikuni et al., 1994; Barbas and Pandya, 1989; Barbas et al, 1999; Barbas and Mesulam,
1985; Carmichael and Price, 1996; Goldman-Rakic et al., 1984; Hackett et al., 1999;
Jacobson and Trojanowski, 1977; Petrides and Pandya, 1999, 2007; Vogt and Pandya,
1987).

Area 46d—This area, located caudal to area 10 and above and within the principal sulcus
(Fig. 1), is connected with less differentiated dorsal trend areas 32, 10, 9, 8B and 24 on the
medial surface, and with area 6DR and more differentiated areas 9/46d and 8Ad,
dorsolaterally. It is also related to ventral trend area 46v below the principal sulcus, and
areas 45, 47/12 and ProM, ventrolaterally. Area 46d has limited connectivity with the orbital
surface, with area 11 (Fig. 2F) (Arikuni et al., 1994; Barbas, 1988; Barbas and Mesulam,
1981; Barbas and Pandya, 1989; Barbas et al., 1999; Gerbella et al., 2010; Goldman-Rakic
et al. 1984; Hackett et al., 1999; Jacobson and Trojanowski, 1977; Morecraft and Van
Hoesen, 1993; Pandya et al., 1981; Petrides and Pandya, 1984, 1999, 2002a,2006, 2007;
Vogt and Pandya, 1987).

Area 9/46d—Located caudal to area 46d and above the principal sulcus (Fig. 1), this area
is connected with less differentiated dorsal trend areas 32, 14, 9, 8B and 10, medially and
dorsally. Area 9/46d is also related to area 24, and to dorsolateral area 6DR. On the lateral
surface, it is connected with dorsal trend area 46d and with more differentiated area 8Ad.
Area 9/46d is related to ventral trend areas 46v, 45 and 47/12, ventrolaterally, as well as to
areas 11 and 13 on the orbital surface (Fig. 2G) (Barbas, 1988; Barbas and Mesulam, 1981,
1985; Barbas and Pandya, 1987, 1989; Bates and Goldman-Rakic, 1993; Ghosh and Gattera,
1995; Goldman-Rakic et al., 1984; Hackett et al., 1999; Huerta et al. 1987; Jacobson and
Trojanowski, 1977; Luppino et al., 2003; Morecraft and Van Hoesen, 1993; Pandya et al.,
1981; Petrides and Pandya, 1999, 2006; Vogt et al., 1979; Vogt and Pandya, 1987; Wang et
al., 2002).

Area 8Ad—This area represents the most highly differentiated region in the dorsal
prefrontal architectonic trend. Located in the dorsal portion of the concavity of the arcuate
sulcus (Fig. 1), area 8Ad is connected with less differentiated dorsal trend area 9,
dorsomedially. It is related to areas 8B, 6DR and 9/46d in the dorsolateral frontal region.
Area 8Ad also is connected with ventral trend areas 8Av, 45 and 47/12 ventrolaterally (Fig.
2H) (Arikuni et al., 1998; Barbas, 1988; Barbas and Mesulam, 1981, 1985; Barbas and
Pandya, 1987, 1989; Bates and Goldman-Rakic, 1993; Caminiti et al., 1999; Gerbella et al.,
2010; Ghosh and Gattera, 1995; Goldman-Rakic et al., 1984; Hackett et al., 1999; Huerta et
al., 1987; Jacobson and Trojanowski, 1977; Luppino et al., 1990, 2003; Luppino and
Rizzolatti, 2000; Moran et al., 1987; Morecraft et al. 1993; Petrides and Pandya, 1999, 2006,
2007; Stanton et al., 1993; Wang et al., 2002).

Overall, it appears that the medial and dorsolateral prefrontal regions are connected strongly
with other medial and dorsolateral prefrontal regions (dorsal trend areas). These regions also
have some connectivity with ventrolateral and orbital prefrontal areas (ventral trend areas).
Thus, each area has a distinctive and relatively complex set of connections within the frontal
lobe, both within its respective trend and with the opposite trend.

Cortex. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

The local connections of the orbital and ventrolateral prefrontal regions

Area 13—This area lies rostral to the proisocortex on the orbital surface of the frontal lobe
(Fig. 1). It is connected with the surrounding areas on the orbital surface, i.e., with less
differentiated ventral trend area Pro and with more differentiated areas 14, 11, and 47/12. It
is related to more differentiated ventral trend areas 45, 9/46v, and 46v on the ventrolateral
surface, and with area ProM and the gustatory area in the frontal operculum. Area 13 has
significant connections also with dorsal trend areas 25, 32 and 24 medially, and with areas
10 and 9 (Fig. 3A) (Arikuni et al., 1994; Barbas, 1988, 1993; Barbas and Mesulam, 1985;
Barbas and Pandya, 1989; Barbas et al., 1999; Carmichael and Price, 1995a, 1995b, 1996;
Cipolloni and Pandya, 1999; Gerbella et al., 2010; Goldman-Rakic et al., 1984; Morecraft et
al., 1992, 1993; Morecraft and VVan Hoesen, 1998; Pandya et al., 1981; Petrides and Pandya,
1999, 2002a, 2006, 2007; Saleem et al., 2008; Vogt and Pandya, 1987).

Area 14—This area is located medial to areas 13 and 11 and ventral to area 32, occupying
the ventromedial prefrontal region (Fig. 1). (It should be noted that the medial part of area
14 is located within the territory of the dorsal trend and could be regarded as belonging to
that trend.) It is connected with less differentiated ventral trend areas Pro and 13 on the
orbital surface, and with more differentiated areas 11, 47/12, 45, and 46v ventrally and
laterally. Like area 13, area 14 is related to dorsal trend areas 25, 32 and 24 medially, to
areas 10 and 9, and to area 46d dorsolaterally (Fig. 3B) (Barbas, 1988; Barbas and Pandya,
1989; Barbas et al., 1999; Carmichael and Price, 1995a, 1996; Morecraft et al., 1992;
Morecraft and VVan Hoesen, 1993; Petrides and Pandya, 1999, 2002a, 2007; Vogt and
Pandya, 1987).

Area 11—1L ocated rostral to area 13 and lateral to area 14 on the orbital surface (Fig. 1),
this area is connected with less differentiated ventral trend areas Pro, 13 and 14 on the
orbital surface, as well as with area ProM, ventrolaterally. It is related to more differentiated
ventral trend areas 47/12, 45, 46v and 9/46v on the lateral surface. Area 11 also is connected
with dorsal trend areas 32 and 24 on the medial surface, with areas 10, 9 and 8B, and with
areas 46d and 9/46d dorsolaterally (Fig. 3C) (Barbas, 1988, 1993; Barbas and Mesulam,
1985; Barbas and Pandya, 1989; Barbas et al., 1999; Bates and Goldman-Rakic, 1993;
Carmichael and Price, 1995a, 1995b, 1996; Cipolloni and Pandya, 1999; Gerbella et al.,
2010; Goldman-Rakic et al., 1984; Jacobson and Trojanowski, 1977; Kondo et al., 2005;
Morecraft et al., 1992; Pandya et al., 1981; Petrides and Pandya, 1999, 2002a, 2006, 2007,
Saleem et al., 2008; Shiwa, 1987; Vogt and Pandya, 1987).

Area 47/12—Located on the ventrolateral convexity of the frontal lobe (Fig. 1), this area is
connected with less differentiated ventral trend areas Pro, 13 and 11 on the orbital surface. It
is related to more differentiated ventral trend areas 46v, 9/46v, 8Av, 45, 44 and 6v on the
lateral surface, as well as to the gustatory area and area ProM in the frontal opercular region.
In addition, area 47/12 is connected with dorsal trend areas 32 and 24 medially, and with
areas 10 and 9 (Fig. 3D) (Arikuni et al., 1994; Barbas, 1988, 1993; Barbas and Mesulam,
1985; Barbas and Pandya, 1987, 1989; Barbas et al., 1999; Bates and Goldman-Rakic, 1993;
Carmichael and Price, 1995a, 1995b, 1996; Cipolloni and Pandya, 1999; Gerbella et al.,
2010; Goldman-Rakic et al., 1984; Jacobson and Trojanowski, 1977; Morecraft et al., 1992;
Morecraft and Van Hoesen, 1993, 1998; Pandya et al., 1981; Petrides and Pandya, 1999,
2002a, 2006, 2007; Saleem et al., 2008; Shiwa, 1987; Stanton et al., 1993; Vogt and Pandya,
1987).

Area 46v—This area, located caudal to area 10 and below and within the principal sulcus

(Fig. 1), is connected with less differentiated ventral trend areas 47/12 and ProM
ventrolaterally, with area 6v, and with area 11 on the orbital surface. Area 46v is related to
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more differentiated ventral trend areas 9/46v, 45 and 8Av ventrolaterally. In addition, area
46v has connections with dorsal trend areas 32 and 24 medially, with areas 10, 9 and 8B,
and with 9/46d dorsolaterally (Fig. 3E) (Barbas, 1988; Barbas and Mesulam, 1985; Barbas
and Pandya, 1987, 1989; Barbas et al., 1999; Goldman-Rakic et al., 1984; Cipolloni and
Pandya, 1999; Gerbella et al., 2010; Jacobson and Trojanowski, 1977; Morecraft and Van
Hoesen, 1993; Petrides and Pandya, 1999, 2002a, 2006, 2007; Preuss and Goldman-Rakic,
1989; Vogt and Pandya, 1987).

Area 9/46v—Located caudal to area 46v and below the principal sulcus (Fig. 1), this area
has connections with less differentiated ventral trend areas 46v, 47/12 and ProM on the
ventrolateral surface, and orbital frontal areas 11 and 13. It is related to more differentiated
ventral trend areas 45, 44 and 8Av, and with area 6v ventrolaterally. Area 9/46v also is
related to dorsal trend area 24, the CMA, and the supplementary motor area (SMA)
dorsomedially (Fig. 3F) (Barbas, 1988; Barbas and Mesulam, 1985; Barbas and Pandya,
1989; Bates and Goldman-Rakic, 1993; Carmichael and Price, 1996; Gerbella et al., 2010;
Goldman-Rakic et al., 1984; Matelli et al., 1986; Morecraft et al. 1992; Pandya et al., 1981;
Petrides and Pandya, 1999, 2002a, 2006, 2007; Stanton et al., 1993).

Area 45—We have modified the extent of area 45 in accordance with the observations of
Petrides and Pandya (1994) (see Petrides et al., 2011 in this issue). This area is located in
front of the lower limb of the arcuate sulcus and extends from the arcuate sulcus to the
fronto-orbital sulcus. Area 45 is connected with less differentiated ventral trend areas 46v,
9/46v, 47/12, 44 and ProM ventrolaterally, and with areas 11 and 13 on the orbital surface. It
is related to more differentiated ventral trend area 8Av in the arcuate concavity. In addition,
it is connected with dorsal trend area 24 medially, with areas 10, 9 and 8B dorsomedially,
and with areas 46d, 9/46d, 8Ad and 6DR dorsolaterally (Fig. 3G) (Arikuni et al., 1988,

1994; Barbas, 1988; Barbas and Mesulam, 1985; Barbas and Pandya, 1987, 1989;
Carmichael and Price, 1996; Gerbella et al., 2010; Godschalk et al., 1984; Goldman-Rakic et
al., 1984; Jacobson and Trojanowski, 1977; Luppino et al., 1990, 2003; Morecraft et al.,
1992, 1993; Morecraft and Van Hoesen, 1993; Petrides and Pandya, 1999, 2002a, 2006,
2007; Shiwa, 1987; Stanton et al., 1993).

Area 8Av—This area represents the most highly differentiated region in the ventral
prefrontal architectonic trend (Fig. 1). Located in the ventral arcuate concavity dorsal to area
45, area 8Av is connected with less differentiated ventral trend areas 46v, 9/46v, and 45 on
the ventrolateral surface. It is also related to dorsal trend areas 8B and 8Ad (Fig. 3H)
(Barbas and Mesulam, 1985; Barbas and Pandya, 1989; Goldman-Rakic et al., 1984;
Gerbella et al., 2010; Petrides and Pandya, 1999, 2002a, 2006; Stanton et al., 1993).

Thus, it seems that orbital and ventrolateral prefrontal areas have strong ties with orbital and
ventrolateral prefrontal areas (ventral trend areas). These areas are also connected with
medial and dorsomedial prefrontal regions (dorsal trend areas). Barring some minor
differences, in both the dorsal and the ventral trend, the afferent and efferent local
connections appear to be reciprocal.

The Connectivity of the Prefrontal Cortex with Post-Rolandic Cortical

The prefrontal cortical areas are connected with post-Rolandic sensory association,
multimodal, and paralimbic areas. These connections are largely bidirectional and are
conveyed by specific fiber pathways.
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The long, post-Rolandic connections of the medial and dorsolateral prefrontal regions

Area 25—This area is connected with auditory-related cortical areas TS1, TS2 and paAr of
the rostral superior temporal region, and with multimodal area TPO of the superior temporal
sulcus (Fig. 2A). It is also related to the paralimbic temporal polar proisocortex (Pro), the
perirhinal (area 35) and entorhinal (area 28) areas of the ventromedial temporal region, the
parahippocampal gyrus (areas, TF, TL and TH), and area 23 of the cingulate gyrus
(Bachevalier et al., 1997; Barbas et al., 1999; Blatt et al., 2003; Kondo et al., 2005, 2007;
Lavenex et al., 2002; Mohedano-Moriano et al., 2007; Morén et al., 1987; Morecraft et al.,
2004; Pandya, 1995; Parvizi et al., 2006; Saleem et al., 2008; Seltzer and Pandya, 1989;
Shiwa, 1987; Vogt and Pandya, 1987).

Area 32—This area is connected with auditory-related areas TS1, TS2, TS3, and TAa of
the rostral superior temporal gyrus, with somatosensory-related area 31 of the medial
parietal region, and with visually-related area PO of the medial preoccipital region (Fig. 2B).
Area 32 is related to multimodal areas TPO and PGa of the superior temporal sulcus, and
area PGm of the medial parietal region. This area has connections with paralimbic regions:
the temporal polar proisocortex, the insula, the perirhinal and entorhinal regions,
parahippocampal areas TH and TF, the subiculum, and areas 23, 29 and 30 and the prostriate
area in the caudal cingulate region (Bachevalier et al., 1997; Barbas, 1988; Barbas et al.,
1999; Carmichael and Price, 1995a; Insausti et al., 1987; Kobayashi and Amaral, 2003;
Kondo et al., 2005, 2007; Lavenex et al., 2002; Pandya, 1995; Pandya et al., 1981; Petrides
and Pandya, 2007; Parvizi et al., 2006; Romanski et al., 1999a; Saleem et al., 2008; Seltzer
and Pandya, 1989; Shiwa, 1987; Vogt et al., 1979; Vogt and Pandya, 1987).

Area 9—This area is connected with rostral auditory-related areas TS1, TS2, TS3, and TAa
of the superior temporal gyrus, and with somatosensory-related area 31 of the medial
parietal region (Fig. 2C). Area 9 is related to multimodal area TPO of the superior temporal
sulcus. In addition, this area is connected with the paralimbic temporal polar proisocortex,
the perirhinal region, parahippocampal areas TH and TF, and caudal cingulateretrosplenial
areas 23, 29 and 30 (Baleydier and Mauguiére, 1980; Barbas et al., 1999; Bates and
Goldman-Rakic, 1993; Cavada and Goldman-Rakic, 1989; Kobayashi et al., 2003; Lavenex
et al., 2002; Morecraft et al., 2004; Pandya, 1995; Pandya et al., 1981; Parvizi et al., 2006;
Petrides and Pandya, 1999, 2007, 2009; Saleem et al., 2008; Seltzer and Pandya, 1989;
Shiwa, 1987; Suzuki and Amaral, 1994; VVogt and Pandya, 1987; Yeterian and Pandya,
2010).

Area 8B—This area is connected with visually-related area PO, and with area 31 of the
medial parietal region (Fig. 2D). It is related to multimodal areas TPO of the superior
temporal sulcus, POa, PG, and Opt in the inferior parietal lobule, and PGm on the medial
parietal surface. Area 8B is connected with paralimbic areas TF and TH of the
parahippocampal gyrus, and areas 23 and 30 of the caudal cingulate-retrosplenial region
(Andersen et al., 1990; Bullier et al., 1996; Cavada and Goldman-Rakic, 1989; Maioli et al.,
1998; Mesulam et al., 1977; Morecraft et al., 2004; Pandya et al., 1981; Parvizi et al., 2006;
Petrides and Pandya, 1984, 1999, 2006; Rozzi et al., 2006; Schall et al., 1995; Schwartz and
Goldman-Rakic, 1984; Seltzer and Pandya, 1989; Yeterian and Pandya, 2010).

Area 10—This area is connected with auditory-related association areas TS1, TS2, TS3,
TAa, and pal of the rostral superior temporal gyrus, and with somatosensory-related area 31
of the medial parietal region (Fig. 2E). It is related to multimodal area TPO of the superior
temporal sulcus. Additionally, it is connected with the paralimbic temporal polar
proisocorteX, the insula, and areas 23, 29 and 30 of the caudal cingulate-retrosplenial region
(Bachevalier et al., 1997; Baleydier and Mauguiére, 1980; Barbas and Mesulam, 1985;

Cortex. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yeterian et al.

Page 9

Barbas et al., 1999; Carmichael and Price, 1995a; Goldman-Rakic et al., 1984; Hackett et
al., 1999; Jacobson and Trojanowski, 1977; Kobayashi et al., 2003; Kondo et al., 2007;
Morén et al., 1987; Morecraft et al., 2004; Pandya et al., 1981; Parvizi et al., 2006; Petrides
and Pandya, 2007, 2009; Romanski et al., 1999a, 1999b; Saleem et al., 2008; Seltzer and
Pandya, 1989; Shiwa, 1987; Vogt et al., 1979).

Area 46d—This area is connected with auditory-related association areas TS1, TS2, TS3,
TAa and paAlt of the superior temporal gyrus, and with area 31 of the medial parietal region
(Fig. 2F). Area 46d is connected with multimodal areas TPO of the superior temporal sulcus,
and PG, Opt and PGm of the parietal lobe. This area also is related to the paralimbic
temporal polar proisocortex, the perirhinal and entorhinal regions, area TH of the
parahippocampal gyrus, and areas 23, 29 and 30 of the caudal cingulate-retrosplenial region
(Andersen et al., 1990; Baleydier and Mauguiere, 1980; Ban et al., 1991; Cavada and
Goldman-Rakic, 1989; Hackett et al., 1999; Jacobson and Trojanowski, 1977; Kobayashi
and Amaral, 2003; Morecraft et al., 2004; Morris et al., 1999; Pandya, 1995; Pandya et al.,
1981; Parvizi et al., 2006; Petrides and Pandya, 1984, 1999, 2009; Romanski et al., 1999b;
Saleem et al., 2008; Seltzer and Pandya, 1989; Shiwa, 1987; Suzuki and Amaral, 1994; Vogt
and Pandya, 1987).

Area 9/46d—This area has limited connections with the superior temporal gyrus, primarily
with area TS2. It is related to areas PG and POa of the inferior parietal lobule and area PGm
of the medial parietal lobe. In addition, it has connections with visually-related area PO of
the medial preoccipital region (Fig. 2G). Area 9/46d is related to multimodal area TPO of
the superior temporal sulcus. It is also connected with paralimbic regions: the insula, areas
TH and TF of the parahippocampal gyrus, the presubiculum, and areas 23, 29 and 30 of the
caudal cingulateretrosplenial cortex (Andersen et al., 1990; Baleydier and Mauguiére, 1980;
Ban et al., 1991; Barbas and Mesulam, 1985; Bates and Golman-Rakic, 1993; Blatt et al.,
1990; Bullier et al., 1991; Cavada and Goldman-Rakic, 1989; Goldman-Rakic and Schwartz,
1982; Goldman-Rakic et al., 1984; Hackett et al., 1999; Kobayashi and Amaral, 2003;
Lavenex et al., 2002; Lewis and Van Essen, 2000; Maioli et al., 1998; Mesulam et al., 1977;
Mesulam and Mufson, 1982; Morecraft et al., 2004; Neal et al., 1990; Parvizi et al., 2006;
Petrides and Pandya, 1999, 2006; Rozzi et al. 2008; Schall et al., 1995; Seltzer and Pandya,
1989; Stepniewska et al., 2005; Suzuki and Amaral, 1994; Vogt and Pandya, 1987; Yeterian
and Pandya, 2010).

Area 8Ad—This area is connected with auditory-related areas TS3, ProA, paAlt, paAc and
Tpt of the caudal superior temporal gyrus, with area 31 of the medial parietal region, and
with preoccipital visually-related areas DP dorsomedially, and MST in the superior temporal
sulcus (Fig. 2H). Area 8Ad is related to multimodal areas TPO and PGa of the superior
temporal sulcus, and POa, IPd, PG, Opt and PGm of the parietal region. It is also connected
with paralimbic area 23 of the caudal cingulate-retrosplenial region (Andersen et al., 1985,
1990; Baleydier and Mauguiére, 1980; Ban et al., 1991; Barbas, 1988; Barbas and Mesulam,
1981, 1985; Bates and Goldman-Rakic, 1993; Blatt et al., 1990; Bullier et al., 1996;
Caminiti et al., 1999; Cavada and Goldman-Rakic, 1989; Gerbella et al., 2010; Goldman-
Rakic et al., 1984; Hackett et al., 1999; Huerta et al., 1987; Jacobson and Trojanowski,
1977; Kobayashi and Amaral, 2003; Leichnetz, 1989; Lewis and Van Essen, 2000; Maioli et
al., 1998; Morecraft et al., 1993, 2004; Neal et al., 1990; Pandya, 1995; Parvizi et al., 2006;
Petrides and Pandya, 1984, 1999, 2006, 2009; Rozzi et al., 2006; Romanski et al., 1999a;
Saleem et al., 2008; Schall et al., 1995; Schwartz and Goldman-Rakic, 1984; Seltzer and
Pandya, 1989; Seltzer et al., 1996; Stanton et al., 1995; Stepniewska et al., 2005; Yeterian
and Pandya, 2010).
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The long, post-Rolandic connections of the orbital and ventrolateral prefrontal regions

Area 13—This area is connected with auditory-related association areas TS1, TS2 and TAa
of the rostral superior temporal region, with visually-related areas TE1, TEm and TEa of the
rostral inferior temporal region, and with somatosensory-related area 31 of the medial
parietal region (Fig. 3A). Area 13 is related to multimodal areas TPO and IPa of the superior
temporal sulcus. In addition, it is connected with paralimbic regions including the insula, the
temporal polar proisocortex, the perirhinal (area 35) and entorhinal (area 28) regions,
parahippocampal areas TF, TL and TH, and caudal cingulate area 23 (Barbas, 1993; Blatt et
al., 2003; Carmichael and Price, 1995a, 1995b; Hackett et al., 1999; Kobayashi et al., 2003;
Kondo et al., 2005, 2007; Lavenex et al., 2002; Martin-Elkins and Horel, 1992; Mesulam
and Mufson, 1982; Morén et al., 1987; Morecraft et al. 1992, 1998, 2004; Mufson and
Mesulam, 1982; Pandya, 1995; Petrides and Pandya, 2009; Romanski et al., 1999a; Saleem
et al., 2008; Seltzer and Pandya, 1989; Shiwa, 1987; Suzuki and Amaral, 1994; Van Hoesen
etal., 1975; Webster et al., 1994).

Area 14—This area is connected with auditory-related association areas TS1, TS2, TS3 and
TAa of the rostral superior temporal gyrus, and auditory area pal of the supratemporal plane
(Fig. 3B). It also is connected with visually-related areas TE1, TE2, TEa and TEm of the
rostral inferior temporal region. Area 14 is related to multimodal areas TPO and PGa of the
superior temporal sulcus. Additionally, this area is related to paralimbic regions: the insula,
the temporal polar proisocortex, the perirhinal and entorhinal regions, areas TF and TH of
the parahippocampal region, and caudal cingulate-retrosplenial areas 29 and 30 (Bachevalier
etal., 2007; Ban et al., 1991; Barbas et al., 1999; Carmichael and Price, 1995a; Hackett et
al., 1999; Insausti and Amaral, 2008; Insausti et al., 1987; Kobayashi and Amaral, 2003;
Kondo et al., 2005, 2007; Lavenex et al., 2002; Martin-Elkins and Horel, 1992; Morecraft et
al., 1992; Petrides and Pandya, 2009; Saleem et al., 2008; Shiwa, 1987; Suzuki and Amaral,
1994; Vogt and Pandya, 1987).

Area 11—This area is related to auditory association areas TS1, TS2, TS3 and TAa of the
rostral superior temporal gyrus, and to visually-related association areas TE1, TE2, TEa and
TEm of the rostral inferior temporal region (Fig. 3C). Area 11 is related to multimodal areas
TPO, PGa and IPa of the superior temporal sulcus. Area 11 has paralimbic connections with
the insula, the temporal polar proisocortex, the perirhinal and entorhinal regions, areas TF
and TL of the parahippocampal gyrus, and caudal cingulate-retrosplenial areas 23, 29, and
30 (Baleydier and Mauguiere, 1980; Ban et al., 1991; Barbas, 1988, 1993; Bates and
Goldman-Rakic, 1993; Blatt et al., 2003; Carmichael and Price, 1995a, 1995b; Insausti et
al., 1987; Kobayashi et al., 2003; Kondo et al., 2005, 2007; Lavenex et al., 2002; Martin-
Elkins and Horel, 1992; Mesulam and Mufson, 1982; Moran et al., 1987; Morecraft et al.,
1998, 2004; Mufson and Mesulam, 1982; Parvizi et al., 2006; Potter and Nauta, 1979;
Rempel-Clower and Barbas, 2000; Saleem et al., 2008; Pandya et al., 1981; Petrides and
Pandya, 2007, 2009; Romanski et al., 1999b; Seltzer and Pandya, 1989; Shiwa, 1987;
Suzuki and Amaral, 1994; Vogt et al., 1979; Vogt and Pandya, 1987; Webster et al., 1994).

Area 47/12—This area has connections with visual association areas TE1, TE2, TE3 and
TEa of the inferior temporal region (Fig. 3D). Area 47/12 is connected with somatosensory-
related areas: the second somatosensory and parietal ventral areas (SI1-PV) in the parietal
operculum, and areas PF and PFG of the inferior parietal region. In addition, it is connected
with paralimbic areas including the insula, the temporal polar proisocortex, the perirhinal
cortex, and area TL of the parahippocampal gyrus (Ban et al., 1991; Barbas, 1988, 1993;
Borra et al., 2010; Bullier et al., 1996; Carmichael and Price, 1995a, 1995b; Cavada and
Goldman-Rakic, 1989; Gerbella et al., 2010; Kondo et al., 2005, 2007; Lewis and Van
Essen, 2000; Martin-Elkins and Horel, 1992; Mesulam and Mufson, 1982; Moran et al.,
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1987; Morecraft et al., 1992; Mufson and Mesulam, 1982; Petrides and Pandya, 20023;
Rempel-Clower and Barbas, 2000; Romanski et al., 1999a; Saleem et al., 2008; Schall et al.,
1995; Seltzer and Pandya, 1989; Shiwa, 1987; Suzuki and Amaral, 1994; Webster et al.,
1994).

Area 46v—This area is connected with auditory-related association areas TS2 and TS3 of
the rostral superior temporal gyrus (Fig. 3E). Area 46v is related to multimodal areas TPO of
the superior temporal sulcus and PG and Opt of the inferior parietal lobule. It has paralimbic
connections with the temporal polar proisocortex, and areas TF and TH of the
parahippocampal gyrus (Cavada and Goldman-Rakic, 1989; Blatt et al., 2003; Lavenex et
al., 2002; Mesulam et al., 1977; Pandya, 1995; Petrides and Pandya, 1984; Preuss and
Goldman-Rakic, 1989; Rozzi et al., 2006; Saleem et al., 2008; Shiwa, 1987; Suzuki and
Amaral, 1994).

Area 9/46v—This area is connected with ventrolateral somatosensory-related areas 1-2
and SII-PV in the fronto-parietal operculum, and with areas PF, PFG and rostral POa of the
inferior parietal lobule (Fig. 3F). It has paralimbic connections with the insula (Barbas,
1988; Barbas and Mesulam, 1985; Barbas and Pandya, 1989; Blatt et al., 1990; Borra et al.,
2008; Cavada and Goldman-Rakic, 1989; Cipolloni and Pandya, 1999; Gerbella et al., 2010;
Goldman-Rakic and Schwartz, 1984; Goldman-Rakic et al., 1984; Lewis and Van Essen,
2000; Mesulam and Mufson, 1982; Neal et al., 1990; Petrides and Pandya, 1984, 2002a,
2006, 2009; Rozzi et al., 2006; Schwartz and Goldman-Rakic, 1984; Shiwa, 1987; Suzuki
and Amaral, 1994).

Area 45—This area has connections with auditory-related areas TS1, TS2, TS3, TAa, paAlt
and Tpt of the superior temporal gyrus, and pal and ProK of the supratemporal plane (Fig.
3G). Area 45 also has connections with visually-related areas TEL, TE2 and TEa of the
inferior temporal region, and FST of the superior temporal sulcus. It is related to
somatosensory area SlI-PV of the inferior parietal region. This area has connections with
multimodal areas TPO, PGa and IPa of the superior temporal sulcus, and POa and PG of the
inferior parietal lobule. Area 45 has paralimbic connections with the insula and with areas
TF and TL of the parahippocampal gyrus (Boussaoud et al., 1990; Cavada and Goldman-
Rakic, 1989; Cipolloni and Pandya, 1999; Gerbella et al., 2010; Lavenex et al., 2002; Lewis
and Van Essen, 2000; Maioli et al., 1998; Martin-Elkins and Horel, 1992; Mesulam et al.,
1977; Mesulam and Mufson, 1982; Petrides and Pandya, 1984, 2002a, 2009; Romanski et
al., 1999h; Saleem et al., 2008; Schall et al., 1995; Schwartz and Goldman-Rakic, 1984;
Seltzer and Pandya, 1989; Shiwa, 1987; Suzuki and Amaral, 1994; Webster et al., 1994).

Area 8Av—This area has connections with visually-related areas TE3, TEm, TEa and TEO
of the inferior temporal region, MT, FST and MST of the superior temporal sulcus, and V4t
and V4 of the lateral preoccipital region (Fig. 3H). Area 8Av is related to multimodal areas
TPO, PGa and IPa of the superior temporal sulcus, and POa, IPd, PG and Opt of the inferior
parietal lobule (Andersen et al., 1990; Baizer et al., 1991; Ban et al., 1991; Barbas and
Mesulam, 1985; Barbas and Pandya, 1989; Blatt et al., 1990; Borra et al., 2008, 2010;
Bullier et al., 1996; Cavada and Goldman-Rakic, 1989; Distler et al., 1993; Gerbella et al.,
2010; Goldman-Rakic et al., 1984; Lewis and Van Essen, 2000; Maioli et al., 1983, 1998;
Medalla and Barbas, 2006; Neal et al., 1990; Petrides and Pandya, 1984, 1999, 2006, 2009;
Schall et al., 1995; Schwartz and Goldman-Rakic, 1984; Seltzer and Pandya, 1989; Shiwa,
1987; Stanton et al., 1995; Stepniewska et al., 2005; Suzuki and Amaral, 1994; Ungerleider
etal., 1986; Webster et al., 1994; Yeterian and Pandya, 2010).

Like the local connections, the long association connections of the prefrontal cortex are
largely reciprocal. By and large the long connections inter-relate dorsal and ventral trend
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areas with dorsal and ventral post-Rolandic regions, respectively, albeit with some related to
the opposite trend.

Corticocortical Fiber Pathways of the Prefrontal Cortical Areas

The prefrontal cortical areas, as detailed above, receive afferents from, and send efferents to
post-Rolandic sensory association areas, as well as to multimodal and paralimbic regions.
These afferent and efferent post-Rolandic connections are conveyed to and from the
prefrontal cortex by specific fiber pathways. With the availability of more precise
anatomical methodologies in the 1970's, in particular the autoradiographic tract tracing
method (Cowan et al., 1972), it became possible to discern not only fiber trajectories in
greater detail but also their specific origins and terminations (Petrides and Pandya, 2002b,
2006; Schmahmann and Pandya, 2006). We will here describe these pathways in view of the
concept of dual trends in the prefrontal cortex.

It is important to point out that the white matter fasciculi are composed of axons that link
major post-Rolandic regions with particular frontal regions (Petrides and Pandya, 2002b,
2006; Schmahmann and Pandya, 2006; Schmahmann et al., 2007). For instance, the uncinate
fasciculus links the anteriormost part of the temporal lobe (lateral, medial and ventral
surfaces) with the orbital and ventral medial frontal region. However, this does not mean
that every area found on the anterior temporal lobe is linked with every area found on the
orbital and ventromedial frontal cortex. The origins and terminations of the axons that travel
in this fasciculus are quite specific for the different areas that are found in the anterior
temporal and orbital and ventromedial frontal region. Thus, in the schematic figures that
illustrate the fasciculi (see Fig. 4), only the major points of origin and termination of the
axons running in a particular fasciculus are illustrated. For the details of connections
between architectonic areas, the reader should refer to the text and figures that appear in the
first part of this article.

Prefrontal Afferent Fiber Pathways

Dorsal trend afferent pathways—There are five distinct fiber pathways connecting
post-Rolandic regions with the dorsal trend areas of the prefrontal cortex: the cingulate
fasciculus (limbic), the dorsal (somatosensory) and middle (multimodal) portions of the
superior longitudinal fasciculus (SLF I and SLF 11, respectively), the occipitofrontal
fasciculus (OFF, visual), and the arcuate fasciculus (auditory and multimodal).

Cingulate Fasciculus: As the name implies the cingulate fasciculus (Fig. 4A) originates
from the region of the cingulate gyrus, especially the caudal portion, and from the adjoining
retrosplenial area. It also includes some contingents of fibers from the inferior parietal and
medial preoccipital regions. These fibers occupy a ventral position within the cingulum
bundle and course to the frontal lobe up to the genu of the corpus callosum. From there the
fibers enter the white matter of the prefrontal region and terminate in dorsal trend areas 9,
46d, 9/46d, 8B and 8Ad, and in ventral trend area 11 of the orbital surface (Mufson and
Pandya, 1984; Petrides and Pandya, 2002b, 2006; Schmahmann and Pandya, 2006;
Schmahmann et al., 2007).

Superior Longitudinal Fasciculus: The association fibers connecting the frontal cortex
with the superior and inferior parietal lobules are known collectively as the superior
longitudinal fasciculus (SLF). This major pathway was divided into three branches, i.e., SLF
I, SLF Il, and SLF IlI, by Petrides and Pandya (1984). This subdivision is now widely
accepted and has been confirmed in the human brain with diffusion tensor imaging (e.g.,
Frey et al., 2008; Makris et al., 2005; Rushworth et al., 2006; Schmahmann and Pandya,
2006). The first two branches, namely the SLF I and SLF 11, link primarily frontal areas of
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the dorsal trend with post-Rolandic cortex and are described here. The third branch, namely
the SLF 111, links primarily areas of the ventral frontal trend and is described later.

SLF I: The SLF I fiber pathway (Fig. 4B) originates from the medial and dorsal (superior)
parietal regions and courses through the white matter of the superior parietal and superior
frontal regions to the frontal cortex. This pathway terminates in dorsal trend areas 9, 9/46d
and 8B, dorsal premotor area 6, and in the SMA (Petrides and Pandya, 1984; Schmahmann
and Pandya, 2007).

SLFE I1: The SLF 1l fiber pathway (Fig. 4C) arises from the caudal portion of the inferior
parietal lobule, including the middle and caudal parts of the lateral bank of the intraparietal
sulcus. It courses initially in the white matter of the inferior parietal lobule above the
Sylvian fissure, remains in a location medial and dorsal to the fissure, and then continues in
the white matter of the frontal lobe to terminate in various architectonic areas of the caudal
prefrontal region. This pathway terminates in dorsal trend areas 8Ad, 9/46d and 46d, and in
dorsal premotor area 6 (Petrides and Pandya, 1984, 2002b, 2006).

Occipitofrontal Fasciculus: The OFF (Fig. 4D), although often documented in the
neuroanatomical literature, has been controversial regarding not only its precise course in
the brain but also its existence in the human brain. In experimental material the OFF is
clearly identifiable and originates from the medial and dorsal preoccipital regions as well as
from the caudalmost inferior parietal lobule where it merges with the dorsal preoccipital
region. This fiber bundle courses in the white matter above the caudate nucleus and
Muratoff's bundle and medial to the corona radiata. It remains in this position up to the
frontal horn of the lateral ventricle. From there the fibers proceed to terminate in dorsal
trend areas 8B, 9, 9/46d, and 8Ad (Petrides and Pandya, 2002b, 2006; Yeterian and Pandya,
2010).

It should be pointed out that the fibers of the SLF Il and those of the OFF (superior fronto-
occipital fascicle) run in close juxtaposition in the white matter of the inferior parietal lobule
but differ in terms of the origins: those of the SLF Il originate from posterior parietal
cortical areas, while those of the OFF originate from occipital cortical areas. Thus, the
fundamental difference lies in the cells of origin of those axons. Although these differences
are clear in experimental preparations in the macaque monkey, they are difficult to
distinguish with diffusion tensor imaging (DTI) in the human given the limitations of the
method (see Petrides et al., this issue).

Arcuate Fasciculus: The arcuate fasciculus (Fig. 4E) originates from the caudalmost part of
the superior temporal gyrus (area Tpt) and the adjacent cortex in the caudal superior
temporal sulcus (area TPO). It arches around the caudal end of the Sylvian fissure (hence its
name) and runs in the white matter of the inferior parietal lobule immediately below the
superior longitudinal fasciculus (SLF I1). It remains in this location up to the frontal lobe
where one contingent of the fibers begins to turn dorsally to terminate in areas 8Ad and in
dorsal premotor area 6 (Petrides and Pandya, 1988, 2002b, 2006, 2009) and another branch
continues ventrally to terminate in area 44 (Petrides and Pandya, 2009).

Ventral trend afferent pathways—There are four distinct fiber pathways from post-
Rolandic regions to the ventral trend areas of the prefrontal cortex: the uncinate fasciculus
(limbic), the ventral portion of the superior longitudinal fasciculus (SLF I11, somatosensory),
the inferior longitudinal fasciculus (ILF)-SLF Il pathway (ILF-SLF 11, visual), and the
extreme capsule fasciculus (auditory, multimodal).
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Uncinate Fasciculus: The uncinate fasciculus (Fig. 4F) arises from the rostral part of the
temporal lobe and the parahippocampal gyrus. More specifically, these fibers originate in
the rostral part of the superior temporal gyrus and the superior temporal sulcus, the rostral
part of the inferior temporal region, areas TH, TL and TF of the parahippocampal gyrus, and
the perirhinal and entorhinal cortex. The uncinate fasciculus courses dorsally in the white
matter of the limen insulae, in the narrow space above the amygdala and just below the base
of the claustrum (Klinger and Gloor, 1960; Petrides and Pandya, 2007). It is important to
note that these fibers are distinct from those of the extreme capsule. The uncinate fasciculus
fibers terminate in ventral and medial portions of the prefrontal cortex: in ventral trend areas
13,11, and 47/12, in areas 10 and 14, and in areas 25 and 32 (Mufioz et al., 2009; Petrides
and Pandya, 1988, 2002b, 2007, 2009; Schmahmann et al., 2007; Ungerleider et al., 1989).

SLFE I11: The SLF 11l pathway (Fig. 4G) originates from the cortex of the anterior portion of
the inferior parietal lobule (areas PF and PFG), including the anterior portion of the lateral
bank of the intraparietal sulcus, as well as from the parietal opercular region (areas SII-PV
and PFop). The fibers course in the white matter of the inferior parietal and frontal regions
to terminate in ventral premotor area 6v, in area 44 of the caudal bank of the lower limb of
the arcuate sulcus, and in area 9/46v of the caudoventral portion of the lower bank of the
principal sulcus (Petrides and Pandya, 1984, 2002b, 2006).

ILE-SLF 11: The ILF-SLF Il pathway (Fig. 4H) arises from the lateral preoccipital area,
including areas V4t, MT, MST and FST, with a minor contingent from the ventral
preoccipital area. This pathway travels first via the ILF and then ascends to become part of
the SLF I1. It terminates mainly in ventral trend prefrontal area 8Av up to the caudal tip of
the principal sulcus (Yeterian and Pandya, 2010).

This fiber bundle has been recently described on the basis of experimental investigation in
the macaque monkey in which the labeled fibers were traced following isotope injections
limited to a specific region of the lateral preoccipital area. These fibers terminated in area
8Av. Connections between this part of the lateral preoccipital cortex and the region of area 8
in the macaque monkey have been shown by Ungerleider and Desimone (1986). Moreover,
Petrides and Pandya (2006), following isotope injections in area 8Av, observed fibers
coursing via the SLF 1l and the ILF, and terminating in the lateral preoccipital region. This
pathway should not be confused with the occipitofrontal fascicle since the latter pathway
originates from the medial and dorsomedial preoccipital region and terminates in area 8Ad.
Although the inferior fronto-occipital fascicle has not been delineated in the macaque
monkey, the ILF-SLF Il pathway in the macaque brain is located more dorsally than the
inferior fronto-occipital pathway as shown by post-mortem dissection in the human brain
(Trolard, 1906; Curran, 1909; see also Schmahmann and Pandya, 2006).

Extreme Capsule Fasciculus: The extreme capsule fibers (Fig. 41) arise from the mid-
portion of the superior temporal gyrus including areas TS2, TS3 and paAlt, from areas IPa,
TAa and TPO-PGa of the superior temporal sulcus, from areas TH and TL of the
parahippocampal gyrus, and from the insula. These fibers travel between the claustrum and
the insula to reach the ventrolateral part of the frontal lobe. The extreme capsule terminates
in ventral trend areas 11, 45, 47/12, and 9/46v, as well as in area 10 (Petrides and Pandya,
1988, 2002b, 2007, 2009; Schmahmann et al., 2007).

Prefrontal Efferent Fiber Pathways

The prefrontal areas give rise to long association connections that travel via the
aforementioned fiber pathways. Thus, in the dorsal prefrontal trend, area 32 sends fibers via
the cingulate fasciculus to areas 24 and 23. It also sends fibers via the extreme capsule and

Cortex. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yeterian et al.

Page 15

uncinate fasciculus to terminate in temporal areas Pro, TS1, TS2, TAa, and TPO (Petrides
and Pandya, 2007). Area 9 also sends fibers via the cingulate fasciculus to areas 24 and 23,
and to the cingulate motor area and areas 30 and 31. In addition, this area sends fibers via
the extreme capsule to areas TPO, TAa and the insula (Morris et al., 1999; Petrides and
Pandya, 2007). Area 8B sends fibers via the cingulate fasciculus to terminate in areas 24, 23
and the CMA. It also sends fibers via the SLF | to terminate in areas PGm and 31 as well as
in the SMA and dorsal area 6 (Petrides and Pandya, 2006). Area 10 sends connections via
the cingulate fasciculus to areas 24, 23, 31, 29 and 30. It also sends fibers via the extreme
capsule and uncinate fasciculus to temporal areas Pro, TS1, TS2, TS3, TAa and TPO
(Petrides and Pandya, 2006). Area 9/46d sends fibers via the cingulate fasciculus to areas 24
and 23, the CMA, and areas 29 and 30. This area also projects via the SLF | to areas 31,
PGm, PEc, and PEci. In addition, area 9/46d sends fibers via the SLF Il to intraparietal areas
POa and IPd and to areas PG and PGop (Petrides and Pandya, 2006). Rostral area 8Ad sends
projections via the cingulate fasciculus to areas 23 and 31, and via the OFF to areas IPd,
PGm, and PO. This area projects via the SLF-1I to areas POa and PG-Opt, and via the
arcuate fasciculus to caudal area TPO and areas Tpt and paAc. Rostral area 8Ad also sends
fibers via the extreme capsule to area paAlt, rostral area TPO, and area PGa (Petrides and
Pandya, 2006). In contrast, the caudal part of area 8Ad sends fibers via the OFF to areas IPd,
PGm and PO, and via the SLF-II to areas PG, Opt and POa (Petrides and Pandya, 2006).

In the ventral prefrontal trend, area 11 sends fibers via the uncinate fasciculus to terminate in
the temporal proisocortex and in areas TE1, TEa, IPa and 35 (Petrides and Pandya, 2007).
The ventral portion of area 10 sends fibers only via the extreme capsule to terminate in areas
TS1, TAaand TPO (Petrides and Pandya, 2007). Area 9/46v sends fibers via the SLF 111 to
terminate in the gustatory cortex, and in areas SII-PV, 1 and 2, and PF, PFG and PG of the
inferior parietal lobule. In addition, this area projects via the cingulate fasciculus to areas
6DR, 24, the SMA and the CMA (Petrides and Pandya, 2006). Finally, area 8Av sends
fibers via the OFF to areas IPd and POa of the intraparietal sulcus. It also sends fibers via
the ILF-SLF Il to areas MST, MT and FST of the superior temporal sulcus (Petrides and
Pandya, 2006).

Thus it seems that these distinct fiber pathways inter-relate the prefrontal cortex with post-
Rolandic sensory-specific association (dorsal [SLF I] and ventral [SLF 111] somatosensory;
caudodorsal [arcuate fasciculus] and rostral [extreme capsule] auditory; dorsomedial [OFF]
and ventrolateral [ILF-SLF I1] visual), multimodal (SLF I, arcuate fasciculus, extreme
capsule), and paralimbic (cingulate fasciculus, uncinate fasciculus) areas. Like the local and
long connections, these pathways are largely reciprocal in nature and appear to be organized
in a manner consistent with the concept of dual trends in the prefrontal region.

DISCUSSION

We have reviewed the connectional organization of the prefrontal cortex in terms of both
local connections within the frontal lobe and long association connections with post-
Rolandic cerebral cortical regions, including sensory-specific, multimodal, and paralimbic
areas. We have also described the distinct association fiber pathways that inter-relate the
prefrontal cortex with post-Rolandic cortical areas.

In terms of local connections, these appear to be organized in a manner consistent with the
concept of dual prefrontal architectonic-connectional trends, with one trend (and its
predominant local connections) occupying the medial and dorsolateral portions of the
prefrontal cortex and the other involving the orbital and ventrolateral portions. Within each
trend, a given area is connected with both less and more architectonically differentiated
regions within the frontal lobe. These connections, overall, may allow for stepwise
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integration between less differentiated medial and orbital prefrontal areas and highly
differentiated lateral areas.

The long association connections can also be interpreted in the context of the overall dorsal-
ventral dichotomy in the prefrontal cortex. Thus, the dorsal and medial post-Rolandic visual
association areas, the dorsal and medial somatosensory association areas, and the
caudodorsal auditory association areas tend to relate via specific pathways preferentially
with the dorsal and medial prefrontal regions. The dorsal and medial multimodal and limbic
areas also seem to relate more strongly to the dorsal and medial prefrontal regions. In
contrast, the lateral and ventral post-Rolandic visual association areas, the ventral
somatosensory areas, and the rostroventral auditory association region relate preferentially
to the lateral and orbital, and also medial, prefrontal areas. Similarly, the ventral multimodal
and limbic areas relate more strongly to ventrolateral and orbital prefrontal, as well as to
medial, prefrontal areas.

One feature of the long association connections of the prefrontal region is the specific fiber
pathways relating prefrontal with post-Rolandic areas. These pathways seem to be organized
in a manner consistent with dual prefrontal trends. Thus, the OFF (visual), the SLF |
(somatosensory) and the arcuate fasciculus (auditory) as well as the cingulate fasciculus
(limbic) and SLF Il (multimodal) convey fibers from dorsal and medial post-Rolandic
regions preferentially to medial and dorsolateral prefrontal regions. In contrast, the SLF 111
(somatosensory), the ILF-SLF 1l pathway (visual), the extreme capsule (auditory,
multimodal) and the uncinate fasciculus (auditory, visual, limbic) convey information from
lateral and ventral post-Rolandic regions preferentially to ventrolateral and orbital prefrontal
regions.

The anatomical trends discussed above of a fundamental difference between dorsal and
ventral regions of the prefrontal cortex are consistent with several proposals regarding
dichotomous functional organization within the prefrontal cortex (e.g., Goldman-Rakic,
19964, 1996b; Macko et al., 1982; O'Reilly, 2010; Pandya and Yeterian, 1985; Petrides,
1994, 2005). Some of these proposals entail broad conceptualizations such as a dorsal-
ventral division of the prefrontal cortex into sectors dealing, respectively, with spatial vs.
object information processing (e.g., Goldman-Rakic, 1996a, 1996b) by analogy with the
dorsal occipito-parietal stream dealing with spatial information and the ventral occipito-
temporal stream dealing with object information. More recently, O'Reilly (2010) has
modified this conceptualization somewhat to emphasize a “how vs. what” distinction by
analogy to the emphasis that Goodale and Milner (1992) have placed on the dorsal occipito-
parietal stream as processing the how of action, in addition to spatial processing. The
proposal by Petrides (1994, 2005) has conceptualized a mid-dorsolateral prefrontal system
for the monitoring and manipulation of information and a mid-ventrolateral prefrontal
system for the active retrieval of information from memory. The present review of the local
and long connections of the prefrontal cortex indicates that such proposals of dichotomous
prefrontal functional organization are tenable from a morphological perspective.

There are some common functions that are often ascribed to the prefrontal cortex, such as
planning and sequencing, working memory, decision-making, response inhibition, emotional
control, and communication. Although certain areas of the prefrontal cortex have been
emphasized as having particularly important roles for these different processes (see Fuster,
2008 for review), we must remember that the various prefrontal areas beginning with the
least architectonically differentiated and proceeding to the most architectonically
differentiated are interlinked within each of the two cortical trends so that the specific
functions in each trend ultimately are tied together in order to serve the overall integrative
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function of the trend, i.e., the “how-where-spatial” function of the dorsal trend and the
“what-object” function of the ventral trend (e.g., Romanski, 2004; O'Reilly, 2010).

Much has been said about the existence of two distinct trends in the prefrontal cortex,
supported by morphological and functional observations. However, one of the consistent
features of prefrontal connectivity is that certain areas within each cortical trend are related
to areas in the opposite trend in terms of both local and long connections, albeit to a lesser
extent than within each trend. This is not surprising in that areas belonging to the two
different trends ultimately must work together in order to effect complex behaviors that call
for the integration of the processes served by each trend. It is of course evident that, in
addition to individual prefrontal areas having specific functional roles, these areas must
interact to effect overall cognitive, emotional and executive integration (Petrides, 1994,
2005; Wilson et al., 2010). The local connections of the prefrontal areas permit functional
interactions between them and their long connections permit interactions with post-Rolandic
regions which themselves may provide a substrate for such broad, integrative prefrontal
function.

The importance of interruption of frontal cortical connectivity with various post-Rolandic
regions has been invoked to explain various aspects of pathological behavior and cognition.
For instance, a number of studies have attempted to explain some aspects of spatial neglect
in terms of lesions of specific fasciculi linking post-Rolandic cortical regions with the
frontal cortex. Mesulam (1981) highlighted the importance of connections between parietal
and frontal areas to explain various aspects of neglect. More recently, Doricchi and
Tomaiuolo (2003) have provided evidence that extrapersonal spatial neglect (without
hemianopia) can be the consequence of damage to the superior longitudinal fasciculus.
Thiebaut de Schotten et al. (2005) stimulated the white matter of the inferior parietal lobule
during neurosurgical procedures and observed visuo-spatial neglect. These authors
originally interpreted the visuospatial neglect as being due to disruption of the
occipitofrontal fasciculus, although they later pointed out that it might have been also the
disruption of the superior longitudinal fasciculus. More recently, He et al. (2007) observed
chronic visual spatial neglect following damage of the superior longitudinal fasciculus.

In conclusion, we have reviewed, from the perspective of dual prefrontal architectonic
trends, the local and long association connections of the prefrontal cortex and the major fiber
pathways relating prefrontal and post-Rolandic cortical areas. A detailed knowledge of
prefrontal cortical connectivity in the monkey brain may help to illuminate further
connectional relationships in the human brain, which, in turn, may aid in understanding
human brain function.
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Figure 1.

Schematic representations of the medial, lateral, and ventral surfaces of the cerebral cortex
of the rhesus monkey (Macaca mulatta) according to Petrides and Pandya (1994, 2007). The
architectonic areas depicted in these diagrams are based on the findings of several
investigators: occipital (Paxinos et al., 2000), parietal (Pandya and Seltzer, 1982),
inferotemporal and superior temporal sulcal (Seltzer and Pandya, 1978; Ungerleider and
Desimone, 1986), superior temporal gyrus and supratemporal plane (Pandya and Sanides,
1973; Krubitzer and Kaas, 1990); insular, parietotemporal opercular and frontotemporal
opercular (Jones and Burton, 1976; Mesulam and Mufson, 1982; Krubitzer and Kaas, 1990;
Krubitzer et al., 1995), premotor (Barbas and Pandya, 1987), prefrontal (Petrides and
Pandya, 1994), cingulate (Vogt et al., 1987), and parahippocampal (Blatt et al., 2003)
regions. Areas of the dorsal prefrontal (archicortical) architectonic trend are shown in
orange, and those of the ventral prefrontal (paleocortical) architectonic trend are shown in
blue.
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Figure 2.
A. Diagrammatic representations of the medial, lateral and ventral surfaces of the macaque

monkey cerebral hemisphere showing bidirectional local (within the frontal lobe) and long
(post-Rolandic) association connections of areas (shown in orange) in the dorsal prefrontal
architectonic trend. A: Area 25. B: Area 32. C: Area 9. D: Area 8B. E: Area 10. F: Area 46d.
G: Area 9/46d. H: Area 8Ad. Note that in these diagrams and in those in Figure 3, the
arrows indicate the connectivity of the different prefrontal areas of interest and not the
specific trajectory of those connections.
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Figure 3.

A. Diagrammatic representations of the medial, lateral and ventral surfaces of the macaque
monkey cerebral hemisphere showing bidirectional local (within the frontal lobe) and long
(Post-Rolandic) association connections of areas (shown in blue) in the ventral prefrontal
architectonic trend. A: Area 13. B: Area 14. C: Area 11. D: Area 47/12. E: Area 46v. F:
Area 9/46v. G: Area 45. H: Area 8Av.
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Inferior Longitudinal Fasciculus (ILF)-SLF Il Pathway

Figure 4.

A. Schematic diagrams of the medial, lateral and ventral surfaces of the macaque monkey
cerebral hemisphere depicting the trajectories of the long prefrontal fiber pathways. A:
Cingulate fasciculus (dorsal trend) limbic pathway. B: Superior longitudinal fasciculus,
dorsal portion (SLF I, dorsal trend) somatosensory pathway. C: Superior longitudinal
fasciculus, middle portion (SLF II, dorsal trend) multimodal pathway. D: Occipitofrontal
(dorsal trend) visual pathway. E: Arcuate fasciculus (dorsal trend) auditory pathway. F:
Uncinate fasciculus (ventral trend) limbic pathway. G: Superior longitudinal fasciculus,
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ventral portion (SLF 11, ventral trend) somatosensory pathway. H: Inferior longitudinal
fasciculus - superior longitudinal fasciculus, middle portion (ILF - SLF I, ventral trend)
visual pathway. I: Extreme capsule fasciculus (ventral trend) auditory and multimodal
pathway. Note that the arrows and their trajectories indicate connectivity between areas, and
do not represent the magnitude of those connectional relationships. For more detailed
descriptions of these pathways, see Schmahmann and Pandya (2006).
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