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 Retinogeniculostriate Pathway Components
Scale with Orbit Convergence Only in Primates 
and Not in Other Mammals 
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orbit convergence correlated with volumetrically larger lat-
eral geniculate nuclei and visual cortices. Diurnal primates 
exhibit statistically larger visual pathway components when 
compared to nocturnal primates. Nonprimate mammals do 
not display activity pattern differences with the single ex-
ception of optic tract sizes. We conclude that binocular vi-
sion was a much stronger factor in the evolution of the vi-
sual system in primates than in other mammals. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 The retinogeniculostriate system is the primary path-
way of conscious visual perception in mammals. Visual 
information is relayed from the retina via the optic nerve, 
chiasm and tract to the dorsal lateral geniculate nucleus 
(LGN) of the thalamus, and then terminates in the striate 
cortex (V1 or Brodmann area 17) [reviewed in Casa-
grande and Norton, 1991; also see Jones, 2007]. Although 
the optic nerve is traditionally named the second cranial 
nerve, it may be more useful to consider it a white-matter 
tract of the diencephalon, composed primarily of the ax-
ons of retinal ganglion cells streaming away from the eye 
[e.g. Brooks et al., 1999].
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 Abstract 
 Studies of the relative sizes of brain components in mam-
mals suggest that areas responsible for sensory processing, 
including visual processing, are correlated with aspects of 
ecology, especially activity pattern. Some studies suggest 
that primate orbit convergence and binocular vision are cor-
related with the overall size of the brain as well as compo-
nents of the visual pathway, such as the lateral geniculate 
nucleus. However, the question remains whether compo-
nents of the visual pathway are correlated with orbit conver-
gence and binocular visual field overlap in nonprimate mam-
mals. Here, we examine the relationship between orbit con-
vergence and the volumes of components of the visual 
pathway (optic tract, dorsal lateral geniculate nucleus and 
primary visual cortex). Data on orbit orientation are com-
bined with those on overall brain volume as well as brain 
component volumes in a taxonomically diverse sample of 
mammals. Our results demonstrate that nonprimate mam-
mals scale isometrically for component volumes along the 
visual pathway, whereas primates display negatively allome-
tric relationships. However, only among primates is higher 
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  The volumes of components of the retinogeniculostri-
ate pathway covary. Intraspecific scaling studies on hu-
mans and sheep  (Ovis aries)  demonstrate that, despite 
variability between individuals, volumes of the optic tract, 
LGN and V1 are positively correlated [Ebinger, 1975; An-
drews et al., 1997]; individuals with volumetrically larger 
optic tracts, probably reflecting greater fiber numbers 
from the retina, also have larger lateral geniculate nuclei 
and primary visual cortices. Interspecific studies on reti-
nogeniculostriate components in various other mammals 
also demonstrate scaling similarities, although the impact 
of ecological demands on the component sizes of the reti-
nogeniculostriate pathway as well as downstream visual 
cortical areas is highly debated [Frahm et al., 1984; Barton 
et al., 1995; Stevens, 2001; Kaskan et al., 2005; Barton, 
2007]. For example, Kaskan et al. [2005] suggested that 
striate and extrastriate visual cortical areas are highly 
conservative in mammals and do not vary with ecological 
factors like activity pattern. However, Barton [2007], us-
ing dataset of Kaskan and coworkers, found that diurnal 
primates have significantly larger visual cortices than 
nocturnal primates. Frahm et al. [1984] also found these 
differences in primate visual cortex proportions.

  The morphology of the mammalian retinogeniculo-
striate pathway may also reflect differences in visual field 
construction, specifically in the size of the area of bin-
ocular visual field overlap. Barton [2004] showed that, in 
primates, orbit convergence, a morphological surrogate 
for binocular visual field overlap in mammals [Heesy, 
2004], is also correlated with the volumes of LGN and V1, 
all of which are correlated with substantial expansion of 
primate brain volume. These analyses support the sug-
gestion that a major factor in primate brain size evolution 
is expansion of visual processing [Barton, 1998; Allman, 
1999; Kirk, 2006], especially information generated by 
binocular vision. Barton attributed his results to the ex-
pansion of the parvocellular pathway in anthropoid pri-
mates (i.e. monkeys, apes and humans), a pathway that 
primarily transmits information on color and fine detail 
from the visual scene [Livingstone and Hubel, 1988]. Ad-
ditionally, in macaques and presumably in other anthro-
poids, the central visual field is highly magnified in the 
LGN and primary visual cortex (V1) due to the density of 
parvocellular cells in this region of the topographically 
organized LGN [Malpeli et al., 1996; reviewed in Casa-
grande and Ichida, 2002]. Therefore, increased LGN vol-
umes in anthropoids may be due, in part, to the increase 
in the number of parvocellular neurons around the area 
of central vision, the fovea. This led Barton [2004] to sug-
gest that the evolution of foveal vision and the expanded 

parvocellular system in anthropoids is linked to magni-
fication of the central field in the visual cortex, enhanced 
stereopsis and increased relative LGN, V1 and brain size 
volumes. However, the relationship between binocular 
visual field overlap, orbit convergence and the retinoge-
niculostriate pathway has not been studied in nonpri-
mate mammals.

  The LGN receives input from structures other than 
the retina. Based on data from macaques  (Macaca),  cats 
 (Felis),  ferrets  (Mustela)  and rabbits  (Lepus)  [Hubel and 
Wiesel, 1961; reviewed in Briggs and Usrey, 2009], esti-
mates of retinal input to the LGN range from 10 to 40% 
[e.g. Sherman and Koch, 1986; Sherman and Guillery, 
2002, 2006; Casagrande et al., 2005a, b]. Input is mostly 
extraretinal in origin, examples of which include a prom-
inent corticogeniculate feedback loop from V1, several 
midbrain regions, other thalamic nuclei, or local modula-
tory or inhibitory inputs [Casagrande and Norton, 1991; 
Sherman and Guillery, 2002, 2006]. The best studied of 
the nonretinal inputs to the LGN is the corticogeniculate 
pathway, which provides the largest input to the LGN 
based on synapse number, but the function of which is 
still poorly understood [Casagrande et al., 2005].

  Primates, as a group, tend to have greater binocular 
visual field overlap than other mammalian groups [Cart-
mill, 1974; Noble et al., 2000; Heesy, 2004, 2008, 2009]. 
Given the multiple inputs to LGN, it is reasonable to ques-
tion whether primates differ from other nonprimate 
mammals in the relationships between binocular visual 
field overlap and the components of the retinogeniculo-
striate pathway. In this study, we evaluate the relationship 
between binocular visual field overlap, using orbit con-
vergence as a surrogate variable, and volumetric compo-
nents of the retinogeniculostriate pathway. We expand 
the known sample of primate orbit convergence data and 
include comparative data on multiple additional groups 
of mammals. We specifically evaluate whether the rela-
tionship between orbit convergence and the retinogenic-
ulostriate pathway is unique to primates or is typical of 
all mammals. Lastly, significantly larger visual cortex 
volumes have been noted in diurnal primates [e.g. Bar-
ton, 2007] and activity pattern has an influence on orbit 
convergence and binocular visual field size in mammals 
[Cartmill, 1974; Ross, 2000; Barton, 2004; Ravosa and Sa-
vakova, 2004; Heesy, 2008].We therefore evaluate the ef-
fects of activity pattern on the relationships between orbit 
convergence and retinogeniculostriate pathway volume 
scaling.
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  Materials and Methods 

 Collection of Volumetric Data on the Retinogeniculostriate 
Pathway 
 Data on the volumes of the optic tract, dorsal LGN and V1 are 

primarily taken from the literature. All data are summed bilater-
ally and the original sources are cited in  table 1 . For those data 
taken from developmental ablation studies, only the normal con-
trol volumetric data are used here. Data on wild-type species were 
collected whenever available. Data on the platyrrhine primate 
 Callicebus  sp. (titi monkey) [Bush and Allman, 2004a, b] were suf-
ficiently different from previously published data on  Callicebus 
moloch  [Frahm et al., 1984; Stephan et al., 1984] to justify separate 
treatment of these taxa. Volumetric data on V1 in  Lepus  (rabbit) , 
Rattus  (rat) and  Felis  (cat) V1 [Hughes, 1971] were computed by 
multiplying V1 area by average V1 thickness. Brain volume data 
on New Zealand rabbits were computed from data in Mace et al. 
[1981]. Brain volume data for  Canis familiaris  (dog) were not re-
ported, so volume data were taken from Gittleman [1986] for  Ca-
nis latrans  (coyote), which is similar in overall body mass. Analy-
ses were run both including and excluding data on  C. latrans , and 
the results were not materially affected in either instance. Frahm 
et al. [1984] report data on LGN volume in several afrosoricid, 
erinaceomorph and soricomorph taxa, which are used here. In 
addition, Frahm et al. [1984] estimate V1 volume in these taxa us-
ing a primate-scandentian regression equation for LGN to V1 vol-
ume ratio. We do not include the estimated V1 data for afrosori-
cids, erinaceomorphs and soricomorphs in our analyses because 
scaling similarities between ‘insectivorans’ and primates have 
never been established.

  In this study, data on LGN volume for  Mesocricetus auratus  
(golden hamster),  Mus musculus  (mouse),  Lepus  (rabbit) and  Rat-
tus  (rat) were collected in order to both expand the available data 
as well as verify data from the literature. For the hamster, mouse 
and rat, images were imported into SigmaScan Pro 5 (SPSS Inc., 
Chicago, Ill., USA) from published digital datasets [Morin and 
Wood, 2001; Paxinos and Franklin, 2001; Paxinos and Watson, 
2007] and calibrated, and the area of LGN measured on each slice 
in which it was present. Areas were multiplied by the distance be-
tween slices; these volumes were summed to estimate the unilat-
eral LGN volume, and lastly multiplied by 2 to compute a bilat-
eral LGN volume estimate to match the other data in our dataset. 
Data on the rabbit LGN were generated following a similar meth-
od after photographic images were digitized from Girgis and 
Shih-Chang [1981].

  Our data fall within the range of values found by Kruska and 
Schott [1977] for the rat LGN volume. Kruska and Schott [1977] 
estimated the average LGN volume for 8 rats as 3.48 mm 3 , where-
as we found a volume of 3.68 mm 3 , a difference of approximately 
5.4%, but still within their published range.

  Morphometric Data Collection 
 Most data on orbit convergence for a number of taxa in this 

study were from previous studies conducted by the first author 
[Heesy, 2004, 2005, 2008]. In addition, orbit convergence data on 
4 catarrhine primates  (Cercocebus torquatus, Cercopithecus mitis,  
C. ascanius, Macaca nemestrina)  are from Ross [1995]. Additional 
morphometric data were collected from the comparative collec-
tions at the Department of Mammalogy of the Smithsonian Insti-
tution or from the personal collection of the first author. Taxa new 

to this study are indicated in  table 1 . Orbit convergence data on 
 Tarsius  were the mean of species means because all volumetric 
data on brain components are for indeterminate species [e.g. 
Stephan et al., 1981]. Orbit convergence data from  Alouatta ca-
raya  were substituted for  Alouatta palliata , which were otherwise 
unavailable.

  The method for collecting orbit orientation data has been de-
tailed elsewhere [Heesy, 2005, 2008; Iwaniuk et al., 2008]. Briefly, 
three-dimensional coordinate data were collected for 6 land-
marks on the skull with a MicroScribe-3DX coordinate data stylus 
(Immersion Corp., San Jose, Calif., USA). Each specimen was 
mounted on an elevated clay base so that all coordinate data could 
be collected in a single series [e.g. Lockwood et al., 2002]. Each 
specimen sits within its own three-dimensional coordinate data 
space with this arrangement.

  Convergence is measured as the dihedral angle (an angle be-
tween two planes) between the orbital margin plane and the mid-
sagittal plane. The sagittal plane is defined by prosthion, nasion 
and inion. The orbital plane is defined by the points orbitale su-
perius (point on the orbital margin farthest from the alveolar 
margin), orbitale anterius (point on the orbital margin most dis-
tant from the inion) and orbitale inferius (point on the orbital 
margin closest to the alveolar margin). Orbit convergence was 
calculated from these coordinate data following a macro available 
in Iwaniuk et al. [2008]. Convergence can be used as a surrogate 
variable for degree of binocular visual field overlap because of the 
isometric relationship between these variables in mammals 
[Heesy, 2004, 2008].

  Activity pattern, the time of day during which an animal is 
primarily awake and active, has an influence on orbit convergence 
and binocular visual field size in mammals [Cartmill, 1974; Ross, 
2000; Barton, 2004; Ravosa and Savakova, 2004; Heesy, 2008]. 
Data on activity pattern were categorized as nocturnal, diurnal 
and cathemeral. These data were taken from Fleagle [1999] and 
Heesy and Ross [2001] for primates, and Novak [1991a, b] for all 
other taxa included in this study.

  Statistical Methods 
 First, we investigated the relationship between brain volume 

and the components of the visual pathway: optic tract, dorsal 
LGN, and V1. We conducted a second set of analyses to examine 
the regression slopes between the components of the visual path-
way in order to determine whether the relationship between orbit 
convergence and the volumes of the optic tracts, lateral geniculate 
nuclei and V1 scale with geometric similarity. In order to control 
for size effects, we included body mass and brain size as addition-
al predictors in our models. This is statistically similar to the 
common approach of using size-corrected residuals [Allen, 1997]. 
The goal of both approaches is to examine the relationship be-
tween orbital convergence and visual pathway components inde-
pendent of body mass and brain size. Using residuals removes 
variation due to body mass and brain size from the model [Allen, 
1997]. Using body mass and brain size as additional predictor 
variables directly accounts for the variation in these variables and 
allows us to examine the independent effect of orbital conver-
gence.

  Our third set of analyses examined the relationship between 
activity pattern and orbital convergence and the visual pathway 
components in primates and nonprimate mammals. These mod-
els also accounted for body mass and brain size. We coded activ-
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Taxon ACT CONV Body
mass

Brain 
volume

Optic tract 
volume

LGN 
volume

V1 
volume

Source1

Afrosoricida
Echinops telfairi N 41.02 87.5 566 0.61 0.37 1, 3, 11
Hemicentetes semispinosus N 27.72 110 757 0.51 0.37 1, 3, 11
Setifer setonus N 30.72 248 1,404 1.07 1.05 1, 3, 11
Tenrec edaucadata N 36.62 832 2,315 2.73 1.46 1, 3, 11

Artiodactyla
Ovis sp. D 28.8 123,180 618 469 3,383 7, 12

Carnivora
Canis familiaris C 50.4 11,000 81,563 79.6 4, 31
Felis catus C 65.4 41.3 698.4 8, 27
Mustela putorius N 35.3 795.5 6,756.8 7 19, 31

Chiroptera
Cynopterus brachyotis N 42.7 33.9 926.8 5.14 25
Cynopterus horsfieldi N 59.3 1,301 6.178 25
Eonycteris spelaea N 45 58.7 1,239.9 4.68 25
Myotis sp. N 13.5 304.4 0.34 25
Pteropus poliocephalus N 50.9 695 6,762.2 25
Pteropus scapulatus N 48.3 375 5,074.1 25

Dasyuromorphia
Dasyurus hallucatus N 41.6 912 6,686 5.97 5, 30
Monodelphis domestica N 43.42 97.6 768 20, 28

Diprotodontia
Macropus eugenii N 43.9 3,610 13,856 6.52 6, 30

Erinaceomorpha
Atelerix algirus N 31.32 736 3,150.6 5.02 3, 11, 16
Erinaceus europaeus N 32.42 860 3,050 3.94 3.9 1, 3, 11
Hemiechinus auritus N 33.52 250 1,710 1

Lagomorpha
Lepus sp. N 20 4,500 12,329 29.05 136 8, 9, 29

Primates
Alouatta belzebul D 73.7 6,400 49,009 87.4 2,461 1, 3, 11
Alouatta palliata D 76.5 5,350 43,520 90 1,860 17, 18
Aotus trivirgatus N 67.5 830 16,195 32.9 1,203 1, 3, 11
Ateles geoffroyi D 80.8 8,000 101,034 204 151 4,738 1, 11
Avahi laniger laniger N 54.7 1,285 9,798 27.6 542 1, 3, 11
Avahi laniger occidentalis N 54.7 860 9,124 38.3 29.3 527 1, 3, 11
Callicebus moloch D 85.4 900 17,944 54.2 1,524 1, 3, 11
Callicebus sp. (= caligatus) D 76.5 880 11,900 30 840 17, 18
Callithrix jacchus D 63.5 280 7,241 25.1 685 1–3, 11
Cebuella pygmaea D 66.7 140 4,302 23.8 16.9 415 1, 3, 11
Cebus apella D 74.8 3,100 66,939 207 137 4,703 1, 11
Cercocebus torquatus D 70.1 5,500 117,080 200 5,120 17, 18
Cercopithecus ascanius D 80.2 3,400 63,505 320 147 5,106 1, 11
Cercopithecus mitis D 73.4 6,300 70,564 150 5,274 1
Cercopithecus nictitans D 4,260 64,740 120 4,140 17, 18
Cheirogaleus major N 55.8 450 6,373 18 21.5 478 1, 11
Cheirogaleus medius N 66.9 177 2,961 10.8 217 1
Daubentonia madagascarensis N 56.4 2,800 38,130 48 1,028 1, 13
Eulemur fulvus C 56 1,400 22,106 108 51.8 1,527 1, 3, 11
Eulemur mongoz C 57.8 1,560 22,240 50 1,060 17, 18
Galago senegalensis N 46.3 186 4,512 16 334 1
Galagoides demidoff N 47 81 3,203 11.5 10.9 237 1, 11
Gorilla gorilla D 107.7 105,000 470,359 671 384 15,185 1, 11
Homo sapiens D 79.3 65,000 1,251,847 823 416 20,226 1, 11
Hylobates lar D 79.8 5,700 97,505 302 175 5,750 1, 3, 11
Indri indri D 61.7 6,250 36,285 94.5 1,961 1, 3, 11
Lagothrix lagotricha D 78.5 5,200 95,503 203 164 6,082 1, 3, 11
Lepilemur ruficaudatus N 55.9 915 7,175 20.7 15.6 357 1, 11
Lophocebus albigena D 87.8 7,900 97,603 182 6,831 1

Table 1. M orphometric and ecological data used in this study
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ity pattern as an ordinal variable from 0 to 2: nocturnal = 0, cath-
emeral = 1, and diurnal = 2. This approach has been commonly 
implemented in comparative analyses [e.g. Jones et al., 2003; Ka-
milar and Paciulli, 2008].

  Continuous biological data potentially violate standard statis-
tical assumptions of independence due to phylogenetic related-
ness [Felsenstein, 1985; Harvey and Pagel, 1991] and taking phy-
logeny into account reduces the variance of the estimated regres-

sion or correlation coefficients [Rohlf, 2006]. There are several 
methods available to comparative biologists to account for data 
nonindependence due to phylogeny [Nunn and Barton, 2001; 
Felsenstein, 2004]. In this study, we used the phylogenetic gener-
alized linear model function in the CAIC package for R [Purvis 
and Rambaut, 1995; Paradis et al., 2004; R Development Core 
Team, 2007]. This method accounts for phylogeny in our com-
parative datasets and also has the benefit of producing a Pagel’s 

Table 1 (continued)

Taxon ACT CONV Body
mass

Brain 
volume

Optic tract 
volume

LGN 
volume

V1 
volume

Source1

Loris tardigradus N 61.6 322 6,269 15.7 24.6 588 1, 11
Macaca mulatta D 73.9 7,800 87,896 158 6,586 1, 24
Macaca nemestrina D 75 6,500 102,317 308 113 14
Microcebus murinus N 45.3 54 1,680 6.17 7.07 149 1, 3, 11
Miopithecus talapoin D 80.6 1,200 37,776 109 3,046 1, 3
Nycticebus coucang N 63 800 11,755 35.9 823 1, 3
Otolemur crassicaudatus N 55 850 9,668 33.9 23.2 548 1, 3, 11
Pan troglodytes D 80 46,000 382,103 630 356 14,597 1, 11
Papio anubis D 84 25,000 190,957 601 395 13,741 1, 3, 11
Perodicticus potto N 61.6 1,150 13,212 19.5 24.3 552 1, 11
Pithecia monachus D 67.7 1,500 32,867 76.3 2,130 1, 3, 11
Procolobus badius D 84.8 7,000 73,818 201 128 3,984 1, 11
Propithecus verreauxi D 62.2 3,480 25,194 125 64.5 1,355 1, 3, 11
Saguinus midas D 70.82 340 9,569 36 1,061 1, 3, 11
Saguinus oedipus D 74 380 9,537 50.5 34.2 977 1, 3, 11
Saimiri sciureus D 69.9 660 22,572 117 62.9 2,326 1, 11
Semnopithecus entellus D 88.2 9,890 107,540 140 4,320 17, 18
Tarsius sp. N 55 125 3,393 15.5 20.8 370 1, 11
Varecia variegata rubra D 54.6 3,000 29,713 68.9 2,112 1

Rodentia
Mesocricetus auratus N 55.8 135 5,163.89 1.96 10
Mus musculus C 38.3 354.77 0.76 26
Rattus norvegicus (wild type) C 32 300 2,252.3 7.83 3.48/3.68 8, 22, 23
Rattus (Sprague-Dawley) C 32 300 1.3 21, 29
Spalacopus cyanus D 85 2,094.6 0.52 15, 29
Spalax ehrenberghi NA 59.2 197 2,384.2 0.0388 15, 29

Scandentia
Tupaia belangeri D 36.7 173.3 3,291.4 119.5 32
Tupaia glis D 32 170 2,999 39.3 12.9 179 1, 3, 11
Tupaia minor D 22.6 70 2,430 9.88 164 1, 3, 11
Urogale everetti D 27.8 275 3,997 9.98 136 1

Soricomorpha
Crocidura flavescens N 29.3 399.6 0.25 0.28 3, 11, 16
Crocidura russula N 11.2 190.8 0.12 0.08 3, 11, 16
Sorex araneus C 6.8 11.3 204.6 0.14 0.07 3, 11, 16
Sorex minutus C 6.8 4.9 112.6 0.11 0.06 3, 11, 16
Suncus murinus N 33.8 369.7 0.23 0.18 3, 11, 16

V olumetric data are reported in cubic millimeters. Body mass data are 
reported in grams. ACT = Activity pattern, denoted as N for nocturnal,
D for diurnal, C for cathemeral, or NA for not applicable; CONV = orbit 
convergence, measured in degrees; source of data.

 1 1 = Stephan et al. [1981]; 2 = White et al. [1998]; 3 = Stephan et al. 
[1984]; 4 = Lee et al. [1999]; 5 = Crewther et al. [1988]; 6 = Marotte et al. 
[1989]; 7 = Piggins and Phillips [1996]; 8 = Hughes [1971]; 9 = Urban and 
Richard [1972]; 10 = Morin and Wood [2001]; 11 = Frahm et al. [1984];
12 = Ebinger [1975]; 13 = Kaufman et al. [2005]; 14 = Blasco et al. [1999];

15 = Cooper et al. [1993]; 16 = Stephan et al. [1991]; 17 = Bush and Allman 
[2004a]; 18 = Bush and Allman [2004b]; 19 = Williams and Jeffrey [2001]; 
20 = Karlen and Krubitzer [2006]; 21 = Satorre et al. [1985]; 22 = Kruska 
and Schott [1977]; 23 = Paxinos and Watson [2007]; 24 = Malpeli et al. 
[1996]; 25 = Baron et al. [1996]; 26 = Paxinos and Franklin [2001]; 27 = We-
ber et al. [1983]; 28 = Karlen and Krubitzer [2006] and pers. comm.; 29 = 
Mace et al. [1981]; 30 = Pirlot [1981]; 31 = Gittleman [1986]; 32 = Drenhaus 
et al. [2006].

2 Orbit convergence digitized for this study.
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lambda value for each model [Pagel, 1999], which indicates the 
strength of phylogeny in the analysis. The parameter lambda 
ranges on a continuous scale from 0 to 1. A value of 0 indicates 
that phylogeny has little impact on the relationship between the 
independent and dependent variables. This is equivalent to a spe-
cies values regression without accounting for phylogeny. In con-
trast, a value of 1 indicates that phylogeny plays an important role 
in the model, with the residuals being weighted based on species 
evolutionary relationships following Brownian motion. Pagel’s 
lambda and similar metrics are becoming increasingly popular in 
a wide variety of comparative biology research [e.g. O’Neill and 
Dobson, 2008; Kamilar and Muldoon, 2010; Kamilar and Bradley, 
in review].

  The tree used in this study to evaluate the potential effects of 
phylogenetic relatedness is from Bininda-Emonds et al. [2007], 
which is a species level phylogeny of 4,510 extant mammals. This 
study included a small subset of these taxa and the tree was re-
duced to include only taxa for which data were available.

  All of the analyses reported herein were performed on three 
groups: (1) an all-mammal sample including primates and nonpri-
mates; (2) a primate-only sample that excludes all other mam-
mals, and (3) a nonprimate mammal sample that excludes all pri-
mates.

  Results 

 Relative Scaling among Retinogeniculostriate 
Components and Brain Volume 
 The phylogenetic generalized linear models (PGLM) 

of optic tract and lateral geniculate nuclei volumes, as 
well as lateral geniculate nuclei and area V1 volumes are 
statistically significant for the all-mammal and primate-
only datasets ( table 2 ). The nonprimate mammal datasets 
approach statistical significance with p values  ! 0.10 for 
both analyses and slopes that are similar to the primate-
only dataset. Lambda values are high for the analyses us-
ing all mammals, but are very low for the primate-only 
and nonprimate mammal datasets. All of these results are 
independent of brain size and body mass. The 95% con-
fidence intervals of the slopes for the nonprimate mam-
mal analyses of LGN versus V1 include geometric simi-
larity (i.e. isometry). The 95% confidence intervals of the 
slopes for the nonprimate mammal analyses of optic tract 
versus LGN have an upper bound of 0.7069. However, the 
primates-only sample exhibits negative allometry be-
tween optic tract and LGN volumes, and between LGN 
and V1 volumes.

  While accounting for body mass, the all-mammal da-
taset displays significant relationships between overall 
brain volume and optic tract, LGN and V1 volumes. For 
all three analyses, the 95% confidence intervals include 
isometry. The nonprimate mammal data have positive al-

lometric slopes for the brain size versus V1 and optic tract 
models. In contrast, primates exhibit negative allometric 
relationships between brain size and both optic tract and 
LGN, with an upper bound of 1.01 for V1.

  Scaling of Orbit Convergence with 
Retinogeniculostriate Components 
 While accounting for body mass, orbit convergence 

and brain volume are positively correlated at the p = 0.051 
level in the all-mammal dataset, yet do not approach sta-
tistical significance for the primate-only and nonprimate 
mammal datasets. In addition, the directions of the slopes 
differ between these latter two datasets, in a negative di-
rection for primates and a positive direction for nonpri-
mate mammals. Lambda values are moderate to high in 
these analyses, ranging from 0.67 for primates to 0.99 for 
nonprimate mammals ( table 2 ).

  When accounting for both body mass and brain size, 
the all-mammal analyses of orbit convergence compared 
to optic tract and V1 volumes are significantly and posi-
tively correlated ( table 2 ). In contrast, orbital convergence 
was not related to LGN volume for this dataset. Lambda 
values were quite high for these three models. When pri-
mates are examined alone, there is a significant and pos-
itive relationship between orbital convergence and both 
LGN and V1 volumes, but not with optic tract. This latter 
model has a high lambda value, with the remaining two 
analyses displaying lambda values near 0. Finally, the 
nonprimate mammals exhibit no relationship between 
orbital convergence and any component of the visual 
pathway. Lambda values are near 0 for the models involv-
ing V1 and optic tract and near 1 for the model examin-
ing LGN.

  Activity Pattern and Orbit Convergence Scaling with 
Retinogeniculostriate Components 
 As with previous analyses, in order to evaluate the 

effects of activity pattern, the primate-only sample and 
the nonprimate mammal sample were analyzed sepa-
rately. For nonprimate mammals, we found no relation-
ship between activity pattern and orbital convergence, 
LGN or area V1. In contrast, we found a statistically sig-
nificant and positive relationship between the degree of 
diurnality and the size of the optic tract at the p = 0.024 
level. All of these models accounted for body mass and 
brain size.

  Similar to nonprimate mammals, there was no rela-
tionship between activity pattern and orbital conver-
gence in this sample of primates. In contrast, there was a 
strong and significant relationship between activity pat-
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Table 2. R esults for phylogenetic generalized linear models

Variables (x vs. y)
Group

Additional 
predictors

x variable 
slope

CI of x variable
slope

x variable
t value

x variable
p value

Full
model r2

Full model 
intercept

Full model
p value

Pagel’s 
lambda

Optic tract vs. LGN BM and BV        
All species 37  0.8129 0.6136, 1.0122 7.9900 0.0000 0.9334 –1.1586 0.0001 0.8634
Primates only 25  0.4868 0.2726, 0.701 4.4560 0.0002 0.9741 –0.9485 0.0001 0.0001
Nonprimates 12  0.3270 –0.0072, 0.6612 1.9177 0.0914 0.9897 –9.0303 0.0001 0.0001

LGN vs. area V1 BM and BV        
All species 54  1.0661 0.916, 1.2162 13.9136 0.0000 0.9588 1.3594 0.0001 0.9121
Primates only 47  0.7254 0.5915, 0.8593 10.6274 0.0000 0.9861 –1.8175 0.0001 0.0001
Nonprimates 7  0.8381 0.1989, 1.4773 2.5699 0.0825 0.9973 –2.9951 0.0002 0.0001

Brain volume vs. optic tract BM        
All species 37  0.7950 0.4302, 1.1598 4.2718 0.0001 0.7907 –4.6065 0.0001 0.9999
Primates only 25  0.5552 0.2108, 0.8996 3.1594 0.0045 0.8487 –2.3379 0.0001 0.9426
Nonprimates 12  3.2296 2.5138, 3.9454 8.8437 0.0000 0.9614 –15.9978 0.0001 0.0001

Brain volume vs. LGN BM        
All species 74  0.8730 0.5502, 1.1958 5.2992 0.0000 0.6248 –5.5228 0.0001 0.9972
Primates only 47  0.6114 0.4152, 0.8076 6.1056 0.0000 0.8886 –2.4546 0.0001 0.7435
Nonprimates 27  0.9299 –0.0672, 1.927 1.8280 0.0800 0.5328 –6.7606 0.0001 0.9999

Brain volume vs. area V1 BM        
All species 55  0.9889 0.8096, 1.1682 10.8069 0.0000 0.7837 –2.9319 0.0001 0.9999
Primates only 47  0.7847 0.5617, 1.0077 6.8951 0.0000 0.8916 –0.4833 0.0001 0.7249
Nonprimates 8  3.1580 2.7176, 3.5984 14.0523 0.0000 0.9911 –13.9803 0.0001 0.0001

Convergence vs. optic tract BM and BV        
All species 34  1.0995 0.4298, 1.7692 3.2177 0.0031 0.8465 –7.7296 0.0001 0.9902
Primates only 25  0.7431 –1.0719, 2.5581 0.8024 0.4313 0.8581 –5.6347 0.0001 0.8769
Nonprimates 9  0.3944 –0.4696, 1.2584 0.8946 0.4120 0.9701 –16.1262 0.0003 0.0001

Convergence vs. LGN BM and BV        
All species 68  0.3359 –0.3521, 1.0239 0.9572 0.3421 0.6262 –6.2773 0.0001 0.9977
Primates only 47  0.6660 0.1376, 1.1944 2.4706 0.0175 0.9539 –5.3162 0.0001 0.0001
Nonprimates 22  –0.3760 –1.7856, 1.0336 –0.5228 0.6075 0.5151 –5.8442 0.0039 0.9999

Convergence vs. area V1 BM and BV        
All species 53  1.5156 1.1269, 1.9043 7.6443 0.0000 0.9159 –7.3155 0.0001 0.7659
Primates only 46  1.0259 0.4487, 1.6031 3.4832 0.0012 0.9617 –5.2452 0.0001 0.0001
Nonprimates 7  0.5093 –0.858, 1.8766 0.7300 0.5182 0.9922 –13.4519 0.0012 0.0001

Convergence vs. brain volume BM        
All species 73  0.3914 0.0055, 0.7773 1.9880 0.0507 0.8663 2.6957 0.0001 0.8872
Primates only 47  –0.5367 –1.5359, 0.4625 –1.0528 0.2982 0.8867 6.7497 0.0001 0.6666
Nonprimates 27  0.2797 –0.176, 0.7354 1.2027 0.2408 0.8939 2.9592 0.0000 0.9999

Activity pattern vs. convergence BM and BV        
Primates only 47  0.0359 –0.0162, 0.088 1.3506 0.1839 0.3362 4.1096 0.0005 0.7936
Nonprimates 26  –0.2299 –0.5511, 0.0913 –1.4023 0.1748 0.2447 2.3089 0.0975 0.9999

Activity pattern vs. LGN BM and BV        
Primates only 47  0.1883 0.0834, 0.2932 3.5185 0.0010 0.9233 –2.2175 0.0001 0.5710
Nonprimates 26  0.0728 –0.4768, 0.6224 0.2597 0.7975 0.7608 –6.3580 0.0001 0.9999

Activity pattern vs. V1 BM and BV        
Primates only 47  0.2096 0.0991, 0.3201 3.7145 0.0006 0.9472 –0.7008 0.0001 0.1742
Nonprimates 8  –0.0451 –0.8801, 0.7899 –0.1059 0.9207 0.9911 –14.1896 0.0001 0.0001

Activity pattern vs. optic tract BM and BV        
Primates only 25  0.4601 0.2672, 0.653 4.6773 0.0001 0.9652 –1.8808 0.0001 0.0001
Nonprimates 12  0.7504 0.2212, 1.2796 2.7795 0.0239 0.9804 –11.7528 0.0001 0.0001

A dditional predictors describe when body mass (BM) and brain vol-
ume (BV) were included in the generalized linear model. The x variable 
slope, confidence interval (95% CI), t value, and p value describe the pre-
dictor variable of interest, independent of the additional predictors in the 
model. Full model columns for r2, intercept, and p value describe the com-
bined effects of the predictor variable of interest, body mass, and brain 

volume. Pagel’s lambda estimates the impact of phylogeny on the variance 
in the model. A value of 0 indicates that phylogeny has little impact on the 
relationship between the independent and dependent variables, whereas a 
value of 1 indicates that phylogeny contributes highly to the variance in the 
model.
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tern and the three visual pathway components: LGN, area 
V1 and optic tract while accounting for body mass and 
brain size. For all these models, the size of the visual path-
way component increased with increasing diurnality.

  Discussion 

 Overall, when variation in body mass and brain vol-
ume are accounted for, it would appear that optic tract, 
LGN, and V1 volumes are correlated in mammals. Larg-
er optic tract volumes are correlated with larger LGN vol-
umes and with larger V1 volumes. However, these results 
appear to be driven by the inclusion of the primate data; 
the comparisons limited to nonprimates were not signif-
icant. In comparison, overall brain volume is correlated 
with larger visual pathway component volumes in most 
taxonomic samples with the single exception of LGN vol-
ume in nonprimate mammals. These results generally 
agree with previous studies that used smaller sample siz-
es or alternative taxa, types of data, or analyses [e.g. Bar-
ton et al., 1995; Barton, 1998; Kaskan et al., 2005]. We 
additionally found that primates display allometric rela-
tionships among pathway components, whereas other 
mammals display isometry. An allometric relationship 
between the LGN and V1 in primates has been noted be-
fore by Stevens [2001], who found that among haplorhine 
primates (tarsiers, monkeys, apes and humans) the LGN 
and V1 volumes, as well as estimates of neuron numbers 
contained within each of these structures, scale with 3/2 
slope. We found a shallower slope in this study, but it 
must be noted that our primate regression also included 
strepsirhine primates (lemurs, lorises and galagoes) as 
well as accounting for variance due to brain volume, body 
mass and phylogenetic relatedness. Notably, primates ap-
pear to have larger V1 areas for their LGN volumes, dis-
tinguishing them from other mammals.

  Barton [2004] found that primate orbit convergence is 
correlated with LGN and V1 expansion, all of which are 
correlated with substantial expansion of primate brain 
volume, and he related this expansion to specialization 
for color and fine-detail vision. Our scaling results agree 
with Barton, which is expected because this study uses a 
partially overlapping primate dataset of brain component 
volumes. We additionally found that diurnal primates 
possess relatively larger LGN and V1 volumes when com-
pared to nocturnal primates, whereas nonprimate mam-
mals do not display such a relationship. This finding is 
consistent with the work by Barton [2004], who found 
that elaboration of the parvocellular visual pathway, 

which is primarily responsible for transmitting informa-
tion on color and fine detail, was an evolutionary special-
ization of diurnal primates.

  By including nonprimates, this study provides a broad-
er mammalian context, thereby revealing that primates 
are possibly unique among mammals in the relationship 
between orbit convergence and, by extension, binocular 
visual field overlap and retinogeniculostriate pathway 
component volumes. Nonprimates, when considered to-
gether, consistently exhibited nonsignificant relation-
ships in our analyses between orbit convergence and vi-
sual pathway component volumes. The comparatively 
small nonprimate mammal sample size for some com-
parisons consequently reduces statistical power. Howev-
er, there is a significant statistical effect in primates, 
whereas there is none in nonprimate mammals. This in-
cludes several comparisons, such as orbit convergence 
versus LGN volume, where the nonprimate mammal 
sample size includes a sample size of 22, which is of suf-
ficient size and power to detect a moderate effect size. 
Based upon the available data, this leads us to conclude 
that orbit convergence and the retinogeniculate pathway 
are not as strongly related as these variables are in pri-
mates.

  The finding that primates are possibly unique among 
mammals in the relationship between orbit convergence 
and retinogeniculostriate pathway component volumes 
begs the question as to why. Given the moderate amount 
of retinal input received by the visual LGN, it is reason-
able to consider what the roles of nonretinal feedback in-
put to the LGN may be, especially with respect to corti-
cogeniculate feedback. The most prominently cited func-
tional hypotheses for the corticogeniculate pathway 
include tuning and control of binocular disparity or con-
trol of visual attention [e.g. Schmielau and Singer, 1977; 
Varela and Singer, 1987; McIlwain, 1995; Casagrande et 
al., 2005a, b]. Control of binocular tuning may function 
to sharpen the borders of receptive fields fixated on an 
object of interest, whereas less relevant visual data would 
not be tuned [Briggs and Usrey, 2008]. This would poten-
tially improve the contrast of objects within the plane of 
fixation relative to the background [Schmielau and Sing-
er, 1977]. Control of visual attention could entail modu-
lating signals in the LGN by increasing the responses of 
these cells to stimuli within the central portion of the vi-
sual field, which has been demonstrated empirically in 
macaques [McAlonan et al., 2008; Briggs and Usrey, 
2009]. Casagrande et al. [2005] argue persuasively that 
extraretinal imputs to the LGN function to enhance spa-
tial attention specifically for visual target selection and 



 Visual Pathway and Orbit Convergence 
in Mammals 

Brain Behav Evol 2011;77:105–115 113

saccadic responses, and that corticogeniculate feedback 
plays a critical role. It is important to recognize that tun-
ing and spatial attention both may be important func-
tions of the corticogeniculate pathway, and that greater 
reliance on these functions is probably reflected in the 
volumetric morphology of the primary visual pathway.

  Based on the scaling differences exhibited by primates 
and nonprimate mammals in orbit orientation and vi-
sual pathway, it is reasonable to hypothesize that binocu-
lar tuning and enhanced visual attention for target selec-
tion may have exerted stronger influences on the evolu-
tion of binocular vision in primates than in the other 
mammals included in this study. We would specifically 
predict that corticogeniculate pathways are either larger 
in terms of cell and synapse number or at least more 
prominent in their effect on LGN responses in primates 
than in nonprimate mammals. We cannot distinguish 
between or evaluate any proposed hypothesis for extra-
retinal feedback to the LGN and its relevance to retino-
geniculostriate scaling. However, we would suggest that 
the expansion of the zone of binocular visual field overlap 
that is characteristic of primates incorporated greater 
functional reliance on binocular tuning, spatial attention 
for targeting, or some advantageous combination of at 
least both of these functions. Furthermore, this would 
imply that primates should perform better at binocular 
tuning and attention tasks within the binocular field 

than many nonprimate mammals. Although we do not 
know of any available data at present to evaluate this hy-
pothesis, the interest in thalamic feedforward-feedback 
functions in general as well as in extraretinal influences 
on LGN function in particular leads us to believe that rel-
evant data are foreseeable.

  We conclude that the contrast between the general 
similarities in geniculostriate data across mammals and 
the fact that only primates show a significant relationship 
between orbit convergence and LGN and V1 volumes 
provide additional correlative evidence that specializa-
tion in binocular vision has been a major theme in the 
evolution of the primate visual system [Cartmill, 1974; 
Allman, 1977; Ross, 2000; Barton, 2004; Ravosa and Sa-
vakova, 2004; Heesy, 2008, 2009].
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