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Abstract

Recent research on the visual system has focused on investigating the relationship among eye (ocular), orbital,

and visual cortical anatomy in humans. This issue is relevant in evolutionary and medical fields. In terms of

evolution, only in modern humans and Neandertals are the orbits positioned beneath the frontal lobes, with

consequent structural constraints. In terms of medicine, such constraints can be associated with minor

deformation of the eye, vision defects, and patterns of integration among these features, and in association

with the frontal lobes, are important to consider in reconstructive surgery. Further study is therefore necessary

to establish how these variables are related, and to what extent ocular size is associated with orbital and

cerebral cortical volumes. Relationships among these anatomical components were investigated using magnetic

resonance images from a large sample of 83 individuals, which also included each subject’s body height, age,

sex, and uncorrected visual acuity score. Occipital and frontal gyri volumes were calculated using two different

cortical parcellation tools in order to provide a better understanding of how the eye and orbit vary in relation

to visual cortical gyri, and frontal cortical gyri which are not directly related to visual processing. Results

indicated that ocular and orbital volumes were weakly correlated, and that eye volume explains only a small

proportion of the variance in orbital volume. Ocular and orbital volumes were also found to be equally and, in

most cases, more highly correlated with five frontal lobe gyri than with occipital lobe gyri associated with V1,

V2, and V3 of the visual cortex. Additionally, after accounting for age and sex variation, the relationship

between ocular and total visual cortical volume was no longer statistically significant, but remained

significantly related to total frontal lobe volume. The relationship between orbital and visual cortical volumes

remained significant for a number of occipital lobe gyri even after accounting for these cofactors, but was

again found to be more highly correlated with the frontal cortex than with the occipital cortex. These results

indicate that eye volume explains only a small amount of variation in orbital and visual cortical volume, and

that the eye and orbit are generally more structurally associated with the frontal lobes than they are

functionally associated with the visual cortex of the occipital lobes. Results also demonstrate that these

components of the visual system are highly complex and influenced by a multitude of factors in humans.
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Introduction

The anatomical relationship among major components of

the human visual system has been the subject of a num-

ber of recent inter-specific (Pearce et al. 2013; Meyer et al.

2014; Traynor et al. 2015), and intra-specific studies

(Pearce & Dunbar, 2012; Pearce & Bridge, 2013). In human

evolution, these topics are interesting when considering

the species-specific cranial traits associated with hominid

encephalization and facial morphology. Modern humans

evolved large brains and small faces, which introduced

spatial conflicts between these two anatomical blocks (Bru-

ner et al. 2014). Eye morphogenesis is influenced by brain

growth (Weale, 1982; Mak et al. 2006), and the orbit

responds to facial growth (Waitzman et al. 1992), under-

going different (and opposite) evolutionary processes.

In Neandertals and modern humans, the two hominid

species with larger brain sizes in absolute and relative

terms, we observe an additional and specific constraint:

where the facial block shifts under the neurocranial block,

Correspondence

Michael Masters, Montana Tech, 1300 West Park Street, Butte, MT

59701-1419, USA. T: + 1 406 4964333; E: mmasters@mtech.edu

Accepted for publication 7 July 2015

Article published online 7 August 2015

© 2015 Anatomical Society

J. Anat. (2015) 227, pp460--473 doi: 10.1111/joa.12364

Journal of Anatomy



and the frontal lobes are consequently positioned directly

above the orbital roof (Bruner & Holloway, 2010). There-

fore, in these two species the orbits are partially constrained

by a spatial relationship with the frontal cortex. Recently,

further evolutionary correlations have been described

between orbital and cerebral morphology, and tentatively

interpreted with selective/adaptive processes integrating

anatomy, vision, and geographical latitude (Pearce &

Dunbar, 2012; Pearce et al. 2013).

In modern humans specifically, it has been stated that eye

size dictates orbital and visual cortical size (Pearce & Bridge,

2013); and that increased ocular volume results in larger

orbits and visual cortices (Pearce & Dunbar, 2012). However,

further research on the anatomical relationship among the

eye, orbit, and visual cortex is essential for elucidating the

association among these traits, particularly given that eye

size was shown to explain only 16.5% of variation in orbital

size in an analysis of their anatomical relationship (Pearce &

Bridge, 2013).

To propose a causal relationship between eye size, orbit

size, and visual cortex size, a much stronger relationship

must be shown to exist among the first two of these vari-

ables. This is particularly true when making inferences

between orbit morphology, visual capacity, and environ-

mental variables associated with differences in day length

and light intensity across different latitudes. Realistically, to

evaluate this functional network, it must first be shown that

light levels dictate eye size, eye size determines orbital size,

and orbital size determines adult volume of visual cortical

areas of the occipital lobe.

A low R2 value of 16.5% does not fully support the idea

that eye size dictates orbital morphology, which is a crucial

element of the remaining logical pathway. Pearce and

Bridge (2013) argue that the low R2 value, in their analysis

of the relationship between ocular and orbital volume, may

have been artificially reduced because it was not possible to

include potentially confounding variables like body size. It

was also argued that the R2 value was artificially low as a

result of measurement error associated with having to

reconstruct 49 of the 89 eye scans, and because visual acuity

metrics were not available for individuals in their sample.

It is well established that myopic refractive error

(nearsightedness) is associated with an overly large, axially

elongated eye, increased vitreous depth, and increased

focusing power of the cornea, which causes an image to be

focused in front of the retina and results in blurred vision

(Curtin, 1985; Working Group on Myopia Prevalence and

Progression, 1989; Lam et al. 1999; Stone & Filtcroft, 2004;

Dirani et al. 2006). Increased axial length (Ip et al. 2007;

Mutti et al. 2007) and the overly large eye of myopes (Zad-

nik et al. 1994; Ip et al. 2007; Lam et al. 2008) have been

shown to be among the biggest factors associated with this

condition. However, this increased ocular growth has not

been shown to have a direct influence on orbital size in

humans (Schultz, 1940; Chau et al. 2004; Masters, 2012).

In fact, Chau et al. (2004) addressed this question specifi-

cally, investigating whether the larger eye of myopes corre-

sponds with larger orbits in humans. This study was

conducted because increased ocular growth had been

shown to cause the orbit to grow larger in chickens (Wilson

et al. 1997). However, in humans, this same relationship

was not found to exist and, by contrast, orbital size was lar-

gely independent of eye size in this sample of Chinese

adults, regardless of how large the myopic eye became

(Chau et al. 2004).

A recent analysis of the relationship among the eye, orbit,

and myopia using these same data (Chau et al. 2004), indi-

cated that beyond simply the absolute size of the eye, the

relative size of the eye within the orbit was associated with

the prevalence and severity of myopia in this sample (Mas-

ters, 2012). Here it was shown that individuals with large

eyes in small orbits had a higher rate of myopia and a

greater degree of refractive error, whereas those with smal-

ler eyes in relatively large orbits retained much more acute

vision.

This further indicates that the eye does not directly influ-

ence orbital size in humans as it does in chickens (Wilson

et al. 1997), but rather, that its excessive growth within the

bony confines of an independently developing orbit may

actually contribute to the development of juvenile-onset

myopia. If the eye and orbit follow separate growth trajec-

tories, which would be expected as a result of their distinct

hard and soft tissue origins and anatomical associations,

further enlargement of the eye may result in it becoming

compressed against muscles, fat, and the orbit wall during

ontogeny, resulting in the common ocular form of myopes,

rather than a consequent increase in orbital size.

Schultz’s (1940) expansive research on the orbits of

human and non-human primates also points to a lack of

evidence for a direct causal relationship between eye and

orbital size. In fact, he states that ‘In considering all the evi-

dence produced it appears that the size of the orbit is

dependent upon the size of the eyeball in only the most

general way and that the two structures can vary in size

independently to a surprising extent’ (Schultz, 1940, p. 408).

In the current study, we investigate the relationship

among ocular, orbital, and visual cortical volumes with a

large sample of magnetic resonance images (MRIs) to assess

the cogency of using the orbit as a proxy for eye and visual

cortex anatomy. This analysis also includes body height and

visual acuity variables, which were not available in the

Pearce & Bridge (2013) study, but were argued to have arti-

ficially reduced the R2 value in the relationship between

eye and orbital volume by not being included in the analy-

sis. Additionally, analyses investigating ocular anatomy in

the current study included 83 individuals who possessed

eyes that were fully visible in the MRI, and that were not

moving during the scan, which can cause ripples to form in

the image. As a result, no reconstruction was necessary to

delineate accurately the borders of the eye, which reduces
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potential error associated with extrapolating the discernible

ocular boundary.

Lastly, the relationship between the eye/orbit and visual

cortex was assessed in the context of how ocular and orbital

volumes vary in association with five frontal lobe gyri vol-

umes generated using BRAIN PARSER 56 ROI, and FREESURFER

5.3.0. This was carried out to test whether the eye and orbit

are more highly correlated with V1, V2, and V3 of the occip-

ital lobe, or rather with frontal lobe gyri that are not

directly related to visual processing, but that can be corre-

lated with these features by means of structural spatial con-

straints.

In this way it is possible to evaluate the extent to which

the eyes and orbits are associated with visual cortical size,

by examining whether these hard and soft tissue compo-

nents of the visual and craniofacial systems are more highly

correlated with the visual areas of the occipital lobe, or with

those of the frontal lobe that are not associated with vision.

This is important because the eye is functionally associated

with the occipital brain areas, but the orbit is structurally

influenced by the frontal lobes, housed in the anterior cra-

nial fossa and separated from the ocular space by only a

thin bone forming the orbital roof.

With regard to the current study, the relationship among

ocular, orbital, and visual cortical anatomy is addressed as

three primary research questions:

1. Is ocular volume correlated with orbital volume, and

to what extent does ocular volume explain variation

in orbital volume?

2. Does the correlation between ocular and orbital vol-

ume strengthen when additional variables such as

height, visual acuity, age, and sex are included in the

analysis, as suggested by Pearce & Bridge (2013)?

3. Is ocular and orbital volume more highly correlated

with V1, V2, and V3 of the visual cortex, or with

frontal lobe gyri not directly related to visual pro-

cessing?

Materials and methods

Sample

Numerous fields of anonymized clinical data, including information

about age, sex, ancestry, height, weight, uncorrected visual acuity

(vision before correction with lasik, glasses, or contacts), and numer-

ous other demographic, physical, cognitive, and disease-related

variables, were obtained for 189 adult individuals who had previ-

ously undergone MRI scanning as part of the International Consor-

tium for Brain Mapping (Mazziotta et al. 2001). Other than

showing variable levels of myopia and astigmatism, no other dis-

eases or deformities of the eye or orbit were present across subjects.

These MRIs and associated clinical data were provided by the Labo-

ratory of Neuro Imaging at the University of Southern California for

the purposes of this research. These whole-head MRIs were

acquired using a Siemens Magnetom Sonata syngo MR 2004A, Sag

MPRAGE 8 Channel with total scan time of 8 minutes, 8 seconds,

and voxel size of 1.0 9 1.0 9 1.0 mm. Further details regarding the

parameters and scanning protocol used to obtain these images can

be found at www.loni.usc.edu/ICBM/About/icbm.pdf.

Of the 189 individuals in the dataset, orbital volume, cerebral vol-

umes, body height, age, sex, and far-vision acuity scores derived

from eye exams were available for 126 individuals (female = 66,

male = 60, aged 19–80 years), and 83 individuals who possessed

fully intact eyes (female = 41, male = 42, aged 19–80 years). This

allowed for a large sample of individuals for whom no ocular recon-

struction was necessary, thus reducing potential measurement error

associated with an ill-defined anterior portion of the eye. Far-vision

Snellen scores were used in the current study as a continuous vari-

able after conversion to their LogMAR equivalent, which is the most

appropriate way to investigate visual acuity in statistical analyses

(Holladay, 1997).

Ocular and orbital volume

AMIRA 5.4 was used to render a 3D volume of the eye and internal

orbital cavity for each subject in the sample (Fig. 1). Ocular volume

was calculated by selecting areas with similar intensity values on the

targeted region of interest (ROI; left vitreous humor, lens, anterior

chamber, etc.) and adding the selected pixels to that designated

object file. These were further refined by filling holes, smoothing

the labeled regions, and conducting a slice-by-slice evaluation of

the accuracy of the ocular segmentation in the 2D coronal, sagittal,

and axial planes, as well as in the 3D viewer.

Orbital segmentation was carried out slice by slice in the sagittal

view. Once the orbital border was delineated, each slice was exam-

ined and any errors were corrected in the coronal and axial planes,

to ensure that the orbital boundaries were accurately represented.

Additionally, to maintain consistency in defining the anterior mar-

gins of the orbits, prior to segmentation a vertical 3D line was

drawn across the anterior orbital margins in the sagittal plane, and

all slice-by-slice measurements were taken posterior to it. This was

carried out to reduce measurement error associated with difficulty

in defining the anterior margins in volumetric orbital measure-

ments (Schultz, 1940). Because the image resolution of each MRI in

Fig. 1 Lateral view of ocular and orbital segmentation for an individ-

ual in the sample, with eyes shown in red and orbital volume high-

lighted in white.
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the sample is 1 mm3, volume calculations for each 3D object file

were easily quantified based on the count of voxels in each labeled

object using the material statistics measurement protocol in AMIRA.

Frontal and occipital gyri volume measurement

Both BRAIN PARSER 56 ROI and FREESURFER 5.3.0 cortical parcellation

tools were used on the same sample of MRIs to ensure a more holis-

tic and reliable result, as well as a better understanding of how the

eye and orbit vary in relation to occipital and frontal cortical anat-

omy. This was also done as a result of a number of recently identi-

fied problems associated with the consistency of results using

different versions of FREESURFER, and when running the software on

different operating systems (Gronenschild et al. 2012).

FREESURFER is an open source software package developed by the

Athinoula A. Martinos Center for Biomedical Imaging. Its analysis

pipeline includes a surface-based stream and a volume-based

stream. In the surface-based stream, boundaries between white

matter, cortical gray matter, and the pial surface are constructed.

The volume-based stream assigns subcortical tissue classification

labels to volumes. Gronenschild et al. (2012) observed that the FREE-

SURFER version and workstation operating system can significantly

affect the results of calculated volumes and cortical thicknesses, and

advised authors using the program to provide system details. In

light of these results, the current study was conducted using FREESUR-

FER 5.3.0, running on a High Performance Computing Cluster, which

consists of 22 compute nodes, each containing two 8-core Intel

Xeon 2.2 GHz processors (E5-2660). The cluster is a Linux system,

which at the time of this study was running CentOS 6.5.

Gyri volumes for the frontal and occipital lobes were also calcu-

lated using the Laboratory of Neuro Imaging’s BRAIN PARSER 56 ROI.

This software can accurately and efficiently perform a whole brain

segmentation to parse an MRI into 56 anatomical structures in

< 30 min (Tu et al. 2008). BRAIN PARSER identifies and segments these

structures by overlaying an MRI atop a standard template derived

from 40 subjects (Shattuck et al. 2008). The two images are aligned

using topographically relevant anatomy, and the fit is refined using

an AIR nonlinear warp, a 5th order polynomial. Segmentation and

calculation of gyri volumes was carried out for all individuals in the

available sample using the LONI Pipeline BRAIN PARSER WORKFLOW (Di-

nov et al. 2010).

BRAIN PARSER designates the middle occipital gyrus as the Primary

Visual Cortex V1, which corresponds to Brodmann’s Area 17 (Fig. 2).

The superior and inferior occipital gyri just beyond the banks of the

calcarine fissure, which are part of V2 and V3 and correspond to

Broadmann’s Areas 18 and 19, were also included in the analysis to

investigate how these extrastriate visual association areas vary in

relation to ocular and orbital volume. Lastly, cuneus and lingual

gyrus volumes were included to provide a broader representation

of overall striate and extrastriate cortical areas. The cuneus encom-

passes Brodmann area 17 at the inferior margins of the calcarine fis-

sure, area 18 superior to that, and area 19 on the superoanterior

margin at the parietooccipital fissure. The lingual gyrus also repre-

sents these same Brodmann areas on the inferior aspect of the

occipital lobe, and together with the cuneus provides a broader

anatomical representation of the visual cortex (Tong, 2003).

These same five occipital gyri volumes obtained using BRAIN PARSER

were also selected from the FREESURFER output aparc.a2009s (Des-

trieux et al. 2010). V1 and V2 gray matter volumes were also taken

from the Brodmann Area output to investigate how ocular and

orbital volume vary in relation to gyral-based cortical parcellation

of these visual cortical areas, which are specifically designated as

Brodmann areas 17 and 18 in FREESURFER (Desikan et al. 2006; Hinds

et al. 2008, 2009).

In general, V1 and V2 are among the best documented and most

easily defined areas of the visual cortex in humans and non-human

primates (Rosa & Tweedale, 2005). Additionally, automated, atlas-

based delineation software has been shown to correspond well

with other method of delineating V1 in humans (Hinds et al. 2008).

Although it is not possible to use the stria of Gennari to define the

striate cortex because this study uses MRIs, the atlas-based approach

using LONI BRAIN PARSER and FREESURFER allows for delineation of these

visual cortical areas across a large sample, and facilitates the exami-

nation of results in the context of previous research in this area.

As previously stated, to evaluate the importance of, and degree

to which, the eye and orbit are related to visual cortical areas of the

occipital lobe, a separate analysis was carried out to test the associa-

tion between ocular/orbital volumes and five cerebral gyri of the

frontal cortex. These include the middle frontal, superior frontal,

and inferior frontal gyri, as well as the gyrus rectus and middle orbi-

tal frontal gyrus. These frontal ROIs are not directly related to

vision, but can be structurally associated with upper facial morphol-

ogy because of direct contact, spatial proximity, and reciprocal

influence during morphogenesis. This additional analysis acts as a

control of the relationship between ocular/orbital volume and

occipital gyri, and helps frame the relevance of the eye and orbit in

shaping adult human V1, V2, and V3 visual cortical volumes.

Results

Orbital and ocular volume

Analysis of the relationship between orbital and ocular vol-

ume reveals that these two variables are significantly corre-

lated (t82 = 3.81, P < 0.01) (Fig. 3A), although with a

relatively low R2 value, where mean eye volume explains

only 14.7% of the variance in mean orbital volume. The

Fig. 2 Sagittal view of V1, designating Brodmann area 17; labeled as

the middle occipital gyrus on the upper and lower banks of the cal-

carine fissure, and V2, which encompasses Brodmann area 18 of the

occipital lobe. From the ICBM (International Consortium for Brain

Mapping) high-resolution single subject template used for frontal and

occipital lobe gyri volume segmentation with BRAIN PARSER 56 ROI in

the LONI Pipeline BRAIN PARSER WORKFLOW.
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Fig. 3 (A) Fitted line plots of mean eye

volume vs. mean orbital volume, (B) mean

eye volume vs. total of visual cortical gyri

volumes generated using BRAIN PARSER 56 ROI,

and (C) mean eye volume vs. total of frontal

cortical gyri volumes using BRAIN PARSER 56

ROI.
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statistically significant correlations between ocular and orbi-

tal volumes observed in the above bivariate regression anal-

yses, were found to be reduced below the level of

significance at a = 0.05 when body height and LogMAR

visual acuity were included in a generalized least-squares

regression analysis (t80 = 1.53, P = 0.13). This change was

primarily the result of including height in the analysis,

which was found to be highly positively correlated with

orbital volume (t125 = 8.58, P < 0.01, R2 = 0.37) and, to a

lesser extent, with ocular volume (t82 = 3.08, P < 0.01,

R2 = 0.10).

Age (t78 = 4.56, P < 0.01) and sex (t78 = �2.71, P = 0.01)

also contributed significantly to the least-squares regression

model. Further examination of sex differences in orbital vol-

ume using a two-sample t-test, and after accounting for size

differences between these two groups (orbital volume

divided by body height for each individual), indicates that

males possess larger orbits than females (t111 = �2.51,

P = 0.01). By contrast, females had slightly larger eyes than

males after accounting for body size, but this difference

was not significant (t81 = 0.61, P = 0.54).

Individual regression analyses of age vs. orbital and ocular

volume, show that age is significantly negatively associated

with eye volume (t82 = �2.20, P = 0.031, R2 = 0.06) but posi-

tively correlated with orbital volume, although at slightly

above a = 0.05 (t118 = 1.78, P = 0.078, R2 = 0.03). This indi-

cates that orbital volume increases while eye volume

decreases with advancing age, although the low R2 values

in each regression indicate that age explains only a small

percentage of the variance for both of these variables.

Additionally, after including age and sex in the least-

squares regression analysis, the relationship between ocular

and orbital volume returned to below the level of statistical

significance (t78 = 2.82, P = 0.01). And together, ocular vol-

ume, body size, age, and sex explain approximately half of

the variance in orbital volume (Adjusted R2 = 0.52), with

age and body height contributing most to the model.

Eye, orbit, and occipital cortical volume

Bivariate regression analysis of ocular volume vs. mean mid-

dle occipital gyrus volume (V1) obtained using BRAIN PARSER,

shows that these two variables are positively significantly

correlated (t82 = 2.87, P = 0.01); however, the relationship is

again relatively weak, with eye volume explaining only 9%

of the variance in V1 (Table 1a). This result is nearly identi-

cal using the FREESURFER generated volume, in which ocular

volume explains 9.6% of the variance in middle occipital

gyrus volume (Table 1b). However, it can be seen that this

relationship is weaker using the ROI specifically designated

as V1 by FREESURFER (t82 = 2.10, P = 0.04, R2 = 0.05).

Of the visual cortical areas examined using BRAIN PARSER,

the relationship between eye volume and the total V1, V2,

and V3 gyri volumes was statistically significant (t82 = 2.91,

P < 0.01), with ocular volume explaining 9% of the total

variance for these combined visual cortical areas (Fig. 3B).

This result was again consistent when ocular volume was

regressed against the total of these visual cortical areas

obtained using FREESURFER (t82 = 3.15, P < 0.01, R2 = 0.11).

Orbital volume was generally more strongly associated

with these same visual cortical gyri using the BRAIN PARSER-

derived ROI volumes (t125 = 5.82 P < 0.01, R2 = 0.21) com-

pared with the above analysis of their relationship to ocular

volume (Table 1a). Although the FREESURFER-generated visual

Table 1 Results of bivariate regression analyses of ocular and orbital volume vs. visual cortex gyri volumes obtained using (a) BRAIN PARSER 56 ROI

and (b) FREESURFER 5.3.0-generated visual cortical gyri volumes.

Ocular volume Orbital volume

t P R2 t P R2

(a)

Middle occipital gyrus – V1 2.87 0.00 0.09 4.91 0.00 0.16

Superior occipital gyrus – V2/V3 3.38 0.00 0.12 5.07 0.00 0.17

Inferior occipital gyrus – V2/V3 1.36 0.18 0.02 5.18 0.00 0.18

Cuneus – V1-V3 2.76 0.01 0.08 4.50 0.00 0.14

Lingual gyrus – V1-V3 2.10 0.04 0.05 4.41 0.00 0.13

Total visual cortical gyri 2.91 0.00 0.09 5.82 0.00 0.21

(b)

Middle occipital gyrus – V1 2.97 0.00 0.10 2.91 0.00 0.06

Superior occipital gyrus – V2/V3 2.35 0.02 0.06 2.33 0.02 0.04

Inferior occipital gyrus – V2/V3 2.27 0.03 0.06 3.45 0.00 0.09

Cuneus – V1-V3 1.13 0.26 0.01 1.97 0.05 0.03

Lingual gyrus – V1-V3 4.22 0.00 0.18 3.67 0.00 0.10

FREESURFER designated V1 2.10 0.04 0.05 3.03 0.00 0.07

FREESURFER designated V2 2.80 0.01 0.09 3.33 0.00 0.08

Total visual cortical gyri 3.15 0.00 0.11 3.67 0.00 0.10
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cortical gyri volumes were also positively correlated with

orbital volume, the relationship was found to be substan-

tially weaker (t125 = 3.67, P < 0.01, R2 = 0.10) across the

seven ROIs considered (Table 1b).

Despite being correlated with ocular and orbital volume

in the above bivariate analyses, in the least-squares regres-

sion analysis, stepwise regression showed that body height

did not significantly contribute to the statistical models,

and it was therefore not included in the analysis of ocular/

orbital volume and these visual cortical areas. Vision also

was not an important contributor to these models and was

not included in the least-squares regression analysis. How-

ever, age and sex were again found to be important factors,

and were consistently highly correlated with each response

variable.

After accounting for the variance explained by sex and

age, the relationship between ocular and total visual corti-

cal gyri volumes was no longer significant using BRAIN PARSER

(t80 = 1.59, P = 0.12, R2 = 0.32) or FREESURFER (t80 = 1.60,

P = 0.11, R2 = 0.45), and only the superior occipital gyrus

and lingual gyrus remained significantly correlated with

ocular volume using BRAIN PARSER and FREESURFER ROIs, respec-

tively (Table 2a,b).

The relationship between orbital volume and the five

BRAIN PARSER-derived visual cortical ROIs was also slightly

reduced with the addition of these variables. However, this

occurred to a lesser extent than with ocular volume, as

these occipital gyri, and the total of the BRAIN PARSER-gener-

ated visual cortical gyri, remained significantly correlated

with orbital volume (t116 = 4.42, P < 0.01, R2 = 0.37)

(Table 2a). The relationship between orbital volume and

the seven FREESURFER-derived occipital gyri volumes was

diminished to a greater extent with the addition of age

and sex to the model, but as a whole, it remained signifi-

cantly correlated with the total of these visual cortical gyri

volumes (t116 = 2.57, P = 0.01, R2 = 0.43) (Table 2b).

Eye, orbit, and frontal lobe volume

Individual bivariate regression analyses using BRAIN PARSER-

derived frontal lobe ROIs indicate that ocular volume is

highly correlated with these five frontal gyri volumes

(t82 = 5.28, P < 0.01, R2 = 0.14), and to a greater extent than

those of the visual cortex (Table 3a, Fig. 3C). This was also

supported by stronger correlations between ocular volume

and frontal gyri volumes generated by FREESURFER, which

were again consistent with the results of this analysis using

BRAIN PARSER-generated frontal gyri volumes (Table 3b).

Stepwise regression analysis showed that sex and age also

significantly contributed to the model across each frontal

gyri analysis, and again diminished the relationship

between ocular and frontal volumes (Table 4a,b). However,

this occurred to a much smaller extent than in the above

analysis of the relationship between ocular and occipital

gyri volumes; in fact, ocular volume remained significantly

correlated with total frontal gyri volumes using BRAIN PARSER

(t80 = 2.46, P = 0.02, R2 = 0.40) and FREESURFER frontal gyri

volumes (t80 = 2.17, P = 0.03, R2 = 0.57) even after account-

ing for the variance explained by these variables. This is in

contrast to the above analysis of ocular volume vs. total

occipital gyri volumes, which was reduced below the level

of statistical significance with the addition of these

Table 2 Least-square regression analysis of the relationship between ocular and orbital volumes vs. occipital lobe gyri volumes generated using (a)

BRAIN PARSER 56 ROI, after accounting for age and sex, and (b) FREESURFER 5.3.0-generated visual cortical gyri volumes.

Ocular volume Orbital volume

t P

Adj. R2

for model t P

Adj. R2

for model

(a)

Middle occipital gyrus – V1 1.67 0.10 0.25 4.01 0.00 0.29

Superior occipital gyrus – V2/V3 2.58 0.01 0.22 2.99 0.00 0.25

Inferior occipital gyrus – V2/V3 �0.19 0.85 0.28 4.12 0.00 0.32

Cuneus – V1-V3 1.63 0.11 0.23 3.22 0.00 0.28

Lingual gyrus – V1-V3 0.85 0.40 0.22 3.04 0.00 0.22

Total visual cortical gyri 1.59 0.12 0.32 4.42 0.00 0.37

(b)

Middle occipital gyrus – V1 1.58 0.12 0.42 1.63 0.11 0.39

Superior occipital gyrus – V2/V3 0.72 0.47 0.36 1.57 0.12 0.33

Inferior occipital gyrus – V2/V3 0.63 0.53 0.38 1.84 0.07 0.38

Cuneus – V1-V3 �0.24 0.81 0.20 1.15 0.25 0.20

Lingual gyrus – V1-V3 3.15 0.00 0.29 2.85 0.01 0.22

FREESURFER designated V1 0.74 0.46 0.25 2.25 0.03 0.24

FREESURFER designated V2/V3 1.26 0.21 0.39 2.09 0.04 0.37

Total visual cortical gyri 1.60 0.11 0.45 2.57 0.01 0.43
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variables (Table 2a,b). Additionally, the explanatory

power of the model is higher for the frontal lobe (BRAIN PAR-

SER Adjusted R2 = 0.40, FREESURFER Adjusted R2 = 0.57), com-

pared with the total of the visual cortical gyri in the above

analysis (BRAIN PARSER Adjusted R2 = 0.32, FREESURFER Adjusted

R2 = 0.45).

The relationship between orbital and frontal cortical gyri

volumes is generally comparable to what was observed for

the occipital lobes, where the orbit is again significantly cor-

related with the total of these frontal gyri volumes using

BRAIN PARSER (t125 = 5.48, P < 0.00, R2 = 0.20) and to a lesser

extent with the FREESURFER ROIs (t125 = 2.69, P = 0.01,

R2 = 0.06) (Table 3a,b). This similarity in the association

between orbital volume and both the occipital and frontal

lobe volumes also holds true when age and sex are included

in the analysis, where orbital volume remains significantly

Table 3 Results of bivariate regression analyses of ocular and orbital volume vs. frontal lobe gyri volumes obtained using (a) BRAIN PARSER 56 ROI

and (b) FREESURFER 5.3.0-generated frontal lobe gyri volumes. Total visual cortical gyri results from the above analysis are shown for comparison.

Ocular volume Orbital volume

t P R2 t P R2

(a)

Middle frontal gyrus 3.18 0.00 0.11 5.80 0.00 0.21

Superior frontal gyrus 3.25 0.00 0.11 4.80 0.00 0.16

Inferior frontal gyrus 3.41 0.00 0.12 4.54 0.00 0.14

Middle orbitofrontal gyrus 3.09 0.00 0.10 4.64 0.00 0.15

Gyrus rectus 3.24 0.00 0.11 4.57 0.00 0.14

Total frontal gyri 5.28 0.00 0.14 5.48 0.00 0.20

Total visual cortical gyri 2.91 0.00 0.09 5.82 0.00 0.21

(b)

Middle frontal gyrus 3.66 0.00 0.14 2.73 0.01 0.06

Superior frontal gyrus 3.01 0.00 0.10 1.64 0.10 0.02

Inferior frontal gyrus 1.99 0.05 0.05 1.48 0.14 0.02

Middle orbitofrontal gyrus 2.73 0.00 0.08 1.60 0.11 0.02

Gyrus rectus 3.99 0.00 0.16 3.99 0.00 0.11

Total frontal gyri 3.49 0.00 0.13 2.69 0.01 0.06

Total visual cortical gyri 3.15 0.00 0.11 3.67 0.00 0.10

Table 4 Least-square regression analysis of the relationship between ocular and orbital volumes vs. frontal lobe gyri volumes generated using (a)

BRAIN PARSER 56 ROI, after accounting for age and sex, and (b) FREESURFER 5.3.0. Total visual cortical gyri results from the above analysis are shown

for comparison.

Ocular volume Orbital volume

t P

Adj. R2

for model t P

Adj. R2

for model

(a)

Middle frontal gyrus 2.04 0.04 0.35 4.29 0.00 0.41

Superior frontal gyrus 2.05 0.04 0.34 3.64 0.00 0.38

Inferior frontal gyrus 2.21 0.03 0.33 3.34 0.00 0.36

Middle orbitofrontal gyrus 1.64 0.11 0.39 3.09 0.00 0.43

Gyrus rectus 2.16 0.03 0.24 3.11 0.00 0.27

Total frontal gyri 2.46 0.02 0.40 4.28 0.00 0.45

Total visual cortical gyri 1.59 0.12 0.32 4.42 0.00 0.37

(b)

Middle frontal gyrus 2.38 0.02 0.44 3.10 0.00 0.46

Superior frontal gyrus 1.52 0.13 0.54 2.01 0.05 0.54

Inferior frontal gyrus 0.57 0.52 0.27 1.29 0.20 0.31

Middle orbitofrontal gyrus 1.12 0.27 0.47 1.24 0.22 0.47

Gyrus rectus 2.76 0.01 0.35 2.50 0.01 0.34

Total frontal gyri 2.17 0.03 0.57 2.80 0.01 0.59

Total visual cortical gyri 1.60 0.11 0.45 2.57 0.01 0.43
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correlated with the total of these frontal gyri using BRAIN

PARSER (t116 = 4.28, P < 0.00, R2 = 0.45) and FREESURFER ROIs

(t116 = 2.80, P = 0.01, R2 = 0.59) (Table 4a,b).

Despite a similar test statistic between orbital volume and

both the total occipital and frontal gyri volumes, the

explanatory power of the model is again higher for the

frontal lobe (BRAIN PARSER Adjusted R2 = 0.45, FREESURFER

Adjusted R2 = 0.59) compared with the total of the visual

cortical gyri in the above analysis (BRAIN PARSER Adjusted

R2 = 0.37, FREESURFER Adjusted R2 = 0.43), indicating that the

orbit is also generally more structurally integrated with the

frontal lobes than it is functionally associated with the

visual cortex of the occipital lobes.

Discussion

Eye and orbit

The above test of the relationship between ocular and orbi-

tal volumes is generally in line with that reported by Pearce

& Bridge (2013), where these variables were shown to be

significantly correlated, but with a low R2 value of 0.17. In

the current study, ocular and orbital volumes were also cor-

related; however, the amount of variance in orbital volume

explained by ocular volume was found to be slightly lower

(R2 = 0.15). Both of these values from the two separate

studies are quite low and are much less than what would

be expected if ocular size directly dictates orbital size in

humans. The general lack of influence that eye volume has

on the development of orbital volume observed in this

study also corroborates previous research by Chau et al.

(2004), who found that orbit volume was poorly correlated

with eyeball volume (r = 0.13, P > 0.005), and Schultz

(1940), who showed that ocular size is only loosely associ-

ated with orbital size across numerous human and non-hu-

man primate groups.

The low R2 value of 0.17 reported by Pearce & Bridge

(2013) was argued to be artificially reduced because it was

not possible to include visual acuity data and actual body size

in the analysis, as brain sizewas used as a proxy for body size.

These datawere available for the current study, andwhereas

visual acuity was generally not found to be an important

explanatory variable, body size was highly correlated with

both ocular and orbital volume in bivariate analyses. How-

ever, once body size was accounted for, contrary to the pre-

dicted increase in the explanatory power of eye on orbital

volume, the relationship between these variables actually

fell below the level of statistical significance. This is a particu-

larly important result, considering that Pearce & Bridge

(2013) stated that the eye and orbit scale independently of

overall body size. However, here it was shown that height, a

proxy for overall body size, was highly correlatedwith orbital

volume, and to a lesser extentwith ocular volume.

In fact, the difference between the eye and orbit regard-

ing how they vary in association with body size, in which

orbital volume increases to a greater extent than ocular vol-

ume as overall body size increases, also corroborates the

results of Schultz (1940). His comprehensive study of ocular

and orbital anatomy across a large sample of primates

demonstrated a negative allometric relationship between

the eye and orbit with respect to body size, meaning that

orbital volume increased more rapidly than eyeball volume

as size increased.

This relationship also held true for humans and was

observable between the sexes, where larger-bodied males

had eyes that occupied a relatively small percentage of the

orbit, compared with females with smaller bodies, who pos-

sessed eyes that occupied a larger proportion of the orbital

cavity. This same sex dichotomy was also consistent across

all primate groups sampled, where eye size, relative to both

orbital and overall body size, was always greater in females

than in males of the same species (Schultz, 1940).

In the current study, sex was also shown to be an impor-

tant variable for understanding the relationship between

ocular and orbital volume, even after accounting for body

size differences between the sexes. Additionally, after con-

trolling for body height, the relationship between these

variables was reduced to below the level of statistical signif-

icance. However, after also including sex and age along

with ocular volume and body size in the least-squares

regression analysis, the relationship between ocular and

orbital volume returned to below the level of significance.

Together, these variables explained approximately 52% of

the variance in orbital volume, where age and height con-

tributed most to the model, and to a much greater extent

than ocular volume as a predictor of orbital volume.

The above results, and specifically the extent to which

age and sex are correlated with both ocular and orbital vol-

ume, may also have implications for understanding the

development of certain forms of myopic refractive error

such as astigmatism and juvenile-onset myopia. For exam-

ple, the observed sex difference in orbital volume and nega-

tive allometric relationship between the eye and orbit with

respect to body size are of particular interest given that the

relative size of the eye within the orbit has been shown to

be associated with nearsightedness in a sample of Chinese

adults (Masters, 2012). An overly large eye relative to orbital

size has also been implicated in a case of high-myopia, in

which the enlarged eye is clearly compressed and mal-

formed against the walls of the orbit (Palmowski-Wolfe

et al. 2009).

Among the sample investigated in the current study, eye

size was generally the same between males and females

(though slightly larger in females); however, males pos-

sessed larger orbits, even after accounting for body size dif-

ferences between the sexes. In the context of an increased

rate and severity of myopia as the eye grows larger relative

to orbital size (Masters, 2012; Bruner et al. 2014), this sex

dichotomy, in which females possess the same and even

slightly larger eyes but in a smaller orbit, may help explain
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why women have a higher frequency of myopia than men,

develop the condition earlier in life, and retain a higher

degree of refractive error throughout ontogeny by compar-

ison (Angle & Wissmann, 1980; Grosvenor & Goss, 1990;

Parssinen & Lyyra, 1993; Lam et al. 1999; Ip et al. 2007,

2008).

The opposing relationship, with regard to age changes in

ocular volume (negative correlation), and orbital volume

(positive correlation), may also be important for under-

standing deviations in the pattern of myopic development

and diminishment during ontogeny and senescence, respec-

tively. More specifically, in the current study it was shown

that with advancing age, orbital volume increased as eye

volume decreased. This also corroborates the results of pre-

vious research demonstrating that orbital breadth increases

with age (Weaver et al. 2010), and that a prominent pat-

tern of curve distortion and widening of the superomedial

upper orbit and inferolateral lower orbit is also observable

with advanced age (Pessa and Chen, 2002).

The timing of maturation within the human skull is differ-

ent for the different cranial areas; in general, the braincase

matures earlier, followed by the cranial base, and lastly by

the facial block (Bastir et al. 2006). Maturation involves

changes in both shape and size of the elements implicated.

Accordingly, during ontogeny the elements maturing ear-

lier constrain the elements maturing later, influencing their

spatial parameters and limiting their possible spatial adjust-

ments. Beyond this chain of processes, minor adjustments

can involve small secondary changes as well. For example,

the anterior endocranial morphology (including frontal

lobe geometry) can be subtly altered by late adjustments of

the orbital areas (Neubauer et al. 2009). In apes, facial mor-

phology is much more influential than in humans because

of their larger muzzle dimensions and prolonged splanch-

nocranial development (Mitteroecker et al. 2004). Con-

versely, in humans the reduction of the facial block, in

terms of size, timing, and variation, leads to a decreased

capacity to regulate spatial adjustments. Taking into

account this mismatch between facial and braincase matu-

ration, if eye volume decreases while orbital size continues

to increase, even after ontogeny ceases, this may help

explain why juvenile-onset myopia commonly begins dur-

ing early adolescence, becomes stable in most individuals in

their 20s and 30s, and then typically moves toward hyper-

opia, or farsightedness, in later life (Atchison et al. 2008).

If the eye is provided more space within the orbit as it

decreases in size by approximately 0.013 cm3 per year, while

the orbit increases in volume by about 0.041 cm3 per year,

as indicated by the above regression analyses, it could

reduce pressure applied during ontogeny to the eye and

surrounding ocular tissues, and gradually allow the globe

to return to a more spherical refractive state. Previous

research also supports this, as mean ocular protrusion,

which is also highly correlated with myopia and is hypothe-

sized to be associated with increased axial length and

corneal curvature as the eye is forced anteriorly toward the

narrowing rim of the orbit (Bruner et al. 2014), has been

shown to decrease by approximately 0.06 mm per year in

humans (Ahmadi et al. 2007).

If the results of the current study can be interpreted as a

cohort effect, where younger individuals possess larger eyes

and smaller orbits compared with older individuals in the

sample, it may indicate that eyes are growing to occupy a

larger percentage of the orbit among younger age groups.

If this is the case, because the eye may become malformed

against surrounding muscles and fat within the confines of

the bony orbit during growth and development, it may

help explain a more recent trend toward increased rates of

myopia throughout much of the industrialized world. This

is also supported by previous research indicating that an

increase in the rate of myopia is occurring among numerous

regional industrialized societies (Tay et al. 1992; Matsumura

& Hirai, 1999; Rose et al. 2001). However, because the age

range among individuals in the current study sample is only

61 years (minimum = 19 years, maximum = 80 years), some

caution is warranted in interpreting this as a cohort effect

rather than a volumetric change in these features as age

increases. Nevertheless, future research in this area could

seemingly benefit from the inclusion of neighboring struc-

turally and functionally integrated soft and hard tissue ana-

tomic components of the eye, orbit, viscerocranium,

neurocranium, and frontal and temporal lobe morphology,

particularly given that the current study strengthens the

notion that eye size is co-regulated genetically with brain

size (Todd et al. 1940; Weale, 1982; Miller, 1992; Weiss,

2002; Mak et al. 2006).

Eye, orbit, and brain

Analysis of the relationship between eye volume and V1,

V2, and V3 showed that some association exists between

the eye and these components of the visual system. How-

ever, each of the correlations were weak, and were gener-

ally consistent with those observed by Pearce & Bridge

(2013), who also showed that total visual cortical volume

was only weakly correlated with ocular and orbital volume.

Additionally, after age and sex were accounted for, the

relationship between ocular volume and the total of the

visual cortical gyri volumes was reduced below the level of

statistical significance. These results suggest that the eye

should not be considered a strong predictor of visual corti-

cal morphology, at least when dealing with intra-specific

differences among adult individuals.

The relationship between orbital and visual cortical vol-

umes was also reduced after the inclusion of these cofactors

in the regression model, and reduced below the level of sig-

nificance for four of the occipital gyri volumes generated

using FREESURFER, while remaining significantly correlated

with the total of these, and each of the BRAIN PARSER-gener-

ated gyri volumes. However, orbital volume was found to
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be equally or more strongly correlated with frontal lobe

gyri than with occipital lobe gyri involved with vision. This

indicates that the orbit is only a modest predictor of visual

cortical anatomy in humans, and that both the eye and

orbit are generally more structurally associated with the

frontal lobes than they are functionally associated with the

visual cortex of the occipital lobes.

Results obtained using BRAIN PARSER and FREESURFER were

generally consistent in each analysis investigating the ana-

tomic relationship between eye/orbit volumes and frontal

and occipital gyri volumes. However, the association

between orbital volume and both the frontal and occipital

gyri generated with BRAIN PARSER were slightly stronger. This

was particularly apparent in the bivariate regression analy-

ses between orbital and frontal gyri volumes, where these

relationships were less consistent with those obtained using

FREESURFER ROIs. More specifically, although orbital volume

was highly correlated with each frontal gyrus volume using

BRAIN PARSER, only two were found to be significantly associ-

ated using FREESURFER.

Inconsistencies in results obtained using these different

anatomical analysis tools may be partly attributable to the

fact that this study focused exclusively on frontal and occipi-

tal regions, which in a study of landmark-based and auto-

matic cortical registration techniques had been shown to

generate larger differences, compared with language-re-

lated areas, which have less variability in sulcal anatomy

among subjects (Pantazis et al. 2010). This increased frontal

and occipital variability likely relates to left occipital–right

frontal petalia torque asymmetry, which generally increases

neural mass on the right frontal lobe and left occipital lobe

in right-handed individuals. This type of cerebral asymmetry

is common among modern humans, hominoids, and fossil

hominids (Holloway & De La Costelareymondie, 1982; Bal-

zeau et al. 2012; G�omez-Robles et al. 2013), and can be

seen on endocasts as early as 1.8 million years ago in Homo

rudolfensis, specimen KNM-ER 1470 (Holloway et al. 2009).

As a cautionary methodological note, it must be remem-

bered that P statistics, here as in any inferential approach,

concerns the probability of a non-random arrangement of

the data, and not the evidence of the correctness of a speci-

fic hypothesis (Nuzzo, 2014). Significant results must be

interpreted as support and agreement with a specific

hypothesis, and not as its verification. Morphometric analy-

ses must be intended as exploratory tools to investigate the

spatial relationships among anatomical components, and

research in embryology, histology, and physiology is then

necessary to evaluate the actual structural interactions

between tissues and functions.

Eye and human evolution

In general, these results indicate that a relationship is

observable between orbits and the frontal and occipital

brain areas of modern humans in bivariate analysis, which

have also been described at an intra-specific level (Pearce &

Bridge, 2013). Correlations between cranial and brain com-

ponents can be extremely informative in paleoneurology,

allowing for indirect inference about brain structures in fos-

sils. It is worth noting that this information is relevant inde-

pendent of the causal interpretation behind the correlation

itself. In this sense, an effort must be made to separate the

correlations (actual and useful numerical outputs) from the

biological and evolutionary interpretation of the underly-

ing processes. Hence, independently of hypotheses put for-

ward to interpret a specific covariation of characters,

correlation analysis can reveal underlying relationships that

merit attention.

These relationships with orbital morphology are not

exclusive to the visual cortical areas, as our analysis showed

that orbital volume is just as highly correlated with frontal

lobe volumes that are not related to vision. Additionally,

the explanatory value of the model when the above cofac-

tors were included along with orbital volume, was substan-

tially higher for the frontal lobe than for the occipital lobe.

This is interesting considering that the upper face and the

frontal lobes are intimately integrated in terms of morpho-

genesis, and because of the physical contiguity between

the anterior cranial fossa, housing the prefrontal cortex,

and the orbital areas (Moss & Young, 1960; Enlow, 1990;

Bruner, 2015).

Beyond this structural interaction between orbits and

frontal lobes, modern humans also evolved relatively larger

temporal lobes (Rilling, 2006), which are located in an even

more anterior position than in non-modern human species

(Bastir et al. 2008), approaching the orbital areas posteri-

orly. Finally, human cranial ontogeny is characterized by a

progressive rotation of the facial block, which further

approaches the posterior face to the endocranial base as

the brain grows larger (Enlow, 1990).

All of these changes (contiguity between orbits and fron-

tal lobes, reduced facial block, and enlarged temporal

lobes) involve a spatial conflict between endocranial and

orbital areas during growth and development, potentially

leading to a deformation of the eye bulb and vision defects

among more recent modern humans (Masters, 2012; Bruner

et al. 2014). Such a situation is further stressed by an oppo-

site genetic effect, considering that the eye is genetically

associated with brain growth (increasing in Homo sapiens)

and the orbit is genetically associated with facial growth

(decreasing in H. sapiens).

Interestingly, the constraints between the frontal and

orbital areas are probably more pronounced in modern

humans and Neandertals, taking into account that in most

extinct human species and living apes the orbits are in front

of the anterior cranial fossa, and not under it (Bruner &

Manzi, 2008). It is therefore interesting that in the two

human species in which the eyes are positioned below the

frontal lobes, namely modern humans and Neanderthals,

we also observed a lateral widening of the prefrontal
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cortex, which is compatible with vertical limits associated

with the underlying orbital constraints (Bruner & Holloway,

2010). The fact that both the occipital and frontal areas cor-

relate with orbit morphology, provides evidence once again

that both structural and functional factors contribute to the

final phenotype. Hence, beyond the quantitative correlation

results, it seems reasonable that interpretations of the evo-

lutionary and morphogenetic processes should not rely on

single and isolated factors, but rather on their interactions.

It is, however, important to consider that intra-specific

and inter-specific patterns and correlations can be based on

very different principles and processes (Martin & Barbour,

1989). These two types of analyses are complementary, sup-

plying information on different aspects, and most of all

when considering size effects, evolutionary, ontogenetic,

and static (adult) patterns of variation that can be based on

distinct kinds of relationships (Cheverud, 1982). Therefore,

evidence from intra-specific studies and from phylogenetic

variability must be properly integrated, and not evaluated

as alternatives to support or reject specific hypotheses.

Conclusions

Results of this study indicate that human ocular and orbital

volumes are correlated, but that eye volume is not a major

factor in determining adult volume of the orbit. Other vari-

ables, such as height, age and sex are more highly corre-

lated with orbital volume, further indicating that size of

the eye is only loosely associated with this feature. Addi-

tionally, although both ocular and orbital volumes are asso-

ciated with V1, V2, and V3 visual cortical volumes, these

relationships also diminish when sex and age variability are

accounted for. Lastly, the relationship between the eye/or-

bit and cerebral gyri associated with visual function is

slightly weaker in comparison with five frontal lobe gyri,

indicating that important structural influences exist in the

anterior skull that may be even more relevant than the

functional relationships between the anterior and posterior

aspects of the visual system.

It is worth noting as well that in terms of endocranial and

cranial morphology, no strong patterns of integration have

been observed across long anatomical distances, suggesting

that local factors are categorically more important in shap-

ing anatomical elements (Bruner & Ripani, 2008). In terms

of structural relationships, local factors strictly depend on

spatial proximity and maturation timing. In this study, we

had two different and opposite lines of evidence in this

sense. From one side, the correlation between orbits and

frontal lobes specifies the importance of structural factors

based on spatial contiguity. On the other hand, the lack of

a strong correlation between the eye and orbit demon-

strates that physical proximity does not always involve or

require reciprocal influence among anatomical elements.

Consequently, the human cranium is further confirmed

to be a system based on many independent factors, in

which genetic, functional, and structural components

must somehow integrate following distinct developmen-

tal patterns and constraints. These results are at the

same time relevant to approach issues in human

anatomy and evolutionary biology. Such approaches in

functional craniology are essential in biomedical

fields, in order to understand the actual network of vari-

ables involved in normal and pathological processes. Cor-

relations between bone and brain features can be

extremely important to put forward an ‘indirect pale-

oneurology’, which aids in investigating neuroanatomy

in fossils by virtue of the association between hard and

soft tissues.
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