
Is orbital volume associated with eyeball and visual cortex
volume in humans?

Eiluned Pearce1,2,* and Holly Bridge3

1Department of Anthropology, University of Oxford, 64 Banbury Road, Oxford OX2 6PN
2Experimental Psychology, University of Oxford, South Parks Road, OX1 3UD
3FMRIB Centre, John Radcliffe Hospital, Headington, Oxford, OX3 9DU,
holly.bridge@ndcn.ox.ac.uk

Abstract
Background—In humans orbital volume increases linearly with absolute latitude. Scaling across
mammals between visual system components suggests that these larger orbits should translate into
larger eyes and visual cortices in high latitude humans. Larger eyes at high latitudes may be
required to maintain adequate visual acuity and enhance visual sensitivity under lower light levels.

Aim—To test the assumption that orbital volume can accurately index eyeball and visual cortex
volumes specifically in humans.

Subjects & Methods—Structural Magnetic Resonance Imaging (MRI) techniques are
employed to measure eye and orbit (N=88), and brain and visual cortex (N=99) volumes in living
humans. Facial dimensions and foramen magnum area (a proxy for body mass) were also
measured.

Results—A significant positive linear relationship was found between (i) orbital and eyeball
volumes, (ii) eyeball and visual cortex grey matter volumes, (iii) different visual cortical areas,
independently of overall brain volume.

Conclusion—In humans the components of the visual system scale from orbit to eye to visual
cortex volume independently of overall brain size. These findings indicate that orbit volume can
index eye and visual cortex volume in humans, suggesting that larger high latitude orbits do
translate into larger visual cortices.
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INTRODUCTION
Human orbital volume increases with absolute latitude, suggesting that larger visual systems
are required to maintain adequate visual function (acuity and sensitivity) under the lower
light levels found at high latitudes (Pearce and Dunbar, 2012). There is positive scaling
between orbit and eyeball size across primates (Kay and Kirk, 2000; Kirk, 2006; Schultz,
1940), as well as between eyeball and visual cortex size across mammals independently of
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phylogeny and the size of other brain regions (Barton, 2007). This led Pearce & Dunbar
(2012) to argue, firstly, that human orbital volume was an accurate index of eyeball volume
and secondly, that the progressive enlargement of visual systems towards the poles would
include not only larger eyes but also larger visual cortices at higher latitudes.

However, whether orbit size is an accurate proxy for eye and visual cortex size in humans
remains an untested assumption. The orbit is comprised of seven bones and the size and
morphology of the orbit can be affected by the developmental trajectories of any or all these
components and thus by general cranial and facial form (Bron et al., 1997; Whitnall, 1921).
This means that orbital dimensions are to some degree related to overall cranial size, for
instance orbital depth is linked to skull length (Bron et al., 1997; Chau et al., 2004; Nitek et
al., 2009; Waitzman et al., 1992; Whitnall, 1921).

Since the eye fills only one fifth to one third of the adult human orbit (Bron et al., 1997;
Schultz, 1940; Whitnall, 1921), it could be supposed that contrary to initial intuition, the size
of the obit might not accurately reflect the size of the eye in adult humans. Nonetheless, the
eyeball, lacrimal apparatus and oblique muscles are considered to be the main internal
factors influencing the form of the orbital cavity (Bron et al., 1997; Whitnall, 1921). For
instance, if the eyeball is removed before the orbit is fully formed, the growth of the orbit is
checked in both humans and rabbits (Cummings et al., 2012; Hintschich et al., 2001; Sarnat,
1982). This suggests that the adult size of the eye and orbit should be related because orbit
size is partly determined by eye growth, at least during early development (Washburn and
Detwiler, 1943). Indeed, significant positive relationships were found between eye and orbit
dimensions during human development (Tomasik et al., 2005a; Tomasik et al., 2005b).
However, recent study of strepsirrhine primates suggests a generic mammalian pattern of
early orbit expansion following eye growth in utero succeeded by slowed eye growth but
continued orbital growth postnatally (Cummings et al., 2012). This means that in the
neonate eye and orbit size may be closely correlated, but due to a higher rate of postnatal
orbital growth, this scaling relationship becomes progressively weaker towards adulthood
(Schultz, 1940; Washburn and Detwiler, 1943). Indeed, the only previous study to
investigate whether the size of the eye, particularly large myopic eyes, leads to correlated
orbital volume changes (i.e. whether eye size influences orbit size) failed to find a
significant relationship between eye and orbit volume in humans (Chau et al., 2004).
However, Chau et al. used a small sample from a single population, which may not be
representative.

Across primates adult orbital volume explains ~83% of eyeball volumetric variation (Kay
and Kirk, 2000; Schultz, 1940). Several additional factors influencing orbital size have been
proposed, including the degree of orbital convergence and cornea size (Kirk, 2006). Orbital
convergence also affects downstream visual system component size: both the lateral
geniculate nucleus (LGN) and primary visual area (V1) volumes are positively associated
with the degree of orbital convergence in primates, although not in other mammals (Heesy et
al., 2011). However, it would be worth testing whether the relationship between orbital
convergence and LGN/V1 volume is actually mediated by orbital volume as it relates to
eyeball size.

Another possible factor is facial morphology, but both phylogenetic and ontogenetic
approaches failed to find a significant relationship between brow-ridge size and orbit
volume independently of the degree of prognathism (how far the face is tucked under the
frontal bone) in primates (Ravosa, 1991a, b). Nonetheless, the direct relationship between
orbit size and prognathism across primates requires further study. In contrast, associated
growth between orbital and facial dimensions has been reported in human foetuses (Denis et
al., 1998). Furthermore, diachronic reductions in facial and cranial size as well as changes in
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facial shape (reduced prognathism) has been correlated with reduced orbital volume and
breadth but increased orbital height in prehistoric East Asians and Western Europeans
(Brown and Maeda, 2004; Masters, 2012). This suggests that changes in face shape can
influence orbital morphology. In addition, across primates orbit and eye size is associated
with body size (although eye size shows a shallower slope) (Kay and Kirk, 2000; Martin,
1990; Schultz, 1940) and the same may be true within humans. However, although orbital
morphology is related to facial, neurocranial and basicranial morphology and body size, we
propose that orbital size is at least partially associated with eye size.

In comparison with eye-orbit scaling, there is strong evidence for scaling between the optic
tract and visual cortex in the healthy human brain. Andrews and colleagues (1997) took
physical soft tissue measurements from post-mortem brains and found significant positive
linear relationships between the cross-sectional area of the optic tract, LGN volume (both in
total and when divided into parvocellular or magnocellular volumes) and V1 volume
(identified by the presence of the stria of Gennari). Principal components analysis showed
that most of the variance in the size of the visual system apparatus was explained by a single
factor, indicating that the size of the optic tract, LGN and V1 co-varied significantly within
individuals. In contrast, this factor explained only a very small proportion of variance in
total brain mass, suggesting that visual scaling is not driven by brain size. In addition, visual
acuity is positively related to V1 volume, suggesting scaling between retinal cone density/
numbers and V1 volume in healthy individuals (Duncan and Boynton, 2003).

Further evidence for scaling between peripheral components of the visual system and the
visual cortex comes from pathology. For instance, individuals suffering from albinism often
have malformed or absent foveae. In V1 stimuli in the central part of the visual field, which
are likely to activate the cones of the fovea, are represented in the occipital pole. Compared
to healthy controls, subjects with albinism show reduced grey matter volume in the occipital
pole, as well as smaller optic chiasms (Bridge et al., 2012; von dem Hagen et al., 2005).
Together these results suggest that reduction in the number of foveal photoreceptors directly
impacts upon the size of the optic tract and the volume of associated regions of the visual
cortex. Moreover, congenital anophthalmic subjects (whose eyes are underdeveloped or
absent) show a reduction in V1 grey matter volume but no difference in overall brain
volume compared to healthy controls (Bridge et al., 2009). This again suggests scaling
between visual system components independent of other brain areas, albeit in a population
without “vision”.

This paper aims to test a number of hypotheses relating to scaling within the visual system
in a comparatively large global sample of living humans using structural MRI images: (i)
orbital volume is associated with eye volume in humans, (ii) eyeball volume is associated
with visual cortex volume in humans and (iii) V1 grey matter volume is associated with V2
grey matter volume, and V2 grey matter volume is in turn related to V5 (Middle Temporal)
grey matter volume in humans. However, the current sample did not allow us to distinguish
between ontogenetic and phylogenetic (ancestral history) effects on visual system size
variation, because our subjects may not have been scanned where they grew up. This and
other avenues for further research are explored in the Discussion.

METHODS
Magnetic Resonance Image (MRI) scan sample

Data consisted of MRI scans of 100 normal, healthy subjects from the 1000 Functional
Connectomes Project (NITRC, Accessed 2011), which provides an online collection of MRI
scans from a number of research groups across the world, mainly from USA and Europe.
Ten imaging centres were selected to cover as great a range of latitudes as possible (Atlanta
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(USA), Baltimore (USA), Berlin (Germany), Newark (USA), Orangeburg (New York), Oulu
(Finland), Oxford (England), Palo Alto (USA), Queensland (Australia), Taipei (Taiwan)).
Ten subjects were randomly selected from each of these samples. Where possible 5 females
and 5 males were selected, but for the Palo Alto sample the only 2 male subjects were
selected alongside 8 randomly selected females. Demographic information was unavailable
for the Taipei sample; so 10 subjects of unknown sex were selected. Demographic
information was also unavailable for 3 of the Orangeburg sample.

The Orangeburg sample was not suitable for Osirix measurement (see below) because the
skull had been stripped. The OsiriX measurements were thus made on 90 scans, whereas
freesurfer was run on the full sample of 100 subjects. However, one subject was removed
from the final analyses because this individual appeared as a very low outlier on all brain-
associated plots leaving 99 subjects: 43 females (age M=26.70, SD=6.71), 43 males (age
M=29.21, SD=7.58) and 13 subjects of unknown sex (unknown age). In the analyses sex
was coded as two dummy variables (male and female) so that all available data could be
included in the models.

MRI scan methods
The latitude of the 10 imaging centres was obtained using (Gorissen, Accessed July 2008,
July 2010).

Freesurfer—The freely-available freesurfer software (Desikan et al., 2006) allows the
automatic reconstruction and segmentation of the subcortical and cortical regions of the
brain from T1-weighted images. This process involves using identification of white/grey
matter and grey/cerebral-spinal fluid (CSF) boundaries and sulcal and gyral patterns in
conjunction with generalised “masks” or averaged “template brains” (Desikan et al., 2006;
Hinds et al., 2008). The software provides surface area, grey matter thickness and volume
for specific areas of the cortex, as well as hemisphere-specific grey and white matter
volumes for the cortex and subcortex and the volumes of various subcortical structures such
as the amygdala and the hippocampus. These values were extracted for all subjects and
converted to an SPSS database.

The same cortical properties can be extracted from visual (V1, V2 and MT), somatosensory
(BA1, BA2, BA3a and BA3b) and motor (BA4a and BA4p) Brodmann areas (Fischl et al.,
2008; Hinds et al., 2009; Hinds et al., 2008). Of all the visual areas, V1, V2 and V5/MT are
the best documented and most accurately identified across primates and within humans
(Lyon and Connolly, 2011; Rosa and Tweedale, 2005). Furthermore, identification of the
V1/V2 boundary has been shown to closely match when identified anatomically using the
stria of Gennari and functionally using visual stimuli (Bridge et al., 2005). In addition, the
automated definition of V1 using gyral and sulcal patterns used by freesurfer is in close
correspondence with using the stria of Gennari (Hinds et al., 2008).

The ‘gold standard’ for identifying visual areas in human subjects is the use of retinotopic
mapping, which relies on each visual area only having a single representation of space to
functionally locate more than 10 visual areas (reviewed in Wandell et al., 2007). However, it
is not feasible to undertake this type of data acquisition and analysis in large samples. The
freesurfer program provides probabilistic maps of areas V1, V2 and V5/MT that are
generated from post mortem studies of human brains in which these areas have been
identified using cyto- and myeloarchitecture (Eickhoff et al., 2005). The area definitions
from the individual subjects are registered using surface-based registration which takes into
account the sulcal anatomy and provides an accurate method of combining across subjects
(Van Essen, 2004). Furthermore, we have compared these probabilistic anatomical
definitions to our own probabilistic maps derived from retinotopic maps in 16 subjects
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described in Bridge (2011) and found almost total overlap in the area locations. The most
accurate definition is V1 using the calcarine sulcus, while V2, being the adjacent area,
likewise has considerable consistency across subjects (Fischl et al., 2008; Hinds et al., 2009;
Hinds et al., 2008). Previous work also suggests that V5/MT can also be defined
anatomically (Dumoulin et al., 2000). While not as good as defining each area individually,
this population approach with freesurfer is the best option for large datasets. Moreover, the
results presented here in terms of scaling with eye/orbit or absolute latitude are the same
whether V1 (the most consistently delineated area: Fischl et al., 2008; Hinds et al., 2009;
Hinds et al., 2008) is considered on its own or whether V2 and MT are also included.

Here the sum of V1, V2 and V5/MT are referred to as “total” visual cortex for convenience.
Similarly, motor and somatosensory areas were also created from summing the relevant
Brodmann areas.

As a control for overall brain size “rest-of-cortex” grey matter volume was calculated by
subtracting total visual (V1+V2+MT) grey matter volume from total cortical grey matter
volume. Other control volumes were (i) total brain volume, (ii) brain volume minus total
visual grey matter volume, (iii) subcortical grey matter volume and (iv) cerebellum volume
plus brainstem volume (roughly equivalent to the hindbrain, which is the cerebellum,
medulla and pons, used as a control in mammalian analyses: Barton 2007).

OsiriX—As well as differing in imaging resolution, scan acquisition protocol and scanner
type, the quality of the scans varied considerably between the source imaging centres. Scans
were therefore graded for quality with regard to the ocular (eye/orbit) region: (1) perfect,
clear image, (2) complete eye boundary but some blur or slight distortion, (3) incomplete
eye boundary, image blurred or distorted, (4) substantial distortion or reconstruction needed
in order to delineate the eye in each slice and (5) unmeasurable (for one subject the anterior
section of the eye/orbit was cut off in the image). The eye and orbit analyses using the better
quality sample (scans graded 1 or 2) yielded similar results to the whole sample but radically
improved the fit. The regression parameters lie within the 95% confidence intervals of the
whole sample models for the eye/orbit-visual cortex models but not for the eye-orbit models.
In order to maximise sample size, we report only the findings of analyses using the whole
sample here.

Ninety scans were measured using the freely available Osirix software (Rosset, Accessed
2011), since the skull-stripped Orangeberg subjects were excluded. One additional subject
was excluded from this sample because the image was missing the most anterior part of the
eye and orbit, so volumes could not be measured (see above). The eye/orbit sample therefore
comprised 88 subjects from 9 imaging centres: 41 females (age M=26.29, SD=5.70), 437
males (age M=27.43, SD=5.58) and 10 subjects of unknown sex (unknown age).

As outlined in the Introduction, orbital size is partially influenced by face and body size. We
did not have body weight or stature data for these subjects and we therefore followed Pearce
& Dunbar (2012) in using foramen magnum (FM) size as a proxy for body mass, as
suggested by Radinsky (1967). We measured maximum facial width (sample mean volume
M=11.558cm, SD=0.802cm, N=78) and maximum nasal height (sample mean volume
M=5.340cm, SD=0.720cm, N=75) in coronal view since these were the easiest face-
dimension measures to standardise. We also measured foramen magnum area (sample mean
volume M=6.272cm2, SD=1.397cm2, N=88) in axial view (in the first slice in which the
cerebellum was no longer visible). We included these body and face size controls as
covariates in multiple ordinary least squares (OLS) regressions testing for a relationship
between eye and orbit volumes.
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Individual scans were imported into Osirix for measurement of length, area and volume of
the right eye/orbit. Regions of interest (Figures 1 & 2) were manually delineated, and
lengths, areas and volumes were automatically generated. Maximum axial eye was measured
in the axial view to identify possible myopes, since axial ocular length and degree of myopia
are strongly linked (Gilmartin, 2004). For each subject linear and areal measurements were
taken three times, and volume measurements twice. Means, standard errors (SE) of the
means and standard deviations (SD) were calculated as measures of intraobserver error.

For the linear and area measurements the maximum SEs were <0.1mm/mm2 (SDs <1mm/
mm2). For eye volume (sample mean volume M=6.489cm3, SD=0.794cm3, N=88) the
maximum SE for the two measurements was 0.64cm3 (SD=0.91cm3) and for orbital volume
(sample mean volume M=26.669cm3, SD=2.659cm3, N=88) the SE=3.85cm3

(SD=5.45cm3). The maximum SE for the orbital volume measures was reduced to 1.01cm3

(SD=1.43cm3) when only the higher quality images were considered. Paired-sample t-tests
indicated significant correlations between the different measures of orbit and eye volume
(r=0.866 and 0.856, respectively, N=88) but whilst no significant difference was found
between the means of the two measurement runs for orbital volume, a significant difference
was found for eye volume (t87=−2.800, p=0.006), although the mean difference was only
−0.132cm3 (SD=0.442cm3).

Analyses
Regression residuals were not significantly different from normal (Kolmogorov-Smirnov
one-sample tests) and unless otherwise stated did not show heteroscedasticity. Furthermore,
tolerance and VIF statistics did not show excessive collinearity between independent
variables in multiple regressions.

RESULTS
Data structure

The data collected are hierarchical, because they were sampled from different imaging
centres and therefore subjects sampled from the same centre may not yield independent
data-points. The accuracy of results obtained from OLS regression analyses was therefore
checked against the output of mixed/multilevel model analyses. However, for all analyses
these hierarchical linear models revealed that fitting separate models for each imaging centre
(i.e. allowing the slopes and intercepts to vary between groups) did not explain the data
significantly better than a single regression model fitted to the whole sample (i.e. ignoring
groups). Since the multilevel models did not yield different results, only the OLS analyses
are reported here.

Hypothesis 1: Orbital volume is associated with eyeball volume in humans
OLS regression revealed that mean orbital volume was significantly positively associated
with mean eyeball volume: t86=4.119, p=8.711×10−5, R2=0.165. This relationship remained
significant when an outlier (Figure 3) was excluded from the analysis.

Orbital volume remained significantly associated with eyeball volume (t85=4.426, p=
2.829×10−5) independently of brain-minus-visual-cortex-grey-matter volume, which itself
failed to show a significant partial relationship with eye volume (p=0.125): overall adjusted
R2=0.169. Controlling for rest-of-grey-matter (i.e. non-visual) cortical volume, cerebellum
plus brainstem or subcortical grey matter volume yielded similar patterns. For subjects for
whom the data were available, controlling for FM area and face height and width (proxies
for body and face size respectively) made no difference to the results. Similarly, including
sex in the model made no difference to the results.
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Neither eye nor orbit volume is significantly related to FM area or face height and only
orbital volume, but not eye volume, shows significant relationships with face width
(t86=2.938, p=0.004, R2=0.103) and brain volume (t86=4.040, p=1.159×10−4, R2=0.159;
when two outliers are excluded R2= 0.205).

Hypothesis 2: Eyeball volume is associated with visual cortex grey matter volume in
humans

Eyeball - V1—OLS regression revealed that mean eyeball volume was significantly
positively associated with total V1 grey matter volume: t86=3.523, p=0.001, R2=0.126.
Removing the outlier (Figure 4) did not alter the results. The partial relationship between
eyeball volume and V1 grey matter volume remained independently of overall brain size
measures (Table I). In the whole sample eyeball volume is related to V1 grey matter volume
when rest-of-grey-matter, motor or somatosensory cortex volumes are separately controlled
for, whether or not the outlier included. These significant partial relationships between
eyeball and V1 grey matter volumes remain when the models also include sex whether or
not the outlier is excluded (except for the motor/somatosensory full models when the outlier
is removed).

Eyeball – “total” (V1+V2+MT) visual cortex grey matter volume—OLS regression
analyses revealed a significant positive relationship between eyeball volume and total visual
cortex grey matter volume: t86=3.100, p=0.003, R2=0.101, Figure 5. This relationship
remains independently of all measures of overall brain size, including non-visual/rest-of
grey matter cortical volume as well as independently of motor or somatosensory cortex
volumes (Table II). Including sex in the models made no difference.

Similarly, orbital and total visual cortex volumes are associated (Figure 5) independently of
subcortical grey matter (t85=2.531, p=0.013, overall adjusted R2=0.182), motor cortex
(t85=2.551, p=0.027, overall adjusted R2=0.298) and cerebellum + brain stem volume
(t85=2.713, p=0.008, overall adjusted R2=0.150) whether the outlier is excluded or not. The
relationship between orbital volume and total visual grey matter volume does not remain
independently of non-visual cortical grey matter volume and is significant independently of
non-visual (t84=2.299, p=0.024, overall adjusted R2=0.225) or total brain volume
(t84=2.190, p=0.031, overall adjusted R2=0.242) only when the outlier has been removed
(Figure 5).

Hypothesis 3: V1 (left and right) grey matter volume is associated with V2 (left and right)
grey matter volume, and V2 (left and right) grey matter volume is in turn related to V5/MT
(left and right) grey matter volume

Since all the scans provided good image quality for the brain, the within brain scaling
models were conducted on the full dataset (N=99). OLS yielded a significant positive
relationship between V1 and V2 volumes: Figure 6 (t97=11.468, p<10−36, R2=0.576).
Furthermore, V1 remained significantly associated with V2 independently of rest-of-cortex
grey matter volume: t96=9.348, p=3.7041×10−15, overall adjusted R2=0.685. This significant
partial relationship between V1 and V2 was maintained when heteroscedasticity corrections
were performed using the HCREG macro (Hayes and Cai, 2007) (p<0.00001). Similar
results are obtained when controlling for the various other measures of overall brain volume
(see Methods).

OLS regression yielded a significant positive relationship between V2 and V5/MT volumes:
Figure 6 (t97=5.742, p<10−36, R2=0.254). Moreover, V2 showed a significant partial
relationship with V5/MT independently of rest-of-cortex grey matter volume, which itself
did not show a significant partial relationship: t96=3.640, p=4.411×10−4, overall adjusted
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R2=0.267. When an outlier was removed (Figure 6) both V2 (t95=3.495, p=0.001) and rest-
of-cortex grey matter volumes (t95=2.396, p=0.019) were significantly partially associated
with V5/MT grey matter volume (adjusted R2=0.322). Similar results are obtained when
controlling for the various other measures of overall brain volume.

Furthermore, V1 was significantly positively associated with V2 volume independently of
motor (t96=9.511, p=1.672×10−15, adjusted R2=0.660) and somatosensory (t96=8.852,
p=4.338×10−14, adjusted R2=0.680) grey matter volumes. In turn, V2 was significantly
positively associated with V5/MT volume independently of motor (t96=3.808,
p=2.469×10−4, adjusted R2=0.247) and somatosensory (t96=2.823, p=0.006, adjusted
R2=0.298) grey matter volumes.

Hypothesis 4: Visual grey matter volume is positively associated with absolute latitude
Since the sample used here are living humans used to artificial lighting, any latitudinal effect
on visual system size is likely to be less pronounced than in historical populations studied
previously (Pearce and Dunbar, 2012). In addition, the subjects may not have been local to
the area where they were scanned, meaning they would have instead the visual system sizes
of the latitude of their ancestry or place of birth, for example as might be the case of
Australians of European descent.

Bearing these caveats in mind, as a test of the findings of Pearce & Dunbar (2012) regarding
a significant positive relationship between orbital volume as an index of visual system size
and absolute latitude among human populations, visual cortical grey matter volume was
regressed against the absolute latitude of the research centres. OLS regression revealed that
total visual cortical grey matter volume was significantly associated with absolute latitude
(t96=3.275, p=0. 001) independently of rest-of-cortex grey matter volume (t96=7.701,
p<10−36): overall adjusted R2=0.428, Figure 7. This result was replicated when controlling
for the alternative measures of overall brain volume and when sex are also included.

In the full sample absolute latitude also shows a positive relationship with eyeball volume
(t86=2.045, p=0.044, R2=0.046), which remains independently of non-visual brain volume,
brain stem + cerebellum volume and subcortical grey matter volume. In the higher quality
subset both orbital and eye volume are positively related to absolute latitude, but not
significantly (orbit: t38=0.845, p=0.403; eye: t38=0.797, p=0.430).

Discussion
The results presented here show that contrary to previous reports (Chau et al., 2004), orbital
volume is significantly positively associated with eyeball volume within humans,
independently of overall brain size, suggesting that on average a larger eye will correspond
to a larger orbit.

According to the model human orbital volume explains ~17% of the variance observed in
eyeball volume across this human sample (although this rises to ~40% in the higher quality
image sample, N=40). Moreover, these results suggest that the eye and orbit scale
independently of overall facial and body size. However, this work could be developed by
using actual body mass data as well as focusing on the influence of facial shape on orbit size
in order to investigate whether these factors impact on eye-orbit scaling during development
and in adulthood.

Nonetheless, the strength of the relationship between eyeball and orbital volumes presented
here is likely to be an underestimate, for a number of reasons. Firstly, although an updated
version of the same software as Chau and colleagues (2004) and the same procedure for
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measuring orbital volume was used in this study, the MRI scans available were not
optimised for orbital and ocular tissue measurements. Since the 1000 Functional
Connectome scans were taken in order to study the brain, they were T1-weighted, which
allows particularly clear differentiation of white matter and grey matter, whereas T2-
weighted images are optimal for delineating the eye (Chau et al., 2004; Singh et al., 2006).
Moreover, T1-weighted images show fluid and bones as the same shade (dark/black)
meaning that the true extent of the orbit was difficult to ascertain and delineation of the
region of interest depended on the external boundary of orbital fat (white), which may not
always necessarily follow the orbital walls perfectly.

Secondly, since these scans were not optimised for imaging the eye/orbit region, the quality
was variable and resulted in 49 of the available 89 scans requiring “reconstruction” of the
eyeball border in some slices in order to measure eyeball volume, reducing measurement
accuracy and necessitating removal from the analyses presented here. In combination, these
factors likely gave rise to measurement error, thus artificially inflating the unexplained
variance in the relationship between orbital and eye volume. Nonetheless, the relationship
remained significant. If such error could be eradicated, the relationship would be even
stronger.

Another potential reason for artificially inflated error in the model is that unlike in the study
reported by Chau et al (2004), visual acuity measures were unavailable. Both myopia and
hypermetropia can be due to abnormal axial length of the globe: long in the case of myopia
and short in hypermetropia. These conditions may then alter the normal relationship between
orbit and eye size for some unidentified subjects, therefore adding to the overall unexplained
variance. Taking advice from optometrists at the University of Aston, an axial length of
27mm or above was taken as an indication that the corresponding individual was likely
myopic. The three individuals in the full sample who fitted this criterion were not outliers on
a plot of orbit versus eyeball volume. However, more detailed information on actual subject
visual function, rather than depending on proxies, might reduce unexplained error in future
studies into human eyeball-orbit scaling, particularly since corneal curvature is likely to be
involved and was not measured here. However, as Chau et al (2004) point out, during
childhood the orbital region only continues to grow in breadth, so eyeball enlargement in an
axial direction associated with myopia might not have any influence on orbital growth in
later development (Chau et al., 2004; Waitzman et al., 1992).

To further test the closeness of the relationship between human orbital and eyeball size, it
would be necessary to take one of two directions. The first option would be to run optimised
T2-weighted image scans of the eyeball as well as taking CT scans of the same subjects for
measurement of the boney orbit. Alternatively, the components of the visual system from
orbit to V1 could be measured physically post-mortem. The first option seems preferable in
terms of the ease of collecting the measurements, access to larger samples sizes and ethics
approval.

The fact that both eyeball and orbital volume remain significantly associated with visual
cortex grey matter volume independently of various measures of overall brain size suggests
that eyeball volume does explain part of the variance in visual cortex size over and above
that explained by allometric scaling to overall brain size. This echoes previous work, which
has found that within humans (Andrews et al., 1997) and across mammals (Barton, 2007),
the components of the visual system co-vary independently of, respectively, the size of the
brain overall and other sensory brain areas. In addition, the lack of a significant relationship
between eye and brain volume, which has been reported previously by Todd et al (1940),
suggests that eye size is specifically associated with visual cortex size in human adults, even
though eye development tends to follow the brain growth trajectory (Scammon and
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Armstrong, 1925; Todd et al., 1940). However, to strengthen these results, further data
collection using T2-weighted images would also allow more accurate measurement of the
optic nerve, chiasm and tract to allow a direct link to be made between the orbital and
cortical measurements.

Consistent with previous studies (Dougherty et al., 2003; Song et al., 2011), there was a
positive significant relationship between V1 and V2 grey matter volumes, independently of
rest-of-cortex grey matter. Additionally, there was a significant positive relationship
between V2 and V5/MT grey matter volumes, illustrating that the scaling appears to
continue through the visual system. As with the V1-V2 relationship, V2 remains
significantly associated with V5/MT grey matter volume independently of rest-of-cortex
grey matter volume. Furthermore, the V1-V2 and V2-V5/MT associations remain
independently of motor and somatosensory area volumes. These findings support scaling
between different visual areas in the human brain independently of other cortical systems.

Despite limitations regarding whether subjects were local to the area where they were
scanned, as well as the likely diluting effect of widespread artificial lighting, our findings
still provide supplementary support for the hypothesis that human visual systems enlarge
over progressively higher latitudes (Pearce and Dunbar, 2012). Firstly, significant scaling
relationships indicate that larger orbits imply larger eyes at higher latitudes and secondly, a
significant positive linear relationship was found between the absolute latitude of the
imaging centres and total visual cortex grey matter independently of overall rest-of-cortex
grey matter volume (as well as independently of the alternative brain size measures). These
results suggest that the positive latitudinal trend in human brain size may be associated with
enlarged visual cortices in addition to increasing body mass (Beals et al., 1984; Pearce and
Dunbar, 2012).

Although absolute latitude on its own explains only ~9% of the variance in visual cortex
grey matter volume (Figure 7), this is probably partly due to the fact that, as mentioned
above, the individual subjects measured at each imaging centre were not necessarily local to
that area. In other words, subjects may have grown up elsewhere, meaning that the size of
their visual systems might reflect their native latitude light levels rather than the ambient
light levels associated with the latitude of the imaging centre. In order to test between an
ancestral/phylogenetic effect and a developmental effect, data on individual ethnicity and
childhood location are necessary. Ocular ontogeny has a high heritability, at least in terms of
myopia (Goldschmidt, 2003; Guggenheim et al., 2003), and since eyeball increase would be
adaptive in terms of enhanced sensitivity and/or acuity, such global expansion would be
positively selected under these conditions. Further research into this is necessary to
demonstrate the relative importance of ancestral and childhood ambient light levels in
manifested visual system size.

So far the effects of light levels on eye development have been investigated only in relation
to myopia, which is generally linked to a large, axially elongated eye (Chau et al., 2004;
Masters, 2012; Vera-Diaz et al., 2005). Evidence for the specific effects of light on eyeball
size, however, is equivocal. One line of evidence suggests that extended time spent in high
light levels, such as during long summer days at higher latitudes, leads to an increase in
myopia in humans (Mandel et al., 2008; McMahon et al., 2009) (Vannas et al., 2003).
Additionally, some animals (chicks and mice: Cohen et al., 2008; Liu et al., 2004; Zhou et
al., 2009) raised under constant exposure to high light levels, also show altered internal
ocular dimensions. In contrast, it is also the case that low light levels can affect axial length,
in chicks raised in dim light (Cohen et al., 2011), and in humans spending greater time
indoors (Rose et al., 2008a; Rose et al., 2008b), perhaps due to insufficient vitamin D (Mutti
and Marks, 2011). Moreover, the rate of ocular elongation in child myopes has been
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reported to be higher in winter than in summer, again suggesting a link between eye growth
and lower light levels (Fulk et al., 2002). Overall, it seems that myopic eye enlargement is
associated with skewed light/dark cycles and dim light conditions, both of which could be
related to latitude in terms of increased day-length seasonality and reduced illuminance.
Nonetheless, the impact of light levels on normal visual development requires study.

Once higher resolution data are collected in order to provide baseline equations, the use of
orbit size as a proxy for eyeball and visual cortex size may have useful applications for
investigating visual system size in fossil hominins. However, as in the case of using orbital
volume to associate fossil primates with particular activity periods, caution should be taken
when interpreting the results (Kay and Kirk, 2000; Kirk, 2006; Ross and Kirk, 2007).

CONCLUSION
Overall, this paper has demonstrated that in humans orbital volume is significantly
positively associated with eyeball volume and that in turn eyeball volume seems to be linked
to visual cortex grey matter volume independently of overall brain size. This scaling
suggests that the previously identified positive relationship between orbital volume and
absolute latitude (Pearce and Dunbar, 2012) indicates not only larger eyes, but also larger
visual cortices, in higher latitude humans compared to those living nearer the equator. Direct
corroboration of this is also presented here, with the finding that visual grey matter volume
is positively associated with absolute latitude independently of overall brain size.
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Figure 1.
Axial eyeball length taken: maximum length between centre of the cornea and the retina,
bifurcating the eye. Due to confidentiality issues with the 1000 Functional Connectomes
scans, this scan is not from the current study but serves to illustrate the measurements taken.
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Figure 2.
Left – The orbit delineated in a single slice, marked by the nasal cavity on the left and the
zygomatic bone on the right. Right – The eyeball delineated in a single slice, with the
boundary identified as the edge of the anterior and posterior chambers. The lens is visible in
this slice. Due to confidentiality issues with the 1000 Functional Connectomes scans, this
scan is not from the current study.
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Figure 3.
Mean eyeball volume plotted against mean orbital volume for 88 living humans. The dotted
lines represent 95% confidence intervals for the regression line. Removing the high outlier
(shaded) makes no difference to the analyses.
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Figure 4.
Total V1 grey matter volume plotted against mean eyeball volume for a sample of 88 living
humans. The outlier is shaded (see main text). The dotted lines represent 95% confidence
intervals for the regression line.
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Figure 5.
Total visual cortex grey matter volume plotted against eyeball (A) and orbital (B) volume
for 88 living humans, with an outlier shaded. The dotted lines represent 95% confidence
intervals for the regression line.
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Figure 6.
V1 (circles, sold regression line) and V5/MT (squares, dashed line) grey matter volume
plotted against V2 grey matter volume (N=99). The outlier is shaded.

Pearce and Bridge Page 20

Ann Hum Biol. Author manuscript; available in PMC 2013 November 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7.
Visual cortex (V1 + V2 + MT) grey matter volume plotted against the absolute latitude of
the imaging centres where the scans were taken. The dotted lines represent 95% confidence
intervals for the regression line.

Pearce and Bridge Page 21

Ann Hum Biol. Author manuscript; available in PMC 2013 November 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Pearce and Bridge Page 22

Table I
OLS regression statistics for partial relationship between eyeball volume and V1 grey
matter volume, controlling for various measures of overall brain size

Eyeball volume predicting V1
volume, separately controlling for:

OLS Regression Statistics

t df p
Overall

adjusted r2

Total brain volume 3.598 85 0.001 0.214

Brain volume minus total visual grey
matter volume 3.607 85 0.001 0.203

Subcortical grey matter volume 3.680 85 4.082×10−4 0.198

Cerebellum + Brainstem 3.670 85 4.230×10−4 0.183

Non-visual cortical grey matter
volume 3.316 85 0.001 0.248

Motor cortex grey matter volume 2.796 85 0.006 0.215

Somatosensory cortex grey matter
volume 2.732 85 0.008 0.252
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Table II
OLS regression statistics for partial relationship between eyeball volume and “total”
visual cortex grey matter volume, controlling for various measures of overall brain size

Eyeball volume predicting visual cortex
grey matter volume, controlling for:

OLS Regression Statistics for Partial
Relationship between Eyeball Volume and

“Total” Visual Cortex Grey Matter Volume

t df p
Overall

adjusted r2

Total brain volume 3.353 85 0.001 0.288

Brain volume minus total visual grey
matter volume 3.360 85 0.001 0.269

Subcortical grey matter volume 3.394 85 0.001 0.225

Cerebellum + Brainstem 3.338 85 0.001 0.183

Non-visual/rest-of cortical grey matter
volume 2.969 85 0.004 0.370

Motor cortex grey matter volume 2.127 85 0.036 0.294

Somatosensory cortex grey matter volume 2.073 85 0.041 0.359
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