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of the degree of shrinkage, then these two traits might become
correlated to one another for lenses in the post-shrinkage state,
even if they happened to be uncorrelated initially. For the
comparisons between lens thickness and nonlens trait
dimensions, however, the correlations appeared more reliable;
that is, correlations—and particularly their significance levels
—were more similar for the two methods of measuring lens
thickness, especially for the lenses judged to be nonkidney
shaped (Appendix 1).

Thus, despite the adverse effects of the artifact
phenomenon, the high statistical significance of the in vivo
versus ex vivo comparison of axial lens thickness values
suggested that the MRI data could still be used to explore the
statistical significance—if not, perhaps, the magnitude—of
correlations between lens parameters and nonlens traits
(comparisons that have rarely been possible in the past due to
the difficulty of measuring the size and shape of the crystalline
lens, either in vivo or ex vivo).

Correlations between traits: Correlations between the various
lens parameters measured and various other ocular and
nonocular traits were calculated, first for all of the chickens
examined (n=501) and second for those chickens whose
lenses were subjectively rated as having a nonkidney shape
(n=323). The results are shown in full in Appendix 2, and the
major findings are illustrated in Figure 5. Lens volume (Figure
5A) and lens equatorial diameter (Figure 5B) were highly
correlated (p<0.001) with all of the other ocular traits and with
most body size traits. In marked contrast lens anterior and
posterior radii of curvature were unrelated to all of the other
nonlens traits (Figure 5C,D). As reported previously [6] axial
lens thickness was intermediate, being significantly correlated
with a limited number of other (nonlens) ocular and body size
traits (Figure 5E,F). For comparison, Figure 5 also depicts
analogous results for axial eye length (Figure 5G) and corneal
radius of curvature (Figure 5H) measured using
ultrasonography and video-keratometry, respectively, in the
same chickens [6]. For these nonlens traits, the correlations
between the various eye size traits and between eye and body
size traits were uniformly high. Thus, the general pattern was
that lens volume and lens equatorial diameter were more
closely correlated with eye and body size than were axial lens
thickness and the lens surface curvatures but that the size of
the crystalline lens was not tightly related to overall eye size
or body size in comparison to traits such as axial length.

DISCUSSION

Measurement of lens dimensions: Only a limited number of
methods have been developed to measure the dimensions of
the crystalline lens. In vivo optical methods, such as
phakometry and Scheimpflug imaging, have proven
successful in determining the anterior and posterior surface
curvatures of the lens and the axial lens thickness. Following
pupil dilation these techniques allow a wide-angle view of the
anterior surface of the lens, along with a more restricted view
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Figure 5. Illustration of significant correlations between lens, eye and
body size traits (for eyes with lenses judged as non-kidney shaped).
Panels A-H each depict the degree of correlation between an
individual trait (central circle) and a range of other eye and body size
traits (outer circles). Significant correlations between traits are
indicated by blue lines, with thickness proportional to the magnitude
of the correlation coefficient. Results are shown for lens volume
(A), lens equatorial diameter (B), lens anterior radius of curvature
(C), lens posterior radius of curvature (D), axial lens thickness
measured by magnetic resonance imaging (MRI) (E), axial lens
thickness measured by ultrasonography (F), axial eye length (G), and
corneal radius of curvature (H). Ocular traits measured by MRI are
depicted as green circles, ocular traits measured by methods other
than MRI as yellow circles, and nonocular traits as white circles. The
data for panels G and H have been published previously [6] and are
included here to provide a comparison between lens traits and other
ocular traits.
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of the posterior surface. Ray-tracing algorithms must be used
to compensate for the effect of refraction at the anterior and
posterior surfaces of the cornea and, in the case of estimation
of the position and curvature of the posterior surface of the
lens, refraction at the anterior surface and through the lens
itself (the latter analysis being complicated by the gradient
index of the lens). However, phakometry and Scheimpflug
imaging do not permit estimation of lens equatorial diameter
or lens volume. To our knowledge, these techniques have not
been used to study avian eyes.

Hemisectioning and frozen sectioning allow a more
complete assessment of the size and shape of the lens than do
in vivo phakometry and Scheimpflug imaging. Both
sectioning techniques have been used successfully in studies
of the chicken eye [11-13]. Of the two approaches frozen
sectioning is the more time consuming but is superior in that
it (1) permits lens volume to be calculated and (2) enables the
surface curvatures to be measured at the very center of the
lens. Despite prior reports of success, we could not obtain
satisfactory estimates of lens parameters in chicken eyes,
using frozen sectioning. When tissue was chemically fixed
before sectioning, we obtained insufficient contrast between
the aqueous humor and the anterior surface of the crystalline
lens to permit automated detection of the lens/aqueous
boundary.When unfixed tissue was examined, we found that
swelling of the lens occurred, invalidating the results obtained
(ironically, however, image contrast between the lens and the
surrounding tissue was excellent).

MRI has the potential to overcome many of the
disadvantages of the techniques mentioned above. It enables
all of the relevant lens parameters to be measured (indeed, it
can even be used to determine the refractive index at any point
in the crystalline lens [14]). Like frozen sectioning, MRI has
the capacity to provide true 3D representations of the lens.
Only when such a 3D model of the whole lens surface has
been obtained is it possible to calculate the thickness,
equatorial diameter, and radii of curvature of the lens at its
center and with reference to the optical axis of the eye.

Apart from the amount of time required for manual
processing of images, e.g., mri3dX analysis, the main
disadvantages of MRI are that (1) it requires the use of
complex expensive equipment, which usually means that
access incurs a high per hour cost to the end user and (2) the
time taken to acquire images is dependent on both the desired
level of resolution and the 3D size of the structure being
scanned. These latter two disadvantages are intimately related
because the longer scan times necessary to scan small samples
at high resolution obviously lead to higher scanning costs. We
sought to strike a balance between image resolution and
scanning costs by choosing to scan multiple (specifically, 16)
eyes simultaneously and to scan for a long period (16 h).
Interestingly, due to the nature of MRI and the 2x2x4 array
system of arrangement of eyes used in the present study, this
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approach yielded a fourfold increase in resolution compared
to scanning a single eye for 1 h.

However, our experience shows that it is not currently
possible to obtain high-resolution 3D representations of small
eyes or crystalline lenses using MRI (certainly not in the large
numbers of animals required for a gene mapping study). To
obtain sufficient image contrast to allow the dimensions of the
chicken crystalline lens to be measured, our work shows that
even with a new top-of-the-range MRI scanner, a scanning
time of 4 h is required to provide an isotropic image resolution
of approximately 120 um. Thus, for an in vivo scan, it would
be necessary to keep a young chicken anesthetized and
absolutely motionless for 4 h, which is not feasible (and to
carry out this feat on the hundreds of chickens required for a
gene mapping study would have been prohibitively
expensive). Where researchers have succeeded previously in
obtaining high-resolution MRI scans of animal eyes, this has
been done with high resolution in only two dimensions and
poor resolution (e.g., 0.5-1.0 mm) in the third [15,16]. This
“thick slice” approach is appealing because the MRI signal is
integrated across the depth of the slice, producing good image
contrast, but it leads to an averaged blurred representation of
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Figure 6. Presence/absence of a kidney-shaped appearance as a
function of hatch and scan group. Panel A shows the proportion of
kidney-shaped lenses as a function of hatch (i.e., batches of chickens
hatched and phenotyped together). Note that for some hatches (e.g.,
hatches 3, 14, 18, 21, 23, and 25) none of the lenses had a kidney
shape, yet for other hatches (e.g., hatches 15 and 17) kidney-shaped
lenses were the norm. Panel B shows the proportion of kidney-shaped
lenses as a function of scan group (i.e., groups of eyes that were MRI
scanned at the same time). Note that the proportion of kidney-shaped
lenses was approximately uniform across scan groups.
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the eye’s structure. With the knowledge that in vivo MRI
scanning could not provide high-resolution 3D images of the
crystalline lens, we chose to scan ex vivo eyes so that long
scan times could be used. Unfortunately, such ex vivo work
requires the use of tissue fixation and, as discussed below, we
found this to introduce dramatic alterations in lens shape.
Kidney-shaped lenses: Our adoption of an ex vivo MRI
scanning strategy necessitated the use of chemical fixation
since unfixed lenses swell in buffered saline solution, thereby
altering their dimensions within a matter of hours. A recent
report by Augusteyn et al. [17] found that chemical fixation
of the human crystalline lens with paraformaldehyde also
caused its dimensions to change, although in this case to
shrink rather than swell. This lens thinning after
paraformaldehyde fixation was associated with a loss of water
from the lens, particularly the lens cortex (why this water loss
occurred was not clear [17]). We speculate that in the chicken
lens, fixation-induced shrinkage is greatest in the central
portion of the anterior lens cortex and that it is this localized
shrinkage that leads to the warped kidney-shaped appearance
noted in about one-third of the lenses examined in this study.
In circumstantial support of this theory, we found that the
proportion of kidney-shaped lenses was significantly
associated with hatch (logistic regression, p<0.001; Figure
6A), i.e., that eyes fixed on the same day using the same batch
of fixative solution had a greater than chance tendency to show
a similar shape profile to one another. In contrast, the
proportion of kidney-shaped lenses did not vary significantly
as a function of whether or not eyes were MRI scanned
together at the same time (logistic regression, p=0.80; Figure
6B). However, because hatch did not fully account for whether
or not lenses appeared kidney shaped, other (unknown) factors
must also be involved in causing the kidney-shape artifact.
In view of the significant influence of hatch on the
prevalence of kidney-shaped lenses, we investigated whether
restricting our analyses to those hatches with a low proportion
of misshapen lenses would provide a less biased data set than
our original analysis of lenses subjectively rated as nonkidney
shaped. There were 8 hatches for which less than 10% of
lenses were subjectively rated as kidney-shaped (these 8
hatches comprised of 146 lenses, only 2 of which were rated
as kidney-shaped). For this group of lenses, the correlation
between axial lens thickness measured by MRI and by
ultrasound was r=0.42 (p<0.001). For the group of lenses from
the hatches in which no lenses were rated as kidney shaped
(111 lenses in 6 hatches), the correlation between axial lens
thickness measured by MRI and lens thickness measured by
ultrasound was similar (r=0.41, p<0.001). Coupled with
scatter plots (not shown) of the relationship between lens
thickness measured using the two methods, this suggested that
restricting the analysis to specific hatches was unlikely to
provide a less biased data set. For the hatches in which less
than 10% of lenses were rated as kidney shaped, the
correlations between lens parameters and other parameters are
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shown in Appendix 3. These correlations were similar to those
observed for all eyes with lenses subjectively rated as
nonkidney shaped (Appendix 2).
Correlations in lens and eye size: The lens parameters
measured by MRI were found to be subject to two distinct
sources of error. First, a variable degree of fixation-induced
shrinkage of the tissue was found to exert an overall
downward bias and an increased variance in estimates of lens
thickness (Figure 4A-D). In about one-third of the eyes, this
resulted in an obvious change in lens shape that also
compromised the accuracy of most of the other lens parameter
measurements. Second, the scanning and image analysis
procedures were found to introduce a relatively minor
nonsystematic source of imprecision (Table 1), especially in
measurements of equatorial lens diameter. The combination
of these two sources of measurement imprecision made
individual lens parameter estimates unreliable, which
consequently made correlation coefficients between lens and
eye size parameters also unreliable (because a random
measurement error will act to lower the estimate of a
correlation coefficient). Therefore, we chose to focus on
whether a correlation coefficient was statistically significant
rather than placing an emphasis on the actual magnitude of
the correlation. (Note that some within-lens correlations, such
as that between axial lens thickness and lens volume, were
actually higher when lens thickness was measured by MRI
rather than by ultrasound. We presume that this was due to
shrinkage causing a correlated degree of change to both of
these parameters, i.c., the effects of a nonrandom source of
noise. For this reason, the magnitude of all within-lens
correlations was regarded as particularly unreliable.)
Despite the reservations mentioned above, in this work
we disclosed two interesting new findings regarding the co-
regulation of the growth of the lens, the eye as a whole, and
the rest of the body. First, we found that lens volume and lens
equatorial diameter were both significantly related to eye and
body size. This implies acommon origin in the scaling of these
structures, for instance due to a shared influence of specific
genetic factors. In contrast, as we reported previously [6],
axial lens thickness was only weakly related to eye and body
size (as judged from ultrasound measurements) in these birds.
There was also no evidence that the radii of curvature of the
crystalline lens were related to eye and body size, but this lack
of correlation could have been caused by the fixation artifact
rather than representing the true physiologic situation.
Together, our results suggest the novel theory that the volume
and diameter of the lens might be under one system of control
and the thickness (and possibly surface curvatures) of the lens
under another. Animal studies have shown that visually
guided refractive development typically has little effect on
lens thickness [5]. Because changes to the depth of the vitreous
chamber are the primary effecter of these visually guided
responses, the low correlation between lens thickness and
vitreous chamber depth in our population of chickens is
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consistent with these prior studies. In contrast, our finding of

a modest but significant correlation between eye equatorial

diameter and lens equatorial diameter is in keeping with the

proposed link between these parameters that Zadnik, Mutti,
and co-workers [ 1-4] speculate to be the cause of the reduction
in lens power during childhood refractive development.

In conclusion, despite a serious source of measurement
error as regards the dimensions of the crystalline lens due to
the use of chemical fixation, we identified highly significant
correlations between lens volume and eye/body size and
between equatorial lens diameter and eye/body size in the
chicken. These relationships contrast with the virtual
independence noted previously between lens thickness and
eye/body size, suggesting that different genetic or
environmental factors might determine lens volume/diameter
and lens thickness in normal chickens.
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Appendix 1. Spearman correlationsbetween axial lens thickness, measured
using either MRI or ultrasound, and other lens, eye or body dimensions.

To access the table, click or select the words “Appendix
1.” This will initiate the download of a Word (.doc) file that
contains the table.

Appendix 2. Spearman correlations between lens dimensions measured
using MRI and other lens, eye or body dimensions.

To access the table, click or select the words “Appendix
2.” This will initiate the download of a Word (.doc) file that
contains the table.

Appendix 3. Spearman correlations between lens dimensions measured
using MRI and other lens, eye or body dimensions (data for eyes from
batches with less than 10% kidney-shaped lenses).

To access the table, click or select the words “Appendix
3.” This will initiate the download of a Word (.doc) file that
contains the table.
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