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Nonhuman Primate Ocular Biometry
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Purposk. To examine ocular growth in nonhuman primates (NHPs) from measurements on ex
Vivo eyes.

MEerHODS. We obtained NHP eyes from animals that had been killed as part of other studies or
because of health-related issues. Digital calipers were used to measure the horizontal, vertical,
and anteroposterior globe diameters as well as corneal horizontal and vertical diameters of
excised globes from 98 hamadryas baboons, 551 cynomolgus monkeys, and 112 rhesus
monkeys, at ages ranging from 23 to 360 months. Isolated lens sagittal thickness and
equatorial diameter were measured by shadowphotogrammetry. Wet and fixed dry weights
were obtained for lenses.

Resurts. Nonhuman primate globe growth continues throughout life, slowing toward an
asymptotic maximum. The final globe size scales with negative allometry to adult body size.
Corneal growth ceases at around 20 months. Lens diameter increases but thickness decreases
with increasing age. Nonhuman primate lens wet and dry weight accumulation is
monophasic, continuing throughout life toward asymptotic maxima. The dry/wet weight
ratio reaches a maximum of 0.33.

Concrusions. Nonhuman primate ocular globe and lens growth differ in several respects from
those in humans. Although age-related losses of lens power and accommodative amplitude
are similar, lens growth and properties are different indicating care should be taken in
extrapolating NHP observations to the study of human accommodation.
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onhuman primates (NHPs), including baboons, cynomol-
N gus and rhesus monkeys, have been used in numerous
studies as models for human visual functions such as
accommodation and its loss with increasing age.'~'> However,
relatively little is known about the growth of the nonhuman
primate eye and in particular the lens, which is a key
component of the accommodative system. Limited data are
available for rhesus monkeys and virtually none for baboons
and cynomolgus monkeys.

Several studies on accommodation in the rhesus monkey
have yielded data for in vivo lens dimensions and surface
curvatures.>-7-19-13 Unfortunately, there is little agreement
between them. Estimates of disaccommodated lens thickness
vary from 3 to 4.5 mm at any age between 1 and 30 years, with
no clearly discernible age-related trend in many of the reported
data sets. Some data were interpreted as showing an increase
with age: others as a decrease. Similar high variability was
observed in a study on lens diameters.'? It is not obvious why
there are such large variations, not only between investigators,
but also within the same study. Some may reflect individual
differences while others may be due to differences in
measuring techniques. Consequently, it is not possible to state
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with certainty what the dimensions of different NHP lenses may
be. In addition, it has not been established how the dimensions
change with age, information which is critical to understanding
presbyopia development. The variability and lack of certainty
makes it very difficult to compare humans and other primates.

It has been pointed out previously that while in vivo
observations can provide important information on the
functioning of the lens in the ocular environment, they are
less useful for determining biometric properties.'* Some of
these would be influenced by the surrounding tissues, the
accommodative state of the eye and any corrections applied for
optical or sonic distortion during measurements. Age-related
changes in lens properties can only be studied effectively with
ex vivo tissues. There are potential sources of error with in
vitro measurements, as well. These relate predominantly to
postmortem changes in the lens resulting from inappropriate
handling or prolonged storage of the tissue as observed with
human'® and sheep!® lenses. Furthermore, postmortem chang-
es due to inappropriate handling may also alter the dimensions
of the globe and cornea.

As part of a study on isolated lens power, it was observed
that lens diameter increases with increasing age while thickness
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decreases in baboons, cynomolgus and rhesus monkeys.!” This
differs from humans where both diameter and thickness
increase.'%18 However, most of the data were obtained from
animals aged under 10 years, equivalent to humans younger
than 30 to 40 years and, therefore, not particularly relevant to
presbyopia development.

Over a large number of years, it has been possible to
accumulate ex vivo data in our laboratory, albeit limited in
some cases, on changes in NHP eye dimensions as a function of
age. There appears little chance that significantly more can be
collected. Ethical and financial considerations make it extreme-
ly difficult to obtain such information these days. Therefore,
the currently available data are presented in the hope that they
may be of value to others and/or stimulate further research in
this area.

MATERIALS AND METHODS

No animals were Kkilled solely for this study. All tissues were
byproducts from procedures performed elsewhere and for
other purposes. Eyes from baboons (Papio hamadryas),
rhesus (Macaca mulatta) and cynomolgus monkeys (Maca-
ca fascicularis) were obtained through the division of
veterinary resources at the University of Miami as part of a
university-wide tissue-sharing protocol and were used in
accordance with institutional animal care and use guidelines.
The animals, which were used by the Diabetic Research
Institute of the University of Miami Miller School of Medicine,
were mainly pancreas donors plus a few which had to be
euthanized because of uncontrollable diarrhea. All of the
rhesus monkeys were from the Mannheimer Foundation and
were of Indian origin. The cynomolgus monkeys were
descended from a small founder population obtained from
Mauritius. Fixed baboon eyes were also obtained from the
Australian National Baboon Breeding Colony from animals
which had died or were euthanized for health reasons. Sex,
age, and body weight were recorded for most animals. All
procedures were carried out in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and approval for the project was obtained through
the Animal Ethics Committees at the University of Miami
(animal care and use committee protocols #01-228, 04-073,
07-089, 10-116, and 13-075) and the Princes Alexandra
Hospital (Sydney South West Area Health Service Animal
Welfare Committee Project 013C).

All measurements on fresh eyes were performed at the
Ophthalmic Biophysics Center of the Bascom Palmer Eye
Institute between 2001 and 2014 using the same procedures
and the same instruments over the whole period. All
optoelectromechanical instruments used were dedicated to
this study and protected. These were routinely checked for
calibration every 3 months by metrology-trained biomedical
engineers. The instruments remained stable during that time
and no recalibration was required. As described in detail
previously,'®19 precision chrome alloy steel gauge balls (EV.
Fowler Co., Inc., Newton, MA, USA) were used to calibrate the
calipers and shadowgraph. Edge detection was accurate to 12
um and the precision was always better than =0.01 mm.

All fresh NHP eyes were enucleated no later than 5
minutes post mortem and transported, on saline-soaked
gauze, to the laboratory within 10 minutes. Globe IOP was
checked by an ophthalmic surgeon and any perforated globes
were discarded. Global horizontal, vertical, and anteroposte-
rior diameters and corneal (white to white) horizontal and
vertical dimensions were measured within 2 hours of death,
before any other procedures and after removing surrounding
fat and extraocular muscle stumps, using self-calibrating
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digital Vernier calipers (Absolute Digimatic Digital Calipers;
Mitutoyo America Co., Aurora, IL, USA) as first described by
Nakagawa et al.?! This instrument is more precise than
Castroviejo calipers.!® It was not necessary to inflate the
globes since none had collapsed or deflated. Care was taken
to ensure proper orientation of the globe for the horizontal
and vertical measurements. Lens dimensions were then
determined within 4 hours using shadowphotogrammetry,
as described below. When both eyes from an animal were
obtained at the same time, the second eye was stored at 4°C in
a sealed vial with a wet gauze to prevent dehydration, and
lens dimensions were measured the following morning.
Comparison of the fresh and stored tissues revealed no
significant differences in lens dimensions or weights.

The posterior of the eye was removed by circumferential
dissection and the lens was extracted with a lens spoon after
freeing it from the zonular attachments with Vannas scissors.
Lenses were visually assessed under an operation microscope
equipped with a slit lamp illuminator (OMS300; Topcon,
Tokyo, Japan) for the presence of opacities or precataractous
changes. None were found. Central lens thickness and
equatorial diameter were measured using shadowphotogram-
metry.2° Lenses were then carefully blotted dry and weighed to
the nearest 0.01 mg (PM400 electronic balance; Mettler-
Toledo, Columbia, MD, USA) before being placed in 10%
buffered formalin. After at least 1 week in the formalin, lenses
were rinsed with water and then dried at 80°C until constant
weight was achieved, usually after approximately 2 weeks.

The 79 baboon eyes collected in Australia were placed
directly into 10% buffered formalin and, after a minimum of 2
months, the lens was removed through an incision in the
posterior sclera and dried as before.

Not all parameters could be measured for each eye or lens.
Where two eyes were available from any donor, data were
averaged for all statistical evaluations. Any value more than 2.5
SD from the mean for that age, or its corresponding estimated
value under the nonlinear regression analysis in cases of
logistic model fitting (see later in the Methods section) was
considered to be due to tissue damage and was eliminated from
these calculations. This entailed no more than six values in any
of the baboon and rhesus monkey data sets and 12 for the
cynomolgus monkeys. All data are shown in the figures but
those eliminated from the calculations are identified. Fourteen
baboon lens wet weights were discarded because the ratio of
dry weight/wet weight was more than 3 SD below the mean
for that age, indicative of water uptake.'>1°

All statistics were calculated using statistical software
(XLStat for Excel, version 2014, 4.05; Addinsoft, New York,
NY, USA) add-in and macros developed in a programming
environment (Visual Basic for Applications in Excel 2013;
Microsoft Corp., Redmond, WA, USA). Sex differences in globe
and corneal dimensions were compared using the 2-tailed #test
and the Wilcoxon Mann-Whitney U test when the distribution
was not normal. For the nonparametric analyses, the P values
were computed using a distribution-free Monte Carlo method
with 10,000 simulations.

The effects of age and sex on the various ocular dimensions
and lens weights were examined under the two-parameter
logistic model

D= Dme’k/‘1 + &,

where D is the dimension or weight, D,, is the maximum
(asymptotic) dimension or weight, A is the age since
conception, & is the growth constant and ¢ the error (residual)
term. Data were fitted to the model (without logarithmic
transformation) using a nonlinear regression technique to
minimize the sum of square of residual. Nonlinear regression
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Ficure 1. Globe horizontal, GV, and GAP diameters as a function of age in (A, D, G) baboons, (B, E, H) cynomolgus (C, E D and rhesus monkeys.

Solid blue circles: males. Solid red circles: females. Open circles: outlier data not used in the statistical analyses.

was implemented with Solver in a spreadsheet program (Excel;
Microsoft Corp.), setting D,, and k& as variables using the
generalized reduced gradient method for solution (precision
and convergence set to 107 and 107>, respectively). Data are
presented in some figures according to the transformed logistic
equation

In(D) = In(D,,) — k/A,

since this better illustrates the continued growth. For all
analyses, the probability of a Type I error was well below 0.01.
Data were also tested against a model based on the two-
parameter logistic equation with an added linear component of
slope k. to identify possible nonasymptotic continuous
growth:

D = Dye 4 1+ koA + s

Adult body weights and life spans were obtained from the
listing of Grzimek.??

RESULTS
Globe

External dimensions of the globe and cornea were obtained for
98 baboon, 112 rhesus and 551 cynomolgus monkey eyes. It
was not possible to collect tissues covering the whole of the

animals’ possible life spans but enough were obtained to allow
comparisons and reasonable conclusions. Postnatal ages
ranged from 20 to 360 months for the baboons, 17 to 196
months for the cynomolgus monkeys and 9 to 210 months for
the rhesus monkeys. These represent ~70%, 45%, and 55%,
respectively, of their possible lifespans. Since ocular growth
commences before birth, the age since conception has been
used throughout.

The horizontal (GH), vertical (GV) and anteroposterior
(GAP) diameters for the globe as a function of age are
presented in Figure 1.

There were no differences between males and females in
baboon GH (P =0.72), GV (P = 0.46), and GAP (P = 0.47), as
well as rhesus monkey GH (P = 0.08) and GAP (P = 0.19).
There appeared to be a statistically significant difference for
the rhesus monkey GV (P = 0.033). Insufficient female data,
with the same age distribution as for the males (17 female, 468
male), were available for assessment of cynomolgus dimen-
sions. Male and female globe data were combined for further
analyses.

Although the increase is small, the data suggest that
globe dimensions continue to increase throughout the
period examined. This was explored by fitting the data to
a two-parameter logistic growth curve using nonlinear
regression. Reasonable logistic fits (R? = 0.43-0.55) were
obtained with the baboon and rhesus monkey data for each
dimension, indicating that globe dimensions continue to
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Logistic analysis of the changes in GH, GV, and GAP diameters with age in (A, D, G) baboons, (B, E, H) cynomolgus and (C, E I) rhesus

monkeys. Male and female data are combined. Open circles: data excluded from the analyses.

increase throughout adult life toward an asymptotic
maximum. It was not possible to be certain about
cynomolgus monkey dimensions since the logistic fits were
poor (R? =< 0.1).

The data are plotted according to the transformed form of
the logistic equation in Figure 2.

The negative slopes of the straight lines of best fit indicate
that growth is self-limiting continuing throughout life toward
an asymptotic maximum. The abscissa intercepts correspond
to the asymptotes in Figure 1. The maxima are summarized in
the Table. Corresponding data for humans, taken from the
study by Augusteyn et al.,?> have been included for compar-
ative purposes.

The maximum horizontal globe diameters and anteroposte-
rior lengths are very similar in each of the three nonhuman
primates. However, the vertical diameters are significantly
lower (GV/GH = 0.98; P < 0.001 by both 2-tailed, paired #test
and Wilcoxon signed-rank test) for all species, indicative of a
slight flattening of the globe. This differs from the human globe
where the three dimensions are not statistically significantly
different from each other.>®

Allometric phylogenetic analysis (Fig. 3) indicates that
primate adult eye volume, calculated from the dimensions in
the Table, scales with negative allometry relative to male adult
body weight with an exponent of 0.33 (R?> = 0.96). An
exponent of 0.104 (R?> = 0.96) was determined for the

allometric relationship between each of the three globe
diameters and body weight.

Cornea

The nonhuman primate corneal horizontal (CH) and vertical
(CV) diameters are presented in Figure 4.

No differences were observed between males and females
in baboon CH (P = 0.23) and CV (P = 0.25) and in rhesus
monkey CH (P = 0.87) and CV (P = 0.93). Insufficient female
data were available for assessment of the cynomolgus corneal
dimensions.

Corneal dimensions did not increase continuously with age.
Corneal horizontal and vertical diameters reach maximum
values sometime near postnatal 20 months. This was con-
firmed with logistic analysis which yielded plots with zero
slopes (not shown) after this age. The average adult dimensions
are listed in the Table. Similar CH values were obtained by
Kaufman et al.?4 from in vivo MRI measurements on eight
adolescent and young adult monkeys.

Corneal horizontal and vertical diameters are significantly
different (P < 0.0001) in all three NHPs. To verify that this was
not an artefact of the handling procedures, several cynomolgus
monkeys were examined prior to enucleation of the eye. The
corneal vertical and horizontal ratio of 0.93 to 0.95 is similar to
that observed with human corneas.??
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TaBre. Globe and Cornea Dimensions
Globe Cornea
GH GV GAP GAP/GH GV/GH CH CV CV/CH
Baboon
Average 20.79 20.48 20.84 1.00 0.98* 10.79 9.96 0.93*
SER 0.71 0.80 0.64 0.03 0.02 0.36 0.39 0.03
n 98 98 98 98 98 98 98 94
Cynomolgus
Average 18.47 18.05 18.90 1.01 0.98* 10.25 9.64 0.94*
SER 0.71 0.78 0.54 0.04 0.02 0.44 0.44 0.03
n 521 520 513 506 508 510 505 505
Rhesus
Average 20.40 20.09 20.30 1.00 0.98* 11.38 10.84 0.95*
SER 0.61 0.61 0.73 0.03 0.02 0.36 0.35 0.02
n 111 110 110 108 110 112 110 109
Human?3
Average 24.26 24.16 24.44 1.01 1.00 11.91 11.26 0.95*
SD 0.96 0.97 1.03 0.03 0.03 0.65 0.64 0.03
n 518 510 509 509 510 503 496 496

SER, standard error of regression.
*P < 0.01.

Corneal dimensions scale with negative allometry relative to
head diameter with an exponent of around 0.2 (R* = 0.62) for
the baboon, cynomolgus monkey, and humans. However, the
rhesus monkey corneal dimensions were over 10% larger than
what might be expected from the allometric relationship.

Lens

Dimensions were determined for 41 baboon, 294 cynomolgus
and 58 rhesus monkey lenses. They are presented in Figure 5.

Male and female lens dimensions are the same for rhesus
monkeys (D and T; P=0.97 and 0.65, respectively). This differs
from the report by Fernandes et al.” that males have thicker
lenses than females in vivo (by a fixed 0.1017 mm, at all ages).
It was not possible to compare baboon lens dimensions
because of differences in the age distributions, with all male
data obtained from animals younger than 105 months while
most females were older than this (Figs. 5A, 5D). However,
logistic analysis of the male and female data (not shown)
indicated that they could be described by the same equation.

9.0
human
— 88
£
£
5 86
°
>
3
S 84
% - rhesus monkey @
£
8.2
® cynomolgus monkey y=0.33x+7.48
R?=0.96
8.0
15 2.0 2.5 3.0 3.5 4.0 45

In Body weight (Kg)

Ficure 3. Allometric analysis of the relationship between maximum
globe volume and male adult body weight. Globe volume was
calculated from the maximum dimensions in the Table.

Insufficient female data were available for the cynomolgus
monkeys to permit comparison.

Lens diameter increases continuously with age in all three
species (Figs. 5A-C). The maximum values observed for the
diameters range from around 8.2 mm for cynomolgus monkeys
to 9.2 for rhesus monkeys and baboons. Logistic analysis (not
shown) suggested asymptotic values would be 0.1 to 0.2 mm
higher. By contrast, lens thickness decreases (Figs. 5D-F).
Consequently, the aspect ratio (T/D) decreases throughout life
(Fig. 6). The ratios in the three NHPs are similar and range from
a high near 0.8 early in postnatal life (2-month-old rhesus
monkey) to around 0.4 late in adulthood (340-month-old
baboon).

Wet and/or dry weights were obtained for many of the
lenses (114 wet and 115 dry from baboons, aged 0 to 396
months; 271 wet and 161 dry from 60- to 176-month-old
cynomolgus monkeys; 128 wet and 129 dry from rhesus
monkeys, aged 1-208 months). No differences were found
between male and female lenses so the data were combined.
These are presented in Figures 7A through 7C together with
logistic analyses (Figs. 7D-F). Wet weight data were more
variable than the dry weights, presumably reflecting water
uptake during storage and handling.'5-'® When lenses had
obviously taken up water, as indicated by low dry/wet
weight ratios (<0.20) the wet weights were not used in the
analyses. Dry weights were unaffected by prior water
uptake. Because of the cubic relationship between dimen-
sions and volume/weight, moderate water uptake (<20% of
weight) had relatively little effect (average of 6%) on lens
dimensions.

The lens weight data for the baboon and rhesus monkey
(Figs. 7A, 7C) clearly indicate an age-dependent increase but
those for the cynomolgus monkey are somewhat equivocal
because of the relatively narrow age range over which data
could be collected. Logistic analyses (Figs. 7D-F) of the
baboon and rhesus data yield reasonably linear plots with
negative slopes consistent with asymptotic growth over the
whole of the available age range.?> The fits of the
cynomolgus data are too poor (R?> = 0.01-0.03) to allow
any conclusions. The logistic growth constants (slopes) for
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the baboon and rhesus monkey lens weights are very similar,
ranging from 3.01 to 3.35 months for wet weight and 5.07 to
5.64 months for dry weight. The higher growth constant for
dry weight accumulation compared with that for wet
weight, indicates compaction is taking place so the average
concentration of dry matter increases with age. The ratio of
dry weight to wet weight in the youngest lenses available is

0.25. In middle age (150-250 months) the ratio is 0.32 to
0.33.

DISCUSSION

One of the motivations for the present study was to acquire
NHP data in an ex vivo regime to avoid many of the sources of
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males. Solid red circles: females. Open circles: outlier data not used in the statistical analyses.
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Fiure 6. Lens aspect ratio (T/D) for baboons (solid blue circles),
cynomolgus (solid green circles) and rhesus monkeys (solid red
circles). Male and female lens data have been combined.

error inherent with in vivo measurements. While ex vivo
measurements carry their own potential sources of error, their
predominant causes, inappropriate tissue handling or storage,
typically result in substantial alterations in the tissue proper-
ties, especially those of the lens. We have attempted to
eliminate, or at least minimize, errors due to such alterations by
substantially reducing handling and storage of the eyes and by
removing outliers (beyond 2.5 X SD) from the analyses.

The data presented in this communication indicate that
qualitatively, the changes with age in the ocular parameters of
the three commonly studied nonhuman primates are very
similar but that there are substantial differences from humans.

The nonhuman primate globe continues growing through-
out life toward the asymptotic maximum, differing from the
human globe which, from ex vivo measurements, has been
reported to stop growing around 1 year of age.?® This early
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stop appears to be at odds with a generally accepted view that
human globe growth can continue until as late as age 13.20-31
However, this view is based on measurements of the internal
axial length which do not represent growth of the globe.
Rather, as discussed previously,?®> they show that the retina,
choroid, and outer coat become thinner with age, as indicated
by the increase in vitreous depth.3!

At 1 year, the NHP globe dimensions are more than 2 mm
below their maximum sizes and even after sexual maturation
(4-5 years) the dimensions are still 0.5 mm below the
asymptotic maxima. This previously unrecognized growth
could complicate studies on myopic changes in globe
dimensions and/or axial length. This finding emphasizes that
studies directed to understanding myopia progression must
take into account the refractive contribution of multiple ocular
components and their dimensional changes. Nonhuman
primate globes are also slightly flattened whereas human
globes are not.?3:32

Globe dimensions scale with body weight with an exponent
of 0.104. A similar value of 0.117 was obtained by Howland et
al.>® using the axial lengths from 11 primate species. Globe
dimensions also scale with exponents of around 0.33 relative
to head diameter. Thus, the globes are relatively larger for
animals with a smaller head or body. Because of sexual
dimorphism in body weight and head size, female eyes may
appear to be larger than those of males of the same age even
though they are the same size.

Based on the present observations, it would appear that
lens growth in the adult nonhuman primate is quite different
from that in adult humans. As found for humans,!%8 isolated
lens diameter increases with age in all three NHP species.
Around the middle of the expected life span, lens diameter in
the baboon, cynomolgus and rhesus monkey increases at
approximately 0.040, 0.025, and 0.045 mm/y, respectively.
These rates are considerably faster than the 0.013 mm/y for
human lenses between ages 40 and 60 years.'®

monkeys, and logistic analyses of these data in (D-F). Open circles: outlier
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More notable is the observation that isolated lens
thickness decreases continuously in all three NHPs, from
around 5 mm early in life to 3.6 to 3.8 mm in the oldest
animals examined (Fig. 5). A decrease in lens thickness with
increasing age or body weight has also been observed in vivo
for cynomolgus monkeys,”2% rhesus monkeys,'-7-10-13 and
marmosets.>* Qiao-Grider et al.'? found that disaccommo-
dated rhesus monkey lens thickness increased from birth
until around 15 months. In marmosets, there is an increase
up to around 80 days after birth.3% These early increases
probably correspond to the final stages of the prenatal
growth phase, similar to that described for humans.'4
Thereafter, thickness decreases, as is the case with the
human lens until the late teens.'¥ It has been reported that,
sometime between ages 4 and 12 years, in vivo NHP lens
thickness starts increasing again.!”7-1-13 However, the in
vivo data are highly scattered and there is little agreement
between the actual values reported by different investigators
for the dimensions. No indication of an increase in lens
thickness, at any age, is evident in the ex vivo data reported
here.

It seems possible that some of the in vivo thickness
measurements may have been influenced by the conditions
under which the measurements were made and these may vary
with age. Most measurements were made under cycloplegia or
with the eye in a relaxed condition, generally thought to
represent the disaccommodated state. Therefore, they cannot
be directly compared with the in vitro data which represent
maximum accommodation. Furthermore, it is possible that the
in vivo lenses were not completely disaccommodated. In
humans, the relaxed condition is actually around 1.6 diopter
(D) of accommodation and this may vary between individu-
als.?®

Because of the opposing trends in the growth of diameter
and thickness, the isolated lens aspect ratio (T/D) decreases for
all three NHPs from values near 0.8 early in life to around 0.4
by the end of the age range available (Fig. 6). Thus, the NHP
lens becomes flatter with increasing age. The shape of the
young NHP lens is very similar to that of the young human lens
and the decrease in the ratio is very similar to that observed
with human lenses, both in vivo and in vitro, during the lens
remodeling, which takes place between birth and the late
teens, when the human ratio drops from well over 0.6 to
0.4.1%18 However, there is a transition in humans at around 18
to 20 years where the lens thickness starts to increase again
and continues to do so for the rest of life. No such transition is
apparent at any age in the ex vivo NHP data and the lens
continues to flatten.

Lens weight accumulation in the NHPs yields linear logistic
relationships indicating that growth takes place continuously
throughout life toward an asymptotic maximum, as has been
found for 126 diverse species.?> The human lens differs in that
it exhibits biphasic growth in weight accumulation, manifest as
logistic plots comprising a linear portion, reflecting self-
limiting growth at high 1/age (ages under 12 months) and
upwards curvature, indicative of linear growth at low 1/age
(ages > 24 months).'* Different crystallin populations are
produced in these two growth modes.3*37 No suggestion of
upward curvature is apparent at any age in the NHP logistic
plots (Fig. 7) and there appears to be little or no difference
between the protein distributions in the cortex and nucleus of
the rhesus monkey lens,3%3% consistent with a single growth
mode.

Since the growth constant for dry weight accumulation is
greater than that for wet weight, the average concentration of
dry matter and, consequently, the refractive index increase
with age. The 0.25 ratio of dry weight to wet weight for the
youngest lenses available is the same as that observed with
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young human lenses'# and, together with the similarity in
shape, is consistent with the similar contributions of the
refractive index gradient (GRIN) to lens power (34 D for
monkeys'> and 31 D for humans®®). The ratios of NHP reach
0.32 to 0.33 in middle age but do not increase significantly
thereafter because of the asymptotic slowing in growth. In
contrast, because of the continuing linear growth in adulthood,
the ratio for human lenses increases to around 0.36 at ages 40
to 60 years and to >0.38 after 80 years.'* It should be noted
that these ratios represent the average for the whole lens. The
ratio in the nucleus would be higher if the monkey lens had a
substantial refractive index gradient, as has been demonstrated
for humans and other species.4!-42

Human and NHP lenses exhibit similar power losses over
their life spans due to a combination of changes in lens shape
(—7 D in humans and —15 D in monkeys) and changes in the
GRIN (=22 D in humans and —19 D in monkeys).!>4° However,
the patterns are different. In the three NHP species examined
in this study lens power drops continuously up to at least age
28, close to the normal life span, whereas human lens power
decreases until around age 55 when it apparently starts to
increase again.4°

Despite the lower concentration of dry matter, the
contribution of the GRIN to lens power in middle age is
higher in monkeys (20-25 D)'® than in humans (10-15 D).%°
This implies there are substantial differences in the GRIN. In
addition, 19- to 20-year-old rhesus monkey lenses are still
capable of a ~0.5-mm thickness change and have an
accommodative amplitude of 6 to 8 D,'3 whereas the change
in 55- to 60-year-old human lenses is <0.2 mm and
accommodative amplitude is close to zero.*> This would
suggest that presbyopia development may be slower in rhesus
monkeys than in humans despite the similar decrease in
power. However, by age 28 to 30 years, baboon and rhesus
lenses no longer respond to ex vivo stretching forces and the in
vivo accommodative amplitude is zero.!44

Overall, it would appear that there are previously unrecog-
nized potential difficulties in using NHPs as models for
examining age related changes in visual performance.

Loss of accommodative ability appears to be due to
changes in the lens and the power changes are very similar
in humans and NHPs. However, the underlying causes of
these changes may differ because of differences in the way in
which the lens grows. Human lens growth is biphasic,
generating two distinct compartments, the nucleus, which is
generated during prenatal growth, and the cortex produced
after birth. Nonhuman primate lens growth is monophasic.
Human lenses become thicker and rounder with increasing
age while NHP lenses become thinner and flatter. In
addition, the average concentration of dry matter in the
human lens is higher than that in NHPs and continues to
increase with age while that in the NHPs virtually remains
constant. Yet, the NHP lens has the greater power. This
would suggest that the refractive properties are quite
different. In view of these differences, caution is required
when extrapolating observations from NHPs to understand-
ing human vision. Further work is required to understand
these differences.
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