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Ultrahigh field MRI determination of water diffusion rates in
ex vivo human lenses of different age
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Background: The development of presbyopia is correlated with increased lens stiffness. To reveal
structural changes with age, ultrahigh field magnetic resonance imaging (UHF-MRI) was used to analyze
water diffusion in differently aged human lenses ex vivo.

Methods: After enucleation lens extractions were performed. Lenses were photographed, weighed, and
embedded in 0.5% agarose dissolved in culture medium. UHF-MRI was conducted to analyze anatomical
characteristics of the lens using T2-weighted Turbo-RARE imaging and to obtain apparent diffusion
coefficients (ADC) measurements. A Gaussian fit routine was used to examine the ADC histograms.
Results: An age-dependent increase in lens wet weight, lens thickness, and lens diameter was found
(P<0.001). T2-weighted images revealed a hyperintense lens cortex and a gradually negative gradient in
signal intensity towards the nucleus. ADC histograms of the lens showed bimodal distributions (lower ADC
values mainly located in the nucleus and higher ADC values mainly located in the cortex), which did not
change significantly with age [pPeakl=1.96E-7 (-20E-7, 10E-7), P=0.804 or pPeak2=15.4E-7 (-10E-7, 40E-
7), P=0.276; respectively].

Conclusions: Clinically relevant age dependent lens hardening is probably not correlated with ADC

changes within the nucleus, which could be confirmed by further measurements.
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Introduction region. In lens development epithelial cell proliferation

The human lens is a structure inside the eye, which grows and differentiation is triggered by fibroblast growth factors

continuously throughout life by mitosis of lens epithelial (FGF) and FGF-2 plays a key role in regulating these
cells in the germinative zone located in the equatorial processes (1). The anteroposterior gradient of FGF-2
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that exists between the aqueous and vitreous humour is
responsible for differentiation into lens epithelial cells
or lens fiber cells (1,2). Inside the surrounding capsule
a permanent addition of new lens fiber cells leads to an
increase in axial thickness and equatorial diameter of the
lens. Older fiber cells lose their nuclei and most organelles
and are subsequently packed and directed towards the center
of the lens (3). The increase of lens dimensions with age
results in a more elliptical lens shape and the development
of two anatomic main regions: the nucleus and the cortex (4).
Remodeling and cell compaction of the lens, which takes
place mostly in the first 20 years of postnatal life, is adding
to the complexity of lens growth and development (3).

However, the biomechanical properties of lens cortex
and nucleus are different and constitute the basis for
accommodation (5). The ability of the lens to change
its refractive power was first described by Hermann von
Helmholtz in 1855 (6) and more precisely in 1908 by Allvar
Gullstrand in his work on the human crystalline lens (7)
and the mechanism of intracapsular accommodation (8).
It took a further 100 years before Scheimpflug imaging
revealed, that changes in the sagittal lens thickness during
accommodation are the result of increasing lens nucleus
thickness, whereas the cortex region maintains almost a
constant thickness during accommodation (3,9).

With increasing age the biomechanical characteristics
of the lens cortex and the lens nucleus change (3,5).
The lens becomes stiffer/harder and loses the ability to
be deformed in accommodation, resulting in the loss of
near vision (presbyopia). Lens deforming forces are still
present with increasing age, observed by a significant
activity of the ciliary muscle and its contraction under
binocular stimulation of accommodation in a group of
pseudophakic subjects, which supports the lenticular-
based theory of presbyopia in the aging eye (10-12). The
reasons for the obvious nuclear hardening with age are not
fully understood. Changes in crystallin composition (13),
crystallin aggregate formation (14), lens fiber membrane
cholesterol composition (13), decreasing water content (15),
UV impairment (16), and oxidative stress (17) have been
discussed in this context.

In recent years iz vivo imaging techniques like magnetic
resonance imaging (MRI) have become a common method
for the visualization of the eye including the lens and the
orbit (18-20). Due to its non-invasive nature, MRI allows
further insights in the aging human crystalline lens anatomy,
and its inner architecture during accommodation (21,22).
In a comparative study of Scheimpflug photography and
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MRI of human lenses in vivo a good agreement of generated
data was shown (23). Several MRI techniques like T1-, T2-,
and proton density weighted imaging allow differentiated
visualization of ocular structures and a distinction between
specific tissues based on their compositions and water
contents (24). Several studies investigated the crystalline
lens using diffusion-weighted magnet resonance imaging
(DWI-MRI), which measures the rate of diffusion of water
molecules within a tissue. For example, an increase in T2
relaxation time and water diffusion was measured in lenses
of diabetic versus healthy rabbits in vive detected by DWI-
MRI at 4.7 T (25).

Further developments of DWI-MRI, resulted in
diffusion tensor magnetic resonance imaging (D'T-MRI),
which gives additionally information about the orientation
and quantitative anisotropy of the water diffusion (26). In
bovine lenses ex vivo diffusion tensor magnetic resonance
imaging (DT-MRI) at 4.7 T revealed novel anisotropic
polar and equatorial zones of pronounced diffusivity
directed transverse to the fiber cells, whereas an inner
zone (including the lens nucleus) showed isotropic and
weak diffusivity (27,28). DT-MRI measurements at 9.4 T
of bovine lenses ex vivo demonstrated a sharp boundary in
fractional anisotropy between the outer cortex and inner
nucleus of the lens with highest anisotropy measured in
the lens nucleus (29). However, DWI-MRI and/or DT-
MRI data in human lenses of different ages are limited.
Moffat and Pope examined human lenses of different age
ex vivo using DT-MRI at 4.7 T (30). They demonstrated
that diffusion parallel to the long axes of the fiber cells is
relatively unrestricted, whereas diffusion perpendicular to
the cells is inhibited by the cell membranes, particularly in
the inner cortex region of the lens, confirming the presence
of a diffusion barrier surrounding the lens nucleus (30).

Improvements in image resolution together with the
introduction of enhanced DWI-MRI mapping techniques
in ophthalmic examinations was demonstrated by Paul ez 4.
using magnetic field strengths of 3.0 T, 7.0 T and 9.4 T
(31,32). Ultrahigh field (UHF-MRI), and extreme field
MRI (EF-MRI) at 20 Tesla and beyond were recommended
to boost spatial resolution and close the wide gap between
the view of biologists and clinicians (33).

Recognizing the sensitivity gain, spatial resolution
enhancement and progress in diffusion mapping techniques,
UHF-MRI is conceptually appealing for the study of an age
dependent lens hardening and water diffusion rates within
the lens. Detailing and understanding this correlation may
provide further insights into the biomechanical behavior

Quant Imaging Med Surg 2021;11(7):3029-3041 | http://dx.doi.org/10.21037/qims-20-1124



Quantitative Imaging in Medicine and Surgery, Vol 11, No 7 July 2021

of the human lens and the onset of presbyopia. With this
rationale in mind the present study focuses on the ex vivo
assessment of human lenses of different age with UHF-
MRI at 7.0 T. To meet this goal, T2-weighted Turbo-rapid
acquisition with relaxation enhancement (RARE) imaging
was conducted to analyze anatomical characteristics. For the
assessment of the apparent diffusion coefficient (ADC) of
water in the lens, diffusion sensitized spin-echo techniques
were employed.

Methods
Ethical consent

The authors are accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and
resolved. This study was approved by the ethics committee
of the Rostock University Medical Center (approval ID: A
2015-0009) and followed the guidelines of the Declaration
of Helsinki (as revised in 2013). Written informed consent
was obtained from all patients before donation.

Human material

Differently aged human lenses ranging from the age of
31 to the age of 89 years were received from 117 human
cadavers without known eye disease. The donor eyes were
transported to the laboratory in sealed containers and
stored at 4 °C before use. Depending on the limited UHF-
MRI scan time availability 45 lenses were analyzed by
UHF-MRI over night to examine anatomical characteristics
and evaluated upon the specific donor age. Due to the
long measurement protocol for DWI, only 32 lenses were
scanned with the DWI protocol. For data analysis, ADCs
were evaluated based upon the specific donor age.

Lens preparation

Immediately after enucleation intracapsular lens extraction
was performed. Lenses were transferred into 0.9 % NaCl-
solution (B. Braun Melsungen AG, Melsungen, Germany),
photographed, and weighed (n=117). Within 24 hours of
passing 45 lenses were embedded in cooled 0.5 % agarose
(peq GOLD, # 35-1020, VWR International GmbH,
Darmstadt, Germany) solved in culture medium (# F9016,
BIOCHROM GmbH, Berlin, Germany) into a 15 ml tube
for UHF-MRI examinations (n=45). All experiments were
replicated in the same manner.
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UHF-MRI examination

UHF-MRI (7.0 Tesla, BioSpec 70/30, gradient insert: BGA-
12S, maximum gradient strength: 440 mT/m, RF coil: two
element array, cryogenic 'H transmit/receive RF surface coil
with 23 mm in diameter, software interface: Paravision 6.0.1,
Bruker, Ettlingen, Germany) was conducted to analyze
anatomical characteristics, axial thickness, and equatorial
lens diameter in the central layer of each lens using T2-
weighted Turbo-RARE sequences (Rapid Acquisition with
Relaxation Enhancement) for axial and coronal slices (TE/
TR: 51/5,500 ms, matrix size: 162x205 (axial) and 172x210
(coronal), FoV approx.: 12 mmx15.5 mm (axial) and 13 mm
x16 mm (coronal), in plane spatial resolution: 75 pmx75 pm,
slice thickness: 800 pm, scan time: 1 h 22 min).

2D multi-slice spin-echo based diffusion imaging (6 non-
collinear and non-planar diffusion directions, 5 b-values (0,
100, 350, 700, 1,000) s/mm?, TE/TR: 22/3,000 ms, matrix:
153x206, FoV: 15.5x20.5 mm, in plane spatial resolution:
100 pmx100 pm, slice thickness: 800 pm, scan time: 15 h
45 min) was conducted for ADC mapping in 32 lenses. The
ADC map (derived from all b-values) was generated using
the standard scanner software (Image-Sequence-Analysis-
Tool), which is part of the Image Display and Processing
tool of the Paravision 6.01. software. The fitting function
dtraceb of the Image-Sequence-Analysis-Tool uses the
b-values calculated from the protocol parameters and is
based on the magnitude images of the reconstructed dataset.
All diffusion experiments were carried out with the cryo-
cooled RF coil heating system set to 35 °C, which had no
direct contact to the tube containing the lens. This led to
a measured sample temperature of 30 °C. The temperature
was maintained during the whole experiment.

Image analysis

After slice wise separation of lens and culture medium by
free hand drawn region of interests (ROI), histograms were
generated for each multi slice ADC data set. In all lenses
examined resulting histograms exhibited two distinct peaks:
one peak with mean ADC-values of (0.5£0.1)x10” mm’/s,
and another peak at higher ADCs around (0.7+0.1)x
107 mm?/s (P<0.001; see Figure 1 for histograms of two
different aged lenses). Based on this observation we assumed
that the ADC-value has a bimodal distribution. Thus, to
determine peak positions the histograms of individual lenses
were fitted with a double Gaussian peak function. Fitted
peak positions for the two modes were plotted against lens
ages. Segmentation and the following computational steps
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Figure 1 Bimodal distribution of peak positions in ADC histograms. Exemplarily, histograms of 2 human lenses are shown. (A) 40 years old
lens; (B) 77 years old lens. ADC, apparent diffusion coefficients.

Figure 2 MRI and histology of a representative human lens (58 years). In T2-weighted images, lens measurements were performed
manually of equatorial diameter (red line) and axial thickness (blue line). It can also be noticed that the lens cortex area appears hyperintense

and signal intensity decreases gradually towards the nucleus (A). Histological examination revealed comparable differences in the inner

architecture of the lens (B). Lens capsule (cap), epithelium (ep), cortex (c), adult nucleus (an), juvenile nucleus (jn) and fetal nucleus (fn) can

be identified at 10x magnification (C). HE stain; bars: 1 mm.

were performed with the Igor Pro software package (V. 6.37,
WaveMetrics Inc., Lake Oswego, USA).

Lens geometry was measured by using the Paravision
6.01. software of the scanner. T2w images were visually
screened for the largest cross section area. The following
length measurements of the respective slice were then
performed manually: Equatorial diameter (ED; 6 to 12
o’clock axis of the lens) and axial lens thickness (AT; from
anterior to posterior pole) of the crystalline lens with AT
being perpendicular to ED (Figure 2).

Histology

Following UHF-MRI lenses were embedded in paraffin.
Histological sections of 5 pm thickness were hematoxylin-
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eosin (H&E) stained using a standard protocol (34).
Shortly, after dewaxing in xylene, sections were hydrated
in decreasing percentages of alcohol and stained with
hematoxylin (Merck Millipore, Darmstadt, Germany).
Thereafter, sections were dehydrated in increasing
percentages of alcohol until 70% and stained with 1%
eosin G (Merck Millipore). Differentiation occurred in
90% alcohol, followed by clearing in xylene, and finally
mounting in Entellan® (Merck Millipore).

Statistical analysis

All data were processed using IBM® Advanced Statistics
SPSS® 24.0. Values are expressed as mean = standard
deviation (SD) for the indicated number of samples. Linear
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Figure 3 Isolated human lenses. Three differently aged human lenses with early signs of opacification (B, C) and increasing lens yellowing
(A to C) are shown. (A) 34 years old lens; (B) 62 years old lens; (C) 87 years old lens.

Regression analyses were performed to evidence the
influence of age on weight, thickness, diameter, and ADC
of lenses. Slopes (B) of regression with their respecting 95%
confidence intervals (95% CI) as well as P values for testing
B=0 are given.

The datasets generated and analyzed during the current
study are available from the corresponding author upon
reasonable written request.

Results
Assessment of lens size and transparency

Dissected donor lenses of different ages were examined
under a microscope and photographed (Figure 3). It was
obvious that lens diameters increased with age. With
increasing donor age also lens color changed from faint
to dark yellow, which reached a light brown in the oldest
lenses.

Wet weight and UHF-MRI examinations

Before embedding the donor lenses for UHF-MRI
examinations, the wet weight of each lens was determined.
Lens wet weight increased with age from 0.197+0.010 g
for the youngest lenses (31 years, n=2) to 0.289+0.042 g
for the oldest lenses (89 years, n=4) significantly (slope
=1.594+0.1506 mg increase per year; P<0.001, Figure 44).
UHF-MRI examinations using T2-weighted Turbo-
RARE sequences were conducted to determine the axial
lens thicknesses (Figure 4B) and equatorial lens diameters
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(Figure 4C) in the central layer of each lens. The mean axial
lens thickness for youngest lens (31 years, n=1) was 4.79 mm
and increased with age to 5.58 mm measured in the lens
of the oldest donor (89 years, n=1) (P<0.001). The mean
equatorial lens diameter increased from 8.87 mm in the
youngest lens (31 years) to 10.19 mm (89 years) (P<0.001).

In T2-weighted images lens capsules appeared
hypointense, the underlying hyperintense layer represents
the outer cortical region. This hyperintense area is
less visible in the equatorial region, where consistent
signal intensity was observed, which was also present
in the remaining lens cortex. The lens cortex could
be differentiated from the nucleus region, which was
characterized by a more hypointense signal. Lens capsules,
hyperintense cortical regions, lens cortices and lens nuclei
showed a gradually change in signal intensity (Figure 2A).
These hyperintense areas are also described in the literature
by Stahnke ez al. (35).

Histological analyzes of H&E stained human lenses
also clearly demonstrated differences in lens organization
(Figure 2B,C). Beneath the lens capsule the monolayered
lens epithelium was obvious in the anterior part of the lens.
The outer lens cortex appeared red stained, followed by a
sharply separated, bluish stained area, and another defined
nuclear region, which was stained faint red. These results
seem to be similar with the findings obtained from T2-
weighted UHF-MRI examinations, where the lens cortex
area appeared hyperintense and signal intensity decreases
gradually towards the nucleus (Figure 24).

ADC values, determined with DWI-MRI examinations,
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Figure 5 Distribution and evaluation of ADC values in an example lens (67 years). ADC map shows ADC value of an ex vivo human lens

plotted pixel wise (A) and with color coded representation (B). Histogram analysis of the ADC values of the lens shows bimodal ADC

distribution. According to the height ratios of the two Gaussian peaks (Peak 1 and Peak 2) at a certain ADC value, a mixed color is computed

pixel wise (dashed line represents a 50% red and 50% green distribution). In conjunction with the local arrangement of ADC values, the

results indicate that the first mode represents mainly the lens nucleus, whereas the cortex region is primarily represented by the second

mode (C). ADC, apparent diffusion coefficients.

displayed a bimodal distribution within the lenses (Figure 5).
Using a gradient color scale (from red to green) adopted
to the distribution of the lens ADC values (Figure 5A), the
local occurrence of areas with different ADC values within
the lens can be visualized (Figure 5B). For each ADC-value
a mixed color corresponding to the relative height of the
two fitted Gaussian peaks at a given ADC value (e.g., at
0.57 mm’/s 50% red and 50% green (Figure 5C, dashed
line) resulting in a reddish-brown tone, which is visualized
in the color scale in Figure 5B) was computed. The results
showed that the first mode (lower ADC values) represents
mainly diffusion within the lens nucleus, whereas the second
mode represents diffusion in the cortex region (Figure 5B).

Peak positions of the first mode in the ADC histogram
appear to remain essentially constant (~0.5x10~ mm’/s) with
increasing lens age, reflected by a regression coefficient
not different from zero [Bpe,q=1.96E-7 (-20E-7, 10E-7],
P=0.804]. The second mode peak position seems to tend
towards higher values with increasing age, but could not be
evidenced by regression analysis [Bp.,=15.4E-7 (-10E-7,
40E-7), P=0.276; Figure 6].

Discussion

The mechanical properties of the human crystalline lens,
which are responsible for the ability of the lens to change its
shape during accommodation, are changing with age (36).
These changes are thought to have an effect on the
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accommodative ability and the development of presbyopia,
which is a condition inherent to normal aging (37).
Reasons for the appearance of presbyopia are still
unknown; the correlation with permanent lens growth
throughout life has been discussed in this context (3,38,39).
In our study we examined lens growth by determination
of the lens wet weight and axial as well as equatorial lens
dimensions derived from T2-weighted MRI at 7.0 T. An
increase in lens wet weight with age was observed, which
confirms the permanent growth of a lens with age. We also
observed an increased appearance of lens yellowing with
age up to a light brown in the oldest lenses. These findings
were already described and caused by accumulation of the
fluorogen glutathione-3-hydroxy kynurenine glycoside
(40,41). Axial lens thickness and equatorial lens diameters
of isolated human lenses increased with age in our
examinations. It has to be considered, that the lens diameter
from isolated lenses does not represent its diameter in the
living eye. During lens dissection the zonular fibers were
cut and young lenses underwent a fully accommodative
process leading to a decrease in lens diameter, whereas the
older, presbyopic and stiff lenses did not (42). The measured
increase in equatorial lens diameter with age in presbyopic
lenses (between 60-90 years) led to the assumption, that
lifetime lens growth also results in an increase of this
parameter, because presbyopic lenses do not have the
ability to accommodate anymore. These findings do not
correspond with a MRI based study, which demonstrated
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3036
T T T T T
® Peak 1
1.0x10° |-| © Peak 2 ]
- == Linear fit of peak 1
- -~ Linear fit of peak 2 9
@ I 14
¢ ¢
0.8 |- I @ : _
- ;
e @ o P ®
S R g S LG S
< cenee g e o X
g 06[ * ’0 o )
(%2}
g ) 0. & %o =
3 T AR, b P Y Y O WL |
o) ® ) e o T 7T [ 2
- 0.4 | ] ¢ -
) )
[
0.2 ] 1 ] 1 ]
40 50 60 70 80

Lens age [years]

Figure 6 ADC-values of differently aged lenses. Age-dependence
of the peak positions of the two ADC histogram modes. Error bars
correspond to estimated error (standard deviation) as derived from
the double Gaussian fit. ADC values of the first mode appear to
remain constantly with age (ADC,,,,, = 1.96E-7 Age,, + 0.476E-3;
P;=0.804). With increasing age, peak positions of the second mode
seem to tend towards higher ADC values, but this is not evidenced
(ADC,,,.s = 15.4E-7 Age,, + 0.578E-3; P;=0.276). Regression lines
(dotted) show different slopes for both groups Peak 1 and 2 (n=32
each).

a consistent equatorial lens diameter with increasing
age in vivo (18,43), but are in line with several studies
demonstrating an increase of equatorial lens diameter in
vitro (3,44) and in vivo (45,46).

Lens stiffening as cause for presbyopia by the lifelong
addition of cellular material is still in the focus of
research (3), but the knowledge about the stiffness
distribution within the lens is limited (47). It has been
observed, that lens stiffness is lowest near the center of the
nucleus and increases towards the periphery of the cortex in
younger human lenses, whereas the center of the nucleus is
stiffer than the periphery of the cortex in older lenses (36).
Similar results have been demonstrated by Heys er al.,
who reported that the nucleus gets stiffer than the cortex
between 35-40 years in humans (5). Using a coaligned
ultrasound and optical coherence elastography system Wu
et al. observed that the maximum displacements of young
rabbit lenses were significantly larger than those of mature
lenses, indicating a gradual increase of the lens stiffness with
age (48). This gradual age-related stiffening of the lens is

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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probably the primary reason for presbyopia and associated
with gradual age-related loss of accommodation (37,42).

The development of presbyopia was also examined
by in vivo visualization of lenses during accommodation
using MRI at 1.5 Tesla (17,49). Since then, image quality
of MRI examinations has been improved significantly
due to the application of higher magnetic field strengths
and the availability of RF coil technology tailored for eye
imaging (21). These developments led to an increase in
the signal-to-noise ratio (SNR), which increased image
resolution nearly to a microscopic level for detailed
anatomical examinations (35,50). In this study we used
UHF-MRI at 7 Tesla to analyze anatomical characteristics
of the human lens. We observed a gradually decrease in
T2-weighted signal intensity from the lens cortex towards
the lens nucleus. Using histological staining methods
distinct separated areas within the lens were detected
confirming our UHF-MRI findings. The decrease of
signal intensity from the lens cortex to the lens nucleus is
caused by changes in the water/-protein ratio of the lens.
In previous studies it has been described that water content
is highest in the cortex of the lens and lowest in the central
nucleus (51,52). Higher protein content causes a reduction
in water molecules, resulting in a lower concentration
of protons responsible for the MRI signal. To verify this
phenomenon we measured aqueous bovine serum albumin
(BSA) solutions in increasing concentrations resulting in
a decrease in T2-weighted signal intensity with increasing
protein concentrations, which was also previously described
by Yilmaz et al. (53).

Due to the fact that the main changes that occur with
aging in the lens are reduced diffusion of water from its
cortical to its nuclear zone (54) we analyzed the behavior
of water inside different lens areas measuring its diffusion
to gain more insights into lens architecture and to detail
the influence of aging. Using DWI-MRI, which is
sensitive to the diffusion of water molecules and probes
their random displacement within tissues, it is possible to
identify areas of different (isotropic or anisotropic) water
diffusion behavior in the lens. DWI-MRI is of proven
value for an ever-growing range of clinical indications and
provides qualitative and quantitative information for tissue
characterization (24). Recognizing the capabilities of DWI-
MRI we hypothesized, like Vaghefi ez a/. (28), and Moffat
& Pope (30), that diffusion rates differ in specific lens areas
with a different compaction or stiffness degree and that it
is possible to visualize these changes by UHF-MRI ADC

measurements. Also, Wu et /. demonstrated different
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anisotropic diffusion patterns and diffusion coefficients
in lens cortex and nucleus regions in a rabbit cataract
model (55). In contrast to their examinations, we performed
our measurements on a higher number of human lenses and
at higher magnetic field strength of 7 Tesla.

To establish a protocol for MRI based diffusion
coefficient calculations of bovine lenses Vaghefi et al.
evaluated the influence of different b-values on image
quality (28). They demonstrated a slight attenuation of
signal intensity with increasing b-values, and significant
blurring artifacts at higher b-values (>1,620 s/mm?),
possibly due to vibration induced by rapid switching of
large magnetic field gradients. These artifacts were not
observed in our study. However, to address the possible
influence of higher b-values, we analyzed ADC data for
three randomly selected lenses with b-values of 4,000 s/mm’
(data not shown). The corresponding bimodal fit revealed
similar results as the ADC investigation with b-values of
1,000 s/mm’, concluding no significant difference between
lens measurements with b-values of 1,000 s/mm’ and
4,000 s/mm’.

Our investigations concerning diffusion rates raise
the question as to whether or not ADC-values are in fact
dependent on donor age of human lenses. Data shown in
Figure 6 might indicate an increase of ADC in the cortex
region with increasing age, whereas regression analysis
did not evidence this. ADC-values mainly representing
the nucleus region seem to remain steady over time.
They are lower than on the cortex level. The question on
possible age-dependence of ADC-values in cortex region
vs. a longitudinal stability of diffusion in the center of the
lens remains to be clarified, potentially by powering the
study fourfold. Furthermore, the map of ADC values did
not appear to be strictly restricted to either the cortex or
the nucleus. This could mean that a peripheral fibre cell
stretching from pole to pole could be passing through
different regions of ADC values. Since in diffusion-weighted
imaging the overwhelming portion of the signal is obtained
from the extracellular diffusion of water molecules (56),
this could be interpreted as different diffusion rates of the
extracellular space for the same cell. However, further
analysis is required, probably at a cellular level.

An age-dependence of diffusion rates in human lenses
was described by Moffat et 4/., who observed a decrease
in transport rates into the nucleus and the forming of a
diffusion barrier with age (57). He concluded that this
diffusion barrier could lead to longer lifetimes of reactive
species within the lens and to a slower rate at which
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anti-oxidants could enter the nucleus, contributing to
increased damage to lens crystallins as a potential reason
for presbyopia in older lenses. Taken into consideration
that lens nutrition is based on diffusion of aqueous humor
and its own internal microcirculatory system, which is
faster than the passive diffusion alone (58), an involvement
of active mechanisms inside the lens is obvious. The
microcirculatory system is primarily ion (Na*) driven
realized by sodium pumps (Na'/K'-ATPase) using the
extracellular space to reach nuclear regions (58,59)
changing to a gap junction mediated intercellular pathway
directed to the lens periphery (59). Interestingly, the gap
junctions differ between lens fiber cells in the nucleus and
cortical lens fibers (60,61) leading to the assumption that
intercellular fluid flow is different in nuclear and cortical
regions. Moreover, the gap junction protein MP70, which
is mainly localized in the lens cortex region, is proteolyzed
in an age-dependent manner (62). The lipid-to-protein
weight ratio as well as the total lipid composition of fiber
cell plasma membranes is altered chemically in the cortex
and the nucleus with age (62). However, whether these age-
dependent modifications in the internal microcirculatory
system of the lens, which could lead to changes in the
diffusion of the extracellular space, may explain the findings
described by Moffat er 4l. (57) and our own observations
of different diffusion values in the lens cortex and the
lens nucleus, remain highly speculative. Nevertheless, our
results do not indicate a connection between the clinically
observable and in literature described hardening of the
nucleus with age (5) and ADC, which seems to be constant
with age in lens nucleus.

Limitations

Our study has several limitations worth noting. For the
second mode peak position, representing mainly the
cortex, we observed a greater variance of the ADC values
compared to the first mode peak position. This could
potentially be due to the differences in processing time of
the lenses, which was only limited to 24 hours, unknown
lens pathologies or the experimental technique, e.g.,
damage to the cortex during lens extraction or preparation
and water accumulation between the lens and agarose
(Figure 2) likely due to shrinkage, which might lead to
water evaporating from the lens cortex. However, the water
accumulation between lens and agarose described above was
not included in the analysis. Furthermore, we cannot rule
out that the solutions, in which the enucleated lenses were
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preserved, did not affect the T2 signal intensity as shown
by Vaghefi et 4l. in enucleated bovine lenses (63). In this
study no T1-weighted images of the lens were acquired,
which could have been helpful in determining whether the
decrease in T2 signal intensity of the lens nucleus is due
to increased protein content. Finally, we used the same
TE for ADC measurements of lens cortex and nucleus,
however short TEs are recommended for T2-weighted-
imaging of the nucleus and could therefore affect the ADC
measurements (19).

Conclusions

Detailed anatomical characteristics and diffusion coefficients
of human lenses can be visualized by UHF-MRI ex vivo as
shown in this study, which is more powerful than existing
studies on human lenses with a greater sample size,
examined at ultrahigh magnetic field strength (7). It was
demonstrated that apparent water diffusion coefficients
differ between the cortex region and the nucleus. However,
age dependence of ADC values remains to be clarified. To
ascertain that the clinically observed age related hardening
of the lens is not reflected in a change of water diffusion in
the nucleus, further measurements are necessary.
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