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Abstract

Purpose: Ultrahigh-field MRI (UHF-MRI) with an in-plane spatial resolution of less than 100 pm
is known as MR microscopy (MRM). MRM provides highly resolved anatomical images and
allows quantitative assessment of different tissue types using diffusion-weighted imaging (DWI).
The aim of the present study was to evaluate the feasibility of combined in vivo anatomical and
quantitative assessment of the developing chicken eye in ovo.

Procedures: Thirty-eight fertilized chicken eggs were examined at 7.1 T (ClinScan, Bruker
Biospin, Germany) acquiring a dataset comprising T2-weighted anatomical images, DWI, and
diffusion tensor imaging. To reduce motion artifacts, the eggs were moderately cooled before
and during MR imaging. Two eggs were imaged daily for the entire developmental period, and
36 eggs were examined pairwise at only one time point of the embryonic period. Development of
the eye was anatomically and quantitatively assessed.

Results: From the D5 embryonic stage (116—124 h), MRM allowed differentiation between
lens and vitreous body. The lens core and periphery were first identified at D9. DWI
allowed quantification of lens maturation based on a significant decrease in apparent
diffusion coefficient values and course of fractional anisotropy. Repeated moderate cooling
had no influence on the development of the chicken embryo.

Conclusions: MRM allows in vivo assessment of embryonic development of the chicken eye
in ovo without affecting normal development. The method provides anatomical information
supplemented by quantitative evaluation of lens development using DWI. With increasing
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availability of ultrahigh-field MR systems, this technique may provide a noninvasive
complementary tool in the field of experimental ophthalmology.
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Diffusion MRI, Chick

Introduction

The chicken embryo is an established animal model in the
field of ophthalmological research [1]. However, until
recently, embryos had to be euthanized for further analysis,
thus precluding serial longitudinal evaluation of the same
embryo [2]. Magnetic resonance imaging (MRI) provides
excellent soft tissue contrast in conjunction with multiplanar
imaging capabilities [3] and has recently been used for avian
embryo imaging [2]. Ultrahigh-field MRI (UHF-MRI) with a
spatial resolution of less than 100 pm is known as MR
microscopy (MRM) [4, 5]. MRM vyields highly resolved
anatomical images comparable to conventional histology in
terms of resolution [6]. This makes MRM suitable for
studying avian embryology. Especially, the eye with its
different soft tissues and its high water content is amenable
to evaluation by MRM [4, 5]. However, due to the long
imaging time [4], MRM is prone to motion artifacts.
Previous studies have demonstrated that external cooling of
the embryo may reduce these artifacts while not interfering
with normal development [2].

Diffusion-weighted imaging (DWI) allows in vivo assess-
ment of water diffusion [3] and is an established technique
of ophthalmic imaging [7-9]. Furthermore, diffusion param-
eters, such as fractional anisotropy (FA) derived from
diffusion tensor imaging (DTI) and quantitative apparent
diffusion coefficient (ADC) parameter maps calculated from
DWI datasets [10, 11], allow characterization of the tissue
microstructure. Recent studies indicate that DTI/DWI allows
quantification of water diffusion of the lens in animals and
humans in vitro [7-9] and in vivo [12-14].

The purpose of the present proof-of-principle study was
to evaluate in vivo MRM with DWI and DTI for longitudinal
anatomical and quantitative assessment of the embryonic
development of the chicken eye in ovo.

Materials and Methods
Animal Model

All animals were handled in accordance with the ARVO
statement for the Use of Animals in Ophthalmic and Vision
Research, and the experiments complied with national
legislation for the protection of animals. Thirty-eight
fertilized chicken eggs (White Leghorn), obtained from a
commercial hatchery (Valo BioMedia, Osterholz-
Scharmbeck, Germany), were stored at room temperature
(20 °C) for 3 days prior to the starting of incubation. All

eggs were simultaneously incubated (Heka-Turbo 168,
HEKA, Rietberg, Germany) at optimal conditions: 37.8 °C
and 60 % relative humidity as recommended by the
manufacturer of the incubator. The eggs were divided into
two groups: two eggs were scanned every day (group A),
and 36 eggs (group B) were scanned only at one time point
between day 1 to day 20 (two eggs at each time point). In the
latter group, incubation was terminated at the indicated time
points, and the eggs were opened. After euthanization, the
length of the third toe was determined to check for normal
development according to the staging of Hamburger and
Hamilton [15]. None of the embryos hatched.

MR Imaging

In vivo MRM was performed on a 7.1-T MRI scanner
(ClinScan, Bruker Biospin, Ettlingen, Germany) with a bore
size of 13 cm using a 16-channel volume coil (rat body coil,
Bruker Biospin) and a small surface loop coil with 3-cm
diameter (sl coil, Bruker Biospin) for signal detection.
During the first 10 days, a fast T2-weighted (T2w) localizer
was acquired using the volume coil to identify the chick’s
position in the egg. If necessary, the position of the egg was
modified and the position of the embryo’s eyes was marked
on the shell for faster localization on follow-up imaging with
the surface coil. From day 11, with increasing size of the
embryo, the surface coil was used for fast acquisition of T2w
localizers, and the coil position was corrected as required.
Following the localizer, high-resolution T2w turbo spin-echo
sequences of the orbits were acquired in axial and coronal
planes. Imaging parameters were time of repetition (TR)/
time of echo (TE) 2100/48 ms; matrix size 512 %512,
interpolated to 1024 x 1024; field of view (FOV) 38 x
38 mm; in-plane resolution 0.078 x 0.078 mm; slice thick-
ness 0.7 mm; no slice gap; time of acquisition (TA),
12:15 min. Next, an axial DWI dataset was acquired using
a spin-echo echo-planar imaging sequence (imaging param-
eters: TR/TE 9500/85 ms; matrix 128 x 128, interpolated to
256 x 256; FOV 38 x 38 mm; in-plane resolution 0.273 X
0.273 mm,; slice thickness 0.7 mm, no slice gap; b-values of
400/800/1000 s/mm?; TA, 3:20 min), followed by acquisi-
tion of a DTI dataset with the same spatial orientation
(imaging parameters: TR/TE 14500/88 ms; matrix 154 x
154, interpolated to 308 x 308; FOV 38 x 38 mm; in-plane
resolution 0.247 x 0.247 mm; slice thickness 0.5 mm, no
slice gap; b-values of 0/1000 s/mmz; 20 gradient directions;
TA, 4:48 min). Total imaging time was 20:23 min.
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From embryonic stage D10 onward, image quality of the
fast localizers began to deteriorate due to motion artifacts.
Therefore, eggs beyond the D10 stage were bedded on
crushed ice 10 min prior to the start and during MRM to
reduce artifacts resulting from embryo movement. Cooling
was monitored using a fiber-optic thermometer (Model
1025T, Monitoring & Gating System, Small Animal
Instruments, USA), and the surface temperature of the egg
was reduced to 11.8° prior to imaging.

Image Evaluation

For image analysis, MR datasets were transferred to an
Osirix workstation (Vers. 6.0.2). Apparent diffusion coeffi-
cient FA parameter maps were calculated using the
ADCmap [11] and DTImap [10] plugins. For data analysis,
the contours of the lens, the vitreous body, and the entire
globe were manually defined on all slides of raw data (see
Fig. 1). These contours were then copied as regions-of-
interest (ROIs) and transferred to the complete diffusion-
weighted dataset including ADC- and FA-map. ADC and
FA values were determined for all ROIs and MR datasets.
To evaluate reproducibility of the analysis, this procedure
was repeated three times, and mean values were calculated
for each ROI. For assessment of lens maturation, the contour
of the lens on day 5 was considered as lens core. This
contour was transferred to all subsequently acquired

datasets, allowing differentiation between the central core
and the peripheral parts of the lens.

Toe Length Evaluation

In group B, the embryos were euthanized after a single MR
imaging examination and the length of the third toe was
measured as described by Hamburger and Hamilton [15].
Measurements were taken manually from day 10 to day 20
of incubation to determine the developmental stage [16]
using published reference values [15].

Tissue Preparation and HE Staining for Ganglion
Cell Counting

Retinal ganglion cell counting was performed for two
embryos of each group at the D20 stage as described in
Lindner, et al. [16]. For evaluation, all nuclei and total cell
numbers of the retinal ganglion layer were estimated using
Cavalieri’s method.

Statistical Analysis

FA and ADC values are provided as mean + standard
deviation (SD). To evaluate the influence of time on FA and
ADC course in an exploratory sense, we introduced an early

Fig. 1. Anatomical assessment of the developing eye. Axial T2w images of an embryo of group A. a At day 1, it was possible

A ]

to detect inner structures of the egg. b At day 5, it was possible to differentiate between lens (arrow) and globe (short arrow). ¢
At day 8, the eye diameter is around 5-6 mm. d At day 11, examples of globe (G), lens (L), and vitreous body (VB) ROls are
shown. e At day 15, the pecten oculi (P), a comb-like structure of blood vessels, is apparent. f At day 19, detailed anatomic
structures are displayed (x, lateral ventricles; dashed arrow, cortex of the frontal brain; C, cornea; |, iris; S, sclera; R, retina). g
The egg just before the MRI examination. It is cooled by crushed ice and the surface loop coil is placed.
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(D5-D10), middle (D11-D15), and late (D16-D20) phase of
development. Differences between the early and late phase,
as well as between groups A and B, were assessed using the
U test by Mann and Whitney, both for left and right side
(two-sided, a=0.05, IBM® SPSS® Advanced Statistics
22.0). All results obtained in the rerun of left and right side
were quite similar, as expected.

Results
MR Microscopy

All eggs were successfully incubated. MRM identified
changes of inner-egg structures from embryonic stage day
1 (D1, 20-28 h) onward. At the D3 stage (68-76 h), the
globe was detectable. At the D5 stage (116-124 h), MRM
allowed differentiation of the lens and vitreous body (Fig. 1).
The pecten oculi were identified from D6 (140-148 h)
onward (Fig. 1).

Quantitative Image Analysis
Quantification of DWI was possible from embryonic stage D5

onward. Since our data revealed no differences in ADC (lens
and vitreous body as well) between groups A and B for each of
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the development phases “early,” “middle,” and “late” (p

>0.05 each), we merged the ADC values of both groups for
description of ADC course in lens and vitreous body for further
evaluation. ADC value of the entire lens was (1.38 £0.01) x 10
> mm?/s and decreased to (0.60+0.10)x 10 mm?%/s at the
D19 stage (Fig. 2, p<0.05 between early and late phase of
development). Differentiation between the lens core and lens
periphery on diffusion-weighted images was possible at
embryonic stage D9 (212220 h). At this stage, mean ADC
of the lens core was (0.94 £0.09) x 10> mm?/s and of the lens
periphery (1.33+0.07) x 10 mm?/s. The ADC decreased to
(0.09+0.04) x 10> mm?/s for the core and to (0.64 £ 0.06) x

102 mm?/s for the periphery until D19 (see Fig. 3). From D19
onward, ADC values remained stable until the calculated day
of hatching.

ADC ofthe vitreous body was (1.87 = 0.03) x 10> mm?/s at
embryonic stage D5 and decreased to (1.48+0.02)% 10
> mm%s by DI9 to then remain constant (Fig. 4). This
decrease could be shown to be significant (p < 0.05, “early” vs.
“late™).

FA values of the vitreous body were 0.07+0.01 at the D5
stage and then stabilized around 0.09 + 0.02 until D19 (Fig. 4).
In contrast, FA values of the lens showed initially 0.18 +0.01
(stage DS5), with a clear increase during lens development to
0.46+0.04 at D19 (Fig. 2, p<0.05 “early” vs. “late”).
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Fig. 2. ADC and FA of the developing lens (group A, ; group B, 2). Maturation of the lens leads to a decrease in ADC values
and an increase in FA values as the ultrastructural complexity of the lens increases (p <0.05 early vs. late phase).
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Fig. 3. ADC of the lens center (group A, ©; group B, 2) and lens periphery (group A, ®; group B, 4) by day of incubation. The
developing ultrastructure in the central and peripheral parts of the lens leads to decreasing ADC values, with a stronger
decrease in the core.
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Fig. 4. ADC and FA of the developing vitreous body (group A, T; group B, 2). Increasing protein content of the vitreous body
results in lower ADC values (p <0.05 early vs. late phase). However, this is not associated with an increase in ultrastructural
complexity and thus there is no increase in FA.
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The length of the third toe was 6.0 mm on day 10
(Hamburger and Hamilton (HH) stage 36) and 22.5 mm on
day 20 (HH stage 45). These lengths were in the range of
previously reported values [15], as was the length of the
third toe at the other stages of embryonic development
(Fig. 5a). Length of the third toe also did not differ between
the two groups at the last comparable embryonic stage (D20)
as same as the ADC value during the entire development
process (Fig. 5b). Total cell counts (mean of two eyes) were
estimated in the chick embryo retinal ganglion layer at D20
under both experimental conditions: 3.79 x 10° in group A
and 3.85x 10° in group B (length of the third toe and cell
count data already published in Lindner et al. [16]).

Discussion

Ultrahigh-field MR microscopy is an established imaging
technique in experimental ophthalmology [3], providing
good correlation with conventional histology [17]. The
results of our study show that in vivo DWI and DTI of the
developing chicken eye in ovo is feasible. We achieved an
in-plane spatial resolution of DWI and DTI of 273 x 273 um
and 247 x247 um, respectively, which is superior to
previous in vitro [8] and in vivo [14] animal studies.

In vivo studies of the human lens by Bilgili et al. show a
tendency toward increasing ADC values with age [14]. The
authors postulate that this may be attributable to a loss of
proteins such as collagen and proteoglycans with aging. This
is in accordance with the results of our study. We found a
decrease in ADC values from embryonic stages D5 through
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Fig. 5.

D19, consistent with the formation of proteins and conse-
quently less molecular movement during lens maturation
[18]. This is in agreement with the changes in FA values
during lens development. FA is a scalar parameter derived
from diffusion-weighted datasets and describing the anisot-
ropy of diffusion in the tissue evaluated [19]. From early to
late embryonic stages, there was an increase in FA of the
lens indicative of a developing ultrastructure of the lens.
From the D9 stage onward, the central core and the
peripheral parts of the lens could be differentiated by DWI
and DTI, consistent with embryonic eye lens development.
During lens development, the lens core is becoming
compacted due to the apposition of lens fibers in the
periphery. In the equatorially located germinative zone,
mitotically active epithelial cells evolve into fiber cells,
which add to the existing layers [18, 20, 21]. Compaction of
the lens is associated with a decrease in free water motion
and hence a decrease in ADC values. The increasing
ultrastructural complexity of the lens leads to a decrease in
the isotropy of water motion within the lens and is reflected
in increasing FA values.

ADC values in the vitreous body decreased from
embryonic stages D5 through D15 and then stabilized until
D20. This decrease in free water movement is caused by a
continuous gain of proteins in the developing vitreous body
[22]. However, there was no increased in ultrastructural
complexity, which is why FA values of the vitreous body
were nearly constant throughout the developmental period.

T2w and diffusion tensor images are relatively long and
are therefore prone to motion artifacts. These artifacts can be
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Impact of cooling and MR imaging on the development of chicken embryos. a Relationship between length of third toe (gray,

normal stages Hamburger V and Hamilton HL (1951); length of third toe of population B in this study, 4; population A, ®) and
incubation day. The lengths measured in the embryos of group B (n = 2) are mostly within the reference range. The lengths measured
in group A, despite daily scanning and repeated cooling of the eggs, are also within the reference range and close to those measured
in group B. b Relationship between ADC of total eye (group A, ®; group B, 4) and incubation day. No significant difference in
molecular movement inside the eye between group A and group B could be detected (o > 0.05, left and right likewise).
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reduced by cooling of the egg [23]. Possible adverse effects
of repeated cooling on chicken development, as discussed by
previous studies [24], have not been confirmed by the results
of our study. The length of the third toe of the embryos of
group A was within the published range [15] of normal
embryonic development. Additionally, cell counts in the
retinal ganglion layer also rule out an impact of cooling or
MRI on chick development in our study.

Our study has some limitations. While the spatial resolution
of MRM is still inferior to that of conventional histology [25],
its major advantage over histological workup is its
noninvasiveness. Furthermore, with the functional information
of DWI and DTI, MRM provides further insights into the
ultrastructure of the tissue comparable to in sifu hybridization
techniques or immune stains. Although DTI is used in clinical
routine for fiber tracking, spatial resolution did not allow
visualization of the course of the optic nerve in our
experimental setting. However, this limitation can be overcome
with improvement of coil technology, increased field strength,
and optimization of the sequences used for DTI [13, 26].
Finally, the number of embryos used in this proof-of-principle
study is small. A further limitation is the cooling of the eggs. At
the one hand, cooling is necessary to prevent motion artifacts;
on the other hand, cooling is influencing water diffusion. As it
is known that the diffusion of water molecules is temperature
dependent [27], cooling of the eggs reduces the calculated
ADC values. To correct for this decreased ADC values of lens
and vitreous body, it would be necessary to know the actual
temperature of lens and vitreous body or knowing the ADC of
lens and vitreous body at another temperature (e.g., 37.8 °C)
for the same time point. In our study, we only measured the egg
shell temperature (11.8 °C) and therefore do not know the
temperatures of lens and vitreous body. However, for future
studies, it is necessary to cool the eggs at any time point and
additional measure the ADC of a structure which does not
change over the in ovo development.

Conclusion

In conclusion, our explorative study shows that combined
anatomical and quantitative in vivo assessment of the
developing avian eye in ovo is possible using MRM. With
increasing availability of ultrahigh-field MR systems, this
technique may provide an accurate, noninvasive comple-
mentary tool in the field of experimental ophthalmology and
the evaluation of embryonic development.
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