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ARTICLE INFO ABSTRACT
Keywords: Purpose: To study the growth model, shape, and developmental relationship of lens and eyeball,
Eye biometry we used two-dimensional Magnetic Resonance (MR) imaging to investigate gestationally age-

Lens growth

related changes in the selected ocular parameters in vivo.
Ocular globe growth

MR imaging Materials and methods: We retrospectively reviewed the MR images from 126 fetuses ranging from

Lens shape 21 to 39 weeks’ gestation. Ocular parameters on MR imaging of transverse plane were measured

Fetus including lens diameter (LD), anteroposterior lens diameter (APLD), lens surface area (LS), globe
diameter (GD), anteroposterior globe diameter (APGD), globe surface area (GS). The growth
model of each biometric against gestational age (GA), aspect ratio of lens and globe (LD/APLD
and GD/APGD), and growing relationship between the ratio of lens and globe surface area (LS/
GS) were studied by statistical analysis.
Results: The growth model of most biometry for gestational age is logarithmic, except for the
diameter of the ocular globe (GD and APGD) showing a quadratic growth pattern. Our study
showed that the lens was consistently larger in the transverse than the anteroposterior diameters
during 21-39 weeks(P < 0.001). Besides, the ratio of surface area (LS/GS) was not significantly
changing with GA(P = 0.4908), while the increase of LS was significantly accorded with that of
GS(P < 0.001).
Conclusion: The lens shape throughout fetal life may take part in the process, shape changing from
vertical ellipsoid, spherical to transversal ellipsoid, based on the logarithmically increased ratio of
lens transverse and anteroposterior diameters. In the meanwhile, the aspect ratio of eyeball in late
fetal life may imply a gradually spherical shape during gestation. Nomogram data from this study
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APGD, anteroposterior globe diameter; GS, globe surface area; GA, gestational age; US, ultrasound; SNR, signal-to noise ratio; T2W, T2 weighted;
CC, correlation coefficient; OLS, ordinary least square; AIC, Akaike Information Criterion; SD, standard deviation; CI, confidence intervals.
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may provide appropriate information about morphological changes in the fetal lens and the
synchronous relationship between lens and eyeball.

Key summary points
Why carry out this study?

The eyeball and lens growth models in previous researches are varied and lack a uniform standard. Hence, the results of this study
used 6 ocular parameters and compared with earlier studies may provide valuable prenatal information about the fetal eyeball and
lens.

What was learned from the study?

The lens shape throughout fetal life may take part in the process, shape changing from vertical ellipsoid, spherical to transversal
ellipsoid, based on the logarithmically increased ratio of lens transverse and anteroposterior diameters. In the meanwhile, the aspect
ratio of eyeball in late fetal life may imply a gradually spherical shape during gestation. Nomogram data from this study may provide
appropriate information about morphological changes in the fetal lens and the synchronous relationship between lens and eyeball.

1. Introduction

The lens is a biconvex transparent tissue that is an integral part of the intraocular refractive system, adjusting the size and shape of
the lens to focus objects at different distances on the retina [1]. The lens induced from an invagination of surface ectoderm at around 4
weeks gestation can be detected as early as 12-13 weeks of gestation [2,3] when the secondary lens fibers formed after the elongation
of epithelial cells near the lens equator [3-6].

Developmental malformation of the lens can lead to congenital cataracts, ectopia lentis, aphakia, and abnormal lens shape or size
[7,8]. In addition, because lens development is also affected by adjacent structures [9,10], developmental malformations of the lens
are often accompanied by other ocular defects, or as part of a genetic syndrome of multisystem disease [9], [3,5,11]. Fetal ocular
biometry is a valuable resource for evaluating fetal growth and detecting congenital abnormalities during pregnancy. Timely and
accurate prenatal diagnosis through the abnormality of shape and size of the lens or the eye globe may be an effective way as a warning
for potential developmental malformation, especially subtle changes in the brain.

Fetal ultrasound (US) is the first-line modality for detecting and evaluating fetal abnormalities given its wide availability, lack of
radiation exposure, and ease of image acquisition. However, US image quality is operator dependent, and affected by fetal position,
maternal habits, insufficient amniotic fluid, and/or shadows created by ossified bone. With high-resolution imaging technology
development, these limitations can be overcome by using fetal magnetic resonance (MR) imaging. MRI can be a valuable tool to
describe normal growth characteristics of the fetal optic system and provided normative data on ocular measurements, as well as detect
fetal ocular and lens anomalies such as congenital cataracts, aphakia, hypertelorism, and hypotelorism [12].

Several published MR-based studies of fetal eye measurements employed inconsistent statistical regression models. Harayama et al.
[42] described a linear model for fetal eye growth, while Fledelius et al. and his companions [43] proposed an exponential growth
model. Still others have discussed secondary growth models of fetal eye growth. More recently, Robinson et al. [2] and Paquette et al.
[16] assessed fetal eye growth using MRI in logarithmic and quadratic models, respectively. They propose different standard values for
fetal eye measurements. Earlier fetal MR imaging studies, however, lacks the lens measurements and consistent measuring methods,
data interpretation, and image acquisition [13-17].

The aim of this study was to determine normal eyeball and lens growth curves in Chinese by in vivo fetal MRI measurements and to
compare with the values reported in the literature.

2. Material and methods
2.1. Patients selection

This retrospective study was supervised by both of the ethics committee of the Obstetrics & Gynecology Hospital of Fudan Uni-
versity and the Eye & ENT Hospital of Fudan University. All procedures involving human participants were conducted in full
accordance with ethical principles, including the World Medical Association Declaration of Helsinki (version 2002) and the additional
requirements of the China. All of the experiments were undertaken with the understanding and written consent of each participants
and according to the above-mentioned principles.

From May 2017 to November 2020, the fetal brain MR imaging of fetuses with the gestational age ranging from 21 to 39 weeks were
retrospectively collected in Obstetrics & Gynecology Hospital of Fudan University. Pregnancies were dated according to the last
menstruation and sonographic data by the obstetricians. The following inclusion criteria were applied to the selection of healthy
fetuses used for final analysis: 1) documented two senior radiologists report of an anatomically and developmentally normal fetus, 2)
absence of a documented fetal syndromic or chromosomal anomaly, 3) singleton pregnancy, and 4) Chinese parents. Exclusion criteria
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were: 1) Any reported congenital abnormality of the fetal brain, face or body, 2) fetuses whose images were assessed visually with poor
imaging quality such as severe fetal motion, very low signal-to noise ratio (SNR), image artifacts, or scans with a limited field of view
that did not cover the entire fetal head.

The clinical indications for fetal MRI of normal fetuses in this study were based on fetal US findings of suspected brain abnor-
malities, suspected non-central nervous system abnormalities, suspected small\large head biometry, and suspected fetal growth
restriction.

2.2. MR imaging

Fetal MRI was performed on a 1.5 T MR imaging system (Magnetom Avanto, Siemens, Erlangen, Germany) with an 8-channel
phased-array body coil. All subjects were scanned in the supine or lateral decubitus position, without sedation. The scanning pa-
rameters: half-Fourier-acquisition single-shot turbo spin-echo T2 weighted (T2W) sequences in axial, coronal, and sagittal plane of the
fetal brain: TR/TE = 1350,/92 ms; section thickness = 4 mm (with 1 mm gap); flip angle = 170°; field of view = 420 x 420 mm?; matrix
size = 320 x 256.

2.3. Measurements

Quantitative measurements were performed on a RadiAnt DICOM Viewer (Medixant company, Poznan, Poland). The transverse
plane with the biggest diameter and symmetric morphology of the eyeball was selected to measure ocular parameters. The maximal
transverse globe diameter (GD) and lens diameter (LD), anterior—-posterior (AP) GD and LD, as well as the area of the cross section of
the globe (GS) and lens (LS) were measured for each eye (Fig. 1). The AP was measured between the most anterior point of the cornea

Fig. 1. T2-HASTE MR imaging; Measurement method diagram of globe diameter (GD), anteroposterior (APGD), globe surface area (GS), lens di-
ameters (LD), APLD, and lens surface area (LS) on the transverse MR image with biggest diameter and symmetric morphology of globe.
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and the most posterior retinal margins of the eyeballs through the lens center. The GD was measured between the ethmoidal and malar
margins of the eyeballs. The GD and AP were always perpendicular in the same subject (Fig. 1). All measurements were performed by a
senior professional radiologist who was blinded to gestational age to maintain consistency.

2.4. Statistical analysis

Excel software (Microsoft, WA, USA) was used to store data, and R software version 4.04 (http://www.r-project.org/) was used to
perform all statistical analyses. Mean + Standard Deviation (SD) was used for the statistical description of continuous variables. A
Scatter diagram was drawn to determine whether there is a linear relationship, and a two-variable correlation (Pearson’s correlation
coefficient, CC) combined with a significance test was also performed. The correlation was considered excellent, substantial, moderate,
or weak when Pearson’s CC values were above 0.75, between 0.75 and 0.60, between 0.60 and 0.40, or less than 0.40, respectively. We
performed regression analysis between all the measurements and the GA, including linear, quadratic, and logarithmic statistical
evaluation to obtain the “best” fit model when they were compared. The “Im ()” function was used to perform ordinary least square
(OLS) regression with the premise of the data with normality, independence, linearity, and homoscedasticity. We used the “bptest ()~
function to test whether there is heteroscedasticity and used the Boxcox transition to deal with the heteroscedasticity by determining
the lambda ()) value. Since adding a quadratic term can improve the prediction accuracy of the regression while increasing the
formula’s complexity, the Akaike Information Criterion (AIC) was used for model comparison, which takes into account the model’s
statistical fit, and the number of used parameters. A low AIC value indicates that the model has a good fit with fewer parameters. All
tests were two-tailed and P values less than 0.05 were considered to be significant.

Table 1
Nomograms of each measurement for 126 healthy fetuses ranging from 21 to 39 weeks’ gestation.
GA NO. LD APLD LS GD APGD GS
Mean =+ SD (mm) Mean + SD (mm) Mean + SD (mm) Mean =+ SD (mm) Mean =+ SD (mm) Mean =+ SD (mm)
95%CI 95%CI 95%CI 95%CI 95%CI 95%CI
21 2 3.35+£0.51 2.58 £ 0.46 6.74 £ 1.46 12.05 + 0.01 10.99 + 0.48 103.26 + 4.94
(-1.23-7.92) (-1.56-6.71) (-6.41/19.89) (12.02-12.08) (6.67-15.31) (58.88-147.64)
22 18 3.18 £ 0.24 2.65 £ 0.19 6.48 + 0.85 12.55 + 0.69 11.22 + 0.69 110.72 £+ 10.88
(3.06-3.30) (2.55-2.74) (6.05-6.90) (12.21-12.89) (10.88-11.57) (105.31-116.13)
23 15 3.25 £ 0.20 2.64 £ 0.21 6.55 + 0.81 12.75 £ 0.75 11.36 + 0.74 113.8 £ 11.67
(3.14-3.36) (2.53-2.76) (6.10-7.00) (12.34-13.17) (10.95-11.77) (107.34-120.26)
24 9 3.43 £0.33 2.71 £0.26 7.27 £1.27 13.41 + 0.68 12.36 + 0.81 128.59 + 13.75
(3.17-3.68) (2.52-2.91) (6.30-8.25) (12.88-13.94) (11.74-12.98) (118.02-139.16)
25 5 3.63 £ 0.31 2.87 £0.19 8.28 +1.01 14.02 + 0.86 13.30 £ 1.11 141.94 + 19.72
(3.25-4.02) (2.63-3.11) (7.02-9.53) (12.96-15.08) (11.92-14.68) (117.4-166.43)
26 9 3.54 £0.23 2.74 £0.13 7.50 £ 0.76 14.19 + 0.48 12.96 + 0.41 137.69 + 16.14
(3.37-3.72) (2.64-2.83) (6.92-8.09) (13.82-14.56) (12.65-13.28) (125.28-150.10)
27 8 4.04 £ 0.44 295 £ 0.31 9.32 £1.62 14.64 + 0.45 13.46 + 0.55 152.46 £+ 10.70
(3.68-4.41) (2.69-3.21) (7.96-10.68) (14.27-15.01) (13.00-13.92) (143.52-161.41)
28 10 4.14 £ 0.49 3.03 £0.34 9.92 £+ 2.07 15.49 + 0.85 14.50 + 0.96 171.71 + 18.37
(3.79-4.49) (2.79-3.28) (8.43-11.40) (14.88-16.10) (13.81-15.18) (158.57-184.85)
29 7 4.16 £ 0.30 3.11 £ 0.30 9.55 £+ 2.87 15.85 + 0.52 14.74 + 0.78 176.81 £+ 16.90
(3.89-4.43) (2.84-3.39) (6.90-12.21) (15.36-16.33) (14.01-15.46) (161.18-192.44)
30 7 4.49 £ 0.35 3.27 £0.31 11.54 + 1.53 16.14 + 0.60 15.24 + 0.58 186.11 + 10.71
(4.17-4.82) (2.99-3.56) (10.12-12.95) (15.58-16.70) (14.70-15.77) (176.21-196.02)
31 4 4.45 £ 0.32 3.04 £0.28 10.70 + 1.13 16.35 + 0.54 15.43 + 0.40 188.64 +£9.78
(3.94-4.95) (2.59-3.49) (8.90-12.51) (15.48-17.22) (14.79-16.07) (173.08-204.20)
32 8 4.5 + 0.31 3.23 £0.32 11.31 + 1.64 16.57 + 0.71 15.77 + 0.64 197.71 £+ 16.36
(4.24-4.77) (2.96-3.50) (9.94-12.68) (15.97-17.17) (15.23-16.30) (184.03-211.39)
33 5 4.88 + 0.52 3.40 £ 0.31 13.15+ 2.25 17.10 + 0.57 16.29 + 0.63 210.95 + 12.04
(4.23-5.52) (3.02-3.79) (10.36-15.94) (16.39-17.81) (15.50-17.07) (196.00-225.90)
34 5 5.21 £0.22 3.67 £0.30 14.82 + 1.06 17.40 + 0.44 16.59 + 0.28 216.85 £+ 7.42
(4.93-5.49) (3.30-4.04) (13.50-16.14) (16.85-17.95) (16.24-16.94) (207.64-226.06)
35 4 4.86 + 0.24 3.12 £0.11 11.88 + 0.40 17.41 + 0.35 16.47 + 0.44 218.39 + 13.07
(4.49-5.23) (2.95-3.29) (11.24-12.51) (16.85-17.98) (15.77-17.18) (197.59-239.19)
36 6 4.93 £ 0.46 3.60 £ 0.47 14.02 + 2.84 17.58 + 0.41 16.71 + 0.32 224.55 + 6.28
(4.44-5.42) (3.11-4.10) (11.05-17.00) (17.15-18.00) (16.37-17.05) (217.96-231.14)
37 2 5.16 £ 0.28 3.63 £0.19 14.74 + 0.16 18.02 + 0.74 17.15 + 0.30 233.65 + 3.82
(2.65-7.67) (1.94-5.31) (13.31-16.17) (11.38-24.66) (12.02-12.08) (199.33-267.97)
38 1 5.36 3.61 15.72 17.97 17.81 241.10
39 1 4.90 3.30 13.02 18.98 18.68 274.2

Note: No., number, SD, standard deviation; CI, confidence intervals.
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3. Results

126 healthy fetuses ranging from 21 to 39 weeks’ gestational age met the inclusion criteria (mean 28 + 5 weeks). Data summary,
including mean, standard deviation (SD), and 95% confidence intervals (CI) for GD, APGD, GS, LD, APLD, and LS were displayed in
Table 1.

There were no significant differences between left and right eye measurements of the globe (P > 0.05) and lens (P > 0.05) (paired t-
tests). A positive correlation with excellent and substantial Pearson’s correlation coefficient between all the variables was observed in
Table 2 (P < 0.001). A logarithmic growth model was the best fit for most selected parameters (LD, APLD, LS, GD, LD/APLD, and GD/
APGD) against GA, while a quadratic growth model appeared to be more fit for the diameter of the eye globe (GD and APGD) (Fig. 2
(a-h)). According to the regression equation, the increases in measurements from 21 to 39 weeks’ gestation were approximately 1.8-
fold for LD, GD, and APGD, while 1.5-fold for APLD, 2.7-fold for LS, and 2.6-fold for GS. It might be a coincidence that the multi-
plication of LD (1.8fold) and APLD (1.5fold) happens to be the increment of LS (2.7-fold).

A significant correlation was found between GA and the ratios of the transversal and anteroposterior diameter of lens (LD/APLD)
(R%? = 0.3790, P < 0.001) and globe (GD/APGD) (R%? = 0.3367, P < 0.001) (Fig. 2 (d) and 2(h)). There was no significant correlation
between GA and the ratio of lens and globe surface area (LS/GS, P > 0.4908), while the surface area of lens was linearly increased with
that of the ocular globe (R? = 0.7412, P < 0.001, Fig. 2 (i)). In the terms of lens and eye globe relationship, the growth rate of the
former one is less rapid than the latter, as shown in Fig. 2 (j)

The following was found regarding the relationship between LD and APLD: the ratio of the diameter of lens (LD/APLD) was 1.2 at
21week’s gestation and 1.5 at 39week’ gestation. The following was found regarding the relationship between GD and APGD: the ratio
of the diameter of ocular globe (GD/APGD) was 1.12 at 21weeks’ gestation and 1.03 at 39 weeks’ gestation.

The AIC value of each kind of regression model is listed in Supplemental Table 1. The residual standard error, multiple R-squared,
adjusted R-squared, F-statistic, P-value, and regression equation of lens and eyeball were summarized in Table 3. The ocular
morphology of a normal fetal brain on axial section from this study at 23- and 26-weeks’ gestation in two patients showing conical,
with angulation of its posterolateral (red arrows) margins (Fig. 3(a) and Fig. 3(b)), respectively. The transversal diameter of lens (LD)
measurements from this study were compared and plotted with the data reported in vitro studies (Fig. 4(a)) and in MR imaging, US
(Fig. 4(b)). The diameter of ocular globe (GD and APGD) from this study were compared and plotted with the data reported in MR
imaging and in vitro studies (Fig. 4(c) and (d), respectively).

4. Discussion

The embryonic development and morphology of lens and eyeball are varied and complicated. The eyeball abnormalities may take
alterations forms in size and shape on images, which can be seen as a non-syndrome disease or a part of the multi-systemic disease. The
present study supported that MR imaging is an effective way to obtain fetal eye measurement results and establish normatively fetal
eye data at 21-39 weeks of gestation to probably guide the clinical evaluation of eye abnormality in utero.

4.1. Comparison with earlier studies

The results of fetal biometry from different studies are varied [13,14,16-26], which may be ascribed to differences in measurement
methods, image equipment, and statistical methods. This study supported that the logarithmic growth model was suitable for most
ocular parameters against GA, especially the parameters about lens, while the linear globe measurement (GD and APGD) were fitters to
a quadratic growth model. Given the discrepancy of embryology and morphology between lens and eye globe, the different growth
patterns may be kind reasonable. An MR imaging retrospective study by Li et al. [15] supported the idea that the quadratic growth
model was best fit for GD and APGD when three regression models(linear, quadratic, and logarithmic) were considered to curve
estimation analyses. Similarly, another study utilizing MRI 3D reconstruction from multiple sets of fast 2D slice acquisitions showed a
quadratic model to best fit GD, supporting our results.

However, our results are in contrast to the work by Zhang et al. study [13], where they used 7.0 T postmortem MR imaging, which
showed that the globe diameter also logarithmically increases with second trimester. The differences in image technique (including
resonance and slice thickness) and the sample gestational age between in vivo and in vitro postmortem MR images may contribute to
the inconsistency. In addition, the decreased accuracy of post-mortem MRI for the minor malformation may include anatomical

Table 2

The correlogram between two variables by calculating Pearson’s correlation coefficient.
Parameters GA GD APGD GS LD APLD LS
GA 1.000 0.941 0.941 0.952 0.886 0.745 0.854
GD 0.941 1.000 0.977 0.986 0.886 0.738 0.847
APGD 0.941 0.977 1.000 0.982 0.897 0.754 0.862
GS 0.952 0.986 0.982 1.000 0.891 0.745 0.861
LD 0.886 0.886 0.897 0.891 1.000 0.848 0.962
APLD 0.745 0.738 0.754 0.745 0.847 1.000 0.914
LS 0.854 0.847 0.862 0.861 0.962 0.914 1.000

Note: All P values in the table are less than 0.05.



Y. Hong et al. Heliyon 9 (2023) 12885

LD(mm) APLD(mm)

= TJAPLDAO. 1= 0.067483In(GA)+0.89 {438

LS(mm*2) LD/APLD

o

LS"0.5=2.48625In(GA)-5.19175

| LD 5=0.9728451n(GA)- S O

[
LD/APLD=0.4942%In(GA)-0.3034
1.2301 195 o T

14 16 1.8 2.0 22 24 26 2.8
11 12 1.3 1.4 15 16 1.7 1.8

16
%o
T T T T T T T T T
a 25 30 35 b 25 30 35 C 2 30 35 d 2 30 35
GA(weeks) GA(weeks) GA(weeks) GA(weeks)
GD(mm) APGD(mm) GS(mm*2) GD/APGD*-2
©
GD=1.028969GA o °| « | apcD=109368 °l . | Gs=246.8231n(GA)-656.153 °| 2 | GDAPGDA22023692¢In(GA)+0.07526
® A -0.01158GAA2-7.33836 o & 2
o 2 gg <
e e 105 8o
L+ 8 S
8

150

100

25 30 35
e 2 30 35 f 25 30 35 g 2 30 35 h
GA(weeks,
GA(weeks) GA(weeks) GA(weeks) ( )
o) The surface area of lens and eyeball
L§%0.5=0.009739*GS-1.4711075
© — 9% o
8 209
< ©w - ° 138
£ o _w i
= A £ Su
S z urface_area
9] i cos
b1 oy § ‘ IR aus
[ SRR

P S TN BRI O

%

j T e ”

GS(mMm*2)

Fig. 2. (a-c) Each lens parameter plotted against their respective growth model [41]. Each ocular globe parameter plotted against their respective
growth model. The aspect ratio of (d)lens (LD/APLD) and (h)globe GD/APGD plotted against their respective growth model. (i)The relationship
between surface area of lens and globe (LS/GS) and (j) the ratio of surface area of lens and globe (LS/GS) plotted against their respective
growth model.

Table 3
The summary of regression model between ocular parameters and GA.

Models Parameters Residual standard Multiple R- Adjusted R- Equation F-statistic (P
error squared squared value)
Logarithmic ~ LD®® 0.169 0.790 0.789 LD%® = 0.972845*In(GA) —1.230115 467.300
(<0.001)
APLD! 0.102 0.555 0.551 APLD®! = 0.067483 *In(GA)+0.891438  154.500
(<0.001)
Ls%5 0.7111 0.7094 1.368 LS%5 = 2.48625* 408.7 (<0.001)
In(GA)-5.19175
GD 13.390 0.907 0.906 GS = 246.823 *In(GA)-656.153 1202.000
(<0.001)
LD/APLD 0.1068 0.379 0.374 LD/APLD = 0.4942 *In(GA)-0.3034 75.680 (<0.001)
GD/ 0.028 0.337 0.331 GD/APGD 2 = 0.23692 *In(GA)+ 62.930 (<0.001)
APGD 2 0.07526
Quadratic GD 0.626 0.899 0.898 GD = 1.028969*GA-0.01n114*GA%- 549.100
4.827664 (<0.001)
APGD 0.691 0.899 0.897 APGD = 1.09368-0.01158*GA%-7.33836  547.000
(<0.001)

distortion from intrapartum trauma, post-mortem tissue edema, or collapse structures [27], especially when prolonged intra-uterine
retention rate and later than 24 h from fetal expulsion [28]. The only other study also including lens diameter in the literature
comparable to ours published by Paquette’s [16], supporting a similar conclusion(Fig. 4 (b)), however, Zhang et al. [13](in vitro
postmortem MRI) and Ehlers et al. [26](in vitro) data was approximately 0.1 cm greater than ours and Paquette’s [16] (Fig. 4(a, b)).
The possible influential factors have been discussed above.

Fig. 4(b) also compared some earlier US studies in which lens diameters were generally larger than our research partly due to the
bony landmarks in US measurements [13]. Fig. 4(c) and (d) have shown a high concordance with earlier MR imaging studies in linear
parameters of eye globe (APGD and GD).
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Fig. 3. T2-HASTE MR imaging (TR/TE, 1350 ms/92 ms); the ocular morphology of a normal fetal brain on axial section from this study at (a) 23
and (b) 26 weeks’ gestation in two patients, respectively. Note: The globe morphology is conical, with angulation of its posterolateral (red arrows)
margins. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Lens Diameter

6{ (mm) H ®
N
H
5 el
A
A a .
P g
" +
N
cu. +
B N
3 e 2® N
it
.
a8
nge
2 at
»%
At :
Y
1
10 20 30 40
a GA (weeks)

Anterior Posterior Ocular Diameter

(mm)

0 30
C GA (weeks)

>

Study

Ehlers etal.(1968), F
Ehlers etal.(1968), L
Ehlers etal.(1968), U

+  This study, 1.5T MRI

Study

Ehlers et al(1968), F
Ehlers et al.(1968), L
Li et al.(2010),1.5T MRI
This study, 1.5T MRI

Lens Diameter

(mm)

20 30 40

b GA (weeks)

Ocular Diameter

(mm) H

0 20 30
d GA (weeks)

Study
© Dilmen etal(2002), US

¥ m o+ = >

Goldstein et al(1998), US
Paquette et al(2009),1.5T MRI
Sukonpan et al(2009), US
This study,1.5T MRI

Zhang et al(2019),7T MRI

Study
© Ehlers etal.(1968), F

* B + = »

Ehlers etal.(1968), L
Lietal.(2010),1.5T MRI
Paquette et al(2009), 1.5T MRI
This study, 1.5T MRI

Zhang et al(2019), 7T MRI

Fig. 4. The diagrams were plotted by comparing with the mean value of ocular parameters in previous studies; the parameters of right eye were
chosen only in Ehlers et al. study due to unavailable of the average value; (a) the measurement of LD from this study were compared and plotted
with the data from an in vitro study, F(formalin fixed), L(ethanol-formalin-acetic acid fixed, Lillie fixed), U(unfixed); (b) the measurement of lens
transversal diameter(LD) from this study were compared and plotted with the data reported in MR imaging and US studies; (c) The measurement of
globe anteroposterior diameter(APGD) from this study were compared and plotted with the data reported in MR imaging and in vitro studies; (d)
The measurement of globe transversal diameter(GD) from this study were compared and plotted with the data reported in MR imaging and in

vitro studies.
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4.2. The growth and shape of the eyeball

The early eye morphogenesis may be driven by differential growth, actomyosin contraction, and regional apoptosis, and mediated
by physical constraints from adjacent tissue and extracellular matrix [29]. On imaging, the eye globe may take of alteration in size
or/and shape if one of the parts is developing irregularly. Therefore, the study may offer a valuable reference tool to help with prenatal
diagnosis.

The linear parameter of eye globe (GD and APGD) was quadratically increased with GA, while the surface area of eye globe (GS)
was logarithmic, observed in this study. Given our results that the aspect ratio of the globe (GD/APGD) was decreased logarithmically
with GA from 1.12 to 1.03 at 21-39 weeks’ gestation, we interpret these to mean that the anteroposterior diameter is gradually
catching the transversal diameter during pregnancy as time elapsed. Similarly, the in vitro studies [26] had also found that the dif-
ferences between axial length and diameter of eyeball decreased after about 23rd menstrual week. Herein, we speculated that the eye
may begin to be distended in the second trimester by the increased intraocular pressure driven by the growth of eye content. In adults,
the axial length is longer than the transversal diameter, indicating the eyeball grows vertically after birth. Owing to the alteration of
normal axial length as one of the early signs of eye pathology, including microphthalmia, congenital cataract, and glaucoma [30],
importantly, whether the abnormality of the anteroposterior ocular diameter during gestation is associated with the chance of
suffering ocular disease after birth need further study.

However, a study investigating the globe morphology on fetal MR imaging showed that it was normal that physical non-spherical
globe shape might be conical, with angulation of its posterior and posterolateral margins up to 29 weeks’ gestation, and should not be
misinterpreted as pathologic [31]. This phenomenon was also found in our MR imaging (Fig. 3). Although we have defined the
standard for measuring the diameter (GD and APGD), it was hard to describe the shape of the non-elliptical eyeball in early and
mid-pregnancy fetuses by only two diameters.

For example, microphthalmia, which refers to the structurally small eye and may be associated with other ocular disorders, such as
anterior and posterior segment disorders, or occurs as a part of syndromes, can be detected during pregnancy by sonographic and MR
imaging proved by numerical studies [5,6,8,11,32]. Therefore, the normal eyeball growth can be replenished by these measurement
data, but the results in the ratio of GD/APGD may exist misunderstanding in the interpretation of the shape due to the irregularity of
globe shape changing during gestation.

4.3. The growth and shape of crystalline lens

As previously described, the human lens is a lifetime growth organ with biphasic pattern to generate two distinct tissue com-
partments with different properties, including the prenatal formation of nuclear core of fixed dimensions and postnatal ever-expanding
cortex [33]. Our result showed that the lens parameters logarithmically increase with GA to further confirm an asymptotic lens growth
model in prenatal life.

The aspect ratio (LD/APLD) increased logarithmically with GA from 1.2 to 1.5 during 21-39 weeks’ gestation, showing the
transversal diameter of lens consistently larger than the anteroposterior diameters.

In addition, based on the formula of the lens aspect ratio, LD/APLD = 0.4942*In(GA)-0.3034, we found that the anteroposterior
diameter of the lens is greater than the transverse before 14 weeks gestation, which was consistent with previous studies in the review
literature [34] that showed aspect ratios of lens less than 1.0 between 10 mm and 30 mm stage(about 7-9th weeks) and “almost
completely spherical” at 20 mm(about 8th weeks). About the gestation age of 40 weeks, the ratio of LD/APLD (&1.5) in the present
study was similar to the data from a vitro study at birth [33]. These may indicate that the fetal lens might undergo a shape-changing in
MR imaging of three stages — vertical ellipsoid (before 13weeks), approximately sphere (14 weeks), and transverse ellipsoid (15 weeks
to birth) throughout gestation. However, the result cannot be verified before 21 weeks because the image from early gestational age
was lacking in this study due to the restriction of MRI safety.

In the aspect of lens embryology, the onset of secondary fibrogenesis was almost when proliferating cells in monolayer overlying
the elongating primary fiber cells [4], at about 7 weeks of gestation [35]. Then, the anterior and posterior lens fibers were elongate
more rapidly than the transverse due to the lens polarity at the early stage to generate a vertical lens. As the discrepancy of neo-fiber
cell growth rate, the main orientation of lens expansion gradually trans from anterior-posterior to transverse to finally form round
ellipsoid. Interestingly, the stage of the approximately spherical lens formation in this study close to the completion of the fetal nucleus
(12-14weeks) [35] may indicate some mechanisms that are initiated by the fetal lens accomplished, which probably contribute to the
shape-changing. The transverse lens grows mainly because of the continued generation of secondary fibers in late fetal life leading the
lens to become increasingly elliptical [36], but the most augmentation was happening in the first two decades after birth [37],
especially the first 2-3 years of life with 90% lens equatorial diameter growth [38]. Therefore, it seems rational that the lens shape
turns from a round ellipsoid at birth to a flat ellipsoid with aging, which was considered a result of the balance between remodeling and
compaction of lens fiber cells during childhood [33,39].

In the terms of lens and eye globe relationship, the growth rate of the former one is less rapid than the latter, as shown in Fig. 2 (j). In
addition, the ratio of surface area (LS/GS) in this study was not significantly changing with GA (P > 0.4908), while the rising of LS was
significantly accorded with that of GS (LS%° = 0.009739*GS-1.4711075, P < 0.001, R? = 0.745), suggesting that there may exist a
particular mechanism to maintain the synchronous growth between lens and eyeball, such as equatorial expansion, neural retina, and
peripheral mesenchyme [36]. For example, the lens growth slow or defect generally will results in microphthalmia [1], which may
contribute to the development of the rest of eye profoundly related to the lens growth process, leading to the decreased volume of
ocular globe. Instead, the lens will be mechanically stretched by the equatorial growth to coordinate with the growth of the eyeball to
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maintain emmetropia [40].

The crystalline lens, a simple organ but delicate, depends on its correct size and shape, in addition, to fitting properly within the
eyeball to perform the optical function to serve as the adjustable focusing element of the eye. Theoretically, congenital lens disease
including anomalies and abnormalities of lens size (microphakia and microspherophakia), and shape (lenticonus and spherophakia)
can be seen by the imaging technique. Herein, the normal biometry data from this study can potentially assist in disease prenatal
diagnosis through forging a meaningful connection between fetal living lens and magnetic resonance imaging.

4.4. Limitations in this study

There are some limitations to our study. Firstly, this is a single-center and retrospective study which is inability to ensure that each
fetus has entirely normal ocular globes and the results validated in other healthy and unhealthy fetuses, which requires further lon-
gitudinal investigation. The sample is small in the third trimester and lacks first trimester fetuses due to the MR imaging application
mainly being a complementary role of US and the strict entry criteria, especially the clear lens images. Howerver, these ocular pa-
rameters of our patients were mostly consistent with previous studies. Secondly, motion artifacts and dissolve effects are inevitable,
which could cause apparent size and shape alterations. The fact that the section thickness of our image is 4 mm (with 1 mm gap), the
chosen plane for the cerebral study does not always correspond to the strict plane of the orbit, and measured by only one radiologist,
these may be part of the bias of the study. Some methods to reduce those bias have been taken by the unified measurement standard
and the RadiAnt DICOM Viewer software with the tool named “closed polygon” were used, which can deposit nodes around the
structure with the advantage of improving the precision by putting the nodes in a more accurate location. In the future, more accurate
instruments are needed to further confirm the diagnosis of this part of the potential abnormal-growth children in further researches.

5. Conclusion

In conclusion, the lens shape throughout fetal life may undergo the process, shape changing from vertical ellipsoid, spherical to
transversal ellipsoid, based on the logarithmically increased ratio of lens transverse and anteroposterior diameters. In the meanwhile,
the aspect ratio of eyeball in late fetal life may imply a gradually spherical shape during gestation. Nomogram data from this study may
provide appropriate information about morphological changes in the fetal lens and the synchronous relationship between lens and
eyeball.
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